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Abstract 

 

Covering approximately (57%) of the country’s surface area the main basin of the 

geology of the Karoo Supergroup in South Africa has an important influence on the materials 

used in the construction of transport infrastructure in South Africa. The Karoo Dolerite Suite 

often serves as the only competent material in this otherwise sedimentary basin but on 

numerous occasions rapid premature failures of pavements constructed with Karoo Dolerite 

base courses have been attributed to the poor durability of these materials.  

The research presented here attempts to determine if the cause of such rapid failures 

can be attributed to dolerite durability deficiencies and if so if the durability of the material 

can be predicted using the current specifications to which these materials are required to 

conform with. 

The methodology followed was to perform comprehensive material investigations on 

selected pavement sections where Karoo Dolerite had been used as a base course aggregate. 

Eight suitable sites, ranging in age from two months to 10 years, were selected and 

comparative testing performed on samples of material obtained from the source quarries and 

pavement layers at each. Three of these sites experienced rapid failure that was suspected to 

be due to base course aggregate degradation. The tests performed included those specified by 

South African standards and a selection of new tests derived from published literature on 

alternative tests and proposed basic igneous rock degradation models. Well established tests 

were completed with relative ease while newer tests and newly proposed tests required 

additional development.  

The materials from at least two poor performance sites was shown to have undergone 

various degrees of degradation after quarrying which manifested itself primarily as a loss in 

resistance to attrition and abrasion forces. The variability in the inherent resistance of the 

material to these forces was also noted to have contributed to the poor performance of at least 

two sites. It is therefore proven that degradation of Karoo Dolerites after quarrying can occur 

and contribute to the poor performance of pavements but also that the variability in a source 

quarry can result in poor performance without material degradation.  

  The prediction of material durability is possible but requires numerous tests to be 

performed on representative samples, particularly to identify variations in material properties. 
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Petrographic properties that result in variable material properties and a susceptibility to 

further alteration included high degrees of deuteric and metasomatic alteration of primary 

minerals, especially the fine matrix minerals. It has been shown that the accurate 

quantification of such alteration is not feasible using easily available analysis techniques and 

therefore that no specifications can be based thereon. 

The current material specifications have been shown to not accurately predict the 

durability of Karoo Dolerite, primarily due to the inability to activate the mechanism by 

which material physical degradation occurs, namely the expansion of clay minerals within the 

aggregate. The only exception was the water absorption test performed on core samples, which 

was able to identify poor materials. 

Tests that were able to predict the durability included the modified versions of 

previously specified tests (e.g. ethylene glycol soaked aggregate impact value and ethylene 

glycol soaked modified durability mill index) and newly proposed testing methods (e.g. 

modified ethylene glycol durability index and shear wave velocity). Preliminary 

specifications for these have been proposed. The initial development of an aggregate 

expansion test has also shown a strong ability to predict Karoo Dolerite durability and is 

proposed for further development.   

Ultimately the use of poor durability Karoo Dolerite results in two changes in the 

material properties. The first effect is the production of more fines during construction, which 

can result in an unsuitable amount of fines (as identified by a low coarse sand ratio). 

The second effect is an increase in plasticity index and linear shrinkage of the material 

<0.425mm to levels considered marginal based on the current specifications. The shear 

strength of a Karoo Dolerite base course layer has been shown to be sensitive to such changes 

in plasticity index and linear shrinkage and the reduction of the current specification limit to 

ensure materials are non- plastic and/or non-expansive may therefore be justified. 
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Original Contribution 

 

The primary original contribution made by the research presented in this dissertation 

is the provision of evidence, not by inference but by actual comparison of material properties, 

of rapid Karoo Dolerite aggregate degradation after quarrying. Obtaining such evidence 

required a novel approach consisting of comprehensive investigations of base course 

materials from three premature pavement failures alleged to be caused by rapid Karoo 

Dolerite degradation and five pavements where similar materials produced no such premature 

failures. The observations made during these investigations also allow the degradation of 

material properties to be linked to changes in alteration mineralogy rather than the previously 

accepted rapid alteration of primary minerals. 

Another original contribution was the examination of the suitability of tests to predict 

the durability of the Karoo Dolerite materials. This provided original proof that the currently 

specified tests are insufficient to accurately predict Karoo Dolerite durability and alternative 

tests and test specifications that are suitable for accurate Karoo Dolerite durability 

identification have been identified.   

During the material characterization numerous minor original contributions were 

made, primarily through test development. These include adjustments to the modified 

ethylene glycol durability index result interpretations, the development of the new 

standardized grading used in the durability mill index test procedure, the proposal and 

development of the ethylene glycol soaked modified durability mill index, the preliminary 

development of the aggregate expansion test and the novel methodology utilized to 

investigate alteration mineral properties using a combination of petrographic and scanning 

electron microscope observations. Additionally the problematic comparison of petrographic 

results obtained from different analysis techniques was highlighted. 

An investigation of the effects of changes in material properties on the load carrying 

characteristics of a pavement layer was original because it considered observed changes in 

properties due to degradation rather than unrealistic extreme variations in properties. This 

part of the study provided evidence that the shear strength of the material was sensitive to 

such changes and that there is therefore a need for such degradation to be predicted, 

prevented or accounted for in pavement construction and design.  
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1. Introduction 

1.1. Motivation 

The main basin of the Karoo Supergroup in South Africa covers approximately 700 

00 km
2
 (57%) of South Africa’s surface area and consists predominantly of a flysch-molasse 

succession which has a maximum cumulative thickness of ~12 km (Johnson et al., 2006). The 

sedimentary rocks of the Karoo Supergroup typically do not yield acceptable pavement 

aggregates due to the argillaceous nature of the lower (flysch) units and the relatively poor 

strength arenaceous (mollase) upper units. There is however an extensive network of dolerite 

intrusions which represent the shallow feeder system to the Drakensberg flood basalt 

eruptions (183 ± 1 Ma) (Duncan & Marsh, 2006) which erupted at the end of the Karoo 

sedimentary succession deposition. These intrusions are collectively called the Karoo 

Dolerite Suite and have been widely, and successfully, used as pavement aggregate sources. 

There are however numerous cases in which dolerite from the Karoo Dolerite Suite 

has been credited as the cause of premature pavement failure due to alleged rapid degradation 

of dolerite base course aggregate while in service. Road authorities have therefore included 

various so called durability tests in aggregate specifications for basic or mafic igneous rocks 

in an attempt to prevent such premature failures. Despite this rapid pavement failures 

continue to occur and the Karoo Dolerite Suite continues to be blamed for many of the 

failures. Such failures ultimately result in significant costs related to reconstruction, 

alternative material investigations, material modification/stabilization and project delays.  

The cause of the failures may be due to the aggregate degrading, in any number of 

possible ways, and therefore no longer having the required properties to resist traffic stresses. 

If this is the case then studying aggregates from road sections in which premature failures 

have occurred will provide insight into the degradation mechanism(s). The mechanism can 

then hopefully be correlated to a geological property and as such assist materials engineers 

when sourcing or prospecting for aggregates.  

If an aggregate has been proven to be degrading rapidly and resulting in the premature 

failure then current material specifications are inadequate and therefore unable to identify 

materials that are of poor durability (assuming the material met all specifications). Some 

ways in which this may occur is if the specified test: 
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 is not simulating the degradation that typically occurs in pavement layers 

 limits are set incorrectly 

 the variability of material properties is not identified by test requirements 

If this is true then studying aggregate properties from pavements that have failed 

rapidly and those that have not should allow for specified limits to be correctly set and for 

irrelevant tests to be identified. 

The alternative is that no evidence of aggregate degradation is observed at sites that 

experienced rapid failure. In this case no mechanism of degradation can be identified and no 

durability test can be used to prevent the use of such materials. Such failures would be 

attributable to other causes including design and construction deficiencies. However, inherent 

material properties may have contributed to the failures and if this can be proven relevant 

specifications would have to be reassessed or new specifications introduced. 

The importance of the Karoo Dolerite Suite as a construction material, the continued 

occurrence of premature failures attributed thereto and the significant costs associated with 

remedial actions for such failures are therefore motivation to reassess current tests, 

specifications and the rapid degradation process.  

1.2. Hypotheses 

First hypothesis 

The first hypothesis relates to the rapid degradation mechanism. Aggregate 

degradation implies that at least one of the material properties changes in a negative manner 

and that this change renders the material unable to perform as intended under traffic stresses. 

Since Karoo Dolerite is a rock the required physical changes can only occur if a geological 

property changes. It is therefore hypothesised that Karoo Dolerite aggregates that have 

undergone rapid degradation will show a significant change in some geological property 

compared with their original state and that such changes will be related to a mineralogical 

or petrographic property.  

To investigate this hypothesis material from various pavements across South Africa 

was extracted from the original source quarry and the corresponding pavement layers for 

comparative testing to be done on the materials. The materials were subjected to a 

comprehensive suite of testing, based on current specifications and relevant published 
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studies. The results for quarry materials were compared with those of the relevant pavement 

material to determine which properties had changed and to which mineralogical property 

such changes were linked. The observed changes were then compared with the observed 

pavement performance to determine how any changes affected the performance. 

Second hypothesis 

The second hypothesis investigated was the belief that some currently specified tests 

for “durability” of mafic igneous rocks do not differentiate accurately between Karoo 

Dolerite aggregates that have proven differences in performance.  

Tests currently specified as tests of basic igneous rock durability were performed on 

all field materials and the correlations between results and observed field performance 

considered. In this way tests that did not accurately classify poor materials may be identified. 

Third hypothesis 

Since the possibility that observed failures are not due to aggregate degradation but 

rather due to inherent material properties it was hypothesised that the inherent, natural 

variation in Karoo Dolerite Suite aggregate properties can result in pavement layers that 

vary significantly in strength and/or load carrying characteristics despite current 

specifications being met. This hypothesis was derived when very slight differences in some 

indicator properties were all that separated some premature failure materials from others.  

A laboratory investigation was utilised to test the resilient modulus and shear strength 

of materials with properties similar to those observed in field materials. By interpreting the 

differences in these properties it was possible to test this hypothesis. 
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2. Contextual setting 

2.1. Geological setting 

Introduction 

The Karoo Dolerite Suite is part of the Karoo Supergroup, an almost complete record 

of predominantly continental sedimentation that occurred from the late Carboniferous (≈ 300 

Ma) until the early Jurassic (≈ 180 Ma) in southern Gondwana (Smith et al., 1993). The main 

Karoo Basin developed as a gently subsiding foreland trough due to subduction of the 

oceanic palaeo-Pacific plate beneath the Gondwanan plate. Deposition into the basin was 

initiated when the uplifted southern part of Gondwana drifted over the pole with subsequent 

ice sheet formation, resulting in the glacial sediments of the Dwyka Group (Smith et al., 

1993) (Figure 1). Overtime a shallow sea replaced the glaciation and the mudrocks and shales 

of the lower Ecca Group along with prograding deltaic deposits of the upper Ecca Group 

were laid down. This was followed by the formation of broad alluvial plains during which 

time the Beaufort Group fluvial sediments were deposited (Smith et al., 1997, Johnson et al., 

2006). During the remainder of the Karoo sedimentation period increasing aridity occurred 

and initial fluvial systems (Molteno Formation) were replaced by mixed-load fluvial and 

flood basin/lacustrine deposits (Elliot Formation) and finally aeolian sand (dunes) of the 

Clarens Formation (Johnson et al., 2006). During the early Jurassic Gondwana was split by 

great rifts to produce the continents that then drifted to their current positions. Basin wide 

volcanic outpourings, originating from these rifts, covered the sediments, creating the 

Drakensberg Group basalts and ended the Karoo sedimentation sequence. 

The Karoo Igneous Province 

According to Duncan & Marsh (2006) the continental flood basalts of the uppermost 

units of the Karoo Supergroup can be separated into the Drakensburg Group (emplaced in 

stable, largely cratonic environment) and the Lebombo Group (rift related sequence). The 

distribution of these two groups relative to the main Karoo Basin is given in Figure 2. These 

rocks along with similar rocks in Namibia and the East Antarctic were all crystallised within 

a short period (Duncan et al., 1997) of possibly 1-3 Ma (Duncan & Marsh, 2006). The 

basement beneath the Karoo main basin comprises the Kaapvaal Craton in the northern, and 

the Proterozoic Namaqua-Natal (PNN) mobile belt in the western and southern parts of the 
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Karoo Basin. The PNN is bounded to the south and west by the Cape Fold belt (Neumann et 

al., 2011).  

 
Figure 1. Distribution of the Karoo Supergroup in South Africa, Lesotho and Swaziland. 

The Karoo Dolerite Suite in South Africa represents the shallow feeder system to the 

flood basalt eruptions that formed the Drakensberg Group, approximately 183 Mya, which 

presently occur as volcanic remnants in the central parts of South Africa, Lesotho, Botswana 

and Namibia. In Lesotho the basalt sequence reaches a maximum thickness of ~1650m but is 

believed to have been originally much thicker and since eroded (Duncan et al., 1997, Duncan 

& Marsh, 2006). Fe-rich dykes (“oxbow dykes”) found high in the lava pile sequence have no 

extrusive equivalents and are thought to be feeder dykes for those lava flows which have 

been removed by erosion (Duncan & Marsh, 2006). 

The following summary regarding the Drakensberg Group basalts is contained in 

Duncan & Marsh (2006). The Drakensberg consists solely of basaltic lavas of similar 

mineralogy and texture. However lower units of variable trace and minor element 

compositions have been identified and grouped together as the Barkly East Formation. 

Observed trace and minor element variations suggest that Barkley East Formation units in 

central and northern Lesotho were fed from a widely separated eruptive centre to the units in 
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southern Lesotho and Eastern Cape units. Overlying the Barkly East Formation are the units 

of the Lesotho Formation which, in contrast to the Barkly East Formation, are present with 

uniform thickness across the Lesotho-Eastern Cape lava pile, indicating uniform magma 

sources. The SiO2 content of many of the Karoo mafic rocks is > 52% and therefore strictly 

speaking basaltic andesites. Most are also tholeitic (petrographically and geochemically) with 

ubiquitous plagioclase, augite and variable amounts of olivine and often low-Ca pyroxene (as 

pigeonite) and/or orthopyroxene. In coarse grained rocks some interstitial alkali feldspar and 

quartz patches are observed. 

 
Figure 2. The distribution of the Drakensberg Group (incl. Karoo Dolerite Suite) and the Lebombo Group 

Igneous rocks in South Africa, Lesotho and Swaziland.  

The dolerite intrusions are best developed in the main Karoo Basin where they 

intruded essentially undeformed sedimentary rocks. The intrusions form an interconnected 

network that consists of dykes, sills and saucer shaped sheets that are nearly impossible to 

single out (Chevallier & Woodford, 1999). Sills range from a few meters to 200 m in 

thickness while dykes are generally 2-10 m wide and 5-30 km long. Most dykes are 

compositionally homogeneous and rarely show evidence of differentiation. However thick 

sills generally show slight internal differentiation (due to flow differentiation (Richardson, 

1979 in Duncan & Marsh, 2006:508) and gravity settling (Le Roux & Reid, 1978 in Duncan 
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& Marsh, 2006:508)) and some dykes contain successive intrusions. Sill with fine-grained 

textures at their margins (upper and lower 5m) and medium- or coarse-grained central regions 

have also been described (Galerne et al., 2008, 2010 in Neumann et al., 2011:5). Due to such 

local differences the Karoo Dolerites include related petrograghic facies such as leuco-

gabbros and dolerite-pegmatites (Chevallier & Woodford, 1999). Granophyric textures have 

also been observed and are attributed to assimilation of country rocks (Johnson, 1984). 

Eales et al (1984) note that Karoo Dolerite sills are very numerous and generally 

larger in the Beaufort Group. Lower Karoo Supergroup lithologies contain sills that are 

generally thinner while those above the Beaufort Group are more likely to host dykes than 

sills.  

The dolerite dykes and sills are petrographically and geochemically more varied than 

the basalts due to low-temperature differentiation processes operating during emplacement 

(Duncan et al., 1997). A comprehensive model of the emplacement histories of the sills 

studied by Neumann et al. (2011) confirms the different degrees of contamination by crustal 

rocks and local variations due to contamination released by the sedimentary rocks (i.e. Karoo 

lithologies) by contact metamorphism and devolatilization.  

The rift related Lebombo Group consists predominantly of an almost alternating 

sequence of both basic (Letaba, Sabie River and Movene Formations) and silicic (Mashikiri, 

Jozini and Mbuluzi Formations) igneous rocks. Within South Africa the Lebombo Group 

occurs along the Mozambican border (the Lebombo Monocline) and in an area to the 

northwest of Louis Trichardt (Figure 2).  

Situated 400km north of the Lesotho is the Springbok Flats remnant that contains 

compositional units in its stratigraphy that can be correlated to the northern Lesotho sequence 

on the basis of geochemistry. The uppermost unit is correlated with the “oxbow dykes” and 

therefore may be remnants of the sequence that has been eroded in the Lesotho-Eastern Cape 

sequence. However, a 30m thick unit has been identified within the Springbok Flats which is 

compositionally and isotopically identical to a unit within the base of the Sabie River 

Formation (Lebombo Group) (Duncan & Marsh, 2006). This shows that the Karoo basalts 

that erupted from the Central region and those from the Lebombo Monocline overlapped in 

some areas.  
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Karoo dolerite petrography 

The following petrographic explanation by Galerne et al. (2008, 2010 in Neumann et 

al., 2011:5) applies to a large sill complex in the Beaufort Group. These sills are composed of 

50% plagioclase, 5% olivine, 40% pyroxene and 5% Fe-Ti oxides. Olivine occurs as euhedral 

to subhedral single grains 0.4-2mm in diameter and in clusters. Plagioclase is generally zoned 

and forms elongated laths 1-2mm long (up to 6mm lengths also observed) that may be partly 

enclosed by pyroxene and Fe-Ti oxides. Plagioclase also forms aggregates of zoned, large, 

subhedral grains (2-4mm). The main pyroxene is augite but pigeonite and orthopyroxene are 

observed. These are typically oikocrysts (up to 3mm in diameter) that enclose plagioclase and 

olivine. Magnetite, ilmenite and small amounts of sulphide may be present. Minor alteration 

has caused local growth of iddingsite, carbonate and serpentine at the expense of olivine, and 

biotite and chlorite, both exclusively as secondary phases at the expense of pyroxene.  

Referring to the Drakensberg Group basalts Sumner et al. (2009) describe the 

products of deuteric alteration as being visible in veins, round vesicular cavities formed by 

bubbles and in angular interstitial voids. The latter they believe to probably represent gas-

filled cavities formed when the release and migration of the gas occurred in lava that had 

already solidified to an extent that prevented normal gas bubble formation. Amygdales are 

extremely rare in true hypabyssal dolerites but deuteric alteration along veins/fractures and in 

such angular interstitial voids is equally feasible in dolerites. 

Phreatomagmatic features 

Numerous examples of phreatomagmatic features are present in the Karoo 

Supergroup but two main types of features have been documented. Svensen et al. (2007) 

categorize these as: 

 Phreatic hydrothermal vent complexes, mainly confined to outcrops in the 

Molteno, Elliot and Clarens Formations and 

 Breccia pipes confined to the Ecca Group and lowermost units if the Beaufort 

Group.  

These features are irrelevant with respect to aggregate supply due to their localised 

occurrence. However, as will be discussed in section 2.2, they do provide insight into the 

geological setting that prevailed during the Karoo Dolerite intrusion periods. 
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2.2. Potential intrusive settings 

Introduction 

The Karoo Dolerite Suite was intruded into the full sequence of sedimentary units in 

the Karoo Supergroup and as such each intrusion would have encountered varied country 

rock and unconsolidated sediments during its ascent. Since the basal lavas of the Karoo 

Igneous Province are considered conformable on the Clarens Formation (Duncan & Marsh, 

2006) the earliest Karoo Sediments (the Dwyka Group) would have been 105 Ma old at the 

onset of Karoo magmatism (≈195 Mya) and covered by a maximum thickness of 12 km 

(Johnson et al., 2006) of sediments. The sedimentary units of the Karoo Supergroup were 

therefore at various stages of lithification depending on the age and maximum burial of each 

unit. Where sediments were significantly lithified the dolerite would have had limited 

interaction with country rocks due to the relatively small size of the intrusions. The 

occurrence of phreatomagmatic features within the Karoo Supergroup does however indicate 

that this was not always the case.  

Du Toit (1920 in Chevallier & Woodford, 1999:50) described preferential intrusive 

horizons with the Karoo sediment pile that include: 

 Contacts between the Dwyka and Ecca Groups 

 Contacts between the Prince Albert and White Hill Formations 

 Contacts between the Ecca and Beaufort Groups 

 Contacts between Beaufort Group Units.  

Ecca Group breccia pipes 

Hydrothermal vents are common in the western part of the Karoo basin where the 

Ecca Group is well exposed. Woodford & Chevallier (2002) note that clusters of such 

features are mostly restricted to the Ecca Formation (only two locations are known to have 

penetrated the base of the Beaufort Group). It is possible that such features occur in other 

parts of the main basin where younger sediments cover the Ecca Group (Svensen et al., 

2007).  

Also called breccia pipes/plugs, these features are associated with sills and contact 

metamorphic aureoles and occur as sub-vertical cylindrical structures that cut through 
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sedimentary strata. The pipes are typically between 20 and 150 m in diameter and filled with 

brecciated and metamorphic shale. Svensen et al. (2007) estimate that the total number of 

breccia pipes currently exposed is in the order of several thousand. Clusters of pipes are 

variable in size from a few hundred meters to 50 km in diameter (depending on the number of 

plugs in the cluster).  

Woodford & Chevallier (2002) linked the intrusion of two dolerite sills at the Dwyka-

Prince Albert and Prince Albert-Whitehill Formation contacts to such pipes and in these sills 

both the injection of doleritic magma within the sediment and digestion of sediment by the 

dolerite are observed, indicating a low degree of lithification during emplacement. The mode 

of emplacement for the plugs, as proposed by Woodford & Chevallier (2002), is that the early 

(lowermost) dolerite sills intruded into the partially indurated, “wet” Karoo Supergroup 

sediments resulting in localised, often explosive hydrothermal activity and consequent 

brecciation and melting of the host sediments. 

Clarens Formation vent structures 

Hydrovolcanic diatremes are found close to the lava outcrops south and south-west of 

Lesotho (Duncan & Marsh, 2006).  Here intruding sills heated adjacent sedimentary strata, 

leading to metamorphic reactions in the aureoles and the expansion of pore fluids. This then 

caused phreatic eruptions and the formation of hundreds of hydrothermal vent complexes 

presently exposed in the central parts of the Karoo Basin (Svensen et al., 2007, Svensen et al., 

2006 and Jamtveit et al., 2004). 

Woodford & Chevallier (2002) mention that the volcanic vents (also referred to as 

“necks” or diatremes by various authors) are located at the foothills of the Drakensberg 

Mountains and are restricted to the Clarens Formation and occasionally occur in the 

Drakensberg basalts. They represent the first volcanic outbursts that preceded the outpouring 

of the lava flows. The size and the shape of the vents vary with diameters of a few metres to a 

couple of kilometres observed (Woodford & Chevallier, 2002). Du Toit (1929 in Woodford 

& Chevallier, 2002:118) described a typical vent as containing agglomerate, yellowish tuffs 

of shattered and pulverized sandstone from the Clarens Formation and clasts of dolerite and 

amygdaloidal basalt. There is even evidence of windblown sands in the volcanic pipes, 

indicating that Clarens deposition conditions were still ongoing. Marsh (1991 in Woodford & 

Chevallier, 2002:119) proposes that the volcanic vents/diatremes formed by phreatic-

explosive activity, where excessive water and steam pressures overcome that of the magma, 
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resulting in fragmentation of the country rock and poor participation of the magma. 

Woodford & Chevallier (2002) note that younger dolerite sills transgress these vent features.  

Mechanisms of phreatomagmatic eruptions 

Authors have varied opinions on the exact process involved in the creation of the 

observed features. According to (Duncan & Marsh, 2006) the diatremes in the Clarens 

Formation were formed when ground water (at pressures above the critical point of water) 

was vaporised by hot magma and significantly increased in volume. Since such pressures are 

achieved only below approximately 700m below surface most of the diatremes are rooted in 

the Elliot and Clarens Formations. Interpretations of seismic data from the Vøring and Møre 

basins of offshore mid-Norway show a general genetic relationship between sills and vent 

complexes (Svensen et al., 2006). These hydrothermal vent complexes are rooted in aureole 

segments of sill intrusions (Jamtveit et al., 2004; Planke et al., 2005 in Svensen et al., 

2006:678) and the general lack of igneous material in the hydrothermal vent complexes 

suggests that major magma disintegration did not occur in the root area. Jamtveit et al. (2004 

in Svensen et al., 2006:678) proposed a model of vent complex formation of heating and 

boiling of pore fluids in contact aureoles around shallow sills at depths as great as 1 km 

followed by overpressure and possibly venting in locally low permeability rocks. The 

common, thick sills in the Elliot and Clarens Formation sediments can be assumed to have 

caused shallow (<1 km) boiling and expansion of pore fluids in contact aureoles (Svensen et 

al., 2006).  

Systems dominated by fragmentation of magma (e.g. kimberlite pipes and diatremes) 

result in conduit zones comprising mixtures of sediments and igneous material, and 

associated surface deposits dominated by pyroclastic material (e.g. Navikov & Slobodskoy 

1979; Lorenz 1985; Clement & Reid 1989; Webb et al., 2004 all in Svensen et al., 2006:678). 

Kimberlite pipes are generally formed from fragmentation of deep dyke complexes (e.g. 

Lorenz 1985; Clement & Reid 1989 in Svensen et al., 2006:678), and this mechanism may 

also explain the formation of the phreatomagmatic complexes in the Karoo Basin (i.e. the 

breccia pipes in the western Karoo Basin) (e.g. Surtees 1999; McClintock et al., 2002 in 

Svensen et al., 2006:678). Lorenz (1985) provided evidence that an explosive interaction 

between magma and external water requires a very large complex interface (for nearly 

instantaneous heat transfer) and certain water pressures (pillow lavas form at high 
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depths/pressures, hyaloclastites at intermediate depths/pressures). Phreatomagmatic eruptions 

would therefore only initiate at shallow depths below the water table. 

Country rock conditions during Karoo Dolerite intrusion  

Due to the large surface area of the Karoo Main Basin it is understandable that the 

Karoo Dolerites intruded into highly variable country rock and partly lithified sediments. It is 

also most likely that the upper units (Molteno, Elliot and Clarens Formations) were least 

lithified and partially saturated during the intrusion of the first dolerite. Evidence presented in 

the form of various phreatomagmatic features that occur in clusters and mainly in specific 

units indicates that parts of these units did contain significant amounts of moisture, at least 

during the initial magmatic stages. Younger sills that cross cut early phreatomagmatic vents 

in the Clarens Formation indicate that initial intrusions caused the phreatic explosive events 

and then “dried” the country rock through continued intrusion of magma and driving off of 

ground water. The later stage sills then intruded the dry country rocks and caused no further 

explosive activity. Thus the situation exists where two dolerite intrusions in relatively close 

proximity to each other and within the same country rock lithology could have had very 

different interaction with country rock pore fluids depending on the sequence of intrusions. 

Such differences in fluid interactions may have resulted in differences in the dolerite 

mineralogy with respect to deuteric alteration and rate of cooling. Similarly the units in which 

no phreatomagmatic  features have been identified are unlikely to have contained significant 

amounts of fluids in any parts and as such are unlikely to have introduced fluids to the 

magma were it intruded such units.  

Based on the observed distribution of phreatomagmatic features the Ecca Group, 

Elliot Formation and Clarens Formation most definitely contained significant areas in which 

early intrusion encountered wet sediments/rocks. There is little evidence of such conditions in 

the Beaufort Group while the Dwyka Group and Molteno Formation contain evidence close 

to their contacts. A simplified map of the conditions during the intrusion of the first dolerite 

can therefore be created (Figure 3). Using this, formations that may contain significant 

amounts of intrusions intruded during wet conditions and therefore potentially altered 

intrusions can be identified. This map is a great simplification as within either of the units 

localized conditions may have been different. Additionally, no documented cases of 

phreatomagmatic features in the northern parts of the Ecca Group outcrops were found, 

proving that conditions differed significantly within the units (as expected when different 
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sedimentary facies in each unit are considered). It may be that the areas where no such 

features are found are those that were previously covered by large thicknesses/amounts of 

overlying units and therefore significantly more lithified at the onset of magmatism. 

 
Figure 3. Simplified interpretation of conditions during intrusion of first Karoo Dolerite. 

2.3. South African road network 

The importance of the Karoo Dolerite Suite as a pavement aggregate source is clear 

when we consider the number of roads in the large area of the main Karoo Basin. In Figure 4 

large lengths of national routes and provincial roads that occur within the main Karoo Basin 

can be seen to represent a very large proportion of these roads in South Africa. Since the 

other materials in the Main Karoo basin are generally of poor quality and the hauling costs 

associated with importing material from other areas is generally prohibitive, the Karoo 

Dolerites are extremely important aggregate resources.  

The major rail lines that link the four main economic hubs in South Africa follow 

similar routes to the national routes and also utilize large amounts of Karoo Dolerite as 

ballast. The supply and performance of the dolerite as an aggregate is therefore vital for 

efficient transport infrastructure provision in South Africa.  
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Figure 4. Distribution of national and major routes of South Africa relative to the Karoo sedimentary units. 
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3. Literature Review 

3.1. Introduction 

The degradation of construction materials is detrimental if it adversely alters the 

design or function of the pavement (or other structure) in which the materials have been used. 

West et al. (1970) list some of the harmful effects of degradation as:  

 Ravelling of bituminous mixes: due to aggregate surface areas increasing, for 

example, by crushing during rolling 

 Reduction of concrete strength and workability: due to aggregate surface 

areas increasing during mixing in concrete 

 Loss of pavement support due to the production of excessive plastic fines, 

followed by compaction under traffic loads, and consequent settlements  

 Loss of permeability due to the production of excessive fines resulting in 

moisture retention and pumping during wet conditions.   

The two main mechanisms of degradation mentioned are the increase of surface area 

and the increase of fines. Significant surface area increases require that larger aggregate 

particles are broken down which will occur when the material is unable to resist applied 

stresses. The production of fines can occur either by attrition of material (i.e. actual breaking 

down of large pieces of material) or by the release of fines already present in larger aggregate 

(which also requires some form of breaking). The latter example is especially possible in 

igneous rocks where specific minerals within a skeleton of sound minerals have been altered 

to clay minerals (Núñez et al., n.d.).  

It should therefore be easy enough to ensure that material does not degrade while in 

use by specifying a minimum material strength. However, since material properties can 

change due to natural mineral alteration processes a material that initially has sufficient 

strength to resist forces may become weak and therefore experience degradation at a later 

stage. Thus ensuring adequate aggregate performance requires that it is of sufficient strength 

and that it is of sufficient durability that it retains an adequate strength during the design life 

of the structure in which it is to be utilised.  
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Fookes et al. (1988) stated that many authors dismiss the occurrence of chemical 

weathering of in-service materials on an engineering timescale and note that an experimental 

accelerated weathering study on basalts by Mellon (1985) provided no proof of secondary 

mineral production in an engineering timescale. They however think that when one considers 

the possible effects that scale reduction could have on the rates of such processes, weathering 

may become significant. Aggregate particle surface area to volume ratios are high and 

therefore a high percentage of the minerals can be exposed to weathering processes at once.  

Since the early 1900’s the degradation of aggregate in roads has been studied and in 

the following sections the wide variety of approaches, and subsequent conclusions, are 

summarised. 

3.2. Introduction to previous research 

In the beginning of the 20
th

 century material degradation problems were noticed on 

some roads that underwent significant breakdown from horse hoofs and buggy wheels while 

other did not (West et al., 1970). Studies into the properties and performance of aggregates 

were done in the same era by, for example, Lord (1916) and Jackson (1916 in West et al., 

1970:5). Research later focused on the development of tests that reproduced or simulated 

field (pavement) conditions or created model pavements (including test sections) in an 

attempt to test aggregates to be used in pavements. The work done during such projects 

advanced the understanding of the relationship between the aggregate and the pavement but 

the use of model pavements could not be used in routine aggregate evaluation (West et al., 

1970). One tests developed during this time, the Los Angeles abrasion test, was however a 

practical laboratory test for aggregate quality (Rothery, 1936 in West et al., 1970:5). At about 

the same time Macnaughton (1937, in West et al., 1970:5) studied aggregate degradation by 

observing in-service pavement performance but did not seem to consider aggregate rock type. 

Numerous aggregate degradation studies based on different aspects then followed. These 

include studies by Shelburne (1939, in West et al., 1970:5), Croesser (1944 in West et al., 

1970:6), Laburn (1942, in West et al., 1970:6), Knight (1953 in West et al., 1970:6) and 

Knight & Knight (1948 in West et al., 1970:6).  

The prediction of in-service performance of road aggregates was investigated in detail 

by Shergold (1948, in West et al., 1970:6). Degradation and rock type were specifically 

considered during this study which involved the statistical analyses of the ability of physical 

tests to indicate the performance of aggregates in roads. Melville (1948 in West et al., 
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1970:6) then did work on devising a laboratory test that would determine the susceptibility of 

aggregates to degradation. The degradation of sandstone was investigated by Metcalf & 

Goetz (1949 in West et al., 1970:6). Philippi (1952 in West et al., 1970:6) compared field 

compaction and durability with that obtained by laboratory compaction methods.  

From about the mid 1950’s the importance of regional effects was noticed. Studies in 

the north-western states of the USA (e.g. Turner & Wilson, 1956; Sibley, 1958; Minor, 1959 

and Harra, 1962 in West et al., 1970:6) ultimately showed chemical/mineralogical breakdown 

to be the main cause of aggregate degradation while studies elsewhere pointed to physical 

breakdown (e.g. Moavenzadeh & Goetz, 1963 and Aughenbaugh et al., 1962 in West et al., 

1970:6). 

Since 1970 numerous rock aggregate durability investigations have been performed 

worldwide and many of these have focused on a specific type of aggregate due to the 

realization of the fact that the durability of different rock types is dictated by different factors. 

For example certain mudrocks slake as a result of various processes while degradation of 

basalt appears to be more related to the alteration of mainly mafic minerals to smectite clays 

or the release of clays formed by deuteric alteration within the basalt in service. Those studies 

focused on the durability of basic igneous rocks have focused on many different aspects 

relating to rock durability including: 

 the relationship between mineralogical composition and durability 

 the causes of degradation 

 the classification of aggregates based on physical and or chemical properties 

and 

 new test methods for the prediction of durability. 

3.3. Igneous rock durability 

Relationship between mineralogical composition and durability 

Hartley (1974 in Cole & Sandy, 1980:27) mentioned that many aggregates produce 

similar results in one durability test but variable results in another. This is probably an 

indication that the tests are testing different facets of durability and for this reason he 

proposed that road aggregate suitability should rather be based on well-defined petrological 

terms or fundamental rock properties.  
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Lord (1916) measured the physical properties of different rock types as well as rocks 

in different states of weathering (expressed by the percentage of secondary minerals). The 

relevant properties he tested were: percentage wear by abrasion (material under 0.16cm in 

diameter lost after abrasion test), hardness (tested with a sand “grinding” type of test as 

percentage weight lost subtracted from an arbitrary constant) and toughness (impact blows 

until failure tests). Basic igneous rocks tested (basalt, gabbro and diabase) showed a superior 

toughness and hardness with lower degrees of alteration. However, an increase in serpentine, 

chlorite, kaolin and epidote was observed in other plutonic rocks but only in the gabbro did 

the physical properties weaken. He suggested that this was due to the replacement of 

plagioclase minerals by hard epidote.  

In one of the few studies where durability was not inferred from test results, Scott 

(1955) related the performance history of failed road sections in western Oregon, USA to 

source material properties. He found that all problem sections utilized aggregate (basalt) with 

high amounts of secondary minerals in (i.e. the rock was of poor quality). Higgs (1976) 

differentiated between alteration products and stated that the total percentage of weathering 

products as such has no effect on the durability of basalt aggregate but rather, the percentage 

of discrete montmorillonite is important. Van Rooy & Nixon (1990) however cite numerous 

studies by Scott (1955), Cruz & Nieble (1971), Farjallat & Nery de Oliviera (1972) in which 

the percentage of secondary clay minerals, chlorite, glass, etc. were all responsible for the 

poor durability observed in basalts used in both dam and road construction. In a study by 

Haskins & Bell (1995) it was concluded that olivine basalts showed a lower resistance to 

durability tests due to the extensive alteration of olivine to swelling clay, chlorite and 

serpentine (and in some due to plagioclase chloritization). They observed only minor or 

partial alteration of clinopyroxene and glass and concluded that such alteration did not have 

an effect on the durability of rock.  

These studies all provide evidence that alteration products are the root of basic 

igneous rock durability problems but have also proven that no single alteration product can 

conclusively be regarded responsible for all cases (Fookes et al., 1988).  

Van Rooy & Nixon (1990) note that although the mineralogical composition of basalt 

is a useful indication of durability the chemical composition is not. However, as discussed by 

Dunlevey & Stephens (1996), despite the chemical variation in Karoo Dolerites being 

relatively small they do cover two critical petrographic crystallization divides. In silica under-

saturated dolerites, the olivine-nepheline-feldspar mineral assemblage occurs (only found 
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north of Sabi River) while in silica-saturated dolerites the olivine-pyroxene-feldspar 

assemblage occurs and in silica-oversaturated examples a pyroxene-quartz-feldspar 

assemblage occurs (both common throughout Karoo Igneous Province (Eales et al., 1984; 

Marsh & Eales, 1984 both in Dunlevey & Stephens, 1996:34)). Therefore, since olivine and 

nepheline are more susceptible to alteration the silica under-saturated and silica-saturated 

varieties are more susceptible to alteration and hence more likely to produce poor durability 

aggregate. Bell & Jermy (2000) discuss olivine dolerites and quartz dolerites in the Karoo 

Dolerite Suite and attribute quartz formation to assimilation from the sedimentary country 

rocks (as suggested by Walker & Poldervaart (1949 in Bell & Jermy, 2000:61)). In their 

study of Karoo Dolerites no significant differences in the durability and strength parameters 

could be found between samples of quartz and olivine bearing material.   

Relationship between micro-texture/mineral distribution and durability 

The micro texture of both dolerites and basalts is often also judged to be another 

significant factor that should be evaluated in conjunction with the mineralogical composition 

(Van Rooy & Nixon, 1990; Van Rooy & Van Schalkwyk, 1993; Haskins & Bell, 1995; 

Higgs, 1976). It is believed that the micro texture is related to durability because the 

distribution of clay minerals and not just their presence affects the interlocking between 

competent minerals and the permeability of the rock (Sumner et al., 2009). Since aggregate 

sized material is generally free of joints (Minty & Monk, 1966) the connectivity of porous 

and/or weak constituents, such as clay, will increase the permeability and decrease the 

interlocking forces between minerals.  

Higgs (1976) believes the effect on porosity to be important because if fluids cannot 

penetrate a rock to cause the swelling of clay minerals no slaking will occur. Hall & Harris 

(1985) noted smaller dolerite aggregate pieces to be more prone to breakdown during 

ethylene glycol testing (as did Fielding and Maccarrone (1982)) and proposed this to be due 

to the glycol taking longer to penetrate the bigger pieces. The permeability was also 

mentioned as an important factor by Minty (1976 in Cole & Sandy, 1980:27). 

The distribution of weak minerals will have an effect on the strength of a material as 

when such minerals are isolated and not evenly distributed the skeleton of stronger minerals 

will be able to resist stresses. In this way fines cannot participate in the physical breakdown 

of rocks (due to swelling pressures) or participate in the pavement layer properties as the 

fines are not released.  
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Other studies that have recognized the importance of the rock fabric and distribution 

of clay minerals (often as the only indicator of poor material durability) include: Van Atta & 

Ludowise (1976a and 1976b), Cole & Sandy (1980), Mills (1981 in Hall & Harris, 1985:8), 

Van Rooy & Nixon (1990), Dunlevey & Stephens (1996) and Bühmann & Bühmann (1990). 

Another consideration is the actual contacts between minerals. In the Oregon basalt 

study by Scott (1955) it was concluded that even moderate decomposition on the edges of 

minerals will result in the interlock strength being reduced despite most of the initial crystal 

strength being retained. Additional factors that have been shown to affect the strength of 

igneous rocks include grain shapes, grain sizes and grain textures (West et al., 1970, Tugrul 

and Zarif, 1999, Rhodes & Mielenz, 1948 in West et al., 1970:7). 

Mineralogical indices 

Over time, studies of mineralogical and micro-textural features (in relation to physical 

properties) resulted in the development of numerous “indices” (technical details discussed in 

section 3.5 and Appendix A). A study by Gomes & Rodrigues (2007) found that the use of 

such indices permitted the combination and satisfactory evaluation of the large amount of 

information obtained from numerous tests and Tugrul & Gürpinar (1997b) showed 

comparisons between individual indices allowed the successful determination of which 

material had the best engineering properties. 

3.4. Proposed degradation models 

Any aggregate will fail when exposed to in service loads if the mineralogy has been 

altered significantly since the time of quarrying. In such cases the degradation is simply a loss 

in strength due to changes in mineralogy and subsequent failures under stress. However many 

studies have proposed alternative models which do not require that mineralogical changes 

occur. The two main models will be discussed below. 

Clay expansion model 

O’Flynn (1977) stated that if clay minerals within rock are exposed to moisture a 

swelling pressure will develop and this pressure will disrupt any stone that cannot totally 

oppose the multi-directional expansive forces with tensile strength. Similarly, Higgs (1976) 

suggested that expansion of montmorillonite in rocks (basalts) that have undergone deuteric 

alteration cause the initial failures in rock and subsequently increases the permeability of the 



42 
 

material. Since water can then penetrate further into the material additional montmorillonite 

is produced by alteration of minerals previously unexposed. The actual failure mechanism is 

due to expanding montmorillonite and is therefore a tensional failure (Higgs, 1976). Higg’s 

(1976) study explains fully a cyclic process where montmorillonite initially present (formed 

for example by deuteric alteration) expands, when moisture is introduced, causing micro 

tensional failures within aggregate particles. The result of such fractures is an increase in the 

permeability of the aggregate and promotes further weathering and therefore the formation of 

more montmorillonite. The cycle then repeats with each round delivering a more fractured 

material. With each cycle the properties of the material will change due to the changing 

grading. Evidence of this mechanism operating in weathered basalt has been provided by 

Tugrul & Gürpinar (1997) who reported permeability increases at an increasing rate with 

degree of weathering. They also showed that showed that permeability increased more 

rapidly after porosity was >10%, probably due to pores being connected after this stage. 

However no studies have been found that provide evidence of further alteration after initial 

permeability increases.  

Tensile stress magnitude will depend on the nature and amount of expansive clays 

present as the expanding capacity and ability to absorb liquid solutions thereof are expressed 

(Nunez et al., 2003). The tensile strength (capacity to resist clay-expanding forces) will 

depend on the properties of the sound minerals and the contacts between them. 

Thus two rocks with equal amounts of clay minerals subjected to the same moisture 

changes and both having the same porosity/permeability can react differently due to differing 

tensile strengths. The degree to which the grading is altered and the effect thereof on the 

material properties will then be dependent on the amount, and potentially the type, of clays 

released.  

Tensile forces created by the hydration of clays may not be sufficient to cause 

tensional failures of aggregate, especially if clays are a minor component and not 

concentrated. Additionally Gomes & Rodrigues (2007) showed that in some cases expansive 

clay minerals in basalts were very compact with low porosity and low water absorption 

values. Their results showed no correlation between expandable clay mineral contents and 

alterability leading to the notion that access of water into the rock would be very difficult and 

contact between the water and clay minerals would be unlikely. Therefore this model cannot 

account for all poor basic igneous rock behaviour.  
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Orr (1979) notes that although Higgs (1976) estimated a swelling pressure of 

approximately 14MPa required to cause complete failure of basaltic rocks (described from 

the USA) the maximum pressures measured in oedometer tests on smectite-bearing fault 

gouge were 500kPa (Brekke & Selmer-Olsen, 1965). Limited work has been performed to 

quantify the swelling pressures exerted by clay minerals within aggregates, probably due to 

the difficulty in measuring such pressures directly as individual clay mineral grains are too 

small to isolate and test individually. Consequently research on clay swelling pressures has 

been focussed on the swelling pressures of clay soils and pure isolated bulk clay samples with 

highly variable results (Table 1). The actual swelling pressure exerted by swelling clay 

minerals in basic igneous rocks could be within the range presented by these results but this is 

still short of the 14MPa estimate of Higgs (1976). There is however evidence that materials 

do expand when subjected to wetting. Fookes et al. (1988) list studies by Cawsey & Mellon 

(1983) who found linear expansions of 0.015-0.2% in basaltic material and Nishioka & 

Harada (1958) as examples of such expansion. More recently Mutschler et al. (2013) 

performed swelling tests on undisturbed volcanic sedimentary rock core samples from the 

Andes that had swelling clay mineral contents of 30–75 % and found the swelling pressures 

to be low (0.016-0.58 MPa). Swelling pressures measured on powdered samples of the same 

rocks reached significantly higher values (0.906-8.909 MPa) indicating that measurements of 

soils or powdered materials cannot be correlated to the expected swelling in rocks. The 

pressure measured on rock samples is however not representative of the pressure in the clay 

minerals as the rock skeleton may absorb some of the pressure. 

 Table 1. Summary of published clay swelling pressure research results. 

Study reference Material tested Swelling pressures (MPa) 

Tessier et al. (1998) 
Soil: 85% clay (smectite-kaolinite-

beidellite) 
4-24 

Al-Rawas et al. (1998) and Al-

Rawas (1999) 
Mudstones Maximum 0.2 

Al-Rawas et al. (1998) and Al-

Rawas (1999) 
Clay soils Maximum 3.5 

Madsen, (1979 in Brattli & Broch, 

1995:153) 
Jurassic & Tertiary claystones 2 

Brattli & Broch, (1995) Fine grained sedimentary rocks & slates Maximum 4.5 

Brattli & Broch, (1995) Powdered sedimentary rocks Maximum 0.06 

Reeves at al. (2006) Black cotton soil 0.24 

Mutschler et al. (2013) Volcanic sedimentary rocks Maximum 0.58 
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Point load and crushing failure model 

An alternative tensile failure mechanism is therefore required if clay swelling 

pressures are not sufficient. Núñez et al. (n.d.) propose that tensile forces will be created 

when aggregates effectively receive point loads from other aggregate pieces in a compacted 

layer. If the tensile strength of the material is unable to resist such stresses fracturing will 

occur and the grading of the material will be altered. Once again tensile strength will depend 

on the properties of the sound minerals and the contacts between them while the degree to 

which the grading is altered and the effect thereof on the material properties will be 

dependent on the amount, and potentially the type, of clays released.  

The possibility does exist that the material does not fail in tension but simply crushes 

under loads imposed during construction and or service periods. Since all aggregate 

specifications generally have well defined strength requirements crushing failures should be 

rare with the exception being when rapid mineralogical changes occur.  

Evidence of significant crushing is given by Zeghal (2009) who observed grain 

crushing during compaction of base layers that resulted in the impression that the material 

was composed of small and fine aggregates. A study by Aughenbaugh et al. (1966 in Zeghal 

2009:550) proved that most crushing occurs during the initial compaction passes and that 

crushing decreases with depth. Similar studies in the 1960s found that larger grain sizes and 

more angular grains resulted in more breakage. Zeghal (2009) compared stockpile materials 

with material that had been compacted as a base layer (sampled before seal layer was placed) 

and found that the fines content had increased due to construction despite the material being 

of specified strength. Based on this resilient modulus and permanent deformation testing was 

performed on the materials and these showed that the material had higher permanent 

deformation (113-291% higher) and an almost 50% lower resilient modulus if crushed. 

Similar results are presented by Tian et al. (1998). Ultimately Zeghal (2009) showed that due 

to the crushing a 35% under-estimation of the base rutting would occur after 20 years of 

service, equivalent to about a 6 year reduction in life of pavement.  

Additional considerations 

Both the above mechanisms were concluded to be the cause of rapid failure of the 

railway ballast from Sheepmoor dolerite quarry (close to Ermelo, South Africa) when Orr 

(1979) and Biondi (1974 in Hall & Harris, 1985:9) concluded that the causes of breakdown 
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were both the initial swelling of clay in microfractures due to water ingress and long term 

alteration of olivine which weakened the overall strength.  

Kleyn & Bergh (2008) mention that they found a smectite content of 3% was 

sufficient to transform weathered Karoo Dolerite into an unacceptable material. Kleyn et al. 

(2009) also note a distinct correlation between the Plasticity Index (PI) of decomposed 

dolerite gravel and the smectite content but also present data that indicates no such 

correlation for crushed “hard” rock dolerites. Both these authors however dismiss the “myth” 

of rapid deterioration of dolerite in stockpiles by saying that dolerite does not weather and 

develop a PI but rather when mechanically broken down the already present detrimental 

minerals and clays become exposed to the atmosphere and their detrimental effects (e.g. 

moisture sensitivity of material) are then manifested. Should this be the case the fines 

produced during initial quarry testing will be the same as those produced after stock piling (or 

during construction and in service) and therefore the PI of the material would not change with 

time. Siswosoebrotho et al. (2005) have however shown that a material PI may increase if the 

fines released at a later stage are of smaller size. The argument by Kleyn & Bergh (2008) 

would therefore require that the grading changes when fines are released and that this leads to 

the degradation of the material layer properties. This acceptable argument agrees with the 

point load and crushing failure model, but also implies that the durability mill index (DMI) 

results should correlate with the observed material performance. If any change in PI is 

observed a change in grading or mineralogy must have occurred.  

Kleyn & Bergh (2008) also believe that the rapid deterioration of fresh crushed 

dolerite in a road layer does not occur but that the rapid failure of the road is due to 

infiltration of water through the surface (either poor surface or failed surface) and its 

interaction with smectite clay minerals in the aggregate or in crusher fines that have not been 

slushed out. If clays in the aggregate are to blame then the expansive clay model is relevant. 

However as with the previous argument if the fines in the matrix of the pavement layer are to 

blame either the Atterberg limits of the material were out of specification (if high plasticity is 

present) or the material strength was inferior (if grading has developed excess fines).  

Wylde (1982) studied thin sections of aggregate removed from the road and 

impregnated with epoxy resins before sectioning and observed that under repeated loading 

the minus 75μm fines become rearranged into local accumulations of silt-sized and clay-sized 

particles. He therefore linked textural weaknesses not to the natural alteration or inherent 

structure of the rock but rather to progressive deformation and reorientation within the road 



46 
 

matrix under traffic. The process is believed to occur due to the repeated internal 

deformations and moisture fluctuations within the matrix of fines and is affected by the 

moisture available and the mineralogy of the fines. The degree of rearrangement of particles 

also seemed to decrease with depth below the surface of the road (concomitant with 

decreasing traffic induced stress with depth) and a consistent relation between the texture 

factor determined and the road condition was seen. This phenomenon was observed in roads, 

test tracks and repeated load tri-axial test samples. This may be a failure mechanism but 

would occur in any material in which excess fines were present. It is unlikely that such a 

mechanism would occur if the fines were below a specific percentage. 

Fookes et al. (1988) discuss weathering of rocks during the engineering time scale (as 

opposed to geological time scale). They also looked at 17 reported case histories from across 

the world, where in-service deterioration of geological materials occurred. The following 

important findings are presented by them:  

 Weathering rates in geological materials are not constant and tend to decrease 

in time as metastable protective residues such as weathering rinds form 

around unexposed material 

 Most cases of reported in-service degradation involve (basic) igneous material 

 Degradation was caused by the presence of secondary minerals and/or the 

presence of active in situ weathering 

 The reported failures occurred in various climatic conditions  

An interesting study by Moon & Jayawardane (2004) identified significant losses in 

Ca, Mg and Fe ions during transition of basalt from fresh and slightly weathered state despite 

no mineralogical changes occurring during the same time. Properties that appeared to change 

during the same time were the abrasion pH (drop from 8.5 to 5.6) and the point load strength 

index. They concluded that field observations of materials can therefore be misleading since 

slightly weathered materials only display some staining and appear highly competent.  

Their proposal is that measurable mineralogical changes lag behind geo-chemical 

changes and this is why slightly weathered rock has a mineralogical suite similar to the fresh 

rock. They further state that such ions replacements disrupt the bond angles and interionic 

spacings in mineral crystals thus weakening them without actually changing the minerals. 

Microscopic fracturing may also result during the process. Although no similar process was 
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proposed by Clauss (1967) he did note that pH changes of dolerite materials were not linked 

to changes in mineralogy and that there was a correlation between Ca and Mg leaching and 

dolerite decomposition. Based on this he proposed ensuring Ca and Mg in excess in a 

material by chemical stabilization (or modification) to prevent such leaching causing a 

decrease in pH. In light of Moon & Jayawardane’s (2004) findings saturating a material in Ca 

and Mg may be a viable way of preventing further degradation. This may also be a further 

reason for the COLTO (1998) requirement to determine the pH of base course materials and 

to add lime if the pH is less than 6. 

3.5. Identifying poor durability in basic igneous rocks 

Introduction 

Due to the different mechanisms that can lead to degradation of aggregate particles 

and the material as a whole no single basic igneous rock aggregate characteristic can be used 

to fully determine the suitability of the aggregate (van Rooy, 1994). This is problematic as in 

the construction industry an accurate but also relatively rapid assessment of aggregate 

suitability is required by for example, quarry managers and contractors. The assessment 

needs to be rapid as often material is produced and then placed in service in a relatively short 

period of time. Additionally material properties may change during construction processes 

and would therefore need to be rapidly assessed before placement of the next (surface) layer.  

Environment 

If the first model proposed (material disintegration due to expansion of clay minerals) 

is relevant the identification and quantification of clays in aggregate material is vital in the 

identification of problem materials. The primary mineral assemblage of igneous rocks is 

determined by the whole rock chemistry and the cooling history of the rock due to the 

petrographic crystallization divides mentioned above (Dunlevey & Stephens, 1996). The 

secondary mineral assemblage is affected by post crystallization reactions often dictated by 

the environment (e.g. non-oxidizing vs. oxidizing environment) and secondary (smectite) 

clay minerals are usually an alteration product of either volcanic glass or primary silicates 

(olivine, pyroxene and plagioclase) (Van Rooy & Nixon, 1990). Therefore as mentioned by 

Van Atta & Ludowise (1976a) the mode of formation may help in predicting the durability of 

basalts as submarine basalts form volcanic glass that is invariably later altered to smectite 

clays. A hydrous environment will also result in an increased occurrence of other 
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hydrothermal secondary alteration minerals. Sub-aerial formations can, however, intrude into 

wet ground or surface water bodies. Van Atta & Ludowise (1976b) mention that, assuming a 

uniform initial magma chemical composition, sub-aerial lava flows will have a high loss of 

volatiles and generally have less deuteric alteration while submarine lava flows and 

hypabyssal intrusives will have more glass, limited loss of volatiles and more significant 

deuteric alteration. The Karoo basalts (Drakensberg Group) are mostly sub-aerial while the 

dolerite intrusions are hypabyssal. Thus by considering the country rock in which a Karoo 

Dolerite intrusion occurs it may be possible to predict the presence of significant amounts of 

swelling clays. 

Since mafic magma has low water content by mass, any hydrothermal fluids that may 

have altered dolerites must have originated from the host sediments. As discussed in chapter 

2 there is substantial evidence that the conditions within different sedimentary units differed 

significantly, that some units may have offered hydrous environments and that conditions 

could have changed between the first and later stages of dolerite intrusions. Bühmann & 

Bühmann (1988 in Bühmann & Bühmann, 1990:452) note that smectite-rich 

interstratifications are common in sediments not subjected to high degrees of diagenesis and 

that water from such materials will be released through thermal maturation and promote the 

alteration of dolerite. Thus in sedimentary rocks subjected to high degrees of diagenesis, 

compaction will have reduced the volume of pore fluids and converted the smectite to illite or 

chlorite (Bühmann & Bühmann, 1990). Burst (1969 in Rowsell & de Swart, 1976:91) 

mentions that montmorillonite dehydration begins immediately with burial due to overburden 

pressure and continues until a depth of approximately 1000m. A second stage of dehydration 

then begins later due to the increase in temperature. The geothermal gradient determines at 

which depth this occurs but usually it is in the range of 1500-4000m (Burst, 1969 in Rowsell 

& de Swart, 1976:91). Research by Rowsell & de Swart (1976) showed that Bokkeveld 

Group (Cape Supergroup) sediments are in a very strong stage of diagenesis (perhaps even 

early metamorphism) and estimate that a minimum of 3000m of material has been removed 

from above the present surface in most of the southern Karoo (presumably Karoo sediments). 

The Southern Karoo basin rocks would therefore be expected to have had low moisture 

contents. A regional trend of decreasing diagenesis from south to north over the Cape-Karoo 

basin can be seen based on illite crystallinity, clay mineralogy, shale density and porosity, 

sonic velocity, sandstone porosity and permeability, and other criteria (Rowsell & de Swart, 

1976). There should then, at least for hypabyssal igneous rocks, be some sort of correlation 



49 
 

between alteration and the above trends in diagenesis. Bühmann & Bühmann (1990) believe 

that high proportions of swelling clays in Karoo Dolerites are restricted to those intrusions in 

Karoo sedimentary rocks with a low degree of diagenesis. The distribution of phreato-

magmatic intrusions does however show that conditions within any sedimentary unit may 

have varied. 

It may therefore not be feasible to make generalizations regarding the conditions 

within any sedimentary unit. An additional problem with this approach is that it is unlikely 

that identification of the sedimentary unit in which a material is located can be done 

accurately. Even if it were a simple process Orr (1979) noted that problematic dolerite 

materials occur as layers or patches within bodies of non-problematic dolerite. He believed 

that these patches had undergone deuteric alteration that resulted in smectite group swelling 

clays forming. The inability to identify such materials may result in the first materials tested 

meeting the required specifications but at some point the poor material will be crushed and 

utilized with potentially detrimental effects. The distribution of the approximate location of 

the “rapid weathering” dolerites discussed by Orr (1979) (Figure 5) shows that these 

intrusions are mostly located in Ecca Group sedimentary units but that two of these are 

located in Beaufort Group sediments.  

When the Orr (1979) intrusions are considered relative to the interpreted Karoo 

Supergroup sedimentary units conditions discussed in Chapter 2 (Geological setting) (Figure 

6), it can be seen that most of the problem intrusions are in what has been interpreted as 

“wet” conditions and that of the two intrusions that were described by Orr (1979) as being in 

Beaufort Group sediments, one is very close to the contact with the wet Ecca Group units. 

Interestingly all the intrusions described by Orr (1979) were sills and all but one was 

described as having a thickness of over 10m (Table 2).  

Hall & Harris (1985) discuss an example where such poor material zones were 

identified in basalt and avoided resulting in good in-service records. It is therefore more 

important that alternative ways be utilized to identify dolerite sources that may be 

problematic. 
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Figure 5. Distribution the Karoo Supergroup and the approximate position of the six “rapid weathering” 

dolerites discussed by Orr (1979). 

 
Figure 6. Simplified interpretation of sedimentary unit conditions during intrusion of first Karoo Dolerite and 

the approximate position of the six “rapid weathering” dolerites discussed by Orr (1979). 
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Table 2. Summary of six “rapid weathering” dolerites described by Orr (1979). 

Test methods 

Despite numerous studies having proposed tests (and suites of tests), many aggregates 

still do not conform to the correlations observed in such studies. Furthermore the limits 

defined in different tests often do not correlate with the limits in other tests. This was 

illustrated by Scott (1955) when a set of samples evaluated using abrasion, specific gravity, 

PI and asphalt stripping tests were all passed as suitable materials but when the sodium 

sulphate test was included in the evaluation all but two of the materials proved to be 

unacceptable for use. Another example is given by Gomes & Rodrigues (2007) where two 

different basalt samples had conflicting results for physical indices (dry density, porosity etc.) 

and X-ray diffraction (XRD) analyses compared to ethylene glycol tests petrographic indices. 

The Karoo Dolerite materials that do not perform as expected are also an example of such 

problems. Lang et al.  (2007) also provide evidence of such results that do not correlate.  

In a study by Erickson (1960) the need for a basic test (or suite of tests) to identify 

degrading aggregates as well as the performance of treated materials was identified based on 

the requirements of the majority of the States of the USA. He proposed a very extensive list 

(at least 12 different tests) that included analyses of all the important aspects identified in 

previous sections (e.g. microscopic investigations, permeability considerations, accelerated 

degradation). Such a long list is impractical for routine analyses but did highlight that to 

measure aggregate suitability successfully, tests methods from different groups of methods 

(fragmentation tests, durability tests and abrasion tests) have to be used simultaneously, a 

sentiment later mentioned in studies by Bjarnason et al. (2000) and  Paige-Green (2007). 

Test methods utilized to determine if an aggregate is of suitable durability are divided 

into two main groups, current condition tests and accelerated degradation tests. These main 

groups and the different classes of tests within each of them will be discussed in the 

following sections. 

Site location Country rock Thickness (m) 

Tunnel South East of Ermelo Ecca Group, sandstones >85 

Dam site east of Standerton Ecca Group,  gritty sandstone 19-26 (two sills) 

Quarry south of Volksrust Ecca Group,  sandstone >7 

Quarry south of Venterstad Beaufort Group, siltstones and sandstones >10 

Proposed quarry north of Ladysmith Beaufort Group, siltstones 25 

Road cutting in Durban Ecca Group, shale 50 
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Current condition tests 

Tests in this group determine the current state of the aggregate and attempt to relate 

this to the possibility of significant further degradation occurring. The main types of tests in 

this class are physical tests, which consider the response of aggregates when exposed to 

various conditions, and chemical and observation tests, which look at the chemical, 

mineralogical and microscopic properties of the aggregate. These include tests that are 

relevant to both of the previously discussed degradation models. An example of such a 

test is the use of tension tests (O’Flynn, 1977) to assess resistance to swelling clay forces or 

point loads. Tensile strength can be determined using both direct and indirect techniques but 

typically indirect methods are used for aggregate studies. According to Kilic (1995) alteration 

of diabase from Turkey had a very significant effect on the compressive wave velocity and 

the dynamic modulus of elasticity of the materials. Since alteration affects all possible models 

of degradation, investigation into the use of compressive wave velocities may be 

advantageous. Tugrul & Zarif (1999) and Bell & Jermy (2000) reported positive correlations 

between strength parameters and P-wave velocities of granitic rocks and dolerites 

respectively. A less commonly proposed test is the percentage of loss on ignition (e.g. Tugrul 

& Gürpinar, 1997b).  This test is effectively an indication of weathering and requires that a 

measurement of the loss in weight of samples after heating them to 1000°C is made. With 

increased weathering higher clay contents occur and as such higher losses of water are 

expected. Van Rooy (1994) showed that specific gravity (SG) and density tests may be used 

to distinguish between basalts with high and low clay contents (relevant to either failure 

model) but only in non-amygdaloidal materials as the amygdales have an overriding 

influence on these properties.  

Observational tests can be as simple as looking for evidence of deep weathering 

during material prospecting (heavy overburden, stained or discoloured rock, vein fillings and 

cloudy appearance/ lack of sharp edges on freshly broken surfaces) (Scott, 1955) or include 

more sophisticated assessments such as thin section analysis, XRD, thermal neutron 

activation and activated cation exchange, electron microprobe and scanning electron 

microscope (SEM) (van Atta & Ludowise, 1976a). Observing changes in the mineralogy of 

rocks due to weathering can be achieved by sampling newly quarried rock, weathered rock, 

residual soils and even base course aggregates from roads known to have originated from the 

same source (van Atta & Ludowise, 1976a). Van Atta & Ludowise (1976a) used benzidine to 

stain montmorillonite and nontronite different colours so their textural distributions could be 
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determined but noted that the magnesium smectite, saponite, does not react with benzidine. 

Staining is however believed to be an effective way to detect the presence of deleterious 

alteration products that will weaken aggregates, potentially cause internal tensional stresses 

when hydrated and increase the PI of matrix materials (Van Atta & Ludowise, 1976b). 

Generally petrographic and other observation tests require less material and time to be 

completed and are therefore also more economical (Frascá, 1998). Fielding & Maccarrone 

(1982) have shown that in basaltic aggregates the relationship between secondary mineral 

counts and accelerated soundness index was inconsistent. They believed that some high 

surface area/secondary minerals were present on vesicle or pore linings where they expand 

into the voids without applying intergranular forces onto the material. There is therefore a 

need not only to look at the mineralogy, but also other petrographic properties such as grain 

size and the distribution of clay minerals. Fielding & Maccarrone (1982) showed coarser 

texture (phaneritic texture) basalts to be less durable and believed this to be related to larger 

grains resulting in more porous mineral interconnectedness and therefore a higher 

permeability.  

There are also fracture mechanics studies such as those described in Brattli (1992) 

which show that the tensile stress on the tips of cracks increase with crack length. Thus under 

a given load larger grain boundaries that act as very thin cracks will have higher tensile 

stresses at their tips and are therefore more likely to reach critical levels and therefore crack 

further. Spunt & Brace (1974 in Brattli (1992:38)) mention that many dense crystalline grain 

boundaries are crack-free but that in such cases any crack that develops within a weak 

mineral will reach a boundary soon within a finer grained rock and therefore the tensile stress 

at the crack tip may not be sufficient to extend into the adjacent grain. Such fracturing will 

affect the physical durability of the material only. 

An example of a purely chemical parameter is the pH of weathered basic igneous 

rock, shown to drop or even become acidic with an increasing degree of weathering due to 

the increase in clay mineral content (Tugrul & Gürpinar, 1997b). Also, as mentioned earlier, 

the pH may drop due to chemical reactions that do not necessarily cause changes in 

mineralogy. 

Tests related to the point load and crushing failure model include compressive 

strength tests (e.g. O’Flynn, 1977), abrasion type tests (e.g. micro-Deval test (Lang et al., 

2007). The Aggregate Impact Value (AIV) and the 10% Fines Aggregate Crushing Tests 

(10% FACT), which are included in some South African aggregate characterisation 
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specifications, essentially observe changes in grading of aggregates due to impact or crushing 

forces respectively. These tests therefore attempt to predict what changes will occur in 

grading due to point load or crushing forces experienced during construction. These tests do 

not consider the properties of the fine material produced during breakdown of the aggregate 

pieces. Considering the proposals that the performance of an unstabilised base is a function of 

the percentage of fines and the plasticity of the matrix (Kleyn & Bergh, 2008, Wylde, 1982, 

Sampson, 1989) the DMI test (Sampson & Netterberg, 1989) is believed to be more 

appropriate. This is due to the DMI procedure not only simulating (to an extent) crushing 

forces and point loads that may be experienced, but also considering the plasticity of the 

matrix material.   

Support for tests related to the clay expansion failure model includes findings by 

Gomes & Rodrigues (2007) that generally the physical indices, uniaxial compressive 

strength, crushing strength and Los Angeles abrasion value, when analysed separately, 

furnished insufficient information to differentiate between materials of varying quality. They 

did however find that ethylene glycol test was effective in differentiating the samples 

according to their likelihood of disintegration, while the Methylene Blue Adsorption test was 

useful in the evaluation of the presence and type of clay minerals (also recommended by 

Stapela & Verhoef, 1989). 

 The radial permeability test developed by Goodman et al. (1974) was proposed by 

Higgs (1976) to measure the ability of moisture to migrate into materials and therefore 

hydrate the clay minerals.  

Accelerated degradation tests  

Tests have been developed in which the proposed processes of degradation are 

accelerated so that the durability of aggregates during the design life of a road can be 

investigated in a relatively short time. These are mostly based on the exposure of materials to 

cycles of saturation (in various solutions) and drying and are therefore focused on the 

creation of swelling pressures within the samples either due to clay minerals within the 

samples or the precipitation of minerals from the immersion solution within voids. The 

interpretation of such results must be done with caution as many of the tests were developed 

for specific materials or uses of the aggregate. For example, Moors (1972) describes how the 

Washington Degradation test was developed for a particular aggregate type common in 

Washington State and that the test limits were worked out empirically and calibrated for the 
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prevailing conditions in that State. Another example may be freeze thaw which will not be 

useful under most South African conditions where aggregates are rarely exposed to freeze-

thaw cycles. 

The simplest form of accelerated degradation test is exposure to changing moisture 

conditions by exposure to outdoor conditions which are, undeniably, uncontrolled and 

therefore not repeatable or reproducible. Laboratory tests include Na-Sulphate soundness 

tests, wetting-drying, saturation and drying in ethylene glycol and Soxhlet leaching. Farjallat 

et al. (1974) and Lang et al. (2007) have shown that these tests all have different effects on 

(basalt) materials and therefore correlations between results can be problematic. 

Orr (1979) advocates the ethylene glycol soak test for the prediction of dolerite 

durability and notes that simple equipment required for such tests makes them more attractive 

than conventional rock durability test methods (e.g. Los Angeles Abrasion (LAA), sodium 

sulphate and freeze-thaw test). The combination of ethylene glycol tests and petrographic 

analysis has been used to evaluate the rapid weathering potential of the aggregate for dolerite 

railway ballast from a specific dolerite quarry in South Africa (Sheepmoor quarry). Van Rooy 

(1994) believes that by utilizing the ethylene glycol test in conjunction with XRD analysis, 

the critical amount of clay minerals necessary to cause degradation of the rock under variable 

moisture conditions can be identified. 

The ethylene glycol soak test has many different variations but essentially consists of 

soaking a specific size fraction of aggregate in ethylene glycol for a specific period of time 

and observing the changes in the grading of the material. First developed by the US Army in 

about 1949 (Corps of Engineers, 1969) slight modifications were proposed by Davidson 

(1972) and Higgs (1976). Extreme modifications require higher temperatures (197°C) or both 

high temperature and pressure (232°C, 1300 kPa) to accelerate the degradation process 

(Fielding & Maccarrone, 1982). Soaking aggregate in water after glycol also furthers 

degradation (Way & Shayan, 1986, Fielding & Maccarrone, 1982) as water enters closely 

spaced layers where the larger glycol molecules cannot. This causes minor additional 

swelling and further degradation.  

The other forms of ethylene glycol soak testing consider the actual rate and extent 

degradation of cylindrical specimens and then calculate an “ethylene glycol index” value (e.g. 

OSC, 1986 in Leyland et al., 2013:2, Van Rooy & Nixon, 1990; Van Rooy & van Schalkwyk, 

1993; Haskins & Bell, 1995; Bell & Jermy, 2000). As will be discussed later, a part of the 
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research performed under this study was to verify a soak test in which the actual action of 

ethylene glycol on individual aggregate particles is considered. Originally proposed by Paige-

Green (2007) this method observes a set number of aggregate particles and relates results to 

proposed specification limits for various pavement applications of the aggregate (Leyland et 

al., 2013). 

In addition to the above mentioned soaking tests, ethylene glycol has also been used 

in conjunction with some physical tests. This allows changes in physical test values due to the 

effects of glycolation to be observed and therefore simulates the effects of hydration of 

expansive minerals. Since ethylene glycol causes clay minerals to expand to a degree beyond 

that of water the tests are aggressive but do offer a short term indication of potential 

degradation of some properties. Soaking in water is also recommended in many tests. 

Examples of such studies include: 

 Frazão & Paraguassu (1994): Los Angeles Abrasion tests combined with 

soaking 

 Sampson (1985): AIV tests combined with soaking 

 Wet/Dry 10%FACT ratio specifications (COLTO, 1998) 

Test combinations 

As shown by other studies (e.g. Paige-Green, 2007) the results from different tests can 

conflict with each other. This is probably due to the various mechanisms of degradation 

occurring to different degrees in different materials. It is therefore imperative that more than 

one test be used to identify poor durability aggregates. Weinert (1964) proposed the use of 

objective observations of hand specimens, 10% FACT results and the percentage of 

secondary minerals (based on petrographic examination) to determine the soundness of 

weathered, basic igneous rocks for their use in road pavement layers. He also proposed and 

provided draft limits for secondary mineral counts relative to climatic conditions to determine 

the durability of pavement materials (Weinert 1980). The Weinert climatic N value (Weinert, 

1980) of 5 is believed to be of most significance and where N>5 materials weather 

predominantly by disintegration (i.e. physical breakdown with minimal changes in 

mineralogy) while when N<5 decomposition (with associated changes in mineralogy) will be 

dominant. 
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West et al. (1970) utilized mineralogical tests (e.g. XRD, differential thermal analysis 

and electron microscope), laboratory engineering tests (LAA , freeze-thaw tests, sulphate 

soundness test and repetitive loading) and texture analysis of hand specimens, polished 

sections and thin sections. Although they do finally propose a reduced suite of tests they also 

mention that setting limits for results are dependent on too many factors (climate, 

performance required, traffic etc.) and should therefore be done locally. 

As shown by the proposed models for degradation, the suitability of pavement 

materials depends on the material’s adequate resistance to the destructive actions of moisture, 

load and abrasion (a statement also made by Davidson (1972)).  As such any test which can 

simultaneously test all three of these factors would be ideal. Many address two factors (e.g. 

10% FACT (wet) tests simulate moisture and load resistance) but a combination of two tests 

is required to test all three at once (e.g. LAA and 10% FACT (wet)). 

Paige-Green (2007) studied South African basalts and dolerites and proposed the 

following tests for suitability if petrographic and mineralogical analysis reveals a smectite 

content of more than 10%: 

 DMI 

 10% FACT or Aggregate Crushing Value (ACV) 

 AIV or modified AIV  

 Glycol soaking test.  

He believed that other (none basic igneous) materials would have been durable and 

would therefore only need to be assessed using the standard specification tests.  

Aggregate classification indices 

Many different studies on aggregate durability have derived indices and classification 

schemes to summarize or combine results from different forms of testing into one easily 

comparable result. These are briefly introduced below while those utilized as part of this 

research are discussed in more detail in chapter 4. A more comprehensive summary of all 

indices mentioned in this section is included in Appendix A. It is worth noting that although 

many of these indices have been shown to correlate with other durability indicators many 

have not been independently assessed.  
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Farjallat’s alterability index is based on the results of mass loss due to ethylene glycol 

wet dry cycle tests and LAA tests and therefore includes a measure of decay due to alteration 

(clay expansion) and due to abrasion respectively (Farjallat, 1971 in Frazão & Paraguassu, 

1994:3584). The Weight loss index proposed by Frazão (1993 in Frazão & Paraguassu, 

1994:3584) and the Fineness modulus index proposed by Frazão (1993 in Frazão & 

Paraguassu, 1994:3584) are similar but are not test specific. Similarly three physical indices 

(apparent porosity index, apparent absorption index, ultra sound velocity index) that compare 

samples of different degrees of alteration were developed by Frazão (1993 in Frazão & 

Paraguassu, 1994:3584) and may be useful as quick indicators of durability once correlations 

between the indices and direct tests have been developed for a specific source. Rock 

durability indicators include that developed by Fookes et al. (1988 in Van Rooy, 1991:7-9) 

and the modified version thereof (Van Rooy, 1991) which both require at least dry and 

saturated point-load index, water absorption and SG measurements. 

Yoshida’s alterability index requires initial, intermediate and final results from 

strength tests during a durability/exposure tests (e.g. outdoor exposure, ethylene glycol etc.) 

(Yoshida, 1972 in Frazão & Paraguassu, 1994:3584). 

Indices that are calculated based on the results of quantified thin section and XRD 

mineralogical analyses include 2 petrographic indices developed by Frascá (1998) and the 

secondary mineral rating of Cole & Sandy (1980) respectively. Analyses of mineralogy and 

the grain conditions using thin sections is required for the Micro-petrological index suggested 

by Irfan & Dearman (1978) and later adapted for basaltic rocks by Tugrul (1995). More 

recently Rigopoulos et al. (2010) developed a micropetrographic strength index and 

replacement index which also require quantitative thin section mineralogical analyses. 

The Microfracture density proposed by Davis (1984 in Tugrul & Gürpinar, 

1997b:227) also requires thin section analyses and may be useful as an indicator of micro 

permeability. Macroscopic (hand specimen) observations were used to classify Drakensberg 

basalts (van Rooy & Nixon, 1990 and van Rooy, 1991) and then linked to the durability of 

each class. Although a good correlation between some classes and durability were observed 

additional testing was required for other classes. 

At least 5 chemical indices have been developed for use when chemical composition 

data is available (Ruxton (1968), Parker (1970), Vogt (1927), Roaldset (1972), Vogel (1973), 

Nesbitt & Young (1982). 
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Gomes & Rodrigues (2007) developed a comprehensive aggregate quality index for 

use when numerous tests have been performed thereon. This weighted index relies on the 

weighting system accurately representing the effect of each attribute on the index. 

3.6. Treatment of poor durability basic igneous rocks 

Weinert (1980) stated that stabilisation of construction materials can be done by 

adding soil (i.e. changing the grading), bituminous material (e.g. bitumen treatment such as 

foaming), lime or cement. According to the formal G1 specifications none of these treatments 

are allowed if the layer is specified as a G1. It may however be necessary and advantageous 

to treat marginal G1 materials to ensure performance.  

When chemical stabilization (i.e. lime or cement) is used the following categories are 

defined by Weinert (1980): 

 Preservation, to prevent decomposition by maintaining a high pH 

 Modification, to reduce the PI  

 Cementation, to bind (granular, non-plastic) materials.  

Weinert (1980) developed generic durability lines (Figure 7) for natural base and 

subbase materials in Southern Africa. Therefore by considering the percentages of secondary 

minerals in a material in relation to the climatic conditions of the construction site the 

potential for durability problems can be assessed. Should a decomposing basic crystalline 

rocks material be marginal the addition of cement or lime can retard further decomposition in 

the road structure. According to Weinert (1980) this is important since weathering proceeds 

at faster rate under bituminous surface than in local natural environment.  

The aim is therefore not to stabilize (i.e. increase the strength) the material and 

therefore the quantity of additive required is only about 0.3% of the quantity used in 

stabilization.  

Netterberg (2004) showed that if the PI of the lime used is high the PI of the material 

may increase despite the pH reaching and sustaining a suitable level. He suggested that if the 

plasticity of the material must be reduced to a very low level the plasticity of the lime must 

also be very low. 
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Figure 7. Durability lines (adapted from Weinert, 1980) 

Pinard & Jackalas (1987) have shown how the presence of deleterious secondary 

minerals can negatively affect the initial consumption of lime and therefore the effects of 

stabilization materials have on weathered basaltic materials. The investigation of aggregate 

mineralogical composition thus seems more than justified in aggregate quality studies. 

Kleyn & Bergh (2008) recommend that if the smectite content of a dolerite material is 

>3% lime should be added (1%-1.5%) to counteract the effect of clay minerals present.  

Clauss (1967) proposed using ground dolomite in dolerite materials to prevent 

degradation of the material due to leaching of Ca and Mg ions. Similar to this proposal a poor 

basalt material used in a pavement structure in northern Botswana was modified successfully 

by blending the material with calcrete (F. Netterberg, 2012, pers. comm.).  

3.7. Specifications 

South African base course construction 

According to South African pavement material definitions (TRH, 1985) the highest 

quality untreated gravel base course material is the so called “G1” material. G1 is a graded 

crushed stone material derived from crushing of solid unweathered quarried rock, clean rock 

from mine rock dumps or clean boulders. It is however crucial to note that, in addition to the 

strict material property requirements, there are also important construction procedures that 

must be completed before the base course can be classified as, and have the required strength 
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of, a G1 base course. Kleyn (2012) provides a good overview of the requirements for 

successful G1 base course construction. These include the following: 

 To ensure the necessary interlock the packing of aggregate fractions must be 

such that the density of the intact parent rock material is approached 

 Visual manifestation of such interlock is a well knitted aggregate mosaic with 

only the slimmest line of inter-aggregate fines 

 Tapping the layer with a geological pick or other similar object, results in a 

“ringing” sound similar to sound rock and dissimilar to a normally compacted 

aggregate or gravel 

 Aggregate has to be very resistant to general construction impacts and additional 

high energy compaction forces required to achieve state of interlock 

 The plasticity of the G1 aggregate matrix must be as close as possible to zero to 

avoid negative effects on particle interlock 

 A well cemented subbase layer (unconfined compressive strength (UCS) of 750-

1500 kPa) is required to provide support for compaction processes. 

A relatively unique construction requirement is the so called “slushing” process 

applied after compaction and shaping of the layer. A comprehensive description of the 

process is again provided by Kleyn (2012) but in essence consists of further compaction of 

the layer using the following stages: 

 The layer is thoroughly soaked in water and rolled with heavy static rollers 

 Fines (< 0.075 mm) are expelled in water and then broomed to areas deficient 

in fines, and eventually off the road 

 Eventually all slush-fines are removed from the road with heavy duty hand 

brooms or light mechanical brooms. 

Kleyn (2012) notes that the specified density can be obtained without the final slush-

compaction process but that the shear strength due to poor interlock will then not be 

acceptable. This creates a significant problem for G1 base course specifications as the current 

quantifiable requirement of the final layer (grading and density) can be obtained without 

achieving the required strength. The other properties that can be used to determine if the 
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required interlock has been obtained (mosaic surface texture and ringing sound) are more 

subjective and therefore hard to enforce as specifications. 

The slushing process also requires significant experience to perform correctly. The 

final surface mosaic is a good sign that the fines have been slushed out and removed from the 

surface. If this does not occur excess fines will be present in (or on) the upper parts of the 

base and cause interlayer problems as discussed by Netterberg & De Beer (2012). 

Aggregate specifications 

A review of different crushed rock pavement aggregate specifications and some 

concrete aggregate from various countries revealed a large degree of overlap between the 

specifications (Table 3). A review of every country’s specifications was not possible. The 

specifications considered were selected firstly because they were easily available in English 

and because they originate from countries/states/provinces where basic igneous rocks are 

relatively common. The list is therefore far from exhaustive or even representative of the 

world’s available specifications but still worth considering. The following is a list of the 

specifications considered: 

 Arizona: Standard specifications for Road and Bridge Construction (ADOT, 

2008) 

 California: Standard specifications (CalTrans, 2006) 

 Idaho: Standard specifications for Highway Construction (ITD, 2010) 

 Nevada: Standard specifications for Road and Bridge Construction (NDOT, 

2001) 

 Oregon: Standard specifications for Construction (ODOT, 2008) 

 Washington: Standard Specifications for Road, Bridge, and Municipal 

Construction (WSDOT, 2010) 

 Federal Highway Administration: Standard specifications for Construction of 

Roads and Bridges on Federal Highway Projects (FHA, 2003) 

 Australia (New South Wales): Unbound and Modified Base and Sub-base 

Materials for Surfaced Road Pavements (RTA, 1998) 

 Australia (Western Australia): Specification 501 Pavements (MRWA, 2009) 
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 Australia (Victoria): Standard Specifications for Roadworks and Bridgeworks 

(VicRoads, 2009) 

 Australia (Queensland): Main roads Technical Standard 05, Unbound 

Pavements (QDTR, 2010) 

 Canada: British Columbia Standard Specifications for Highway Construction 

(MOTI, 2011) 

 United Kingdom: Department for Transport Manual of Contract Documents 

for Highway Works (UKDFT, 2008) 

 South Africa (pavements): COLTO Standard specifications for road and 

bridge works for state road authorities (COLTO, 1998) 

 South Africa (pavements): TRH 14: Guidelines for Road Construction 

Materials (TRH, 1985) 

 South Africa (railways): Transnet Specifications for the Supply of Ballast and 

Concrete Stone (Transnet, 2011). 

Milling and/or abrasion testing is present in all specifications considered and in most 

cases was specified as LAA test or some modification thereof (e.g. inclusion of metal spheres 

in the Los Angeles Rattler test). The South African pavement specifications are unique in 

specifying the DMI test which unlike the LAA tests considers the plasticity of the material in 

addition to the changes in grading of the material.  

Test types that were very common in other countries but absent from South African 

specifications were sand equivalent tests and tests that expose aggregate particles to internal 

stresses due to crystallization of substances. The later test type was generally specified as the 

magnesium sulphate test but in some cases the freeze thaw test was specified. The freeze 

thaw test is generally not used in South Africa due to the climate not being conducive to 

freezing of moisture in aggregate, especially not in pavement layers. A possible reason why 

the sodium sulphate test was never introduced in pavement specifications in South Africa is 

that it introduces a foreign substance into aggregate to produce crystals. The induced stresses 

are therefore potentially not representative of the stresses that may occur during normal use. 
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Table 3. Summary of test types associated with material durability specified for aggregates in various countries/states  

Country / state 

Test type 

Sand / clay 

equivalent 

Milling / 

abrasion 

Atterberg 

limits 

Crushing 

tests 

Crystallization 

stresses 

Ethylene glycol 

soak tests 

Air 

degradation 

Petro-

graphic
#
 

Material 

stiffness 

USA 

Arizona          

California          

Idaho          

Nevada          

Oregon          

Washington          

FHA
1
      

5
    

Australia
2
          

Canada          

United Kingdom          

RSA 
Pavements

3
          

Railways
4 

         

Notes: 1. Federal Highway Administration 

2. Multiple Australian State specifications considered 

3. Combination of COLTO (1998) and TRH (1985) 

4. Based on draft rail specifications (Transnet, 2011) 

5. Ethylene glycol replaced by dimethyl sulphoxide 

# Either microscopic or macroscopic descriptions 
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A conductivity test is specified in South Africa to identify high salt contents which 

may lead to natural crystals forming in pavement layers. Although ethylene glycol also 

introduces a foreign substance the internal stresses are still created due to the swelling of clay 

particles naturally present in the material. These stresses may however also be higher than 

what would be experienced during normal hydration of clays.  

The sand equivalent test is an effective way to qualify the amount of fines (dust and 

clay) in the fraction of material passing the 4.75mm sieve. The reason for this test not being 

used in South Africa is unknown but the grading analysis that is specified may be thought to 

adequately account for fines in material. Since a wet sieve method is used to ensure accurate 

quantification of the material smaller than 0.075mm this is most probably true. South African 

specifications (as well as limited USA specifications) require the Atterberg limits 

(specifically plasticity index) and linear shrinkage to be measured. These properties are not 

only directly related to the clay content of a material but also to the behaviour of the fines in 

the material as a whole. These tests, in combination with a grading analysis, may therefore 

more directly assess significance of fines in a material than the sand equivalent test. In this 

regard F. Netterberg (2012, pers. comm.) believes basic rocks used for any base course 

should have a maximum PI x P0.425mm of ≤ 100 (preferably ≤ 80) and a PI x P0.075mm of 

≤ 45 (preferably ≤ 25). It has also been noted that the lack of insight into the mineralogy of 

the clays obtained from the sand equivalent test results in the test being inadequate to 

characterize the effect of the clay on the performance of the aggregate (Lowe, 2010 in 

Hussain et al., 2014b).  

A very uncommon test type is the crushing type tests. Only the South African 

pavement specifications and some Australian specifications include a wet/dry 10% FACT 

test. It is believed that most specifications omit such tests because of the abrasion type tests 

that are specified. The LAA test does however not expose particles to significant impacts and 

as such do not fully simulate stresses encountered during construction processes. The DMI 

test does include some impact forces due to the inclusion of steel balls in the milling drum (as 

does the Los Angeles Rattler). Crushing tests on their own may not be good indicators of 

mineral durability but are important indicators of expected grading changes due to physical 

break down of particles. This is especially true for wet/dry crushing tests. 

Despite all the literature on the correlation between secondary minerals and poor 

durability, petrographic examinations are only specified in two countries studied (Table 3). 
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Although European specifications were not studied, Ingham (2011) notes that in the 

European Union petrographic examination is undertaken during not only initial stages but 

also during the production stage as part of quality assurance testing for aggregate products. 

It must however be mentioned that some other specifications indirectly require such 

examinations. For example the South African COLTO (1998) specification states that 

aggregate “shall not contain any deleterious material such as weathered rock, clay, shale or 

mica”. Such statements are however too ambiguous and may lead to only hand specimen 

descriptions being performed and an insufficient qualification of alteration mineralogy being 

assumed. A possible reason why petrographic examinations are rarely specified is that these 

tests require a relatively high level of expertise to complete, especially when partially altered 

rocks are encountered. Essentially a comprehensive knowledge of optical mineralogy is 

required and since such knowledge is typically gained during training as a geologist the use 

of petrographic examinations in routine quality control during quarrying is not feasible.  

The occurrence of ethylene glycol soaking tests in specifications are just as limited as 

petrographic examinations (Table 3) and even the South African specifications do not 

formally contain an ethylene glycol soaking test. Some South African road authorities have 

introduced pro forma specifications that do include such tests (most specifically the modified 

ethylene glycol tests presented in Leyland et al. (2013)). The Federal Highway 

Administration (FHA) utilizes a dimethyl suphoxide test but this was shown by Fielding & 

Maccarone (1982) to be significantly more aggressive than ethylene glycol. 

The final two examples of rarely specified test methods are the air degradation and 

confined stress tests. The air degradation test, specified only by Oregon State, places 

aggregates in a hydrometer while an air dispersal unit inserted inside the hydrometer provides 

a constant air flow through the aggregate. The rubbing action of one particle against another 

in the presence of water then creates fine material. This test is relatively complex and is also 

not believed to simulate the attrition experienced during construction and may therefore not 

correlate well with road performance. The confined stress tests are also very complex tests 

that apply combinations of vertical and lateral pressures to compacted material specimens in 

a Hveem Stabilometer while measuring the lateral strain and or volume changes required to 

produce a specific lateral pressure in the specimen. These tests are specified in four of the US 

states considered (Table 3) and do not actually test the durability of a material but rather the 

resistance to (lateral) deformation due to vertical loading under varied lateral confinement. 
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3.8. Material layer strength 

Motivation 

Unbound granular material behaviour is stress-dependent, non-linear, dependent on 

moisture content and inelastic (Theyse, 2012) but the load carrying characteristics of base and 

subbase layers are critical for the structural integrity of a pavement (Ekblad & Isacsson, 

2008). The behaviour of such materials is poorly described using the traditional concepts of 

Young’s modulus and Poisson’s ratio (Theyse, 2012) but as noted by Ba et al. (2013) the 

resilient modulus (Mr) is the key mechanical property for calculating the response of 

pavements under traffic loading according to the Mechanistic-Empirical Pavement Design 

Guide. Mr is a measure of the elastic modulus of a material at a given stress and is expressed 

as the ratio of applied deviator stress to recoverable strain (Equation 1). 

    
  
  

 
(Equation 1) 

 Where:   

Mr = Resilient modulus 

σd = Applied deviator stress 

εr = Recoverable strain   

 

Mr is generally estimated directly in the laboratory using repeated load tri-axial testing 

but can also be obtained through correlation with other standard tests or back calculation 

from deflection tests results (George, 2004).  

Despite pavement layer materials not being elastic, layered elastic analyses of 

pavement response under loading is an acceptable solution because pavement loading is 

generally of low enough magnitude that linear elastic approximations are valid. The resilient 

moduli utilized in such analyses must however be representative of the given pavement 

application (structure and loading) (Buchanan, 2007). The actual confining pressures and 

vertical loads within pavements are however not easy to define. Arnoldt et al. (2001 in 

Hussain et al., 2014:479) state that in base courses the confining pressures were determined 

to be 430kPa and 554kPa at 25mm and 100mm depths respectively and deviator stresses were 

740kPa and 22kPa at the same points respectively. These confining pressures are extremely 

high when compared with common pressure limits used in repeated load tri-axial testing (e.g. 
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110kPa (Hussain et al., 2014) and 138kPa (NCHRP, 2004a). Recent measurements made in 

South Africa revealed vertical stresses of 642 kPa and 263 kPa below an asphalt surfacing 

and a base course respectively (W. Steyn, 2014, pers. comm). The readings were however 

taken in a pavement with a stabilized base material.  

It is also well known that moisture conditions can significantly affect the modulus of 

unbound materials with higher moisture contents resulting in a lower modulus (NCHRP, 

2004b in Ba et al., 2013: 1498, Wang et al. 2011)). For this reason Mechanistic-Empirical 

design methods generally consider the effects of variations in moisture on the modulus 

through adjustment factors linked to climatic models. The density of the material also affects 

the Mr and therefore experiments should always consider the density (typically expressed as a 

ratio of the maximum dry density (MDD) or apparent relative density (ARD)) and the 

moisture conditions (typically expressed as a degree of saturation) (Wang et al., 2011). 

Recent studies of data collected on a variety of unbound granular material indicate that the 

stiffness of the material depends on a complex interaction between the moisture and stress 

conditions (Theyse, 2012). These studies have shown that saturation and stress-dependent 

modulus models that generally have good prediction accuracy and simulate material 

behaviour correctly can be developed. The saturation dependency of the models is however 

still under refinement (Theyse, 2013).  

The repeated load tri-axial testing of granular materials is therefore generally agreed 

to be a useful indicator of material behaviour in the field. A study by Hussain et al. (2014) 

has shown that permanent deformation measured in tri-axial samples is similar to that of 

rutting measured in accelerated pavement testing (APT) sections. However when the overall 

performance of APT sections was considered the inability of tri-axial testing to predict the 

true material behaviour in the field was highlighted. The APT sections failed due to shallow 

shear failure causing shoving ruts and not due deep seated ruts caused by total base failure. 

They proved that the shoving was caused due to infiltration of surface water into the upper 

parts of the base course, lowering the shear strength where confining pressures were low and 

vertical stresses high. The same material performed well during tri-axial testing due to the 

consistent confining pressures across the specimen depth. They therefore recommend that, in 

order to simulate field conditions in the laboratory, additional stress state and moisture 

conditions should be considered. For example, low confining stress along with maximum 

vertical repeated loading, which simulates possible conditions in the top of the base course. 
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They do however mention that the failure type that was observed in their APT sections is 

typically observed on road pavements that fail due to drainage inefficiencies. 

Test protocols 

Numerous testing standards for resilient modulus exist. These include the New 

Zealand standard TNZ T/15 (Transit New Zealand, 2010), the Australian standard 

AG:PT/T053 (Austroads, 2007) and the AASHTO method T-307-99 (AASHTO, 2007). 

The development of the NCHRP 1-28A (NCHRP, 2004a) test method is well 

documented and has undergone extensive reviews. This method requires that specimens are 

subjected to a specific number of repeated loads under a specific sequence of stress states 

(Table 4) and does not consider the shear strength of the material.  

Table 4. NCHRP 1-28A Test protocol stress sequences. 

Sequence 
Confining 

Pressure (kPa) 

Contact Stress 

(kPa) 

Cyclic stress 

(kPa) 

Maximum 

Stress (kPa) 

No. of 

repetitions 

Conditioning 103.5 20.7 207.0 227.7 1000 

1 20.7 4.1 10.4 14.5 100 

2 41.4 8.3 20.7 29.0 100 

3 69.0 13.8 34.5 48.3 100 

4 103.5 20.7 51.8 72.5 100 

5 138.0 27.6 69.0 96.6 100 

6 20.7 4.1 20.7 24.8 100 

7 41.4 8.3 41.4 49.7 100 

8 69.0 13.8 69.0 82.8 100 

9 103.5 20.7 103.5 124.2 100 

10 138.0 27.6 138.0 165.6 100 

11 20.7 4.1 41.4 45.5 100 

12 41.4 8.3 82.8 91.1 100 

13 69.0 13.8 138.0 151.8 100 

14 103.5 20.7 207.0 227.7 100 

15 138.0 27.6 276.0 303.6 100 

16 20.7 4.1 62.1 66.2 100 

17 41.4 8.3 124.2 132.5 100 

18 69.0 13.8 207.0 220.8 100 

19 103.5 20.7 310.5 331.2 100 

20 138.0 27.6 414.0 441.6 100 

21 20.7 4.1 103.5 107.6 100 

22 41.4 8.3 207.0 215.3 100 

23 69.0 13.8 345.0 358.8 100 
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Sequence 
Confining 

Pressure (kPa) 

Contact Stress 

(kPa) 

Cyclic stress 

(kPa) 

Maximum 

Stress (kPa) 

No. of 

repetitions 

24 103.5 20.7 517.5 538.2 100 

25 138.0 27.6 690.0 717.6 100 

26 20.7 4.1 144.9 149.0 100 

27 41.4 8.3 289.8 298.1 100 

28 69.0 13.8 483.0 496.8 100 

29 103.5 20.7 724.5 745.2 100 

30 138.0 27.6 966.0 993.6 100 

 

The first 1000 cycles of the test are known as the conditioning cycles and are required 

to remove any effects of the interval between specimen compaction and testing and to ensure 

the testing only considers reloading effects and not the initial loading effects (AASHTO T307 

in Buchanan, 2007). When the stress state of each test sequence is plotted in sequence (Figure 

8) it is clear that the conditioning stress conditions are significantly lower than many of the 

later sequences.  

 
Figure 8. Sequential stresses states of the NCHRP 1-28A test protocol, green points are conditioning cycles, 

other points are coloured based on the confining stress values (i.e. same colour indicates equal sigma 3 values). 

In South Africa recent research on test protocols has resulted in the development of an 

alternative method which has some important differences. The development of the method is 

partially discussed in Theyse (2012) and van Aswegen (2013). The sequential stress sequence 

plot of the South African (SA) method (Figure 9) clearly shows that the conditioning cycles 

reach the highest stress conditions and therefore stresses are never higher than what has been 

used during the conditioning. Additionally, unlike the NCHRP 1-28A test protocol, as the test 

progresses the stress states of the SA protocol follow trend of decreasing stress.  
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Figure 9. Sequential stresses states of the SA test protocol, green points are conditioning cycles, other points are 

coloured based on the confining stress values (i.e. same colour indicates equal sigma 3 values). 

Another important difference is that the NCHRP 1-28A protocol stress sequences 

maintain a constant σ1/σ3 ratio during each sequence by increasing both principle stresses 

simultaneously. This was purposely incorporated into the method to ensure that if the shear 

strength of the material is exceeded it only occurs after an appreciable amount of stress 

sequences have passed (Figure 10). Because the SA method does not follow this procedure 

but rather keeps the confining stress constant while the axial stress is ramped up, the stress 

path could potentially cross the failure line earlier and the test would have to be stopped with 

only limited data having been obtained (Figure 10). 

 
Figure 10. Hypothetical stress paths based on sequences proposed by different test methods (Adapted from 

Andei et al., 2014).  

The SA method has however prevented the possibility that such shear failures will 

occur during early sequences by requiring that the deviator stress levels are not pre-set but 

rather determined based on the shear properties of the material. The confining pressure for 
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each cycle is predetermined and used to calculate the failure stress at that confinement. The 

deviator stress is then calculated based on the required % of the failure stress (Table 5). This 

adds additional testing requirements as a material’s shear strength parameters are required 

before the Mr testing can be performed.  

 Table 5. SA protocol stress sequences 

Sequence 
Confining Pressure 

(kPa) 

Contact Stress 

(kPa) 

Cyclic stress 

(% of failure stress) 

No. of 

repetitions 

Conditioning 200 22.6 20 100 

Conditioning 200 22.6 40 100 

Conditioning 200 22.6 60 100 

3 200 22.6 20 100 

4 200 22.6 30 100 

5 200 22.6 40 100 

6 200 22.6 50 100 

7 200 22.6 60 100 

8 150 22.6 20 100 

9 150 22.6 30 100 

10 150 22.6 40 100 

11 150 22.6 50 100 

12 150 22.6 60 100 

13 100 22.6 20 100 

14 100 22.6 30 100 

15 100 22.6 40 100 

16 100 22.6 50 100 

17 100 22.6 60 100 

18 50 22.6 20 100 

19 50 22.6 30 100 

20 50 22.6 40 100 

21 50 22.6 50 100 

22 50 22.6 60 100 

23 20 22.6 20 100 

24 20 22.6 30 100 

25 20 22.6 40 100 

26 20 22.6 50 100 

27 20 22.6 60 100 

 

The Drucker-Prager failure line in a first stress invariant (I1) and second deviator 

stress invariant (J2) space (Equation 2 and (Equation 3 respectively) resembles the Mohr-



73 
 

coulomb failure line in an Normal stress (σ) and shear stress (τ) space (Figure 11) and stress 

paths can therefore be plotted in such a space.  

             
(Equation 2) 

 Where:   

I1 = First stress invariant 

σi = Principle stress 

 

    
 

 
[(     )

  (     )
  (     )

 ] 
(Equation 3) 

 Where:   

J2 = Second deviator stress invariant 

σi = Principle stress 

 

 
Figure 11. Mohr coulomb failure envelope (A) and Drucker-Prager failure envelope (B). 

Examples of the stress paths followed during actual resilient modulus tests performed 

on the same material according to the SA and NCHRP 1-28A methods are shown in Figure 

12. The discussed limitation of stresses in SA method to those below the failure line and the 

low level of confining stresses are clearly illustrated. For this example the stresses of the SA 

method (remembering these vary depending on the shear properties of the material) reached 

much higher levels than the fixed NCHRP fixed stress levels.  

Observed problems 

According to the theory of isotropic hardening plasticity related to plastic deformation 

of material under repeated loading, the effect of a specific loading is determined not by the 

loading stress but rather the stress in relation to the peak stress that the material has been 

subjected to in the past (Chen & Mizuno, 1990 in Theyse, 2012:39). With higher stress states 
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the material “yields” in plastic strain and later stress states below the previous level will 

result in only elastic strain. Any stress state can then be defined as being above or below the 

required state to induce further plastic strain by its position relative to the “yield surface” 

defined by the Drucker-Prager criteria (Chen & Mizuno, 1990 in Theyse, 2012:39).  

 
Figure 12. Stress paths from actual resilient modulus tests performed using the NCHRP 1-28A method (A) and 

SA method (B). 

Since the past loading history of the specimen determines the position of the yield 

surface a stress sequence that periodically extends the yield surface to a higher level (e.g. 

NCHRP 1-28A) will cause additional plastic strain each time this occurs. These effects 

should however only affect the plastic strain and not the elastic strain and therefore should 

not affect the Mr results even if the yield surface is expanded during some cycles (Theyse, 

2012).  
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Theyse (2012) has shown that during repeated load tri-axial tests not only the plastic 

deformation but also the resilient response of a test specimen may be affected by the stress 

condition in relation to the previous highest stress experienced. This author points out that 

during pavement construction the stress conditions applied during compaction and by 

construction traffic should already expand the yield surface beyond the stress path for traffic 

associated loading. This is in fact the reason why the SA method adopted conditioning stress 

states equal to the highest stress state of the entire protocol. 

Resilient modulus constitutive models 

Typically after Mr testing is completed the results represent a range of Mr values at 

different stress states. A constitutive model is thus required to characterise the material 

behaviour and to allow estimation of the Mr under specific stress conditions (either for 

comparative purposes or during mechanistic empirical design operations).  

For coarse-grained granular materials an increase in stiffness with increasing 

confining stress is commonly observed and represented with the power-law model (also 

known as the k-Theta model) (Equation 4). 

      ( )
   

(Equation 4) 

 Where:   

Mr = Resilient modulus 

ϴ = bulk stress = σ1 +σ2 + σ3 

σ1 = Major principle stress 

σ2 = Intermediate principle stress (=σ3 in tri-axial tests) 

σ3 = Minor principle stress (confining pressure) 

k1, k2 = Regression constants with k1 > 0 and k2 ≥ 0 

 

The opposing effects of confinement and shear on the Mr of a material are however 

also significant and Uzan (1992 in George, 2004:14) proposed a “universal model” that 

combined both of these effects into a single equation (Equation 5). 
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(Equation 5) 

 Where:   

Mr = Resilient modulus 

ϴ = bulk stress = σ1 +σ2 + σ3 

σ1 = Major principle stress 

σ2 = Intermediate principle stress (=σ3 in tri-axial tests) 

σ3 = Minor principle stress (confining pressure) 

τoct = Octahedral shear stress = 
 

 
√(     )

  (     )
   (     )

  

Pa = Normalizing stress (atmospheric pressure) 

k1, k2, k3 = Regression constants with k1 > 0 and k2 ≥ 0 and k3 ≤ 0. 

 

The model prescribed by the NCHRP 1-28A method and adopted for the new national 

pavement design guide being finalized in NCHRP Project 1-37A (Andrei et al., 2004), is the 

“generalized model” (Equation 6) which avoids numerical problems when τoct goes to 0. 
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(Equation 6) 

 Where:   

Mr = Resilient modulus 

ϴ = bulk stress = σ1 +σ2 + σ3 

σ1 = Major principle stress 

σ2 = Intermediate principle stress (=σ3 in tri-axial tests) 

σ3 = Minor principle stress (confining pressure) 

τoct = Octahedral shear stress = 
 

 
√(     )

  (     )
   (     )

  

Pa = Normalizing stress (atmospheric pressure) 

k1, k2, k3 = Regression constants 

 

Buchanan (2007) mentions that the regression constants should have the following 

characteristics. Since k1 is equal to the elastic modulus of the material it should always be 

positive. Similarly since k2 is the exponent for the bulk stress term and due to the fact that an 
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increase in bulk stress (confinement) should result in increased stiffness this too should 

always be positive. An increase in the shear stress will typically weaken a material and 

therefore the shear stress term exponent (k3) should be slightly negative. 

Effect of material properties on resilient modulus 

Van Aswegen (2013) provides a review of factors that have been shown to affect the 

resilient behaviour (and therefore Mr) of unbound materials. These include stress (especially 

confining pressure), density, grading (especially fines content), moisture content (degree of 

saturation), stress history, and particle shape and roughness.  

Some recent studies have investigated the effect of mineralogy and Atterberg limits. 

Ekblad & Isacsson (2008) investigated the influence of water and mica content on resilient 

properties of coarse granular materials by modifying the <4mm fraction of a material by 

replacement with pure muscovite (i.e. without changing the grading) and then characterizing 

the structural performance using tri-axial tests with constant confining pressure. They 

observed a decisive impact on resilient response with a general decrease in stiffness with 

increasing amounts of mica and a lower loss of stiffness at elevated water contents in samples 

with increased amounts of mica. 

As discussed in section 3.4, Zeghal (2009) and Tian et al. (1998) conducted studies on 

the effect of grading on the resilient modulus of materials and found that an increase in fines 

drastically reduced the Mr even when the Atterberg limits of the materials were similar. 

Hussain et al. (2014) compared repeated load deformation of materials with varying fines 

mineralogy and found that the presence of smectite clays increased the deformation 

experienced. Their study also showed how saturated materials experience significantly earlier 

failure compared with materials at optimum moisture content.  

NCHRP (2004b) includes estimated resilient modulus values, at optimum moisture 

content, based on the material classification using the Unified Soil Classification System. G1 

material is either a well graded gravel sand mixture (GW) or a gravel sand mixture (GM) 

depending on the actual amount of material <0.075mm and based on such classification, the 

expected Mr range is 35500-40500 psi (245-279 MPa).  
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3.9. Summary and conclusions 

For degradation of aggregates and/or the properties of pavement layers constructed 

from them to occur the aggregate has to physically break down and change the grading of the 

material. Attrition of materials can result in grading changes but when clay minerals locked 

in the aggregate are released from broken aggregate the change in grading and properties can 

be much more significant. The strength of aggregates is usually sufficient to determine if 

significant breakdown will occur during construction and service periods. However when 

considering basic igneous rocks the susceptibility of some minerals to alteration can result in 

significant strength changes during the design life of a layer. Furthermore the presence of 

interstitial clay minerals may also result in breakdown not related to crushing and as such the 

strength of the material is not the only significant factor.  

Despite the research that has been completed over the last century the durability of 

basic igneous rock aggregates still seems somewhat unpredictable. The literature shows that 

the reason why no single basic igneous rock aggregate characteristic can be used to fully 

determine the suitability of the aggregate with respect to durability is that there are different 

mechanisms that can lead to degradation of aggregate particles and the material as a whole. 

This also explains the variation in specified tests for aggregate suitability investigations 

which have obviously been influenced by the mechanisms/characteristics identified as 

relevant in each area. 

Two failure/degradation models have been proposed and seem equally feasible. The 

first of these is referred to as the “expansive clay model” and entails the following: 

 Swelling pressures caused by the hydration of expansive minerals present in 

aggregate particles results in micro fracturing and consequent increases in 

permeability  

 Moisture ingress along the microfractures hydrates previously isolated 

expansive minerals resulting in even further micro fracturing and further 

moisture ingress 

 Some previously unexposed (secondary) minerals may also undergo (further) 

alteration resulting in both a reduction in the interlock strength at mineral 

boundaries and the formation of additional expansive minerals which both 

accelerate the degradation process 
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 The grading of the material is therefore changed as the material fractures 

and/or releases previously isolated clay minerals 

In this model the expansive clay minerals are either present in the material due to 

earlier alteration of the primary minerals or are formed when rock previously isolated from 

atmospheric interaction is exposed due to quarrying and crushing.  

The second model, referred to as the “point load and crushing model” assumes no expansive 

clays are necessarily present or exposed to hydration but that aggregate particles fail under 

traffic loads. The actual cause of material degradation is therefore the same i.e. physical 

breakage due to loads applied. Both models can therefore be accelerated if alteration of 

minerals results in a loss of aggregate strength but no one alteration product can be isolated as 

the exclusive factor required for degradation. What may be more important is the 

connectivity/distribution of porous and/or weak constituents, such as clay, as a continuous 

even distribution will increase the permeability and decrease the interlocking forces between 

minerals more than isolated accumulations thereof. 

Considering both these models, factors identified to be relevant to the durability of 

basic igneous rock aggregate include those related to the original formation of the rock 

formation (e.g. the magma composition, emplacement environment), factors related to the 

microstructure of the rock (e.g. permeability and mineral contacts) and factors related to the 

geological and construction history of the material (e.g. environmental exposure). A 

consequence of the numerous relevant factors is that there are many tests that have been 

correlated to durability of aggregates but that often such correlations do not apply to all rock 

sources. It is more likely that more than one factor is relevant, thus highlighting the need for 

multiple tests or tests that consider multiple factors. Many authors have found that since most 

tests only consider one type of degradation the combination of results in different indices and 

classification schemes is required to accurately identify problem materials. 

Tests discussed in previous studies and in international specifications can be classified 

as either indicator tests (which interpret durability based on other physical and compositional 

properties) or accelerated durability tests.  

Additional considerations have however also been discussed, one of which is that 

both the point load and crushing model may explain how material breakdown occurs but 

since the DMI test (a specified test in South Africa) identifies changes in grading and 
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plasticity any materials that are within specification should not prove poor in service (if 

specified limits are accurate). 

With specific reference to Karoo Dolerites the literature shows no evidence of 

consistent differences in strength between quartz and olivine dolerites. Despite the local 

variations in Karoo sedimentary units being significant there may be some merit in 

investigating the correlation between country rock (and inferred conditions during intrusion) 

and the deuteric alteration in Karoo Dolerites. Due to the presented evidence it is however 

most likely that correlations will only become significant with a very large sample number 

and that a variance will remain too high for this to be used during aggregate exploration 

activities. 
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4. Research Methodology 

4.1. Identification of Suitable Research Sites 

To test the two initial hypotheses (Chapter 1) it was required that samples of basic 

igneous rocks of the Karoo Supergroup be obtained and characterised according to a 

comprehensive suite of properties (hypothesis one) that include the currently specified 

properties (hypothesis two).  

Since a comparison between the properties of the material before and after 

construction/service periods was required samples could not simply be obtained from any 

source area or pavement layer. Additionally since no published comprehensive results were 

found for any known sources of Karoo basic igneous aggregate in South Africa it was not 

possible to simply obtain samples from pavement layers built with aggregate of known initial 

properties (other than specified aggregate properties).  

The six occurrences of poor performance dolerites described by Orr (1979) were not 

suitable as of these only three were quarry sites where the material was used as an aggregate. 

The only quarry which could be located based on the available information was the large sill 

in which a tunnel and quarry were established, close to Ermelo, Mpumalanga Province. This 

material was however used only as a railway aggregate and according to Orr (1979) the poor 

durability was identified in stockpiles and as such the material was mostly discarded before 

use. The other three consisted of a dam site, a road cutting and a proposed quarry from which 

no aggregates were ever produced. The following methodology was therefore employed to 

identify suitable sites for sampling: 

1 Identify pavements for which detailed construction records are available and 

the aggregate source is confirmed to be a crushed rock for any Karoo basic 

igneous unit 

2 Identify which of the source areas for the pavements identified in step 1 were 

still available for sampling (i.e. not rehabilitated and access available) 

3 Obtain permission to excavate a test pit to subbase level within the existing 

pavements identified as suitable based on step 1 and 2. 

Such a comparative study between virgin and “used” material properties has not been 

performed in South Africa and the only published example of such a study that was 
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encountered was by Scott (1955) in Oregon, USA. That study performed only limited testing, 

did not include petrographic examinations to investigate the possibility of mineralogical 

changes, and revealed the material to be of poor quality and not necessarily of poor 

durability. 

During the process of identifying suitable study areas it became known that three 

pavement projects still under construction were experiencing problems with rapidly failing 

sections. On all these projects failures were developing on sections where construction was 

complete while other sections (or lanes) where still being constructed. The materials being 

used on all three of these projects were reported to be crushed Karoo Dolerite and in each 

case the materials were suspected of being the cause of the rapid failures. These projects 

became the first three research sites.  

Additional sites were identified using the steps above. Comprehensive construction 

records (“as built records”) for national roads located within areas where Karoo basic igneous 

rocks are known to be present were obtained from the South African National Roads Agency. 

Many of these records did not contain comprehensive records of aggregates sources and some 

identified aggregate sources from other geological units. Despite this 12 sites with suitable 

records and aggregate sources were identified. Each of these sites was then visited to 

establish the condition of the pavement and the current condition of the source quarries.  

Of the 12 potential sites 5 source quarries had been rehabilitated and one was flooded. 

This left 6 suitable sites of which 2 shared the same source. Thus 5 suitable pavement/quarry 

combinations were identified and these were added as research sites to arrive at a total of 8 

comprehensive research sites. The distribution of these sites (Figure ) is relatively widespread 

across South Africa and the Karoo Main Basin while one site is located in the Lebombo 

Group.  

4.2. Sampling Procedures at Research Sites 

Quarries 

At each of the suitable sites a similar sampling procedure was followed. At the source 

quarries a visual inspection of materials was performed to identify the potential variation in 

the material. The number of samples collected was determined by the observed variation but 

in some operational quarries sampling access was limited and therefore the number of 

samples was limited. The majority of quarries (5 of 8) were operational at the time of 
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sampling and 2 were not operational but had also not been rehabilitated which meant that the 

quarry faces were still open and samples were easy to obtain. Only one sampled quarry had 

been rehabilitated but outcrop of the faces were still exposed and sampling was therefore 

possible. 

 
Figure 13. Distribution of research sites relative to Karoo Supergroup lithologies within South Africa. 

Quarry samples were taken directly from the rock faces in most of the quarries with 

the only exception being one of the operating quarries where the operations prohibited access 

to the faces. In this case samples were obtained from boulders close to the face. All samples 

consisted of boulders that were later crushed to obtain aggregate particles.  

At some quarries stockpiles of crushed aggregate processed for base course 

construction material were available and samples such materials were also obtained.  

Pavements 

Each pavement was assessed visually to determine the variation in performance 

between different sections of that pavement. In most cases (especially the pavements 

experiencing rapid failures) there were at least two different areas that clearly displayed 

different performance. For this reason at least two base samples were obtained from each 
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pavement. Samples were obtained by first removing the surfacing (thin chip seals in all cases) 

followed by careful observation of the base/surface interface before excavating the base 

course and sampling the material. Base surface observations included an assessment of the 

stone mosaic after brushing the exposed base and an informal determination of the degree of 

stone interlock by tapping individual aggregate pieces with a geological pick. 

4.3. Material Testing and Characterisation 

Macroscopic description 

In addition to general descriptions of the appearance of aggregate pieces the quarry 

samples and coarser aggregate particles from the base samples were described according to 

the “Pick and Click” test (Weinert, 1980). This test is designed to determine the degree of 

weathering of aggregates based on the following three properties: 

 colour and lustre 

 hardness and consistency 

 state of crystallization 

Scores from 1 to 4 are assigned to each of these properties with higher scores being 

assigned to less favourable conditions. The sum of the scores is used as an indication of the 

degree of weathering. Additional consideration of the combination of scores, as illustrated in 

Figure 14, can then be used to infer the suitability of the material for use as a pavement 

construction material. This is not a specified test but is believed to be a useful description 

method and first approximation of material condition and suitability. Descriptions were based 

on multiple random aggregate pieces selected from each sample. 

Microscopic description (petrographic descriptions) 

From each of the materials sampled two thin sections were prepared from two 

different aggregate particles. Quarry samples were crushed in the laboratory using a jaw 

crusher to obtain a full range of aggregate sizes typically present in G1 materials and from 

these one 37.5-26.5mm aggregate piece and one 19.0-13.2mm aggregate piece was randomly 

selected and used to create thin sections. Base samples were dried and separated into different 

aggregate sizes before similarly sized aggregate particles were randomly selected for thin 

section creation.  
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C  Suitable for chips and crushed stone 

C/S  Suitable for chips & crushed stone if “state of crystallization is 1, otherwise treat as S 

S  Suitable base materials under all environmental conditions 

I  Intermediate; Suspect base material if N<5, generally suitable subbase material 

U  Suspect subbase material under all environmental conditions, may be suitable for selected subgrade if 

“state of crystallization is not 4 

X  Cannot exist, repeat determination 

Figure 14. Material suitability diagram for pick and click test (Weinert, 1980).  

Thin section analyses were performed using a petrographic microscope. The aim of 

the analyses was to identify the major mineral constituents and the variability of mineralogy 

within each source. Additionally any petrographic characteristics observed were described. 

Once the major minerals present in each thin section were identified the surface area of each 

as a percentage of the total thin section surface area was estimated by visually obsevration. 

The general degree of “weathering” (both deuteric alteration and natural weathering) present 

in all primary minerals was also estimated.  

Finally a formal point counting exercise was performed on each section to quantify 

the mineralogy. At least 500 points were observed on each section using a PETROG digital 

stepping stage and PetrogLite™ software. At each point the mineral was identified and where 

primary minerals were identified an additional differentiation was made between those that 

were clearly unaltered (i.e. not direct in contact with secondary minerals) and those that were 

altered (including those that were in direct contact with secondary minerals).  

Although not formally incorporated in any current South African pavement aggregate 

specifications, such information is required to attempt to classify the material as unweathered 
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(as required by COLTO (1998)) and in some of the proposed specifications discussed (e.g. 

Weinert (1980), smectite clay limits and petrographic indices). 

X-ray diffraction analyses 

XRD analyses were carried out on crushed aggregate pieces from each of the samples. 

Pieces were randomly selected from the same 19.0-13.2mm aggregate pieces from which thin 

section pieces were selected. 

 Analyses were performed by commercial laboratories due to the specialized nature of 

such tests and all laboratories were requested to perform quantified analyses of primary and 

secondary mineral phases within the aggregate pieces. During the course of the research it 

was found that different methods of XRD analyses had significant effects on the results 

obtained. A description of the analysis procedures and variations in results are included in 

Leyland et al. (2014) (Appendix B) and the details of the XRD analysis procedures and 

equipment used are included in Appendix E. 

As with petrographic examinations, XRD analysis is not formally incorporated in any 

current South African pavement aggregate specifications but information obtained from such 

analyses can be used to classify materials as unweathered (as required by COLTO (1998)), 

and determine some petrographic indices (Table ). There are also proposed specifications as 

discussed in Leyland et al. (2014) (Appendix B) and summarized in Table . 

Scanning electron microscopy 

During the petrographic and XRD analyses difficulty was experienced in 

differentiating between some highly altered minerals and clay minerals. The use of a 

scanning electron microscope (SEM) was therefore required to gain additional information on 

such minerals. SEM observations were only performed on selected samples. Uncovered thin 

sections were created from randomly selected aggregate pieces of the selected samples and 

problem minerals within these sections were identified using a polarizing light microscope. 

The sections were then covered with paper containing slits over problem mineral areas so that 

sections could be placed directly in the SEM and the slits would appear as the only parts 

where minerals could be observed. This is important as SEM images lack colour and 

therefore locating specific areas is problematic. 
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Table 6. Summary of smectite content specifications and indices suggested by other authors. 

*NA indicates value required for input into index calculation only 

 

The methods used to analyse secondary minerals using a SEM are not standardized 

and not currently required by South African base course aggregate specimens. A complete 

report of the SEM investigation performed is included in Appendix C and the relevant 

findings discussed in the following chapters.  

Sonic velocity 

In accordance with the research presented by Kilic (1995) compressive wave velocity 

of materials was determined. The specialised equipment required for such testing resulted in 

the need for such testing to be outsourced to commercial laboratories which followed the 

ISRM (1978) method. The available testing facilities limited such measurements to core 

samples and as such only the quarry boulder materials could be tested. A single core 

specimen, drilled from a quarry boulder, was tested for each sample. 

 Since no formal specifications were found to include wave velocity limits the 

inclusion of this information was to study correlations between the research materials and 

their observed performance. A comparison with published results was also performed. 

Grading and soil constants 

In order to characterise the materials from base samples according to the current 

specifications it is required that the grading and some specific soil constants be determined. 

Grading analyses were performed according to TMH A1(a) (TMH, 1987) method, a wet 

preparation sieving analyses. 

Author Suggested smectite content limit (%) Suggested analyses 

Higgs (1976) (montmorillonite) 5  Petrographic 

van Atta & Ludowise (1976) 10 Petrographic 

Cole & Sandy (1980) NA* Petrographic or XRD 

Weinert (1980) (in fraction <0.425mm) 10 None 

Frascá (1998) NA* Petrographic 

van Rooy (1994) 20 Petrographic or XRD 

Paige-Green (2007) 10 Petrographic or XRD 

Kleyn & Bergh (2008) 3 Petrographic or XRD 

F. Netterberg (2012, pers. Comm.) 5 None 
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The soil constants required were the Plasticity Index (PI), Liquid Limit (LL), Linear 

Shrinkage (LS) and Course Sand Ratio. The latter is obtained from the grading results 

according to (Equation 7 (COLTO, 1998)) while the PI, LS and LL are determined using the 

TMH A2, A3 and A4 (TMH, 1987) standard testing procedures respectively. The PI, LL and 

LS values were obtained from the A sub-samples of the DMI (see below) testing in an 

attempt to standardize the percentage of the material <0.075mm in the <0.425mm fraction. 

                   
                             

                  
 

(Equation 7) 

Current specifications for the soil constants and grading of G1 material in South 

African are listed in Table 7 and Table 8 respectively. An interesting difference in PI and LS 

specifications exists. Although the COLTO (1998) average PI specification is the same as the 

TRH (1985) specification it does allow for individual PI values to be one unit higher. 

Additionally the COLTO (1998) specification also limits the PI of the material <0.075mm. 

Table 7. South African G1 pavement construction material soil constant specifications. 

Specification 
Property 

PI Coarse sand ratio LS LL 

COLTO (1998) 

Individual ≤ 5 

Average ≤4 

≤12* 

35-50 ≤ 2.0 ≤25 

TRH (1985) ≤ 4 N/A ≤ 4.0 ≤25 

*when PI is determined on -0.075mm fraction because -0.425mm fraction is non plastic.  

 

Table 8. South African G1 pavement construction material grading specifications. 

Sieve size (mm) 

Percentage passing by mass 

Specification 

COLTO (1998) & TRH* (1985)  TRH
#
 (1985) 

37.5 100 100 

26.5 84-94 100 

19.0 712-84 85-95 

13.2 59-75 71-84 

4.75 36-53 42-60 

2.00 23-40 27-45 

0.425 11-24 13-27 

0.075 4-12 5-12 

*when nominal maximum size is 37.5 mm 
#
when nominal maximum size is 26.5 mm 
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Grading analyses were performed on representative specimens obtained by quartering 

entire base samples down to the required mass. Soil constant analyses were obtained as part 

of the DMI testing as discussed below.  

Aggregate impact value 

The 10% FACT currently specified in South African base course aggregate 

specifications (Table 9), requires significant quantities (approximately 9kg) of aggregate that 

passes the 13.2 mm sieve and is retained in the 9.5mm sieve. Due to the limited amount of 

material available in some samples obtained in this study it was decided that the AIV test, 

which requires only approximately 1kg of the same size material, would be performed and 

the results would be used to determine an estimate of the 10% FACT using the relationship 

between these two properties published by Sampson & Roux (1982) ((Equation 8). Similarly 

the ACV also currently specified in South African base course aggregate specifications 

(Table 9), was also estimated using the AIV results using the relationship published by 

Sampson & Roux (1982). This relationship is a linear relationship with a gradient of almost 1 

and an intercept of less than 1 and therefore most ACV values will be equal to the AIV value 

(Equation 9). The AIV test was performed according to the British Standard method BS812: 

Part 3 (BSI, 1975) which meets all the requirements of the South African National Standard 

number SANS 6239:2012 (SANS, 2012a).   

           (      (        )) 
(Equation 8) 

 
 

    (        )       
(Equation 9) 

  

Table 9. South African G1 10% FACT and ACV specifications. 

Parameter 
Specification 

COLTO (1998) & TRH (1985) 

10% FACT ≥ 110 kN 

Wet/dry 10% FACT ratio ≥ 75% 

ACV ≤ 29% 

 

In addition to the standard AIV testing, additional tests were performed on material 

soaked in ethylene glycol for 24 hours. The current South African base course aggregate 

specifications require that 10% FACT tests be performed on material soaked in water for 

24hours. The South African National Roads Agency has, however recently incorporated pro 
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forma specifications in some projects that require 10% FACT results for basic crystalline 

materials soaked in ethylene glycol for 4 days. For this reason it was decided to use ethylene 

glycol instead of water. Paige-Green (2007) showed that AIV and DMI results for dolerite 

crushed stone soaked in ethylene glycol for 24 hours are, on average, equal to or slightly 

inferior to results obtained after soaking the materials in water for 24 hours.   

It is believed that soaking in ethylene glycol is a very aggressive treatment and the 

resultant degradation would, after 4 days, be extreme. Additionally the current South African 

National Standard 10% FACT test method (SANS 3001-AG15:2012) allows soaking in 

ethylene glycol for only 24 hours (SANS, 2012b). A 24 hour soaking period was therefore 

used. The wet/glycol 10% FACT specifications are expressed not as specific value but rather 

as minimum percentages of the normal (dry) value. Thus since a 24 hour soaked 10% FACT 

value will be higher than a 4 day value (i.e. less stress required to break material down) the 

24 hour value will be a higher percentage of the dry value. If the percentage is below (or 

marginally above) the specification it can be concluded that the material would fail the 4 day 

requirement. If however the 24 hour soaking value is within the required amount of the dry 

value it cannot be concluded that the material would (or would not) have an acceptable 4 day 

value.  

The soaking of aggregates in ethylene glycol required rinsing with water after soaking 

to remove any residual ethylene glycol before drying and testing could be performed. Rinsing 

was performed rapidly followed by immediate towel drying and air drying at temperatures 

not exceeding 70°C. The SANS 3001-AG15 (SANS, 2012b) method requires only surface 

drying. 

All AIV testing was performed in duplicate (as dictated by the British Standard 

method) on representative material obtained from each sample using random sampling 

techniques. 

Durability mill index 

The Durability Mill Index (DMI) test was performed according to the South African 

National Standards (SANS) standard method, number SANS 3001-AG16 (SANS, 2013), 

which follows the same procedure as the original procedure described by Sampson & Roux 

(1987) except that the grading of the specimen is standardised before testing. This 

modification of the method is required to make comparison of all DMI results possible. Since 

the DMI of a material is the product of the maximum PI and maximum percentage of material 
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passing the 0.425 mm sieve of three specimens subjected to various forms of milling 

(Equation 10) it follows that each specimen should start with an identical grading. 

 

                      (Equation 10) 

Where:   

PImax = Maximum plasticity index 

P0.425max = Maximum percentage of material passing the 0.425mm sieve 

 

In addition the standard method DMI testing was also performed on samples after the 

>2 mm fraction had been soaked in ethylene glycol for 5 days. This procedure has not been 

reported in any other studies and no proposed specifications have been observed. The 

motivation for the testing was therefore to see if additional degradation due to ethylene glycol 

and the consequent DMI results could be linked to material performance.  

As with AIV samples the soaking of aggregates in ethylene glycol required rinsing 

with water after soaking to remove any residual ethylene glycol before drying and testing 

could be performed. Rinsing was performed rapidly followed by immediate towel drying and 

air drying at temperatures not exceeding 70°C.  

The current South African specifications for G1 aggregates do not include the DMI 

but a limit of 125 is specified by COLTO (1998) for natural gravels (G4-G6). South African 

National Roads Agency pro forma specifications have recently adopted this limit of 125. 

However Sampson & Netterberg (1989) and other sources have shown this limit to predict a 

50% chance of good and 50% fair performance. A maximum limit of 90, as adopted by TRL 

(1993) should therefore be used to predict 100% probability of good performance and a 100 

for 90% probability (F. Netterberg, 2012, pers. comm.).  

The standardised grading required for DMI testing was obtained by separating entire 

samples into different size fractions and then mixing the required mass of each fraction 

together again. For quarry samples this often required additional crushing to obtain sufficient 

material passing the 0.425 mm and 0.075 mm sieves. One DMI test was performed for each 

sample.   

Point load strength 

Point load strength testing was performed on aggregate pieces, from both crushed 

quarry boulders and on base course aggregates, according to the ISRM (1985) method to 
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arrive at the corrected point load index (PLI). No current South African base course 

aggregate specifications include PLI as a specified parameter but the testing was incorporated 

as a measure of tensile strength determination and comparison. Since the testing can be 

performed on aggregate pieces it allowed easy comparison between quarry and base course 

materials.  

Testing was performed on at least 12 pieces of randomly selected aggregate from each 

sample (except where suitable material was not available due to depletion by other testing). 

Modified ethylene glycol durability index 

The modified Ethylene Glycol Durability Index (mEGDI) originally proposed by 

Paige-Green (2008) is a semi quantitative degradation tests performed by soaking 40 pieces 

of aggregate (passing the 19.0 mm sieve but being retained on the 13.5 mm sieve) in ethylene 

glycol and assigning a score to each of 40 pieces of aggregate soaked in ethylene glycol 

depending on the nature and degree of degradation of each piece. Scores are then weighted 

and added to obtain an index value for that material. Indices are calculated based on 

observations after 5 and 20 days of soaking and used to characterise the durability of the 

material according to tentative specifications proposed by Paige-Green (2008). A 

comprehensive description of the test method as well as an analysis of the results obtained 

from the research site samples are included in Leyland et al. (2013) (Appendix D). The 

mEGDI methodology presented in Leyland et al. (2013) was also incorporated in the South 

African National Standard number SANS 3001-AG14:2013 (SANS, 2013b) 

Two mEGDI tests were performed on material obtained by random selection of the 

correct size fraction of each sample.  

Water absorption 

Due to the literature review findings that permeability is a potentially important factor 

in determining basic igneous rock durability it was decided that a measure of permeability 

was needed to compare materials. Initially it was proposed that a radial permeability meter, as 

presented by Goodman et al (1974), be developed for this purpose. Such a device was 

developed in the early stages of research (Figure 15) but despite obtaining successful 

measurements of permeability on sandstone core samples no evidence of permeability of 

dolerite core samples were obtained. An alternative method was the “simple permeability 

test” proposed by Lee & de Freitas (1989) for use on weathered granite. This method is 
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however extremely subjective and is not believed to yield meaningful results for unweathered 

fine grained rocks like dolerite. 

 
Figure 15. Radial permeability test apparatus developed as initial permeability test method. 

 

Many authors regard water absorption tests as a fairly good indicator of the durability 

of basaltic rock aggregates (Pitcher 1954, Stevens 1984, Fookes et al., 1988 in van Rooy 
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1991:3). It was therefore decided that water absorption tests would be performed on core 

samples according to the ASTM C 97–02 method (ASTM, 2002). No water absorption limits 

for core materials are currently included in the South Africa base course aggregate 

specifications. 

At least one core specimen from each sample was tested except for one quarry sample 

for which insufficient core was available. 

pH 

To investigate if the proposals put forward by Moon & Jayawardane (2004) and 

Clauss (1967) can be correlated to the performance of dolerite aggregates the pH of all quarry 

materials were determined. This was done according to the TMH A21method (TMH, 1987). 

Although a slight variation in pH is expected a correlation between lower pH and lower 

quality would confirm Clauss’ proposal. Additionally if this correlation is also linked to the 

apparent unaltered nature of materials the theory presented by Moon & Jayawardane (2004) 

will be shown to have some practical application. 

Expansion of aggregates 

Based on the Fookes et al. (1988) comments regarding studies that provide evidence 

of swell in material, a test was performed on the sample aggregates to observe trends in the 

expansion when clay minerals within the pieces are saturated. For each material 5 pieces of 

material that had at least one relatively flat side were randomly selected and the thickness of 

each was measured from the flat side to a point on the opposite side. These pieces were then 

placed inside a frame in such a way that the flat side was at the bottom and tip of a dial gauge 

could be placed on the relevant point on the opposite side (Figure 16). Samples were then 

covered in ethylene glycol and dial gauge measurements were taken after 1 and 5 days. These 

measurements were then used to calculate the actual swell displacement of the aggregate and 

the percentage swell (in one direction).  
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Figure 16. An example of a dial gauge, frame and aggregate setup used to measure one dimensional expansion 

when soaked in aggregate. 

Characterisation indices 

Despite no specifications existing for the following indices they were determined 

based on results from testing described above and used to characterise and compare materials 

(comprehensive details given in Appendix A): 
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 Weight loss index (Equation 11) proposed by (Frazão, 1993 in Frazão & 

Paraguassu, 1994:3584) 

 
100




Wo

WfWo
IWL  

(Equation 11) 

 Where:   

Wo = Initial sample weight 

Wf = Final sample weight. 

 

 Fineness modulus index (Equation 12) proposed by (Frazão, 1993 in Frazão & 

Paraguassu, 1994:3584) 

 
Fmo

FmeFmo
Ifm


  

(Equation 12) 

 Where:   

Fmo = Fineness modulus at beginning of considered time 

Fme = Fineness modulus at end of considered time. 

 

 Petrographic indices (Equation 13 and (Equation 14) developed by Frascá (1998) 
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(Equation 13) 

 Where:   

K1 = Petrographic index 

S1 = % sound augite, labradorite and opaque minerals 

S2 = % altered augite and labradorite 

S4 = % interlinked smectite 

S5 = % micro fissures filled with smectite. 
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(Equation 14) 

 Where:   

K2 = Petrographic index 

S1 = % sound augite, labradorite and opaque minerals 

S2 = % altered augite and labradorite 

S3 = % amygdales with smectite 

S4 = % interlinked smectite 

S5 = % micro fissures filled with smectite 

S6 = % other micro fissures. 

 

 Secondary mineral rating (Equation 15) of Cole & Sandy (1980)  

   Rsm TMPR .  
(Equation 15) 

Where:   

P = percentage of the secondary mineral present in the rock 

M = a stability rating for a particular mineral 

TR = a textural or mineral distribution rating for the rock. 

 

 Micro-petrological index (Equation 16 and (Equation 17) suggested by Irfan & 

Dearman (1978) and later adapted for basaltic rocks by Tugrul (1995) 

 WPWPI pw  1/  
(Equation 16) 

 Where:   

pwI  = petrographical weathering index 

WP = percentage of the weathered minerals 
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czbyaxWP   
(Equation 17) 

 
 

Where: 

  

x = percentage of plagioclase grains that are weathered 

y = percentage of dark coloured mineral grains (Pyroxene, olivine and others) that 

are weathered 

z = percentage of matrix and opaque mineral grains that are weathered 

a = percentage of plagioclase 

b = percentage of dark coloured minerals (Pyroxene, olivine and others) 

c = percentage of matrix and opaque minerals 

 

 Micropetrographic strength index ((Equation 18) suggested by Rigopoulos et al 

(2010).  

P

S

H

S
I eo

ps   
(Equation 18) 

 Where:   

psI  = Micropetrographic strength index 

So = Soft minerals (Mohs scale hardness < 5) in volume % 

H = Hard minerals (Mohs scale hardness ≥ 5) in volume % 

Se = Secondary minerals and microcracks in volume % 

P = Primary minerals in volume % 

 

 Replacement index (Equation 19) suggested by Rigopoulos et al. (2010) 








m

j j

n

i i

rep

PM

AP
I

1

1
 

(Equation 19) 

 

Where:   

repI  = Replacement index 

AP = alteration products of primary mafic minerals in vol% 

PM = primary mafic minerals in vol % 
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 Dynamic rock durability indicator (Equation 20) suggested by Fookes et al. 

(1988) but modified to use the standard AIV results since the standard 

methodology was used during AIV testing 

 
SG

WAAIV
RDI d

51.0 
  

Equation 20 

 

Where:   

RDId = Dynamic rock durability indicator 

AIV = Aggregate impact value 

WA = Water absorption 

SG = Specific gravity saturated and surface dried. 

4.4. Statistical analyses 

Due to the limited sample numbers it is not possible to do accurate statistical analyses 

or inferences. Despite this it was assumed that the results obtained from materials from 

sections with acceptable pavement performance are representative of the population of 

durable dolerite materials. It was then assumed that the results obtained from the poor section 

performance materials were part of a normal distribution. These assumptions allowed 

hypothesis testing on the average values of poor section performance using a T-test. The 

hypothesis testing was performed at a significance level of 5% to determine if the poor 

section result mean value was statistically different from the mean value of the durable 

materials. Generally one tailed tests were used but in some cases a two-tailed test was 

required. The specific test performed is discussed under the relevant discussion sections 

(Chapter 5). Base materials were evaluated separately from quarry materials and stockpile 

samples were grouped with base samples as both represent material after exposure to the 

atmosphere (albeit to different degrees). 

4.5. Available information 

For some of the sites sampling and selected testing had been performed during 

previous aggregate investigations and research activities and in some cases limited additional 

information was available from pavement contractors that were involved with construction. 

Such information was collected and considered when available. The information is not listed 

in detail in this thesis but is included in the comprehensive site reports created for each 
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research site (Appendix E) where it was utilized to determine the effect of different variables 

on the observed pavement performance. 

Examples of information obtained from such sources include: 

 Nuclear density moisture content readings of the base course during sampling 

 Full pavement structure profiles as observed in full depth test pits excavated at 

the time of sampling 

 Dynamic cone penetration (DCP) data for pavement layers collected adjacent to 

or within sampling test pits 

 Gravimetric analysis of base course moisture content at time of sampling 

 Optimum moisture content, maximum dry, apparent relative density and bulk 

relative density of base course materials excavated at the time of sampling 

 Observational data on the subbase stabilization conditions with respect to 

carbonation 

 Long term (up to 2 years) moisture content data for base course for periods 

preceding sampling 

4.6. Comparative study 

An additional material was sampled from the only problem dolerite quarry described 

by Orr (1979) that was still possible to locate. This was the Sheepmoor quarry described in 

Orr (1979) and Hall & Harris (1985). The quarry did not meet the same requirements that 

research sites did as the material was used as a railway ballast material and no detailed 

records of the locations in which it was used exist. It is however believed to be a valuable 

example of a poor material durability prescribed to mineralogical characteristics and was 

included for comparative purposes. The analysis performed on the Sheepmoor samples was 

limited to visual descriptions of materials, thin section analyses of two thin sections from 

each sample, AIV and mEGDI testing. For each of these analyses the same methods and 

procedures described in section 4.3 were used. 

4.7. Assumptions 

Due to the complexity of pavement structures and the variable conditions in which 

each sampled site is located it was necessary for certain assumptions to be made. The first 
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assumption was that all as built records were accurate both regarding the source of the base 

course material and any material properties reported. 

It was assumed that all sampled sections were of a design and construction standard 

suitable to the traffic loading to which it had been exposed. Any defects observed were 

therefore assumed to be due to inadequate material behaviour until any of the investigations 

at that site indicated otherwise. In an attempt to improve the validity of this assumption 

potential sampling sections were selected in such a way that they did not include areas 

founded on road cuttings or on significant thicknesses of fill. The surrounding areas of all 

sampling sites were also checked for any signs of potential subsurface drainage conditions 

(e.g. vegetation indicators).     

It was assumed that the slushing process performed on G1 materials was correctly 

performed at all sampling sites. As discussed by Kleyn (2012) the construction of a G1 base 

layer requires thorough application of a specific process specifications to ensure the layer 

performs as expected. Determining if this assumption was justified is somewhat problematic 

on a completed road with a surface seal in place. Attempts to hear the “ringing” sound 

described by Kleyn (2012) were however employed, as were observations of the stone 

”mosaic” and interlock after removal of the seal. 

4.8. Characterisation of load carrying and deformation characteristics 

Introduction 

The third hypothesis (Chapter 1) stated that due to the natural variations in the 

properties of aggregates from Karoo Dolerite intrusions it is possible that the load 

carrying/deformation characteristics of the pavement layer can be insufficient despite the 

current aggregate specifications being met. This statement was based on the observed 

variation in research site base course material properties (see Chapter 5) and the correlations 

between properties and failures. The load carrying characteristics were investigated using 

repeated load tri-axial tests and shear strength tests.  

Repeated load tri-axial tests require large bulk samples of material and for many of 

the research sites the material obtained during site investigations was depleted by the 

aggregate characterization testing. The testing was therefore performed on samples that 

simulate the observed variations in material properties. This methodology is therefore similar 

to that followed by Ekblad & Isacsson (2008) but unlike the questionable representativeness 
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of their materials (Harris et al., 1984 in Ekblad & Isacsson, 2008:224) the materials used here 

are representative of Karoo Dolerite G1 materials. The methodology is also similar to the 

study by Tian et al. (1998) except that their study primarily investigated effects of moisture 

and grading differences using material of similar Atterberg limits, while this study fixed the 

moisture and grading while varying the Atterberg limits of the materials used. 

Sampling 

G1 aggregate (bulk material) was obtained from a single stockpile at one of the 

research sites where such material was still easily available and separated into different size 

fractions. Additionally crushed Karoo Dolerite G1 material passing the 0.425mm sieve was 

obtained from various sources (including some of the research site quarries). The study 

samples were then created form these materials by mixing the >0.425mm fraction of the bulk 

material with different <0.425mm fractions. The mass of each fraction used (Figure 17) was 

selected to ensure a grading within the specified (COLTO, 1998 and TRH, 1985) envelope. 

The sample creation process is illustrated in Figure 17. 

The properties of the <0.425mm materials used in the samples were selected to mimic 

the observed PI of the base course materials of the research sites as far as possible. These 

properties are discussed in chapter 5. Additionally it was confirmed that the percentage of 

P0.075mm material in the P0.425mm fraction was consistent in all materials. 

Test specimens were compacted using a vibratory compaction device. 5 layers were 

compacted to create 300mm high specimens with a mould diameter of 150mm. The 

compaction was performed at optimum moisture content and a target density equivalent to 

86% of the materials apparent relative density was set.  

To evaluate the true performance of a G1 material the interlock developed by the 

slushing process would have to be created in the laboratory specimens. Slushing of the fines 

out of G1 materials after compaction was attempted but this proved unsuccessful due to an 

inability to allow sufficient moisture to penetrate the material and then transport the fines out. 

The simulation of G1 properties is therefore not complete.  
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Figure 17. Material blending process used to create samples to test effects of fine material properties on 

aggregate properties. 

 

Tri-axial testing protocol 

The performance of the materials was evaluated using a tri-axial testing protocol 

consisting of a resilient modulus (Mr) test followed by a shear strength test.  

The resilient modulus testing protocol followed was the SA Method described in 

chapter 3 (section 3.9). Initial testing was performed using the NCHRP 1-28A (NCHRP, 

2004a) protocol as the fixed stress levels would allow comparison of the measured resilient 

modulus values. During such testing it was however noticed that the data obtained could not 

be modelled using the prescribed method due to inconsistent results at low stresses. 

Comparative testing using the SA method yielded consistent results at lower stresses. 

Following further investigations it was concluded that the inconsistent data obtained from 

NCHRP 1-28A testing was due to the differences in stress sequences and possibly the effects 

of the stress level in relation the peak stress experienced, as discussed by Theyse (2012). The 

use of the SA method would however not allow direct comparison between results as 

different stress levels would be utilized depending on the variations in sample shear strengths. 
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It was therefore decided that the stresses would be determined based on the average shear 

properties of the materials. This decision was then reversed because the variation in shear 

properties would result in very significant deviations from the stress ratios required by the 

protocol (discussed in chapter 5). The SA method was therefore used in an unmodified 

manner and the measured resilient modulus values can therefore not be compared directly. 

Differences in material behaviour under repeated loading can however still be determined 

based on a comparison of permanent (plastic) deformation characteristics, such as rate of 

plastic deformation, at equal stress ratios and the resilient modulus trends with changing 

stress conditions. 

    To minimize their influence on the resilient behaviour the following factors, that 

have been shown to affect the resilient modulus, were kept constant as far as possible: 

 confining pressure 

 density (as percentage of ARD) 

 grading 

 degree of saturation 

 stress history (identical loading sequence, not load levels) 

 particle shape and roughness (identical material for >0.425mm fractions).  

Two specimens were prepared from each of the samples and following each resilient 

modulus test the specimen was subjected to a monotonic load test under a confining pressure 

of 50 kPa (as prescribed by van Aswegen (2013)). The full procedure therefore provided a 

means of comparing the shear strength of the different materials before repeated load testing 

and after the effects of the repeated load testing. The SA method stress sequence is given in 

Table 10.  

Resilient modulus constitutive models 

The results were modelled using the universal model (Uzan, 1992 in George, 

2004:14) and the generalized model (NCHRP Project 1-37A (Andrei et al., 2004:35)). In both 

cases the constraints on the regression constants suggested by Buchanan (2007) were 

employed.  
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Table 10. SA resilient modulus test protocol stress sequence. 

 

 

Cycles Phase 
Confinement pressure 

(kPa) 

Applied deviator stress as percentage of 

deviator stress at failure 

0 – 100 

Conditioning 200 

20% 

101 – 200 40% 

201 – 300 60% 

301 – 400 

1 200 

20% 

401 – 500 30% 

501 – 600 40% 

601 – 700 50% 

701 – 800 60% 

801 – 900 

2 150 

20% 

901 – 500 30% 

1001 – 1100 40% 

1101 – 1200 50% 

1201 – 1300 60% 

1301 – 1400 

3 100 

20% 

1401 – 1500 30% 

1501 – 1600 40% 

1601 – 1700 50% 

1701 – 1800 60% 

1801 – 1900 

4 50 

20% 

1901 – 2000 30% 

2001 – 2100 40% 

2101 – 2200 50% 

2201 – 2300 60% 

2301 – 2400 

5 20 

20% 

2401 – 2500 30% 

2501 – 2600 40% 

2601 – 2700 50% 

2701 – 2800 60% 
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5. Results 

5.1. Introduction 

Detailed descriptions of each research site are provided in the comprehensive reports 

that were compiled for each of the sites (Appendix E). This chapter contains only a brief 

description of the observations made at the additional quarry (Sheepmoor) sampled as a 

comparative material of known poor durability. The remainder of the chapter summarizes the 

observations made at each of the research sites and the results of tests performed on materials 

sampled at each site. Brief discussions on observations made are included where relevant. 

The final part of this chapter describes the results obtained during the tri-axial tests of 

simulated materials.  

5.2. Graphical representation of results 

In order to present the results in a graphical format that is easy to interpret and shows 

the discussed deductions, matrix scatter plots were used. Such matrix plots allow relatively 

easy comparisons of trends between various combinations of independent and dependent 

variables in one graph. An example of such a graph is shown in Figure 18 to illustrate the 

general layout of the plots used in the remaining parts of this chapter. The plots are arranged 

in a 2×2 matrix with the variable on the X-axis varying from column to column. The Y-axis 

variable does not change from row to row but the samples represented do. Thus plots within a 

column (e.g. A and C in Figure 18) have the same X and Y-axis variables but have different 

sample results plotted and comparison between these plots allows differences in trends 

between samples groups (quarry and base materials). Comparison within a row (e.g. B and D 

in Figure 18) allows comparisons of trends when different classifications are utilized. The 

classifications used will be discussed later in this chapter. 

Another important feature of the matrix plots is that the Y-axes are not labelled. Since 

the variable on the Y-axis is the same for all the plots the axis labels were omitted to keep the 

plots simple. The relevant variable is described in each matrix plot figure caption. The X-axis 

variable is defined in the matrix plot but the axis is not subdivided. This, again, was 

purposely done to simplify the plots and instead a key to the colours of markers used on all 

plots in the matrix is included above the plot.  
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Stockpile materials are not included in scatter plots as these varied in ages and can 

therefore not be consistently grouped with quarry or base materials. 

 

 
Figure 18. Example of matrix scatter plot used throughout this chapter to display data trends. A: Quarry 

material test results according to pavement performance classification, B:  Quarry material test results according 

to petrographic classification, C: Base material test results according to pavement performance classification, D: 

Base material test results according to pavement performance classification. 

 

5.3. Comparative site study 

Introduction 

Since no comprehensive site report for the Sheepmoor quarry materials is included in 

Appendix E, this section includes descriptions of the quarry and the sampled materials in 

addition to the results of the reduced suite of tests performed on these materials.  
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Location and geological setting 

Sheepmoor quarry is located southeast of Ermelo in the Mpumalanga Province of 

South Africa close to the N2 national route (Figure 19). Access to the quarry is controlled by 

as it is located directly within the railway line reserve.  

 
Figure 19. Location of Sheepmoor quarry. 

 

According to the available geological map (Figure 20) the greater area is underlain by 

the Vryheid Formation (sequence of mudstone/siltstone/sandstones with thick continuous 

coal seams) which has been intruded by the Karoo Dolerite Suite. The dolerite outcrops form 

large irregular shaped outcrops on the map which are typical of sill intrusions.  
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Figure 20. The geological setting of the Sheepmoor quarry. 

 

The larger scale geological map (1:250 000) shows the extreme extent to which the 

area has been intruded by dolerite (Figure 21).  The regional terrain is described as the 

interior plain with the immediate area being characterised as having strongly undulating 

planes. The quarry elevation is 1530m above sea level.  
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Figure 21. Detailed geological map of quarry area. 

 

Quarry observations and sampling 

As mentioned by Orr (1979) and Hall & Harris (1985) the dolerite sill is extremely 

large and thick and has been exposed due to the construction of a tunnel, numerous cuttings 

and the quarry. The quarry walls were found to still be surprisingly vertical (Figure 22) 

considering the reported stability issues described in the nearby tunnel and the fact that the 

quarry has probably not been worked since the early 1980’s.  
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Figure 22. One of the sheepmoor quarry faces during February 2014. 

 

On closer inspection areas of weak, friable material surrounded by rock that appeared 

totally unweathered and solid were (Figure 23). Again the ill-defined nature of these areas 

was exactly as described by Orr (1979). 

The columnar jointing previously described was not observed but in the cutting 

adjacent to the quarry significant columnar jointing was observed (Figure 24). It appears that 

despite the known poor performance of the quarry material a gabion constructed at the quarry 

entrance was constructed from rock sourced directly from the quarry. As can be seen in 

Figure 24 the rock in the gabion is now either totally decomposed into a coarse gravel or still 

intact and seemingly competent.  

Two samples were collected directly from quarry walls close to the floor level. The 

first sample (SH1) consisted of rock adjacent to friable material. These boulders were not 

friable but were found directly in contact with a large patch of friable material. The second 

sample (SH2) was taken far from any weak material and therefore represents the seemingly 

“normal” dolerite rock.  
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Figure 23. Friable material surrounded by solid, unweathered rock in the Sheepmoor quarry. 

 

 
Figure 24. Dolerite observations around the Sheepmoor quarry, A: Columnar jointing in an adjacent cutting, B: 

Gabions with decomposed dolerite material inside. 
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5.4. Samples and testing 

As mentioned in chapter 4, at each research site quarry and pavement material 

samples were obtained. At some sites additional stockpile materials were sampled. The 

location of each research site and the details of samples collected are summarized in Table 

25. There are 8 sites in total and these are numbered P1 to P8. Sites P1 to P3 are those in 

which rapid failures occurred. A summary of the tests performed on each sample is included 

in Figure 25. 

 
Figure 25. Tests completed on each sample. 
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Table 11. Research site sampling details. 

Sample number Relevant road section Sample description Quarry coordinates Notes 

P1A1 

R546 

(Vrede to Standerton) 

Stockpile material 

29.17296E 27.46892S 

Characterised as a G2 dolerite 
P1B1 Failing base sample Southbound  lane, Outer wheel track 

P1B2 Base sample Southbound  lane, Inner wheel track 

P1C1 Failing base sample Northbound  lane,  Inner wheel track 
P1D1 Quarry boulder   

P2A1 
N9 section 7 

 (Noupoort) 

Failing base sample 

24.97193E 31.18818S 

Upper half of base 
P2A2 Failing base sample Lower half of base 

P2B1 Quarry boulder  Fine grained 
P2B2 Quarry boulder  Coarse grained 

P3A1 

R34 

(Vrede to R103) 

Failing base sample 

29.11610E 27.43760S 

West bound lane, Outer wheel track 

P3B1 Base sample West bound lane, Outer wheel track 
P3C1 Stockpile material   

P3D1 Quarry boulder  Southern face of quarry 
P3D2 Quarry boulder  Northern face of quarry 

P4A1 
N8 section 8 & 9 

(Kimberley) 

Base sample 

24.72947E 28.81331S 

East bound lane, Outer wheel track 

P4B1 Base sample West bound lane, Outer wheel track 
P4C1 Quarry boulder  Quarry known as "Great Karoo Crushers" 

P4C2 Quarry boulder  Quarry known as "Great Karoo Crushers" 
P5A1 

N2 section 31  

(Mkuze-Pongola) 

Base sample 

32.21553E 27.92061S 

Southbound  lane, shoulder 

P5B1 Base sample Southbound  lane, shoulder 
P5C1 Quarry boulder  Basalt, quarry known as "Lancaster quarry" 

P5C2 Quarry boulder  Dolerite dyke, quarry known as "Lancaster quarry" 

P6A1 
N11 section 5  

(Volksrust-Amersfoort) 

Base sample 

29.86242E 27.18797S 

Southbound  lane,  Outer wheel track  of climbing lane 
P6B1 Base sample Northbound  lane,  Outer wheel track  of climbing lane 

P6C1 Quarry boulder  Quarry known as "Graskop quarry" 
P6C2 Quarry boulder  Quarry known as "Graskop quarry" 

P7A1 

N1 section 8  

(Beaufort West) 

Base sample 

22.84022E 32.19160S 

Northbound  lane, shoulder 

P7B1 Base sample Southbound  lane, Outer wheel track 
P7C1 Quarry boulder  Quarry known as "Rhenosterkop quarry" 

P7C2 Quarry boulder  Quarry known as "Rhenosterkop quarry" 
P7C3 Quarry boulder Quarry known as "Rhenosterkop quarry" 

P7D1 Stockpile material   
P8A1 

N1 section 13  

(Gariep Dam) 

Base sample 

25.63861E 30.39182S 

Southbound  lane, shoulder 

P8B1 Early distress base sample Southbound  lane, Outer wheel track  of climbing lane 

P8C1 Quarry boulder  Quarry known as "Boschrand quarry" 
P8C2 Quarry boulder  Quarry known as "Boschrand quarry" 
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5.5. Hypothesis testing on mean of poor site material results 

The results of the hypothesis testing performed for each test are presented and 

discussed briefly in each of the relevant parts in the subsequent sections of this chapter. A 

summary of the results (Table 12) is however presented here to allow easy reference. The 

results of the hypothesis testing performed on the “change in properties during service” data 

are presented in section 5.17. 

5.6. General site descriptions 

Introduction 

The research sites are divided into two broad categories as follows: 

 Problem sites: Those in which rapid failure was reported while construction 

activities were still underway 

 Non-problem sites: Those in which no material degradation was reported. 

As mentioned previously, samples from the base course were generally obtained from 

at least two areas that showed at least performance. Thus within a “problem site” some base 

samples may be of areas where no degradation had been observed and within a “non-problem 

site” areas showing some form of distress may have been sampled (Table 11). Having said 

that, in the case of the non-problem sites only very limited cases of any degradation were 

observed and these were in all cases linked to factors other than material degradation (e.g. 

poor construction and traffic concentration in climbing lanes). A short description of the 

conclusions from each of the site investigation reports (Appendix E) are included here and 

summarized in Table 13. In each summary the classification of the material quality based on 

petrographic evidence is presented (Table 14) and these should not be confused with 

statements regarding the suitability of the materials as G1 aggregates which is based on the 

observed performance of pavement sections. These two classifications are those that will be 

used to compare trends in other testing results using the scatter plot matrices described in 

section 5.2. 

 

 

 



116 

 

Table 12. Results of hypothesis testing on mean test and index results for poor sites relative to good sites. 
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Site P1 

Evidence from problem site P1 indicates that the material had a high percentage of 

secondary minerals inherent in the rock before quarrying. There is, however, also evidence 

that some of the secondary minerals altered to smectite clays after quarrying. All samples are 

classified as poor based on petrography. 

The physical strength of the aggregate was not affected by the secondary mineral 

alteration but the Atterberg Limits and percentage of fines in the material were raised out of 

specification. The traditional strength specifications were therefore inadequate to identify the 

potential problems. The mEGDI and a petrographic examination would have indicated the 

quarry material to be marginal at best. It is important to note that poor construction processes 

(slushing and/or insufficient drying before sealing) could have further amplified the effects of 

poor material. 

Site P2 

Problem site P2 had two distinct phases of dolerite in its quarry and in addition to the 

visual differences in these phases secondary mineral contents, although both high, were due 

to the alteration of different primary minerals. One phase was dominated by highly altered 

granophyric plagioclase while the other by sericitic alteration of plagioclase matrix grains. 

There was no evidence of significant changes in mineralogy after quarrying but some 

secondary minerals may have altered further to smectite clays. All samples are classified as 

poor based on petrography. 

If alteration of secondary minerals did occur no consequent changes in aggregate 

strength were observed. The Atterberg Limits of the material were however out of 

specification in the base course indicating that the alteration effects cause significant changes 

in fine material. The one phase of the quarry would not have been identified as a problem 

material if traditionally specified strength test results were considered. However the other 

phase would have been seen to be unsuitable for use especially if the mEGDI was utilized. 

Petrographic examinations would have identified both phases to be highly altered, albeit that 

each was altered by different mechanisms.  
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Site P3 

The materials from the final problem site (P3) did not show evidence of alteration 

after quarrying but the material did contain high and variable amounts of secondary minerals 

before quarrying. Such variations resulted in materials with different physical properties 

despite the “unweathered” dolerite appearing relatively uniform and consistent in the quarry. 

All samples are classified as poor based on petrography. 

There was a slight increase in PI during crushing which generally resulted in a 

marginal PI and occasionally a PI above the specification limit. This, in combination with 

additional fines produced during construction, results in an incompetent material the majority 

of the time. Strength tests would not have identified the quarry materials as problematic and 

due to variable nature regular durability tests would have been required to identify the fine 

line between marginal and unacceptable materials.  

Site P4 

The first non-problem site showed a natural variation in primary mineral alteration but 

no evidence that the material had been altered since it was quarried. Based on the 

petrography, which showed relatively low amounts of deleterious minerals but also that large 

percentages of the primary minerals were partially altered, all the samples are classified as 

having an intermediate quality. 

The material properties did not change over time and no excess fines or plasticity was 

observed in any samples. The slight rutting observed at one sampling point is most likely due 

to subbase weaknesses. All traditional specifications indicated that the quarry materials were 

suitable for use as a G1 aggregate. 

Site P5 

Site P5 is the only one in which the source quarry material was a basalt that contains 

dolerite dykes.  There was no petrographic evidence that the base materials were more altered 

than the quarry materials but a high degree of variation in basalt weathering was present in 

the quarry. Relatively low amounts of deleterious minerals were present but local variations 

indicated high secondary mineral counts and because large percentages of the primary 

minerals were partially altered all the samples are classified as having an intermediate 

quality. 
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Site P5 also included a base section that was deformed and one section that was not. 

The results did not indicate that either of the base section materials had undergone excessive 

grading changes since construction. The cause of the deformation was determined to be the 

significantly thinner and “wetter” base in that area.  

Traditional testing would have accurately identified both the basalt and dolerite as 

suitable G1 materials. The variable alteration of the basalt may be an exception to the rule but 

even so it did not affect the other material properties to an extent that would make the 

material unsuitable. 

Site P6 

The results from testing of site P6 materials indicated that the materials had not 

undergone significant alteration since being placed in the pavement and that a generally low 

degree of primary phase alteration was present. This in combination with the low deleterious 

mineral counts resulted in the quarry samples being classified as good materials. A slight 

increase in degree of partial alteration in primary phases of base samples resulted in such 

samples being classified as having good to intermediate quality.  

No significant changes in material properties were observed between base and quarry 

materials. The one base sample area displayed rutting and bleeding and was included due to 

the potential that such an area would display a weakness in the materials. The lack of any 

poor material properties from that area indicated that the distress was more likely due to high 

traffic stress concentration in that lane (steep climbing lane). The materials were therefore all 

equally competent and traditional testing results would have successfully predicted the 

observed behaviour of the materials. 

Site P7 

Petrographic analyses of site P7 materials revealed a relatively high percentage of 

altered minerals and isolated extreme alteration cases were observed. Such alteration is 

inherent in the material and no significant degradation had occurred with time. Additionally 

the alteration did not appear to cause excessive clay mineral formation. A significant chill 

margin in the sill was included in aggregate production but did not seem to affect the material 

as this too was durable. Based on the petrography, which showed relatively low amounts of 

deleterious minerals (locally high amounts) but that large percentages of the primary minerals 

were partially altered, all the samples are classified as having an intermediate quality. 
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Despite excess fines having been produced during construction or in service the base 

layer has remained stable. The start of rutting and bleeding in sections of the road may 

however indicate that long term stability is problematic. The low plasticity of the fines is 

believed to prevent the layer becoming too weak. There is therefore no evidence of alteration 

or degradation of the material with time. Traditional testing would have accurately classified 

this material as a suitable G1 base course material.  

Site P8 

A relatively low percentage of secondary minerals were present in materials from site 

P8 but some isolated examples of more altered subsamples were identified. The base samples 

contained slightly higher percentages of secondary minerals and some smectite clay minerals 

providing potential evidence of minor alteration of secondary minerals inherent in the 

material. This, in combination with the fact that high percentages of the pyroxene grains were 

partially altered, resulted in all samples being classified as being of poor to intermediate 

quality. 

Despite this no change from the reported grading after construction occurred and the 

PI of the base materials was still within specification limits, albeit higher than the quarry 

material. Traditional testing would have accurately identified the materials as suitable for use 

as G1 aggregates.  

Table 13. Summary of research site investigation findings. 

*after quarrying, evidence only and not a quantitative statement 

 

 

Site 

number 

Site 

classification 
Mineral alteration* Observed effects on materials 

P1 Problem 
Secondary mineral 

alteration to smectite clay 

-Aggregate does not weaken but Atterberg Limits and 

fines content negatively affected. 

-Construction inadequacies may also contribute 

P2 Problem 
Secondary mineral 

alteration to smectite clay 

-Aggregate does not weaken but Atterberg Limits 

negatively affected. 

P3 Problem No evidence 

-Marginal material rendered incompetent due to 

variable PI and excess fines production during 

construction. 

P4 Non-problem No evidence 
-Low percentage of secondary minerals 

-Consistent material properties 

P5 Non-problem No evidence 
-Low percentage of secondary minerals  

-Isolated altered basalt material has negligible effect 

P6 Non-problem 
Primary mineral partial 

alteration but not replaced 

-Low percentage of secondary minerals 

-Consistent material properties  

P7 Non-problem No evidence 
-High percentage of secondary minerals 

-Low percentage of clays resulting in low PI 

P8 Non-problem 
Secondary mineral 

alteration to smectite clay 

-High percentage of secondary minerals 

-Low percentage of clays resulting in low PI 
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Table 14. Summary of research sample quality classifications based on petrography. 

 

5.7. Intrusion geological setting 

The country rock and interpreted country rock conditions during the time of intrusion 

are given in Table 15. The so-called problem intrusions consist of two sills and one dyke and 

these are located in areas that fall on either side of the Weinert N=5 line. Interestingly all 

three problem sites are located in the Adelaide Subgroup. There are however examples of 

good materials that are in similar climatic zones and country rock settings. 

 

 

 

 

 

 

Sample 

number 
Sample description Pavement performance 

Material quality 

(petrographic classification) 

P1A Stockpile material Poor Poor 

P1B & P1C Base samples Poor Poor 

P1D Quarry boulder Poor Poor 

P2A Base samples Poor Poor 

P2B Quarry boulders Poor Poor 

P3A & P3B Base samples Poor Poor 

P3C Stockpile material Poor Poor 

P3D Quarry boulders Poor Poor 

P4A & P4B Base samples Good Intermediate 

P4C Quarry boulders  Good Intermediate 

P5A & P5B Base samples Good Intermediate 

P5C Quarry boulders  Good Intermediate 

P6A & P6B Base samples Good Good to intermediate 

P6C1 Quarry boulders Good Good 

P7A & P7B Base samples Good Intermediate 

P7C Quarry boulders Good Intermediate 

P7D Stockpile material Good Intermediate 

P8A & P8B Base samples Good Poor to intermediate 

P8C Quarry boulders Good Poor to intermediate 
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Table 15. Research site country rock and climatic classification and site investigation conclusions. 

 

5.8. Macroscopic description 

The pick and click test results (Table 16) reveal no significant differences between 

materials. All quarry materials are classified as suitable for use as surfacing chips or crushed 

stone while those stockpile and pavement materials that retained the same classification were 

from both problem (P2, P3) and non-problem (P4, P8) sites. At sites where significant 

differences in scores existed between quarry and pavement materials the cause of difference 

was a slight change in the colour and crystallization values. All materials were still classified 

as suitable for use as base materials except for materials P5A1 and P5B1 which would have 

been classified as “suspect base” materials since the N value of that site was 2. 

5.9. Petrography 

Introduction 

Comparison of petrographic differences between materials is somewhat difficult due 

to the large amount of information gained from multiple thin section and XRD analyses 

performed on samples. The comparison was further complicated by the problematic 

quantification of clay minerals using both analysis methods. Inaccuracies associated with the 

analysis methods means that only general trends can be discussed. Comparisons of 

quantitative values would only be possible if large sample suites are tested. Further 

discussions on the problems experienced with petrography during this research are discussed 

in Leyland et al. (2014) (Appendix B).  

Site 

number 
Country rock 

Intrusion 

type 

Weinert N 

value 

Interpreted 

intrusive 

conditions 
P1 Adelaide Subgroup, Beaufort Group Sill 3 Dry 

P2 
Adelaide Subgroup contact with Tarkastad 

(Katberg Formation),  Beaufort Group 
Dyke 9 Dry 

P3 Adelaide Subgroup, Beaufort Group Sill 3 Dry 

P4 
Pince Albert Formation contact with Whitehill 

Formation, Ecca Group 
Sill 10 Wet 

P5 Letaba Formation, Lebombo Group Dyke 2 Dry 

P6 
Volksrust Formation, Ecca Group contact with 

Adelaide Subgroup, Beaufort Group 
Sill 2 Wet 

P7 
Teekloof Formation,  Adelaide Subgroup, 

Beaufort Group 
Sill 18 Dry 

P8 
Adelaide Subgroup relatively close to the 

overlying Tarkastad Subgroup, Beaufort Group 
Dyke 8 Dry 

SH Vryheid Formation, Ecca Group Sill 2 Wet 
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Table 16. Pick and click test results. 

  

Sample Source 
Score 

Score Suitability 
Colour Hardness Crystallization 

P1A1 Stockpile 1.5 1 1.5 4 Base 

P1B1 Distress area 2 2 2 6 Base 

P1B2 Sound area 1.5 1 1.5 4 Base 

P1C1 Distress area 1.5 1 1.5 4 Base 

P1D1 Quarry Not tested 

P2A1 Upper base 1 1 1 3 Chips/crushed stone 

P2A2 Lower base 1 1 1 3 Chips/crushed stone 

P2B1 Fine grained 1 1 1 3 Chips/crushed stone 

P2B2 Coarse grained 1 1 1 3 Chips/crushed stone 

P3A1 Distress area 1 1 1 3 Crushed stone 

P3B1 Sound area 1 1 1 3 Crushed stone 

P3C1 Stockpile 1 1 1 3 Crushed stone 

P3D1 Quarry 1 1 1 3 Crushed stone 

P3D2 Quarry 1 2 1 4 Crushed stone 

P4A1 Base 1 1 1 3 Chips/crushed stone 

P4B1 Base 1 1 1 3 Chips/crushed stone 

P4C1 North Face 1 1 1 3 Chips/crushed stone 

P4C2 South Face 1 1 1 3 Chips/crushed stone 

P5A1 Base 2 1 2 5 Suspect base if N<5 

P5B1 Base 2 1 2 5 Suspect base if N<5 

P5C1 Basalt 1.5 1 1 3.5 Chips/crushed stone 

P5C2 Dolerite 1 1 1 3 Chips/crushed stone 

P6A1 Base 1.5 1 1.5 4 Base  

P6B1 Base 1.5 1 1.5 4 Base 

P6C1 East Face 1 1 1 3 Chips/crushed stone 

P6C2 West Face 1 1.5 1 3.5 Chips/crushed stone 

P7A1 Base 1.5 1 1.5 4 Base 

P7B1 Base 1.5 1 1.5 4 Base 

P7C1 Lower quarry 1 1 1 3 Chips/crushed stone 

P7C2 Upper quarry 1 1 1 3 Chips/crushed stone 

P7C3 Quarry contact 1 1 1 3 Chips/crushed stone  

P7D1 Stockpile 1.5 1 1.5 4 Base 

P8A1 Base 1.5 1 1 3.5 Chips/crushed stone 

P8B1 Base 1.5 1 1 3.5 Chips/crushed stone  

P8C1 Upper quarry 1 1 1 3 Chips/crushed stone 

P8C2 Lower quarry 1 1 1 3 Chips/crushed stone 
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Table 17 is a summary of the mineral composition of each sample. Where different 

analysis results (with respect to mineral quantities) were equally feasible but did not agree, 

both results were included and as such a range of possible compositions is indicated (e.g. 

sample P1A1 plagioclase composition of 45-65%). Where different analysis results appeared 

to differ on mineral types but both results were feasible and or justified, the percentages were 

listed under both mineral types (e.g. sample P1C1 has 13% sericite which may also be 15% 

smectite). Such results are unfavourable but highlight the problems encountered in 

quantifying mineralogy and especially secondary phase mineralogy. The column labelled 

“Mica (chlorite)” is a consequence of the consistent identification, by XRD analysis, of 

chlorite while thin sections contained secondary dark micas. It is possible that some of the 

chlorite is part of the sericite identified in thin sections. 

Table 17. Petrographic analyses results (range of mineral percentages). 

Sample Plagioclase Pyroxene Mica (chlorite) Sericite Hornblend Smectite 

P1A1 65 / 45 22 / 39 2 / 1 14  10 

P1B1 51 / 44 25 / 40 13 / 2 13  9 

P1B2 57 / 50 27 / 40 2 / 1 8  12 

P1C1 60 / 42 23 / 42 0 / 3 13  15 

P1D1 56 / 46 41 / 40 0 / 2 11  1 

P2A1 38 / 48 13 / 14 3 / 6 15  21 

P2A2 39 / 48 8 / 22 1 / 6 14  26 

P2B1 44 / 49 11 / 14 4 / 4 16  8 

P2B2 42 / 41 9 / 10 5 / 8 8  19 

P3A1 50 / 56 30 / 18 15 12  20 

P3B1 58 / 59 29 / 20 3 8  16 

P3C1 55 / 56 28 / 24 4 13  12 

P3D1 50 / 58 33 / 18 4 12  25 

P3D2 54 / 48 33 / 20 5 6  21 

P4A1 56 / 53 35 / 39 0 / 1 5 / 7  0 

P4B1 56 / 49 36 / 42 0 / 2 5 / 7  0 

P4C1 55 / 46 37 / 45 0 / 4 4 / 6  0 

P4C2 52 / 55 37 / 40 0 / 1 6 / 3  0 

P5A1 26 / 38 9 / 51 0 / 34 3 / 4  0 / 30 

P5B1 43 / 51 33 / 38 0 / 2 0 / 8  0 

P5C1 37 / 42 22 / 30 16 / 23 0 / 1  2 / 11 

P5C2 42 / 52 33 / 47 0 / 5 0 / 4  0 / 2 

P6A1 52 / 33 35 / 56 0 / 2 4 / 2  0 

P6B1 51 / 35 35 / 58 0 / 1 1 / 4  5 

P6C1 53 / 32 36 / 61 0 / 2 3 / 1  2 
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Sample Plagioclase Pyroxene Mica (chlorite) Sericite Hornblend Smectite 

P6C2 52 / 38 36 / 57 0 / 2 3 / 1  3 

P7A1 47 / 50 32 0 / 7 3 / 6 5 1 

P7B1 48 / 52 30 0 / 2 2 / 3 4 1 

P7C1 47 / 48 32 2 / 3 2 / 4 5 3 

P7C2 45 / 50 29 1 / 2 2 / 5 6 3 

P7C3 53 / 55 27 1 / 4 1 4 4 

P7D1 46 / 47 29 0 / 9 2 / 3 6 4 

P8A1 53 / 55 33 / 39 2 / 2 5 / 8  4 

P8B1 51 / 58 30 / 39 0 / 2 6 / 7  3 

P8C1 49 / 56 35 / 38 1 / 2 5 / 9  3 

P8C2 50 / 51 31 / 37 1 / 4 9 / 15  1 

Site P1   

The primary mineralogy of the P1 materials is very typical of Karoo Dolerites in that 

they consist almost entirely of plagioclase and pyroxene with the former being slightly 

dominant. The major secondary mineral present was sericite due to the alteration of 

plagioclase. The results do indicate that the sericite in the quarry rock is possibly being 

altered to smectite clays in aggregates. Lesser isolated occurrences of secondary dark mica 

replacing pyroxene were also observed. The amount of secondary minerals in the materials 

were lower than the proposed limit for the climatic area. 

Site P2   

The mineralogy of the materials from site P2 are very atypical of Karoo Dolerites as 

there was very little pyroxene present. The deficit of pyroxene is not accounted for in Table 

17 due to the unique occurrence of large amounts of myrmekitic plagioclase. This is believed 

to be due to metasomatic alteration having occurred in the material. Relatively large amounts 

of secondary sericite (or smectite) were observed as a replacement of plagioclase and the 

pyroxene was also mostly altered to at least some degree. The mineralogy did not differ 

significantly between the two phases (fine and coarse grained) identified in the quarry but the 

smectite content was relatively higher in the base samples when compared to the quarry. 

Since the climatic N value of the area is high (9) no limit to secondary mineral content is 

proposed for this site. The general altered state of the mineralogy is however significant. 
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Site P3   

 The dolerite from site P3 has a plagioclase to pyroxene ratio typical for Karoo 

Dolerite (>1) albeit slightly higher than most of the other sites. Secondary minerals are 

sericite replacing plagioclase and dark micas replacing pyroxene, both of which have been 

further altered to smectite in many instances. The secondary mineral content of the quarry 

materials covers the range of that observed in the pavement and as such no evidence of 

further alteration is presented. There does however appear to be a link between the variability 

in secondary mineral content (specifically smectite content) and the observed performance of 

the pavement sections. The secondary mineral content range also spans across the limit 

proposed for the climatic conditions at the site. 

Site P4 

P4 materials consist of plagioclase and pyroxene with the former being slightly 

dominant. These primary minerals are also relatively unweathered with almost no dark mica 

replacement of pyroxene observed. Sericite replacement of plagioclase (especially fine 

grained plagioclase) was present but unlike other materials studied none of the sericite had 

been altered to smectite. This resulted in very low secondary mineral counts and almost no 

differences between quarry and pavement material mineralogy. No limit in secondary mineral 

content is set for this site due to the high climatic N value (9) but since only limited sericite 

was observed such a limit would not apply in any case. 

Site P5 

Since the P5 site quarry was a basalt quarry which included dolerite dykes the 

material variation was relatively high. The primary minerals are plagioclase and pyroxene 

owing to the genetic link between basalt and dolerite. The fine grained nature of basalt makes 

quantitative thin section analysis problematic and determining the degree of primary mineral 

alteration was also hampered by this. Nonetheless it was shown that very limited sericite was 

present and therefore limited smectite pools had formed. There were isolated cases in which 

relatively high percentages of mica/chlorite were identified in either the thin sections or the 

XRD analysis. There was also evidence that where such replacements of pyroxene were 

present, there were elevated smectite counts.   
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In general the mineralogy of the materials is difficult to summarise but the observed 

significant differences are expected due to chemical weathering in an area where the climatic 

N value is very low (2) and the main rock type is basalt. The sample of dolerite from the 

quarry was very much unweathered despite the climatic conditions and resembled other 

dolerite materials. 

Site P6 

The dolerite from site P6 is relatively fine grained compared with the other dolerite 

samples studied and as such the thin sections analysis is thought to be slightly less accurate. 

The primary mineral ratio (plagioclase to pyroxene) was less than 1 if thin section results are 

considered but XRD results showed a more typical ratio of just over 1. Most pyroxene was 

unaltered resulting in very low dark mica contents. Plagioclase grains had more variable 

degrees of alteration but the amount of total alteration to secondary minerals that replace 

plagioclase was low. Such replacement was also generally limited to phenocrysts, leaving the 

matrix relatively unweathered. Some sericite and or pyroxene alteration products have been 

further altered to smectites but again the total amounts were very low.  

The materials showed no signs of further alteration after quarrying and the low 

secondary mineral content renders this material durable according the limits proposed for the 

low climatic N value (2) of the area. 

Site P7 

The plagioclase of materials from site P7 was variably weathered and in cases 

extremely sericitized while the pyroxene grains were all at least slightly weathered and in 

places totally replaced by mica. Although the primary mineral ratio of the P7 site materials 

was typical for a Karoo Dolerite, atypical types of accessory minerals were present, even if 

only in minor amounts. The most significant of these was hornblende, but up to 9% quartz 

was also present in some samples. The well-defined upper chill margin on the intrusion had a 

similar mineralogy but within this very fine grained material the few pyroxene phenocrysts 

observed were highly altered. Overall significant variations in the mineralogy are present 

within the source (and therefore the pavement materials) but secondary micas, chlorite and 

sericite make up less than 7% of most materials. The site is located in a very dry area and 

therefore no secondary mineral limit is relevant to consider. 
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Site P8 

Plagioclase grains were locally altered to form concentrations of sericite. Pyroxene 

grains were typically all altered to at least some extent and in places totally replaced by dark 

mica. Some dark mica grains were further altered to clays. The secondary micas and sericite 

make up approximately 10% of most materials and in sub-samples where this amount was 

higher it was due to isolated alteration of a specific mineral grain. Not much of the secondary 

minerals have altered to smectite clays and there is also no evidence that any alteration has 

occurred after quarrying. Minor amounts of quartz, talc, chlorite and biotite were positively 

identified by XRD. The site was in a dry area and as such no proposed limit exists for the 

secondary mineral content. 

Comparative material 

The petrography of the material from the Sheepmoor quarry was assessed by visual 

estimation while viewing thin sections and therefore does not include XRD analyses. 

Interestingly, remembering that these are known problem materials, neither of the samples 

appeared to contain any significant highly altered minerals (Table 18). No dark clay minerals 

were observed and very limited occurrences of sericitic replacement of plagioclase or dark 

mica alteration of pyroxene were observed. The material from the weathered, friable areas 

(SH1) did however contain olivine while in the other material (SH2) no obvious olivine 

occurrences could be seen (Figure 26).  

Table 18. Estimated mineral composition of Sheepmoor quarry materials. 

 

The Sheepmoor materials studied therefore seem very similar to the dolerites from the 

research sites in that they predominantly consist of plagioclase and pyroxene (with slightly 

more plagioclase), isolated replacement of pyroxene by dark micas and isolated patches of 

fine grained plagioclase altered to sericite. The materials only differed by the inclusion of 

minor amounts of olivine and, interestingly, the apparent lack of smectite clays.  

One other feature identified in the Sheepmoor material thin sections was the presence 

of micro fractures that were visibly open and contained a filling of yellow brown colour 

(Figure 27). Although isolated fractures were observed in some thin sections of other dolerite 

Sample Plagioclase Pyroxene Mica (chlorite) Sericite Olivine Smectite 

SH1 50 42 1 1 4 - 

SH2 50 46 1 2 - - 
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samples the greater width, consistent filling and number of fractures that were present in 

Sheepmoor material was significant. The fractures often passed though patches of dark mica 

in pyroxene grains. 

 
Figure 26. Typical views of thin sections from samples of Sheepmoor quarry materials SH1 (A in plane 

polarized light (PPL) and B in cross polarized light (XPL)) and SH2 (C in PPL and D in XPL) and olivine in 

SH1 (E in PPL and F in XPL), note the very similar appearance of olivine and pyroxene in E (all images at 40× 

magnification). 
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Figure 27. Filled microfractures in Sheepmoor quarry materials (all PPL, magnification 40×). 

Olivine 

The appearance of the olivine in the SH1 thin sections was similar to pyroxene and it 

was difficult to distinguish between the two mineral types. When viewed in plane polarized 

light these two minerals appeared almost identical (Figure 26E). Under crossed polarized 

light olivine usually has a very high birefringence (Figure 26F) but many pyroxene grains can 

also have similar birefringence (Figure 26C & D). Olivine was therefore primarily identified 

the typical habit of euhedral olivine crystals, namely short, prismatic rectangular crystals with 

pointed ends. Such grains were also often crossed by irregular fractures and not a well-

developed cleavage, again typical of olivine.  

Considering that the alteration of olivine in the Sheepmoor material was identified as 

the cause of the poor material behaviour it was surprizing that almost no altered olivine was 

observed. Since the material was obtained from the quarry face it was expected that at least 

some alteration of the minerals would have occurred. The apparent absence of olivine in the 

SH2 material was also strange, although this may explain the apparent differences in the 

material appearance in the quarry.  
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The fact that no olivine was identified in any of the dolerites studied as part of this 

research was questioned as although many dolerites do not contain olivine it is unlikely that 

no olivine was present in any of the samples tested. The thin sections were therefore 

reassessed in an attempt to identify any olivine, focussing specifically on identifying any 

minerals with the olivine crystal habit. During this re-evaluation it was noticed that many of 

the secondary minerals identified as dark micas, and as replacement products of pyroxene, 

had a shape that was typical of olivine (Figure 28).  

 
Figure 28. Dark mica grains that are suspected of being olivine relicts due to the shape of the grains (Left 

images in PPL, right images in XPL, all at 40× magnification) 
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In such examples only very limited amounts of unaltered mineral remained and as 

such no significant areas of high birefringence (higher than pyroxene) were observed. There 

were, however, also some instances in which the grains that were only partially replaced by 

dark mica had a similar habit. These were typically associated with high birefringence 

pyroxene as seen in Figure 29. 

 
Figure 29. Dark mica as an alteration product along fractures in mineral grains suspected of being olivine relicts 

due to the high birefringence of the grains. Note that the suspected grain in P3A1B images has well defined 

cleavage indicating that the mineral is probably a pyroxene. (Left images in PPL, right images in XPL, all at 

40× magnification). 
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Examples of such suspected olivine grains were observed in all research site samples 

(however not in every thin section) except the samples from problem site P2 and non-

problem site P5. Site P5 was dominated by the fine grained basalt and as such identification 

of olivine would be very difficult unless phenocrysts occurred. Examples of such suspect 

phenocrysts were identified in the fine grained dolerite from site P6 and the fine grained 

contact material from site P7 (Figure 30).  

Site P2 materials contained much high birefringence pyroxene but no grains that were 

suspected to be olivine. Suspected olivine grains were identified in the normal “competent” 

Sheepmoor material (SH2) when careful attention was paid to grain habits but as seen in 

Figure 30 such grains were very similar in appearance to pyroxene grains. 

There is therefore evidence that olivine may be present in many of the research 

materials but not exclusively in the problem site materials. Additionally in almost all samples 

where such grains were identified they displayed a full range of alteration from unaltered to 

total replacement. If the suspect grains or at least some of them, which have such alteration, 

are in fact olivine grains the alteration mineral is most likely serpentine, which would, in part, 

explain the mica like appearance thereof.  

Since many suspect olivine grains showed areas of relatively unaltered mineral it 

could be assumed that at least some olivine would have been identified by the XRD analyses. 

Since olivine was never identified by XRD the suspect grains are either pyroxenes, 

polymorphs of olivine or the degree of alteration is such that even the apparently unaltered 

material no longer has an olivine crystal structure. 

Statistical differences 

The T test was performed for the average values of smectite, dark mica, sericite, 

plagioclase and pyroxene. The highest reported content was used in each case and the 

secondary minerals were evaluated using a right tailed test since it is assumed that the 

secondary mineral content is higher in poor durability materials. The alternative hypothesis is 

therefore that the average secondary mineral content is higher in poor durability materials.  

All tests were performed at a significance level of 5% and the following results were 

obtained: 

 The null hypothesis was rejected for both base and quarry materials regarding 

smectite and sericite contents 
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 The null hypothesis could not be rejected regarding dark mica levels  

There is therefore a statistical difference between the average secondary minerals 

content of the materials of different pavement performance. 

 

 
Figure 30. Various occurrences of dark mica as an alteration product partially or totally replacing grains 

suspected of being olivine due to either grain shape and/or high birefringence. (Left images in PPL, right images 

in XPL, all at 40× magnification). 
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 The primary mineral evaluation utilized two-tailed tests and the alternative 

hypothesis is therefore that the average primary mineral content is different to that of the 

durable materials. It was not possible to reject the null hypothesis for average plagioclase 

content at either significance level. When plagioclase was considered the null hypothesis 

could not be rejected indicating no statistical differences in average plagioclase contents. A 

similar result was obtained for pyroxene contents in quarry materials, however the null 

hypothesis was rejected for base materials indicating that there is a statistical difference 

between the average pyroxene content of materials of different durability.  

5.10. Scanning electron microscopy 

The scanning electron microscope investigation of selected samples provided 

significant insight into the primary phases associated with the dark alteration phases and the 

nature of the dark minerals themselves. The presence of olivine was confirmed and although 

not all materials were studied it is believed that at least some of the suspect minerals 

identified in thin section analyses are indeed olivine grains. Olivine is therefore present in 

most materials and altered to similar degrees in the materials. The investigation also proved 

that not all dark alteration phases are olivine alteration products and that the initial 

assessment of these being pyroxene alteration products was therefore, in many cases, correct.  

The nature of the dark phases was also proven to be highly variable, both physically 

and chemically. It was also shown that these phases were often clay minerals, especially 

where entire grains had been replaced. The clays were also seen to contain desiccation 

fissures (Figure 31) which closed when the materials were exposed to ethylene glycol, thus 

indicating the active nature of the clays. A comprehensive report of the findings are included 

in Appendix C.  

5.11. Sonic velocity 

The results of the sonic wave velocity (Table 19) tests include both primary (P) and 

secondary (S) wave velocities. According to the results of Kilic (1995) all the materials 

would be unweathered due to the P wave velocities all being above 5000 m/s. 
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Figure 31. A desiccated clay mineral (A), replacing pyroxene, adjacent to relatively unweathered plagioclase 

(B). 

Analysis of the results indicates that when results of samples from poor pavement 

performance and good pavement performance sites are considered the average P and S wave 

values are very different (Figure 32 and Figure 33). Differences in P wave velocities were not 

consistent with ranges for pavement or petrographic classes overlapping significantly. For S 

wave results the ranges observed when pavement performance classification was considered 

did not overlap but again no consistent trend of changing S wave velocity was observed with 

changing petrographic quality classification. Note that since all the samples classified as poor 

with respect to petrographic quality are those from the pavement sections with poor 

performance, the ranges of “poor” result in the scatter plot matrices are always identical.  

Statistically the poor section average P and S wave velocities are different and lower 

than the average for durable materials (5% significance level on left-tailed T test). 

 

 

  



137 

 

Table 19. Sonic velocity measurement results for all research site quarry boulder samples . 

P5C1A non-amygdaloidal while P5C1B was amygdaloidal. 

 

 

 

 
Figure 32. Range of P wave velocities (m/s) obtained for samples arranged according to pavement performance 

classification (left) and petrographic classification (right). 
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Sample P-wave velocity (m/s) S-wave velocity (m/s) Petrographic classification 

P1D1 5963 3699 Poor 

P2B1 5426 3047 Poor 

P2B2 5450 3284 Poor 

P3D1 6091 3518 Poor 

P3D2 6439 3611 Poor 

P4C1 6530 3893 Intermediate 

P4C2 6757 3897 Intermediate 

P5C1A 6311 3966 Intermediate 

P5C1B 6083 3770 Intermediate 

P5C2 6581 3996 Intermediate 

P6C1 6565 4086 Good 

P6C2 6582 3961 Good 

P7C1 5960 3879 Intermediate 

P7C2 6440 4113 Intermediate 

P7C3 6660 4122 Intermediate 

P8C1 6540 4129 Poor to intermediate 

P8C2 6639 4217 Poor to intermediate 
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Figure 33. Range of S wave velocities (m/s) obtained for samples arranged according to pavement performance 

classification (left) and petrographic classification (right).  

 

5.12. Grading and soil constants 

Grading curves 

Grading analyses of base and stockpile materials showed a high variability at problem 

sites (Figure 34). The P1 site included two failed base samples and both were out of 

specification. The one sample’s grading was however only out of specification due to 

marginally low amounts of intermediate size fractions and was similar in grading to an 

adjacent wheel track where no failure had occurred. The stockpile material had a suitable 

grading and was similar to that of the other failure site except that at the failure site the 

P0.075mm was 4 percentage points higher than the stockpile and 1 percentage point above 

the specified upper limit. A very similar pattern was observed in the P3 site in that the 

stockpile material was perfect but both base samples had excess material in the P0.075mm 

fraction. The sound base material had only 3 percentage points more fines than the stockpile 

but the failed base had 5 percentage points more and was 1 percentage point above the 

proposed specifications.  

At the P2 site no stockpile material was sampled but neither of the failure site 

materials had a grading out of specification. The P0.075mm fraction was 10% in both 

samples and was therefore close to the upper limit of 12%.  
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Figure 34. Grading curves for materials sampled from poor pavement performance sites. 

 

The differences in grading between failure and sound base courses seem very small 

and it could be argued that they are within the accuracies of the grading analyses methods. 

The consistency of the trends is however significant. 

  The grading of good performance sites were mostly within the specifications and the 

isolated exceptions were where a slight excess or deficit of course material occurred (Figure 

35). A shift in the grading curve of one P7 sample places this material well outside of 

specification. The horizontal shift is however impossible as this would require no material to 

be retained on the 2mm sieve. The shift is believed to have been an error during sieve 

analyses and the curve is therefore assumed to follow the same curve as the other sample 

from that site. The maximum recorded P0.075mm in the samples from good performance 

sites was 9%.  

In each site an in-depth analysis of the grading curves was done and the following 

results were obtained: 

 Some sites had base material variations that cannot be explained by breakdown 

after production and as such represent variations in the material before placement 

(Sites P1, P2, P4 & P5) 
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 Observed changes in grading between available stockpile materials and relevant 

base materials can be explained by losses in amounts of courser fractions and 

gains in finer fractions (Site P1, P3 & P7) 

 Some sites have base materials that could have been similar when initially 

stockpiled and therefore appear to have broken down differently during 

construction and service (Site P6). 

 
Figure 35. Grading curves for materials sampled from good pavement performance sites. 

 

Coarse sand ratios and Atterberg Limits 

The results obtained for all samples are included in Table 20. Only one coarse sand 

ratio value was below the specified lower limit of 35 but this sample was the one in which the 

grading analysis error is suspected (P7B1). Four samples had a ratio above the upper limit of 
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50 but the maximum value was only 52.  Plasticity index values were also generally below 

the limit of 4% with only problem site base materials P3B1 and P4A1/2 having an out of 

specification result. These same bases had linear shrinkage values that were in excess of the 

specified limit of 2%. The LS of the P5 dolerite was also in excess of this limit. 

The P3 site materials also had PI and LS values determined on material obtained 

directly from the base materials (i.e. not DMI samples with a standardized grading) and these 

values (in parentheses in Table 20) differ from the original values but are still relatively high. 

This is suspected to be due to the effects of grading on PI presented in Siswosoebrotho et al. 

(2005). For samples P3B1 and P3C1 it was confirmed that the slightly higher PI values in 

DMI samples correlated to slightly higher percentages of material passing the 0.075mm sieve 

in the DMI subsamples. The very high difference in PI values (P3A1) did not correlate with a 

higher P0.075mm fraction since the lower PI value (6.01) was on a sample that had the higher 

P0.075mm. Although unexplainable, such errors highlight the need to standardize the grading 

of PI samples. LS values appear to be less affected by the fine material grading. 

Table 20. Coarse sand ratio, Atterberg Limit and linear shrinkage results (obtained from grading and DMI 

analyses). 

Sample Coarse sand ratio PI LS 

P1A1 47 1.81 2.59 

P1B1 39 1.96 3.96 

P1B2 41 1.66 3.30 

P1C1 37 2.42 4.00 

P1D1 N/A 1.03 0.65 

P2A1 N/A 4.82 3.96 

P2A2 40 4.85 4.62 

P2B1 39 1.46 0.65 

P2B2 N/A 1.48 0.65 

P3A1 35 2.68 (6.01) 3.37 (3.96) 

P3B1 36 4.55 (3.61) 3.33 (2.64) 

P3C1 40 3.88 (3.58) 3.88 (2.64) 

P3D1 N/A 1.12 0.65 

P3D2 N/A 1.46 0.65 

P4A1 51 1.17 0.66 

P4B1 49 1.19 0.65 

P4C1 N/A 1.25 0.65 

P4C2 N/A 1.47 0.65 

P5A1 44 2.17 3.33 

P5B1 47 1.99 2.31 
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Sample Coarse sand ratio PI LS 

P5C1 N/A 2.12 2.29 

P5C2 N/A 1.11 1.94 

P6A1 52 2.82 1.67 

P6B1 51 2.76 1.67 

P6C1 N/A 2.87 1.33 

P6C2 N/A 1.96 1.35 

P7A1 51 1.74 0.65 

P7B1 33 2.48 1.33 

P7C1 N/A 1.09 0.65 

P7C2 N/A 1.35 0.66 

P7C3 N/A Not tested Not tested 

P7D1 45 2.17 1.35 

P8A1 44 1.35 1.32 

P8B1 43 1.46 0.66 

P8C1 N/A 1.08 0.98 

P8C2 N/A 1.50 1.00 

N/A results are due to samples being boulders and therefore having no representative grading 

Values in brackets are not from DMI analyses but from additional analyses. 

 

Analyses of coarse sand ratios for the materials showed the average value of poor 

pavement materials to be lower but that the full range of the poor material ratios was included 

in the range of the good pavement materials (Figure 36). If however the suspected erroneous 

value identified in grading curved is removed (circled value in Figure 36) there is no overlap 

between the ranges for good and poor performance sections. The course sand ratio of poor 

performance materials was also statistically different (lower) than that of good performance 

materials. 

Since higher values indicate higher percentages of >0.425mm material in <2mm 

fraction the percentage of <0.425mm material appears to have played an important role in the 

performance of the pavement. Additionally the classification of the pavement material quality 

using petrography did correlate to some degree with the coarse sand ratio values (again if the 

erroneous result is ignored). It must be remembered that due to the small sample size in some 

petrographic quality classes observed, trends are only an indication and may not hold true if 

larger samples were obtained.  
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Figure 36. Coarse sand ratio ranges according to material classifications based on pavement performance (left) 

and petrography (right), circled value is identified as error in grading analyses. 

The range of plasticity index values obtained showed that all quarry materials had 

values below the specified maximum of 4% (Figure 37). The variation in quarry results from 

poor pavement performance sites was significantly lower than for the other sites and when 

petrographic quality is considered, there seems to be a general trend of increasing PI with 

material quality. The limited range of samples in the “good” and “poor to intermediate” 

petrographic classes makes it difficult to support this statement. Statistically there was no 

difference between the average PI of poor and good performance site quarries. 

 Considering the base material PI values reveals a reversal in trends as the good 

pavement performance materials have a similar range of PI values to their corresponding 

quarry materials but the poor pavement materials have a significantly increased range that 

extends over the limit of 4%. There is therefore no significant change in PI value after 

quarrying for all materials that had a petrographic quality classification other than poor while 

all the materials classified as poor showed at least some increase in PI after quarrying. The 

statistical analysis showed the base materials from poor performance sites to have average PI 

values that were different from the average of the good performance equivalents albeit within 

specifications.   
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Figure 37. Range of PI (%) values of materials arranged according to pavement performance classification (left) 

and petrographic classification (right). 

When all LS data collected is considered similar trends of higher variation in good 

pavement section quarry materials and significant increases in LS after quarrying in poor 

pavement materials are observed (Figure 38). Within the poor pavement base materials most 

samples did have values in excess of the specified limit of 2% and unlike the PI results there 

is very little overlap between the good and poor pavement performance base material results. 

The T test confirmed these observations as the average values for quarries from good and 

poor performance sites were statistically similar while those for the base materials had 

significant differences. This is despite the ranges of all classifications increasing after 

quarrying. No consistent trend of changing LS values with changes in petrographic quality 

was observed. 
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It therefore seems that the linear shrinkage of a material may contribute significantly 

to its performance as a base course or at least be related to an important property.  

 

 
Figure 38. Range of linear shrinkage (%) values of materials arranged according to pavement performance 

classification (left) and petrographic classification (right). 

5.13. Aggregate impact value 

Standard test 

Due to the linear relationship between ACV and AIV being almost one to one the 

values are very similar (Table 21). None of the materials exceed the ACV specification limit 

of 29%. The poor pavement material AIV range for quarry materials overlapped with that of 

the good materials (Figure 39) but the average for poor performance quarries was higher than 

that of the good performance sites (as confirmed by hypothesis testing). Similar overlaps 

between ranges of quarry materials samples of different petrographic classification indicates 
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that although, on average, the trend is for AIV to increase with lower quality the observation 

may be misleading due to the limited data set size.   

 
Figure 39. Range of AIV (%) results of materials arranged according to pavement performance classification 

(left) and petrographic classification (right). 

Unexpectedly the range for poor pavement quarry and base materials was almost 

identical while the range for good pavement section base samples extended to higher values 

than the quarry equivalent. The difference in maximum AIV of the two groups of base 

samples was however only 2%.  There was a slightly stronger trend of increasing AIV with 

decreasing petrographic quality classification in the base materials and again the T test 

showed poor performance bases to have an average value different (and higher) that the good 

performance bases.  
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When AIV results were used to derive the 10%FACT values according to the 

relationships reported by Sampson & Roux (1982) (Table 21) all materials were above the 

specified 110kN and similar trends and overlapping ranges, but statistically different 

averages, were observed for different classifications. Interestingly, the results for the 

Sheepmoor material (known to be a problem) were within the specifications but also worse 

than any of the research sites (Table 21). 

AIV results obtained by Rigolpoulos (2010) using the same test method on samples of 

ophiolitic dolerites (in Greece) ranged from 7.37% to 14.1%, remarkably similar to the range 

of the research samples (7-14%). Ophiolitic dolerites are formed in significantly different 

environments to the Karoo sedimentary basin and undergo varying degrees of deformation 

due to tectonic processes required to form ophiolites. The dolerites in their study were mostly 

classified as very slightly weathered rocks but also as having undergone varying degrees of 

ocean floor metamorphism. The similarity is therefore surprizing and perhaps co-incidental, 

but may also illustrate the insensitivity of the AIV. Results for basalts commonly used as 

aggregates from Turkey (Korkanc & Tugrul, 2004) were superior (4.9-7.6%). to both the 

dolerite ranges.  

Table 21. Aggregate impact value results and properties derived values. 

Sample AIV (%) ACV* (%) 10% FACT* (kN) 

P1A1 12 11 370 

P1B1 10 9 425 

P1B2 10 10 420 

P1C1 10 10 409 

P1D1 9 9 430 

P2A1 14 14 312 

P2A2 13 13 342 

P2B1 14 14 314 

P2B2 12 11 370 

P3A1 14 14 321 

P3B1 11 11 376 

P3C1 13 13 334 

P3D1 12 11 369 

P3D2 11 11 372 

P4A1 10 10 409 

P4B1 9 8 454 

P4C1 8 8 469 

P4C2 7 7 494 
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Sample AIV (%) ACV* (%) 10% FACT* (kN) 

P5A1 12 11 371 

P5B1 9 9 428 

P5C1 9 9 430 

P5C2 8 8 473 

P6A1 7 7 493 

P6B1 8 8 471 

P6C1 10 10 414 

P6C2 9 9 431 

P7A1 8 7 481 

P7B1 7 7 494 

P7C1 11 10 397 

P7C2 8 8 477 

P7C3 9 9 445 

P7D1 8 8 464 

P8A1 14 13 323 

P8B1 13 13 338 

P8C1 10 10 398 

P8C2 11 11 378 

SH1 18 18 239 

SH2 14 14 321 

*Based on AIV value according to correlations reported by Sampson & Roux (1982): 

           (      (        ))                                        (        )       

 

Effect of ethylene glycol 

The change in AIV values due to ethylene glycol soaking varied as can be seen by the 

ratio of the glycol to dry (normal) 10%FACT values derived from the AIV values (Table 22). 

In some cases the glycol soaked result was superior to the original but this does not indicate 

an increase in strength due to glycol soaking but rather a lack of any affect and the variation 

in strength for such materials. The Sheepmoor material had a variable but generally poor 

performance due to the effects of glycol. The “poor” SH1 material disintegrated totally 

leaving no aggregate of suitable size to be tested, thus a worst case AIV of 99% was 

assigned. The other material (SH2) had a significant reduction in strength, ratio of 58%, 

which places it in the range observed for poor pavement materials but not as the worst 

observed ratio.  
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Table 22. Ethylene glycol soaked aggregate impact value results and properties derived values. 

*Based on AIV value according to correlations reported by Sampson & Roux (1982): 

           (      (        ))              
#
Material completely disintegrated during soaking leaving no aggregate of suitable size   

Sample AIVglycol (%) 10% FACTglycol* (kN) Glycol/dry 10%FACT ratio (%) 

P1A1 21 197 53 

P1B1 14 305 72 

P1B2 16 277 66 

P1C1 16 272 66 

P1D1 11 377 88 

P2A1 24 154 49 

P2A2 25 145 42 

P2B1 30 105 33 

P2B2 12 361 98 

P3A1 29 111 35 

P3B1 37 63 17 

P3C1 19 216 65 

P3D1 18 242 66 

P3D2 16 270 72 

P4A1 10 422 103 

P4B1 9 432 95 

P4C1 11 378 81 

P4C2 9 456 92 

P5A1 9 449 121 

P5B1 10 425 99 

P5C1 9 451 105 

P5C2 7 491 104 

P6A1 7 492 100 

P6B1 7 494 105 

P6C1 9 434 105 

P6C2 9 432 100 

P7A1 7 510 106 

P7B1 7 523 106 

P7C1 10 417 105 

P7C2 8 464 97 

P7C3 8 468 105 

P7D1 8 473 102 

P8A1 23 168 52 

P8B1 25 151 45 

P8C1 12 350 88 

P8C2 12 362 96 

SH1 99
#
 1

#
 0

#
 

SH2 21 187 58 
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 The glycol soaked AIV values show minimal overlap between quarry materials of 

different durability (Figure 40) and if the high value of the P8 base material (poor to 

intermediate petrographic classification) is ignored the ranges of base values do not over. For 

quarry materials a trend of increasing value is also seen with decreasing petrographic 

classification.  

 
Figure 40. Range of glycol soaked AIV (%) results of materials arranged according to pavement performance 

classification (left) and petrographic classification (right). 

When the ratios of 10% FACT values are considered the overlap of ranges between 

poor and good pavement performance materials was large but a trend of decreasing strength 

reduction (higher ratio) was seen with both superior pavement performance and petrographic 

classification (Figure 41).  
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Figure 41. Range of glycol/dry 10%FACT ratio results of materials arranged according to pavement 

performance classification (left) and petrographic classification (right). 

Considering the range of ratios obtained from only the quarry materials it can be seen 

that the poor pavement section quarries had a wide range of values, while the quarries that 

produced good pavement sections all had ratios above 80%. When only base coarse samples 

are considered it can however be seen that in both classes some materials had significant 

drops in AIV due to glycol treatment (indicated by low 10% FACT ratios).  

Closer investigation showed that the significant reduction in ratio for good 

performance base materials occurred in materials from site P8 and if these results are ignored 

the good pavement materials would have a minimum ratio of 81%, and the ranges would not 

overlap. Since the P8 materials were classified as “poor to intermediate” quality materials 

based on the petrology the significant effect of ethylene glycol could be expected. This is 
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again evidence that the P8 pavement material was marginal and that the P8 pavement 

acceptable performance may only be due to the favourable climatic conditions at that site (N 

value >5).  

The statistical analyses of pavement performance class averages proved that in both 

base and quarry samples the averages were dissimilar and lower for poor performance site 

samples.    

The glycol/dry 10%FACT ratio test may have potential as an aggregate durability 

indicator when used on quarry materials. Each poor section quarry produced at least one 

quarry material that had a ratio of less than 75% (the current water soaked ratio specification) 

indicating that if the variability within quarries is properly assessed the one day ethylene 

glycol soak test can be effective. The results for ratios of dry AIV to glycol soaked AIV 

values were similar (Figure 42) and the AIV results could therefore be utilized directly with a 

minimum allowable ratio of 80%. 

5.14. Durability mill index 

Standard test 

Evaluation DMI results (Table 23) show that quarry materials had a wide range of 

DMI values but that all were well below the current and proposed specifications (i.e. 110, 100 

and 90) (Figure 43). Although quarry materials from poor performance sections did have a 

slightly higher range of DMI values the range overlapped with that of the good section 

materials (resulting in no statistical difference between averages) and all were also below the 

specifications. It was also noted that materials with a petrographic classification of “good” 

had some of the highest DMI values. The DMI testing of quarry materials would therefore 

not have allowed the poor and good section materials to be identified.  
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Figure 42. Range of dry/glycol AIV ratio (%) results of materials arranged according to pavement performance 

classification (left) and petrographic classification (right). 

The base materials showed more differences in DMI values (Figure 43). The range of 

DMI values for poor section base samples was very large and covered large values on either 

side of the specifications. The good performance base samples did see a shift in DMI to 

generally higher values compared with the equivalent quarry samples but all retained a rating 

below the specified maximum. At the 5% significance level it was seen that the average poor 

performance DMI value was higher than the average good performance base equivalent.  
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Figure 43. Range of DMI results of materials arranged according to pavement performance classification (left) 

and petrographic classification (right). 

Since DMI values are the product of the maximum PI and the maximum percentage of 

material passing the 0.425mm sieve of any of the 4 subsamples it is interesting to observe the 

changes in these values between the A subsample (no treatment) and the other subsamples 

(milled under different conditions). The results of such calculations (Table 23) show that the 

milling did not cause significant changes is PI in any of the materials and the average values 

for good and poor performance materials were shown not to be statistically different. This is 

interesting as there was a definite change in the grading of fines (P0.425mm) and an 

inconsistent change in the percentage of material passing 0.075mm. The variable changes in 

P0.075mm would be expected to have at least some effect on the PI values but as seen in 

Figure 44 there is no consistent relationship between these parameters.   
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Table 23. DMI results and maximum changes in PI and fine fractions due to DMI test procedures. 

*change relative to A subsample parameter value 

#PI determined on <0.075mm fraction thus no true DMI value 

 

 

Sample DMI PI × P0.075 ∆PI* ∆P0.425* ∆P0.075* 

P1A1 52 37 0.1 6.5 14.8 

P1B1 66 46 0.3 4.6 4.5 

P1B2 45 30 0.1 3.9 3.5 

P1C1 89 61 0.2 4.8 4.2 

P1D1 28
#
 13 0.2

#
 5.2 4.0 

P2A1 144 94 -0.1 4.7 3.6 

P2A2 157 106 0.6 4.3 3.0 

P2B1 43 21 0.4 5.6 3.6 

P2B2 63 31 1.3 4.4 1.9 

P3A1 166 110 1.8 6.3 4.2 

P3B1 139 86 0.3 5.1 3.7 

P3C1 109 62 0.6 6.1 3.6 

P3D1 39
#
 19 0.5

#
 5.9 4.1 

P3D2 41
#
 24 0.3

#
 5.4 5.5 

P4A1 37 19 0.4 9.3 9.7 

P4B1 32 14 0.2 4.9 3.8 

P4C1 31
#
 13 0.1

#
 5.1 3.0 

P4C2 35
#
 15 0.1

#
 4.5 2.8 

P5A1 56 34 0.1 5.8 4.8 

P5B1 70 40 0.6 3.7 4.1 

P5C1 53 27 0.2 4.4 3.1 

P5C2 40 21 0.7 4.0 3.7 

P6A1 74 50 0.5 2.6 3.9 

P6B1 68 42 0.1 3.6 4.0 

P6C1 59 22 0.1 1.9 0.8 

P6C2 47 26 0.4 2.7 3.1 

P7A1 51 33 0.0 11.4 10.6 

P7B1 56 28 0.1 2.3 0.3 

P7C1 28 13 0.2 4.6 3.4 

P7C2 28 13 -0.1 3.2 2.9 

P7C3 Not tested Not tested Not tested Not tested Not tested 

P7D1 47 22 -0.1 3.5 2.0 

P8A1 37 19 0.2 6.6 4.7 

P8B1 42 23 0.1 5.7 5.7 

P8C1 37
#
 16 0.4

#
 8.6 6.4 

P8C2 45
#
 22 0.2

#
 7.4 7.2 
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Figure 44. Observed maximum changes in both PI and fine material fractions due to DMI testing proceedures. 

 

Since DMI is the product of the PI and the P0.425mm of a material and all materials 

started with a pre-set G1 grading the result also provides a value that can be compared with 

the limit for this value proposed by Dr F Netterberg (pers. comm). The quarry materials were 

all below the two proposed limits of 100 and 80 and therefore cannot be used to identify the 

poor materials. The poor base materials did however have many values well above the 

proposed limits but these were limited to the P2 and P3 materials, while P1 materials were all 

below the 100 level.  

The other parameter with such a proposed limit is the PI × P0.075mm. This parameter 

is not calculated as part of standard DMI test but was easily calculated from the DMI data set. 

The results (Table 23) show that all quarry materials were below the limit of 45 but that both 

good and poor performance quarries covered a range that included the stricter limit of 25. The 

parameter is therefore not able to identify poor durability materials either. Considering the 

same parameter for base materials, all but one good performance material had a value below 

45 while again the poor base materials cover a wide range that was generally above the 45 

limit. The P1 base materials included materials on either side of the limit (interestingly the 

only value below 45 was that of the non-failed site) while the P2 and P3 base materials were 

all well over the limit. 

Effect of ethylene glycol 

The DMI results for materials after soaking in ethylene glycol (Table 24) were 

generally higher but had similar trends to the standard test results as the quarry materials had 

a wide range of DMI values (again all below the proposed specifications) (Figure 45) and the 

range overlapped with that of the poor section materials. The T test did however reject the 

hypothesis that average values were equal for poor and good performance materials, 
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indicating a significant difference. The base materials also showed a significant increase in 

the range of glycol DMI results for the poor performance materials while the good 

performance base material range of glycol DMI remained small. The good performance base 

values also stayed below 100 (Figure 45). The average poor section material result was 

statistically higher than that of good section materials but despite this the glycol DMI test 

results would not have allowed the poor and good section materials to be identified 

consistently, especially not in quarries.  

 

 
Figure 45. Range of glycol soaked DMI results of materials arranged according to pavement performance 

classification (left) and petrographic classification (right). 
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Table 24. DMI results after materials were soaked in ethylene glycol and maximum changes in PI and fine 

fractions due to DMI test procedures. 

*
 change relative to maximum observed in natural (not soaked) material 

#
PI determined on <0.075mm fraction thus no true DMI value 

 

Sample DMIglycol ∆DMI ∆PI
*
 ∆P0.425* ∆P0.075* 

P1A1 98 46 1.2 5.0 3.6 

P1B1 87 21 0.3 4.8 2.0 

P1B2 69 24 0.5 5.5 2.9 

P1C1 123 33 0.5 5.5 2.2 

P1D1 49 21 0.6 4.8 2.9 

P2A1 227 83 0.5 12.8 4.3 

P2A2 265 108 0.7 14.2 5.2 

P2B1 103 60 0.9 15.1 5.8 

P2B2 74 11 0.0 3.8 4.0 

P3A1 263 96 0.8 13.1 2.3 

P3B1 279 140 1.1 18.3 5.3 

P3C1 194 84 1.1 10.7 1.3 

P3D1 111 72 1.1 16.5 2.5 

P3D2 77 36 0.5 11.4 -0.8 

P4A1 51 14 0.6 0.1 -0.4 

P4B1 47 15 0.7 -0.2 0.2 

P4C1 37
#
 6

#
 0.2

#
 0.5 0.9 

P4C2 39
#
 4

#
 0.2

#
 0.4 0.5 

P5A1 79 23 1.1 -1.0 -1.1 

P5B1 80 10 0.6 -1.7 -0.3 

P5C1 85 32 1.1 2.0 1.3 

P5C2 43 3 0.3 -2.0 -1.6 

P6A1 82 8 0.2 1.3 0.5 

P6B1 98 31 0.4 6.7 6.3 

P6C1 73 15 0.5 1.2 3.4 

P6C2 70 23 0.9 1.8 0.5 

P7A1 49 -2 0.6 -8.2 2.4 

P7B1 56 0 -0.1 0.8 0.6 

P7C1 41 13 0.5 0.9 0.9 

P7C2 38 10 0.4 0.6 -0.1 

P7C3 Not tested Not tested Not tested Not tested Not tested 

P7D1 67 20 0.8 0.6 0.4 

P8A1 54 18 0.3 5.0 0.8 

P8B1 72 29 0.2 14.1 11.3 

P8C1 46
#
 9

#
 0.3

#
 1.6 0.1 

P8C2 54
#
 9

#
 0.3

#
 0.9 -1.2 
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The use of DMI results to identify potentially poor materials does therefore not seem 

feasible. Due to the similar trends in the standard and glycol soaked DMI results (between 

materials of different classifications) the change in DMI and ratios of results were also not 

useful to identify potential differences in material performance. 

Modified DMI 

During the analysis of data for each individual site investigation (Appendix E) it was 

proposed that a modified DMI parameter be developed to better characterise material 

durability. Since the change in the P0.425mm fraction due to either of the DMI millings is a 

representation of the degradation that a material undergoes (and not the actual value of 

P0.425mm) it was proposed that this value be multiplied with the maximum observed PI. 

This is believed to better characterise the durability of the material because if we consider 

examples from this research it can be seen that differences in the initial grading can cause 

significant differences in DMI even if no significant changes in material properties occur. For 

example the DMI of sample P1B1 and P1C1 differ by 23 yet the actual changes in both the 

P0.425mm due to milling are the same (Table 25). The maximum PI values also differ only 

slightly for these materials and the difference in DMI is therefore primarily due to the 

variation in initial P0.425mm and not due to any differences in material behaviour due to 

milling treatments.  

Also observed is that if the initial PI values differ significantly, but remain constant 

during milling, the resultant DMI value can also differ even more. An example of this is the 

DMI of P1B2 material which was half of the P1C1 DMI value despite the PI of both 

materials not changing after milling and the P0.425mm value changing the same amount. The 

difference in DMI therefore represents a difference in initial P0.425mm and PI values and not 

a difference in material behaviour under test conditions and cannot truly be called a durability 

index. 

Table 25. Selected DMI test results. 

 

Sample DMI 
P0.425 PI 

Initial Maximum Initial Maximum 

P1B1 66 26 30 2.0 2.2 

P1B2 45 23 26 1.7 1.7 

P1C1 89 30 34 2.4 2.6 
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A further modification to the DMI is therefore to not only use the (maximum) change 

in P0.425 but also the (maximum) change in PI of the material due to milling. When 

performing glycol soaked DMI tests the change in parameters should be the difference 

between a subsample not soaked or milled and the maximum obtained from the milled, 

soaked subsamples.  

The results of such modified DMI calculations (Table 26) are very different to the 

original results since the values being multiplied are now much smaller or even negative. 

Analyses of the ranges of values obtained by samples of different performance and 

petrographic classifications (Figure 46) did, however, not allow a distinction to be made 

between either of the classifications and the average values were statistically similar. 

Table 26. Modified DMI results. 

Sample ∆PI ∆P0.425 modified DMI Modified DMIglycol* 

P1A1 0.1 6.5 0.91 14.85 

P1B1 0.3 4.6 1.15 5.15 

P1B2 0.1 3.9 0.23 4.81 

P1C1 0.2 4.8 0.87 6.82 

P1D1 0.2 5.2 1.09 7.71 

P2A1 -0.1 4.7 -0.66 8.93 

P2A2 0.6 4.3 2.64 24.46 

P2B1 0.4 5.6 1.95 24.84 

P2B2 1.3 4.4 5.67 10.83 

P3A1 1.8 6.3 11.14 48.87 

P3B1 0.3 5.1 1.74 33.05 

P3C1 0.6 6.1 3.39 26.94 

P3D1 0.5 5.9 3.11 37.18 

P3D2 0.3 5.4 1.74 12.94 

P4A1 0.4 9.3 3.55 9.02 

P4B1 0.2 4.9 0.83 3.94 

P4C1 0.1 5.1 0.61 1.83 

P4C2 0.1 4.5 0.63 1.51 

P5A1 0.1 5.8 0.29 5.26 

P5B1 0.6 3.7 2.09 2.27 

P5C1 0.2 4.4 0.96 8.38 

P5C2 0.7 4.0 2.76 2.05 

P6A1 0.5 2.6 1.32 2.54 

P6B1 0.1 3.6 0.47 5.27 

P6C1 0.1 1.9 0.19 1.96 

P6C2 0.4 2.7 1.14 5.71 
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Sample ∆PI ∆P0.425 modified DMI Modified DMIglycol* 

P7A1 0.0 11.4 0.11 1.85 

P7B1 0.1 2.3 0.33 0.09 

P7C1 0.2 4.6 0.92 3.87 

P7C2 -0.1 3.2 -0.16 1.61 

P7C3 Not tested Not tested Not tested Not tested 

P7D1 -0.1 3.5 -0.49 3.44 

P8A1 0.2 6.6 1.05 5.80 

P8B1 0.1 5.7 0.68 5.73 

P8C1 0.4 8.6 3.72 7.03 

P8C2 0.2 7.4 1.55 4.05 
*
 Data in column 1 and 2 only relevant to column 3, no supporting data for column 4 included in table. 

 

 

 

 

 
Figure 46. Range modified DMI values from materials arranged according to pavement performance 

classification (left) and petrographic classification (right). 
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The results of the glycol soaked modified DMI values did show that the range of the 

poor performance quarry samples only overlapped with the range of good performance 

quarries due to one value (the P1 quarry material) (Figure 47) and the T test proved that the 

average value of poor site quarries was higher. This evaluation therefore shows some 

potential to be used in material investigations with a preliminary limit of 10. For base 

materials the T statistical analysis also showed the average of poor sites to be higher but the 

overlap of the ranges (Figure 47) do not allow a strict differentiation between classes. 

Similarly to other comparisons the limited sample sizes of petrographic classes do not allow 

identification of any trends. 

 

 
Figure 47. Range modified glycol soaked DMI values from materials arranged according to pavement 

performance classification (left) and petrographic classification (right). 
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5.15. Point load strength 

Unfortunately there was insufficient material from site P1 to perform point load index 

(PLI) testing and as such results from only two problem sites are available. The size corrected 

point load index results (Table 27) ranged from 8 MPa to 17 MPa and although the ranges 

observed in quarry materials differed significantly for good and poor section materials 

(Figure 48) there was once again an overlap of ranges. As expected the good sections did on 

average have the higher indices (as proven by hypothesis testing on mean).  

   

 
Figure 48. Ranges of corrected PLI (MPa) values for materials arranged according to pavement performance 

classification (left) and petrographic classification (right). 

The base samples of both the good and bad sections had a larger range of PLI values 

compared to their quarry equivalents. The range of the poor section materials shifted to 
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higher values while the good section range increased by higher maximum and lower 

minimum (Figure 48). The result is that the range of good site base results includes the range 

of poor site base results and that the average of the poor materials is statistically the same as 

that of good materials. 

It is however worth noting that the materials from site P8 are responsible for the 

observed decrease in in PLI minimum. Since these materials were shown to be of 

intermediate to poor quality based on petrographic characteristics such decreases in PLI are 

more expected. No consistent trend in increases or decreases in average PLI values between 

quarry and base samples could be identified for the good or poor sections (Table 27).  

The PLI values for quarry samples therefore overlap and cannot be used as an 

absolute distinction between good and poor performing material. This is despite the generally 

lower PLI values of the poor section quarry materials. The inconsistent variation in changes 

in PLI after quarrying also indicate that a decrease in PLI, and therefore in tensile strength, 

has not occurred after quarrying and is therefore not the cause of degradation observed on 

some sites.  

Table 27. Point load index results. 

Sample PLI (MPa) Standard deviation (MPa) 
Difference between average base 

and average quarry values* 

P1A1 13.777 4.140 

N/A 

P1B1 14.052 3.166 

P1B2 14.086 4.156 

P1C1 12.654 3.062 

P1D1 Not tested 0.000 

P2A1 10.526 2.199 

1.7 
P2A2 11.942 1.514 

P2B1 8.911 2.731 

P2B2 10.342 3.265 

P3A1 11.784 1.816 

0.0 

P3B1 10.346 2.360 

P3C1 11.374 3.861 

P3D1 11.558 2.173 

P3D2 10.119 2.144 

P4A1 12.615 3.493 

-0.3 
P4B1 12.246 3.165 

P4C1 10.318 2.763 

P4C2 14.633 2.330 

P5A1 11.419 4.085 -1.3 
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Sample PLI (MPa) Standard deviation (MPa) 
Difference between average base 

and average quarry values* 

P5B1 13.724 3.118 

P5C1 10.455 2.230 

P5C2 15.773 3.983 

P6A1 15.488 4.711 

1.3 
P6B1 17.297 2.315 

P6C1 15.895 4.510 

P6C2 14.625 3.408 

P7A1 12.901 2.561 

-2.7 

P7B1 12.774 3.265 

P7C1 13.723 4.024 

P7C2 15.773 3.689 

P7C3 17.683 3.634 

P7D1 11.452 4.228 

P8A1 9.255 1.718 

-2.6 
P8B1 8.498 2.801 

P8C1 11.363 2.164 

P8C2 11.289 2.523 

N/A unable to calculate with available data 

*a negative value indicates that the average PLI of base samples was lower than the average PLI of quarry 

samples 

 

5.16. Modified ethylene glycol durability index 

5-day mEGDI values 

The results (Table 28) show that there is a strong relationship between pavement 

performance and 5-day mEGDI values for quarry materials (Figure 49) but also that the 

variation in 5-day mEGDI values from one quarry may be misleading. For example, the 

variation in material from the P2 site resulted in the two extreme values for materials from 

poor pavement performance quarries. Thus if only one sample had been tested from that 

quarry the resulting classification would not adequately represent the material. The high 

variance induced by the large range of P2 results causes the T test to accept the null 

hypothesis that the average value of poor materials is equal to that of the good materials. 

However, if the extremely high P2 result is removed the average poor performance material 

values are statistically different (and higher).  
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Table 28. mEGDI values. 

Sample 5-day mEGDI 20-day mEGDI 20 day / 5 day ratio 

P1A1 22 32.25 1.5 

P1B1 15.75 24 1.5 

P1B2 14.5 22.25 1.5 

P1C1 16.75 24.25 1.4 

P1D1 7.5 19.25 2.6 

P2A1 42.75 64.5 1.5 

P2A2 40.75 61.5 1.5 

P2B1 50.75 90 1.8 

P2B2 3.75 7.75 2.1 

P3A1 24 43.5 1.8 

P3B1 24 49.25 2.1 

P3C1 17.5 27.75 1.6 

P3D1 12.75 29.5 2.3 

P3D2 19.75 40.25 2.0 

P4A1 0.25 0.25 1.0 

P4B1 1.5 1.75 1.2 

P4C1 0.25 0.75 3.0 

P4C2 0.75 1 1.3 

P5A1 2 2 1.0 

P5B1 0 0.25 1.0 

P5C1 0 0 1.0 

P5C2 0 0.25 1.0 

P6A1 1.5 1.5 1.0 

P6B1 1.25 2.25 1.8 

P6C1 1.25 1.75 1.4 

P6C2 1 1 1.0 

P7A1 0 0.75 1.0 

P7B1 0 0 1.0 

P7C1 0 0 1.0 

P7C2 0 0 1.0 

P7C3 1.5 2.25 1.5 

P7D1 0 0 1.0 

P8A1 3.25 6.25 1.9 

P8B1 5.5 7.5 1.4 

P8C1 4.25 6.25 1.5 

P8C2 2 4 2.0 

SH1 88 97.5 1.1 

SH2 24.5 46 1.9 



167 

 

 
Figure 49. Ranges of 5-day mEGDI values for materials arranged according to pavement performance 

classification (left) and petrographic classification (right). 

 

The differences in ranges between poor and good performance materials became more 

evident with time (observing the base material results) due to poor pavement material values 

increasing significantly while good pavement material values were essentially unchanged. 

This is evidence that some changes in material resistance to expansive forces upon clay 

saturation did occur in the poor pavement materials. The average obtained for poor bases was 

also significantly higher (hypothesis testing). 

The 5-day mEGDI results also show a good relationship with the petrographic 

classification of materials (both for quarry and base samples). The comparative materials 

from the Sheepmoor quarry had 5-day mEGDI values of 88 (SH1) and 24.5 (SH2) and 
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therefore agree with the known performance of these materials. Even the seemingly 

competent SH2 material had a high value that would have made it unacceptable for use. 

20/5-day mEGDI ratios 

Some materials with good performance in service had 20/5-day ratios above the 

proposed limit of 1.5 (Figure 50). The use of the ratio may therefore not be effective in 

identifying poor durability.  

 

 
Figure 50. Ranges of 20/5 day mEGDI ratios for materials arranged according to pavement performance 

classification (left) and petrographic classification (right). 

 

Comparison between the ranges in ratios for quarry and pavement samples in Figure 

50 shows that some classes (performance classes or petrographic classes) had a lower range 
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or ratios in the pavement samples when compared to the quarry samples while others had a 

higher range. The ratio values therefore do not seem to agree with the observed material 

performances. The ratios for the Sheepmoor materials were 1.1 (SH1) and 1.9 (SH2). Again 

this does not agree with the observed behaviour or the 5-day values but the ratio of 1.1 is only 

due to the extreme 5-day value of the SH1 material (88) which would have shown the 

material to be inadequate on its own. Statistical analyses did however show that the average 

ratio for poor base and quarry materials was not equal to, and higher, than that of the good 

section equivalents. 

Leyland et al. (2013) (Appendix D) proposed that when the 20-day value is within the 

5-day limit (10) the 20/5-day ratio should be neglected or set to 1 as the material is unlikely 

to be of poor durability. When this is done the trends observed in Figure 50 change 

significantly (Figure 51) since none of the good pavement materials had a 20-day value of 

more than 10. The ratios for quarry materials show that all poor material samples had a ratio 

of more than 1.5 except for one sample which had a corrected ratio of 1 (i.e. 20-day value 

<10). As indicated in Figure 51 that sample was from the P2 quarry and as with other test 

results the other P2 sample had a ratio of 1.8 and was therefore very different and of poor 

durability.  

The mEGDI test has the potential to be an effective screening test for durability, after 

which potentially suitable materials can undergo comprehensive advanced testing. 

Additionally, the good correlation between poor road performance and inadequate mEGDI 

results makes the test attractive for use as a quality control test during material production to 

isolate materials that are likely to be problematic. Use of the 5-day mEGDI in conjunction 

with the 20/5-day ratio, and interpretation of the ratio according to the 20 day value relative 

to the limit of 10 is also advantageous to using either of the results in isolation. 
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Figure 51. Ranges of corrected 20/5 day mEGDI ratios for materials arranged according to pavement 

performance classification (left) and petrographic classification (right). 

5.17. Changes in physical properties 

Introduction 

Since a range of AIV, DMI, PLI and mEGDI results are available for quarry and base 

materials it is possible to calculate the change in these properties after quarrying and some 

time in service. Using Equation  and (Equation 22 the maximum and minimum theoretical 

changes can be calculated for each site. 

 

 



171 

 

                        
(Equation 21) 

 
 

                        
(Equation 22) 

  

For test values that increase with degradation of material (AIV, DMI and mEGDI) 

these equations will yield higher values for larger degrees of degradation. The PLI (and 

10%FACT) will decrease with increasing degradation and therefore the results from these 

equations will be larger negative values when more degradation occurred. When performing 

the calculations it was also considered that some base samples from the P1 and P3 sites were 

from areas where no pavement deformation was observed. These calculations were therefore 

repeated by omitting these base materials and both results reported. 

Hypothesis testing about the means of the changes observed for poor sites relative to 

good sites was performed and the results discussed in the following sections. 

Table 29. Results of hypothesis testing on mean change in properties observed in poor sites relative to good 

sites. 

 
  

Aggregate impact value 

The × changes in AIV were not consistent with good and poor pavement performance 

sites having similar ranges in changes (Figure 52). Statistically the average change observed 

for poor sites was no different to that for good sites. Negative values indicate an increase in 

AIV, which is due to material variations and not a true indication of increasing strength after 

quarrying. Similar variations could result in similar positive values and since the range 

extends equally into positive and negative ranges the changes in AIV are more likely to be 

due to material variability than material degradation. 
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Figure 52. Maximum and minimum changes in AIV (%) values after quarrying and some time in service, 

arranged according to pavement performance, A: All samples, B: samples of sound base in poor pavements 

removed. 

 When changes in ethylene glycol soaked AIV results are considered (Figure 53) 

again the ranges overlap but the range of negative values is much lower than the range of 

positive values. This indicates some significant changes in materials.  

 
Figure 53. Maximum and minimum changes in ethylene glycol AIV (%) values after quarrying and some time 

in service, arranged according to pavement performance, A: All samples, B: samples of sound base in poor 

pavements removed. 

There was however, again no statistical difference between the average values for 

good and poor sites. It is worth noting the following trends: 
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 Due to the large variability in P2 quarry materials the maximum and minimum 

values are very different, with the minimum being a negative and therefore due to 

variability 

 The P1 materials experienced changes only slightly above that of most good 

pavement performance sites 

 The P8 material changes were significantly higher than those at other most good 

pavement performance sites 

 Removal of the P3 result where no failure was observed results in almost equal 

ranges of changes in glycol AIV (Figure 53B). 

Durability mill index 

The changes in DMI values are very different for sites of good and poor pavement 

performance (Figure 54) and again the P1 site material changes were less than those at other 

sites. Additionally, removing the result of the bases with no pavement deformation results in 

no overlap between ranges (Figure 54B). Similar trends were seen in the ethylene glycol DMI 

values (Figure 55). As with AIV results negative change values indicate an increase in DMI, 

which is due to material variations and not a true indication of increasing durability after 

quarrying. The negative values are also negligible compared to the range of positive values. 

The T test confirmed the statistical difference between the averages. This indicates that the 

poor site materials experienced a reduction in their ability to resist attrition and abrasion 

forces. 

 
Figure 54. Maximum and minimum changes in DMI values after quarrying and some time in service, arranged 

according to pavement performance, A: All samples, B: samples of sound base in poor pavements removed. 
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Figure 55. Maximum and minimum changes in ethylene glycol DMI values after quarrying and some time in 

service, arranged according to pavement performance, A: All samples, B: samples of sound base in poor 

pavements removed. 

 

The change in values of the product of the maximum PI and maximum P0.075 mm 

obtained during standard DMI testing were also calculated and like the other DMI results the 

changes were seen to be significantly higher for poor performance sites (Figure 56). The T 

statistic test also confirmed these observations. 

 

 
Figure 56. Maximum and minimum changes PI × 0.075mm values after quarrying and some time in service, 

arranged according to pavement performance, A: All samples, B: samples of sound base in poor pavements 

removed. 
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Point load strength 

As introduced in section 5.15 changes in point load strength did not yield any 

significant trends (Figure 57). Remembering that a negative change indicates degradation the 

good pavement performance sites appear to have experienced larger changes in PLI. The 

significant positive value range indicates that the observed changes are most likely due to 

material PLI variability and not due to actual changes in the tensile strength of the material. 

Statistically there was no difference in average changes observed in poor and good site 

materials, an indication that the relative variability in PLI in all materials was similar.  

 
Figure 57. Maximum and minimum changes in PLI (MPa) values after quarrying and some time in service, 

arranged according to pavement performance, A: All samples, B: samples of sound base in poor pavements 

removed. 

Modified ethylene glycol durability index 

Changes in mEGDI are significantly lower for good performance sites and the only 

overlap between sites is due to the P8 material maximum value (Figure 58). The P2 material 

variability again resulted in a negative minimum and a very high maximum and this in turn 

resulted in the average change value for poor sites being statistically similar to that of good 

sites. The limited range of change in good performance site mEGDI values also contains an 

almost equal amount of positive and negative values, indicating that most changes are 

probably due to slight material variability. The range for poor performance sites does 

however contain significantly more positive values and as such definite changes in mEGDI 

are present. Removing the P2 maximum and minimum change results (or only one negative 

minimum result) causes the T test to reject the null hypothesis and therefore accept the 
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alternative that the average change in mEGDI for poor sites is greater than the average 

change for good sites.    

 
Figure 58. Maximum and minimum changes in mEGDI values after quarrying and some time in service, 

arranged according to pavement performance, A: All samples, B: samples of sound base in poor pavements 

removed. 

5.18. Water absorption 

The water absorption had the familiar pattern of generally higher values for poor 

pavement quarry materials that overlapped with the range of good pavement quarry results 

(Figure 59). Another previously observed fact was that the overlap between these ranges was 

primarily due to the low water absorption value of the P1 quarry sample. At best it could be 

said that values above 0.2% may be associated with poor durability while those that are 

between 0.1 and 0.2 should be treated as marginal. There was also no consistent trend of 

water absorption with improving petrographic classification. At a significance level of 5% the 

poor section quarry average water absorption was higher than the average for good sections. 

The only water absorption specification currently used in South Africa is the one 

specified for asphalt materials (COLTO, 1998) which states that the absorption determined 

by TMH1 method B14 and B15 must not exceed 1% and 1.5% for material >4.75mm and 

<4.75mm,  respectively. These methods require aggregate pieces for testing and the results 

are generally not comparable to those obtained from cores as done in this study (despite the 

methodology being very similar). A comparison of the results from different test methods 

(Table 30) reveals that the results from aggregate are generally an order of magnitude larger 



177 

 

than those performed on core. The differences are most likely due to the increased surface 

area of aggregate compared to core. 

 
Figure 59. Ranges of water absortion values (%) for quarry materials arranged according to pavement 

performance classification (left) and petrographic classification (right). 

 

Table 30. Water absorption test results and results obtained from reports in Appendix E. 

Sample ASTM C 97–02 result (%) 
TMH 1 result (%) 

>4.75mm material <4.75mm material 

P1A1 - 

1.1* 1.0* 

P1B1 - 

P1B2 - 

P1C1 - 

P1D1 0.14 

P2B1 0.31 - - 

P2B2 0.24 - - 

P3A1 - 1.0 4.5 

P3B1 - 1.0 3.1 

P3C1 - 1.0 3.5 

P3D1 0.19 - - 

P3D2 0.18 - - 

P4A1 - 0.5 1.9 

P4C1 0.09 - - 

P4C2 0.07 - - 

P5C1 0.13 - - 

P5C2 0.16 - - 

P6C2 0.10 - - 
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Sample ASTM C 97–02 result (%) 
TMH 1 result (%) 

>4.75mm material <4.75mm material 

P7A1 - 0.6 2.3 

P7C1 0.11 - - 

P7C2 0.07 - - 

P7C3 0.05 - - 

P8A1 - 0.7 1.8 

P8C1 0.08 - - 

P8C2 0.06 - - 

 

5.19. pH 

No significant, consistent differences were observed in the pH results for quarry 

materials (Figure 60 and Table 31). Although the good performance quarry values were on 

average higher than that of the poor performance quarries this was only due to variation in pH 

of materials from some of the quarries. For example the highest value recorded (10.7) was for 

the P8C2 sample while the P8C1 sample had a pH 10.1, similar to the maximum recorded for 

poor performance quarries. Similarly the minimum value recorded (9.1) was for the P3D1 

sample while the P3D2 sample had a pH of 9.6, well within the range of the good 

performance samples. The T test also showed the average poor quarry material to be equal to 

that of the good quarries.   

 
Figure 60. Ranges of pH values for quarry materials arranged according to pavement performance classification 

(left) and petrographic classification (right). 
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The pH of the different petrographic quality classifications yielded no obvious trends. 

Clauss (1967) reported pH values between 6.0 and 9.0 for Karoo Dolerite aggregates while 

Moon & Jayawardane’s (2004) New Zealand basalt samples had pH values of approximately 

8.5 when unweathered. The samples tested in this study therefore had pH values higher than 

those recorded in these two studies and unlike the published studies, no significant changes in 

the pH were observed.  

Table 31. pH results for quarry aggregate materials. 

Sample pH 

P1D1 9.96 

P2B1 10.08 

P2B2 9.57 

P3D1 9.13 

P3D2 9.60 

P4C1 9.41 

P4C2 9.65 

P5C1 9.83 

P5C2 9.71 

P6C1 10.06 

P6C2 9.41 

P7C1 9.80 

P7C2 9.67 

P7C3 9.42 

P8C1 10.10 

P8C2 10.70 

*unknown sample number, performed by consultants during construction. 

 

5.20. Expansion of aggregates  

The measured expansion displacements are presented as percentages of the original 

dimensions and the average and maximum of the five readings after 5 days in ethylene glycol 

are reported (Table 32). As expected the actual displacements were very small.  

Table 32. Aggregate expansion experiment results. 

Sample 
No of particles that 

experienced swelling 

Average swell after 5 days 

(%) 

Maximum swell after 5 days 

(%) 

P1A1 5 5.38 X 10
-4

 1.08 X 10
-5

 

P1B1 4 6.15 X 10
-4

 1.85 X 10
-5

 

P1B2 5 1.59 X 10
-3

 5.5 X 10
-6

 

P1C1 4 6.12 X 10
-4

 7.47 X 10
-6
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Sample 
No of particles that 

experienced swelling 

Average swell after 5 days 

(%) 

Maximum swell after 5 days 

(%) 

P1D1 Not tested  Not tested Not tested 

P2A1 5 1.23 X 10
-3

 3.76 X 10
-4

 

P2A2 5 1.16 X 10
-3

 3.31 X 10
-4

 

P2B1 Not tested Not tested Not tested 

P2B2 2 1.01 X 10
-3

 4.69 X 10
-5

 

P3A1 5 9.13 X 10
-4

 7.5 X 10
-5

 

P3B1 4 5.78 X 10
-4

 3.39 X 10
-5

 

P3C1 5 7.29 X 10
-4

 3.8 X 10
-5

 

P3D1 3 1.19 X 10
-3

 9.29 X 10
-6

 

P3D2 5 1.52 X 10
-3

 1.15 X 10
-3

 

P4A1 2 5.04 X 10
-5

 6.94 X 10
-6

 

P4B1 3 7.43 X 10
-5

 8.94 X 10
-6

 

P4C1 1 2.32 X 10
-4

 2.32 X 10
-4

 

P4C2 1 4.31 X 10
-4

 4.31 X 10
-4

 

P5A1 2 2.55 X 10
-5

 1.31 X 10
-5

 

P5B1 1 4.64 X 10
-5

 4.64 X 10
-5

 

P5C1 1 7.33 X 10
-6

 7.33 X 10
-6

 

P5C2 0 0 0 

P6A1 0 0 0 

P6B1 1 1.26 X 10
-5

 1.26 X 10
-5

 

P6C1 0 0 0 

P6C2 2 3.66 X 10
-5

 6.51 X 10
-6

 

P7A1 1 9.68 X 10
-6

 9.68 X 10
-6

 

P7B1 0 0 0 

P7C1 0 0 0 

P7C2 1 1.10 X 10
-5

 1.10 X 10
-5

 

P7C3 1 8.33 X 10
-6

 8.33 X 10
-6

 

P7D1 0 0 0 

P8A1 5 3.56 X 10
-4

 1.82 X 10
-4

 

P8B1 5 3.83 X 10
-4

 6.24 X 10
-5

 

P8C1 4 3.63 X 10
-4

 3.77 X 10
-5

 

P8C2 3 1.48 X 10
-5

 9.35 X 10
-6

 

 

The results do however show some significant patterns. Firstly the durable materials 

generally show less particles that experience any swell (except for P8 material). After 5 days 

the range of average expansion values for poor quarry materials was much larger than the 

range for good quarries and did not overlap (Figure 61). The T test also revealed that the 
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average is different and higher to that of the good materials. Since only three poor quarry 

materials were available for testing this statistical result must be considered highly unreliable.  

 The ranges for base materials also did not overlap and again the poor materials had 

significantly higher results. The T test for the base materials showed the averages to be 

different, and higher in poor material performance base materials. Since 9 poor base materials 

were considered the statistical result is slightly more reliable. 

 
Figure 61. Ranges of average 5 day expansion (%) for materials arranged according to pavement performance 

classification (left) and petrographic classification (right). 

Another important observation was that the P8 base material results were higher than 

other good base material results and one P8 quarry material also had a significantly higher 

result. These results, along with a higher variation in the results of intermediate petrographic 
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classification materials result in a clear trend of increasing expansion with lower petrographic 

classification for the base materials.  

The maximum swell values produced very similar results to those discussed here for 

average values. The use of expansion results could have identified the problem material of 

quarry P2 and P3 (P1 was not tested) due to their significant higher values. The expansion 

test therefore has potential for use in identifying poor durability materials, especially if 

multiple samples are tested to account for any variability in materials. 

 

5.21. Characterisation indices 

Weight loss index 

The weight loss index proposed by (Frazão, 1993 in Frazão & Paraguassu,1994:3584) 

was calculated using data from the DMI tests by converting the percentage passing data back 

to initial masses (from DMI A subsample data) and final masses (from maximum DMI 

subsample result). Since DMI results were performed on both natural and glycol soaked 

materials this allowed a two weight loss indices for each sample to be calculated. The first 

(natural material) is therefore a weight loss index for milling only while the second (glycol 

soaked material) is for milling and effects of clay expansion.   

The P0.425mm were used first to calculate the weight loss indices (Table 33) but 

neither the natural nor glycol soaked material results showed significant trends with 

pavement performance or petrographic classification (a slight trend was observed in the 

glycol soaked results). This is most likely due to the large masses of >0.425mm material in 

starting grading which results in the changes in P0.425mm due to either treatment only 

representing a small percentage of weight loss. 

 

Table 33. Weight loss indices calculated from DMI test data. 

Sample 
Weight loss (%) in >0.425mm fraction Weight loss (%) in >4.75mm fraction 

Natural material Glycol soaked material Natural material Glycol soaked material 

P1A1 8.1 15.2 11.0 47.9 

P1B1 6.1 13.4 11.9 33.8 

P1B2 5.0 12.8 8.8 39.1 

P1C1 6.9 15.7 7.9 38.4 

P1D1 6.2 12.9 9.6 31.7 
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Sample 
Weight loss (%) in >0.425mm fraction Weight loss (%) in >4.75mm fraction 

Natural material Glycol soaked material Natural material Glycol soaked material 

P2A1 6.3 25.0 16.1 67.4 

P2A2 5.7 26.0 7.6 68.9 

P2B1 6.8 27.1 10.7 80.8 

P2B2 5.3 10.3 10.5 21.4 

P3A1 9.2 31.1 15.6 61.1 

P3B1 6.7 32.8 9.8 75.5 

P3C1 7.4 22.2 11.4 51.9 

P3D1 7.1 29.2 8.2 67.3 

P3D2 6.6 21.6 7.3 61.0 

P4A1 11.0 12.4 14.1 16.2 

P4B1 6.0 6.0 10.8 14.6 

P4C1 6.2 7.2 11.6 16.3 

P4C2 5.4 6.2 7.9 8.6 

P5A1 7.2 5.8 9.5 8.2 

P5B1 4.8 2.8 9.5 15.7 

P5C1 5.3 8.1 13.0 10.4 

P5C2 4.9 2.6 9.4 9.7 

P6A1 3.3 5.0 6.4 6.8 

P6B1 4.5 13.5 4.3 5.8 

P6C1 2.3 3.9 5.8 6.9 

P6C2 3.2 5.2 3.8 8.1 

P7A1 13.9 4.6 7.1 6.6 

P7B1 2.9 3.8 10.6 10.0 

P7C1 5.6 6.9 10.7 11.0 

P7C2 3.9 4.7 13.8 10.3 

P7C3 Not tested Not tested Not tested Not tested 

P7D1 4.3 5.3 12.4 10.5 

P8A1 8.0 15.3 14.4 59.5 

P8B1 7.2 27.0 19.8 56.0 

P8C1 10.3 13.5 15.0 34.8 

P8C2 9.1 11.2 14.2 30.3 

 

The calculations were therefore performed using the P4.75 mm values. Since the 

P4.75mm of the A subsamples was approximately 50%, changes in the mass retained on the 

4.75mm sieve are more likely to represent a large percentage of the initial value.  

The natural material results were however not able to distinguish between materials of 

different pavement performance or petrographic classification. The glycol soaked material 
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results did show very promising trends especially when the petrographic classification is 

considered (Figure 62). For quarry results the poor pavement performance material range 

only overlapped with the good performance range due to the P8 samples which had a poor to 

intermediate petrographic classification. Additionally the P2 quarry material variation 

extends the poor pavement range significantly. The base material results reveal that the P2 

material in the base did experience significant high weight loss and a clear distinction is seen 

between the superior and inferior petrographic classification weight loss ranges.  

 

 
Figure 62. Ranges of weight loss indices values, calculated using glycol soaked DMI 4.75mm data, arranged 

according to pavement performance classification (left) and petrographic classification (right). 

An additional trend that must be noticed is that the ranges of weight loss values for 

poor performance quarry samples do not differ significantly from the base sample results.  
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This indicates that the material did not degrade significantly with time but was 

inherently poor. Similarly the ranges of quarry samples with superior petrographic 

classifications did not change significantly after the long service periods. However the P8 

material with its poor to intermediate petrographic classification did experience a significant 

change in weight loss index results due to the time in service.  

Fineness modulus index 

Since it is impossible for the cumulative fraction passing a specific sieve to decrease 

after a time of exposure to any treatment the fineness modulus index will, if calculated using 

the equation presented in chapter 4, always be negative. Therefore the absolute value of the 

numerator value was taken to convert the value to a positive value. The modulus is thus 

expected to be higher for materials of poor durability and therefore show similar trends to the 

weight loss index.  

The fineness modulus requires grading data for a specific set of sieves (4.75mm, 

2.36mm, 1.18mm, 0.600mm, 0.300mm and 0.150mm) (TMH1 B13). Since many of these 

sieves are not used as part of standard grading analyses (TMH 1 A1) the true fineness 

modulus could not be determined based on the available information. What was however 

possible, was the use of the DMI grading results for sieve sizes as close to the specified sizes 

as possible, i.e. sieve sizes used were 4.75mm, 2.00mm, 0.850mm, 0.425mm, 0.250mm and 

0.150mm. The results (Table 34) can therefore not be compared with published results but 

can be used to compare materials from this study. The use of the DMI results also allow the 

fineness modulus index to be calculated using the standard DMI test results and those DMI 

results for ethylene glycol soaked materials.  

Table 34. Fineness modulus index results, calculated from DMI test data. 

Sample 
Fineness modulus index 

Natural material Glycol soaked material 

P1A1 0.2 0.6 

P1B1 0.2 0.4 

P1B2 0.2 0.5 

P1C1 0.1 0.4 

P1D1 0.2 0.5 

P2A1 0.2 0.8 

P2A2 0.1 0.8 

P2B1 0.2 1.3 

P2B2 0.1 0.4 
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Sample 
Fineness modulus index 

Natural material Glycol soaked material 

P3A1 0.2 0.6 

P3B1 0.2 1.0 

P3C1 0.2 0.8 

P3D1 0.2 1.1 

P3D2 0.2 0.9 

P4A1 0.4 0.4 

P4B1 0.2 0.2 

P4C1 0.2 0.3 

P4C2 0.2 0.2 

P5A1 0.0 0.2 

P5B1 0.1 0.1 

P5C1 0.2 0.2 

P5C2 0.2 0.1 

P6A1 0.1 0.1 

P6B1 0.1 0.1 

P6C1 0.0 0.1 

P6C2 0.0 0.2 

P7A1 0.4 0.1 

P7B1 0.0 0.1 

P7C1 0.2 0.2 

P7C2 0.2 0.2 

P7C3 Not tested Not tested 

P7D1 0.1 0.2 

P8A1 0.2 0.6 

P8B1 0.2 0.6 

P8C1 0.3 0.5 

P8C2 0.3 0.4 

 

The results (Table 34) obtained when using the natural material DMI results showed a 

large degree of scatter and no consistent trends. In both quarry and base materials the index 

values for poor pavement performance materials had a relatively limited range compared with 

those from good pavement performance materials (Figure 63). The poor performance index 

range was also contained within the range of good performance materials, indicating that the 

results would not have been suitable to identify the quarries that would yield poor materials. 
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Figure 63. Ranges of fineness modulus index values, calculated using standard DMI data, arranged according to 

pavement performance classification (left) and petrographic classification (right). 

When the index values calculated from ethylene glycol soaked values are plotted in 

order of petrographic quality or pavement performance (Figure 64) a distinction can be made 

between the results for different classes. The quarry materials for poor performance 

pavements had significantly higher results compared with the good pavement sections. The 

only exception was one of the P8 quarry materials which had an index that fell in the lower 

part of the poor performance range. The other P8 material index was much lower, again 

indicating the importance of considering material variations within quarries. The base results 

showed the P8 materials to both have an index within the range of the poor performance 

bases. Both quarry and base materials had relatively good trends of increasing fineness 

modulus index with decreasing petrographic classification, with the P8 materials’ poor to 

intermediate classification explaining the intermediate results for those materials.  
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Use of the fineness modulus index calculated from ethylene glycol DMI grading 

results shows potential to identify poor durability materials, especially when multiple sample 

results are considered. 

 
Figure 64. Ranges of fineness modulus index values, calculated using ethylene glycol DMI data, arranged 

according to pavement performance classification (left) and petrographic classification (right). 

Petrographic indices  

The K1 and K2 petrographic indices were calculated using the equations proposed by 

Frascá (1998) and the point counting results. Since smectite clays were identified as either 

sericite patches replacing plagioclase or as replacement products of pyroxene (and potentially 

olivine) and no formal quantification of the percentage of these that were interconnected was 

performed, an alternative value had to be used for the S4 (“% interlinked smectite”) 
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parameter. Since most pyroxene replacement clays were isolated in large grains of pyroxene 

it was decided that such material would not be counted as interlinked smectite. The sericite 

replacement was, although somewhat concentrated in patches, considered to all be 

interconnected through the matrix of materials. 

The S2 (% altered augite and labradorite) parameter was taken as the sum of the 

percentages of altered grains of plagioclase and pyroxene and the percentages of grains of 

these minerals that had altered edges due to significantly altered adjacent minerals.  

The K1 and K2 results (Table 35) were very similar due to lack of amygdales (filled 

with smectite) in the materials and the insignificant amount of microcracks observed in 

materials. There was also a lack of any expected trend in results due to almost all quarry 

results falling in a small range of values below 1, indicating more altered minerals and clays 

than sound minerals (Figure 65). The base material results had more variation but again no 

consistent trend was seen with changing pavement performance or petrographic 

classification. The results also illustrate variability in material alteration rather than changes 

in alteration after quarrying. This is illustrated by considering the P1 and P8 quarry results 

which had values of less than 1 while the equivalent base materials had values of more than 

1. If such changes were not due to variation in alteration within the material in the intrusion, 

it would indicate that the alteration had been reversed since quarrying.  

Table 35. Petrographic index, secondary mineral rating and micro-petrological index results. 

Sample 
Petrographic index Secondary mineral rating Micro-petrographic index 

K1 K2 RSM IPW 

P1A1 1.56 1.15 63.6 0.4 

P1B1 1.51 1.13 77.4 0.4 

P1B2 1.58 1.31 75.6 0.5 

P1C1 1.15 0.90 90.0 0.5 

P1D1 0.86 0.71 6.0 0.8 

P2A1 0.24 0.20 175.2 1.8 

P2A2 0.39 0.32 184.1 1.2 

P2B1 0.30 0.25 64.4 1.5 

P2B2 0.11 0.10 205.0 4.0 

P3A1 0.21 0.18 160.0 1.7 

P3B1 0.25 0.22 96.0 2.6 

P3C1 0.16 0.14 72.0 2.6 

P3D1 0.15 0.13 168.0 2.9 

P3D2 0.20 0.19 150.0 3.3 

P4A1 0.27 0.25 13.8 2.9 
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Sample 
Petrographic index Secondary mineral rating Micro-petrographic index 

K1 K2 RSM IPW 

P4B1 0.39 0.35 7.8 1.9 

P4C1 0.39 0.36 12.0 1.9 

P4C2 0.21 0.20 16.2 4.3 

P5A1 0.09 0.07 158.0 2.6 

P5B1 0.13 0.12 10.0 9.4 

P5C1 0.08 0.07 91.0 2.7 

P5C2 0.11 0.10 14.4 22.3 

P6A1 4.37 4.09 9.0 0.3 

P6B1 2.36 2.19 26.0 0.5 

P6C1 6.88 6.62 13.5 0.2 

P6C2 5.03 4.88 18.5 0.3 

P7A1 0.13 0.13 21.0 4.3 

P7B1 0.10 0.09 17.6 11.6 

P7C1 0.04 0.03 36.0 3.9 

P7C2 0.04 0.03 28.0 9.2 

P7C3 0.05 0.05 54.0 11.3 

P7D1 0.08 0.08 35.2 5.4 

P8A1 0.67 0.61 36.4 1.2 

P8B1 0.86 0.77 25.2 0.9 

P8C1 0.53 0.48 31.5 1.5 

P8C2 0.45 0.38 23.8 1.4 

 

One reason for the limited variation in results may be the fact that altered mineral 

percentages used included those that had altered edges due to a significant percentage of the 

surrounding mineral being altered. The point counting was performed in this way due to the 

conclusion by Scott (1955) that even moderate decomposition on the edges of minerals result 

in the interlock strength being reduced. Additionally the subjective classification of a mineral 

as altered or unaltered during a point counting exercise is not always simple and will have a 

low repeatability and reproducibility especially when thin section preparations are not 

perfect.  

The petrographic indices should correlate well with the petrographic classification 

since both are based on the same observations and therefore a higher index should be 

obtained by those materials with superior petrographic classification. The P6 materials which 

had the best petrographic classifications did obtain the best K1 and K2 results and the P6 

quarry material (classified as “good”) obtained higher K1 and K2 values than the P6 base 

material which was classified as “good to intermediate”. The trend is then broken by the 
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materials classified as “intermediate” which all had K1 and K2 values lower than that of the 

materials classified as “poor to intermediate”. The materials classified as intermediate all had 

high percentages of altered primary minerals but were not given poor classifications due to a 

lack of evidence of the secondary minerals being smectite clays. This explains why the K1 

and K2 values for these materials are so low. 

 

 
Figure 65. Ranges of K1 petrographic index, calculated using point counting data, arranged according to 

pavement performance classification (left) and petrographic classification (right). 

Secondary mineral rating 

The secondary mineral rating (RSM) requires both XRD and thin section results as an 

accurate distinction between secondary minerals (such as fine grained white micas and 

smectite clays) is required (hence XRD analyses) and a textural rating is required (hence the 
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thin section analyses). The results (Table 35) had a wide range and when arranged according 

to pavement performance or petrographic quality classification (Figure 66), some trends were 

seen.  

For quarry materials the initial results indicated no consistent trend between pavement 

performance and RSM values. However the overlap between ranges of good and poor 

pavement performance quarries is due to the variation in RSM between the two P2 dolerite 

quarry phases and the P5 dolerite and basalt materials. Due to the P5 basalt having 

significantly more chlorite the RSM was much higher than the P5 dolerite RSM. Similarly the 

relative differences in smectite clays content in the coarse and fine grained P2 quarry phases 

results in the coarse grained material having the highest RSM while the fine grained material 

has a value close to the materials from quarries associated with good pavement performance. 

The P1 material had the lowest result for all quarry materials due to the very low amount of 

secondary minerals identified by the XRD analyses but proper characterization using 

additional sample could potentially provide higher values. The proposal by Bell & Jermy 

(2000) to decrease the limit from 140 does seem to be feasible but an alternative limit cannot 

be confirmed with the current dataset.  

The relationship between pavement performance and quarry material RSM is therefore 

not consistent and it would not have been possible to use the RSM values to predict the 

performance of the materials. It would, however, have been possible to identify the P2 

material as a highly variable material and the basalt of the P5 quarry as potentially 

problematic.  

The base material results are strongly separated based on pavement performance 

(except for the P5 materials). This is due to the previously presented change in smectite 

content after quarrying which increases the P1 RSM values and due to the apparent lack of 

superior P2 phase in the base material. The P5 base materials had an even higher range in 

RSM values than the quarry samples due to the occurrence of an extremely weathered basalt 

phase in one base sample.  

Due to the incorporation of the texture factor in the RSM the correlation between the 

values and the petrographic quality classification is not as good as it would have been if 

based purely on deleterious secondary mineral content. The base materials show a very good 

trend of increasing RSM with lower petrographic classification with only the highly altered 

basalt P5 phase breaking the trend.   
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Figure 66. Ranges of secondary mineral ratings (RSM), calculated using a combination of point counting and 

XRD data, arranged according to pavement performance classification (left) and petrographic classification 

(right). 

Micro-petrographic index  

Point counting results were used to calculate the micro-petrographic index as the 

percentage of weathered materials is required. The results (Table 35) revealed the index to be 

unsuitable for use in identifying quarry materials that may potentially be of poor durability 

(Figure 67). The outlier values obtained were seen to be due to material variation in the P7 

and P5 quarries. The actual differences in weathering observed between the samples from 

these quarries was not very large (most grains altered in some way) but the index is very 

sensitive when highly altered materials are considered. The materials from these quarries that 
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did obtain values similar to other materials (i.e. <0.5) were only slightly less altered. The 

main reason this index does not show significant variation is the lack of consideration for 

secondary mineral contents. Thus two materials with relatively unweathered primary 

minerals but very different smectite clay contents will get obtain similar index values.  

 
Figure 67. Ranges of mico-petrographic index results, calculated using point counting data, arranged according 

to pavement performance classification (left) and petrographic classification (right). 

Micropetrographic strength index 

 The micropetrographic strength index (IPS) was calculated using the point counting 

results and then recalculated using the XRD results. Since these two analyses report results 

differently significant differences in results were obtained (Table 36). The first factor in the 

IPS calculation is the ratio of minerals (volume %) of Mohs hardness < 5 to those ≥ 5, and on 
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average the differences between ratios determined using point count and XRD results differed 

very minimally. The second factor (ratio of secondary to primary minerals) did show 

significant difference due to the fact that varying percentages of the primary minerals were 

identified as altered by point counting and therefore considered as secondary minerals in the 

calculation. Altered primary minerals will also have altered physical properties but the degree 

of change in properties depends on the degree of alteration. Since quantifying the degree of 

alteration during a point count would be very difficult a continuum is not possible and for this 

reason minerals counted as altered were assumed to be secondary rather than primary.  

Table 36. Micropetrographic strength index and Replacement index results. 

Sample 
Micropetrographic strength index (IPS) Replacement index (IREP) 

Point count data XRD data Point count data XRD data 

P1A1 0.83 0.27 0.17 0.14 

P1B1 0.87 0.57 0.17 0.29 

P1B2 0.74 0.33 0.10 0.16 

P1C1 1.10 0.36 0.18 0.18 

P1D1 1.35 0.02 0.15 0.01 

P2A1 4.92 0.92 0.26 0.46 

P2A2 3.07 1.13 0.24 0.56 

P2B1 3.82 0.41 0.24 0.21 

P2B2 11.20 0.91 0.18 0.45 

P3A1 6.20 0.49 0.35 0.25 

P3B1 4.51 0.38 0.12 0.19 

P3C1 6.86 0.28 0.19 0.14 

P3D1 7.29 0.68 0.18 0.34 

P3D2 5.32 0.53 0.11 0.26 

P4A1 3.88 0.15 0.08 0.08 

P4B1 2.72 0.13 0.09 0.06 

P4C1 2.77 0.13 0.10 0.06 

P4C2 4.89 0.18 0.04 0.09 

P5A1 12.89 1.65 0.36 0.82 

P5B1 8.21 0.08 0.08 0.04 

P5C1 15.77 0.71 0.36 0.36 

P5C2 9.26 0.11 0.03 0.05 

P6A1 0.29 0.13 0.03 0.07 

P6B1 0.47 0.13 0.03 0.07 

P6C1 0.18 0.13 0.02 0.07 

P6C2 0.24 0.15 0.02 0.08 

P7A1 5.70 0.32 0.07 0.19 
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Sample 
Micropetrographic strength index (IPS) Replacement index (IREP) 

Point count data XRD data Point count data XRD data 

P7B1 10.68 0.20 0.03 0.13 

P7C1 23.95 0.24 0.24 0.15 

P7C2 29.07 0.25 0.07 0.16 

P7C3 21.77 0.28 0.05 0.16 

P7D1 13.27 0.30 0.16 0.19 

P8A1 1.64 0.22 0.09 0.11 

P8B1 1.29 0.17 0.09 0.09 

P8C1 2.00 0.24 0.09 0.12 

P8C2 2.38 0.38 0.15 0.19 

 

Since all primary minerals identified in the materials had Mohs hardness values of 

more than 5 and the secondary minerals a hardness of less than 5, the first factor is identical 

to the second factor when XRD results are considered. The only exception is the P7 materials 

where the hornblende (considered secondary) has a hardness of more than 5. As can be seen 

in Figure 68 no consistent trend exists between pavement performance or petrographic 

classification and IPS calculated from the point count data. 
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Figure 68. Ranges of micropetrographic strength index (IPS), calculated using point counting data, arranged 

according to pavement performance classification (left) and petrographic classification (right). 

The XRD IPS does however have a very promising trend of increasing IPS with lower 

petrographic classification and a reasonable split exists between good and poor pavement 

performance materials IPS values exists both for quarry and base materials (Figure 69). The 

trends are only disrupted by the P1 quarry material which, as described earlier, appears to 

have degraded after quarrying, and the influence of the P5 basalt material, which (due to 

highly altered zones) gives very high indices.  
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Figure 69. Ranges of micropetrographic strength index (IPS), calculated using XRD data, arranged according to 

pavement performance classification (left) and petrographic classification (right). 

 

Replacement index 

The replacement index (IREP) was, as with the micropetrographic strength index, 

calculated using the point counting results and then recalculated using the XRD results. Since 

these two analyses reported different results significant different indices were obtained (Table 

36). Since the IREP calculation specifically requires (all) replacement products to be separated 

from the primary minerals the values calculated from point count data showed very different 

trends to indices previously discussed (Figure 70).  
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Figure 70. Ranges of replacement index (IREP), calculated using point count data, arranged according to 

pavement performance classification (left) and petrographic classification (right). 

The first difference is the P1 quarry material which has an IREP value within the range 

observed for other poor pavement performance quarry materials and this improved the trend 

of IREP vs petrographic classification. For quarry materials the trends of IREP with changing 

pavement performance and petrographic classification are both imperfect due to the wide 

range of IREP values obtained by materials of superior classifications, even if P5 basalt 

material is omitted. What was observed was that quarries from good performing sections that 

produced samples with IREP values within the range of those from poor section performance 

quarries (i.e. P5, P7 and P8 had values > 0.1) also produced other samples with IREP values 

well below 0.1. 
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The base material results show much better trends of increasing index values with 

decreasing petrographic quality (if the P5 highly altered phase is omitted) and a distinction 

can be made between the good and poor pavement performance materials. This is most 

probably due to the quarry phases that disturbed these trends in the quarry results not being 

sampled from the base materials, due to either an absence or low representation in the base 

layers. 

The IREP data calculated from XRD results produced similar trends to those discussed 

above but due to the XRD analysis of the P1 quarry material not identifying significant 

amounts of replacement products (and the recurring highly altered P5 basalt result) the quarry 

material pavement performance or petrographic classification cannot consistently be 

correlated to a unique range of IREP values (Figure 71). The base material trends were 

improved, again by the P1 material values being higher than quarry equivalents.  

 

 
Figure 71. Ranges of replacement index (IREP), calculated using XRD data, arranged according to pavement 

performance classification (left) and petrographic classification (right). 
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Dynamic rock durability indicator 

Since the calculation of the Dynamic rock durability indicator (RDId) requires specific 

gravity and water absorption data the calculation was only performed for quarry materials. 

The calculations were performed using the standard AIV test results and again for the 

ethylene glycol soaked AIV results (Table 37).  

Table 37. Dynamic rock durability indicator (RDId) results for quarry materials. 

 

The RDId values increased with poorer petrographic classification and there was a 

significant difference in the respective ranges of values obtained for poor and good pavement 

performance quarry materials (Figure 72). The standard AIV RDId results did however have 

some overlap between different classes, while the glycol soaked results were more exclusive, 

especially with respect to petrographic classes. 

 

Sample 
RDId 

Based on AIV Based on ethylene glycol soaked AIV 

P1D1 0.34 0.41 

P2B1 0.56 1.14 

P2B2 0.46 0.47 

P3D1 0.43 0.64 

P3D2 0.42 0.58 

P4C1 0.29 0.39 

P4C2 0.26 0.30 

P5C1 0.34 0.32 

P5C2 0.29 0.27 

P6C2 0.33 0.33 

P7C1 0.38 0.35 

P7C2 0.28 0.29 

P7C3 0.31 0.28 

P8C1 0.37 0.43 

P8C2 0.39 0.41 
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Figure 72. Ranges of Dynamic rock durability indicator (RDId), calculated using AIV and ethylene glycol 

soaked AIV data, arranged according to pavement performance classification (left) and petrographic 

classification (right). 

 

5.22. Correlations 

A simple linear correlation analysis between all variables was performed but due to 

the limited sample sizes, especially for tests that were not performed on all materials, the 

results cannot be taken as conclusive. The coefficients of determination (R
2
) of the 

correlation coefficients between the variables are shown in the matrix in Figure 73. The 

matrix has been colour coded according to coefficient values and immediately it is clear that 

most coefficients are below 50%. Also, all coefficients that were over 95% were due to one 

of the variables being calculated using the other or due to both being calculated from 

identical other variables. This was actually true for most coefficients above 85% with the 

following 3 exceptions: 

. 
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Figure 73. Correlation matrix. 
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 The glycol AIV and 10% FACT values correlate well with weight loss index 

(WLI) values determined with the glycol soaked DMI results. The correlation was 

strongest (86-92%) for WLI values calculated on changes in P4.75mm but also 

significant for P0.425mm materials (79-83%). This is interesting since the DMI 

did not correlate with AIV values. The reason for this is believed to be the lack of 

the DMI (original method) to consider the initial grading of the material while the 

WLI and AIV are both calculated as changes in grading. The new DMI method, 

with the standardized grading, does correct this to some degree and the 

coefficients of determination of ≈ 75% between the glycol AIV (or 10% FACT 

values) and changes in P0.425 observed in glycol DMI tests is evidence thereof 

 The glycol dynamic rock durability indicator (RDI) had a 94% correlation with 

the 5 day mEGDI values. This is despite the mEGDI not having a good 

correlation with the water absorption (60%) or the AIV (46%), which are two of 

the three input variables for RDI calculation. This is further evidence that the 

mEGDI captures the effect of water absorption (related to permeability) and the 

effects of swelling clays on strength reduction (as does glycol AIV) 

 The water absorption values and S wave velocities have a R
2
 of 88% despite the 

unrelated method of measurement. 

The correlation between P-wave velocities and strengths reported by Tugrul & Zarif 

(1999) and Bell & Jermy (2000) is not evident in the correlation between the P wave velocity 

and point load index (R
2
 = 30%) or AIV (R

2
 = 50%). Similarly, the suggestion by van Atta & 

Ludowise (1976a and 1976b) and others, that the distribution of smectite is more important 

than the actual amount of smectite would lead to an expected high correlation between the 

secondary mineral rating (RSM) and either of the glycol durability tests. There was however 

no result that correlated well with the RSM results. This agrees with the statement in section 

5.21 that the secondary mineral rating would not have been able to predict the performance of 

the quarry materials.  

Leyland et al. (2013) (Appendix D) already commented on the poor correlation 

between mEGDI 5 day values and tests like AIV (and therefore 10% FACT), DMI and point 

load index and mentioned that this is due to the these tests essentially being strength tests and 

not tests of changes in material due to clay mineral volumetric changes (i.e. durability). There 

is, however, a relatively good correlation (R
2
 = 58-65%) between mEGDI values and results 



205 

 

of other tests that utilize ethylene glycol to cause expansion and consequent weakening of the 

materials (e.g. glycol soaked AIV (or DMI) or changes in AIV (or DMI) due to glycol 

soaking). 

The texture factor of the RSM is also expected to correlate well with the type of 

degradation (most commonly) observed in the mEGDI testing. This was not observed as the 

materials that were assigned a texture factor of 0.7-1.0 (for large patches of secondary 

minerals interconnected to variable degrees) displayed a range of degradation types with 

many samples only showing slight spalling and others no degradation at all. Similarly 

materials with more favourable textures displayed some results dominated by disintegrated 

particles. Understandably the secondary minerals that are connected need to be deleterious to 

cause worse degradation but the RSM mineralogical factor would account for this and 

therefore a correlation between mEGDI and RSM would be observed.  

    

5.23. Characterisation of load carrying characteristics 

Samples 

Three materials were created according to the procedure outlined in Chapter 3. The 

fines (<0.425mm) mixed with the standardised >0.425mm fraction in each material were 

obtained from different materials, two of which were materials from poor pavement 

performance section quarries investigated in this study.  The third material was obtained from 

a commercial dolerite quarry previously not investigated. The newly created samples were 

labbled F1, F2 and F3 respectively (Table 38Error! Not a valid bookmark self-reference.). 

The Atterberg Limits and linear shrinkage properties of the different materials (Table 

38) were selected to closely represent the range of values observed in base materials from the 

test sites. Unfortunately due to the large amount of material required for the testing and the 

limited material available for initial base samples it was not possible to obtain material with 

out of specification plasticity index and linear shrinkage values as were observed in the P2 

and P3 site base materials. New samples of P2 and P3 materials were obtained from the 

relevant quarry and stockpile respectively but these did not have the same poor values 

observed in the bases. The selected samples therefore represent the maximum range of PI and 

LS materials that were available in quantities sufficient for the required testing. The plasticity 
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increases from material F1 to F3 but the linear shrinkage value of F2 material is marginally 

lower than that of F1. 

Table 38. Atterberg Limits and linear shrinkage properties of the P0.425mm of the resilient modulus samples. 

*Site where failure was observed 

 

Shear strength characteristics 

The shear strength properties of each test material were determined by monotonic 

load tri-axial testing under confining pressures of 0, 100 and 200 kPa. Samples were 

compacted at optimum moisture condition to a density equal to 84-86% of ARD. It was not 

possible to compact the materials to the specified 86-88% of ARD using the available 

compaction equipment. Samples were then dried back slightly to a degree of saturation of 94-

96%. The test material properties are summarized in Table 39Table 38. The results were used 

to construct acceptable Mohr-Coulomb failure envelopes (Figure 74) and determine the shear 

strength properties of each material (Table 40).  

Table 39. Monotonic load shear test specimen properties.  

Specimen OMC (%) MDD (kg/m
3
) 

Density 

(% ARD) 

Degree of 

saturation (%) 

Confining pressure 

(kPa) 

F1A 

5.8 2492.0 

85.3 88.6 100 

F1B 85.1 95.4 200 

F1C 85.7 94.6 0 

F2A 

5.9 2469.9 

85.1 95.4 100 

F2B 85.1 95.5 0 

F2C 85.4 95.4 200 

F3A 

6.0 2444.9 

84.5 96.3 100 

F3B 84.1 95.5 200 

F3C 84.5 95.9 0 

Sample Source PL LL PI LS 

Study site base material with a 

similar properties 

PI LS 

F1 
Vrede (P3) 

abandoned G1 stockpile 
16.69 18.38 1.68 1.31 

P1B2 

P4A & B 

P7A1 

P8A & B 

P6A & B 

P7B1 

P8A1 

F2 
Highveld crushers 

G1 material 
16.47 18.83 2.36 0.99 

P1C1* 

P5A1 

P7B1 

P4A & B 

P7A1 

P8B1 

F3 
Noupoort (P2) 

crusher dust 
18.76 22.46 3.71 2.97 P3B 

P3B1 

P5A1 
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Figure 74. Mohr circles and Mohr-Coulomb failure envelopes for test materials. 
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Table 40. Monotonic load shear test results and interpreted shear properties.  

 

Shear strength results 

After resilient modulus testing a shear strength test was performed on each specimen. 

These tests were performed at a confining pressure of 50 kPa. Based on the shear strength 

parameters listed above the shear strength at a confining pressure of 50 kPa before the 

resilient modulus testing was also calculated for each material. The results (Table 41) reveal 

how the materials all increased in shear strength due to the strain experienced during resilient 

modulus testing.  

Table 41. Shear strength at confining pressure of 50kPa before and after resilient modulus testing.  

* calculated from shear strength parameters as no test was performed at 50 kPa 

 

Although the shear strength of the material increased after resilient modulus testing 

the trend of changes in strength with increasing plasticity index or linear shrinkage remains 

consistent both before and after testing. In Figure 75A the differences in PI at levels below 

3% do not cause a consistent change in shear strength but the PI increase to above 3% 

resulted in a drop in shear strength by 18% for material not subjected to repeated loading and 

by 7% to 35% in materials subjected to repeated loading. Figure 75B reveals that the 

Specimen 
Confining pressure 

(kPa) 

Maximum load 

(kPa) 

Angle of friction, ɸ 

(degrees) 
Cohesion (kPa) 

F1C 0 168 

52.5 39.2 F1A 100 1275 

F1B 200 1666 

F2B 0 180 

55.2 31.5 F2A 100 1167 

F2C 200 2234 

F3C 0 135 

46.2 37.1 F3A 100 957 

F3B 200 1331 

Specimen 
Maximum load (σ1) (kPa) Shear strength (τf) (kPa) 

Before Mr testing* After Mr testing Before Mr testing* After Mr testing 

F1A 
664 

1191 
187 

347 

F1B 1372 402 

F2A 
709 

1587 
188 

438 

F2B 1260 345 

F3A 
494 

870 
154 

284 

F3B 982 322 
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increasing linear shrinkage also causes the trends of decreasing strength and that the trend is 

more consistent. 

Based on these results it appears that the shear strength of Karoo Dolerite G1 material 

is sensitive to changes in Atterberg Limits and linear shrinkage of the <0.425mm material 

and that this sensitivity results in significant differences, even within the current specified 

limits for plasticity index and linear shrinkage.  

 
Figure 75. Shear strength results at a confining pressure of 50 kPa before and after resilient modulus testing vs 

plasticity index (A) and linear shrinkage (B).  
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The similarity in shear strength of P2 and P3 materials at low stress ratios is expected 

since the ɸ values were similar but at higher stress ratios the slightly higher ɸ of the F2 

material will result in a significantly higher shear strength for that material. Obviously the 

low ɸ value of the F3 material also results in the difference in shear strength between F3 and 

the F1 or F2 materials becoming significantly larger at higher stress ratios (Figure 76). 

 
Figure 76. Shear strength results at a confining pressure of 300 kPa before and after resilient modulus testing vs 

plasticity index (A) and linear shrinkage (B). 
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Resilient modulus test stress sequence 

The SA resilient modulus test protocol calls for materials to be exposed to a series of 

deviator stresses equal to 20, 30, 40, 50 and 60% of the failure deviator stress at each specific 

confining pressure. As discussed previously the failure deviator stresses were to be based on 

the average material shear strength  properties to allow the same stress sequence for each 

material. The average material properties could be calculated in three ways: 

1. Calculate the average deviator stress at failure of each material at a reference 

confining pressure  

2. Calculate the average c and ɸ values and use these to calculate the deviator 

stresses at failure for a given confining pressure 

3. Calculate a single set of c and ɸ values based on all shear strength test results 

and use these to calculate the deviator stresses at failure for a given confining 

pressure 

Due to the variation in c and ɸ values of the materials the stress sequence would, 

irrespective of the way the average properties were calculated, result in a very wide range of 

stress ratios. For example, at the highest confining pressure of 200 kPa, the cycles required to 

apply the highest percentage of the failure deviator stress (60%) would in fact apply the 

following stress percentages for different samples (for the methods described above): 

1. 57% (F1), 49% (F2), 82% (F3) 

2. 41% (F1), 36% (F2), 60% (F3) 

3. 60% (F1), 52% (F2), 86% (F3) 

The deviations from the required percentage of failure stress are therefore extreme 

and in weaker materials approach levels that may induce shear deformations. It was also not 

possible to use the stress sequence of the weakest material as this would induce relatively low 

stresses to the strongest material and vice versa.  

 The stress sequences were therefore used as predicted by the SA method despite the 

resulting consistent differences (up to 485 kPa) in deviator stresses applied during each cycle 

(Table 42). This resulted in the resilient moduli not being directly comparable but the 

deformation characteristics due to repeated loading at different confinements were 

identifiable.    
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Table 42. Resilient modulus stress sequences utilized.  

 

Result moduli 

A full record of the resilient modulus measurements recorded for each specimen is 

included in Appendix G. The universal and generalized models introduced in chapter 3 were 

fitted to the resilient modulus results obtained from repeated load tri-axial tests using non-

linear regression techniques. Both models gave identical results and therefore a single 

constitutive model for resilient modulus was obtained for each specimen, resulting in 6 

models (two for each material). The model parameters and regression results obtained are 

listed in Table 43 and Figure 77 illustrates the models over the range of bulk stress conditions 

Confining 

pressure 

(kPa) 

Deviator stress as 

percentage of deviator 

stress at failure 

Deviator stress (kPa) Maximum 

difference in 

deviator stress (kPa) F1 F2 F3 

200 

20% 352.4 406.8 244.5 162.3 

30% 528.6 610.2 366.7 243.4 

40% 704.8 813.6 489.0 324.6 

50% 881.0 1017.0 611.2 405.7 

60% 1057.2 1220.4 733.5 486.9 

150 

20% 275.8 315.1 192.6 122.5 

30% 413.8 472.7 288.9 183.8 

40% 551.7 630.3 385.2 245.1 

50% 689.6 787.8 481.5 306.3 

60% 827.5 945.4 577.8 367.6 

100 

20% 199.3 223.5 140.7 82.8 

30% 298.9 335.2 211.1 124.1 

40% 398.6 446.9 281.4 165.5 

50% 498.2 558.7 351.8 206.9 

60% 597.9 670.4 422.1 248.3 

50 

20% 122.7 131.8 88.8 43.0 

30% 184.1 197.7 133.2 64.5 

40% 245.5 263.6 177.6 86.0 

50% 306.8 329.5 222.0 107.5 

60% 368.2 395.4 266.4 129.0 

20 

20% 76.8 76.8 57.7 19.1 

30% 115.2 115.2 86.5 28.7 

40% 153.6 153.6 115.3 38.3 

50% 192.0 192.0 144.2 47.8 

60% 230.4 230.4 173.0 57.4 



213 

 

used during testing. The values obtained for resilient moduli did fall within the range of 

moduli reported by other authors performing testing on granular materials (e.g. Tian et al. 

(1998), Hussain et al. (2014) and Ekblad & Isacsson, (2008)). 

What is immediately obvious is the lack of variation in k3 parameters and that k3 

generally equals zero, indicating that the (octahedral) shear stress does not have a significant 

effect on the resilient modulus. The separate specimens of F1 and F2 produced similar results 

and overall the F1 and F2 results were similar to each other. The models also account for the 

majority of the variation in the results since coefficients of determination of more than 80% 

were obtained. The F3 material specimens did not produce similar results. The F3S1 

specimen model was similar to the F1 and F2 models but the coefficient of determination was 

significantly lower at 64%. The F3S2 model was very different with a very low k2 value 

resulting in significantly higher Mr values at low shear stresses. The F3 models therefore 

predict generally higher resilient moduli for the F3 materials at low confinement which is not 

expected since the shear strength of these materials was lowest of all the samples.  

 

Table 43. Resilient modulus constitutive model parameters.  

*Identical parameters obtained for both generalized and universal models. 

 

Specimen 
Universal and Generalized Model parameters* K Thetha model 

k1 k2 k3 R
2
 k1 k2 R

2
 

F1S1 1677 0.45 -1x10
-5

 0.81 12835 0.52 0.81 

F1S2 1310 0.51 -1x10
-5

 0.87 12850 0.51 0.85 

F2S1 1330 0.53 -1x10
-5

 0.93 11631 0.53 0.87 

F2S2 713 0.74 -1x10
-5

 0.91 2394 0.74 0.93 

F3S1 2091 0.33 -1x10
-5

 0.61 47174 0.33 0.61 

F3S2 3883 0.13 -1x10
-5

 0.23 13909 0.54 0.27 
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Figure 77. Generalized/universal resilient modulus constitutive models for all specimens.  

 

The lack of k3 parameter variation indicates that the k-theta model may sufficiently 

capture the variation in resilient modulus. When regression was performed for the k-theta 

model the F3S2 model coefficient of determination was increased slightly while the 

coefficients for other specimens did not change significantly. The lack of changes to 

parameters could however be predicted by the low k3 values in original models.  

The k-theta model relationships are therefore similar to the relationship between the 

generalized/universal models (Figure 78). The F3S2 k-theta model again produced very high 

resilient moduli compared with the models for other specimens but again the correlation 

between this model and the actual data was low (R
2
 = 27%). The k-theta model does however 

reduce the Mr at bulk stress for the F2S3 material to a level similar to other materials. 

 

 
Figure 78. K-theta resilient modulus constitutive models for all specimens. 
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The resilient modulus constitutive models should, according to NCHRP (2004b) 

obtain R
2
 values of at least 90% to be accepted. Since this was not obtained for the majority 

of the materials it is clear that the material could not be accurately modelled with the 

prescribed models. The relative similarity of models obtained for F1 and F2 materials and 

generally higher, although variable, results obtained for F3 materials indicates that the 

resilient modulus of the material with higher plasticity index and shrinkage properties is 

different and unexpectedly higher than the other materials.  

An alternative comparison can be done by modelling the Mr values measured at any 

one confinement pressure. This was performed for results recorded at confinements of 200 

kPa, 100 kPa and 20 kPa respectively. The results (Table 44) indicate significantly improved 

coefficients of determination with only one model obtaining a coefficient of less than 98%. 

The universal models generally gave slightly higher correlations of determination and the 

standardized model parameters are therefore not considered.   

 

Table 44. Resilient modulus constitutive model parameters for models at one confinement pressure.  

 

Confinement 

pressure 

(kPa) 

Specimen 
Universal model parameters K Thetha model 

k1 k2 k3 R
2
 k1 k2 R

2
 

20 

F1S1 1304 0.87 -1x10-5
 0.99 2400 0.87 0.99 

F1S2 1055 0.92 -1x10-5
 0.99 1535 0.92 0.99 

F2S1 1357 1.52 -1.31 0.98 4160 0.73 0.98 

F2S2 860 0.82 -1x10-5
 0.99 2021 0.82 0.99 

F3S1 1680 0.71 -1x10-5
 0.99 6335 0.71 0.99 

F3S2 4268 0.10 -1x10-5
 0.99 119954 0.25 0.99 

100 

F1S1 429 1.15 -1x10-5
 0.99 214 1.15 0.99 

F1S2 363 1.15 -1x10-5
 0.99 182 1.15 0.99 

F2S1 545 1.08 -0.16 0.99 1028 0.90 0.99 

F2S2 270 1.19 -1x10-5
 0.99 113 1.19 0.99 

F3S1 459 1.21 -1x10-5
 0.99 171 1.21 0.99 

F3S2 597 1.24 -0.14 0.98 376 1.12 0.98 

200 

F1S1 342 1.04 -1x10-5
 0.98 284 1.04 0.98 

F1S2 279 1.08 -1x10-5
 0.99 189 1.08 0.99 

F2S1 201 1.20 -1x10-5
 0.99 80 1.20 0.99 

F2S2 449 0.91 -1x10-5
 0.87 690 0.91 0.87 

F3S1 146 1.39 -1x10-5
 0.98 24 1.39 0.98 

F3S2 283 1.21 -1x10-5
 0.99 108 1.21 0.99 
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The models based on 200kPa resilient moduli (Figure 79) show that the F1 and F2 

materials have similar resilient moduli over the range of bulk stress utilized during testing 

and if anything the F1 material has a slightly higher modulus.  

 

 
Figure 79. Resilient modulus constitutive models for all specimens based on 200kPa confinement data. 

 

The F3 modulus is generally higher and the difference between the F3 and other 

material moduli increases with increasing bulk stress. These patterns are similar for models 

based on 100kPa resilient moduli (Figure 80) where the overlap between F3 and other models 

is even less. 
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Figure 80. Resilient modulus constitutive models for all specimens based on 100kPa confinement data. 

 

The 20 kPa confinement models (Figure 81) again displayed the general order of 

increasing resilient moduli from F2 to F1 and F3 material. The Universal model for F2S1 

material shows an anomaly in the result due to the smaller k3 parameter. The standardized 

model for the same data did however return a model similar to the other universal models and 

a coefficient of determination equal to the F2S1 Universal model (98%). 
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Figure 81. Resilient modulus constitutive models for all specimens based on 100kPa confinement data. 

 

The trends in Mr for the different materials at different confining pressures are 

therefore relatively consistent and show that the F3 materials are consistently of higher 

moduli. 

Permanent strain 

The permanent strain of each specimen during repeated load conditioning was 

calculated using the Linear Variable Differential Transformer (LVDT) data. The first 

observation that can be made by interpreting the data is the high rate of strain during the first 

5 load cycles at low deviator stress (Figure 82) and the relatively low rate of the F1 material 

compared with the others during this initial stage of specimen conditioning. These differences 

in strain rates are essentially lost by the start of the second deviator stress phase.  
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Figure 82. The rate of strain development during the initial 5 cycles of each conditioning phase. 

The strain rates also decrease to very low levels by the final 5 cycles of each 

conditioning deviator stress phase (Figure 83). However, the decrease in rate is less with each 

increasing deviator stress and this can also be seen in Figure 84 by the non-horizontal nature 

of the final strain lines, indicating that some plastic (non-resilient) deformation was still 

occurring at the end of the conditioning phases. The differences in strain rate, at the late stage 

in each conditioning phase, between different materials is very small and not significant as 

can be seen by the parallel nature of the  lines in the end of each phase in Figure 84.  

 
Figure 83. The rate of strain development during the final 5 cycles of each conditioning phase. 

 

When the actual permanent strain due to conditioning is considered the differences 

between materials are clearly discernable from early on during the first 100 cycles at 20% of 



220 

 

the failure deviator stress (Figure 84). This is expected due to the differences in initial strain 

rates. However, at the end of the conditioning cycles the F2 materials experienced the highest 

strain at an average of 1.4% after conditioning while the F1 and F3 material final strains 

covered a range of 1.1 to 1.2% and 1.1 to 1.3% respectively. The F3 material therefore must 

have had, on average, lower strain rate than the F2 material.   

The overlap between the strain values in F1 and F3 materials only developed during 

the final stage of conditioning and this was only due to one F3 specimen experiencing a 

significant reduction in strain during this stage. During all other stages the F3 specimens 

exhibited a range almost equal to the range between minimum F2 strains and maximum F1 

strains (Figure 84).  

The strain after conditioning (taking the post conditioning state as the new datum) 

reveals that the F2 material retained the higher strain rate and ultimately reached the highest 

level of strain (Figure 85). The strain during testing (1.5 to 1.6%) of the F2 material was 

higher than the strain during conditioning, and while the other materials also experienced 

significant additional strain after conditioning the totals were more similar to the total 

permanent strain due to conditioning. The F3 strain rate decreased more during testing and 

ultimately the strain range for F3 specimens was at a lower level than that experienced by F1 

material specimens.  

The deformation of the F1 and F2 materials therefore appears to follow a consistent 

trend with the F1 material experiencing a lower rate of strain development. The F3 material 

strain rate seems to decrease more as strain is accumulated and ultimately this difference in 

trend results in the one F3 specimen experiencing the lowest strain. The final permanent 

strain for each specimen is listed in Table 45 and reveals that the F1 and F3 materials strain 

values cover a similar range. 

Table 45. Permanent strain due to conditioning and resilient modulus testing.  

 

Specimen Total permanent strain (%) 

F1S1 5.0 

F1S2 4.6 

F2S1 5.8 

F2S2 6.0 

F3S1 5.3 

F3S2 4.4 
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Material properties after testing  

The Atterberg limits, linear shrinkage and grading values of the materials were 

determined after testing to investigate if any significant changes had occurred during the 

testing procedures. The PI and LS values of the F1 and F2 materials did not change during 

the testing procedures but it was observed that the F3 material PI and LS both decreased by 

approximately 1 percentage point (Table 46). The accuracy with which plasticity index can 

be determined is probably less than 1 percentage point and as such the observed changes may 

not be a reflection of true changes but rather represent the accuracy of the PI determination 

on higher plasticity materials. However the fact that the F3 material experienced a change 

significantly larger than the other materials is questionable. The cause of this change is 

believed to be the effects of heating the materials after shear strength testing to return them to 

a dry state from which optimum moisture conditions can be reinstated and repeated load test 

specimens could be created. Samples were dried at a reduced temperature of 70°C to avoid 

such effects but the F3 material was accidentally dried at a standard drying temperature of 

105°C after shear strength testing.   
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Figure 84. Permanent strain development during resilient modulus conditioning cycles. 
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Figure 85. Permanent strain development during resilient modulus testing. 
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Despite the observed reduction in the PI and LS of the F3 material the PI and LS 

trends were maintained. The F3 material was now however no longer of marginal PI and the 

LS value was no longer out of specification. Nonetheless the shear strength parameters (c and 

ɸ) were obtained prior to the drying effects and therefore still represent the high differences 

in PI and LS. The change in properties could therefore only have affected the resilient 

modulus results and the single shear test result performed after resilient modulus testing. 

Table 46. Atterberg limits and linear shrinkage properties of resilient modulus test material <0.425mm fractions 

after testing procedures. 

 

The grading analyses revealed that the F1 and F3 materials had an excess of 

<0.075mm material but this was countered by a deficit in 0.075-4.75mm material in the F1 

material while the F3 material remained above the prepared grading until a deficit in the 4.75-

13.2mm fraction returned it to the ideal grading. The F2 material had a general deficit in fine 

fraction (<4.75mm). The coarser fractions were seen to represent an almost perfect 

percentage of the F2 and F3 materials while the F1 material had an excess in 4.75-13.2mm 

stone.  

Based on these results the coarse sand ratios were: 

 F1: 51.2 

 F2: 34.0 

 F3: 37.4   

The F2 and F3 material therefore straddle the lower limit of 35 while the F1 material 

is slightly above the upper limit of 50. If the grading had remained as prepared the coarse 

sand ratio would have been 44.4.  

Sample 
PI LS Decrease in value 

Initial Final Initial Final PI LS 

F1 1.7 2.0 1.3 1.3 -0.3 0.0 

F2 2.4 2.2 1.0 1.0 0.2 0.0 

F3 3.7 2.9 3.0 2.0 0.9 1.0 
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Figure 86. The grading of the resileint modulus specimens after all testing procedures relative to the prepared 

grading and the current specified grading envelope. 
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6. Discussion points 

6.1. Traditional assessment of research materials and observed performance 

If the results of current specification tests are considered for each quarry material then 

the following can be said regarding the materials used at each site:  

The P1 material passed all the required tests and therefore the use of this material can 

be defended. The petrographic assessment did however show that the material was at best 

marginal but the current specification regarding petrographic assessment is open to 

interpretation and can therefore not be relied upon to identify poor durability materials. 

At least one of the intrusive phases in the P2 quarry would have been identified as 

highly altered if a comprehensive petrographic evaluation of the intrusion variability was 

performed and traditional tests may then have identified this as a poor durability material. 

The use of this material is therefore only excusable if it can be argued that the variability in 

the intrusion could not be assessed from the samples available before the quarry was 

established. Even if this was the case, control testing during production would have identified 

the poor durability phase. 

Although the variation in properties of the P3 site quarry was not as extreme as that of 

the P2 quarry, specified testing of a representative number of samples would have identified 

the material as marginal. The use of the material may be excusable due to the marginal nature 

thereof but this site therefore also provides a good example of the risks associated with using 

marginal materials.  

The P4, P5, P6, P7 and P8 quarry material test results all indicate that, based on 

current specifications, these materials would have perform in the satisfactory manner in 

which they did. A petrographic examination of P8 materials would have identified these as 

potentially problematic and therefore the need for additional testing to ensure the material is 

not marginal or unacceptable for use. 

6.2. Research material durability classification 

If the materials from failure sites were in fact less durable than the materials from 

other sites some of their physical properties should have changed significantly in the time 

between quarrying and the sampling of the base layers performed as part of this study. The 
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availability of information on the change in properties typically used to evaluate the strength 

and durability of pavement aggregates (presented in the previous chapter) allows such a 

comparison to be made Table 47.   

The observed changes provide evidence that the materials in the poor performance 

sites did indeed experience significant changes in some properties (specifically attrition 

resistance and swelling clay resistance) but that no consistent change in impact resistance 

(AIV) and tensile strength (PLI) was observed. The P1 material showed the smallest change 

in AIV (glycol soaked) and DMI (both results) out of all poor performance sites but not the 

lowest change in mEGDI. The P1 material may therefore be of slightly better durability than 

the P2 and P3 sites but is still of lower durability than the good performance site materials. 

The P8 materials produced the highest AIV (glycol soaked) and mEGDI changes of all good 

performance sites but not the highest change in DMI. This material therefore may be of 

inferior durability compared with other good site materials but not to a degree that allowed 

the material to degrade to a state that caused pavement failure. The poorer durability of the 

P8 material could have been predicted based on the petrographic classification of this 

material as “poor to intermediate”.  

Ultimately, based on the changes discussed, the poor site materials can be confirmed 

to be of unsuitable durability. The P1 and P8 materials could be classified as being of 

marginal durability and the differences in performance of the respective pavements would 

then be due to factors such as construction quality, design suitability and climatic factors. 

Despite this for the remainder of this discussion these materials will remain in the category 

which they were originally classified due to results not being consistently similar for both 

materials and at least some of the P1 and P8 material results being similar to the other poor 

and good performance sites respectively. 

The observed changes in grading and coarse sand ratios also indicated that the poor 

sites experienced additional breakdown which resulted in a relative increase in the <0.425mm 

material in the <2mm fraction. The plasticity index and linear shrinkage of the fine 

(<0.425mm) fraction also increased after quarrying but these changes only resulted in the 

linear shrinkage being well above the specified limit. The properties of the pavement layers 

as a whole therefore seem to be more sensitive to changes in grading and Atterberg Limits 

than the traditional specifications would suggest. 
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Table 47. Summary of test results. 
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6.3. Intrusive setting as an indication of potential durability 

The concept that poor durability may be linked to the country rock and more 

specifically to the local conditions during the time the intrusion solidified could not be 

comprehensively proven or disproven with the limited sample set obtained during this study. 

Despite all quarries at problem sites being located in the Adelaide Subgroup of the Beaufort 

Group two of the other (non-problematic) sites were also located in this subgroup. It was 

however also noticed that materials from these two non-problematic sites did have a high 

degree of primary mineral alteration compared to the other non-problematic site quarry 

materials. The difference in performance is therefore linked to the degree to which initial 

alteration products have been altered further to form deleterious minerals such as smectite 

clays. These two non-problem sites are in climatic areas with N values well above 5 (17.5 and 

8.0 respectively) which could explain the lack of significant further alteration. The P2 

problem site was however located in a similar climatic region (N value = 9) and did have 

significant alteration present. The alteration observed at this site may however be linked to 

the effects of metasomatic alteration of which there was significant evidence. 

The Adelaide Subgroup (Beaufort Group) was not expected to have been an intrusive 

setting that would have led to excessive deuteric alteration. However, Orr (1979) also gave 

evidence of other problem sites in the Beaufort Group. The Sheepmoor quarry intrusion was 

located in the Ecca Croup and more specifically in the Vryheid Formation which is expected 

to have been a wet, deuteric alteration environment. However two of the current research 

sites which contained the least altered material were also located in the Ecca Group.  

It therefore seems that general predictions regarding material durability based on the 

regional country rock are not possible. It is still likely that the immediate country rock 

formation may have had an influence on the degree of deuteric alteration but identification 

thereof would require intensive geological investigations of the surrounding rocks and the 

identification of the formation or even member hosting the intrusion. This would generally 

not be feasible during material prospecting campaigns. 

6.4. Identification of poor durability dolerite 

Hand specimens 

There was no evidence visible in any of the hand specimens of fresh crushed rock that 

could be used as an indication of the material durability and the pick and click test was shown 
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to be an unreliable indicator. This is expected of crushed hard rocks used as G1 aggregates 

since weathered materials, as identified by the pick and click test, are typically discarded as 

overburden. 

 Petrographic properties 

The use of petrographic properties to identify poor durability materials is tainted by 

the poor agreement observed between the different methods that can be used to quantify 

mineralogy. This is especially true when secondary minerals, and more specifically clay 

minerals, are considered. The use of a stringent smectite clay content limit is not feasible 

unless a strict standard method of analysis is prescribed to overcome the errors that have been 

proven to originate when using the range of typically used methods. Having said that, the use 

of quantitative clay analyses is not obsolete in the absence of a standard analysis method. 

Performing analyses using different methods (as was done using point counting and XRD in 

this study) can identify variations in smectite clay contents and can be used as an indication 

of potential durability.  

The petrographic properties that contributed to the poor performance materials of this 

study being classified as being of poor petrographic quality included high percentages of 

secondary minerals, evidence of secondary mineral alteration to clays (more significantly fine 

sericite that was further altered) and large degrees of myrmekitic alteration. Many non-

problematic site materials were seen to have secondary minerals present but no evidence of 

these being further altered to clays or other deleterious minerals. Interestingly, despite the 

problem materials from this study being identifiable using petrographic studies the material 

from the Sheepmoor quarry was relatively unaltered and would not have been identified as a 

poor durability material easily. The occurrence of olivine in this material was shown not to be 

an absolute indication of poor durability since olivine was not exclusively present in the 

problem site materials of this study. The degree of olivine alteration also seemed to be 

unrelated to the durability since, in samples containing olivine, it ranged from being unaltered 

to being totally replaced. The significant amounts of filled microfractures in the Sheepmoor 

quarry are more likely to be the key to the observed poor durability thereof.  

Current specified tests and limits 

The current specifications for G1 aggregate were unable to consistently identify the 

poor dolerite materials. The Atterberg Limit specifications are inadequate, especially 
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considering the accuracy of the tests required to determine the PI. The evidence of the effect 

grading differences have on the PI of a material also call for the PI to be determined on a 

single size fraction rather than the full <0.425 mm fraction. Although the linear shrinkage of 

poor durability materials appears to be consistently higher, some materials with similar LS 

values were not problematic. An additional problem with these two properties is that they 

tend to increase with time due to poor material fine fraction deterioration and therefore the 

results obtained from crushed quarry stone will not reliably identify materials of poor 

durability.   

Although the average AIV or ACV of poor materials was higher the test is unable to 

accurately identify poor durability materials and it appears the current specifications are set 

too high for dolerite. These tests were however not developed to identify poor durability and 

the current specification may therefore be acceptable for the intended use of the tests 

(strength determination). Similar conclusions were made on the suitability of the 10% FACT. 

The glycol soaked AIV values did however allow materials of different durability to be 

distinguished from each other. The ratio of dry to glycol soaked 10% FACT did identify 

some poor quarry materials but considering that the glycol/dry ratio of some poor quarry 

materials (at least one from each poor quarry) passed (or very nearly passed) the wet/dry ratio 

specification of 75% the glycol 10% FACT cannot be considered reliable unless numerous 

tests are performed on potential sources. Since the glycol/dry ratio will in theory always be 

less than or equal to the wet/dry ratio this observation makes the wet dry ratio even less 

reliable as a durability indicator.    

The DMI test in its currently specified format and limits does not allow for accurate 

identification of poor durability materials when quarry stone is evaluated. This is believed to 

be due to the fact that the influence of water on the durability of the material does not 

accurately simulate the changes in strength that may occur with time (the DMI results of 

pavement base materials did identify differences in durability).  

The water absorption results were, despite their very low values, very accurate in 

identifying problematic materials. The use of the ASTM methodology to determine water 

absorption values on cores may therefore prove to be a valuable tool in identifying poor 

durability materials, especially when initial investigations yield core samples rather than 

stone and crushed stone. A preliminary specified maximum of 0.15% appears to separate 

marginal and durable materials. 
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Modified specified tests  

The modification of some strength tests by soaking materials in ethylene glycol and 

comparing the results to the standard results is believed to offer significant insight into the 

durability of dolerite aggregates. Glycol soaked AIV values of more than 12 indicated poor 

durability. A reduction in 10% FACT to less than 80% of the standard result was seen to 

potentially indicate poor durability. Similarly a standard to glycol soaked AIV ratio of less 

than 80% also indicated a poor durability. A key requirement is however that the variability 

in a potential source be identified accurately as even within poor durability intrusions durable 

material may be present. Ethylene glycol soaking periods can also be reduced from the 

current 4 day requirement to 1 day.  

Unfortunately the effect of ethylene glycol soaking on the DMI results of materials 

does not allow the poor durability quarry material to be identified. The proposed modified 

DMI value, calculated using relative changes in PI and P0.425mm rather than actual values, 

did however produce a very promising differentiation between quarry stone of different 

durability. This procedure should be further investigated for consistency, especially when the 

full variability of an intrusion is considered.   

Newly proposed tests in South Africa 

The use of P wave velocity to predict the durability of quarry core samples does  not 

appear to be feasible but the S wave velocity potentially differs enough to allow a distinction 

to be made. This is again a potentially useful test when only core material is available. 

Velocities of more than 4000 m/s can preliminarily be used as an indication of acceptable 

durability while a velocity of 3700-4000 m/s should be used as an indication of marginal or 

potentially poor durability.   

No significant correlations were identified between material pH and the durability but 

a surprisingly efficient distinction was observed between the expansion of good and poor 

durability aggregate pieces in ethylene glycol. Due to the novel approach of this test and the 

very low values obtained it is difficult to propose a preliminary limit. The trends can however 

not be ignored and it is therefore suggested that the test methodology be developed and that a 

larger database be created and a suitable limit be determined. The current results do allow it 

to be stated that materials for which most pieces of aggregate experience some degree of 

swelling should be viewed as potentially non-durable. 
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The mEGDI also provided a means of identifying poor durability materials but the 

variation in 5-day mEGDI values indicates that single results may be misleading. The 

originally proposed 20/5-day ratio of mEGDI values was not able to identify poor durability 

materials, but by only considering the ratio for materials that have a 20 day result above the 

proposed 5 day limit a very good correlation is obtained between the ratio and material 

durability. The use of the 5-day mEGDI in conjunction with the 20/5-day ratio, and 

interpretation of the ratio according to the 20 day value relative to the 5 day limit of 10 is 

therefore more advantageous to using either of the results in isolation. Due to the relative ease 

with which this test can be performed, both in terms of equipment and skills required, it is 

believed to have great potential as a screening test for durability before, and as a control test 

during production. The good correlation between mEGDI results and the rock durability 

indicator also makes this test attractive as an alternative to the three tests (SG, water 

absorption and AIV) required to calculate the rock durability indicator.  

Characterisation indices based on physical test results 

The weight loss index calculated from ethylene glycol DMI results provide a better 

correlation with pavement performance than the actual ethylene glycol DMI results and can 

therefore be considered as a more suitable alternative to the DMI test. The modified glycol 

DMI proposed as part of this study does however provide a better correlation and almost no 

overlap of ranges and is therefore even more attractive. The differences between the 

parameters used in calculating these two indices is the smaller aggregate size fraction used in 

the modified DMI and the fact that the DMI considers the relative changes in PI. This is 

additional evidence that the change in Atterberg Limits is an integral part of the pavement 

layer performance. 

The fineness modulus index produced a slightly superior correlation to the weight loss 

index when calculated from the ethylene glycol soaked DMI data and this is most probably 

due to the wide range of sieve sizes considered in the calculation  

Dynamic rock durability indicator only allows distinctions between materials of 

different durability to be made when ethylene glycol AIV data is used (in conjunction with 

SG and water absorption). The tentative limit of 0.5 between materials of excellent and good 

durability (proposed by Fookes et al. (1998)) is not suitable for the Karoo Dolerite materials 

since based on this all materials tested in this study would be classified as either good or 
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excellent durability materials. A limit of 0.4 for the Karoo Dolerites appears to be more 

suitable to distinguish between acceptable and poor durability. 

Characterisation indices based on petrographic analysis results 

Out of the indices obtained from petrographic data the K1 and K2 indices did not 

prove to be useful in identifying differences in materials. It is believed that these indices do 

not account for differences in alteration of Karoo Dolerites and are probably more suitable for 

the rocks on which their development was based. Although the secondary mineral rating did 

show some correlation the requirement for accurate quantitative mineralogical data makes 

this index extremely vulnerable to the significant errors that may occur when quantitative 

alteration mineralogy is attempted on dolerites. Additionally the texture factors are not easily 

qualified due to the subjective nature of their assessment and therefore the calculation of the 

secondary mineral rating is not expected to be reproducible. 

The micro-petrographic index appears to be too sensitive to small differences in 

quantitative alteration mineralogy and not sensitive enough to qualitative alteration 

mineralogy differences. The micropetrographic strength index’s consideration of mineral 

hardness appears to cause this index to correlate well with material durability, especially 

when the XRD results were used and variations in materials are accounted for.  

The replacement index values differed depending on which data (point counting or 

XRD) was used to calculate the index. The general trends were similar and did allow some 

distinction between the good and poor performance quarry materials but due to these 

variations in index values the creation of a specified limit would be problematic. This 

statement does however apply to all indices and material specifications based on quantitative 

petrographic data (as discussed by Leyland et al., 2014 in Appendix B).  

6.5. Degradation models 

 The clay expansion model has been proven to be a suitable model to explain the 

process of material degradation as there is a clear trend between higher expansion of 

materials (in ethylene glycol) and poor durability. The amount of expansion is exaggerated by 

the use of ethylene glycol as opposed to water but the trends should remain consistent. There 

is however additional evidence that some secondary minerals inherent in the poor durability 

materials were altered to smectite clays after quarrying, albeit not in all poor durability 

materials. The fines released during crushing of such materials may therefore have been 
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altered and the pavement layer strength would have been reduced even if the aggregate pieces 

did not experience excessive weakening due to clay expansion. 

The point load and crushing failure model does not seem to be relevant as there was 

no clear distinction between the impact or point load strength of materials of different 

performance. The reduction in impact resistance after soaking in glycol did provide 

additional evidence that the effects of swelling clays contribute significantly to the 

degradation of the material. Since such reductions were observed in both quarry and base 

materials the potential for negative effects remains even after construction.     

The development of a higher PI (and linear shrinkage) of a base layer sometime after 

initial crushing has been shown to occur in some instances. This development may be due to 

a true change in material related to observed secondary mineral alteration but may also be 

due to inherent variability in secondary mineralogy before crushing. Thus it is possible that 

initial tests of core samples from prospective quarry sites will not identify the maximum PI 

and linear shrinkage of the final material that will be produced if: 

 sufficient secondary minerals are present and these experience any further 

alteration to smectite clays or 

 the variability in nature of secondary minerals within an intrusion is not 

quantified accurately.  

It may also be possible that a changes in proportions for different fractions of material 

<0.425mm can result in changes in PI values even if the initial testing did show the PI of the 

material at the design grading. The observed changes in the fine fraction proportions during 

DMI testing did however not have an effect on the PI of the current research materials.    

6.6. Characterisation of load carrying characteristics 

Changes in the load carrying/deformation characteristics of pavement layers due to 

the observed changes in the PI and LS of poor durability research materials were investigated 

by means of resilient modulus and shear strength tests. The PI and LS values of samples were 

therefore generally within the specifications or only slightly above the limits.   

There was a definite and significant decrease in shear strength with increasing linear 

shrinkage and although minor differences in PI levels below 3% did not cause a reduction in 

shear strength, an increase in PI to just below the specified value of 4% did have an effect on 
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the shear strength. The lower PI and LS material shear strengths were therefore always 

superior to that of the higher PI and LS material. 

The resilient moduli results and corresponding models did not follow the trends that 

were expected based on the shear strength properties. The high PI and LS materials displayed 

higher moduli at all bulk stress conditions tested while the other materials produced similar 

lower moduli. An overall trend of increasing resilient modulus with increasing linear 

shrinkage was observed. 

The final observation that can be made regarding the permanent deformation 

characteristics of the research materials under repeated load testing is that the F2 material 

(lowest LS and intermediate PI) consistently underwent higher amounts of deformation (both 

during conditioning and during testing phases). During conditioning the F3 (highest LS and  

PI) material initially accumulated an intermediate amount of strain but due to a consistent 

reduction in strain development the F3 specimens ultimately experienced a lower average 

total strain during testing than the F1 specimens. The end result was that the F3 material with 

its significantly higher PI and LS, and lower shear strength, experienced a similar amount of 

permanent strain as the F1 material and these materials both experienced significantly less 

strain than the F2 material.  

The shear strength, resilient modulus and permanent deformation differences between 

the three materials therefore do not allow any consistent conclusions to be made. The shear 

strength results strongly suggest that small changes in the Atterberg Limits or linear 

shrinkage properties may result in a significant reduction in shear strength and therefore 

render a layer prone to shear deformation. This statement can however not be supported by 

the repeated load testing results which indicate no consistent change in resilient modulus or 

deformation characteristics. The observed change in plasticity index and linear shrinkage of 

the material after the initial shear strength testing may have caused significant changes in the 

observed repeated load test results.  

It could be that moisture variations in the materials resulted in more variation in the 

material responses than is illustrated here. A comprehensive resilient modulus test program 

was beyond the scope of this research but may be considered in future to fully characterise 

the repeated load response of the materials tested here.  

Since the experiments did not investigate the effects of grading on the repeated load 

deformation and shear properties it could be that the small differences in grading observed at 
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research sites did play an important role in the observed differences in performance. Previous 

research into the effects of grading changes have considered larger variations in grading 

which are not representative of the differences observed. A similar investigation using minor 

changes in grading may therefore also be beneficial. 

In light of this, despite the grading being strictly controlled before testing some 

differences in grading were observed. It is not possible to determine if these changes occurred 

during optimum moisture content, shear strength or resilient modulus testing. Since only one 

grading analysis was performed for each material and not one for each specimen it is also 

possible that the grading with different specimens differed too.  

The changes in grading are also hard to explain since the grading was carefully 

prepared and a single source was used for all fractions >0.425mm. Thus differences in the 

>0.425mm fractions can only occur if this material broke down differently during testing, and 

that is unlikely. Differences in the <0.425mm fractions indicate variations in the fine fraction 

source material grading but again these were checked before testing and found to be almost 

identical.  

Assuming the changes in grading are true and did occur before shear strength and 

repeated load testing (i.e. during optimum moisture content determination) the following 

observations can be made: 

 The high P0.075mm values in both the F1 and F3 materials did not result in these 

materials experiencing higher permanent strains during repeated load testing 

while the deficit in P0.075mm of the F2 material is accompanied by the higher 

strains in this material (this deficit also resulted in the lowest coarse sand ratio) 

 The two coarse sand ratios that were either above or below the specified range 

can be correlated with the lower resilient modulus values but also with the higher 

shear strengths 

 The consistently high P0.075mm, P0.425mm and P2.0mm of the F3 material can 

be correlated to the lower shear strength of this material. 

It is important to remember that these proposed grading effects will be influenced by 

the differences in material properties as well and therefore cannot solely be relied upon.  
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6.7. Research hypotheses 

The first hypothesis was that Karoo Dolerite aggregates that have undergone rapid 

degradation (in a physical property) will show a significant change in some geological 

property compared to their original state and that such changes will be related to a 

mineralogical or petrographic property. It was shown that the poor durability materials did 

undergo a change in physical resistance to attrition, and the effects of swelling clay pressures 

within the aggregates, in the time between quarrying and traffic loading. This was however 

not caused exclusively by a change in a geological property. It was proven that alteration of 

secondary minerals, especially well distributed sericitic matrix minerals, to smectite clays 

after initial crushing most definitely contributes to the observed degradation but that such 

alteration is not the only cause of degradation of the poor durability materials studied.  

Regarding mineralogical or petrographic properties that were linked to the observed 

advanced alteration of secondary minerals, it was identified that two main forms of primary 

alteration result in a susceptibility for further degradation. The first of these was a large 

degree of myrmekitic or granophyric alteration which left the feldspar phases prone to 

alteration to large amounts of interconnected smectite clays. The second is widespread but 

less obvious alteration of the fine matrix to a sericite mass. Such alteration often resulted in 

“pools” of sericite which were prone to further alteration. The presence of almost totally 

replaced olivine and or pyroxene grains was shown not to be an indication for poor durability. 

The first hypothesis was proven because where a change in geological properties after 

quarrying (degree of secondary mineral alteration) was identified it could be linked to a 

petrographic property.  

The second hypothesis investigated was the suspicion that some currently specified 

tests for “durability” of mafic igneous rocks do not differentiate accurately between Karoo 

Dolerite aggregates that have proven differences in performance. This was proven as the 

Atterberg Limits, linear shrinkage and durability mill specifications did not identify either of 

the three quarry problematic materials as poor durability materials. The wet/dry 10% FACT 

ratio was also proven not to identify all problem materials accurately but was able to identify 

extreme cases of poor durability. Based on this the currently specified tests required to assess 

the durability of basic igneous rocks, and specifically Karoo Dolerite Suite materials, should 

be revised. 
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Since the possibility that observed failures are not due to aggregate degradation but 

rather due to inherent material properties it was hypothesised that the inherent, natural 

variation in Karoo Dolerite Suite aggregate properties can result in pavement layers that 

vary significantly in strength and/or load carrying characteristics despite current 

specifications being met. It was shown that natural variation of properties was the cause of at 

least one of the studied pavement failures and potentially a contributing factor at the other 

two failures. Testing of this hypothesis was therefore justified. In testing this hypothesis 

contradicting results were obtained. A definite change in shear strength accompanied the 

natural variation in materials that were within the specifications or marginal based on the 

accuracy associated with specified test methods. This observation provides proof that the 

approach by some road authorities to make the Atterberg Limit specifications for Karoo 

Dolerite G1 materials more stringent are justified.   



240 

 

7. Conclusions 

The poor performance sites studied were constructed with poor durability Karoo 

Dolerite material that experienced a significant reduction in resistance to abrasion and 

attrition after quarrying. The poor durability of these materials is due to the presence of 

expansive clay minerals within the rock matrix, which formed by alteration of primary 

minerals. The alteration process is a complex combination of varying amounts of alteration 

before quarrying (including deuteric and metasomatic alteration) and further alteration of 

intermediate phases after quarrying.  

It is possible to predict the durability of Karoo Dolerite materials relatively accurately 

based on the petrography thereof. However the inability to quantitatively assess the alteration 

of primary mineralogy precisely renders petrographic investigations unsuitable for use as a 

decisive durability assessment method. Additionally the small sample size utilized by typical 

petrographic analysis techniques is not representative of the large volume and possible 

variability of rock in a typically quarried Karoo Dolerite intrusion. Quantitative mineralogical 

analyses using multiple techniques on multiple samples will however provide information on 

the variability in material and more importantly identify materials with common secondary 

minerals which may be susceptible to further alteration and subsequent degradation to a poor 

durability material. The use of the micropetrographic strength index may is such cases be 

useful to identify differences in results not obvious from petrographic observations and 

quantified mineralogical analyses.   

There is therefore a need for an accurate durability assessment technique that can 

account for the variability within a dolerite body and be used as decisive criteria for material 

acceptance. The currently specified tests are, despite assessing more representative volumes 

of rock, unable to identify poor durability Karoo Dolerite. This is primarily due to the 

inability of these tests to activate the degradation, due to clay mineral expansion, but also 

because the development of additional expansive clays can occur after quarrying. Tests 

therefore need to exaggerate the effects of clay material present in the rock before quarrying 

to reveal the potential degradation that may occur after quarrying and constriction. The one 

exception is the water absorption test performed on core samples, which was able to identify 

poor materials. 
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Modified versions of previously proposed tests as well as new testing methods have 

shown promising results that allow a differentiation between Karoo Dolerites of different 

durability. These tests and the preliminary limits identified for each are summarized in Table 

47. In the absence of a formal testing method for the expansion test used during this research 

it is not possible to set preliminary specifications. It is however recommended that the test 

methodology be developed and a larger database be created from which a suitable limit can 

be determined.  

Table 47. Provisional tests and specifications for identifying poor durability Karoo Dolerite aggregates. 

 

A simple procedure for determining the durability of potential new Karoo Dolerite 

quarries is presented in Figure 87. Since initial drilling investigations will yield limited core 

for testing the ACV test is proposed for use to confirm acceptable material strength based on 

current specifications (i.e. ACV <29%). Following this it is proposed that a preliminary 

durability investigation be performed by determining the mEGDI, water absorption and shear 

wave of each dolerite phase identified in the cores. The initial separation of phases should be 

based on visual observations and confirmed or expanded based on thin section analyses. The 

smaller sample size required by the preliminary durability tests should allow numerous tests 

to be performed on core samples and duplicate testing should be performed where possible. 

Should the results of the preliminary investigation be within the limits proposed in Table 47 a 

comprehensive durability investigation must be performed by completing ethylene glycol 

mDMI and ethylene glycol AIV tests. The larger samples required for such testing may 

require additional core samples to be drilled or that initial blasting be performed to obtain 

suitable quantities of material. If the comprehensive investigation results are within the limits 

Test Sample type Method Prelim. Spec. Additional notes 

Water 

absorption 
Core 

ASTM C 97 – 

02 (ASTM, 

2002) 

<0.15%  Suitable for use on cores  

S wave 

velocity 
Core ISRM (1978) >3850m/s  Suitable for use on cores 

Ethylene 

glycol AIV 

Single size 

crushed 

aggregate 

SANS 

6239:2012 with 

additions 

described herein 

<12%    AND 

>80% ratio of 

unsoaked to 

soaked results  

 Minimal sample size allows 

multiple tests to be performed 

and variability to be established 

Ethylene 

glycol 

modified DMI 

Full grading 

crushed 

aggregate 

Described in 

this document  
<7 

 Large sample size results in test 

only being feasible after first 

production has begun 

mEGDI 

Single size 

crushed 

aggregate 

Leyland et al. 

(2013) 

5 day < 10 AND 

20/5 day <1.5 if 

20 day >10 

 Minimal sample size allows 

multiple tests to be performed 

and variability to be established  

 Simple test suitable for quality 

control 
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proposed in Table 47 the material may be classified as being of suitable durability for use as a 

G1 base course. When existing quarries are evaluated both stages of durability investigation 

can be performed simultaneously due to the ease of access to large samples. 

It should however be remembered that other G1 specifications must still be met and 

that the slushing process after layer compaction if vital for the adequate performance of a G1 

layer. Additionally regular quality control using the mEGDI and intermittent ethylene glycol 

AIV testing is recommended during production stages as well as after periods of stock piling. 

The coarse sand ratio should also be checked after slushing to ensure that the ratio is not 

below 40. 

 
Figure 87. Proposed stages of Karoo Dolerite durability investigation for new quarries. 

  Ultimately the use of poor durability Karoo Dolerite results in two changes in the 

material properties. The first effect is the production of more fines during construction, which 

can result in an unsuitable amount of fines. A coarse sand ratio of less than 40 was seen to 

result in poor performance and therefore an additional construction quality control tool would 

be to ensure that no values below 40 are obtained after slushing has been completed. 
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The second effect is an increase in plasticity index and linear shrinkage of the fine 

(P0.425mm) fraction to levels considered marginal based on the current specifications. The 

limited testing results presented here indicated that the shear strength of a Karoo Dolerite G1 

pavement layer is sensitive to such changes in plasticity index and linear shrinkage and the 

reduction of the specifications to ensure materials are non- plastic and/or non-expansive may 

be justified.  
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8 Recommended further research 

The research presented in this dissertation has revealed many aspects of basic igneous 

rock durability that require further research in order to develop the proposed specification 

limits and test methods. Further research is also required to fully appreciate the effects of the 

observed Karoo Dolerite degradation on the pavement layer properties.  

The development of a comprehensive database of Karoo Dolerite G1 base course 

material properties is recommended. This would best be done if South African road 

authorities specified that all new pavements constructed with Karoo Dolerite G1 aggregates 

be submitted to a reference laboratory where the tests proposed in this dissertation can be 

performed. Once the database is established and the durability of the materials becomes 

evident, based on pavement performance, the preliminary specifications can confirmed or 

adjusted.     

A formal test methodology should be developed for the preliminary aggregate 

expansion test that has been introduced and the repeatability and reproducibility thereof 

determined. This test should then be added to the tests proposed for the database development 

to observe if the trends can be used as an accurate durability prediction tool. 

As mentioned in section 6.6 the effects of the observed changes in grading and 

Atterberg Limits on the compacted materials load carrying characteristics should be 

investigated further. This requires a comprehensive study considering the effects of each 

variable separately. Although such a study is best done using a combination of tri-axial shear 

strength and resilient modulus tests a review of resilient modulus testing protocol used, and 

instrumentation setup is recommended.  

After a material is identified to be of poor or marginal durability materials would 

typically be rejected for use as base course aggregates. The next step is therefore to determine 

how such materials can be utilized. The treatment of poor durability Karoo Dolerite 

aggregates was briefly discussed in this dissertation and should be investigated further. The 

site report for the P3 site (Appendix E) contains information regarding the successful 

treatment of that, marginal durability, material with lime. The treatment was successful not 

due to stabilization of the material but rather due to the modification of the material. The 

modification reduced the PI to acceptable levels (<4) and ensured a basic pH (>10) in the 

base course material.  
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The modification effects were monitored for a period of two years and remained 

consistent. There is a need for similar modification studies to be performed both on pavement 

sections and in laboratory studies. Pavement studies should be monitored for extended 

periods and if possible for the entire design life of the pavement (typically 15-20 years) to 

determine if the modification effects are sustained through that period. Laboratory studies 

should focus on the changes in the layer properties due to the lime stabilization. This can be 

achieved through studies similar to the load carrying characteristics study presented and 

should also consider the permanency of the modification effects by retaining samples for 

extended periods before testing. Should such a study prove that poor durability materials can 

be modified successfully with lime numerous resources that would have been rejected may 

prove to be suitable for use. 
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Appendix A 

Detailed summary of indices that have 

been proposed as durability indicators for 

aggregates. 
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1. Farjallat’s alterability index  

This index is based on the results of mass loss due to ethylene glycol wet dry cycle 

tests and LAA tests and therefore includes a measure of decay due to alteration and due to 

abrasion respectively. The index is calculated using Equation 1 (Farjallat, 1971 in Frazão & 

Paraguassu, 1994:3584).  

 

 
 I

F
tK






200

200
1  

Equation 1 

 Where:   

F = 
The sum of the percentage mass lost due to alteration and crushing (LAA) at 

end of considered time, 

I = 
The sum of the percentage mass lost due to alteration and crushing (LAA) at 

beginning of considered time, 

200 = 
The sum of the maximum possible weight loss due to alteration and crushing 

(LAA). 

 

2. Yoshida’s alterability index  

This index (Equation 2) is used when testing durability of materials using any 

durability/exposure tests (e.g. outdoor exposure, ethylene glycol etc.) and taking initial, 

intermediate and final readings of strength as well as the percentage of material 

disaggregated. The alterability of the material can be determined by the slope of the plot of 

time vs. Rf (Yoshida, 1972 in Frazão & Paraguassu, 1994:3584). 

 

 
100

100 RP
Rf


  

Equation 2 

 Where:   

Rf = Equivalent strength after selected time interval / degree of alteration, 

P = % weight loss due to alteration test in selected time interval, 

R = Actual crushing strength after selected time interval / degree of alteration, 

100 = Maximum limit of weight loss 
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3. Petrographic indices  

Frascá (1998) created the following two petrographic indices (Equation 3 and 

Equation 4) based on the quantification of petrographic features by modal analyses. In both 

cases a higher index illustrates a more durable aggregate. 
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Equation 3 

 Where:   

K1 = Petrographic index, 

S1 = % sound augite, labradorite and opaque minerals, 

S2 = % altered augite and labradorite, 

S4 = % interlinked smectite, 

S5 = % micro fissures filled with smectite. 
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Equation 4 

 Where:   

K2 = Petrographic index, 

S1 = % sound augite, labradorite and opaque minerals, 

S2 = % altered augite and labradorite, 

S3 = % amygdales with smectite, 

S4 = % interlinked smectite, 

S5 = % micro fissures filled with smectite. 

S6 = % other micro fissures. 

 

4. Secondary mineral rating 

Cole & Sandy (1980) proposed a secondary mineral rating (Equation 5). The total 

amount of secondary mineral present (Factor P) and the percentages of some individual 

secondary minerals can be determined by numerous methods but generally the amount of 
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each individual clay mineral is best determined by XRD analysis (Cole & Sandy, 1980). 

Factor M is determined from a table in which all common secondary minerals have been 

assigned a value to weight the effect of the mineral on the aggregate stability (Table 1). Cole 

and Sandy (1980) mention that the M rating of individual zeolite minerals needs further 

investigation and is therefore a preliminary rating. The more deleterious minerals (higher 

swell minerals) are given higher values. It can be noted that no kaolin clay minerals are 

present in this table. Factor TR is based on a whole rock textural rating as in practice clay 

minerals can not be distinguished optically using normal petrographic methods. Once again 

higher ratings are assigned to more deleterious textures (Table 2). 

The one major disadvantage of the proposed rating system is that it does not correlate 

well with rock shrinkages and is therefore less useful in assessing the durability of concrete 

aggregates (Cole & Beresford, 1976 and 1978 in Cole & Sandy, 1980:33). Although at the 

time the study of more samples was required, a cautious cut-off value of RSM ≤ 140 is given 

as indicating durable material when assessing basalts in Victoria, Australia. Finally they note 

that the rating system would only be practical to be used in initial quarry site investigations 

and not during day to day material checks within quarries. In such cases the correlation 

between the sorption of methylene blue dye (MBA) or ethylene glycol monoethyl (EGME) 

and the RSM can be used to determine the suitability of materials.  

 

Table 1. Mineral rating (M) (Cole & Sandy, 1980) 

M Mineral 

2.0 Calcite, white micas (muscovite & sericite) 

3.0 
Kandites, chlorites, vermiculites, zeolites, hydrous micas (incl. illites), brown 

micas (phlogopite & biotite) 

5.0 Swelling chlorite 

5.8 85% swelling chlorite 15% smectite interstratifications 

7.2 55% swelling chlorite 45% smectite interstratifications 

8.0 Iddingsite 

10.0 Smectite 

 

Van Rooy (1991) mention that the RSM method is unsuitable for the total evaluation of 

material for use as road aggregate as it omits factors such as the effect of amygdales on the 

strength (and therefore the durability) of the aggregate. 
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Bell & Jermy (2000) used this rating on South African dolerites and found all samples 

(including those that failed the ethylene glycol soak test) to be suitable for use based on the 

RSM ≤ 140 guideline. Similarly they note a similar result for materials tested by Haskins & 

Bell (1995) and recommend that a guideline of RSM ≤ 70 is more appropriate. 

   Rsm TMPR .  
Equation 5 

Where:   

P = percentage of the secondary mineral present in the rock 

M = a stability rating for a particular mineral (Table 1), and 

TR = a textural or mineral distribution rating for the rock (Table 2). 

 

Table 2. Textural rating (T) (Cole & Sandy, 1980) 

TR Texture (occurrence of secondary mineral) 

0.3 Partial alteration (up to 50%) of phenocrysts or Incomplete vesicle filling (up to 

50%) 

0.4 Complete alteration of phenocrysts (more than 50%) e.g. iddingsite after olivine 

0.5 Homogeneous scattered distribution in matrix 

0.6 Large irregular matrix patches (1-5mm) (incl. filled vesicles) 

0.7 Irregular matrix patches, minor interconnections 

1.0 Irregular partly connected patches in the matrix 

2.0 Fine interconnected vein networks or patches (0-30mm apart) 

 

5. Micro-petrographic index  

This index (Equation 6) was suggested by Irfan & Dearman (1978) and adapted for 

basaltic rocks by Tuğrul (1995). The index is used to express the degree of weathering of 

basaltic rocks. According to Bell & Jermy (2000) this index more closely relates to physical 

test results of durability than the secondary mineral rating of Cole & Sandy (1980).  

 

 WPWPI pw  1/  
Equation 6 

 Where:   

pwI  = petrographical weathering index, 

WP = percentage of the weathered minerals 
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czbyaxWP   
Equation 7 

 
 

Where: 

  

x = percentage of plagioclase grains that are weathered, 

y = percentage of dark coloured mineral grains (Pyroxene, olivine and others) that 

are weathered, 

z = percentage of matrix and opaque mineral grains that are weathered, 

a = percentage of plagioclase, 

b = percentage of dark coloured minerals (Pyroxene, olivine and others), 

c = percentage of matrix and opaque minerals 

 

6. Micropetrographic strength index and replacement index  

Rigopoulos et al. (2010) proposed the following two indices Equation 8 and Equation 

9) to reflect and quantify petrographic transformations due to ocean-floor metamorphism of 

basic ophiolitic. Their study showed these indecies to allow effective characterization of the 

effect of alteration on the physico-mechanical properties of dolerites. 

P

S

H

S
I eo

ps   
Equation 8 

 Where:   

psI  = Micropetrographic strength index, 

So = Soft minerals (Mohs scale hardness < 5) in vol% 

H = Hard minerals (Mohs scale hardness ≥ 5) in vol% 

Se = Secondary minerals and microcracks in vol% 

P = Primary minerals in vol% 

 








m
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Equation 9 

 

Where:   

repI  = Replacement index, 

AP = alteration products of primary mafic minerals in vol% 
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PM = primary mafic minerals in vol % 

 

7. Texture factor  

This factor (Equation 10) is based on observations of fines in thin sections of 

undisturbed road samples in a grid method and the rating of the fines based on the degree of 

rearrangement thereof (Wylde, 1982) (Equation 10). The higher the scale value the more 

rearrangement is seen. The scale factors are fully described and illustrated by Wylde (1982). 

 

N

NNNNN
TF 54321 5432 

  

Equation 10 

 
Where:   

N = Total number of points with visible fines, 

N1 = Number of points with scale value = 1, 

N2 = Number of points with scale value = 2, 

N3 = Number of points with scale value = 3, 

N4 = Number of points with scale value = 4, 

N5 = Number of points with scale value = 5 

 

8. Microfracture density  

This method of expressing the degree of macro and micro fracturing in a sample is a 

useful tool since such features increase the effect of chemical weathering (Tuğrul & 

Gürpinar, 1997). The method proposed by Davis (1984 in Tuğrul & Gürpinar, 1997:227) is 

presented (Equation 11). 

 

ALmf /  
Equation 11 

 Where:   

mf  = microfracture density (mm
-1

), 

L = Total length of fractures (mm), 

A = Unit surface area (1 mm
2
) 
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9. Drakensburg basalts 

Van Rooy (1991) classified Drakensberg basalts into 5 different classes based on hand 

specimen properties (Table 3). 

Table 3. Basalt classification by van Rooy (1991). 

Type Description 

1 
Dense basalt without visible amygdales or dark disseminated clay 

minerals 

2 
Dense basalt with visible dark disseminated clay minerals but without 

visible amygdales 

3 Amygdaloidal basalt without visible dark disseminated clay minerals 

4 
Slightly amygdaloidal (<10% visible amygdales) basalt with dark 

disseminated clay minerals 

5 
Moderately to highly amygdaloidal (>10% visible amygdales) basalt with 

visible dark disseminated clay minerals 

 

Van Rooy & Nixon (1990) however proposed a similar subdivision of Drakensberg 

basalts into six different types by subdividing the type 3 basalts described by Van Rooy 

(1991) (Table 4). 

Table 4. Basalt classification by van Rooy & Nixon (1990). 

Type Description 

1 
Dense basalt without visible amygdales or dark disseminated clay 

minerals 

2 
Dense basalt with visible dark disseminated clay minerals but without 

visible amygdales 

3 
Amygdaloidal basalt with <10% amygdales and without visible dark 

disseminated clay minerals 

4 
Amygdaloidal basalt with >10% amygdales and without visible dark 

disseminated clay minerals 

5 
Amygdaloidal basalt with <10% visible amygdales basalt and with dark 

disseminated clay minerals 

6 
Amygdaloidal basalt with >10% visible amygdales basalt and with dark 

disseminated clay minerals 

 

According to Van Rooy (1991) only type 2 basalts satisfied all durability 

requirements proposed by him. Type 3 basalts also met all the requirements when <10% 

amygdales were present. All other basalt classes required further testing tro determine if they 

were acceptable with respect to durability. The basalt classification by Van Rooy & Nixon 

(1990) therefore would have all type 1 and 3 basalts as acceptable with the other types 
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requiring further testing. Both classification schemes are therefore limited without further 

testing. 

10. Chemical index formulas  

These are all based on chemical analyses. Tuğrul & Gürpinar (1997) note that the 

Parker index is a good measure of the weathering degree of basalts based on the chemical 

composition and that it can be used as a guide for further experiments.  

Ruxton Ratio (RR) 

(Ruxton, 1968) 
32

2

OAl

SiO
RR   Equation 12 

Parker index (PI) 

(Parker, 1970) 









70.025.0

2

90.035.0

2 22 CaOOKMgONa
PI  Equation 13 

Vogt Ratio (VR) (Vogt, 

1927; Roaldset, 1972) ONaCaOMgO

OKOAl
VR

2

232




  Equation 14 

 

Modified weathering 

potential index (MWPI) 

(Vogel, 1973) 

 
 3232222

22 100

OFeOAlSiOOKONaCaOMgO

MgOCaOOKONa
MWPI






 

Equation 15 

 

Chemical alteration 

index (CIA) (Nesbitt & 

Young, 1982) 
OKONaCaOOAl

OAl
CIA

23232

32 100




  Equation 16 

 

11. Weight loss index  

This index (Equation 17) proposed by (Frazão, 1993 in Frazão & Paraguassu, 

1994:3584) can be calculated for materials exposed to either alteration or abrasion tests or 

both as done by Frazão & Paraguassu (1994). 

 
100




Wo

WfWo
IWL  

Equation 17 

 Where:   

Wo = Initial sample weight, 
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Wf = Final sample weight. 

 

12. Fineness modulus index 

This index (Equation 18) proposed by (Frazão, 1993 in Frazão & Paraguassu, 

1994:3584) can be calculated for materials exposed to either alteration or abrasion tests or 

both as done by Frazão & Paraguassu (1994).  

 

 
Fmo

FmeFmo
Ifm


  

Equation 18 

 Where:   

Fmo = Fineness modulus at beginning of considered time, 

Fme = Fineness modulus at end of considered time. 

 

13. Physical indexes that compare samples of different degrees of 

alteration 

These indices compare samples of different degrees of alteration as proposed by 

(Frazão, 1993 in Frazão & Paraguassu, 1994:3584). The relevance of the indices is 

unconvincing unless used in conjunction with a quantitative measure of alteration. This is due 

to samples from different sources being “more weathered” and “less weathered” not 

necessarily being at the same stages of alteration and therefore the index will not be 

consistent for different sources. These indices will, however, indicate the differences between 

samples within one source (e.g. index for various layers within a quarry based on a standard 

“unweathered” sample). The meaning of apparent absorption is unclear. 

1. Apparent porosity index 
  

 
nw

nonw
In


  

Equation 19 

 Where:   

nw = Apparent porosity of sample with higher degree of alteration, 

no = Apparent porosity of sample with lower degree of alteration. 
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2. Apparent absorption index  
 

 
aw

aoaw
Ia


  

Equation 20 

 Where:   

aw = Apparent absorption of sample with higher degree of alteration, 

ao = Apparent absorption of sample with lower degree of alteration. 

 

3. Ultra sound velocity index  
 

 
Vpo

VpwVpo
Ivp


  

Equation 21 

 Where:   

Vpo = P wave velocity in sample with lower degree of alteration, 

Vpw = P wave velocity in sample with higher degree of alteration. 

 

14. Comprehensive aggregate quality index 

Gomes and Rodrigues (2007) used a simple calculation to arrive at a value capable of 

portraying the quality of a material when numerous tests have been performed thereon. This 

calculation (Equation 22) is based on the sum of the weighted attributes (test results) and 

therefore is simpler than including the actual test results in the calculation. The method 

therefore relies on the weighting system being correct and accurately representing the effect 

of that attribute on sample quality. The higher the resultant index, R, the better the quality of 

the aggregate will be. 

 

  
j

i

jai NPPR max, /  
Equation 22 

Where:   

R = Final value which varies from 0 to 1; 

Pai,j = Weight of each attribute, 

Pmax = Maximum weight of the attribute; 

N = Total number of attributes 
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15. Rock durability indicators 

Fookes et al. (1988) proposed a durability indicating method, the rock durability 

indicator (RDI), based on simple engineering tests (Equation 23).  

 

 
SG

WASSTI
RDI S 51.0 

  
Equation 23 

 Where:   

IS = Average dry and saturated point-load index; 

SST = Magnesium sulphate soundness test, 

WA = Water absorption; 

SG = Specific gravity saturated and surface dried. 

 

The RDI was modified by Van Rooy (1991) due to the long time required for the 

magnesium sulphate soundness test to be performed. The modified RDI is calculated using 

Equation 24. Van Rooy however mentions that these indictors do not consider the secondary 

minerals directly and the only included test that reflects the main cause of degradation is the 

water absorption test.   

 

 
SG

WAI
RDI S 49.379.141.0 

  
Equation 24 

Where:   

IS  = Average dry and saturated point-load index; 

WA = Water absorption; 

SG = Specific gravity saturated and surface dried. 

 

Fookes et al. (1988) did however also develop a dynamic rock durability indicator 

(RDId) that does not utilize the magnesium sulphate soundness but the modified aggregate 

impact value (Equation 25). They proposed tentative correlations between RDId values and 

durability as follows: 

 < 0.5 – Excellent 

 0.5 - 2.0 - Good 
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 2.0 - 4.0 - Fair 

 > 4.0 - Poor 

 

 
SG

WAAIVM
RDI d

5.1.0 
  

Equation 25 

 Where:   

M.AIV = Modified aggregate impact value, 

WA = Water absorption; 

SG = Specific gravity saturated and surface dried. 

 

16. Ethylene glycol durability index  

The mEGDI proposed by Leyland et al. (2013) (calculated using Equation 26 is used 

to determine the expected suitability of the material for use in different pavement layers 

according to the tentative specifications in Table 5. 

 

     5.215.0  nnnn DSpSEGDI  
Equation 26 

 Where:   

nEGDI  = Ethylene Glycol Durability Index on the nth day 

nS  = Number of pieces showing spalling after n days; 

nSp  = Number of pieces showing splitting after n days; 

nD  = Number of pieces showing complete disintegration after n days. 

 

Table 5. Ethylene glycol durability index specifications for use of BIR in pavement layers (Leyland et 

al., 2013). 

Pavement layer EDGI maximum allowed 

Subbase 20 

Base course 10 

Surfacing 3 

Potential suspect long term durability EGDI20 <1.5xEDGI5 
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Smectite clay identification and quantification as an indicator of basic igneous rock durability 

RC Leyland 

S Verryn  

M Momayez 

1. Introduction 

Basic igneous rocks are one of the most used road building materials in South Africa in terms of the 

aerial extent of their use (Netterberg 1994). This is mainly because approximately 57% of South Africa’s 

surface consists of lithologies belonging to the Karoo Supergroup main basin within which sedimentary rocks 

(tillite, mudrock/shale and sandstone) with poor road construction material properties are predominant. 

Localized Karoo dolerite intrusions are therefore the best construction materials available for many road 

construction projects in such areas. Numerous occurrences of Karoo basic igneous rocks with poor durability 

have however also been reported. Research on this topic has been extensive (Orr (1979), Weinert (1980), 

Haskins and Bell (1995), Dunlevey and Stephens, (1996), Bell and Jermy (2000), Kleyn and Bergh (2008)). 

Similar durability problems have also been identified in other countries originally including Australia (Cole  and 

Sandy 1980) and the North-western parts of the USA (e.g. West et al. 1970) and more recently in Greece 

(Rigopoulos et al. 2010), New Zealand (Moon and Jayawardane 2004), Turkey (Korkanc and Tugrul 2004) and 

Brazil (Gomes and Rodrigues 2007). 

The current South Africa specifications that dictate the durability of basic igneous rocks aggregates 

(based on durability mill or 10% Fines Aggregate Crushing Tests) therefore seem to be insufficient to accurately 

identify the problem materials. The results presented by Leyland et al. (2013) show that materials within one 

Karoo dolerite quarry can have significant variations in durability. It is therefore important that an accurate, 

reasonably quick and inexpensive method of determining the durability of materials is proposed and used during 

quarrying operations.   

Numerous authors have promoted the use of the smectite clay content of materials either as a basic 

igneous rock durability specification or for use as an input into basic igneous rock durability prediction 

calculations. This paper discusses the clay content specifications proposed in previous research and the 

problems encountered when recent studies attempted to quantify the clay mineral contents of typical Karoo 

basic igneous rock aggregates.  

2. Suggested smectite clay content specifications 

Higgs (1976) suggested that the total weathering products do not determine the durability of basic 

igneous rocks, but that the percentage of discrete montmorillonite is relevant. He showed that 11% of discrete 

montmorillonite is sufficient to cause basalts to degrade but suggested that additional testing (X-Ray Diffraction 

(XRD), wetting/drying and ethylene glycol tests) should be performed if a petrographic examination shows 

more than 5% discrete montmorillonite. These statements are unclear and do not suggest rejection or acceptance 

of a material based on the clay mineral content.  

Van Atta and Ludowise (1976) noted that alteration products other than smectites only weaken the rock 

mechanically but that smectites and the textural distribution thereof determine the rate of degradation of basalt. 

This illustrates why mechanical strength tests are not sufficient to determine the durability of basic igneous 
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rocks since rocks that have sufficient strength can be of poor durability if the smectite distribution is 

unfavourable. They found that when unweathered rocks had a smectite content of less than 10% very little 

further smectite development occurred with weathering. Petrographic examinations of (benzidene) stained or 

unstained thin sections were prescribed to determine the quantity and textural distribution of smectites. Since the 

smectite mineral saponite is not stained by benzidene, supplemental XRD analyses are required if staining does 

not reveal smectites (van Atta and Ludowise 1976). XRD analyses can, however, only indicate the presence of 

smectites and not their textural distribution.  

Cole and Sandy (1980) derived a secondary mineral index that requires accurate determination of the 

total amount of secondary mineral present using methods such as XRD, thermal methods, dye absorption and 

point counting. The calculation of the index, however, also requires a textural rating that can only be determined 

during petrographic thin section examination. The petrographic indices proposed by Frascá (1998) also required 

thin section analyses to determine the proportions of primary mineral, weathered primary minerals, interlinked 

smectite and smectite in micro fissures since X-ray diffraction cannot provide this data. 

Weinert (1980) suggested that up to 10% smectite might be tolerable for a “pavement material”. More 

recently van Rooy (1994) suggested a guideline value of less than 20% smectite as suitable for the use of basalts 

in concrete, roads and for rip rap. Paige-Green (2007) suggested that if an aggregate has a smectite content of 

less than 10% the durability can be considered sufficient while aggregates with more than 10% smectite require 

additional testing before approval. Although Kleyn and Bergh (2008) reject actual poor durability claims, they 

suggest that 3% smectite in rock can result in dolerite pavement construction materials transforming into a 

marginal or unacceptable material when physically broken down (such as during processing). Dr F Netterberg 

(personal communication) considers that more than about 5% as risky if the material is to be used as a surfacing 

stone or a base course aggregate. Table 1 is a summary of the smectite limits suggested by these authors. 

 

Table 1. Summary of smectite content specifications suggested by authors. 

Author Suggested smectite content limit (%) Suggested analyses 

Higgs (1976) 5 (montmorillonite) Petrographic 

van Atta  and Ludowise (1976) 10 Petrographic 

Cole  and Sandy (1980) NA* Petrographic or XRD 

Weinert (1980) 10 None 

Frascá (1998) NA* Petrographic 

van Rooy (1994) 20 Petrographic or XRD 

Paige-Green (2007) 10 Petrographic or XRD 

Kleyn  and Bergh (2008) 3 Petrographic or XRD 

F Netterberg (personal 

Communication 2012) 
5 None 

*NA indicates value required for input into index calculation only 

3. Quantitative XRD clay analysis 

X-ray diffractogram peak intensities or peak areas are commonly assumed to be an indication of the 

quantities of minerals present in the sample (Carrol 1970). However the intensities and areas of peaks are 

affected by not only the quantity of the material in the sample but also by the mass absorption of the different 
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minerals, the grain orientations, the thickness of the mounts, weight of the sample, the evenness of the spread of 

the minerals, variations in crystal perfections, hydration state, polytypism and the chemical composition (Carrol 

1970). Thus quantification of minerals from diffractogram analysis is not straightforward. Analytical difficulties 

in quantitative clay mineral analysis of rocks by X-ray diffraction are listed by Srodon et al (2001) to be those 

related to the chemical and structural characteristics of clay minerals which include the variable chemical 

composition and various defects that disturb three-dimensional continuity. These all result in large differences in 

the intensities of XRD reflections between different specimens of the same mineral and this can lead to large 

analytical errors in quantitative analysis. 

Another major source of error in quantitative analysis of rocks containing clays is the platy habit of 

clay crystallites resulting in a tendency for preferred orientation of certain crystallographic planes to the X-ray 

beam (unlike anhedral, equidimensional mineral crystals). Clay minerals in a clay size-fraction are usually 

identified using oriented preparations (and tend to orientate to some degree in other preparations) and the degree 

of orientation affects diffraction peak intensities. Random preparations obtained with techniques described by, 

for example, Smith et al. (1979), Moore and Reynolds (1997), and Hillier (1999 and 2000) can however be used 

to overcome this problem (Srodon et al 2001). If such clay size fractions can be prepared and analysed to 

provide a representative quantification of the minerals in the clay fraction, the relative mineral proportions 

within the analysed whole rock and clay samples can be used to quantify the clay mineralogy of the rock. This 

was done in a study by Lynch (1997) and also assumes that the clay fraction is a reasonable representation of the 

clay mineralogy of the total rock (in this case shale) (Hower et al. 1976 in Lynch 1994). Similar opinions 

regarding basic igneous rock clay fraction representativeness have not been found in literature. Reynolds (1989 

in Lynch 1994) does however note that this quantitative clay mineralogy analysis technique yields results 

accurate to 10% relative for phases in abundance, and 20% relative for minor phases. Thus the technique is not 

accurate enough for durability investigations. 

Another approach involving full-pattern fitting is the Rietveld method (Rietveld 1969), which was 

originally developed for crystal structure refinement and was adapted for quantitative XRD analysis (Bish 1994 

in Harris and White 2007:24). This approach calculates the diffraction pattern based on the crystal structures of 

the minerals present in the samples and compares that pattern to the measured pattern. Then by variation of 

many parameters the difference between the two profiles is minimized and quantification of phases is 

completed. In order to perform a Rietveld refinement structure data for all phases present in the sample is 

needed. 

According to Srodon et al (2001), the Rietveld method is inaccurate when used for clay mineral 

analyses since clay structures are too complex to be modelled and refined for a routine quantitative analysis. 

However, Hillier (2000) performed quantitative XRD analysis of clay, and other minerals, on artificially 

prepared sandstones using Rietveld analyses and reported a ±3wt% accuracy at the 95% level. He believed the 

success of his analysis to be the careful sample preparation and attention to the necessary reduction in particle 

size. He also notes that routine techniques generally do not provide sufficiently standardized samples and as 

such the accuracy of results from such samples are inferior. Dilution of clays may, for example, occur when 

sample grinding is performed (Harris and White 2007).  

XRD identification of clay minerals also requires control of the saturating cations since these can affect 

the characteristic d-spacings. Commonly saturation using glycerol [C3H5(OH)3] or ethylene glycol [C2H6O2] is 

http://www.chemspider.com/Molecular-Formula/C2H6O2
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used to cause diagnostic changes in expansible phyllosilicates by solvation of the interlayer cations and further 

expansion of the minerals (Brindley 1966).  

Glycerol exposure can cause low-charge smectites (e.g., montmorillonite, hectorite) to expand, even 

when exposed to only glycerol vapour, while higher-charge smectites (e.g., beidellite, saponite, nontronite) 

require exposure to liquid glycerol (Borchardt 1989 in Harris and White 2007:20). Heating to high temperatures 

(>300°C) also causes changes in d-spacings of some clay minerals. Another problem in interpreting diffractions 

from smectite clays is that the d-spacings can also be variable when random interstratification of smectite with 

other phyllosilicates occurs. Since the two phases together establish the repeating periodic pattern of the unit cell 

the lowest angle peak for a regularly interstratified combination would be the sum of the individual angles 

(Harris and White 2007). 

Due to the complications described above absolute quantitative results for clay minerals are very 

problematic and generally not reproducible.  

4. Methodology 

Newly exposed, unweathered dolerite samples from quarries across South Africa and basalt samples 

from quarries in Lesotho were submitted to various laboratories for smectite content determination. The testing 

methods utilized were thin section analyses (with visual estimates and point counting) and XRD analyses. In the 

first phase of the study 25 samples were considered. All 25 were submitted for XRD analyses at the first 

laboratory, while 6 were submitted to two additional laboratories for XRD analyses. Thin sections were 

prepared from 22 of the samples and visual estimates of mineral composition were performed during the 

analyses of the sections. Point counting was then performed on 9 of the thin sections ( 

Table 2). The different XRD facilities did not all use the same methods to perform the analyses, some 

performed semi quantitative estimates (using relative peak heights/areas proportions) while others performed 

Rietveld analyses. 

 

Table 2. Summary of sample numbers and analyses performed on each sample in phase 1. 

Sample 

number 

Thin section XRD 

Estimation Point counting 1
st
 analyses 2

nd
 analyses 3

rd
 analyses 

1      
2      
3      
4      
5      
6      
7      
8      
9      

10      
16      
17      

18      
19      

20      
21      

23      
24      
25      
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26      
27      
28      
29      
30      
31      

 

In the second phase 10 additional dolerite samples from different quarries were submitted for 

quantitative XRD analyses. First the materials were divided into three groups and submitted to different 

facilities and then all materials were submitted to a fourth facility for a second analysis. All facilities were 

requested to quantify the mineralogy (including clay mineralogy) of the materials using XRD techniques.  Again 

the different facilities used different methods to analyse the materials including semi quantitative estimates 

(using relative peak heights/areas proportions) and Rietveld analyses (Table 3). All but one of the facilities 

performed clay fraction treatments.   

 

Table 3. Summary of sample numbers and analyses performed on each sample in phase 2. 

Sample 

number 
First (A) analysis method Second (B) analysis method 

P1C1 
Semi quantitative estimates of standard samples and both 

heat and glycol treated clay fractions using relative peak 

heights/areas proportions. Clay contents refined based on 

clay fraction results. Average of results from Rietveld 

analysis and Rockjock pattern 

fitting (Eberl 2003) analysis after 

phase identification based on glycol 

and heat (550°C) treated 

observations. 

P1D1 

P2B1 

P2B2 

P3A1 Semi quantitative estimates of standard samples using 

relative peak heights/areas proportions. P3B1 

P4A1 

Rietveld analysis after phase identification based on glycol 

and heat (550°C) treated observations. 

P6B1 

P7C1 

P7D1 

5. Analytical procedures and results 

5.1. Phase 1 smectite contents determined using different techniques 

When the various smectite contents reported by different methods for each sample are compared 

(Figure 1) it is obvious that the methods do not give consistent results. Point counting generally gives the 

highest estimates when compared to the other results. Petrographic estimates and XRD results also differ 

significantly and there is no consistent trend in the differences between these. When comparing results for 

samples for which there are only XRD and petrographic estimates available (Figure 1B) extreme differences in 

smectite content estimation were obtained and again no consistent trend in differences between results is seen.  



268 

 

 
Figure 1. Smectite contents determined by different testing methods, A: Results for samples on which two or 

more analysis types were performed, B: Results for samples on which only XRD and petrographic estimates 

were performed.  

 

5.2. Phase 1 smectite contents determined by three laboratories 

 XRD analyses were performed on samples 16 through 21 (Table 2) by three different laboratories 

using different analytical techniques. The results of these are referred to as XRD, XRD1 and XRD2 in this 

report.  The analysis procedure used by the first laboratory (“XRD”) was a three step process similar to that 

discussed by Lynch (1997), which consisted of: 

 Step 1: clay content determination on full rock sample using relative peak heights/areas 

proportions 
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 Step 2: smectite content determination on glycol treated clay fraction sample using relative 

peak heights/areas proportions 

 Step 3: back calculation of absolute smectite content in rock 

The weight percentages of clay minerals in the rock (Figure 2) may be incorrect if overlap of smectite 

and chlorite peaks had occurred and therefore additional analyses on the clay fraction separated out of the bulk 

sample (step 2) were performed.  

 

 

Figure 2. Clay percentages reported by whole rock XRD analyses (Step 1). 

The results (Figure 3) show a wide range indicating that significant interference of peaks was present in 

the first step. When the back calculations for the “XRD” results were performed the variation in smectite 

contents for the full rock samples (Figure 4) was reduced slightly but importantly the smectite contents of some 

samples had dropped to below some of the proposed limits (e.g. samples 16, 17  and 18).  

 
Figure 3. Smectite portion of clay fraction reported by XRD analyses (Step 2). 
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Figure 4. Absolute smectite clay contents determined by back calculations using XRD results (Step 3). 

 

In the “XRD 2” and “XRD 3” analyses the weight percentages were estimated using the Rietveld 

method (Autoquan Program) and as such no corrections based on clay fraction analyses were required.  

The results (before corrections were applied, Figure 5A) for samples that were submitted to three XRD 

facilities show how the results do not agree and do not show any consistent differences. After the corrections 

were performed the differences in results decreased for some samples but the results are still by no means in 

agreement and all samples have a range of results that spans at least one of the proposed smectite limits (Figure 

5B). Since it has been reported previously that the method used by Lynch (1997) is not accurate for minor 

phases this is to be expected. In practical terms any of these samples could have been accepted or rejected 

depending on the specification being adhered to and the analyses methods used to determine the clay content.  
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Figure 5. A: % smectite identified in whole rock and B % smectite after corrections for clay fraction analyses 

were performed (where applicable). 

5.3. Phase 2 samples 

The second facility (B analyses) performed analyses of the diffractograms obtained using two different 

software packages namely X'Pert Highscore Plus (V2.1.2 2005 by PANalytical B.V., Almelo, The Netherlands) 

and Rockjock (Eberl 2003). The former is a Rietveld analyses software. In both cases the crystal structure data 

were obtained from the AMCS Database (Downs 2003). The results from the analyses, summarized in Table 3, 

highlight some important problems that would have been encountered should the studied materials have been 

under consideration for use as aggregates.  
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The major mineral analyses produced consistently different results in which the Rietveld analysis 

provided a higher pyroxene content in almost all the results while for plagioclase it was the Rockjock result that 

was always higher (Figure 6). Although such differences are unlikely to affect the rock as an aggregate they do 

reveal that the interpretation results of diffractograms should not be followed blindly. 

 

Figure 6. Comparison of Major mineralogy composition as determined from Rietveld and Rockjock analyses on 

the same XRD data. 

The secondary mineral analyses were however not in agreement at all. While the Rockjock results 

consistently provided results for vermiculite the Rietveld analysis showed no vermiculite to be present. Both 

smectite and vermiculite potentially have diffractogram peaks at 14Å that shift after exposure to ethylene glycol. 

Differentiation of vermiculite requires no shift in the 14Å peak after treatment with glycerol (not ethylene 

glycol), additional base peaks, and the lack of additional peaks forming due to exposure to ethylene glycol or 

high temperatures. Closer inspection of the diffractograms produced in phase 2 reveal some cases in which 

vermiculite is likely while smectite is unlikely but without glycerol treatment final discernment between the two 
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is not possible. The Rietveld analysis did show a significant amount of amorphous material to be present and the 

analyst assumed this to be vermiculite when reporting the final results. Even if this is the case the results do not 

agree and almost all materials had reported vermiculite and or smectite contents that lie on opposite sides of one 

of the proposed limits (Figure 7).    

 

 

Figure 7. Vermiculite contents determined using different diffractogram analysis methods on the same XRD 

data).  

  The problem with the above secondary mineral interpretations is that no smectite clays were 

incorporated into the Rietveld analysis. This makes comparison of these results to those from the first facilities 

difficult. It was decided to use the information as in Figure 7 when comparing with the results from the first 

facilities. i.e. the vermiculite contents reported by phase 2 were compared to the smectite contents reported by 

phase 1. The comparison (Figure 8) shows how even more materials now fall on opposite sides of the proposed 

limits and in some cases now span more than one such limit. The “other” results refer to those performed by the 

first facilities. Samples P1C1 through P2B2 were all submitted to the same initial facility but the results 

(obtained using relative peak heights/areas proportions) do not show any consistent relationship with the 

Rietveld and Rockjock analyses. The P3 samples’ initial results were also obtained using relative peak 

heights/areas proportions but without doing glycol or heat treatments on clay fractions. Surprisingly the P3 

results do show relative agreement with the Rietveld analysis. Finally the initial facility analysed the samples 

P4A1 through P7D1 using Rietveld analyses and therefore a large degree of correlation would be expected. This 

is however not the case. One reason for this may be that the “other” analysis did not incorporate vermiculite into 

its analyses. In the extreme case of P4A1 material no smectite (or vermiculite) was identified in initial analyses 

while the Rietveld analysis did identify significant amounts of amorphous material which were assumed to be 

vermiculite/smectite and the RockJock analyses also reported some vermiculite.    
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Figure 8. Vermiculite or smectite contents determined using different techniques and different analysis facilities.  

6. Discussion 

It is very likely that the smectite clay content of aggregates is, as proposed by different authors, directly 

related to their durability. The determination of the smectite clay content using different methods has however 

been shown to deliver conflicting results and the use of at least two methods and the comparison of results has 

proven to be a good way to identify potentially inaccurate results. Petrographic estimates are believed to be 

highly inaccurate and should, as all estimates, be used only to guide further testing requirements and not as an 

acceptance criteria. Point counting and XRD analyses potentially have equal accuracies and can be done in 

tandem and the results compared. If the results differ significantly or fall on opposite sides of the relevant 

specification then it is suggested that one or both of the analyses be repeated.  The results of this study do 

however show that repeating XRD analyses will not always simplify the interpretation of the mineralogy.   

Thin section interpretations require accurate identification of smectite minerals which are not as easy to 

identify as other groups of minerals. It is, for example, very possible that vermiculite and smectite minerals will 

have similar appearances even to the experienced analyst. The gradual replacement of primary minerals by 

smectite clay minerals can also result in minerals within thin sections that are not easily identifiable as either the 

primary mineral or the secondary product.  

The accuracy of the XRD analyses is also dependent on accurate identification of smectite clays as one 

of the phases to be modelled in the analyses. It has also proven beneficial to explain to the analyst the relevance 

and importance of the clay fraction analyses so that greater care is taken to accurately determine the smectite 

content. This eliminates the possibility that all weathered minerals will be considered as active smectite clays (in 

the case of thin section analyses) and that all clays will be considered to be smectite clays (in the case of XRD 

analyses). Great care should be taken when analysts identify potentially deleterious phases to be modelled in 

Rietveld (or similar) analyses. Here it would be wiser to incorporate all potential groups of clay minerals and 

other phyllosilicates (i.e. smectite clay, biotite, muscovite, vermiculite, chlorite and illite) to prevent potential 

ambiguity regarding the actual form of phyllosilicates present.  

The effects of preferred orientation may also have contributed to the observed variations in results. 

Most of the facilities that did not use Rietveld analyses reported using orientated samples of clay fractions. This 

would have resulted in accurate phase identification but possibly inaccurate quantification of phases in clay 

fraction. This error would then have been included in the back analyses of the clay fractions in the whole rock.  
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Preferred orientation effects may also have been present in samples on which only Rietveld analyses were 

performed. However, Rietveld analysis also generally allows for modelling of preferred orientation and since 

these were whole rock samples and not only clay fractions the degree of preferred orientation would have been 

less.   

It therefore seems that the lack of correlation between commonly utilized clay mineral quantification 

techniques makes the use of such information in studies to predict the durability of igneous rocks unlikely to be 

valuable. Why then have so many authors suggested smectite clay content limits? It is most probable that large 

databases observed by such authors may reveal some correlations between clay contents and observed (or 

interpreted) durability. If not the proposed specifications are also most likely erroneous. The presented issues 

however will still prevent the use of such data during routine material investigations and quality control testing. 

7. Conclusions 

The use of quantitative clay analyses is most probably only suitable as indicative of the range of 

smectite mineral contents within a specific source and at best as a relative indication of one source’s potential 

durability to that of another. If smectite clay content is to be introduced as an absolute specification for material 

acceptance a strict standard method of analyses will have to be prescribed. This will prevent errors due to, 

among others, dilution during sample preparations, variations in glycol exposure techniques and orientation of 

phyllosilicates. Such a method will also improve the reproducibility between different facilities. 

Should clay minerals be accurately quantified in both whole rock and clay fraction samples the 

calculation of clay mineral quantities in the whole rock using relative results would still suffer from both poor 

accuracy (reported to be as low as 20% for minor phases) and a potentially incorrect assumption that the clay 

fraction sample is representative of the whole rock clay content. 

Until the problems highlighted in this study are addressed it seems more feasible to employ point 

counting to determine the clay mineral content of an aggregate source. The results may be slightly less accurate 

but costs are generally lower and at least some information regarding the distribution and origin of secondary 

mineral phases can be obtained. XRD techniques may still be applied to obtain additional information and check 

the point counting results. Where large discrepancies exist it is advised that the point counting be redone.  
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1. Introduction  

Scanning electron microscope (SEM) analysis, in conjunction with energy-dispersive 

X-ray spectra (EDX) analysis was used to attempt to more accurately determine the 

mineralogy of the secondary minerals observed in many of the thin sections from different 

research sites. The typical minerals that could not be fully identified by using a petrographic 

light microscope are the large dark minerals that replace pyroxene in many samples and the 

fine grained sericite that typically forms interstitial pools between plagioclase matrix grains. 

Typical examples of the pyroxene alteration mineral are shown in Figure 1. It was also 

suspected that some of the minerals that contain dark alteration phases may be olivine. 

Ultimately, for the purposed of the research being conducted the host mineral of the alteration 

phases less important than the actual secondary phase identification. Having said that it 

would also provide valuable information if the presence of either alteration phase is linked to 

a specific primary mineral.  

During petrographic examinations using a light microscope the dark replacement 

minerals was referred to as mica and occasionally as biotite due to the strong pleochroism 

and uneven, or bird’s eye, extinction. The minerals did however lack the typical cleavage 

often observed in mica minerals and for this reason the true nature of these minerals was 

under question. A typical example of a “sericite pool” is shown in Figure 2. The formation of 

such pools seems to be at the expense of interstitial plagioclase matrix grains but may also be 

due to the alteration of late stage magmatic glassy residues. The pools typically consist of 

green to greenish brown mineral grains with a fibrous nature that becomes more evident 

under crossed polarised light. The edges of such pools range from being very distinct against 

unaltered mineral boundaries to more diffuse edges where the alteration front seems to 

penetrate surrounding minerals slightly.  The pleochroic and fined grained nature of the 

minerals as well as the high birefringence let to the conclusion that the majority of the mass 

consists of muscovite with the green colour potentially being due to interlayered chlorite. The 

fine grained nature does however make accurate mineral identification problematic.   
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Figure 1. Typical minerals labelled as micas that may be other forms of phylosillicates. A & B: Pleochroic 

green and brown mineral with uneven extinction that replaces large areas of a pyroxene grain, C & D: 

Similar mineral replacing primary phase only along intra mineral fractures mostly orientated along 

cleavage planes, E & F: Similar to A but yellow brown colour and early stage alteration along cleavage 

planes still visible as different phase. All left side images are in PPL and all right side images are XPL. All 

images are 40x magnification. 
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Figure 2. Typical minerals labelled as sericite showing the green or green to brown colour (A), fibrous 

nature and relatively high interference colours (B). A in PPL and B in XPL. Both images are 40x 

magnification. 
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2. Primary mineral alteration 

Introduction 

Alteration processes can be divided into two main groups; Hypogene processes occur 

deep below the earth's surface and are caused by ascending hydrothermal solutions, and 

Supergene processes that occur at or near the surface due to water percolating down from the 

surface.  

Hypogene processes tend to form deposits of primary minerals since at great depth the 

pressure is high, and water can remain liquid at temperatures well above 100 °C. Such hot 

aqueous solutions originate from magma and contain metal and other ions derived from the 

magma and also from leaching of surrounding rocks. Crystallization from these solutions as 

they rise through the earth's crust results in primary mineral deposition. Supergene processes 

tend to form secondary minerals when primary minerals, rendered unstable in the upper crust 

are destroyed and replaced by more stable secondary minerals.  

The term weathering includes supergene processes (chemical weathering) and any 

other processes (physical weathering) by which rock, soils and loose sediments are 

transformed from the parent material to the weathered mantle. Alteration can therefore occur 

before weathering begins, through hypogene processes, or during weathering by means of 

supergene processes.  

This study is primarily concerned with alteration processes and not weathering. The 

observed alteration is most likely to be of supergene origins as it involves the replacement of 

primary minerals and not the precipitation of primary minerals. 

Alteration processes 

The two main methods in which secondary minerals/products form in igneous rocks 

are solid-solid transformation, in which the material inherits a significant portion of its 

silicate skeleton from the parent mineral, and neoformation, in which the weathering products 

form by actual precipitation from solution (Duchaufour, 1982; Eslinger & Pevear, 1988 in 

Velbel 1989:516). 

Delvigne (1998) describes weathering processes based on the different pore space 

systems in rocks in which weathering processes occur. The first of these, Contact 

microsystems, occur in the first stages of weathering when primary minerals are still joined. 
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Such processes operate to a limited extent in the base of a rock weathering profile and to a 

greater extent in areas exposed to hydrothermal processes. The planes of discontinuity along 

which such microsystems occur include the following: 

 External surfaces of the mineral grains: along the suture planes between 

minerals surfaces form a continuous network to which only poikilitically 

enclosed minerals are not connected. 

 Internal surfaces corresponding to planes of weakness in crystals: these 

include cleavage planes, twin planes, aligned micro inclusions and are not all 

connected to the grain boundary network 

 Uneven surfaces that are true (real) or potential surfaces such as microfisures 

that are either open or closed and either intra- or trans-mineral.  

In an ideal deep setting all such surfaces are closed and the only contact with water is 

along veins, joints and faults and therefore any minerals in the rock mass have very limited 

contact with water. As such only very slow diffusion can exits were some water is present. 

Such low concentrations of water result in water molecules dissociating and the OH
-
 ions 

slowly transform anhydrous primary minerals to hydroxylated secondary minerals. Since 

only hydroxyl ions are added the secondary mineral chemical composition is always closely 

related to the original mineral composition.  

According to Delvigne (1998) as the first stage of alteration continues the residual 

pore space increases very slightly and water takes on a greater role. He refers to this system 

as a plasma microsystem in which neoformations of 2:1 clays with crystallochemical 

compositions still very similar to the replaced primary mineral can form when water is still 

relevantly immobile. 1:1 clays (with less representative compositions) or oxyhydroxides of 

immobile elements (Fe, Ti and Al) will form if water is able to remove ions form the plasma. 

Since water is still tightly bound, slowly renewed and ions are transferred by diffusion all 

liberated ions either travel short distances before being incorporated into secondary phases 

(e.g. Gibbsite formation within feldspar) or into adjacent alteration products (e.g. aluminous 

smectites after olivine).  

The smectites and other 2:1 clays are mechanically unstable and are therefore easily 

fragmented and deformed by humidity and dryness cycles and easily cleaved by external 

mechanical factors. Kaolinite structures are less susceptible but when such fracturing, 

displacing and degrading of the sheet silicates in the primary plasmas occurs secondary 
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plasmas form and eventually soil forming processes start and secondary plasmas are widely 

developed.  

The third system is that of fissures which are large scale structures such as faults, 

metamorphic textures and bedding planes. These do not determine a specific stage of 

alteration but determine the rate at which the other stages occur at different levels. For 

example vertically jointed rocks have processes occurring deeper than materials without 

fissures and orthogonal structures result in the formation of core stones in some igneous 

materials. The rate of processes also depends on mineral stability and the most weatherable 

primary minerals (according to Bowen’s reaction series) can weather even at the base of a 

profile under conditions of restricted drainage and this is why unaltered olivine is rarely seen 

even in lower profile samples. Pyroxenes are slightly less weatherable and therefore seen in 

some unweathered rocks. Velbel & Barker (2008) noted that orthopyroxene margins were 

more prominently weathered than immediately adjacent clinopyroxene grains. According to 

them other studies have shown the opposite to be common. Hornblende’s observed degree of 

alteration drastically depends on the rock in which it is found. In mafic rocks it will weather 

slower than other minerals and therefore may appear unaltered in the lower profile. However 

in felsic rocks it will be the most weatherable and therefore be highly weathered even under 

conditions of restricted drainage. 

Primary silicate phase alteration 

Introduction 

Fields & Swindale (1954, in Eggleton, 1975:1068) stated that layer sililicate clay 

minerals can form as residues from micas but not from other primary silicates as the 

structures of other silicates cannot form layers unless an amorphous stage is assumed first. 

Eggleton (1975) however showed how magnesium-rich hedenbergite (pyroxene) was 

weathered, to talc in crystallographic continuity with the parent pyroxene. Banfield & Barker 

(1994) provide a list of previous studies that have employed high-resolution transmission 

electron microscope (HRTEM) techniques to study the weathering of pyroxene, olivine, 

feldspar, biotite and other minerals. In these pyroxenes, olivine, and biotite weathering was 

generally interpreted as topotactic and often isovolumetric. Banfield & Eggleton (1990) 

provide a list of feldspar studies that have indicated how K-feldspar is altered to a 

noncrystalline phase (Eswaran & Bin, 1978; Rimsaite, 1979; Eggleton & Buseck, 1980) or 

directly to phyllosilicates such as illite, muscovite, kaolinite, smectite and halloysite.  
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Pyroxenes and amphiboles  

The possible formation mechanism of phylosilicates from inosilicates was predicted 

by Wilson (1975 in Singh & Gilkes, 1993:624) and involves minimum reorganization and the 

coalescence of chains to form a tetrahedral sheet. According to Gilkes et al. (1986 in Singh & 

Gilkes, 1993:624) such topotaxial transformations are facilitated if minimum adjustments in 

structure and composition are involved. Singh & Gilkes (1993) agrees that pyroxenes and 

amphiboles (“Pyriboles”) containing Mg, Fe, AI, and Si may readily alter to clay minerals by 

topotactic processes due to retention of these ions as structural constituents in the clay 

minerals. They however note that pyriboles that contain Ca or Na ions, which can only be 

retained in clay minerals as exchangeable cations are less likely to undergo such 

transformations. In the case of spodumene, which contains Li that could be incorporated into 

clay minerals as an exchangeable cation and an octahedral cation (Brindley & Lemaitre, 1987 

in Singh & Gilkes 1993:624) they observed etch pit formation but no evidence topotactic 

alteration to smectite was found. The smectite was therefore formed by a mechanism of 

dissolution and precipitation to a non-crystalline material and then to smectite. SEM 

observations by Velbel & Barker (2008) also suggest that smectite can form by precipitation 

of dissolved products from solution. They noted that such smectite had abundant Si, higher 

Fe and Al, and lower Ca and Mg compositions (determined by EDS), compared with parent 

pyroxenes.  

Other published studies of pyribole mineral alteration, considering both rock samples 

and regolith samples, have shown that alteration of pyriboles can follow many different 

mechanism. One common form of pyribole mineral destruction described by many authors is 

that of denticulated mineral terminations. This has been observed in petrographic thin 

sections (Delvigne, 1983, Plate B2; Delvigne, 1998, photomicrographs 132 and 133 in Velbel 

& Barker (2008)) and various SEM studies. The “saw tooth” edges of such mineral grains are 

commonly referred to as denticles but Delvigne (1998) uses the term “saw tooth” exclusively 

to describe the wider denticles points that form by alteration of olivine. SEM images of 

denticles are included in Velbel (1989), Smith et al. (1987) and Singh & Gilkes (1993).  

One model of pyroxene alteration proposed by Velbel & Barker (2008) describes how 

smectite can be produced. In short open grain boundaries and sprung cleavages allow initial 

water entry which then initiates topotactic, isovolumetric reactions that form smectites. Since 

such alteration is along almost orthogonal cleavage planes the result is a “boxwork” of clays. 
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Subsequent moisture changes during natural wet and dry cycles cause episodic surface 

tension forces, due to the shrinkage of the smectite, that eventually result in a rupture at 

smectite-pyroxene interface. At this stage the newly formed pores cause improved fluid 

access and the new microenvironment favours solute transport and more complete dissolution 

of pyroxene. Following this stage Velbel & Barker (2008) note that smectite layers may serve 

as templates for continued clay formation or newly dissolved constituents can be transported 

away from reaction sites to recrystallize elsewhere. After significant alteration and 

weathering processes have occurred (i.e. beyond the typical degree of weathering 

experienced in materials commonly used for hard rock aggregates) soil formation processes 

begin. During such advanced stages porosity eventually increases sufficiently to allow 

colonization of pore spaces by microbial colonies after which microbes and their extracellular 

polymers create and control a diverse suite of physiochemical nano-environments (Velbel & 

Barker, 2008).  

As noted by Velbel (1989:516) the American Geological Institute Dictionary of 

Geological Terms (1976) defines boxwork as: "Limonite and other minerals which originally 

formed as blades or plates along cleavage or fracture planes and then the intervening material 

dissolved leaving the intersecting blades or plates as a network." This definition therefore 

implies that the original material has been totally removed. In the following paragraphs the 

initial alteration products that retain their original orientation while portions of the parent 

material are still present will be referred to as “initial boxwork” to distinguish it from the 

formally defined material.  

Further details of the alteration process were given by Velbel (1989) who described 

the first stage as the “Incipient stage” during which ferruginous weathering products form the 

basis of a boxwork by, lining fractures and cleavage fragments. Based on SEM images he 

described these ferruginous weathering products as having a central parting (Figure 3). 

Following this etch pits form by selective attack at defects and dislocations in the parent 

mineral and as these coalesce the denticulated terminations characteristic of pyribole 

remnants are created. Finally when the volume of mineral that formerly occupied the void has 

been removed the denticulation terminations, devoid of clay minerals or other weathering 

products, become visible. 
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Figure 3. SEM image of ferruginous product formed by hornblende alteration. Note central parting in 

product and pores between denticulated hornblende edge and residual products (Adapted from Velbel, 

1989). 

The work by Velbel & Barker (2008) also proved that the appearance of smectite 

formed by pyroxene weathering does vary depending on the sample preparation method. Air-

dried sample mounts most probably result in shrinkage of smectite which results in boxwork 

or mesh-like textures separating from denticles. They therefore compared air dried and high-

pressure frozen/freeze-etched samples and found that in freeze-etched samples the smectite 

appeared porous, wispy, and ‘cobweb’- or ‘cornflake’ and pore spaces are much smaller. 

Olivine 

As noted by Smith el al. (1987) many mineral assemblages form by olivine alteration 

and these are commonly grouped under the terms iddingsite or bowlingite. The following 

description of bowlingite is based on that presented by Delvigne et al. (1979). Although 

bowlingite is a common olivine alteration product pseudomorph it is also an alteration 

product, pseudomorph after other minerals including pyroxene. During the formation of 

bowlingite magnesium is frequently partially removed (Fe:Mg ratio raised as high as 8:1). 

Although Bowlingite is now recognised as an obsolete term for the smectite clay saponite 

earlier definitions included mixtures of smectite-chlorite and serpentine minerals, with minor 

amounts of talc, quartz and micas. However if Mg is removed, as described above, the Fe of 

olivine accumulates, oxidizes and smectites with a chemical composition closest to that of 
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nontronite form. Therefore the use of saponite to replace bowlingite is not a true reflection of 

the possible mineralogy. Both saponite and nontronite, contain some Al which replaces Si in 

the tetra-hedral layer. The presence of aluminium in a pseudomorph after a mineral devoid of 

aluminium is attributed to transfer from adjacent minerals during deuteric or weathering 

processes.  Bowlingite typically appears as a micaceous, fine-grained, aggregate with 

randomly distributed individual flakes. The colour depends on many factors including 

impurities, degree of oxidation and the percentages of saponite/nontronite present in the 

pseudomorph. Mg-rich olivine bowlingite (saponite) is less coloured than the nontronitic Fe-

rich olivine bowlingite.   

Wilshire (1958 in Smith el al., 1987:418) notes that bowlingite is the olivine alteration 

product under non-oxidative conditions while Colman (1982 in Smith el al., 1987:418) notes 

that iddingsite forms when oxidative weathering of olivine (or of bowlingite) occurs. 

Iddingsite is not a mineral but a mixture of goethite and smectite. Eggleton (1984) describes 

the formation of iddingsite in olivine as a two stage process; topotactic nucleation of layer 

silicates (saponite) and goethite and later enlargement of the nuclei by crystallization from 

solution. The lesser volume of the nuclei results in larger channels allowing faster ions 

diffusion. One of the distinctive differences between bowlingite and iddingsite is that the 

extinction of the bowlingite is not homogeneous due to the random distribution of the fine 

aggregates while that of iddigsite is generally parallel to that of the original olivine mineral 

(Eggleton, 1984), Smith el al., 1987, Delvigne et al., 1979).  

Analytical electron microscopy X-ray spectra analyses (and other chemical analyses) 

of iddigsite alteration in olivine by Smith et al. (1987) revealed that minimal differences in 

composition occurred between unaltered olivine and areas directly adjacent to that but that 

the clay contained much less Mg and Fe, an appreciable amount of Al and usually an 

identifiable concentration of Ca.  
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3. SEM and EDX analysis 

Methodology 

SEM analyses were performed using a LEO 1525 field emission scanning electron 

microscope and samples were carbon coated using an Emitech K950X turbo carbon 

evaporator. EDX analyses were performed with a Oxford Si(Li) detector with INCA 

software. 

Initial attempts to view the alteration minerals using a SEM were unsuccessful. The 

alteration minerals were originally identified in thin sections but due to their small, isolated 

nature they were not easy to identify in pieces of aggregate viewed without magnification. 

Thus they could not be located before placing pieces of aggregate in the SEM. Furthermore, 

SEM images lack true colour and minerals therefore have to be identified by surface texture 

and differences in X-ray reflectance. This proved to be almost impossible as can be seen in 

Figure 4.  

The initial attempts using pieces of aggregate did however reveal some evidence of 

mineral denticles as described by other authors (Figure 5). It was then decided to use polished 

thin sections of rock for SEM observations as was successfully done by Singh & Gilkes 

(1993). 
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Figure 4. Sample of material from site P8 viewed using SEM. 

  

 
Figure 5. Dolerite samples showing possible alteration denticles.  

Since SEM images do not provide the optical properties that make primary mineral 

identification relatively easy when viewing thin sections in a petrographic microscope it can 

be hard to identify minerals while utilizing a SEM. The observation of the alteration minerals 

identified in the covered thin sections under the SEM was not possible as the glass cover slip 
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would result in no electrons reaching the mineral surfaces. Polished uncovered thin sections 

of selected samples were therefore created in the hope that similar characteristic minerals, as 

seen in the corresponding covered sections, would be seen in the uncovered sections. Such 

thin sections could then be viewed under the SEM since the electrons would not be 

obstructed by a glass cover slip. Some of the uncovered sections did contain the expected 

alteration minerals and once such occurrences were identified there location was marked. To 

make locating the marked areas in the SEM easy the thin sections were covered with paper 

that had slits at the locations corresponding to the relevant minerals (Figure 6). 

In the SEM the correct slit could then be identified based on its position on the slide 

and the minerals observed using the light microscope could be viewed and EDX analyses 

done where needed. An example of a secondary mineral occurrence viewed under both a light 

microscope and under the SEM is provided in Figure 7.  
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Figure 6. A polished thin section (centre) covered with paper containing slits over alteration mineral 

occurrences (images of area under each slit taken with petrographic microscope incuded).  

  

 
Figure 7. A thin section area viewed under plain polarised light (left) and under the SEM (right) with a 

common part of each image indicated with a square. 
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Following the successful location of an alteration mineral it was possible to zoom in 

while using the recorded light microscope image as a reference and navigation tool. This 

allowed the observed textures and EDX spectra to be accurately linked to the minerals being 

observed. In Figure 8 it is clear that the lightest colour mineral (plagioclase) appears darkest 

in the SEM image while the opaque minerals appear lightest due to the density and 

consequent higher reflection of electrons on such minerals.  

 
Figure 8. Correlations between mineral appearances in plain polarized light and SEM images. 

Typical primary mineral EDX spectra 

Typical plagioclase grains should yield an EDX spectra with high silica, oxygen and 

aluminium peaks as well as lesser calcium and sodium peaks at a ratio depending on the exact 

composition within the plagioclase solid solution. An example of plagioclase lath and the 

EDX spectrum produced by it is shown in Figure 9. Pyroxene spectra differ as they contain 

magnesium and iron peaks (sizes depending on composition) and lesser calcium peaks. 

Clinopyroxenes have significantly higher calcium peaks. A typical example of a 

orthopyroxene spectrum, with a magnesium peak superior in magnitude to the iron peak, is 

shown along with a SEM image of the mineral grain in Figure 10. In contrast olivine specta 

are relatively “clean” with a silica peak accompanied by an iron and or magnesium peak 

(depending on the exact composition) and a lack of other peaks. Note that due to limited 

aluminium substitution the aluminium peak is generally weak in pyroxene. 
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Figure 9. Plagioclase grain under SEM with associated EDX spectrum. 

 

 
Figure 10. EDX spectra recorded on a pyroxene grain. 



296 
 

Opaque mineral identification is greatly aided by the use of EDX analyses since 

optical and scanning electron microscopes give very limited information on what mineral is 

being viewed. Two very different looking pyrite grains can for example be shown, using 

EDX spectra to have the same composition. 

 
Figure 11. Pyrite grains with associated EDX spectra. 
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4. Results 

Introduction 

Each of the samples on which SEM analyses was performed will be discussed 

separately. For the thin section samples a comparison between the minerals observed in the 

uncovered thin sections and those observed in the original covered thin section analyses is 

presented, followed by the SEM and EDX observations made on the uncovered sections. 

Denticulated edge 

EDX spectra obtained from one of the aggregate pieces (Figure 12) showed the 

denticulated mineral to be pyroxene (B) but that the adjacent mass was not easily identifiable. 

It is highly likely that this mass was contaminated or that the spectra is innacurate due to the 

oblique angle at which the mass was lying.  

Sample P4C1B 

The original covered thin sections for the B sub-sample of sample P4C1 (dolerite 

from a quarry in Kimberly) contained dark “mica” and pools of sericite. The dark minerals 

were typically dark brown to yellow brown, pleochroic and had a typical birds eye extinction 

of a mica mineral. Not all examples had well developed cleavage but most were associated 

with pyroxene grains either as a patch replacement or as an alteration product along joints 

within the pyroxene grains (initial boxwork alteration). XRD analyses of samples reported 

clinopyroxene to be dominant over orthopyroxene (33% vs. 4% respectively) and minor 

amounts of chlorite and muscovite. Only trace amounts of clays were reported. Images of the 

dark replacement minerals show how they occur as isolated minerals as well as in larger 

clusters (Figure 13).  

 

The polishing of the uncovered thin sections was slightly inferior and as such images 

captured from the petrographic microscope are somewhat poorer. Despite this three good 

examples dark secondary minerals were identified and marked for SEM analyses. These 

examples contained initial boxwork examples, well developed dark patches replacing large 

parts of grains and a combination of these replacemnet modes (Figure 14).  No sericite pools 

were identified in the uncovered sections (possibly due to poor quality of polishing) and as 

such no such alteration products were viewed using the SEM. 
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Figure 12. Spectra obtained from denticulated material and adjacent mass. 

 
Figure 13. Images of dark replacement minerals in the original covered thin sections of sample P4C1B  (PPL, 40x magnification).  
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Figure 14. Images of dark replacement minerals in the uncovered thin sections of sample P4C1B (PPL, 

40x magnification). 

SEM analyses initially gave the impression that the dark alteration product still has 

relict pyroxene orthogonal cleavage (Figure 15B). However when EDX spectra taken in the 

same area are considered it is clear that not all of the dark areas have been altered. The area 

with the cleavage has a spectrum resembling that taken in the unaltered area adjacent to the 

altered area (area A). Neither area had strong calcium peak in their spectra which is possibly 

an indication that the host mineral was olivine of intermediate (magnesium and iron) 

composition. The unaltered area did have a high birefringence, further evidence of olivine. 

The observed cleavage is however not expected in olivine. A second dark area (C) produced a 

different spectrum with smaller magnesium and iron peaks and newly developed aluminium 

and (minor) calcium peaks. This change in chemistry closely resembles the description of 

iddingsite formation from olivine described by Smith et al. (1987). 
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Figure 15. Relict olivine (A) fracture alteration (B and C) and associated EDX spectra.  
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Early conclusions based on the observations made on this secondary mineral mass 

alone are therefore: 

 The host mineral is olivine but a unexplained cleavage is present 

 Some dark areas are chemically still olivine while others are different and 

possibly nontronite 

 The dark areas that are still similar to olivine are either stained by iron oxides 

or consist of a thin layer of olivine covered with clay minerals. 

A different area in the same thin section that had a large mass of dark secondary 

mineral was also viewed (Figure 16). Firstly the dark area was shown in contain many fine 

opaque minerals that were not visible under the optical microscope (small light areas in 

Figure 16). These minerals were too small for EDX analyses but larger opaque, minerals (A) 

outside the dark area produced spectra with high titanium, iron and oxygen peaks, thus 

indicating illmenite as the most likely opaque mineral. The plagioclase in Figure 16 (B) 

produced a spectrum in which calcium is dominant over sodium thus indicating an anorthite 

rather than albite plagioclase. 
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Figure 16. SEM image and EDX spectra of opaque (A) and unaltered plagioclase (B). 

When the dark area in Figure 16 was observed at a greater magnification (Figure 17) 

it was seen that the mineral on the very edge of the dark mineral (C) had a spectra typical of 

pyroxene distinguished from olivine in previous observation by its strong calcium peak and 

aluminium peak. The dark mineral in this area produced a spectrum (D) different to that of 

the previous area as there was a higher magnesium peak strong aluminium peak. The dark 

mineral is therefore unlike that formed in the olivine alteration example above. It is therefore 

possible that this alteration product originated from the pyroxene and is chemically slightly 
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different to that formed from olivine (possibly saponite). Very large micro fractures believed 

to be dehydration cracks (dark lines) are seen in the dark mass.   

 
Figure 17. EDX spectra and SEM image of pyroxene (C) and dark minerals (D). 

At even higher magnification a mineral grain that appeared to contain initial boxwork 

alteration was studied. The EDX results show that the seemingly unaltered area has an olivine 

spectrum (Figure 18 A). The dark box work (B) did not look like clay under the SEM and the 

surface of the mineral looked very similar to the adjacent olivine. There was also no central 

parting or any denticulated terminations as expected based on the results presented by Velbel 
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(1989). The EDX spectrum was, however, very similar to the previous dark material in 

olivine (Figure 15) indicating it to be nontronite.  

 
Figure 18. Initial box work area SEM image and EDX spectra.  

One final observation in this thin section was of plagioclase and opaque minerals 

close to the larger dark area in Figure 15. The spectra obtained (Figure 19) indicate that the 

opaque (A) is again an oxide but a reduced titanium peak indicates a magnetite composition 
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to be more likely. The plagioclase spectrum (B) was different to the previous plagioclase 

from this thin section since the sodium peak was equal in height to the calcium peak and 

therefore indicates a more intermediate (labradoritic) composition.  

 
Figure 19. Plagioclase and opaque mineral SEM and EDX observations. 
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Sample P7C1A 

The original covered thin sections for the A sub-sample of sample P7C1 (dolerite 

from a quarry close to Beaufort West) contained only a few dark “micas” as alteration 

products but where present these were well developed and relatively large. Additionally 

smaller occurrences of a reddish brown mineral that was thought to be phlogopite were noted. 

No initial boxwork alteration examples were observed. Examples of images captured during 

the petrographic analyses of the original thin sections are given in Figure 20. 

 
Figure 20. Images of dark replacement minerals in the original covered thin sections of sample P7C1A  

(PPL, 40x magnification). 

XRD analyses of samples reported clinopyroxene to be dominant over orthopyroxene 

(27% vs. 5% respectively) and minor amounts of chlorite and muscovite. A smectite content 

of 3% was reported while 5% hornblende was also noted.  

As with the previous sample the polishing of the uncovered thin sections was slightly 

inferior resulting in poor sections and poor mineral identification. One good example of dark 

secondary minerals was however identified and in close proximity to this a suspected 

phlogopite grain was also seen (Figure 21). Due to the poor quality of the thin section the 

phologopite looks very similar to the larger dark mineral but in the covered sections a much 

lighter reddish brown colour characterised the smaller phlogopite grains.  

 
Figure 21. Images of dark replacement minerals in the uncovered thin sections of sample P7C1A (left: 

PPL, right: XPL, 40x magnification).  
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Both these dark minerals were studied using the SEM. The larger mineral (Figure 22 

C) was shown to be totally within an unaltered pyroxene (B) (magnesium rich) and that the 

plagioclase adjacent to this grain (A) was slightly more anorthitic than albitic. The dark 

alteration mineral produced a spectrum very similar to the host pyroxene mineral except for a 

slightly elevated aluminium peak. The dark mineral also appeared to contain large dessication 

cracks. 

 
Figure 22. SEM image and EDS spectra obtained from uncovered thin section of sample P7C1A.  
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The SEM image above (Figure 22) and an image of the same minerals under higher 

magnification (Figure 23) show the alteration product to be very different to the pyroxene 

surrounding it suggesting that more alteration has occurred than the EDX spectra indicate. 

The alteration mineral appears to be platy and most probably a clay mineral while the 

pyroxene has a more prismatic appearance. At the highest magnification recorded (17.7k) the 

clay has a texture similar to that described as “cornflake” texture by Velbel & Barker (2008). 

It therefore appears that this alteration product may be a smectite despite the spectrum 

obtained thereon being similar to that of pyroxene.  

 
Figure 23. SEM image of contact between pyroxene (upper image left) and alteration mineral (upper 

image right) and higher magnification of alteration product (lower image) of sample P7C1A. 
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The second mineral studied in this thin section was the smaller alteration product 

suspected of being a secondary phlogopite grain. Under the SEM (Figure 24) the darker 

mineral was seen to be a phylosilicate of some sort consisting of many small stacks of layers.  

 
Figure 24. Suspected phlogopite (left) and plagioclase (right) viewed under the SEM.  

The EDX spectrum taken on the alteration product was repeated at two different 

locations (A and C) with both points returning high magnesium, aluminium, iron and 

potassium peaks (Figure 25). The presence of a strong potassium peak indicates that the 

material is not smectite clay and more likely a mica mineral such as phlogopite. However, 

since phlogopite does not contain iron the observed mineral may be biotite. Even if the exact 

mineral description is incorrect there is strong evidence that in the P7C1 material the smaller 

areas of red brown mineral are not smectite clays but rather a different phylosillicate rich in 

potassium. A plagioclase grain (B) adjacent to the mica was shown to be of intermediate 

composition. 

 



310 
 

 
Figure 25. SEM image and EDX spectra obtained while observing a suspected phlogopite grain.  
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Sample P7C1B 

Sub sample P7C1B was selected due to the original thin section being different to the 

A subsample since most plagioclase was sericitised to a large degree and both hornblende and 

chlorite were positively identified (Figure 26). The B subsample thin section therefore 

resembled the XRD results more than the A subsample thin section did.  

 
Figure 26. Various alteration minerals identified in the original covered P7C1B thin section (PPL, 40x 

magnification). 

The uncovered thin section was however similar to the A subsample and as such only 

the large dark “mica” mineral was studied under the SEM. The mineral studied was 

associated with pyroxene but was not contained within one single grain and also seemed to 

border directly on plagioclase grains (Figure 27). The dark areas had a well-developed 

cleavage and pleochroism.  

 
Figure 27. Dark alteration mineral occurrence in the P7C1B uncovered thin section studied using SEM 

(left: PPL, right: XPL, 40x magnification). 

When viewed under the SEM it immediately became apparent that the dark material 

was a flaky mineral that had numerous open gaps between some of the flakes and some intra-
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mineral fractures cross cutting the flakes (Figure 28).  When EDX scans were performed at a 

point in the neighbouring plagioclase (B) and at a point in the dark mineral (A) well away 

from the contact the spectra obtained were typical of plagioclase (slightly more anothitic than 

albitic) and previous spectra associated with dark minerals in pyroxene respectively. The dark 

mineral did however have a relatively high aluminium peak compared to previous examples, 

possibly indicating additional aluminium migration from the adjacent plagioclase. 

 
Figure 28. SEM image of the contact area between dark alteration mineral (A) and plagioclase (B) and 

EDX spectra obtained from areas well away from actual contact. 
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Figure 29 is a higher magnification of the same contact shown in Figure 28 and the 

results of EDX spectra taken closer to the contact show the same results as above. Also seen 

under higher magnification are the separation of the dark material (D) from the plagioclase 

(C) and the changing appearance of the plagioclase close to the contact.  

 
Figure 29. Higher magnification of area within Figure 28 and additional EDX spectra. 
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Under even higher magnification the plagioclase adjacent to the contact can be seen to 

have been partly altered to a platy material and that both materials are covered in what 

appears to be small clay fragments (Figure 30). The separation between alteration mineral 

plates is also clear. 

 
Figure 30. High magnification SEM images of contact between alteration minerals (left) and plagioclase 

(right). 
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The same dark material was then observed where it was in contact with a pyroxene 

grain and a slightly different texture compared to the previous area was noted (partly due to a 

different detector being used) (Figure 31). The flaky nature and even some cornflake texture 

is however still present in the dark material and the EDX spectra of this material is essentially 

identical to that recorded close to the contact on the other side of the grain. At even higher 

magnification (Figure 32) the dark material can be seen to be clay like and that the pyroxene 

is also covered with what appears to be clay fragments and even with a thin layer of altered 

pyroxene.  

 
Figure 31. SEM image of the contact area between dark alteration mineral (B) and pyroxene (A) and 

EDX spectra obtained from areas in both minerals. 
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Figure 32. High magnification SEM images of contact between clay minerals (right) and pyroxene (left). 

Due to the large open “cracks” observed in the clay it was suspected that the clay was 

an active clay (smectite) that had been dehydrated and therefore shrunk. To test this theory a 

few drops of ethylene glycol were placed on the thin section and the section was placed in a 

container containing ethylene glycol for 24 hours. The section was not submersed in the 

solution but was elevated above it. The section was then reinserted into the SEM and same 
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area as shown in Figure 28 was viewed again (the methodology used made locating the same 

area simple). The cracks observed previously had almost all either closed or been reduced in 

size significantly (Figure 33). As expected the EDX spectra of both the clay and the 

plagioclase were unchanged after exposure to ethylene glycol (Figure 34).  

 
Figure 33. A part of uncovered thin section viewed, at the same magnification, before (top) and after 

(below) exposure to ethylene glycol. 
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Figure 34. EDX spectra of clay (A) and plagioclase (B) after exposure to ethylene glycol. 
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5. Discussion and conclusions 

The study of the suspected serricitic alteration of fine grained plagioclase was not 

possible as no such minerals being clearly visible in the prepared materials. The study of dark 

alteration minerals in selected dolerite materials using SEM, EDX and petrographic analyses 

was however successful and has provided valuable information on the secondary and primary 

phases in Karoo Dolerites. Initial analysis revealed edge denticulation of pyroxenes while 

thin section observations revealed that opaque minerals can be identified with EDX analyses. 

Additionally the presence of olivine was confirmed. 

The dark alteration product was seen to be associated with both olivine and pyroxene 

and sufficient evidence exists to show that the dark material is not only the relict of totally 

altered olivine that was once enclosed in pyroxene. In one example the texture of an initial 

boxwork alteration product was seen to resemble that of the parent olivine while the chemical 

makup was distinctly different to that of olivine. The opposite was however observed in 

another example where the obvious cornflake texture of a dark alteration product had a 

chemical spectrum almost identical to that of the host pyroxene.  

The textural nature of most dark minerals and the observed effects of ethylene glycol 

on the micro fissures within these minerals indicate that they are active clays. This explains 

the apparent cleavage in the olivine alteration products. No denticulations on the edge of 

olivine or pyroxene minerals were identified in thin section SEM analysis but obvious 

separations between phases at their contacts was seen and is believed to be due to 

dehydration of clay alteration products. 

The variation in dark mineral spectra is difficult to correlate with the parent mineral 

due to variations within the product spectra. As seen in Figure 35 most products of olivine 

alteration have greatly reduced magnesium peaks but one retained an unaltered olivine 

signature. Similarly the magnesium peak decreased in most pyroxene alteration (seen by 

magnesium peak becoming similar to aluminium peak) but some retained a high magnesium 

peak. Eggleton (1975) mentions that because of the topotactic nature pyroxene alteration to 

clay (nontronite), the small size of clay crystals, and the fact that partly-altered pyroxene and 

fully altered pyroxene are visibly indistinguishable it is not possible to sample pure clay 

without some submicroscopic pyroxene being included. Additionally he mentions that very 

poor polishing of altered pyroxene in thin sections will make microprobe analyses less 

accurate. Thus if small relatively unaltered remnants of parent phases are present in the dark 
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alteration products (either inherently or due to polishing) the inconsistent EDX spectra of 

altered materials in this study would be explained.  

 

 
Figure 35. Comparison of EDX spectra obtained from dark alteration phases (mineral names indicate 

parent mineral).  

The aim of this study was to gain information on the nature of the dark secondary 

phases (and sericite) and the primary phases responsible for secondary phases. Both olivine 

and pyroxene were seen to produce the secondary dark minerals. The lack of any olivine 

identification by XRD analysis cannot be explained but at this point but in the future XRD 

analyses of Karoo dolerites should specify that specifically checks for olivine XRD peaks be 

performed. 



321 
 

Regarding the identification of dark minerals themselves, these appear to range from 

partially altered parent phases to fully developed smectite clays. Although the active nature of 

the clays was only confirmed for one sample (a pyroxene alteration product) the similar 

appearance of the alteration products (microfissures) makes it likely that most are active 

clays. The spectra obtained from the dark materials indicate that they may be nontronite from 

olivine and saponite from pyroxene, however the expected differences in colour between 

such phases was not seen. Some initial boxwork alteration products were shown to not be 

clays. 
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Y1 1 Development of the Road Aggregate Test Specifications

2 for the Modified Ethylene Glycol Durability Index for
3 Basic Crystalline Materials2

4 Robert C. Leyland1; Phil Paige-Green2; and Moe Momayez3

5 Abstract: Many basic igneous rocks contain smectite clays as a result of deuteric alteration during their formation or subsequent chemical
6 decomposition. This has resulted in numerous failures when such materials are used in road construction due to inadequate durability. Various
7 methods for assessing material durability have been developed and those using ethylene glycol (EG) to expand smectite clays appear to be the
8 most effective. Protocols have been developed for a number of tests using EG, but it can be difficult to quantify the results in terms of unique
9 values and develop specification limits for use in road construction. A simple new protocol for an EG soaking test, the modified ethylene

10 glycol durability index (mEGDI), has been developed and the proposed interpretation of results is compared with existing specifications in
11 this paper. The mEGDI is suitable for use as a screening test to identify poor-durability materials. However, inconsistent correlations with
12 existing specifications exist for materials classified as durable by the mEGDI test and such materials require traditional testing before accep-
13 tance. The development of a rapid mEGDI is being investigated to reduce the time required to complete the test and therefore provide a useful
14 screening test methodology. DOI: 10.1061/(ASCE)MT.1943-5533.0000946. © 2013 American Society of Civil Engineers.

15 Author keywords: Ethylene glycol; Basic crystalline materials; Durability; Base.

16 Introduction

17 South Africa, like many countries with Mesozoic or later basic
18 igneous intrusive rocks and lavas, has significant problems when
19 many of these materials are used as construction materials. It is
20 not uncommon for these materials to have undergone deuteric
21 alteration during placement or to have erupted under marine con-
22 ditions, resulting in the formation of smectite clays as a primary
23 component of the rock. When such materials are used as construc-
24 tion aggregates, particularly in structural layers for roads, these
25 smectite clays are released during processing, construction, and
26 in service, leading to an increase in plasticity of the materials. This
27 has the effect of weakening the road layer usually leading to pre-
28 mature failure (Fig. 1).
29 It has long been recognized that the presence of excessive smec-
30 tite in basic crystalline materials can be identified by soaking the
31 material in ethylene glycol (EG). Ethylene glycol has the effect of
32 being absorbed in the interlayers of smectite clays resulting in an
33 increase in the interlayer spacing from3 15 Å to between 17 and 18
34 Å. Over the years a number of test methods have been developed
35 that make use of this property and allow an assessment of the qual-
36 ity of the material. These have been developed for tunnelling, rail-
37 way ballast, and aggregate, but experience has shown that it is very

38difficult to obtain a uniform single unique test result that can be
39used for the specification of road materials.
40This paper describes the method originally presented by Paige-
41Green (2008), which is based on various attributes of existing meth-
42ods and that can be used to quantify the action of ethylene glycol on
43a sample of crushed aggregate. A database of test results is then
44used to reconsider the initially proposed interpretation of the re-
45sults. The test results are also compared with standard aggregate
46test results.

47Existing Test Methods

48The literature describes various methods in which ethylene glycol
49is used to predict the durability of basic igneous rocks. First, some
50traditional testing methods are supplemented by testing material
51after soaking it in glycol for a set period of time. Sampson
52(1989) provides an example of this when soaking aggregate impact
53value (AIV) (British Standards 1990c) test samples in glycol for
5424 h prior to testing. They found that the difference in AIV and
55glycol-soaked AIV values was useful in identifying potentially
56poor durability.
57Other tests specifically for durability testing using ethylene gly-
58col have been developed. The most widely used such test appears to
59be that developed by the U.S. Army in about 1949 (Corps of
60Engineers 1969) in which a sample of approximately 5 kg of
61material between 19.0 and 76.1 mm is soaked in ethylene glycol
62for a period of 15 days. The material is inspected at least every
633 days and any changes noted. After 15 days, the material is
64screened through a 19-mm sieve and the percentage loss from the
65original dry sample is determined.
66Davidson (1972) described a modification of the Corps of
67Engineers test for road materials using a different-sized aggregate
68fraction (9.5 to 13.2 mm) and a 9.5-mm screen to determine the
69amount of breakdown. This, however, did not give an adequately
70quantitative result to allow specification and rejection or acceptance
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71 (Fielding and Maccarrone 1982). Higgs (1976) also used a slightly
72 modified version of the Corps of Engineers test to assess various
73 slaking basalts from the west coast of the United States. He noted
74 that the test should perhaps be extended to 30 days because a
75 number of the samples showed additional deterioration between
76 15 and 30 days.
77 In South Africa, Orr (1979) investigated a number of Karoo
78 dolerites of Jurassic age, which had shown signs of rapid weath-
79 ering using the method described by Higgs (1976). Both Orr and

80Higgs gave only qualitative assessments of the deterioration. Dur-
81ing construction of the Lesotho Highland Water Project in South
82Africa [ 4Olivier, Shand, and Lahmeyer McDonald Consortium
83(OSC) 1985], an ethylene glycol test to assess the durability of
84materials was developed using cylindrical specimens from drill
85cores. These cylinders are soaked in ethylene glycol and the degree
86of disintegration and time required to reach the worst condition are
87rated. An ethylene glycol index value is then calculated for each
88core. Similar work using slices of drill core and the degree and time

F1:1 Fig. 1. Examples of premature failures due to excessive plasticity in base courses: (a) general surface failure; (b) rutting and aggregate loss in wheel
F1:2 tracks; (c) bleeding in wheel tracks; (d) bleeding in isolated areas; (e) bleeding and rutting being repaired by milling and replacement
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89 classification described previously obtained semiquantitative
90 ratings for each drill core tested (Van Rooy and Nixon 1990;5 Van
91 Rooy and Van Schalkwyk 1993; Haskins and Bell 1995; Bell and
92 Jermy 2000).

93 Problems with Existing Methods

94 Two main problems with the existing ethylene glycol soaking test
95 methods when applied to road aggregates are found. First, where a
96 number of randomly selected aggregate particles are tested, it is
97 usual that only a small number of them show evidence of disinte-
98 gration, while testing of a single cylinder (drill core) is generally
99 not representative of road aggregate. Second, a definitive single

100 parameter for the durability is not attained because there are three
101 mutually nonexclusive values obtained: degree, mode of disintegra-
102 tion, and time. A single value is necessary to allow the specification
103 of the material in terms of the test result. The tests in which material
104 is sieved after soaking can also give misleading results depending
105 on the degree of breakdown that has occurred. Many aggregate
106 pieces could split into smaller pieces or only lose some surface
107 flakes due to spalling and therefore still be sound despite material
108 being finer than the initial sieve size. The use of a smaller sieve size
109 than that used to prepare the sample, as used in the AIV test, would
110 be more indicative of significant degradation.
111 Preliminary investigation of construction materials often starts
112 with drilling of cores from the proposed quarry. Typically, the core
113 is crushed and a test sample is obtained from this. This usually re-
114 sults in a relatively limited number of particles available for testing
115 and generally insufficient material for standard tests such as 10%
116 fines aggregate crushing value (10%FACT) (British Standards
117 1990b) or Durability Mill Index (DMI) (Sampson and Netterberg
118 1989). Experience has shown that due to the variability that can
119 exist in a quarry, it is usually better to test a number of samples
120 from various points than to test a single or a few pieces of drill
121 core. The limited material available from cores makes it almost
122 impossible to do this with existing glycol testing methods (and
123 standard tests).
124 Because of these problems and the increasing need to evaluate
125 potentially nondurable basic crystalline rocks, the following
126 method has been developed and employed in a number of projects.
127 The method allows multiple samples from drill core to be tested
128 separately and can be utilized by site laboratories to perform quality
129 control when mining sources of variable aggregate quality.

130 Proposed Method

131 Based on a number of trials, the following test procedure has been
132 found to be suitable:
133 Forty pieces of more or less equidimensional aggregate approx-
134 imately 13 to 19 mm in size are placed in a tray and covered by
135 ethylene glycol complying with6 ASTM D2693. The aggregate
136 pieces are placed in a fixed pattern (five rows of eight pieces)
137 (Fig. 2) so that each particle can be individually assessed and
138 its behavior with time recorded. The material is inspected after
139 1, 5, 10, and 20 days and the number (and location in the tray)
140 of each piece that has spalled, fractured, or disintegrated is recorded
141 at each assessment. The definitions of these three terms are as
142 follows:
143 • Spalled is the shedding of small fragments from aggregate edges
144 and surface;
145 • Fractured is splitting into two or three pieces; and
146 • Disintegrated is splitting into more than three pieces.

147Fig. 3 contains examples of typical aggregate that have under-
148gone each of these forms of disintegration.
149A value of the modified EG durability index (mEGDI) is calcu-
150lated for each observation period by applying a weighting factor to
151the number of pieces affected by different forms of degradation and
152determining the sum of these weighted values. An example of a
153typical test result and the calculations used in determination of
154the mEGDI are shown in Fig. 4.
155Because the effect of the ethylene glycol depends on the acces-
156sibility of the liquid to the deleterious clays contained within the
157aggregate pieces (i.e., permeability of the aggregate to ethylene gly-
158col), the test should be continued for 20 days to determine whether
159there could be a longer-term durability problem. Should the
160material continue to deteriorate and the mEGDI after 20 days be
161greater than 1.5 times the mEGDI after 5 days, the material should
162be regarded as having suspect durability.

163Interpretation of Results

164Paige-Green (2008) suggested the following tentative 5-day
165mEGDI criteria for different aggregate applications during the
166mEGDI test development:
167• Subbase: mEGDI < 20;
168• Base course: mEGDI < 10;
169• Surfacing: mEGDI < 3; and
170• Long-term durability: ratio of 20-day mEGDI to 5-day
171mEGDI < 1.5.

F2:1Fig. 2. Example of a sample soaked in glycol in a regular pattern
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F3:1 Fig. 3. Images of typical (a) spalling, (b) split, and (c) disintegrated aggregate

Sample No. Start Date Technician

1 day 1 day 1 day 1 day 1 day Spall
5 days Spall 5 days 5 days 5 days 5 days Spall
10 days Spall 10 days Split 10 days 10 days 10 days Spall
20 days Spall 20 days Split 20 days Spall 20 days 20 days Spall

1 day 1 day 1 day 1 day 1 day Spall
5 days Spall 5 days Spall 5 days 5 days Split 5 days Disin
10 days Spall 10 days Spall 10 days 10 days Disin 10 days Disin
20 days Split 20 days Split 20 days Spall 20 days Disin 20 days Disin

1 day 1 day 1 day 1 day 1 day
5 days Split 5 days 5 days Split 5 days Spall 5 days Split
10 days Split 10 days Spall 10 days Disin 10 days Split 10 days Disin
20 days Split 20 days Spall 20 days Disin 20 days Split 20 days Disin

1 day 1 day 1 day 1 day Split 1 day
5 days 5 days 5 days Split 5 days Split 5 days Spall
10 days 10 days Spall 10 days Disin 10 days Split 10 days Spall
20 days Spall 20 days Spall 20 days Disin 20 days Split 20 days Split

1 day 1 day 1 day 1 day Split 1 day Spall
5 days Split 5 days Spall 5 days 5 days Split 5 days Split
10 days Split 10 days Spall 10 days 10 days Split 10 days Split
20 days Split 20 days Spall 20 days Split 20 days Split 20 days Split

1 day Spall 1 day Spall 1 day 1 day Spall 1 day Spall
5 days Spall 5 days Split 5 days 5 days Spall 5 days Spall
10 days Split 10 days Split 10 days 10 days Disin 10 days Spall
20 days Split 20 days Split 20 days Spall 20 days Disin 20 days Spall

1 day 1 day 1 day 1 day Split 1 day
5 days 5 days 5 days 5 days Split 5 days Split
10 days 10 days Spall 10 days 10 days Spall 10 days Split
20 days Spall 20 days Spall 20 days Split 20 days Spall 20 days Split

1 day 1 day Split 1 day 1 day 1 day
5 days 5 days Disin 5 days 5 days Spall 5 days
10 days Spall 10 days Disin 10 days 10 days Spall 10 days
20 days Spall 20 days Disin 20 days 20 days Spall 20 days

1 4
5 12
10 10
20 15

mEGDI
1 day = 7.5
5 days = 22.5
10 days = 34
20 days = 40

LRC

(15 x 0.5) + (15 x 1) + (7 x 2.5)

Days
Weighting 

(W1)
Weighting 

(W2)

15-Apr-12P3B1

2.5

15

0.5

Number 
disintegrated (Nd)

Weighting 
(W3)

7
11
13

Number 
spalling (Ns)

Number 
spliting 
(Nsp)

7

0
2
7

1

(Ns x W1) + (Nsp x W2) + (Nd x W3)
(7 x 0.5) + (4 x 1) + (0 x 2.5)

(11 x 0.5) + (12 x 1) + (2 x 2.5)
(13 x 0.5) + (10 x 1) + (7 x 2.5)

Calculations:

F4:1 Fig. 4. Example of a result from a mEGDI test, including the calculations
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172 Two subsets of data from a database of road aggregate test re-
173 sults were considered in this study, the first being all mEGDI results
174 for materials that have known performance records as road aggre-
175 gates and the second being a larger subset of mEGDI values for
176 materials for which traditional aggregate testing results are avail-
177 able (but no performance information is available).
178 Initial interpretation of the results from the performance-related
179 database indicate that the 5-day mEGDI may not be a good enough
180 indication of durability because some materials that performed
181 poorly in service had indexes of less than 10 (Fig. 5). These ma-
182 terials were, however, all quarry materials from quarries that either
183 produced materials of variable durability (as identified by addi-
184 tional mEGDI and other tests) or produced poor 20=5-day mEGDI
185 values. The importance of testing multiple samples from one quarry
186 to identify variability and the importance of completing the 20-day
187 test is therefore illustrated. Thus, when multiple samples are tested
188 and the 5-day mEGDI is used in conjunction with 20-day results, a
189 good correlation is seen with performance in service.
190 The results also show that some materials with acceptable per-
191 formance in service had 20=5-day ratios above the proposed limit
192 of 1.5 (Fig. 5). On closer inspection, such high ratios were for sam-
193 ples that all had 20-day mEGDI values of 2.5 or lower and thus
194 were not representative of poor durability but rather extremely
195 low 5-day mEGDI values (maximum of 2.0). Such samples cannot
196 be considered as having poor durability and as such the proposed
197 criteria (Paige-Green 2008) need to be further developed as fol-
198 lows: Long-term durability means the ratio of 20-day mEGDI to
199 5-day mEGDI < 1.5 if 20-day mEGDI > 10.
200 Considering this, all samples with a 20-day mEGDI within the
201 5-day proposed limit (i.e., <10) were then set to have a 20=5-day
202 ratio of <1.5. The adjusted results (Fig. 6) show a good relationship
203 between the proposed limits and observed in service performance.
204 One exception is the sample with poor performance but a ratio of
205 only 1. This material is that identified in Fig. 5 as being from a
206 quarry with two distinct materials, one poor and one sound. The
207 poor material had a significant effect on the pavement performance
208 and overshadowed the sound material performance.
209 Adjustments of the weightings proposed by Paige-Green (2008)
210 could potentially improve correlations, however, because different
211 materials have different amounts of spalling, splitting, and disinte-
212 grating materials, any adjustments to the weightings tend to result
213 in inconsistent changes in the result patterns.
214 Current South African specifications [Committee of Land
215 Transport Officials (COLTO) 1998] for crushed basic igneous rock
216 used in pavement base layers dictate that the 10%FACT value
217 should be at least 110 kN and that the aggregate crushing value

218(ACV) (British Standards 1990a) should be less than 29%. Based
219on the correlations presented by Sampson and Roux (1982), these
220limits are equivalent to a maximum AIVof 29.1 and 28.4%, respec-
221tively. It is therefore assumed that an AIV of more than 29% is
222indicative of inferior material. Using the second database and com-
223paring the AIV with the mEGDI (Figs. 7 and 8), it was seen that
224none of the samples obtained an AIV of more than 29 despite the
225wide range of mEGDI values reported. The AIV test, as well as the
22610%FACT and ACV tests, are, however, originally designed to test
227the durability of materials with respect to impact resistance and do
228not directly consider material degradation due to expansive clay
229minerals. The observed poor correlation is therefore predictable.
230However, after soaking the samples in ethylene glycol for 24 h
231and performing the AIV test, it can be seen that the material resis-
232tance to impact reduces significantly (increase in AIV) and many
233AIV values above 29 are obtained (Figs. 7 and 8).
234The maximum allowable change in AIV after glycol treatment
235of 4% [as proposed by Sampson (1989)] was consistently exceeded
236by all materials with a 5-day mEGDI of above approximately 7.5

F5:1 Fig. 5. Performance of road aggregate versus the 5-day mEGDI and the
F5:2 ratio of the 20- and 5-day mEGDI (all materials proving acceptable
F5:3 after more than 1 year are yet to show poor performance and in such
F5:4 cases the acceptable years in service is the age of pavement)

F6:1Fig. 6. Performance of road aggregate versus the 5-day mEGDI and the
F6:2ratio of the 20- and 5-day mEGDI after correcting all ratios based on
F6:320-day values

F7:1Fig. 7. The 5-day mEGDI versus the AIV and glycol-soaked AIV

F8:1Fig. 8. The 20-day mEGDI versus the AIV and glycol-soaked AIV
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237 (and 20-day mEGDI of 20). There is, however, no consistent trend
238 in the change in AIV due to glycol soaking, and for low mEGDI
239 values a wide spread of AIV changes was observed (Fig. 9). High
240 mEGDI values (>10) therefore seem to indicate, as proposed by the
241 original method, a potential for a material to contain, and be weak-
242 ened by, expansive minerals. However, not all low mEGDI values
243 seem to indicate that a material will not be weakened by expansive
244 minerals.
245 Fig. 10 shows the same 5-day mEGDI data as Fig. 9 after being
246 converted from AIV to 10%FACT using the correlations presented
247 by Sampson and Roux (1982). Also shown is the ratio of the glycol
248 10%FACT values to those of the standard test. The South African
249 National Roads Agency Limited (SANRAL) has proposed a mini-
250 mum value of 70% for this ratio. All materials with a mEGDI (5
251 days) of more than 10 had ratios below the 70% minimum or did
252 not exceed 70% by more than 3%. The materials with a mEGDI of
253 less than 10 did not, however, consistently produce the required
254 ratio and as such the direct conversion of the 70% ratio specifica-
255 tion to a mEGDI is also not valid.
256 The COLTO (1998) specification for DMI of 125 for natural
257 gravel base materials has recently been adopted by SANRAL
258 for all base course materials. A more conservative maximum limit
259 of 90 is adopted by Transport Research Laboratory (TRL) (1993).
260 With the exception of one potential outlier, all materials with a
261 mEGDI (5 days) of more than approximately 25 exceeded the
262 TRL limit while, as seen with other correlations, lower mEGDI val-
263 ues (less than 25) did not result in a consistent trend (Fig. 11). The
264 20-day mEGDI values were even less consistent when the same
265 comparison was made.
266 DMI tests were also performed on material soaked in glycol for
267 5 days. The results show more consistent DMI ranges for a narrow

268range of mEGDI values (Fig. 12). All materials with mEGDI
269(5 days) values of more than 20 were above the TRL DMI limit
270of 90. There was no specific mEGDI value above which the
271DMI limit of 125 was consistently exceeded. These limits are, how-
272ever, considered to be much too high for material soaked in glycol
273and therefore the fact that all materials that have a 5-day mEGDI of
274more than 10 have a glycol DMI in excess of 70 is considered sig-
275nificant. Low mEGDI values once again did not consistently cor-
276respond to low DMI or glycol DMI values.
277The relationships discussed previously are all problematic be-
278cause although very high mEGDI values tend to correlate with poor
279AIV dry-glycol ratios and DMI values, low mEGDI values do not
280seem to follow any trend.
281The change in DMI values due to glycol soaking is potentially a
282useful indication of the potential of a material to break down due to
283excessive internal tensile stresses caused by expansion of smectite
284clay minerals. The change (as a percentage of the standard DMI
285value) is, however, once again inconsistent at low mEGDI values
286(Figs. 13 and 14). There is also no consistent trend in plasticity
287index (PI) change between glycol-soaked and natural samples,
288as would be expected. The change in the percentage of material
289passing the 0.425-mm sieve after glycol soaking does, however,
290correlate reasonably with the 5-day mEGDI (R2 ¼ 0.52) and
291slightly better with the 20-day mEGDI (R2 ¼ 0.57). These corre-
292lations were linear with the following equations:

Δp0.425 ¼ 1.3 mEGDIþ 4.8ð5 dayÞ

Δp0.425 ¼ 0.8 mEGDIþ 3.7ð20 dayÞ
293where Δp0.425 = percentage change in the percentage of material
294passing the 0.425-mm sieve after glycol soaking.
295The final interpretation performed is a comparison of different
296material results considering the current South African specifica-
297tions and the observed performance of the road. Table 1 reveals

F9:1 Fig. 9. The 5- and 20-day mEGDI values versus the change in AIV
F9:2 values due to soaking in glycol

F10:1 Fig. 10. The 5-day mEDGI values versus the 10%FACT and ratio of
F10:2 glycol soaked to normal 10%FACT values

F11:1Fig. 11. The 5- and 20-day mEDGI values versus the DMI values

F12:1Fig. 12. The 5- and 20-day mEDGI values versus the glycol-soaked
F12:2DMI values
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298 that material from roads that had good performance (i.e., no rapid
299 failures); almost all passed all of the specifications. This is expected
300 and the only exception is for the SANRAL-proposed specification,
301 which is not used as an official specification yet.
302 The material from poor (rapid failure) roads did not show sim-
303 ilar results. First, the current 10%FACT specification passed all
304 such materials while the SANRAL-proposed 10%FACT ratio
305 specification only allowed 29% of these materials. Both DMI spec-
306 ifications also passed the majority of these materials. The proposed
307 mEGDI specification allowed only 14% of the samples to pass and
308 when the additional data from the 20-day mEGDI was considered,
309 only 7% of the samples from poor roads passed. These results
310 therefore appear to justify the use of the mEDGI.
311 The previous results are based on the assumption that all sam-
312 ples from roads with poor performance are of inadequate durability.
313 This is, however, not true because some materials from such sites
314 passed all the current specifications. When reclassifying each indi-
315 vidual sample as either good, when all current specifications are
316 passed, or poor, when any of the current specifications are failed,

317the results in Table 2 are obtained. Here the mEGDI rejects some of
318the materials that pass all other tests and again allow a low percent-
319age of materials that fail at least one of the current specifications to
320pass. The results also indicate that the current 8COLTO (1993) 10%
321FACT specification is too lenient because all materials passed de-
322spite failing at least one of the other tests. Because samples were
323defined as poor based on the current specification test results, fur-
324ther interpretation of the percentages of DMI and 10%FACT results
325in Table 2 are irrelevant.

326Potential Rapid mEGDI Test

327The potential for water to be used as an additional indication of
328poor durability in materials was shown when some materials tested
329by Fielding and Maccarrone (1982) showed no degradation on
330soaking in ethylene glycol but showed significant degradation
331when later soaked in water. Way and Shayan (1986) proposed
332two mechanisms in which the presence of water may result in
333the observed (further) degradation when materials are soaked in
334water after soaking in ethylene glycol or in diluted solutions of
335ethylene glycol. In diluted solutions, water present in clays in
336the early stages of testing causes ethylene glycol to be able to enter
337the clay layers by entering the layers first and causing their initial
338opening. This is probably partly the result of the lower viscosity of
339dilute EG and water than the pure EG and hence an increased per-
340meability. The EG appears to open layers but only opens some
341layers by a small amount so no more glycol can enter. When soak-
342ing materials in water after soaking in ethylene glycol, additional
343water can enter because the water molecules can now fit into pre-
344viously closely spaced layers, causing minor additional swelling
345and further degradation. The last stage of this process is what oc-
346curs when samples are soaked in water after being soaked in pure
347ethylene glycol.
348Preliminary testing has indicated that this process may be used
349to reduce the number of days required to perform the mEGDI by,
350for example, soaking the material in water after soaking in glycol
351for 5 days. Following this procedure would make the test more
352practical in laboratories where results are required rapidly. Addi-
353tionally, long-term durability problems that may not have been re-
354vealed by the original method may be exposed by this additional
355soaking.

356Conclusions

357Experience in South Africa has shown that existing ethylene glycol
358soaking test results are difficult to interpret for their use with
359road construction aggregates consisting of basic igneous rocks.
360A method has thus been developed to produce a unique result com-
361bining the effect of degree, type, and time of degradation. This has

F13:1 Fig. 13. The 5-day mEDGI values versus the percentage change in PI,
F13:2 p0.425, and DMI due to glycol soaking

F14:1 Fig. 14. The 20-day mEDGI values versus the percentage change in PI,
F14:2 p0.425, and DMI due to glycol soaking

Table 1. Percentages of Tests Passed by Samples from Good- and Poor-
Performing Roads

T1:1 Road
performance

Percentage of samples passing specified test limits

T1:2 DMI 10%FACT

mEGDI 20=5 mEGDIT1:3 SAa TRL SAa RAb

T1:4 Good (n ¼ 22) 100 100 100 91 100 100
T1:5 Poor (n ¼ 14) 71 64 100 29 14 7

aSA =7 COLTO (1998).
bRA = SANRAL.

Table 2. Percentages of Tests Passed by Samples from Good- and Poor-
Performing Materials

T2:1Material
performance

Percentage of samples passing specified test limits

T2:2DMI 10%FACT

mEGDI 20=5 mEGDI T2:3SAa TRL SAa RAb

T2:4Good (n ¼ 21) Defined as 100 95 90
T2:5Poor (n ¼ 15) 73 67 100 20 27 27

aSA = 9COLTO (1998).
bRA = SANRAL.
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362 been related to various specification limits for different uses of
363 aggregates in roads.
364 An initial database has shown that a 5-day mEGDI value of a
365 single sample may be misleading. The use of results from multiple
366 samples in conjunction with the 20=5-day mEGDI ratio is, how-
367 ever, a good indication of durability. The 20=5-day mEGDI ratio
368 is, however, irrelevant when the 20-day mEGDI is within the 5-day
369 specification.
370 The originally proposed interpretation of base course materials
371 with a 5-day mEGDI of more than 10 or a 20=5-day mEGDI of
372 more than 1.5 as poor durability materials agrees with results from
373 other tests. Materials with such properties should therefore not be
374 used as base course aggregates. However, due to the inconsistent
375 correlations observed between current specifications and 5-day
376 mEGDI values of less than 10, materials with such properties
377 should be additionally assessed based on the effects of glycol treat-
378 ments on the AIV or 10%FACT results as prescribed by previous
379 authors.
380 As expected, the mEGDI does not correlate well with other tests
381 that do not test the true durability after full saturation and expansion
382 of clay minerals. There is, however, a relatively good correlation
383 between higher mEGDI values and results of other tests that have
384 utilized glycol to cause expansion and consequent weakening of the
385 materials (e.g., change due to glycol soaking in AIV, glycol and
386 normal 10%FACT ratios, and percentage passing 0.425 mm in
387 DMI test).
388 The mEGDI test results have been shown to more consistently
389 identify materials that will not meet the current South African ag-
390 gregate specifications or performance requirements than any one
391 other test. The mEGDI test therefore has the potential to be an ef-
392 fective screening test for durability, after which potentially suitable
393 materials can undergo comprehensive advanced testing. This is es-
394 pecially true during initial material investigations when limited
395 sample masses are available. Additionally, the good correlation
396 between poor road performance and inadequate mEGDI results
397 makes the test attractive for use as a quality control test during
398 material production to isolate materials that are likely to be
399 problematic.
400 With the development of a more comprehensive database,
401 the correlations presented here should be reassessed. The use of
402 water soaking after the ethylene glycol soaking to speed up
403 the EGDI laboratory testing methodology is under further
404 investigation.
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1. INTRODUCTION 

1.1. Background 

Site P1 is located in the Free State province of South Africa close to the town of Vrede. The 

road was identified as a suitable section for investigation after it was reported that surface 

failures were manifesting shortly (<3 months) after construction. A materials investigation 

was performed to determine if any material problems could have been the cause of the 

failures.  

The pavement was designed with a 150 mm G2 crushed stone base of dolerite stone, 

quarried from a quarry in close proximity to the site. Subbase design was a 275 mm C4 

constructed using a weathered dolerite or in-situ recycling. A 19/6.7 mm double seal was 

used. The road showed localised bleeding and stone loss with minor rutting in the wheel 

tracks shortly after opening to traffic. The primary concern was related to the influence of the 

durability of the aggregate on the overall ability of the upper portion of the base to support 

the surfacing. The stone loss was however not expected to be due to base course durability 

problems. 

1.2. Procedure 

A site visit was carried out on the 29th of June 2011 during which the quarry, crushed stone 

stockpile and various sections of the road were visited. Samples of quarry rock boulders and 

crushed material from the stockpile at the quarry were collected. Additional samples of the 

base course layers were collected from three test pits within the road. Two of these pits were 

located in the same area, one in the outer wheel path where failure had occurred and the 

other in the inner wheel path where no distress was seen. The final test pit was in an area 

where bleeding had occurred but no stone loss was seen. 

During test pitting the in situ condition of the base course as well as the interface between 

the base course and the surface seal were studied.  

A comprehensive suite of testing was performed on all base course samples collected to 

determine the variability of material properties and possible causes of the observed road 

distress. The tests performed were: 

 Petrographic analyses of all aggregates 

 Semi-quantitative powder X-ray Diffraction (XRD) analyses of coarse aggregate 

ground to 10µm size and on orientated clay fractions of these materials 

 Compressive wave velocity of rock material 

 Grading and soil constant analyses of bulk samples collected from base course and 

the stockpile according to methods prescribed in TMH1 A1(a/b), A2, A3, and A4 
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(1987) (Grading and preparation of samples was done using an internal CSIR 

standard that is not published).  

 Water absorption of core samples collected from boulders from the quarry according 

to methods prescribed in ASTM C 97 – 02. 

 Aggregate impact value (AIV) of all aggregates according to British Standard 812 

(1975) and repeated after 1 day of soaking in Ethylene Glycol. 

 Durability mill index (DMI) of all aggregates according to the method proposed by 

Sampson & Roux (1987) with a standard prepared grading of all samples and 

repeated after soaking material in Ethylene Glycol for 5 days. 

 Modified ethylene glycol durability index testing (mEGDI) of all aggregates according 

to the method proposed by Leyland et al. (2013) 

 Point load index testing according to International Society for Rock Mechanics 

(ISRM) suggested method (ISRM, 1985) 

 Conductivity according to SANS 6240:2008. 

 

In addition to the above testing, the 10% FACT and aggregate crushing values (ACV) were 

calculated based on the correlations between these values and AIV values as described by 

Sampson & Roux (1982).  
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2. AVAILABLE INFORMATION 

Limited information was available. Laboratory results supplied were for a single sample of 

quarry stone sampled on the 12 of July 2010 and tested by Roadlab (PTY) LTD. The results 

include the following: 

 10% FACT 

 ACV 

 WET 10%FACT and ACV 

 Loose and compacted bulk density 

 Conductivity 

 Soluble salt and soluble sulphate content 

 Ethylene glycol durability 

 ARD, BRD, water absorption (+4.75mm and -4.75mm fractions)  

 

These results are included in Appendix A.   

 

Limited construction data was supplied and included the dates of base mixing and slushing, 

priming and seal applications. Rainfall records were provided be the resident engineer. 

These were for the period from three months prior to base course construction until the time 

of the site investigation. Other  
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3. SITE INVESTIGATION AND SAMPLING 

3.1. Introduction 

The site was visited on the 29
th
 of June 2011. 

Based on the precipitation data provided a significant amount of rain had fallen during the 

base construction period. Since the construction times at the two base sampling points 

differed slightly different amount of rain where experienced at each during construction. In 

the period between tipping the material and performing the final slushing and priming the 

sites received 93-139 mm of rain but most of this amount fell at least 20 days before priming. 

Between priming and the first bitumen spray layer there was 54-56 mm of rain of which most 

fell in the last 4 days prior to spraying.   

Despite this it was reported that the target density was obtained after slushing and the 

moisture content of the base was acceptable when checked before priming. No sub-base 

investigation was performed during the site visit.  

3.2. Site location and geological setting 

The section of road R546 under consideration is located in the Free State Province to the 

north of Vrede en-route to Standerton (Figure 1). The quarry is located to the south of the 

town (Vrede) on the northern side of the R34.   

According to the available geological map the area is underlain by the Adelaide Subgroup 

(dominant mudstone with lesser sandstone formations) that has been intruded by the Karoo 

Dolerite Suite (Figure 2). The large aerial extent of the dolerite outcrops indicated in Figure 2 

is indicative of dominant sub horizontal-sill intrusions as opposed to sub vertical dyke 

intrusions. The regional pattern of the geological units is one typical of a sub horizontal 

sedimentary succession that has been exposed by a gently sloping topography. The 

elevation gradually increases to the south and therefore at higher altitudes the younger, 

overlying Tarkastad Subgroup (dominant sandstone with lesser mudrock formations) 

sediments are at surface. To the north the Adelaide group has been removed by erosion and 

thus at these lower altitudes the older, underlying Volksrust Formation (dark silty shale) is 

exposed.   

 

339



5 

 
Figure 1. Location of the section investigated and sample points. 
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Figure 2. The geological setting of the road section investigated and the quarry location. 
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3.3. Quarry observations and sampling 

The quarry was in a very disturbed state during sampling and there were very few places 

where the actual walls could be observed directly. In places where the upper parts of the 

excavation could be seen a significant thickness of weathered dolerite overburden could be 

seen (Figure 3).  

 
Figure 3. P1 quarry with significant weathered dolerite overburden exposed. 
 

The unweathered material below this seemed relatively uniform and fine grained. The 

material was however highly jointed and many of the joints showed significant weathering 
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rinds (Figure 4). Due to the production faces not being exposed at the time of investigation it 

is unclear to what depth such weathering (or jointing) was present. A single sample was 

collected from the limited exposed quarry face. The sample consisted of boulders that had 

recently been removed from the quarry face or boulders removed directly from the face. 

Although the boulders collected generally had no weathering rinds (possibly due to all faces 

being newly formed by blasting) no attempt was made to remove any weathered rinds that 

may have been present.  

 

 
Figure 4. Weathering rind of dolerite along joints in P1 quarry. 

 

3.4. Stockpile sampling 

The stockpile of G2 crushed dolerite that was located directly adjacent to the quarry was 

inspected and sampled. A single bulk sample was collected from the side of the stockpile. A 

clearly visible precipitate of some kind was observed on the lower portions of the stock pile 

(Figure 5). The unidentified precipitate was potentially a salt and to determine if it was of a 

deleterious nature or content conductivity testing was added to the suite of tests performed 

on this material.   
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Figure 5. Precipitate on the lower parts of the P1 stockpile.  
 

3.5. Test pit sampling 

Three test pits were excavated to sub base level in order to view the in situ base condition 

and to obtain samples of base material after the construction processes. The first two pits, at 

km 10.5 were positioned laterally across the south bound lane of the road where the outer 

wheel track had developed significant bleeding and stone loss (with minor rutting) while the 

inner wheel track was relatively devoid of invalid any visible distress (Figure 6).  
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Figure 6. P1B sample locations before excavation, note bleeding & stone loss in outer wheel path 
(P1B1) and limited bleeding in the inner wheel path (P1B2).  
 

The base course in both test pits was dry and no excess moisture was observed. There were 

also no obvious differences in the material condition between the two pits. The surface of the 

base appeared to be well-compacted and intact but when viewed in cross section there 

appeared to be limited inter-particle contact between the larger aggregate particles, which 

were suspended in a relatively fine matrix. This may however be misleading since the non-

uniform shape of aggregate particles could result in contact between particles in other cross 

sections. No evidence of punching was observed in either of these two test pits. 
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Figure 7. Cross section of base in P1B2 test pit, i.e. area where no failure was observed. 

  

The second sample (P1C1) was collected at km 15.5 in the north bound lane inner wheel 

track. Here bleeding was isolated to the inner wheel track and minor rutting was present. 

Interestingly this lane was constructed as a complete lane and never received diverted 

traffic. The section was also located on a slight downward slope. 
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Figure 8. P1C1 sampling location during surface removal, note bleeding in inner wheel track only. 

  

The base was definitely not well compacted and did not have good particle interlock. The 

upper portion of the base appeared very loose and friable and when aggregate particles were tapped 

they were seen to penetrate into the base without causing movement of the surrounding aggregate, 

thus indicating excessive fines and poor interlock (Figure 9). 
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Figure 9. Exposed base of sample P1C1 showing friable surface and poor interlock of aggregate. 
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4. TEST RESULTS 

4.1. Coarse aggregate appearance 

Coarser aggregate particles from the stockpile and base samples were described according 

to the “Pick and Click” test (Weinert, 1980) which is designed to determine the degree of 

weathering of aggregates. The following three properties of each material are described in 

this “test”: 

 colour and lustre 

 hardness and consistency 

 state of crystallization 

 
Scores are assigned based on these properties and are then used to determine the 

suitability of the material as road construction material. Scores range from 1 to 4 with higher 

scores being assigned to less favourable property descriptions. 

The properties were similar for all of the materials except for the first distress area sample, 

which, consistently outscoring the other materials in all properties (Table 1). According to the 

results all materials are suitable for use as a base course aggregate under all environmental 

conditions. Unfortunately the quarry material was not tested and it can therefore not be 

determined if any evidence of “rapid weathering” exists.. 

 

Table 1. “Pick and click” test results 

Sample Source 
Score 

Score Suitability 
Colour Hardness Crystallization 

P1A1 Stockpile  1.5 1 1.5 4 Base 

P1B1 Distress area 2 2 2 6 Base 

P1B2 Sound area  1.5 1 1.5 4 Base 

P1C1 Distress area 1.5 1 1.5 4 Base 

P1D1 Quarry Not tested 
 

4.2. Petrography 

General observations 

From each of the samples two thin sections were prepared by the Council of Geoscience 

(CGS) from two different aggregate pieces. The quarry samples were crushed in the 

laboratory to obtain a full range of aggregate sizes typically present in G1 or G2 materials 

and from these one >26.5 mm aggregate piece and one aggregate piece >13.2 mm from 

each of the samples were used to create thin sections. Similar aggregate pieces were 

obtained from the base and G2 stockpile samples. Thin section analyses were then 
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performed using a petrographic microscope. The aim of the analyses was to identify the 

major mineral constituents and the variability of mineralogy of the dolerite. Additionally an 

attempt was made to identify any petrographic characteristics that could possibly lead to 

rapid degradation of the dolerite. A summary of the observations made are given in Table 2. 

Table 2.  Summary of petrographic features observed. 

Thin 
section 
number 

Source 
Primary minerals 

Matrix Notes 

Texture Size (mm) 

P1A1-A 
Stock-

pile 

Ophitic & 
sub-

ophitic 
0.5-1 

Plagioclase and 
sericite pools 

Plagioclase is generally unaltered but 
high amount counted as weathered 
due to large percentage replaced by 

sericite 
P1A1-B 

P1B1-A 

Distress 
Ophitic & 

sub-
ophitic 

0.25-0.5 
Plagioclase laths & 

sericite 

Approximately 50% of matrix has 
been replaced by sericite 

P1B1-B 0.75-1.25 
Local sericite replacement of matrix, 

potential weakness 

P1B2-A 
Sound 

Ophitic & 
sub-

ophitic 
0.75-1.25 

Fine plagioclase 
laths & sericite 

Local sericite replacement of matrix, 
potential weakness P1B2-B 

P1C1-A 

Distress 

Ophitic & 
sub-

ophitic 
0.6-1.15 

Sericite with fine 
plagioclase 

Sericite pools well spread and single 
clay filled fracture predict weak 

matrix 
P1C1-B 

Mostly 
sub-

ophitic 
0.2-1.25 

P1D1-A 

Quarry 
Mostly 
sub-

ophitic 

0.75-1.25 
Sericite with fine 

plagioclase 

Large degree of sericite and further 
alteration to clay results in expected 

weak matrix 

P1D1-B 1.25-1.65 
Fine plagioclase 
laths & sericite 

Local sericite replacement of matrix, 
potential weakness 

 

Once the major minerals present in each thin section were identified the surface area of 

each as a percentage of the total thin section surface area was estimated by visual 

evaluation. The general degree of “weathering” (both deuteric alteration and natural 

weathering) present in all primary minerals was also determined. The estimated mineral 

compositions are given in Table 3.   

 

Table 3. Mineralogical composition based on petrographic estimation. 

Sample Source Clinopyroxene Mica  Plagioclase Sericite  Opaque minerals 

P1A1-A Stock- 
pile  

45 2.5 45 2.5 5 

P1A1-B 45 5 35 5 7 

P1B1-A 
Distress  

40 5 30 20 5 

P1B1-B 31 6 41 15 6 

P1B2-A 
Sound 

32 3 42 17 6 

P1B2-B 37 3 40 10 10 

P1C1-A 
Distress 

42 5 38 10 5 

P1C1-B 40 7 33 15 5 
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P1D1-A 
Quarry 

39 8 40 10 3 

P1D1-B 33 6 31 20 10 

 

Following this a formal point counting exercise was performed on each section. At least 500 

points were observed on each section using a PETROG digital stepping stage and 

PetrogLite™ software. At each point the mineral was identified and where primary minerals 

were identified a differentiation was made between those that were unaltered (and not in 

direct contact with secondary minerals) and those that were altered (including those that 

were in direct contact with secondary minerals). The percentage of significantly altered 

primary minerals was added to the percentages of secondary minerals to arrive at the total 

percentages of secondary minerals present. The results are summarized in Table 4. 

 

Table 4. Mineralogical composition (%) of each sample based on petrographic analyses & point 
counting. 

Sample Source 
Clinopyroxene 
 (poor edge) 

Mica, 
pyroxene 

replacement  

Plagioclase 
(poor edge) 

Sericite, 
plagioclase 
replacement  

Opaque 
minerals 

Total 
secondary 

P1A1-A Stock- 
pile  

37 (4) 2 25 (17) 11 3 34 

P1A1-B 32 (5) - 21 (23) 16 1 44 

P1B1-A 
Distress  

38 (4) <1 17 (24) 15 1 43 

P1B1-B 37 (1) 3 24 (23) 11 1 38 

P1B2-A 
Sound 

35 (4) 1 23 (26) 9 2 40 

P1B2-B 35 (6) <1 25 (25) 7 2 38 

P1C1-A 
Distress 

33 (6) 2 17 (26) 14 2 48 

P1C1-B 35 (9) 3 15 (25) 11 2 48 

P1D1-A 
Quarry 

26 (14) 1 12 (31) 13 3 59 

P1D1-B 29 (10) 3 19 (29) 9 2 51 

Recommendation (Weinert, 1980) for this climatic region (N=3) ≤ 22 

 

The most common minerals identified were plagioclase, clinopyroxene (probably diopside) 

and a secondary mineral replacing mainly plagioclase to different degrees in some samples. 

This mineral was identified as sericite (probably muscovite) (Figure 10A) due to its fine 

grained, almost fibrous habit, birds eye extinction, and relatively high birefringence. In places 

the muscovite may have been further altered to illite/smectite layers. The plagioclase was 

primarily present as a matrix of fine laths (Figure 10B) and in some samples very isolated 

larger Carlsbad twins were present. Pyroxene minerals were generally larger than 

plagioclase and varied from generally intact, unweathered examples to those that had almost 

totally been replaced by a dark mineral that was referred to “mica” due to the inability to 

identify if it was in fact biotite or not. (Figure 10C, D and E respectively). This mineral was 

generally dark brown to yellow brown, pleochroic and had a typical birds eye extinction of a 

mica mineral. Although the cleavage was generally well developed some areas within some 

examples did not have a typical mica texture to them (e.g. Figure 10E). This mineral was 

isolated within large altered pyroxene grains and therefore was not well distributed 

throughout the sections observed. Additionally this mineral did not make up a significant 
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percentage of the material. Opaque minerals were present in all samples but all were shown 

to make up less than 5% of the total sample.  

 

 
Figure 10. Typical minerals present in all samples. A: Sericte pools as replacement of plagioclase 
(crossed polars), B: Plagioclase laths with finer (altered) laths forminf the matrix (crossed polars), 
C: Unaltered pyroxene (plane polarised light), D: partially, selectively altered pyroxene (plane 
polarised light), E: Pyroxene almost totally replaced by mica showing two distinctive colours 
(plane polarised light). 
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Comparison of materials 

When comparing the average mineralogical composition of the quarry material (P1D) to the 

stock pile material (P1A) it is seen that the primary mineralogy is very similar (Table 5) and 

the mica and sericite (secondary minerals) composition is also similar. The total secondary 

mineral count in the quarry material is however a significant amount higher than in the 

stockpile material. Since the replacement mineralogy is similar in quantity this must be due 

to more of the primary minerals (plagioclase and pyroxene) being altered (Table 4).  

Table 5. Average mineralogical composition of each material (from Table 4). 

Sample Source 
Clinopyroxene 
 (incl. altered) 

Mica, 
pyroxene 

replacement  

Plagioclase 
(incl. 

altered) 

Sericite, 
plagioclase 
replacement  

Opaque 
minerals 

Total 
secondary 

(%) 

P1A1 
Stock- 

pile  
39 1 45 14 2 39 

P1B1 Distress  40 2 44 13 1 41 

P1B2 Sound 40 1 50 8 2 39 

P1C1 Distress 42 3 42 13 2 48 

P1D1 Quarry 40 2 46 11 3 55 

Recommendation (Weinert, 1980) for this climatic region (N=3) ≤ 22 

 

In Figure 11 it is clear that the plagioclase and pyroxene minerals in quarry samples are 

indeed more altered and appear “dirty” when compared to the stockpile materials. Since 

alteration of minerals at the earth’s surface is not a reversible process the fact that the quarry 

has a more altered primary mineralogy than that of the stock material indicates that there is 

significant variation in the degree weathering within the quarry material. In the petrographic 

descriptions it was also noted that in the quarry samples some of the sericite pools had a 

very dark appearance and are therefore suspected of having been altered to smectite clays. 

The mineralogy of the two samples taken from test pits adjacent to each other (P1B 

samples) is very similar to each other and to that of the stockpile material. The degree of 

plagioclase alteration to sericite was, however, described as being slightly higher in the one 

thin section of material from the distressed side of the road (P1B1A). Point counting (Table 

4) confirmed this observation and the only difference in mineralogy between the two P1B 

samples is therefore a slightly elevated sericite content and degree of alteration of 

plagioclase in some aggregate particles from the distress area sample. The overall average 

secondary mineral content of the two samples does, however, only differ by 2%.  

When the sample from the other distressed area (P1C1) is considered the primary 

mineralogy is again similar to that of the stockpile and P1B samples but the slightly larger 

percentage of plagioclase that has been altered combined with the larger percentage of 
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actual sericite results in a total secondary mineral count (48%) closer to that of the quarry 

material (55%).  

 
Figure 11. Comparison of typical views of thin sections from stockpile (P1A) and quarry (P1D) 
materials (Plane polarized light) 

 

The total secondary mineral content therefore differs in sampled materials due to the 

percentage of plagioclase that is partially altered or totally replaced by sericite. This results in 

materials that have a secondary mineral count of 40 – 48%. In the case of the quarry 

material this percentage was even higher (55%) due to a higher percentage of pyroxene 

being partially altered. According to Weinert (1980) the climatic N-value of the construction 

site area is approximately 3.0. In such an area Weinert (1980) proposed that a secondary 

mineral content of more than 22% would result in base course aggregates of poor durability. 

Based on the material observations, all materials would not be expected to have adequate 

durability. 

Based on the observations the material had not undergone any rapid alteration of minerals 

during the crushing, constructing and short in service periods. It is, however, clear that the 

material from the quarry has a generally altered mineralogy with the alteration of plagioclase 

to sericite (and locally to smectite clays) that has resulted in a generally weak aggregate 

material. It would be expected that the majority of the material will be too weak to resist 

traffic stresses, especially where sericite pools are well connected by generally altered 

plagioclase (Figure 12). The variability of the material is high especially with regard to 

sericite content but all material is altered to a degree and mineralogy that is deleterious.  
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Figure 12. Generally altered plagioclase matrix connecting sericite concentration pools (thin 
section sample P1A1B). 
 

4.3. X-ray diffraction analyses 

X-ray diffraction analyses were carried out on crushed aggregate pieces from each of the 

samples and then on orientated clay fractions both before and after exposure to glycerol. 

The complete results are included in Appendix B. 

The results of the whole rock analyses showed quartz in all samples (3-12%) which is 

considered to be due to contamination as no quartz was observed in the thin sections. The 

XRD results were therefore adjusted by removing the quartz and recalculating to 100%. This 

generally resulted in increases in estimates of 0-3% (maximum 7%).  

Table 7. Comparison of XRD and point counting (PC) results 

S
a
m
p
l

Source 
Pyroxene 
(XRD/PC) 

Plagioclase 
(XRD/PC) 

Ilmenite 

(XRD/PC) 

Chlorite (XRD) 
/ Mica (PC) 

Smectite 
(XRD) / 

sericite (PC) 
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e 

P1A1 Stockpile 22 / 39 65 / 45 1 / 2 2 / 1 11 / 14 

P1B1 Distress 25 / 40 51 / 44 1 / 1 13 / 2 10 / 13 

P1B2 Sound 27 / 40 57 / 50 1 / 2 2 / 1 13 / 8 

P1C1 Distress 23 / 42 60 / 42 1 / 2 - / 3 16 / 13 

P1D1 Quarry 41 / 40 56 / 46 2 / 3 - / 2 1 / 11 

 

  

Table 6. Semi quantitative whole rock XRD analyses results (corrected for absence of quartz). 

Sample Source Pyroxene (%) Plagioclase (%) Chlorite (%) Ilmenite (%) Smectite (%) 

P1A1 Stockpile  22 65 2 1 11 

P1B1 Distress  25 51 13 1 10 

P1B2 Sound 27 57 2 1 13 

P1C1 Distress 23 60 - 1 16 

P1D1 Quarry 41 56 - 2 1 

 

The XRD results show plagioclase estimates to be of 7 to 20% higher when compared to the 

petrographic results while the pyroxene amounts are 13 to 19% lower than the point counting 

estimates (Table 7). The one exception was the quarry material which produced similar 

pyroxene estimates. The opaque mineral contents were similar and the XRD results 

identified the mineral as illmentite. 

Interestingly the only secondary minerals identified by XRD were smectites and chlorite and 

no mica minerals were identified. This could mean that the minerals identified as mica and 

sericite were either smectites or mica minerals that have been altered almost entirely to 

smectites and or chlorite.  

Table 7. Comparison of XRD and point counting (PC) results 

Sample Source 
Pyroxene 
(XRD/PC) 

Plagioclase 
(XRD/PC) 

Ilmenite 

(XRD/PC) 

Chlorite (XRD) 
/ Mica (PC) 

Smectite 
(XRD) / 

sericite (PC) 

P1A1 Stockpile 22 / 39 65 / 45 1 / 2 2 / 1 11 / 14 

P1B1 Distress 25 / 40 51 / 44 1 / 1 13 / 2 10 / 13 

P1B2 Sound 27 / 40 57 / 50 1 / 2 2 / 1 13 / 8 

P1C1 Distress 23 / 42 60 / 42 1 / 2 - / 3 16 / 13 

P1D1 Quarry 41 / 40 56 / 46 2 / 3 - / 2 1 / 11 

 

The smectite contents reported by XRD analyses of the whole rock may not be 

representative due to overlap between smectite, chlorite and some mica diffraction peaks. 

Additional XRD analyses are therefore performed on the clay fractions of the material and 

also on the clay fractions after specific treatments that alter the diffraction peaks of some 

minerals, thus removing overlaps. The analyses performed for these samples were on 

orientated clay fractions in an air dried state and after exposure to glycerol. 

Corrections can then be made by assuming that the mineral compositions identified by XRD 

analyses of the clay fractions are representative of the clay minerals present in the whole 
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rock and then correcting the reported smectite content accordingly. Since orientated clay 

preparations were used there is a unquantifiable error involved in this process and the 

corrected smectite mineral content can therefore only be regarded as semi-quantitative at 

best. 

The smectite content of the clay fraction was shown to be 86-100% (Table 8) and the 

corrections therefore reduced the smectite estimates by only 1%. Minor amounts of mica 

where also identified in the clay fraction, potentially indicating the source of the smectite 

products was mica derived from the weathering of primary minerals. 

Table 8. Clay fraction XRD results. 

Sample Source 
XRD clay fraction results (%) 

Smectite Mica Chlorite Primary minerals 

P1A1 Stock- pile  87 2 6 5 

P1B1 Distress  86 2 6 6 

P1B2 Sound 93 1 4 2 

P1C1 Distress 87 1 3 9 

P1D1 Quarry 100 - - Trace 

 

Comparing the XRD and point counting results (Table 9) after corrections and assuming the 

mica identified in thin sections was in fact a chlorite replacing a mica mineral it is seen that 

the amounts compare well with the exception of the P1B1 sample, for which the XRD 

provided a much higher estimate. This may however be due to an overlap between smectite 

and chlorite peaks. If it is assumed that most of the sericite identified in thin sections was 

actually already altered almost entirely to smectite then again the results are in agreement 

except for the quarry sample. The sericite (plagioclase replacement mineral) in the quarry 

sample therefore does not appear to have been altered to smectite clay (yet). The XRD did 

however not identify any significant amount of secondary minerals in this material. 

The XRD results also indicate that the secondary mineral content in all the samples, again 

with the exception of the quarry sample, is at least 12% and therefore are expected to be of 

poor durability. The quarry sample XRD secondary mineral results are in total disagreement 

with the thin section observations. 

  

Table 9. Corrected smectite contents and secondary mineral content comparison. 

Sample Source 

Whole rock XRD results (%) Point counting results (%) 

Chlorite 
Corrected 
smectite# 

Total 
secondary 

Mica 
replacing 
pyroxene 

Sericite 
Total 

secondary 

P1A1 Stockpile  2 10 12 1 14 15 

P1B1 Distress  11 9 20 2 13 15 

P1B2 Sound 2 12 14 1 8 9 
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P1C1 Distress 0 15 15 3 13 16 

P1D1 Quarry 0 1 1 2 11 13 
#
Based on clay fraction results 

 

4.4. Petrography discussion 

The misinterpretation of chlorite as a mica is not significant with respect to the aggregate 

durability implications as both are secondary minerals which result in a weaker mineral 

skeleton and therefore a mechanically weaker aggregate. The differences between sericite 

and smectite clay are, however, more significant as even though both are secondary and 

weaken the overall mechanical properties of the aggregate pieces, smectite minerals will 

also cause tensional stress within aggregates due to hydration and consequent expansion. 

The fines released by crushing aggregate that has a higher smectite content are also more 

plastic. This misinterpretation of mineralogy has been observed before in a previous 

investigation by Paige-Green and Semmelink (2000) when what appeared visually to be 

biotite was shown, by XRD, to be smectite. It will therefore be assumed that the sericite is 

indeed smectite clays and that all crushed materials therefore have a smectite content of at 

least 8% and that some samples have as much as 15%. No significant differences were 

seen when the distressed area samples were compared with the sound section material. 

Whilst not part of any current specification it has been suggested that up to 10% smectite 

might be tolerable for a “pavement material” (Weinert, 1980). However Dr F Netterberg 

(personal communication) considers that more than about 5% as risky if the material is to be 

used as a surfacing stone or a base course aggregate. Considering the poor reproducibility 

of the methods used to determine the smectite content it is probably not possible to set a 

firm limit on the smectite content but all the crushed materials seem to be in excess of these 

proposed limits.  

Commenting on the quarry sample is more problematic as it either has 1% smectite or 

anywhere between 1 and 11% smectite. There may therefore be evidence that the majority 

of the sericite present in the material due to long term weathering is being altered to smectite 

rapidly after exposure to the atmosphere (crushing). 

4.5. Corrected mineral composition 

The differences in mineralogical composition reported by the petrographic and XRD are 

significant and highlight the need for both methods to be used and the results to be 

compared. Petrographic analyses are done on thin sections and therefore only analyse a 

very small section of one piece of rock aggregate (per thin section). The amount is 

approximately 0.05g of rock over an area of a small postage stamp. The sample is therefore 

not representative of the tonnes of material used and this can result in some minerals, which 

are not evenly distributed throughout a rock mass, not being observed. The analyses of 

multiple thin sections can increase the representativeness of the results slightly. The 
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identification of smectite minerals in thin section is problematic when these minerals occur as 

alteration products of primary minerals that are only partially altered. The amount of smectite 

present can be estimated but due to the partially altered nature of the minerals estimates are 

often not accurate.  

XRD analysis is also not flawless and results can be affected by sample preparation, sample 

contamination and data interpretation. Samples must be prepared using a representative 

amount of material and then reduced to the correct amount needed for the test. Since a very 

small amount, approximately 1 g of the prepared sample is actually tested contamination (by, 

for example, the use of dirty or dusty equipment) can cause significant errors. Finally, the 

interpretation of diffractograms is commonly done automatically by software using Rietveld 

analyses or other semi-quantitative methods. Although highly efficient for well-crystallised 

minerals and for the most part accurate, such interpretations can be erroneous and should 

be checked using analogue interpretations of diffractogram peaks. In addition, it is 

recommended that individual analyses of treated clay minerals extracted from the powder 

sample should be carried out for differentiation between the various clay minerals. 

The petrographic and XRD analyses presented above do not agree (Table 10). Differences 

in pyroxene estimates were approximately 13-19% for all crushed materials and 1% for 

quarry material. The plagioclase estimate differences were less consistent (7-20%). The 

chlorite/mica content was generally estimated to be the same except for sample P1B1 which 

had a very high chlorite estimate based on XRD results. The smectite / sericite contents 

were also similar except for the quarry sample having almost no smectite according to the 

XRD results.  

Table 10. Comparison of XRD and point counting (PC) results. 

Sample Source 
Pyroxene 
(XRD/PC) 

Plagioclase 
(XRD/PC) 

Ilmenite 

(XRD/PC) 

Chlorite (XRD) 
/ Mica (PC) 

Smectite 
(XRD*) / 

sericite (PC) 

P1A1 Stockpile 22 / 39 65 / 45 1 / 2 2 / 1 10 / 14 

P1B1 Distress 25 / 40 51 / 44 1 / 1 13 / 2 9 / 13 

P1B2 Sound 27 / 40 57 / 50 1 / 2 2 / 1 12 / 8 

P1C1 Distress 23 / 42 60 / 42 1 / 2 - / 3 15 / 13 

P1D1 Quarry 41 / 40 56 / 46 2 / 3 - / 2 1 / 11 

*corrected according to clay fraction analyses 

 

4.6. Sonic velocity 

According to Kilic (1995) alteration of diabase from Turkey had a very significant effect on 

the compressive wave velocity and the dynamic modulus of elasticity of the materials. The 

compressive wave velocity could only be determined on quarry material cores are required. 

The quarry boulder material had a velocity of 5963 m/s which according to the results from 

Kilic (1995) would be an unaltered material. Experience from other dolerites crushed base 

sources indicate that most materials that have good performance have compressive wave 
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velocities of above 6000 m/s (average of 6400m/s) and as such this quarry material may be 

slightly weathered in comparison. 

4.7. Grading and soil constants analyses 

The grading analyses revealed the materials two have two different gradings. The stockpile 

material and that from the distress area (P1C1) were similar with respect to grading and in 

the middle of the specifications (TRH14 G1/G2 specification). The distress area sample was 

however slightly out of specification due to their being too much (over by 1%) material 

P0.075mm. The other two samples (P1B1 and P1B2) had very similar grading curves but 

both were lean with respect to intermediate size particles as all limits from 2mm to 19mm 

were either not reached or only just reached. 

When the P1C1 base sample grading results are compared with the stockpile grading 

(Figure 14) the amount of fines appears to have increased at the expense of the coarser 

fractions. This shows that the material was broken down significantly during construction but 

not enough to force it out of specification. The other base samples have a grading that is 

highly unlikely to have originally been the same material as the stockpile. This is because the 

percentage passing 0.075mm is the same for these materials but the cumulative 

percentages of almost all other fractions is lower for the base materials. For this to occur the 

fine content of the base would have to decrease and the coarse content would have to 

increase, as seen by generally courser curves in Figure 14, which is impossible. If the 

samples are assumed to be 100% representative then the specific amounts by which any 

fraction would have changed would be as high as 7% increases in a single coarse fraction 

and 4% decrease in the <0.075mm fraction. 4% could potentially be due to the variation in 

grading obtained due to quartering and riffling samples. It is however assumed that 7% is too 

high and that the P1B material was of different grading from the start.   

Based on these observations it can only be said that the materials from the two different 

base sampling locations had different initial gradings and therefore that the material was 

producing a variable grading under crushing (assuming the crushing process was not 

adjusted). It is not clear if the P1B base material was out of specification before construction.    
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Figure 13. Grading curves and grading results for the base and stockpile samples. 
 

 
Figure 14. Grading curves of base and stockpile materials on semi log graph. 

 

The Plasticity Index (PI) of all the samples was low (1.0-2.4) with the highest value being 

from the P1C1 distress area sample. Although the differences were so slight the trend is 

interesting as the quarry material had a PI of 1.0, the stockpile material a PI of 1.8, the area 

that did not fail a value of 1.7 and the two distressed areas values of 2.0 (P1B1) and 2.4 

(P1C1) (Table 11). The values are therefore all well below the allowable limit of 5 but there is 

a slight trend of increasing PI with handling and when compared to the decreasing level of 

performance. The quarry material in fact had a non-plastic <0.425mm fraction and the 

reported value was measured on the <0.075mm fraction.  

The Linear Shrinkage (LS) trends are the same as the PI trends with shrinkage increasing 

from freshly crushed material to the stockpile material and increasing even more in the base 

samples (Table 11). All LS values were above the COLTO specified limit of 2% except the 

crushed boulder material (P1D1). 

The slightly higher fines content of the P1C1 distressed sample in combination with the 

slightly higher PI of this material could result in the material being slightly weaker, especially 
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in a moist state. Unfortunately no information regarding the in situ moisture content of the 

base materials is available. Based on the significant amount of rain experienced during 

construction as well as before and after priming it is reasonable to assume that the base 

may, at some stage, have been at a moisture content close to the optimum moisture content 

while being trafficked. The base would therefore not have been as strong as a properly dried 

base in which significant suction pressures have developed. The other distressed area 

sample (P1B1) did not have elevated fines content. This material also only had a slightly 

elevated PI and whether or not this contributed to the weakening of the material is unknown. 

Both of the distressed samples did have slightly lower coarse sand ratios, but all ratios were 

within the specification (Table 11). 

 

Table 11. Soil constant results 

Sample PI Coarse sand ratio LS 

P1A1 
(Stockpile)  

1.8 46 2.59 

P1B1 
(Distressed) 

2.0 39 3.96 

P1B2 
(Sound Base) 

1.7 41 3.30 

P1C1 
(Distressed) 

2.4 37 4.00 

P1D1 
(Boulder) 

1.0* NA 0.65 

Specification 
(Colto G2) 

≤ 6 35-50 ≤ 3.00 

*Non plastic <0.425 fraction thus PI performed on <0.075 fraction (COLTO limit ≤12)  

 

It is worth noting that GAUTRANS (1994a, b) requires that all weathered basic igneous rocks 

used for base or subbase be stabilized down to non-plastic (NP). In the opinion of Dr F 

Netterberg (pers. comm), basic rocks used for any base course should have a maximum PI 

of 4% (preferably NP), and a PI x P425 of ≤ 100 (preferably ≤ 80) and a PI x P075 of ≤ 45 

(preferably ≤ 25). All of the tested materials are well within these recommended limits (Table 

12) with the only exception being the distressed sample (P1C1) which had a PI x P0.075) of 

more that the preferred limit of 25. 

 

Table 12. PI multiplied by soil faction results. 

Sample PI x P0.425 PI x P0.075 

P1A1 (Stockpile) 29.6 16.1 

P1B1 
(Distressed) 

28.9 16.8 

P1B2 
(Sound Base) 

25.2 14.3 

P1C1 
(Distressed) 

48.9 30.3 
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P1D1 
(Boulder) 

NA NA 

Recommendation ≤ 100 or ≤ 80 ≤ 45 or ≤ 25 

 

4.8. Aggregate Impact Value 

The standard aggregate impact values (AIV), i.e. not glycol soaked results, for the samples 

showed that the quarry sample and all base materials had similar AIVs (and therefore also 

similar 10% FACT) values (Table 13). The only material with a slightly poorer AIV was the 

stockpile material but even this had an AIV (and 10% FACT) well within the specified limits. 

The laboratory results supplied by Roadlab (PTY) LTD (Appendix A) reported the “quarry 

Stone” to have a 10% FACT of 280kN and an ACV of 14.2% which is poorer than P1D1 

material results but within the specifications. The wet 10%FACT result was 89.3% of the dry 

result and therefore also within the specification (75% min).  

 

Table 13. AIV results and other properties derived from AIV results 

Sample Treatment AIV 10% FACT* ACV* 
Glycol/Dry 

10%FACT Ratio (%) 
Glycol/Dry 
ACV ratio 

P1A1 
(Stockpile) 

Normal 11.5 370.5 11.4 

53.0 183.6 

Glycol 20.7 196.5 21.0 

P1B1 
(Distressed) 

Normal 9.6 424.6 9.4 

71.9 153.0 

Glycol 14.3 305.4 14.3 

P1B2 
(Sound 
Base) 

Normal 9.7 420.3 9.5 

66.0 165.7 

Glycol 15.7 277.4 15.8 

P1C1 
(Distressed) 

Normal 10.1 409.0 9.9 

66.5 162.0 

Glycol 16.0 271.8 16.1 

P1D1 
(Boulder) 

Normal 9.4 430.1 9.2 

87.7 121.6 

Glycol 11.3 377.2 11.1 

Specification 
(G1) 

Normal NA ≥ 110 ≤ 29 ≥70
#
 NA 

*Based on AIV value according to correlations reported by Sampson & Roux (1982): 

           (      (        ))                                        (        )      
#
 SANRAL specification for 4 day glycol soaked 10%FACT  

 

Ethylene glycol soaking was performed for only 24 hours and as such the ratio of the 

standard to glycol 10%FACT values cannot be compared with the SANRAL specification 
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(Table 13). However, the 24 hour soaking would only give lower or similar AIV (and therefore 

higher 10%FACT) values than 4 day soaking and as such the glycol/dry 10%FACT ratios 

obtained can only be higher than what the 4 day soaking results would be. Despite this the 

stockpile material and two of the base samples did not reach the proposed specified 

minimum ratio. Interestingly the stockpile material had the worst ratio (53.0%). The other 

base sample (P1B1) sample also only just reached the specified limit. All these materials 

would therefore have had ratios below the minimum requirement should 4 day soaking had 

been performed. The boulder material obtained a ratio well above the required level and very 

similar to that obtained by the wet 10%FACT ratio provided by Roadlab (PTY) LTD (87.7 and 

89.3% respectively). This indicates the material is not very susceptible to degradation due to 

expansive minerals. 

Based on these it is noted that despite the untreated AIV’s being similar the material 

becomes very susceptible to weakening due to the expansion of minerals at some stage 

during the quarrying operations. Construction and in service time does not seem to further 

this process as the base materials did not react less favourably to the glycol treatment 

compared to the stockpile material.  

Since AIV without glycol treatment is a test of physical durability the results show that 

although some variability in physical durability exits between materials (compare stockpile to 

boulder material) the physical durability of the material exceeds that which is required and it 

has not degraded during or due to the construction process. Therefore rapid degradation of 

physical strength due to weathering is unlikely to have occurred.  

Glycol AIVs, when compared with normal AIVs, are an indication of the susceptibility of a 

material to undergo a reduction in physical durability due to the expansion of swelling 

minerals such as smectite and resulting general loss of physical strength of the aggregate. 

The results therefore indicate that after undergoing construction and some time under traffic 

the material is more susceptible to a reduction in physical durability due to expansion of 

minerals. Since the mineralogy studies (section 4.4) did indicate an increase in expansive 

minerals after quarrying the difference of glycolation effects can be explained. The exposure 

of the aggregate since crushing and construction has obviously not had the same effect as 

glycolation on the impact strength since the normal AIVs were all similar. 

4.9. Durability Mill Index 

The Durability Mill Index (DMI) samples and subsamples were prepared with a standard 

grading that is within the TRH14 grading requirements. This was performed to make 

comparison of all DMI results possible. The results indicate that the durability of the quarry 

material is superior to that of the stockpile and sound base sample which in turn are superior 

to the two distressed base samples (Table 14). All samples did however have a DMI within 

the SANRAL specification of ≤ 125).  
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Since the DMI is based on both the PI and the grading of the material and the grading of all 

samples was made to be equal before DMI testing it is interesting to investigate the reason 

for the differences in DMI values. The superior DMI of the quarry sample was due a lower PI 

and lower -0.425mm fraction compared with the other materials. The maximum PIs of the 

stockpile and base materials were similar and differences in DMI values were therefore 

mainly due to grading differences after milling. Based on these results it would appear that 

the dolerite fines had become more plastic during quarrying and handling before being 

stockpiled. After stockpiling the fines then retained their PI but the material seemed to 

become weaker as more fines were released by the base samples during milling. This 

weakening is probably due to construction stresses. This is however not in agreement with 

the AIV results in section 0 which showed no difference in strength between base sample.  

While the COLTO DMI limit (and the current SANRAL limit) is 125 this is probably too high 

since Sampson and Netterberg (1989) and other sources have shown this limit to predict a 

50% chance of good and 50% fair performance. A maximum limit of 90, as adopted by TRL 

(1993) should be used to predict 100% probability of good performance and a 100 for 90% 

probability (F. Netterberg, pers comm.). In such a case the P1C1 distressed base sample is 

seen to have a DMI equal to the limit, indicating that the material is no longer of suitable 

durability. If it is assumed that the material all had an initial DMI similar to the quarry boulder 

material then the durability of the material is changing, to different degrees with time. The 

high fines content developed by the P1C1 sample during the DMI test proves that the in situ 

high fines content of this material was not necessarily present when it was stockpiled but 

could have developed during construction. 

     

Table 14. DMI results and comparison with grading results 

Sample 

DMI testing results In situ results 

DMI PI 
% Passing 
0.425 mm 

Max ∆P425 
relative to A* 

PI x 
P425 

PI 
% Passing 
0.425 mm 

PI x 
P425 

P1A1 
(Stockpile) 

52 1-2 20-27 6.5 28-45 1.8 16 29.6 

P1B1 
(Distressed) 

66 2 26-30 4.6 50-64 2.0 14 28.9 

P1B2 
(Sound Base) 

45 2 23-26 3.9 37-42 1.7 15 25.2 

P1C1 
(Distressed) 

89 2-3 30-34 4.8 62-83 2.4 20 48.9 

P1D1 
(Boulder) 

28 1 17-22 5.2 18-28 1.0
^
 NA NA 

Specification 
(SANRAL 
G1/G2) 

≤ 125 
≤ 

4/6 
≤ 8 percentage points 
above original P425* 

≤ 100 or  
≤ 80

#
 

≤ 6 
≤ 11 
24 ≤  

≤ 100 
or 

≤ 80
#
 

*original P425 was prepared to be 16.5% but varied as shown above by minimum values which were obtained from 
unmilled (A) sub-samples. 
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#
see section 4.6 

^
Non plastic <0.425 fraction thus PI performed on <0.075 fraction (COLTO limit ≤12)  

 

The insitu results (Table 14) indicate that the % of material passing the 0.425mm sieve in the 

field had not reached the high values produced by the DMI testing. Although not currently a 

standard test, and no proposed limits have been set, DMI was performed on samples after 

the >2 mm fraction had been soaked in ethylene glycol for 5 days. As expected the DMI 

values increased significantly after this treatment (Table 15Table 14). The ratio of the 

normal DMI to the glycol DMI was equal to approximately 0.5 for both the stockpile and 

boulder material. Slightly higher increased in DMI were seen for the sound base sample and 

finally high (and similar) values for the two distressed area materials. 

As expected the change in DMI due to glycol treatment was not due to higher PI values but 

rather due to increases in the amounts of fines produced during milling of the soaked 

materials. The additional amounts of fines produced were however similar for all materials 

and the differences in glycol DMI values therefore still reflect mainly the differences in the PI 

of the fines in each material. 

In summary the normal DMI results show that the stockpile and quarry materials have 

slightly lower PI values and that the sound base material is slightly more resistant to 

breakdown during milling. The slightly higher DMI values of the distressed areas are 

therefore due to the slightly (but consistently) higher PI and percentage of fines produced 

during milling. 

 

Table 15. DMI and glycol DMI results  

Sample DMI 
Glycol 
DMI 

Normal / 
glycol 

DMI ratio 

∆ max 
0.425 mm 
after glycol 

∆ max 
PI after 
glycol 

mDMI 
Glycol 
mDMI 

Normal / 
glycol 
mDMI 
ratio 

P1A1 
(Stockpile) 

52 98 0.53 5 1 13 36 0.35 

P1B1 
(Distressed) 

66 87 0.76 5 0 10 23 0.43 

P1B2 
(Sound 
Base) 

45 69 0.66 6 1 7 20 0.33 

P1C1 
(Distressed) 

89 123 0.73 6 1 13 32 0.4 

P1D1 
(Boulder) 

28 49 0.57 5 1 6 18 0,36 

Specification 
(SANRAL 
G1/G2) 

≤ 125 NA NA NA NA NA NA NA 
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Modified DMI (mDMI) 

Since the absolute change in p0.425 mm relative to the A sample is the actual significant 

parameter (as opposed to the actual 0.425 mm) a modified DMI (mDMI) parameter can be 

determined for all samples by multiplying the maximum observed change in p0.425 mm by 

the maximum observed PI for each sample. This can also be done for the glycol DMI results 

using the maximum change in p0.425 mm relative to the A subsample of the untreated tests. 

The results (Table 15Error! Reference source not found.) show similar trends to the 

standard DMI results but the difference in ratios between the sound base material and the 

quarry / stockpile materials is very reduced. It is believed that the mDMI will however 

correlate better with performance than the standard DMI. 

4.10. Modified Ethylene Glycol Durability Index 

The test results profided by Roadlab (PTY) LTD were of a different Ethylene Glycol durability 

test and can therefore not be compared. The modified Ethylene Glycol Durability Index 

(mEGDI) (Leyland et al., 2013) assigns a score to each of 40 pieces of aggregate soaked in 

ethylene glycol depending on the nature and degree of degradation of each piece. These 

scores are then weighted and added to obtain an index value for that material. Indices are 

calculated based on observations after 5 and 20 days of soaking and used to characterise 

the durability of the material. The method is therefore different from that originally proposed 

by the US Army in about 1949 (Corps of Engineers, 1969), which relied on changes in 

grading of larger samples due to soaking, and that used during construction of the Lesotho 

Highland Water Project in South Africa (OSC, 1986), which determined an index value based 

on the degree of disintegration observed on a single cylindrical drill core. 

All tests were repeated and the results (Table 16) show not only a poor repeatability (high 

range of values for some samples) but also a high variability in durability between samples. 

The crushed boulder material had mEGDI values that ranged from 4 (acceptable for base 

course) to 11 (just above proposed limit). The long term durability was however not 

acceptable as the 20 day scores were more than 1.5 times the 5 day scores (and more 

repeatable). 

The stockpile material had the most repeatable but also poorest results. Of the base 

samples, the P1C1 material was consistently shown to be unsuitable as a base material 

while the P1B materials had a very high range in durability (from suitable for base to 

unsuitable for any use). All materials had poor long tern durability due to very high mEGDI’s 

or at least one of the tests having very high 20 day indices relative to the 5 day mEGDI.  

No one form of degradation was dominant in the tests with poorer scores. Where better 

scores were obtained spalling was dominant over other forms with one exception being the 

boulder material which had significant amounts of splitting pieces.  
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Table 16. mEGDI results 

Sample mEGDI 20 Day mEGDI Suitability Long term durability 

P1A1  
(Stockpile) 

22 32-32.5 None Poor 

P1B1 
(Distressed) 

10-21.5 18-30 Subbase-None Poor 

P1B2 
(Sound Base) 

6.5-22.5 14.5-30 Base-None Poor 

P1C1 
(Distressed) 

15.5-18 23.5-25 Subbase Poor 

P1D1 
(Boulder) 

4-11 18-20.5 Base-subbase Poor 

Proposed limits 
for base 

aggregates* 
≤ 10 

≤ 1.5 x mEGDI 
after 5 days 

NA NA 

*As proposed by Leyland et al. (2013).  

 

4.11. Point Load Strength 

Point load strength testing was performed on aggregate pieces from all samples according to 

the ISRM (1985) method to arrive at the corrected point load index (PLI). Unfortunately 

insufficient material remained for testing of the quarry material. For each sample at least 14 

aggregate pieces were tested. After calculating the average PLI the values obtained from 

aggregate pieces that, during loading, broke either along obvious pre-existing joints or in any 

way that may make the results suspect, were removed and the average PLI recalculated to 

determine the effect thereof on the reported values. The results indicate that the one 

distressed base material (P1C1) was slightly weaker while the other (P1B1) was the 

strongest. The two P1B samples, collected in adjacent wheel tracks also showed no 

difference in strength and the stockpile material was also similar to these. The effect of 

potentially erroneous test aggregate pieces was very minimal but variation in individual 

results within each sample was consistently high.  

When the PLI trends are compared to some other results the following is observed: 

 Since both DMI and AIV results indicate that the boulder material may have been 

superior to the rest the petrography indicated that all materials should give similar 

results.  

 The trend observed in DMI results places both the distressed samples as the 

weakest while the PLI shows one of these to be strongest  

 The trend observed in AIV results do agree with the PLIs since both P2 samples 

were similar while the Pc sample was inferior.   
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Table 17. Point load strength results  

Sample PLI (kPa) PLI after check (kPa) PLI std. dev. (kPa) 

P1A1  
(Stockpile) 

13 150 13 777 4 140 

P1B1 
(Distressed) 

13 337 14 052 3 166 

P1B2 
(Sound Base) 

13 231 14 086 4 156 

P1C1 
(Distressed) 

12 270 12 654 3 062 

P1D1 
(Boulder) 

Not tested Not tested Not tested 

 

Experience with other dolerite materials indicates that materials that have performed well as 

aggregates have typically had a PLI (measured on quarry boulder samples) of more than 

12 000 kPa. Since no quarry material was tested it cannot be compared. However since all 

materials tested did produce PLIs above 12 000 kPa and the material had not been in 

service long it is very unlikely that the quarry PLI would have been significantly below 12 000 

kPa. Unfortunately The PLI results obtained do not give any indication of whether or not the 

material had degraded during construction.  

4.12. Water absorption and relative density 

Four pieces of core taken from the quarry boulder material were tested and the water 

absorption results ranged from 0.11% to 0.16%. Experience from other dolerites crushed 

base sources indicate that most materials that have good performance have water 

absorption values of below 0.15% and therefore quarry material would be a marginal 

material. The water absorption tests performed on crushed rock and supplied by Roadlab 

(PTY) LTD reported 1.0% for >4.75mm fraction and 1.1 % for <4.75mm fraction. Since there 

is a maximum specification of 1% for >4.75mm fraction (TRH14) the material is again 

marginal. 

The bulk relative density of all core samples was 2.95 and this was again similar to the 2.88 

and 2.89 values for the crushed material (supplied results). Apparent relative density values 

ranges from 2.96 to 2.97 for cores tested, again similar to supplied values of 2.98 (>4.75mm) 

and 2.97 (<4.75mm). 

The small differences in ARD and BRD results indicate a lack of significant impermeable 

pores within the material while the low water absorption values indicate a generally low 

porosity (or low surface area). 

4.13. Conductivity and salt contents 
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The laboratory results provided (Roadlab (PTY) LTD) reported conductivity values of 0.0035 

S/m at a pH of 8.22 and repeat test of soluble salt and sulphate contents as follows: 

 Soluble salt of 0.1317% and 0.1978% 

 Soluble sulphate 0.0298 and 0.0075%. 

The testing performed as part of this investigation gave a conductivity result, for the stockpile 

material, of 0.0851 S/m. The current specifications (TRH14 and COLTO) require that 

material with a conductivity of <1.5 S/m to be acceptable for use. The salts observed on the 

stockpile are therefore not considered to render the material unsuitable for use as base 

course material. 
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5. DISCUSSION 

5.1. Observed material properties 

The base construction process, with respect to densities achieved and the drying times was 

not determined and can therefore not be excluded as a contributing factor to the poor 

performance. The purpose of this investigation was to identify if material properties could 

have contributed to the poor performance and not to identify other potential causes of the 

poor performance. The material exposed by removing the seal at the isolated failure site did 

however appear less compacted than other material and to have poor interlock.  

In the quarry an extensive weathering front was observed close to joints and the pick and 

click test results classified one of the materials as weathered (others were fresh). There is 

therefore evidence that some weathered material from areas adjacent to joints was 

incorporated into the aggregate. Only unweathered quarry material was tested further and as 

such no further deductions regarding their inclusion of weathered quarry material can be 

made.   

The petrographic analyses revealed large amounts of secondary minerals which were 

identified with the help of XRD analyses to be predominantly smectite minerals. The smectite 

contents were determined (by semi-quantitative XRD analyses) to be between 12 and 20% 

in base materials tested. There was no trend of increasing smectite or other secondary 

minerals after stockpiling. Although the secondary mineral content in the fresh quarry 

material appeared higher in thin sections, XRD results indicate these materials to have a 

very low (1%) smectite content. The alteration products observed in the thin sections are 

therefore most likely micas (sericite). The XRD analyses did however not identify any mica 

minerals. Based on the petrographic investigation and XRD results the stockpile material 

possibly represents a more weathered version of the quarry material, having either been 

weathered before excavation (i.e. close to  a joint in the rock mass) or having the secondary 

minerals already present rapidly altered to smectite after quarrying. The base material 

resembles the stockpile material and is therefore also potentially a weathered version of the 

quarry material. There was no consistent mineralogical difference between base samples of 

poor and sound areas although the one poor area did have the highest reported smectite 

content and the other the highest reported chlorite content. Rapid weathering or alteration of 

sericite to smectite is therefore potentially occurring after material has been stockpiled. The 

variability in degree of sericitization within quarry materials obviously leads to variable 

amounts of smectite.  

The physical durability (interpreted from AIV results) of the materials did not vary significantly 

although interestingly the stockpile aggregate was the poorest. All AIVs were well within the 

specifications (based on derived 10%FACT values). The variability in accelerated durability 

(interpreted from glycol AIV testing) showed the quarry to be durable while the other 

materials where not. Again the stockpile aggregate had the worst performance which was 
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not expected based previously discussed results. The fact that the normal AIV tests are 

within the specifications but the glycol AIV results for all but the quarry material are out of 

specification indicates that the material could have undergone degradation due to expansion 

of minerals after quarrying. This can, however, not be taken as the reason for poor 

performance as this would have resulted in at least slightly lower AIVs for all base and stock 

materials compared to the quarry materials. Rapid weathering of the secondary minerals to 

smectite would also be expected to have weakened the materials and cause a variation in 

AIV values. 

The durability mill index (DMI) testing showed that the PI of the fines did increase very 

slightly during quarrying and crushing and then increased slightly more after stockpiling and 

during construction. The percentage of fines released during the DMI testing did not vary to a 

significant extent and all values were below the specified limit of change in P0.425 of 8% if 

the prepared P0.425 of 16.5% is considered. However if the minimum measured P0.425 is 

considered then the changes in P0.425 are 5.5% (quarry), 8.3 (sound base area), 10-10.5 

(stockpile and distressed base) to 15.4% (distress base area P1C1). The P1C1 sample also 

had a DMI value of 89 and therefore on the proposed TRL limit of 90. It therefore seems that 

materials do release more fines after being stockpiled or used in layers and that there is a 

slight increase in the PI of these fines at the same time. This could be evidence of slight 

weakening due alteration of sericite to smectite which does not result in a weaker rock (as 

shown by AIV) but in a higher plasticity and more fines (as shown by DMI).  

The mEGDI testing also showed a poor repeatability in results, indicating a high variability in 

aggregate properties, and consistently poor long tern durability. The boulder material did 

have a significantly better mEGDI that the other samples.  

When the Atterberg limits and grading of the materials is considered it is possible that a 

material similar to the stockpile material was broken down during construction and service to 

form the P1C1 material grading (i.e. more fines). The slight increase in PI could also be 

explained by the releasing of plastic fines during this process. This agrees with the 

conclusions based on durability testing. The fact that the other base materials had a different 

grading to the stockpile material from the start indicates the quarry material was producing 

variable material and that this may have had an out of specification grading. Since all 

materials produced from the quarry are likely to experience the same general increase in PI 

and LS in the process of quarrying, stockpiling and construction those that are of poor 

grading initially become marginal for use as a G1/G2 base course. Laboratory testing of the 

base materials showed that the sample from the distressed area (P1C1) had a plasticity 

index of only 2.4 but a linear shrinkage slightly above the specification limit. The combination 

of this and the high fines content of this material could have rendered the base to be 

somewhat weaker.  

Table 18 is a summary of the test results relative to the relevant specifications 

(COLTO/TRH14) and recommendations where no COLTO/TRH14 specification exists. The 

results clearly indicate that the material is still of adequate strength and durability after 

quarrying (10% FACT and DMI passed) but that the grading and shrinkage of the base 
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materials is not acceptable. The material also contains many expandable minerals which 

makes it susceptible to poor results in tests involving glycolation (failed soaked 10% FACT 

and mEGDI). The fact that the “sound” (P1B2) material did not differ significantly from 

“distressed” (P1B1) base areas cannot be explained easily. The only difference in these two 

P1B materials seems to be the minor grading and PI differences. What may however be 

more significant is that the distressed area was closer to the road edge (outer wheel track) 

and therefore potentially exposed to higher moisture variations. 

 

Table 18. Summary of test results relative to specifications. 

Sample Grading PI LS 
10% 

FACT 

Glycol 10% 

FACT
#
 

DMI mEGDI 

P1A1  
(Stockpile) 

Pass Pass Pass Pass Fail Pass Fail 

P1B1 
(Distressed) 

Fail Pass Fail Pass Fail Pass Fail 

P1B2 
(Sound Base) 

Fail Pass Fail Pass Fail Pass Fail 

P1C1 
(Distressed) 

Fail Pass Fail Pass Fail Pass Fail 

P1D1 
(Boulder) 

NA Pass Pass Pass Pass Pass Fail 

Specification / 
recommendation 

TRH* COLTO* COLTO* COLTO* SANRAL* COLTO* Pub* 

#
based on 1 day soaking and not 4 day soaking as specified, results thus optimistic at best. 

*TRH, COLTO & SANRAL are G1/G2 specifications, Pub is base specification published by Leyland et al. (2013). 

 

The test results together with the field observations indicate two potential causes of the 

observed failures. At the P1B sample locations the material was probably of a poor initial 

grading. Further processing during construction released plastic fines and this resulted in a 

slightly weaker material. The high rainfall experienced in the area during construction and 

before sealing may have contributed to an even weaker base when traffic was first applied to 

the section. The failure did however not appear to be a shear failure one but rather a surface 

stone loss with minor rutting. Although within specification the slightly higher PI of the base 

materials may have contributed to the weakness of the materials. The question of shear 

strength sensitivity to changes in PI needs to be answered to substantiate this.  

The P1C1 failure site is a shear failure of the base materials due to low shear strength 

caused by poor grading (excess fines) and poor properties of fine (elevated, but again within 

specification, PI and a high LS). Additional poor compaction and interlock observed on the 

surface of the base at this location possible resulted in the initial manifestation of the 

distress. This poor layer may also have been formed by poor slushing and cleaning of the 

section before sealing. 

 

5.2. Remedial action 
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Anecdotal evidence indicates that the addition of 1% lime to reduce the possibility of 

marginal quality dolerites deteriorating in service has been effective on various projects in 

the past. Recent experience has also shown that even on non-plastic dolerites a small 

percentage of lime can have an enormous impact on the strength of dolerite bases. The 

reason for this is not fully understood at the moment and the permanency of the effects is 

also not known. Unofficial reports are that lime treatment of the materials on this site has 

yielded acceptable results. This was however not confirmed. 
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6. CONCLUSIONS  

The quarry material tested was unweathered “fresh” material and proved to be generally 

superior to the other materials tested. The material was mostly within the required 

specifications despite the primary mineralogy being significantly altered. XRD analyses 

indicate that stockpile and base materials contain 9-15% smectite while the quarry material 

contains none. This most likely indicates that alteration of minerals is occurring after 

quarrying and crushing. There is a second possibility that the smectite containing material all 

had its source in weathered parts along the joints within of the quarry rock mass. This is 

however very unlikely and the former solution is favoured.  

The amount of smectite (and chlorite) present in a material showed a correlation with the 

observed performance of the road. The inevitable expansion of such minerals has, however, 

not had an effect of the impact strength of the materials as all were equal in this regard. 

Since the actual alteration process has also not weakened the materials differentially it 

seems that the difference in behaviour is linked to the properties of the fines released during 

physical breakdown during material handling. Those materials than have undergone further 

secondary alteration of sericite to smectite will have similar (potentially slightly elevated) 

amounts of fines released but such fines would be significantly more plastic. The degree of 

secondary alteration is linked to degree of primary alteration and since the quarry material 

has a variable degree of primary alteration it can only be expected that a highly variable 

degree of secondary alteration is present.  

In conclusion; 

 Petrographic analyses coupled with XRD analyses provide evidence of rapid 

alteration of secondary minerals to smectite minerals after quarrying and crushing. 

 Variability in this alteration coupled with the release of fines during additional 

handling and crushing result in marginal materials that perform poorly in service. 

 The PI is not always increased to above 5% by this process but can be increased 

significantly.   
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7. RECOMMENDATIONS 

Additional quarry materials should be collected and the variability in durability, mineralogy 

and strength of the material determined. These materials should then also be retested after 

some exposure as aggregates to determine if the mineralogy shift from sericite to smectite is 

indeed occurring rapidly. 

These same materials can then be used to determine the sensitivity of shear strength 

parameters, to minor changes in PI and fines content, using triaxial testing.  
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9. APPENDIX A: INFORMATION SUPPLIED FROM OTHER SOURCES 
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10. APPENDIX B: XRD ANALYSES REPORT. 
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1. INTRODUCTION 

1.1. Background 

Site P2 is located in the Eastern and Northern Cape provinces of South Africa with the test 

pit location being in the Eastern Cape but the quarry and parts of the road under 

consideration being in the Northern Cape Province. The road was identified as a suitable 

section for investigation after it was reported that surface failures were manifesting almost 

immediately after construction. A brief materials investigation was performed, approximately 

3 months after the section visited was constructed to determine if any material problems 

could have been the cause of the failures.  

Failures were reported to be occurring in the upper 50mm of the base and that the 

underlying base material seemed intact. These failures would manifest as crocodile cracks 

which would spread and eventually cause the surface to begin ravelling.   

The primary concern was related to the influence of the durability of the aggregate on the 

overall ability of the upper portion of the base to support the surfacing.  

1.2. Procedure 

A site visit was carried out on the 23
rd

 of June 2011 during which the quarry and a failing 

section of the road were visited. Samples of quarry rock boulders and samples of the base 

course layers were collected. The base samples where split into those of the upper portion 

and lower portion of the base. The pit was located in the outer wheel track in a section 

carrying two way traffic as the other lane was still under reconstruction. 

During test pitting the in situ condition of the base course as well as the interface between 

the “loose upper” base course and the “solid lower” base course were studied. The interface 

between the surface seal and the base was destroyed due to the poor condition of the 

surface.  

A comprehensive suite of testing was performed on all base course samples collected to 

determine the variability of material properties and possible causes of the observed road 

distress. The tests performed were: 

 Petrographic analyses of all aggregates 

 Semi-quantitative powder X-ray Diffraction (XRD) analyses of coarse aggregate 

ground to 10µm size and on orientated clay fractions of these materials 

 Compressive wave velocity of rock material 

 Grading and soil constant analyses of bulk samples collected from base course and 

the stockpile according to methods prescribed in TMH1 A1(a/b), A2, A3, and A4 
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(1987) (Grading and preparation of samples was done using an internal CSIR 

standard that is not published).  

 Water absorption of core samples collected from boulders from the quarry according 

to methods prescribed in ASTM C 97 – 02. 

 Aggregate impact value (AIV) of all aggregates according to British Standard 812 

(1975) and repeated after 1 day of soaking in Ethylene Glycol. 

 Durability mill index (DMI) of all aggregates according to the method proposed by 

Sampson & Roux (1987) with a standard prepared grading of all samples and 

repeated after soaking material in Ethylene Glycol for 5 days. 

 Modified ethylene glycol durability index testing (mEGDI) of all aggregates according 

to the method proposed by Leyland et al. (2013) 

 Point load index testing according to International Society for Rock Mechanics 

(ISRM) suggested method (ISRM, 1985). 

 

In addition to the above testing, the 10% FACT and aggregate crushing values (ACV) were 

calculated based on the correlations between these values and AIV values as described by 

Sampson & Roux (1982).  
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2. AVAILABLE INFORMATION 

Limited information was available and no previous test results were obtained before the site 

investigation was performed. However as part of a separate investigation test results and 

samples were supplied to CSIR Built Environment as part of an aggregate durability 

investigation. A single modified ethylene glycol durability test was performed for that 

investigation. The results and the final report for that investigation are included in Appendix 

A. The conclusion s of that report were as follows  

“Based on the observed results of tests conducted by both the CSIR and other laboratories it 

is evident that the dolerite intrusion being quarried at Noupoort has highly variable aggregate 

properties especially durability. The observed durability ranges from highly unsuitable to very 

suitable for use as road aggregate. It also appears, based on limited testing, as though the 

coarser grained dolerite material is more durable. Unfortunately no comment can be made 

on the distribution of the coarse and fine grained material within the intrusion without a 

comprehensive quarry mapping and modelling investigation. Additionally the cause of the 

variability is currently not understood fully.” 

Construction details (at test pit location) supplied were as follows: 

 Base tipping and worked on 27
th
 and 28

th
 of February 2011 

 Slushing performed on 3
rd

 and 4
th
 of March 2011 

 Moisture content on 9
th
 of March was 4.2% (average)  

 Priming performed on 13
th
 March 2011 when moisture content of base was 3.2 on 

average (maximum of 9.5)  

 Sealed on 16 Match 20122 and first slurry applied on 19
th
 of March 2012. 

Rainfall information for the site in the months of 2011 preceding the failures was received via 

personal communication with site engineers. The values were as follows: January 105mm, 

February 229 mm, March 191 mm, April 58 mm and May 27 mm.  

The subbase was a 300mm C3 stabilized layer constructed with G5 material and 2% 

cement. The ITS of the subbase was reported to be 399 kPa on the 25
th
 of February 2011 

(minimum COLTO requirement of 250 kPa). 
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3. SITE INVESTIGATION AND SAMPLING 

3.1. Introduction 

According to the information received by personal communication on site the target densities 

for the base were obtained after slushing and the moisture content of the base was 

acceptable when checked before priming. No subbase investigation was performed during 

the site visit.  

3.2. Site location and geological setting 

The section of the N9 route under consideration is located in the Eastern and Northern Cape 

provinces of South Africa with the test pit location being in the Eastern Cape (Figure 1). The 

quarry is located to the east of the town (Noupoort) on the eastern side of the N9 (in the 

Northern Cape). The climatic N value (Weinert, 1980) in the area is 9. 

 
Figure 1. Location of the section investigated and sample points. 
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According to the available geological map the area is underlain by the Adelaide Subgroup 

(dominant mudstone with lesser sandstone formations) and the overlying Tarkastad 

Subgroup (dominant sandstone with lesser mudrock formations) of the Beaufort Group, 

Karoo Supergroup. Both subgroups have been intruded by the Karoo Dolerite Suite (Figure 

2). 

The dolerite outcrops indicated in Figure 2 form ring like structures which have been studied 

across the western Karoo basin by authors such as Chevallier & Woodford (1999). They 

propose a ring dyke feeder intrusion model for such structures. In a study including the 

structures close to the quarry from this investigation Chevallier & Woodford (1999) found that 

dolerite intrusions were so interconnected that it was not possible to discern different 

intrusive events and that one dyke may have feed multiple sills or one sill may have been fed 

by multiple dykes. They therefore believe that during the intrusion period a stock work-like 

reservoir of magma was formed when many fractures where filled with magma at the same 

time. These fractures were intruded by magmas of different viscosities. This is possibly why 

Chevallier & Woodford (1999) also noted that in previous work done on the Karoo dolerites a 

wide range of petrographic facies had been identified. Such facies within the dolerite suite 

included leuco-gabbros to dolerite permatites.  
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Figure 2. The geological setting of the road section investigated and the quarry location. 

 

The larger scale geological maps (1:250 000) shows the quarry to be located in a dolerite 

dyke within the Adelaide subgroup. The contact with the overlying Tarkastad subgroup is, 

however, very close as outcrops of the Katberg Formation (sandstone rich) are less than 

500m away.  

The regional terrain is described as consisting of low mountains which form part of the South 

African Great Escarpment. The elevation of the immediate area is therefore higher than the 

surrounding areas to the north and to south of Middleburg. The elevation differences are 

however subdued here since the escarpment is less pronounced compared to some other 

parts of South Africa. The quarry elevation is 1527m above sea level.  
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3.3. Quarry observations and sampling 

The quarry was actively being mined during sampling and only limited access could 

therefore be obtained. The actual quarry walls could not be viewed directly at all locations 

within the quarry except from a distance. The general impression of the quarry walls was 

however that the rock was of a uniform light grey colour. There were two well-developed 

sub-vertical joint sets present, the spacing of which varied, resulting in large blocks forming 

in some areas but relatively small blocks in others. The effects of blasting on the jointing 

were however not determined. Some joint faces were stained but this appeared to be very 

superficial and no joint filling was observed.  

In places where the upper parts of the excavation could be seen a thin area with more joint 

staining could be seen and above this a layer of sandstone could be seen (Figure 3).  

 
Figure 3. P2 quarry with overlying sandstone and joint staining. 
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While sampling the boulders within the quarry it became apparent that the intrusion was 

anything but uniform. There were two main dolerite facies present, one course and fine 

grained. The fine grained facies was relatively dark and resembled a typical Karoo dolerite. 

The coarser grained facies was however very different and varied from a dark to light colour, 

often with a sharp contact between (Figure 4). The relationship between these colour 

variations was generally very complex as illustrated by the sample in Figure 5, which 

contains a light coloured “vein” with clear boundaries in the central parts but grades 

gradually from dark to light towards to right hand side. The coarser grained facies was also 

generally characterized by the presence of enlarged dark minerals (probably pyroxene) 

refered to as phenocrysts despite the matrix not being fine grained (as with a true porpheritic 

texture). Some coarse grained samples did however not have any phenocrysts adding to the 

variability of materials.  

 

 
Figure 4. Sharp contact between light and dark coarse grained facies, alternation scale blocks are 
each 1cm

2
 (magnified in top left corner). 
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Figure 5. Single coarse grained sample showing variation in colour due to partial segregation of 
plagioclase from pyroxene.   

 

The two facies also had variable relationships with one another. In some boulders they were 

seen to be in contact with each other, with the coarse grained facies generally occurring as 

veins between larger portions of the fine grained facies (Figure 6). This gave the impression 

that the coarser grained variety may have been a secondary phase intruded into a fractured 

fine grained typical dolerite. There were, however, large boulders that did not contain any 

fragments of the fine grained facies and as such the course grained facies must have had a 

significant thickness at least in parts within the intruded mass. The lack of course grained 

fragments enclosed in fine grained facies suggests that the course grained facies was not an 

early crystallization product. 

The two facies where separated as much as possible to create a separate sample for each. 

Despite the two facies having generally different grain sizes in places the grain sizes were 

intermediate to the two extremes observed. In such cases the absence or presence of the 

dark phenocrysts was used to assign a sample to either of the samples.  
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Figure 6. Two distinct facies within the dolerite intrusion and varying relationship between them.  
 

 

3.4. Test pit sampling 

Due to time constraints only one test pit was excavated to sub base level in order to view the 

in situ base condition and to obtain samples of base material after the construction 

processes. The test pit was located on the south bound side of the road at km 25.5 (N9 

section 7) in the outer wheel track. At this position the northbound lane was still under 

construction and the newly constructed and extended southbound lane was carrying two way 

traffic. As seen in Figure 7 the south bound lane had already been patched extensively due 

to the rapid failures occurring. The test pit was excavated in the outer wheel path in original 

material and not within a patched area. 
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Figure 7. Section of N9 section 7 where test pit was excavated. The northbound lane (LHS) is still 
under construction and the southbound lane (RHS) is already heavily patched. 

 

The test pit was excavated in three steps. Firstly the seal, which appeared to be a slurry seal 

and was extensively cracked in most areas (Figure 7), was removed to expose the base 

surface. The base surface appeared to be in a good condition and not excessively moist. 

There appeared to be a good mosaic of stone within the matrix (Figure 8).  No further 

evaluation of the base material was done on site. Since it was reported by site personnel that 

the failure areas that had been patched revealed a weak base close to the surface but a 

harder base at depth it was decided to sample the base (150 mm) in two layers of 

approximately 75 mm each to determine if material changes had occurred in the upper layer 

parts or not. There was, however, no noticeable difference in material or material condition 

during the test pitting despite the seal in that area being very cracked.  
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Figure 8. Surface of base after seal removal. 
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4. TEST RESULTS 

4.1. Coarse aggregate appearance 

Coarser aggregate particles from the stockpile and base samples were described according 

to the “Pick and Click” test (Weinert, 1980) which is designed to determine the degree of 

weathering of aggregates. The following three properties of each material are described in 

this “test”: 

 colour and lustre 

 hardness and consistency 

 state of crystallization 

 
Scores are assigned based on these properties and are then used to determine the 

suitability of the material as road construction material. Scores range from 1 to 4 with higher 

scores being assigned to less favourable property descriptions. 

The properties were the same for all of the materials (Table 1). According to the results all 

materials are suitable for use as a surfacing chips or crushed stone aggregate under all 

environmental conditions.  

 

Table 1. “Pick and click” test results 

Sample Source 
Score 

Score Suitability Colo
ur 

Hardness Crystallization 

P2A1 Upper base  1 1 1 3 Chips/crushed stone 

P2A2 Lower base 1 1 1 3 Chips/crushed stone 

P2B1 Fine grained 1 1 1 3 Chips/crushed stone 

P2B2 Coarse grained 1 1 1 3 Chips/crushed stone 
 

4.2. Petrography 

General observations 

From each of the samples two thin sections were prepared by the Council of Geoscience 

(CGS) from two different aggregate pieces. The quarry samples were crushed in the 

laboratory to obtain a full range of aggregate sizes typically present in G1 or G2 materials 

and from these one >26.5 mm aggregate piece and one aggregate piece >13.2 mm from 

each of the samples were used to create thin sections. Similar aggregate pieces were 

obtained from the base samples. Thin section analyses were then performed using a 

petrographic microscope. The aim of the analyses was to identify the major mineral 

constituents and the variability of mineralogy of the dolerite. Additionally an attempt was 
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made to identify any petrographic characteristics that could possibly lead to rapid 

degradation of the dolerite. A summary of the observations made are given in Table 2. 

Visually the overall appearance of the base material thin sections was similar to that of the 

fine grained quarry sample sections. The coarser grained sample had a different appearance 

and at first appeared to contain many more alteration mineral products. 

 

Table 2.  Summary of petrographic features observed. 

Thin 
section 
number 

Source 
Primary minerals 

Matrix Notes 

Texture 
Size 
(mm) 

P2A1-A Upper 
base  

 

 Equigranular 
myrmekitic 

0.2-0.75 

 Equigranular to 
fine plagioclase 

(altered to sericite 
pools in places) 

Myrmekite in clusters of quartz, 
pools of serricte in places, isolated 
mica’s replace almost all pyroxene P2A1-B 

P2A2-A Lower 
base  Equigranular 

myrmekitic 

0.2-1.5 Equigranular 
(altered to sericite 
and clay pools in 

places) 

Weak skeleton expected due to 
interconnections of secondary 
minerals. Pyroxene generally 

unweathered. 
P2A2-B 0.2-1 

P2B1-A 
Fine 

grained 
 

Equigranular 
myrmekitic 

0.3-1.15 
 Equigranular 

(altered to sericite 
pools in places) 

Myrmekite in clusters of quartz, 
pools of serricte connected by other 
alteration in places, isolated mica’s 
replace almost all pyroxene, weak 

skeleton 

P2B1-B 

P2B2-A 

Coarse 
grained 

Equigranular 
myrmekitic 

0.75-
1.75 

Equigranular 
(Connected 

sericite and other 
replacement 

pools in places) 

Highly altered plagioclase portions in 
myrmekite, Some quartz as 

pseudomorphs, weak skeleton 
expected. 

P2B2-B 

 

Once the major minerals present in each thin section were identified the surface area of 

each as a percentage of the total thin section surface area was estimated by visual 

evaluation. The general degree of “weathering” (both deuteric alteration and natural 

weathering) present in all primary minerals was also determined. The estimated mineral 

compositions are given in Table 3.   

 

Table 3. Mineralogical composition based on petrographic estimation. 

Sample Source Clinopyroxene Mica  Plagioclase Sericite  
Opaque 
minerals 

Quartz Myrmekite 

P2A1-A Upper 
base  

20 13 31 8 2 10 15 
P2A1-B 15 15 32 15 5 8 10 

P2A2-A Lower 
base 

30 10 35 15 3 2 5 
P2A2-B 20 10 31 15 4 5 15 

P2B1-A Fine 
grained 

7 7 64 7 2 7 5 

P2B1-B 10 12 38 8 2 15 15 

P2B2-A Coarse 
grained 

10 5 30 10 5 15 25 

P2B2-B 10 10 34 8 8 10 20 
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Following this a formal point counting exercise was performed on each section. At least 500 

points were observed on each section using a PETROG digital stepping stage and 

PetrogLite™ software. At each point the mineral was identified and where primary minerals 

were identified a differentiation was made between those that were unaltered (and not in 

direct contact with secondary minerals) and those that were altered (including those that 

were in direct contact with secondary minerals). The percentage of significantly altered 

primary minerals was added to the percentages of secondary minerals to arrive at the total 

percentages of secondary minerals present. The results are summarized in Table 4. 

 

Table 4. Mineralogical composition (%) of each sample based on petrographic point counting. 

Sample Source 
Pyroxene 

 (poor 
edge) 

Mica, 
pyroxene 

replacement  

Plagioclase 
(poor edge) 

Sericite, 
plagioclase 
replacement  

Quartz  
Myrmekite 

(poor 
edge) 

Total 
second

-ary 

P2A1-A Upper 
base  

2 (14) 5 7 (41) 16 3 7 (3) 79 

P2A1-B 1 (11) 6 6 (42) 14 4 9 (6) 79 

P2A2-A Lower 
base 

17 (15) 3 17 (30) 12 1 1 (2) 62 

P2A2-B 3 (8) 8 5 (43) 15 2 6 (7) 81 

P2B1-A Fine 
grained 

2 (8) 4 12 (40) 20 2 8 (2) 74 

P2B1-B 3 (14) 4 7 (38) 11 1 9 (12) 79 

P2B2-A Coarse 
grained 

<1 (8) 7 2 (34) 9 8 4 (25) 84 

P2B2-B <1 (12) 9 <1 (47) 6 2 2 (17) 91 

Recommendation (Weinert, 1980) for this climatic region (N=9) 
No 
limit 

Notes:  Secondary minerals are Mica, sericite, and all percentages of poor edge minerals 
Opaque mineral content varied from 1-4% 

 

The most common minerals identified were the typical primary minerals of a dolerite, 

plagioclase and pyroxene. Plagioclase varied from being generally unaltered (where not 

replaced by secondary minerals) to generally sericitised. Isolated cases of sauseritization 

were also observed and generally consumed entire grains of plagioclase (Figure 9). 

Pyroxene grains were very rarely unaltered and in most samples were almost totally 

replaced by secondary minerals (Figure 9). The grains of plagioclase and pyroxene were 

generally of similar sizes but in many samples the plagioclase grains were slightly larger 

(more elongated). Primary opaque minerals (generally elongated needles as seen in Figure 

9B) were present in all samples but all were shown to make up less than 2% of most 

samples but up to 4% of the coarse grained samples. 
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Figure 9. Common alteration of primary minerals. A: Serricite veins in plagioclase, B: large scale 
sericite replacement of plagioclase and elongated opaque mineral, C: Suaseritisation of 
plagioclase, D: partial and localized alteration of pyroxene to brown mica, E: Total (but isolated) 
alteration of pyroxene to brown mica and F: Alteration of pyroxene to brown mica and further 
alteration to very dark pools of suspected smectite clays. All images in crossed polars except D in 
plain polarized light. 

 

 

As mentioned above, primary minerals were often replaced by secondary minerals. These 

alteration products occurred in varying proportions and included the following: 

 Sericite: replacing mainly plagioclase to different degrees in all samples. This 

mineral was identified as sericite (probably muscovite) due to its fine grained, 
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almost fibrous habit, birds eye extinction, and relatively high birefringence. In some 

samples, and to varying degrees, the muscovite may have been further altered to 

illite/smectite layers (Figure 9F). In the fine grained sample (P2B1) some sericite 

may have been chlorite. 

 Dark micas: referred to “mica” due to the inability to identify if it was in fact biotite or 

not. This mineral was generally dark brown to yellow brown, pleochroic and had a 

typical birds eye extinction of a mica mineral. Although the cleavage was generally 

well developed some areas within some examples did not have a typical mica 

texture to them. This mineral was isolated within large altered pyroxene grains and 

therefore was not well distributed throughout the sections observed. This alteration 

product did not make up a significant percentage of the materials but was 

consistently present and in places appeared have to further altered to a very dark 

mineral suspected to be smectite clay (Figure 9). 

 Myrmekite: myrmekitic texture within was observed in all specimens but the 

condition of the plagioclase phase differed significantly. Some specimens had very 

altered plagioclase components (Figure 10). Clusters of myrmekite were also 

generally, but not ubiquitously, associated with free grains of quartz which are 

believed to be of secondary origin due to metasomatic activity. Very limited easily 

identifiable potassium feldspar grains where observed and as such the myrmekite 

is believed to be due to exsolution of an alkali feldspar to quarts and plagioclase.  
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Figure 10. Myrmekite in various samples showing A and B: high degree of alteration of 
plagioclase phase, C: relatively unweathered grains and D: association of Myrmekite with 
surrounding quartz. 

 

Comparison of materials 

The petrographic analyses (estimates and point counting) revealed the materials from the 

base to have similar primary mineralogical compositions but that there is a high variability in 

mineralogy between different subsamples (Table 3 and Table 4). Comparing the average 

mineralogical composition of the base materials (P2A1 to P2A2) the mineralogy is very 

similar with the only difference being the higher pyroxene contents in the lower base (Table 

5). The variability in lower base sample properties was however higher and the one 

subsample did have slightly less secondary minerals and alteration compared to the other. 

Such variation may however also be present in the upper base but impossible to confirm with 

such limited sample numbers. The similarity between the upper base subsamples and the 

lower base subsample P2A2B (Table 3 and Table 4) is strong evidence that the mineralogy 

of the materials was not different and as such rapid alteration in the upper parts of the base 

are unlikely (or not isolated to the upper portions of the base). 

The differences between the two quarry samples are more significant as both primary and 

secondary mineral contents differ (Table 5). The subsamples also differed significantly from 

each other indicating that the materials are not only visually very different but also that the 

mineralogy is highly variable throughout the quarry. The grain size on the microscopic scale 
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did not differ as much as was expected based on the macroscopic description. This can be 

seen when images of the thin sections, taken at the same scale, are compared (Figure 11). 

The general grain size (and alteration degree) in subsample P2B1B does seem slightly 

different from the others but not to a degree that would be expected to be visible as a grain 

size difference to the naked eye. The coarse nature of the P2B2 samples therefore was due 

to slight segregation of light and dark minerals. Unfortunately none of the thin sections 

included one of the “phenocrysts” identified as part of the P2B2 samples, this despite careful 

selection of samples used for thin section preparation.   

The primary mineral composition was slightly different as the fine grained material had at 

least some unaltered plagioclase and pyroxene, albeit very minor amount, while all primary 

minerals in the coarse grained material were altered to some degree (Table 4). The total 

secondary mineral count in the coarse grained material was also higher due to significantly 

more myrmekite and mica. This accounts for the generally more altered appearance of the 

coarse material sections. The sericite count of the fine grained material was however, on 

average, double that of the coarse material.  

Overall the base material is similar to the fine grained quarry material but due to the 

variability observed in subsamples it is also possible that the base material contains material 

from both the fine and coarse grained quarry facies. 

 

Table 5. Average mineralogical composition of each material (from Table 4). 

Sample Source Pyroxene 
Mica, 

pyroxene 
replacement 

Plagioclase  
Sericite, 

plagioclase 
replacement 

Quartz Myrmekite  
Total 

second-
ary 

P2A1 
Upper 
base 

14 6 48 15 4 13 79 

P2A2 
Lower 
base 

22 6 48 14 2 8 72 

P2B1 
Fine 

grained 
14 4 49 16 2 16 77 

P2B2 
Coarse 
grained 

10 8 41 8 5 24 88 

Recommendation (Weinert, 1980) for this climatic region (N=9) No limit 

Notes: Opaque minerals omitted thus totals may not equal 100% 
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Figure 11. Comparison of typical grain sizes in quarry samples. 

 

Based on the observations the material has not undergone any rapid alteration of minerals 

during the crushing, constructing and short in service periods. It is, however, clear that the 

material from the quarry has a generally altered mineralogy with the alteration of plagioclase 

to sericite (and locally to smectite clays) that has resulted in a generally weak aggregate 

material. It would be expected that the majority of the material will be too weak to resist 

traffic stresses, especially where sericite pools are well connected by generally altered 

plagioclase and other weak secondary minerals (dark micas) formed by pyroxene and 

myrmekite alteration.  

The materials all appear to have undergone some metasomatic alteration resulting in the 

formation of myrmekitic textures and free quartz. Alteration of the plagioclase and pyroxene 

grains was possibly present before the metasomatic activity but may have been advanced 

thereby. 
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4.3. X-ray diffraction analyses 

X-ray diffraction analyses were carried out on crushed aggregate pieces from each of the 

samples and then on orientated clay fractions both before and after exposure to glycerol 

(P2A) or ethylene glycol (P2B). The results of the whole rock analyses (Table 6) showed 

large amounts of quartz in all samples (16-26%). This does not agree with the point counting 

results even if the myrmekite (counted separately but obviously identified as two separate 

mineral phases by XRD) is assumed to all be quartz. Previous experience has shown XRD 

results to generally suffer from quartz overestimation (either due to contamination or analysis 

errors) and as such the point counts are considered accurate with respect to free quartz 

composition.  

 

Table 6. Comparison of XRD and point counting (PC) results 

Sample Source 
Pyroxene 

(XRD/PC) 

Plagioclase 

(XRD/PC) 

Illmenite 

(XRD/PC) 

Quartz 

(XRD/PC) 

Chlorite (XRD) / 

Mica (PC) 

Smectite (XRD) / 

sericite (PC) 

P2A1 
Upper 

base 
13 / 14 38 / 48 1 / 2 18 / 4 3 / 6 22 / 15 

P2A2 
Lower 

base 
8 / 22 39 / 48 1 / 1 22 / 2 1 / 6 27 / 14 

P2B1 
Fine 

grain 
11 / 14 44 / 49 3 / 1 26 / 2 4 / 4 8 / 16 

P2B2 
Coarse 

grain 
9 / 10 42 / 41 2 / 4 16 / 5 5 / 8 22 / 8 

 

Interestingly the only secondary minerals identified by XRD were smectites and chlorite and 

no mica minerals were identified. This could mean that the minerals identified as mica and 

sericite were either smectites or mica minerals that have been altered almost entirely to 

smectites and or chlorite. It is very likely that the very dark parts of some of the mica and 

sericite seen in thin section are in fact smectite clay minerals and it was mentioned that 

some sericite patches could have been chlorite. This makes the comparison of point 

counting results with XRD results difficult as the dividing line between where the material has 

become a smectite is not obvious in thin sections. For simplicity the results in Table 6 

compare the XRD chlorite content to that of the mica content and the smectite XRD results 

to the sericite counts.  

The XRD results show plagioclase and pyroxene contents of the base materials to be lower 

when compared to the petrographic results while the smectite and quartz (again due to 

myrmekite) contents were generally higher. The quarry material XRD primary mineral 
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content results were generally in agreement with the point counting results while the 

myrmekite effects were again evident on the quartz content results. There was however no 

consistent trend in smectite/sericite results for the quarry materials. The opaque mineral 

contents were relatively similar and the XRD results identified the mineral as illmentite.  

The smectite contents reported by XRD analyses of the whole rock may not be 

representative due to overlap between smectite, chlorite and some mica diffraction peaks. 

Additional XRD analyses are therefore performed on the clay fractions of the material and 

also on the clay fractions after specific treatments that alter the diffraction peaks of some 

minerals, thus removing overlaps. The analyses performed for these samples were on 

orientated clay fractions in an air dried state and after exposure to glycerol or ethylene 

glycol. 

Corrections can then be made by assuming that the mineral compositions identified by XRD 

analyses of the clay fractions are representative of the clay minerals present in the whole 

rock and then correcting the reported smectite content accordingly. Since orientated clay 

preparations were used there is an unquantifiable error involved in this process and the 

corrected smectite mineral content can therefore, at best, only be regarded as 

semiquantitative. 

The smectite content of the clay fraction was shown to be 84-94% (Table 7) and the 

corrections therefore reduced the smectite estimates by 0-3%. Minor amounts of mica where 

also identified in the clay fraction, potentially indicating the source of the smectite products 

was mica derived from the weathering of primary minerals. 

Table 7. Clay fraction XRD results. 

Sample Source 
XRD clay fraction results (%) 

Smectite Mica Chlorite Primary minerals 

P2A1 Upper base 92 1 4 3 

P2A2 Lower base 94 Trace 4 Trace 

P2B1 Fine grain 94 Trace 6 - 

P2B2 
Coarse 
grain 

84 2 14 - 

 

Comparing the XRD and point counting results (Table 8) after corrections and assuming the 

mica identified in thin sections was in fact a chlorite replacing a mica mineral it is seen that 

the amounts do not compare very well although all values were within 3% of each other. A 

poor correlation is also seen between corrected smectite values and the sericite counts and 

therefore the total (deleterious) secondary mineral contents do differ significantly. The point 

counting was not simple for these samples as fine myrmekite intergrowths made it difficult to 

determine the exact mineral during the point count. Where myrmrkite contained a weathered 

plagioclase phase the material was also counted as myrmekite with a poor edge and not as 

a sericite or mica. This explains why the totals for sericite (point counts) are generally lower 
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than the totals for the smectite (XRD). The fine grained quarry does however not follow this 

pattern. 

The results supplied to the CSIR as part of another investigation (Appendix A) indicate that 

the secondary mineral content of the material ranges from 3-15 (as determined by XRD) and 

9-24 (as determined by petrographic analyses). These XRD results agree with those in Table 

8 while the petrographic results are significantly lower than those in Table 8.  

 

Table 8. Corrected smectite contents and secondary mineral content comparison. 

Sample Source 

Whole rock XRD results (%) Point counting results (%) 

Chlorite 
Corrected 
smectite# 

Total 
secondary 

Mica 
replacing 
pyroxene 

Sericite 
Total 

secondary 

P2A1 
Upper 
base 

3 21 24 6 15 21 

P2A2 
Lower 
base 

1 26 27 6 14 20 

P2B1 Fine grain 4 8 12 4 16 20 

P2B2 
Coarse 
grain 

5 19 24 8 8 16 
#
Based on clay fraction results 

 

4.4. Petrography discussion 

Where most Karoo dolerites have a plagioclase to pyroxene ration just over one these 

materials had ratios of 2.2-4.1 indicating a very high relative plagioclase. This indicates that 

the material is very atypical for a Karoo dolerite. 

The misinterpretation of chlorite as a mica is not significant with respect to the aggregate 

durability implications as both are secondary minerals which result in a weaker mineral 

skeleton and therefore a mechanically weaker aggregate. The differences between sericite 

and smectite clay are, however, more significant as even though both are secondary and 

weaken the overall mechanical properties of the aggregate pieces, smectite minerals will 

also cause tensional stress within aggregates due to hydration and consequent expansion. 

The fines released by crushing aggregate that has a higher smectite content will also be 

more plastic. This misinterpretation of mineralogy has been observed before in a previous 

investigation by Paige-Green and Semmelink (2000) when what appeared visually to be 

biotite was shown, by XRD, to be smectite. It will therefore be assumed that the sericite is 

indeed smectite clays and that all base materials therefore have a smectite content of at 

least 21% and that some samples have as much as 26%. The XRD and point counting 

results both indicate that the upper and lower base materials were similar and therefore 

alteration of the upper material was not the cause of the failures. 

Whilst not part of any current specification it has been suggested that up to 10% smectite 

might be tolerable for a “pavement material” (Weinert, 1980). However Dr F Netterberg 
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(personal communication) considers that more than about 5% as risky if the material is to be 

used as a surfacing stone or a base course aggregate. Considering the poor reproducibility 

of the methods used to determine the smectite content it is probably not possible to set a 

firm limit on the smectite content but all the base materials seem to be in excess of these 

proposed limits.  

The quarry samples contain less smectite (8-19%) but are still in excess of the proposed 

limits. The XRD results indicate that the coarse material is similar to the base material while 

the point counting indicates that the fine grained material is closer in composition to the base 

material. It is therefore most likely that the base consists of material from both quarry facies 

and all variations in mineralogy are due to the variations observed in quarry subsamples. 

The generally altered state of the quarry materials indicate that no rapid weathering had 

occurred in base materials. 

The generally altered nature of the primary minerals and secondary alteration of both 

primary minerals and myrmekite to smectite clays results in a generally weak aggregate that 

is most likely not capable of resisting traffic forces. Excessive breakdown of the aggregate is 

therefore expected during crushing, construction and even under traffic stresses. The 

material is also most likely highly susceptible to total disintegration due to swelling pressures 

that will develop should the smectite clays in the material be exposed in changing moisture 

conditions. 

4.5. Corrected mineral composition 

The differences in mineralogical composition reported by the petrographic and XRD are 

significant and highlight the need for both methods to be used and the results to be 

compared. Petrographic analyses are done on thin sections and therefore only analyse a 

very small section of one piece of rock aggregate (per thin section). The amount is 

approximately 0.05g of rock over an area of a small postage stamp. The sample is therefore 

not representative of the tonnes of material used and this can result in some minerals, which 

are not evenly distributed throughout a rock mass, not being observed. The analyses of 

multiple thin sections can increase the representativeness of the results slightly. The 

identification of smectite minerals in thin section is problematic when these minerals occur as 

alteration products of primary minerals that are only partially altered. The amount of smectite 

present can be estimated but due to the partially altered nature of the minerals estimates are 

often not accurate.  

XRD analysis is also not flawless and results can be affected by sample preparation, sample 

contamination and data interpretation. Samples must be prepared using a representative 

amount of material and then reduced to the correct amount needed for the test. Since a very 

small amount, approximately 1 g of the prepared sample is actually tested contamination (by, 

for example, the use of dirty or dusty equipment) can cause significant errors. Finally, the 

interpretation of diffractograms is commonly done automatically by software using Rietveld 

analyses or other semi-quantitative methods. Although highly efficient for well-crystallised 
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minerals and for the most part accurate, such interpretations can be erroneous and should 

be checked using analogue interpretations of diffractogram peaks. In addition, it is 

recommended that individual analyses of treated clay minerals extracted from the powder 

sample should be carried out for differentiation between the various clay minerals. 

The petrographic and XRD analyses presented above do not agree (Table 9). Differences 

are believed to be due to the highly variable and complex alteration that has occurred in the 

material. This alteration includes normal alteration, due to slow exposure to the atmosphere 

even while within the body of the intrusion, and alteration due to metasomitic fluids. These 

alteration mechanisms will not have acted equally in all parts of the intrusion and as such the 

resultant materials will vary. The fact that the intrusion appears to have two phases also 

adds to the potential for highly variable aggregate mineralogy. Finally since the exact piece 

of aggregate used to create a subsample thin section was not the exact same piece used for 

XRD analyses the above mentioned variability sources are expected to result in highly 

variable results. 

Table 9. Comparison of corrected XRD and point counting (PC) results. 

Sample Source 
Pyroxene 
(XRD/PC) 

Plagioclase 
(XRD/PC) 

Ilmenite 

(XRD/PC) 

Chlorite (XRD) 
/ Mica (PC) 

Smectite 
(XRD*) / 

sericite (PC) 

P2A1 Stockpile 13 / 14 38 / 48 1 / 2 3 / 6 21 / 15 

P2A2 Distress 8 / 22 39 / 48 1 / 1 1 / 6 26 / 14 

P2B1 Sound 11 / 14 44 / 49 3 / 1 4 / 4 8 / 16 

P2B2 Distress 9 / 10 42 / 41 2 / 4 5 / 8 19 / 8 

*corrected according to clay fraction analyses 

 

4.6. Sonic velocity 

According to Kilic (1995) alteration of diabase from Turkey had a very significant effect on 

the compressive wave velocity and the dynamic modulus of elasticity of the materials. The 

compressive wave velocity could only be determined on quarry material as cores are 

required. The quarry boulder materials had compressive wave velocities of 5426 m/s (coarse 

grained material) and 5450 m/s (fine grained material) which according to the results from 

Kilic (1995) would be an unaltered material. Experience from other dolerites crushed base 

sources indicate that most materials that have good performance have compressive wave 

velocities of above 6000 m/s (average of 6400m/s) and as such this quarry material may be 

slightly weathered in comparison. 

4.7. Grading and soil constants analyses 

The grading of the base materials analyses revealed the materials two have very similar 

gradings. For the finer fractions (<13.2 mm) the materials were identical and well within the 

specifications (TRH14 G1/G2 specification). For aggregate sizes larger than 13.2 mm the 
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cumulative percentages differ since the lower base material had some oversize material 

(>37.5 mm) which puts it slightly out of specification. 

It is very possible that all materials were slightly oversize to start with and that material 

breakdown was for some reason more excessive on the upper base material resulting in a 

change in grading. Interestingly, for this to have happened in a way that resulted in the 

observed gradings, no fines would have been produced during the breakdown process. 

Either way the change in grading is very minor and is unlikely to have resulted in such a loss 

of strength as indicated by the poor performance of the road. 

 

 
Figure 12. Grading curves and grading results for the base and stockpile samples. 
 
 

 
Figure 13. Grading curves of base and stockpile materials on semi log graph. 

 

The Plasticity Index (PI) of both quarry samples was low (1.5) while those from the base 

were more than double the quarry material PI (≈5) (Table 10). A difference in PI of 3.5 is 

significant. The Linear Shrinkage (LS) trends are the same as the PI trends with shrinkage 

increasing from freshly crushed material (0.65) to the base samples (4.0-4.6). The PI results 
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of the quarry material were therefore all with specification but the base materials were in 

excess of specification. The linear shrinkage of the base sample was also in excess of the 

3% specified maximum (Table 10). The results supplied as part of the previous investigation 

(Appendix A) showed PI values of NP to 6 and LS values of 1.2-3% which includes almost 

the entire range of results in Table 10. Since these results were all for materials from the 

quarry and not from base layers there is evidence that the PI and LS of at least material 

being placed in the road was high. 

The high PI in combination with the excessive linear shrinkage of the base materials would 

most likely result in a weaker than required material, especially in a moist state. 

Unfortunately no information regarding the in situ moisture content of the base materials is 

available. Both of the base samples had coarse sand ratios within the specification (Table 

10). 

 

Table 10. Soil constant results 

Sample PI Coarse sand ratio LS 

P2A1  
Upper base  

4.8 40 3.96 

P2A2 
Lower base 

4.9 39 4.62 

P2B1 
Fine grain 

1.5 NA 0.65 

P2B2 
Coarse grain 

1.5 NA 0.65 

Specification 
(Colto G1) 

≤ 4 35-50 ≤ 3.00 

 

It is worth noting that GAUTRANS (1994a, b) requires that all weathered basic igneous rocks 

used for base or subbase be stabilized down to non-plastic (NP). In the opinion of Dr F 

Netterberg (pers. comm), basic rocks used for any base course should have a maximum PI 

of 4% (preferably NP), and a PI x P425 of ≤ 100 (preferably ≤ 80) and a PI x P075 of ≤ 45 

(preferably ≤ 25). The base materials did not satisfy these requirements with PI x P425 

values being under 100 but above 80 and PI x P075 values being above 4 (Table 11). These 

materials are therefore almost certainly too weak to resist traffic forces.  

 

Table 11. PI multiplied by soil faction results. 

Sample PI x P0.425 PI x P0.075 

P2A1  
Upper base  

82 48 

P2A2 
Lower base 

83 49 

P2B1 
Fine grain 

NA NA 
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P2B2 
Coarse grain 

NA NA 

Recommendation ≤ 100 or ≤ 80 ≤ 45 or ≤ 25 

 

4.8. Aggregate Impact Value 

The standard aggregate impact values (AIV), i.e. not glycol soaked results, for the samples 

showed that the quarry sample and all base materials had similar AIVs (and therefore also 

similar 10% FACT values) (Table 12) and all AIV’s were within the specified limits.  

 

Table 12. AIV results and other properties derived from AIV results 

Sample Treatment AIV 10% FACT* ACV* 
Glycol/Dry 

10%FACT Ratio (%) 
Glycol/Dry 
ACV ratio 

P2A1  
Upper base  

Nomal 14.0 312.2 14.0 

49.4 175.9 

Glycol 24.2 154.3 24.6 

P2A2 
Lower base 

Normal 12.7 342.2 12.6 

42.3 202.6 

Glycol 25.1 144.9 25.6 

P2B1 
Fine grain 

Normal 13.9 314.3 13.9 

33.5 218.6 

Glycol 29.8 105.3 30.4 

P2B2 
Coarse grain 

Normal 11.6 369.7 11.4 

97.7 103.0 

Glycol 11.9 361.2 11.8 

Specification 
(G1) 

Normal NA ≥ 110 ≤ 29 ≥70
#
 NA 

*Based on AIV value according to correlations reported by Sampson & Roux (1982): 

           (      (        ))                                        (        )      
#
 SANRAL specification for 4 day glycol soaked 10%FACT  

 

Ethylene glycol soaking was performed for only 24 hours and as such the ratio of the 

standard to glycol 10%FACT values cannot be compared with the SANRAL specification 

(Table 12). However, the 24 hour soaking would only give a lower or similar AIV (and 

therefore higher 10%FACT) values than 4 day soaking and as such the glycol/dry 10%FACT 

ratios obtained can only be higher than what the 4 day soaking results would be. This was 

confirmed when the fine grained quarry sample was soaked for four days and an AIV of 60.2 

(double the 1 day soaking result) was obtained. 

Despite the conservative nature of the one day soaking results the fine grained quarry 

material and the base materials did not reach the proposed specified minimum ratio, despite 

the glycol values being within the normal test specifications. The range of 4 day glycol/dry 
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DMI ratios obtained as part of the previous investigation (Appendix A) was 20-36 which are 

all well below the requirement of 70. That investigation also included wet/dry DMI ratio 

results of 68-81 which fall on opposite sides of the specification of 75.  

The coarse grained quarry sample had the best ratio (97.7%) indicating almost no effect due 

to glycol soaking. This indicates that despite the untreated AIV’s being similar the materials 

have a very different susceptible to weakening due to the expansion of minerals. The fine 

grained quarry material is most susceptible to this while the coarse grained quarry material 

seems to not be susceptible. A mixture of these two materials, slightly rich in fine grained 

materials, would likely result in the intermediate ratios observed for base samples. The 

poorest performance by the fine grained quarry material also indicates that construction and 

in service time does not seem to further this process.  

Since AIV without glycol treatment is a test of physical durability the results show that almost 

no variation in physical durability exits between materials and the material has not degraded 

during or due to the construction process. Therefore rapid degradation of physical strength 

due to weathering is unlikely to have occurred.  

Glycol AIVs, when compared with normal AIVs, are an indication of the susceptibility of a 

material to undergo a reduction in physical durability due to the expansion of swelling 

minerals such as smectite and resulting general loss of physical strength of the aggregate. 

The results therefore indicate that after undergoing construction and some time under traffic 

the material is no more susceptible to a reduction in physical durability due to expansion of 

minerals than it was before. Since the mineralogy studies (section 4.4) did not indicate an 

increase in expansive minerals after quarrying and construction this is expected. The 

variability in glycolation effects between the two quarry samples is however not expected 

since all previously mentioned tests showed these materials to have similar properties. 

4.9. Durability Mill Index 

The Durability Mill Index (DMI) samples and subsamples were prepared with a standard 

grading that is within the TRH14 grading requirements. This was performed to make 

comparison of all DMI results possible. The results indicate that the durability of the quarry 

materials is well above the required specification and superior to that of the base materials, 

which were not within specification (Table 13).  

Since the DMI is based on both the PI and the grading of the material and the grading of all 

samples was made to be equal before DMI testing it is interesting to investigate the reason 

for the differences in DMI values. The superior DMI of the quarry samples was due a lower 

PI and lower -0.425mm fraction compared with the other materials. The maximum PIs and 

p0.425mm values were similar for the two base samples and similar for the quarry samples. 

The fines released during milling therefore appear to not only be more in the case of the 

base samples but also more plastic. The change in p0.425mm material amounts was 

however very similar for all samples. The higher maximum values in the base samples was 
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therefore due to higher initial <0.425mm fractions. This was most likely caused when base 

materials were not “cleaned” properly before grading analyses resulting in fines being stuck 

to larger aggregate pieces due to suction. Such materials would be liberated during wet 

milling and sieving thus giving a false total for the percentage passing the 0.425mm sieve. 

The lack of fines produced is in agreement with the grading observations in (section 4.7) 

where the grading of the upper base changed without increasing the amount of fines 

present. 

Based on these results it would appear that the dolerite fines had become more plastic 

sometime between quarrying and end of construction. The actual physical durability of the 

material does not seemed to have changed much and was equal for all materials (as also 

indicated by AIV results in section 4.8).  

While the COLTO DMI limit (and the current SANRAL limit) is 125 this is probably too high 

since Sampson and Netterberg (1989) and other sources have shown this limit to predict a 

50% chance of good and 50% fair performance. A maximum limit of 90, as adopted by TRL 

(1993) should be used to predict 100% probability of good performance and a 100 for 90% 

probability (F. Netterberg, pers comm.). Such specifications would render the base material 

further out of requirements while the quarry would still be acceptable. 

     

Table 13. DMI results and comparison with grading results 

Sample 

DMI testing results In situ results 

DMI PI 
% Passing 
0.425 mm 

Max ∆P425 
relative to A* 

PI x 
P425 

PI 
% Passing 
0.425 mm 

PI x 
P425 

P2A1  
Upper base 

144 4-5 25-30 4.7 120-135 4.8 17 81.6 

P2A2  
Lower base 

157 5-6 24-29 4.3 119-157 4.9 17 83.3 

P2B1  
Fine grain 

43 2 18-24 5.6 26-41 1.5 NA NA 

P2B2  
Coarse grain 

63 1-2 18-23 4.4 24-57 1.5 NA NA 

Specification 
(SANRAL 
G1/G2) 

≤ 125 
≤ 

4/6 
≤ 8 percentage points 
above original P425* 

≤ 100 or  
≤ 80

#
 

≤ 6 
≤ 11 
24 ≤  

≤ 100 
or 

≤ 80
#
 

*original P425 was prepared to be 16.5% but varied as shown above by minimum values which were obtained from 
unmilled (A) sub-samples. 
#
see section 4.6 

 

The insitu results (Table 13) indicate that the % of material passing the 0.425mm sieve in the 

field had not reached the high values produced by the DMI testing. Although not currently a 

standard test, and no proposed limits have been set, DMI was performed on samples after 

the >2 mm fraction had been soaked in ethylene glycol for 5 days. As expected the DMI 

values increased significantly after this treatment (Table 13). The ratio of the normal DMI to 
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the glycol DMI was very low (0.41) for the fine grained sample and only 0.85 for the coarse 

grained sample which had glycol DMI below the limit of 125 set for the normal test. The ratio 

was approximately 0.6 for both base samples. 

As expected the change in DMI due to glycol treatment was not due to higher PI values but 

rather due to large percentages of fines produced during milling of the soaked materials.  

In summary the normal DMI results show that the base materials have higher PI values than 

the quarry materials while the glycol DMI results show that, although all materials are 

susceptible to breakdown due to the expansion of clay minerals, the base materials are more 

susceptible and thus a higher percentage of fines can be produced from these materials. 

This is in agreement with the AIV results.    

 

Modified DMI (mDMI) 

Since the absolute change in p0.425 mm relative to the A sample is the actual significant 

parameter (as opposed to the actual 0.425 mm) a modified DMI (mDMI) parameter can be 

determined for all samples by multiplying the maximum observed change in p0.425 mm by 

the maximum observed PI for each sample. This can also be done for the glycol DMI results 

using the maximum change in p0.425 mm relative to the A subsample of the untreated tests. 

The results (Table 14) show similar trends to the standard DMI results but the difference in 

ratios between the base materials and the fine grained materials is very reduced while that 

between the base and coarse grained material is enlarged. This agrees with the AIV results. 

It is believed that the mDMI will however correlate better with performance than the standard 

DMI. 

Table 14. DMI and glycol DMI results  

Sample DMI 
Glycol 
DMI 

Normal / 
glycol 

DMI ratio 

∆ max 
0.425 mm 
after glycol 

∆ max 
PI after 
glycol 

mDMI 
Glycol 
mDMI 

Normal / 
glycol 
mDMI 
ratio 

P2A1  
Upper base 

144 227 0.63 13 <1 23 93 0.24 

P2A2  
Lower base 

157 265 0.59 14 1 24 114 0.21 

P2B1  
Fine grain 

43 103 0.41 15 1 10 55 0.18 

P2B2  
Coarse grain 

63 74 0.85 4 0 12 23 0.53 

Specification 
(SANRAL 
G1/G2) 

≤ 125 NA NA NA NA NA NA NA 

 

4.10. Modified Ethylene Glycol Durability Index 
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The modified Ethylene Glycol Durability Index (mEGDI) (Leyland et al., 2013) assigns a 

score to each of 40 pieces of aggregate soaked in ethylene glycol depending on the nature 

and degree of degradation of each piece. These scores are then weighted and added to 

obtain an index value for that material. Indices are calculated based on observations after 5 

and 20 days of soaking and used to characterise the durability of the material. The method is 

therefore different from that originally proposed by the US Army in about 1949 (Corps of 

Engineers, 1969), which relied on changes in grading of larger samples due to soaking, and 

that used during construction of the Lesotho Highland Water Project in South Africa (OSC, 

1986), which determined an index value based on the degree of disintegration observed on a 

single cylindrical drill core. 

All tests were repeated and the results (Table 15) show relatively good repeatability (for the 

mEGDI test) but also results that mirror the results produced by the glycol AIV and glycol 

DMI results. The base and fine grained materials are shown to be of generally poor durability 

while the coarse grained material has a durability generally acceptable for use as base 

course. The base materials generally spalled immediately (day 1) and then disintegrated by 

the 5th day. Some minor aggregate pieces split and then experienced no further 

degradation. The fine grained material degraded similarly except that even the split pieces 

disintegrated with time. Finally the coarse grained materials generally showed no initial 

degradation followed by late stage spalling and limited other forms of degradation. 

The result of a single mEGDI test performed as part of the previous investigation was 68 (5 

day) which was higher than any other result but similar to the fine grained results. In this test 

most samples showed immediate spalling followed disintegration. 

 

Table 15. mEGDI results 

Sample mEGDI 20 Day mEGDI Suitability Long term durability 

P2A1  
Upper base 

40-46 49-81 None NA 

P2A2  
Lower base 

38-44 59-64 None NA 

P2B1  
Fine grain 

44-58 85-95 None NA 

P2B2  
Coarse grain 

1-7 4-12 Base Variable 

Proposed limits 
for base 

aggregates* 
≤ 10 

≤ 1.5 x mEGDI 
after 5 days 

NA NA 

*As proposed by Leyland et al., (2013). 

 

4.11. Point Load Strength 
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Point load strength testing was performed on aggregate pieces from all samples according to 

the ISRM (1985) method to arrive at the corrected point load index (PLI). For each sample at 

least 14 aggregate pieces were tested. After calculating the average PLI the values obtained 

from aggregate pieces that, during loading, broke either along obvious pre-existing joints or 

in any way that may make the results suspect, were removed and the average PLI 

recalculated to determine the effect thereof on the reported values. The results indicate that 

the quarry materials have significant variability in strength and that the base material 

strength is similar to the coarse grained material although generally higher in strength too. 

The upper base sample was also slightly weaker than the lower base. The effect of 

potentially erroneous test aggregate pieces was very minimal and variation in individual 

results within each sample was not consistent or excessive.  

When the PLI trends are compared to some other results the following is observed: 

 The AIV results were all similar and therefore did not show any quarry phase to be 

significantly weaker 

 The DMI results indicated the base materials to all be significantly weaker which is 

unlike PLIs 

 The mineralogy and texture of the base samples observed in thin sections 

resembled the fine grained material but the variability in mineralogy in subsamples 

made it possible that either phase could be represented in the base. 

 Based on the percentage of primary minerals that are altered or bordering on altered 

masses the coarse grained material was expected to be the weakest, the upper 

base and fine grained material intermediate and the lower base the strongest. Only 

the lower base seems to match these predictions.  

 

Table 16. Point load strength results  

Sample PLI (kPa) PLI after check (kPa) PLI std. dev. (kPa) 

P2A1  
Upper base 

10 526 10 526 2 199 

P2A2  
Lower base 

11 942 11 942 1 514 

P2B1  
Fine grain 

8 911 8 911 2 731 

P2B2  
Coarse grain 

10 236 10 342 3 265 

 

Experience with other dolerite materials indicates that materials that have performed well as 

aggregates have typically had a PLI (measured on quarry boulder samples) of more than 
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12 000 kPa. Despite the variability in quarry PLI’s both samples still seem to therefore be too 

weak.  

4.12. Water absorption 

Experience from other dolerite crushed base sources indicate that most materials that have 

good performance have quarry materials with water absorption values of less than 0.15%. 

The fine grained material had a water absorption value of 0.24% and the coarse grained 

material 0.29-0.32%. The differences in absorption therefore appear very small but seem to 

be significant when the average of good materials (≈0.075%) is compared to that of poor 

materials (above 0.15%) and as such this quarry material may be slightly weathered in 

comparison. 

The bulk relative density (BRD) of all core samples was 2.75-2.78. Apparent relative density 

(ARD) values ranged from 2.77 to 2.79 for cores tested. The coarse grained material 

therefore had a difference of 0.01 between ARD and BRD while the difference was 0.02-0.03 

for the fine grained material. The small differences in ARD and BRD results indicate a lack of 

significant impermeable pores within the material while the low water absorption values 

indicate a generally low porosity (or low surface area). 
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5. DISCUSSION 

5.1. Observed material properties 

The base construction process, with respect to densities achieved and the drying times was 

not determined and can therefore not be excluded as a contributing factor to the poor 

performance. The purpose of this investigation was to identify if material properties could 

have contributed to the poor performance and not to identify other potential causes of the 

poor performance. A previous investigation based on limited testing revealed the material to 

be highly variable with respect to material properties commonly correlated with durability. 

In the quarry extensive weathering was observed and the contact between the overburden 

(Sandstone) was sharp. The pick and click test results classified all materials as fresh. There 

was, however, significant variation in the physical appearance of the material and two facies 

of dolerite were identified.  

The petrographic analyses revealed large amounts of secondary minerals which were 

identified with the help of XRD analyses to be predominantly smectite minerals. The smectite 

contents of base materials were determined to be between 20 and 27% while the quarry 

materials had smectite levels of 12-20% (fine grained facies) and 16-24% (coarse grained 

facies. The base materials were therefore similar to each other and have slightly higher 

smectite levels than the quarry materials but no evidence of rapid or significant mineralogical 

changes between quarry materials and base materials were observed. 

Based on the petrographic investigation and XRD results the base material possibly 

represents a very slightly more weathered version of the quarry material. At what stage 

between exposure from the quarry and excavation from the base such additional weathering 

occurred is unknown. Visually the base material thin sections resembled that of the fine 

grained sample more than the coarse grained sample.  

The compressive wave velocity of the quarry materials did not show any significant variation. 

Based on the results the material is, at most, slightly weathered.  

The base materials grading showed that there were minor changes between the upper and 

lower base sub-layers and that if the grading was initially the same the upper material had 

suffered a reduction in amount of very coarse material but that this did not produce fines 

(<4.75 mm). This is possible if the very coarse material simply split into slightly smaller 

aggregate sizes. The physical durability (i.e. resistance to physical attrition) tests (AIV and 

DMI) revealed that, by exposing the aggregate to stresses similar to those experienced 

during construction and in service, there was indeed no significant change in the amount of 

fines (2.36 mm and 0.425 mm respectively) produced. These tests also showed that the only 

difference between the materials was that the PI of the base materials was higher (and out of 

specification) than that of the quarry materials. There was therefore no evidence that 

alteration had caused any reduction in strength of the materials after quarrying. The higher 
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PI (and LS) of the base materials may, however, indicate that some alteration of minerals is 

occurring between quarrying and being in service which results in plastic fines.  

The results from DMI, AIV and mEGDI tests support this since the base materials 

experienced significant weakening (or degradation) due to the effects of glycol when 

compared to the quarry samples. This means that the plastic fines are most likely smectite 

clays which expand on exposure to ethylene glycol. An unexpected result was that the glycol 

effect on the coarse grained material was less than on the fine grained material, which was 

shown by XRD to have a higher percentage of secondary minerals. The point counting did 

however show the opposite trend and was therefore in agreement with the observed 

glycolation effects. 

The failure therefore seems most likely to not have been caused by rapid alteration of 

mineralogy, not between quarrying and placement or within only the upper portion of the 

base. It is more likely that the primary mineral alteration products inherent in the quarry are 

slowly altered form a non-plastic fine mineral (such as mica) to smectite clays (plastic in 

nature) after exposure to the atmosphere. This does not result in a weakening of the rock 

and as such no increase in fines results due to construction and traffic stresses but does 

result in the plasticity of the base course increasing to a level where the shear strength is no 

longer sufficient. 

Table 17 is a summary of the test results relative to the relevant specifications 

(COLTO/TRH14) and recommendations where no COLTO/TRH14 specification exists. The 

results clearly indicate that the material is still of adequate strength and durability after 

quarrying (10% FACT and DMI passed) but that the fine grained material is susceptible to 

weakening due to clay mineral expansion (Glycol 10% FACT and mEGDI failed). Such 

weakening has however not happened due to exposure to the atmosphere and construction 

moisture changes as the 10% FACT of the base materials was still acceptable. The fact that 

the base materials failed the DMI, PI and LS tests (while the quarry materials did not) does 

however indicate that the fines produced during crushing and construction are more plastic 

than those of the freshly crushed quarry material.  

 

Table 17. Summary of test results relative to specifications. 

Sample Grading PI LS 
10% 

FACT 

Glycol 10% 

FACT
#
 

DMI mEGDI 

P2A1  
Upper base 

Pass Fail Fail Pass Fail Fail Fail 

P2A2  
Lower base 

Fail Fail Fail Pass Fail Fail Fail 

P2B1  
Fine grain 

NA Pass Pass Pass Fail Pass Fail 

P2B2  
Coarse grain 

NA Pass Pass Pass Pass Pass Pass 

Specification / 
recommendation 

TRH* COLTO* COLTO* COLTO* SANRAL* COLTO* Pub* 

#
based on 1 day soaking and not 4 day soaking as specified, results thus optimistic at best. 

*TRH, COLTO & SANRAL are G1/G2 specifications, Pub is base specification published by Leyland et al. (2013) 
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The high rainfall experienced in the area during construction and before sealing may have 

contributed to an even weaker base when traffic was first applied to the section. The 

construction of a relatively stiff surfacing (slurry seal) over such a weak base resulted in 

immediate tensile stresses in the surface in excess of the tensile strength. Rapid cracking of 

the thin surfacing then resulted in additional base weakening due to moisture ingress and 

ravelling of the surface due to traffic. 

5.2. Remedial action 

Anecdotal evidence indicates that the addition of 1% lime to reduce the possibility of 

marginal quality dolerites deteriorating in service has been effective on various projects in 

the past. Recent experience has also shown that even on non-plastic dolerites a small 

percentage of lime can have an enormous impact on the strength of dolerite bases. The 

reason for this is not fully understood at the moment and the permanency of the effects is 

also not known.  

No information has been received regarding the remedial actions taken on this site. 
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6. CONCLUSIONS  

 

The quarry material tested was unweathered “fresh” material and proved to be generally 

superior to the base materials tested. There were however of two distinct phases in the 

quarry and although both has relatively high secondary mineral contents they were mostly 

within the required specifications. There was no evidence the material had undergone rapid 

or significant mineralogical changes between quarrying and the time of removal from the 

base. The finer grained facies was however clearly susceptible to the effects of expansion its 

secondary mineral content. The inevitable expansion of such minerals has, however, not had 

an effect of the impact strength of the materials as all were relatively equal in this regard. 

Since the amount of fines produced due to attrition does not seem to increase with time the 

difference is linked to the properties of the fines released during initial physical breakdown 

during material handling and crushing.  

The failure therefore seems most likely to have not been caused by rapid alteration of 

mineralogy, not between quarrying and placement or within only the upper portion of the 

base. It is more likely that the primary mineral alteration products inherent in the quarry are 

slowly altered form a non-plastic fine mineral (such as mica) to smectite clays (plastic in 

nature) after exposure to the atmosphere. This does not result in a weakening of the rock 

and as such no increase in fines results due to construction and traffic stresses but does 

result in the plasticity of the base course increasing to a level where the shear strength is no 

longer sufficient. 

In conclusion; 

 Petrographic analyses coupled with XRD analyses provide no evidence of rapid 

alteration of secondary minerals to smectite minerals after quarrying, crushing or 

handling. 

 The secondary minerals inherent in the dolerite intrusion and possibly the slight 

further alteration of these minerals to smectite clays results in fines that are plastic.  

 The PI is above 4% by and this coupled with lack of suction stresses due to the 

moist conditions in which the pavement was constructed is resulted in a material 

unable to support the surfacing when traffic stresses were applied.   
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7. RECOMMENDATIONS 

Additional quarry materials should be collected and the variability in durability, mineralogy 

and strength of the material determined. These materials should then also be retested after 

some exposure as aggregates to determine if the mineralogy shift from sericite to smectite is 

indeed occurring slowly with time. Fines could also be separated and then exposed for some 

time and the PI re-determined to see if the PI is changing.  

In an academic exercise one could add pure smectite of a <0.425 mm material in known 

proportions to “map” the PI with changing smectite content. These same materials can then 

be used to determine the sensitivity of shear strength parameters, to minor changes in PI 

due to changes in smectite content and not only changes is amount of PI material added, 

using tri-axial testing.  
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1. INTRODUCTION 

1.1. Background 

CSIR Built environment was asked to investigate and comment on the possible causes of 

bleeding encountered shortly after construction on sections of Road P16/1. Comments on 

possible engineering solutions to the observed problem were also requested.  

The pavement was designed with a G1 crushed stone base of dolerite stone, quarried 

from a quarry within the road alignment, with a 19/9.5 double seal (with the second seal 

consisting of an initial 9.5 mm choke seal followed by a second 9.5 mm stone 

application). The road showed localised bleeding in the wheel tracks shortly after opening 

to traffic. The primary concern was related to the influence of the durability of the 

aggregate on the overall ability of the upper portion of the base to support the surfacing 

and prevent punching of the stone into the base. Potential solutions to prevent the 

problem were requested.  

 

1.2. Terms of Reference 

The Terms of Reference were to provide an opinion on the suitability of the aggregate for 

use as a G1 crushed stone base course especially with reference to its durability. 

Reasons for the pavement distress observed in some sections soon after construction 

were to be investigated and, based on this, solutions to prevent further problems were 

also to be provided. All opinions and advice were based on available information obtained 

from Miletus Engineering (Pty) Ltd and obtained during a brief site visit and laboratory 

testing of the samples collected during this visit. 

 

1.3. Procedure 

A site visit was carried out on the 22
nd

 March 2012 during which the quarry, crushed 

stone stockpile and various sections of the road were visited. Samples of quarry rock 

boulders and crushed material from the stockpile at the quarry were collected. Additional 

samples of the base course layers were collected from test pits within the road. One test 

pit was excavated in an area where poor base performance was observed and another in 

an area where no base problems were evident. During test pitting the in situ condition of 

the base course as well as the interface between the base course and the surface seal 

were studied.  
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A comprehensive suite of testing was performed on all base course samples collected to 

determine the variability of material properties and possible causes of the observed road 

distress. The tests performed were: 

 Moisture content of in situ base course by gravimetric analyses 

 Petrographic analyses of all aggregates 

 Semi-quantitative powder X-ray Diffraction (XRD) analyses of coarse aggregate 

ground to 10µm size 

 Grading and soil constant analyses of bulk samples collected from base course 

and the stockpile according to methods prescribed in TMH1 A1(a/b), A2, A3, and 

A4 (1987) (Grading and preparation of samples was done using an internal CSIR 

standard that is not published).  

 Apparent relative density, bulk relative density and water absorption of bulk 

samples collected from base course and the stockpile according to methods 

prescribed in TMH1 B14 (1987) and TMH1 B15 (1987). 

 Aggregate impact value (AIV) of all aggregates according to British Standard 812 

(1975) 

 Durability mill index (DMI) of all aggregates according to the method proposed by 

Sampson & Roux (1987) with a standard prepared grading of all samples 

 Modified ethylene glycol durability index testing (mEGDI) of all aggregates 

according to the method proposed by Leyland et al. (2013) 

 Point load index testing according to International Society for Rock Mechanics 

(ISRM) suggested method (ISRM, 1985). 

 

In addition to the above testing, the 10% FACT and aggregate crushing values (ACV) 

were calculated based on the correlations between these values and AIV values as 

described by Sampson & Roux (1982).  

A sample of base material that had been treated with lime (1%) was collected from a 

section of the road still under construction. The soil constants of this material were 

determined to investigate the effect of lime treatment on the material properties.  
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2. AVAILABLE INFORMATION 

The quarry used for the project was investigated during the initial site investigation carried 

out by Vela VKE in 2009 by drilling 6 cored boreholes. The findings of this investigation 

were provided in the following two reports: 

 

 Vela VKE (2009) 

 Miletus (undated) 

 
Laboratory tests were performed on material from one of the boreholes and the entire 

length of core between 2.36 m and 10.25 m was crushed and tested as one sample at 

the time. This length of core was reported to have joints of up to 5 mm and that these 

were filled with serpentinite and calcite). Relevant results are included in Table 1. These 

show the material to be acceptable with respect to the following G1 and G4 specifications 

(the source of these specifications is not referenced in the above-mentioned reports): 

 

 Wet ACV ≤ 29% 

 Dry 10% FACT ≥110kN 

 Linear shrinkage (LS) ≤ 3 

 PI ≤ 5 

 PI of -0.075mm fraction ≤12% 

 DMI ≤ 125 

  
The material was, however, non-compliant based on the following G1 and G4 

specifications (the source of these specifications is not referenced in the above-

mentioned reports): 

 

 Wet/Dry 10% FACT ratio ≥ 75% 

 Glycol/Dry 10% FACT ratio ≥ 70% 

 Ethylene glycol durability index ≤ 4 

 Modified ethylene glycol durability index (mEGDI) ≤ 10 

 Water absorption ≥ 1% 

 

A petrographic investigation performed by the Council for Geoscience (included in both 

reports provided) on the same core material reported the following mineral composition 

and concluded that a moderate to good durability of the material could be expected since 

the smectite content was low. This report did not contain details regarding the methods 

used to determine the mineral composition or how many slides of the material were 

prepared and analysed: 

 Plagioclase 65%  Clinopyroxene 29% 

 Smectite 3%  Opaques 2% 

 Olivine < 1  
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Table 1. Available test results for quarry material obtained from a borehole core (as reported by Vela 

VKE, 2009).  

Property Result 

ACV (%) 

Wet 20.2 

Dry 14.2 

Glycol 35.3 

10% FACT (kN) 

Wet 228.8 

Dry 312.4 

Wet/dry ratio 73.2 

Glycol 80.8 

Glycol/dry ratio 25.9 

LS (%) 
<0.425mm 1.5 

<0.075mm 1.5 

PI (%) 
<0.425mm 3 

<0.075mm 5 

Ethylene glycol durability index 5 

mEGDI 29.3 

DMI 105 

Apparent relative density 2.925 

Bulk relative density 2.847 

Water absorption (%) 1.262 

  

In situ density measurements of the base were determined using a Troxler nuclear 

density gauge inserted to the full depth of the base (150 mm) and reported in Miletus 

(undated). The results obtained in relevant areas (see section 3) are summarized in 

Table 2. All base sections achieved the specified compaction requirement of 88% of 

apparent relative density.  

The sections where samples were collected were constructed in the following sequences 

(conflicting dates were, however, reported for base construction): 

 Stake value Km 0+50 RHS (no pavement distress) :  

o Base placed 8 November 2011 

o Primed on 2 December 2011 with base at moisture content 1.7% 

(determined using full base depth) 

o Seal completed on 11 December 2011 

  Stake value Km 3+920 LHS (bleeding area):  

o Base placed 6 November 2011 

o Primed on 6 December 2011 with base at moisture content 1.8% 

(determined using full base depth) 

o Seal completed on 11 December 2011 
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Table 2. In situ base properties (as reported in Miletus (n.d.)). 

Chainage Position 
Depth 
(mm) 

Field 
Density 
(kg/m3) 

Relative 
compaction 
(% of ARD) 

OMC (%) 
Field 

MC (%) 

0+40 RHS 150 2618 89.3 2.4 2.6 

0+100 RHS 150 2640 90.1 2.4 2.4 

3+840 CL 150 2655 93.8 - 3.4 

3+940 RHS 150 2622 92.0 - 2.9 
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3. SITE INVESTIGATION AND SAMPLING 

3.1. Introduction 

According to the information available no rain had fallen on the base course in the period 

between construction of the base and the priming and seal construction. The target 

density was also reportedly obtained after slushing and the moisture content of the base 

(measured over the full depth) was acceptable when checked before priming. The sub-

base was reported to be a 2.5% lime stabilized material. No sub-base investigation was 

performed during the CSIR site visit.  

 

3.2. Site location and geological setting 

The section of road P16/1 under consideration is located in the Free State Province to the 

east of the N3 along tourist route R34 between the R103 (Warden-Villiers Road) and the 

Town of Vrede (Figure 1). 

 
Figure 1. Location of the section of the P16/1 that was investigated. 

 

The quarry is located on the new alignment adjacent to the existing road on what appears 

to be a large dolerite sill. According to the available geological map the area is underlain 
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by the Adelaide Subgroup (mudstone and sandstone formations) that has been intruded 

by the Karoo Dolerite Suite (Figure 2). The large aerial extent of the dolerite outcrops 

indicated in Figure 2 is indicative of sub horizontal-sill intrusions as opposed to sub 

vertical dyke intrusions. 
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Figure 2. The geological setting of the road section investigated and the sample locations. 
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3.3. Quarry observations and sampling 

Significant columnar jointing was observed throughout the quarry and due to this, the 

rock mass consists mostly of vertical columns of loose rock (Figure 3). Another significant 

feature of the quarry is a well-developed overburden of weathered dolerite (Figure 3) and 

the penetration of a weathered front into the dark grey dolerite extending deeper along 

joints (Figure 3 and Figure 4). In general, with increasing depth, the weathering front 

extends less from the joints into the rock. However, along the quarry faces some joint 

faces were seen to have significant weathering, even at depth. These joints were 

generally stained black and had loose weathered material along them that could easily be 

removed when scratched with a pick (Figure 5). In some instances this material formed a 

thick layer of black clayey material while in others the material was clayey but of a yellow 

brown colour. There was also evidence that water seepage was occurring along some of 

these joints. 

 
Figure 3. The face of the quarry showing the weathered overburden and the well-developed columnar 
jointing. 
 

Samples were collected from the south face (sample number P3D1) and north face 

(sample number P3D2) of the quarry. The quarry samples were analysed separately to 

investigate the variability in both the aggregate properties and the petrology of the 

dolerite intrusion. Samples consisted of boulders that had recently been removed from 

the quarry face or boulders removed directly from the face. No attempt was made to 
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remove the weathered material and joint filling materials on the surfaces of such 

boulders. The black fill material from one joint was separated into a small sample for X-

ray diffraction (XRD) analyses. 

 

3.4. Stockpile sampling 

The stockpile of G1 crushed dolerite is located directly to the south of the quarry. A single 

bulk sample was collected from the top of the stockpile and labelled P3C1.  

  

 
Figure 4. Columnar jointing and weathering concentrated around joint surfaces. 
.    
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Figure 5. Sub vertical joint surface with black surface staining and deep weathering. 

 

3.5. Test pit sampling 

Two test pits were excavated to sub base level in order to view the in situ base condition 

and to obtain samples of base material after the construction processes. The first sample 

(P3A1) was collected approximately 4km east of the intersection of the P16/1 with the 

R103 (at stake value 3+920) where bleeding had occurred (Figure 6). The test pit was 

excavated in the outer wheel track of the climbing (westbound) lane where extensive 

bleeding of the surfacing had occurred (Figure 6). Rutting of approximately 10mm was 

seen in both wheel tracks at the sampling location.  
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Figure 6. Test pit location (sample P3A1) with bleeding evident in both wheel paths. 

 

When the seal was removed the matrix in the base course was slightly moist and in 

places the fines appeared to be concentrated along smooth planes (Figure 7). Such 

planes are often an indication that some movement has occurred along these planes. 

The surface of the base appeared to be well-compacted and intact but when viewed in 

cross section there appeared to be limited inter-particle contact between the larger 

aggregate particles, which were suspended in a relatively fine matrix. Some larger 

aggregate particles at the side of the excavated hole could be punched into the base 

when lightly tapped with a geological pick indicating that the lack of interlock could result 

in some aggregate particles moving within the fine, slightly moist and weaker matrix if 

repeated loads were applied.  

The surfacing stone was also dolerite (apparently from a different source) which made 

the presence of punching of the seal stone into the base difficult to confirm. It is possible 

that some surfacing stone has punched into the base, again possibly due to the lack of 

interlock between large base aggregate particles. However, the extent of bleeding 

observed and the rutting would require punching of most surfacing aggregate which was 
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not observed. In Figure 8 the similarity in appearance between surface and base 

aggregates makes differentiation challenging but the uneven base/seal contact is clear 

and possible evidence of punching of surfacing stones is seen. 

 
Figure 7. Moist piece of base course (A) and base cross section (B) from test pit located in distressed 
section. 
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Figure 8. Uneven base/seal interface in distressed base area with possible punching. 

 

The second sample (P3B1) was collected close to the intersection of the P16/1 with the 

R103 (P60/2) (at stake value 0 + 050) where bleeding had not occurred (Figure 2). The 

test pit was excavated in the outer wheel track of the westbound lane (Figure 9).  

An immediate difference was seen in the base appearance compared with the other test 

pit. The base appeared to be significantly drier and was non-cohesive and therefore no 

clusters of material or apparent shear/movement planes were observed. The surface of 

the base, although drier, looked similar to the previous base location and when viewed in 

cross section, the large aggregate was again not in significant contact but rather 

suspended in a matrix of fine grained material (Figure 10A). No evidence of surface stone 

punching was observed but once again some stones could be made to “punch” into the 

base by lightly tapping them with a geological pick (Figure 10 B & C). 
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Figure 9. Test pit location (sample P3B1) with no surface deformation visible. 

 

When the seals from the two test pits were compared, remembering that bleeding had 

already occurred at the site of the first test pit, the differences were obvious. The bleeding 

section had almost no large aggregate (19.2mm) at the surface and the smaller 

aggregate (9.5mm) appeared to, for the most part, be suspended in binder that in places 

extended vertically from the top to the bottom of the seal layer (Figure 11). The non-

bleeding section had much less binder which resulted in the smaller aggregate being 

suspended in binder that was only filling the small spaces between the large aggregate. 

The large aggregate appeared to make up a larger percentage of the total seal volume 

and was exposed at surface regularly (Figure 11). 
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Figure 10. Base cross section (A) and evidence of potential “punch-able” aggregate in fine matrix (B 
and C) from test pit located in non-failing section. 

   

 
Figure 11. Cross section comparison of seals from the two test pits. 

 

There were also marked differences in the appearance of the seal, on the road surface 

between the wheel paths, in poor areas and good areas (Figure 12). In the good areas, 

the 19 mm stone was clearly visible with the finer aggregate well-distributed between the 

larger pieces.  
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Figure 12. Difference in surface appearance of seal in good (left) and poor (right) areas (note both 
photographs taken between wheel paths thus no bleeding visible). 
 

As built information for the areas sampled (Miletus, undated) indicate that after base 

construction, the base course was within the COLTO G1 grading specification and that 

the materials were non-plastic (NP).  
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4. TEST RESULTS 

 

4.1. Coarse aggregate appearance 

The boulders of quarry materials and coarser aggregate particles from the stockpile and 

base samples were described according to the “Pick and Click” test (Weinert, 1980) 

which is designed to determine the degree of weathering of aggregates. The following 

three properties of each material are described in this “test”: 

 colour and lustre 

 hardness and consistency 

 state of crystallization 

 
Scores are assigned based on these properties and are then used to determine the 

suitability of the material as road construction material. Scores range from 1 to 4 with 

higher scores being assigned to less favourable property descriptions. 

The properties were the same for all of the materials except for the hardness and 

consistency of the northern quarry sample (P3B2) which was given a slightly poorer score 

due to the obvious presence of natural stained joints (Table 3). According to the results 

all materials are suitable for use as a crushed stone, thus indicating that no rapid 

weathering has occurred since quarrying and crushing of the stock-pile and base 

materials. 

Table 3. “Pick and click” test results 

Sample Source 
Score 

Score Suitability 
Colour Hardness Crystallization 

P3A1 Distress area 1 1 1 3 Crushed stone 

P3B1 Sound area 1 1 1 3 Crushed stone 

P3C1 Stockpile 1 1 1 3 Crushed stone 

P3D1 Quarry 1 1 1 3 Crushed stone 

P3D2 Quarry 1 2 1 4 Crushed stone 

 

4.2. Petrography 

General observations 

Two thin sections for petrographic inspection were prepared by the Council of 

Geoscience (CGS) from aggregate pieces of each sample. The quarry samples were 

crushed in the laboratory to obtain a full range of aggregate sizes typically present in G1 

materials and from these one +26.5mm aggregate piece and one -19/+13.2mm 

aggregate piece from each of the quarry samples were used for the thin sections. Similar 
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aggregate pieces were obtained from the base and the G1 stockpile samples and thin 

sections prepared. Thin section analyses were then performed using a petrographic 

microscope. The aim of the analyses was to identify the major mineral constituents and 

the variability of mineralogy of the dolerite. Additionally an attempt was made to identify 

any petrographic characteristics that could possibly lead to rapid degradation of the 

dolerite.  

A summary of the observations made are given in Table 4. Visually the overall 

appearance of the base material thin sections was similar except that in the one 

distressed sample almost all pyroxene was altered to some degree to mica. Although 

both base materials had quartz in minor amounts the sound base materials also had 

clusters of large plagioclase Carlsbad twins associated with the quartz while the 

distressed base samples did not. Such clusters were also identified in the stockpile and 

quarry samples. 

Due to variations in the degree and distribution of alteration of primary minerals the matrix 

(or general fabric of the aggregate) is expected to be generally strong for the base 

samples but intermediate to poor for other samples. 

The most common minerals identified were plagioclase, clinopyroxene (probably 

diopside) and a secondary mineral replacing pyroxene to different degrees in some 

samples. This mineral was identified as mica (biotite) (Figure 13 A) due to its 

pleochroism, birds eye extinction, single cleavage direction and high birefringence. The 

plagioclase was primarily present as a matrix of fine laths (Figure 13 B) but in places 

displayed large Carlsbad twins that were almost always saussuritized (Figure 13 C). 

Pyroxene minerals were generally larger than plagioclase and varied from generally intact 

unweathered examples to micro-fractured and weathered examples. (Figure 13 D and E 

respectively). 

Lesser minerals were sericite as a replacement of plagioclase. Although less voluminous, 

than biotite, in most samples, the presence of sericite was more consistent (Figure 13 F). 

In many samples the sericite had been further altered to an unidentified brown material 

(probably a clay mineral). Opaque minerals were present in all samples but all were 

estimated to make up less than 5% of the total sample.  

 

Table 4.  Summary of petrographic features observed. 

Thin 
section 
number 

Source 

Primary minerals 

Matrix Notes 

Texture 
Size 

(mm)* 

P3A1-A 
Distressed 

base 
 

Sub ophitic 
to ophitic 

0.6-1.0 
Almost 

equigranular but 
dominant 

plagioclase. 
Strong matrix. 

Quartz seems to be associated with 
sericite pools which replace 

plagioclase but also enter pyroxene 
in places. Isolated mica’s replace 

some pyroxene 

P3A1-B Sub ophitic 0.5-1.25 
Sericite pools replace plagioclase 
but also enter pyroxene in places. 
Isolated mica’s replace almost all 
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pyroxene 

P3B1-A 

Sound 
base 

Sub ophitic 
to ophitic 

0.5-1.25 Plagioclase laths 
with minimal 

sericite pools. 
Strong matrix. 

Local sericite pools replace 
plagioclase matrix. Clusters of large 

plagioclase (sausserite) grains 
associated with quartz. Pyroxene 

generally unaltered except for 
isolated alteration to mica in some. 

P3B1-B 
Generally 

Sub ophitic 
0.4-1.75 

P3C1-A 

Stockpile 

Sub ophitic 
to ophitic 

0.4-
0.45

#
 

No true matrix 
and due to altered 

mineral content 
and contact 

expected to be 
weak 

Pyroxene is unweathered, altered on 
joints or isolated mica. Plagioclase 
unweathered or heavily sericitized 

forming large pools. Clusters of large 
plagioclase (sausserite) grains 

associated with quartz. Mica and 
sericite altered further to clay. P3C1-B 

Rarely sub 
ophitic 

Plagioclase laths 
around clustered 

pyroxene. 
Intermediate 

strength 
expected. 

P3D1-A 

Quarry 
north 

Sub ophitic 
to ophitic 

0.4-
0.45

#
 

Plagioclase laths 
but due to sericite 

pools 
intermediate to 
poor strength 

Plagioclase includes full range of 
sericitization. Pyroxene contains joint 
alteration and isolated mica patches. 

Some sericite pools and pyroxene 
joints have weathered further to 

clays. 

P3D1-B 

Plagioclase unaltered or altered to 
sericite and commonly further to 

clays. Pyroxene limited alteration in 
isolated patches to mica. 

P3D2-A 

Quarry 
south 

Sub ophitic 
to ophitic 

Varies 
(max 
2mm) 

Equal plagioclase 
and pyroxene. 
Intermediate 

strength 
expected. 

Sericite uncommon and no pools 
thereof. Pools of alteration 

associated with Pyroxene grains. 

P3D2-B 0.5
#
 

No true matrix. 
Large altered 

pyroxene areas 
and local 

alteration of 
plagioclase will 

result in 
intermediate 

strength. 

Common small sericite areas but no 
pools thereof. Pyroxene has range 

from unweathered to full 
replacement by mica and joints 

weathered to clays. 

* Size reported is maximum dimension of representative grains of plagioclase and pyroxene minerals 
(i.e. not maximum size but rather typical size). 
#
Plagioclase only, pyroxene grains range from vary small to 2.25mm 
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Figure 13. Typical minerals present in all samples. A: Biotite replacement of pyroxene (plane 
polarized light), B: Plagioclase matrix of fine laths (crossed polars), C: Saussiritised plagioclase 
Carlsbad twin (plane polarised light), D: Relatively intact pyroxene mineral (plane polarised light), E: 
Relatively fractured and altered pyroxene (plane polarised light), F: Sericite replacement of plagioclase 
(plane polarized light).  
 

Once the major minerals present in each thin section were identified the surface area of 

each as a percentage of the total thin section surface area was estimated by visual 

evaluation. The results are summarized in Table 5 and show significant variations. 

Plagioclase generally dominates pyroxene but in some cases was almost equal in 

amount. The amount of mica as a replacement of pyroxene ranged from 2% to 20% while 

the sericite content (as a replacement of plagioclase) had a similar range from 5% to 

20%. Most samples had significant variation between subsamples. For example the 
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distressed base A subsample resembled the sound base A subsample more than the 

distressed base B subsample. Comparing the base samples is therefore difficult but the 

sound base samples generally had slightly less sericite and on average had less mica. 

Comparison of quarry samples shows that the north face had less sericite (and less 

plagioclase) but more mica (and more pyroxene). The stockpile material subsamples are 

not similar either and seem to be a mixture of materials as the subsamples do not closely 

resemble any of the quarry subsamples. 

 

Table 5. Mineralogical composition based on petrographic estimation 

Sample Source 
Clinopyroxene 

 

Biotite, 
pyroxene 

replacement  
Plagioclase  

Sericite, 
plagioclase 

replacement  

Opaque 
minerals 

Quartz 

P3A1-A 
Distress 

30 5 50 10 <5 5 

P3A1-B 15  20 55 10 <5 0 

P3B1-A 
Sound 

37  5 50 5 <5 3 

P3B1-B 38  11 34 8 8 2 

P3C1-A Stock- 
pile 

35 10 40 8 5 2 

P3C1-B 20 13 40 20 5 2 

P3D1-A Quarry 
south 

25 10 44 15 <5 2 

P3D1-B 25 2 54 15 <5 2 

P3D2-A Quarry 
north 

34 15 38 7 <5 3 

P3D2-B 31 15 41 5 5 3 

 

Following this a formal point counting exercise was performed on each section. At least 

500 points were observed on each section using a PETROG digital stepping stage and 

PetrogLite™ software. At each point the mineral was identified and where primary 

minerals were identified a differentiation was made between those that were unaltered 

(and not in direct contact with secondary minerals) and those that were altered (including 

those that were in direct contact with secondary minerals). The percentage of significantly 

altered primary minerals was added to the percentages of secondary minerals to arrive at 

the total percentages of secondary minerals present. The results are summarized in 

Table 6. 

 

Table 6. Mineralogical composition (%) of each sample based on petrographic point counting. 

Sample Source 
Pyroxene 

 (poor edge) 

Mica, 
pyroxene 

replacement  

Plagioclase 
(poor edge) 

Sericite, 
plagioclase 
replacement  

Quartz  
Total 

secondary 

P3A1-A 
Distress 

12 (19) 3 8 (40) 12 2 74 

P3A1-B 1 (7) 26 2 (50) 11 1 94 

P3B1-A 
Sound 

9 (19) 3 4 (48) 11 4 81 

P3B1-B 12 (18) 2 9 (50) 5 3 75 

P3C1-A Stock- 10 (22) 1 7 (46) 13 <1 82 
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P3C1-B pile 4 (20) 6 3 (53) 12 1 91 

P3D1-A Quarry 
south 

6 (26) 3 3 (46) 12 <1 87 

P3D1-B 8 (25) 4 3 (47) 12 0 88 

P3D2-A Quarry 
north 

7 (28) 5 3 (48) 4 <1 85 

P3D2-B 8 (22) 4 8 (48) 7 <1 81 

Recommendation (Weinert, 1980) for this climatic region (N=2.6) ≤21 

Notes:  Secondary minerals are mica, sericite, and all percentages of poor edge minerals 
Opaque mineral content varied from 1-4% 

 

The quarry samples (P3D samples) showed relatively insignificant variability in primary 

mineralization both when samples from the same quarry face and those from opposite 

faces are compared. All had almost equal amounts of plagioclase and pyroxene. The 

degree of alteration of the primary minerals also did not vary much and the total 

secondary mineral composition was 73-81% for pyroxene and 86-94% for plagioclase. 

Generally the degree of alteration of minerals did not persist throughout the thin sections 

with all showing zones of almost unaltered minerals (Figure 15).  

The amount of mica present was also similar but the South quarry face material definitely 

had higher sericite contents (as originally estimated) (Figure 14). The secondary mineral 

composition of the quarry samples was therefore 81-87%. According to Weinert (1980) 

the climatic N-value of the construction site area is approximately 2.6 and in such an area 

he proposed that a secondary mineral content of more than 21% would result in base 

course aggregates of poor durability. Based on the material observations, both quarry 

materials would not be expected to have adequate durability. 

 

 
Figure 14. Replacement mineral compositions distributions of samples based on point counts 
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Figure 15. Typical unweathered minerals in sample P3D1-A (A: Plane polarised light, B: Crossed 
polars). 

   

The stockpile samples (P3C samples) had a slightly wider range of pyroxene contents but 

similar plagioclase contents to the quarry materials (Figure 16). They did however have 

significantly less replacement of pyroxene grains by patches of biotite. Many pyroxene 

grains were however commonly altered on joints, as shown in Figure 17, and therefore 

still contained mica. The mica content was determined to range from 1 to 6% (again wider 

but inclusive of the quarry sample range). The alteration product was however generally 

much darker and is assumed to mostly be smectite clays formed by further alteration of 
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the mica. The sericite content was the same as that of the south quarry face samples (i.e. 

higher than the north quarry face). 

 

 
Figure 16. Primary mineral content distribution of samples based on point counting (including primary 
minerals with signs of alterations) 

 

 
Figure 17. Pyroxene grain with less patch alteration but more alteration along joints in sample P3C1-A 
(A: Plane polarised light, B: Crossed polars). 

 

The secondary mineral content of the stockpile materials ranged from 82-91% which 

includes the full range of that counted in the quarry samples. This would indicate that 

there is even more variability in the quarry than shown by the two quarry samples and 

that the stockpile aggregate is also not expected to be particularly durable due to its high 

degree of altered primary minerals (Figure 18A) and generally interconnected weathering 

products (Figure 18B). 
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Figure 18. The generally altered nature of minerals (A) and interconnected nature of secondary 
minerals (B) in stockpile samples (both in plane polarised light). 

 

The aggregates from the base sample where no bleeding had occurred (P3B1 samples) 

had pyroxene and plagioclase contents that were similar to the other samples (Figure 

16). The mica and sericite contents of the two sub samples was also similar to the 

observed quarry samples (i.e. one subsample had the higher sericite content seen in the 

South quarry and stockpile samples) (Figure 14).  

The overall secondary mineral contents varied from 75-81% and were therefore lower 

than the quarry and stockpile materials but still unacceptably high. What this sample does 

reveal is that the alteration of primary minerals and their replacement by other minerals 

has not occurred after quarrying as all observed properties were seen in quarry samples 

and therefore would be inherent properties and not due to rapid weathering. It is more 

likely that the variability is due to variability in the source materials of the two pieces 

selected for thin section analyses. 

The thin sections of the base aggregate in the distressed area (P3A1-A and P3A1-B) had 

very different appearances. The A thin section was more typical with dominant 

plagioclase (that was mostly altered to some degree) and pyroxenes (also commonly 

altered) with very limited biotite replacement of pyroxene. The B sub-sample on the other 

hand had almost no pyroxene as most grains had been totally replaced by large amounts 

of biotite (Figure 19). This subsample therefore does not resemble any of the other 

samples studied. The secondary mineral content in the distressed base materials was 

also much larger (74-94%) due to this occurrence. 

The two possible explanations for the observed mineralogy of the P3A1-B subsample 

are: 

 The B subsample represents a phase in the quarry where the pyroxene was 

altered more or  

 the pyroxene grains in this material have undergone significant alteration since 

quarrying.  
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Both of these are however unlikely. The first suggestion is unlikely as although only a 

small sample of material was observed in thin sections such a phase would be expected 

to have been seen more than once. The second suggestion is also unlikely because 

material is similar to the other materials in every way except for the percentage of 

pyroxene that has been replaced and it is highly unlikely that the pyroxene was altered to 

mica rapidly after exposure while the sericite content did not increase at all. If this was the 

case all pyroxene grains in other samples would also have been expected to do the 

same. The reason for this occurrence is therefore currently unknown. 

 

 
Figure 19. Large amounts of biotite replacing pyroxene in sample P3A1-B 

 

It therefore appears that the alteration and or replacement of primary minerals have 

occurred in the sill. There is, however, no evidence that deterioration processes are 

continuing after quarrying, handling and placement in the pavement layers. The 

significant variability in the degree to which minerals have been altered and or replaced 

by secondary minerals is notable. Since most secondary minerals could be regarded as 

deleterious to the physical aggregate properties it would appear that significant quantities 

of material with inadequate physical properties for use as aggregate could be produced 

from the apparently unweathered dolerite in the quarry. The mineralogy of the quarry core 

sample (section 2) was similar to some of the samples tested as part of this study except 

for the 3% smectite reported. The smectite was most likely a deuteric alteration product of 

pyroxene/mica. 

 

Based on the thin section analyses it is clear that the material from the quarry has a 

generally altered mineralogy with the alteration of plagioclase to sericite and pyroxene to 
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a mica that has resulted in a generally weak aggregate material. Locally these secondary 

minerals have been further altered to what is assumed to be smectite clays which will 

further weaken the material and make it succeptable to degredation if exposed to 

(repeated) moisture condition changes. It is expected that the majority of the material will 

be too weak to resist traffic stresses, especially where sericite pools are well connected 

by generally altered plagioclase and other weak secondary minerals (dark micas). 

The presence of free quartz in many of the materials indicates possible alteration by 

fluids penetrating and precipitating quartz. Such fluids would have given rise a general 

chemical mobility that could have been responsible for the observed alteration. In at least 

two thin sections very small occurrences of myrmekite were observed and these are 

further evidence of minor metasomatic activity.  

 

4.3. X-ray diffraction analyses 

X-ray diffraction analyses were carried out on crushed aggregate pieces from each of the 

samples as well as two additional samples; the joint fill material discussed in section 0 

and a piece of a dolerite column that had a clearly visible weathering rind. The results are 

summarized in Table 7. 

Table 7. Semi quantitative XRD analyses results 

Sample Source Calcite Pyroxene Plagioclase Quartz Ilmenite Smectite 

Column Quarry - 16 39 5 1 39 

Fill Quarry 18 6 8 2 - 66 

P3A1 Distress area - 18 56 5 2 20 

P3B1 Sound area - 20 59 3 2 16 

P3C1 Stockpile - 24 56 6 1 12 

P3D1 Quarry - 20 48 5 1 25 

P3D2 Quarry - 18 58 3 1 21 

 

 As expected the major primary minerals were plagioclase and pyroxene (clinopyroxene) 

although the larger plagioclase:clinopyroxene ratio observed does not agree with what 

was seen in the thin section analyses. The presence of ilmenite (an opaque ore mineral) 

is in agreement with the petrographic analyses and quartz was identified in at least some 

thin sections. The quartz is believed to be a secondary mineral introduced by some 

metasomatic activity. No mica minerals (i.e. sericite or biotite) were detected in the X-ray 

analyses but significant amounts of smectite were. It is possible that the highly altered 

sericite, pyroxene and plagioclase minerals were already altered to such a degree that 

crystallographically they are equivalent to a smectite mineral. The identification of 

smectite minerals under a petrographic microscope is also not easy due to the generally 

fine grained nature of such minerals occurring as a replacement product of primary 

minerals. However, the properties of some smectites are similar to those of mica 

minerals. It is therefore believed that what was identified as biotite in section 4.1 could 

469



29 

indeed have been a smectite mineral replacing pyroxene (Figure 20). The sericite 

identified could also perhaps rather have been a smectite replacing plagioclase. 

Additionally the highly weathered plagioclase and pyroxene sections identified in the 

petrographic analyses could, considering the XRD results, possibly have been, in part, 

fine grained smectite minerals. A similar problem where what appeared visually to be 

biotite but was shown to be smectite by XRD has been previously reported by Paige-

Green and Semmelink (2000). 

 
Figure 20. Typical examples of the replacement mineralization of pyroxene identified as biotite by 
petrographic analyses and identified as smectite by XRD analyses. A and C (Plane polarised light) 
show pleochroism of the mineral, B and D (crossed polars) show the bird’s eye extinction of the 
mineral and E and F (Plane polarised light) show the colour variations and cleavage. 

 

Based on the XRD analysis results, the materials would be expected to have highly 

variable durability due mainly to the differences in smectite contents. The smectite 

content of the quarry materials was higher than any of the others, once again indicating 

that alteration of minerals after quarrying is unlikely. It would also be expected that the 

material would have a high plasticity index given the smectite contents identified in the 

XRD analyses. 

The “Fill” sample consisted predominantly of smectite clay and calcite. It is most likely 

that this material originated when water seeping along the joints “eroded” smectite 

material from the overlying weathered rock and deposited it deeper down on the surface 

of relatively unweathered rock as the permeability decreased. The calcite would be 

precipitated from the water when calcium-rich with a change in pH conditions. Such a fill 

material would be plastic with a high plasticity index and water retention capability. Since 

this material would be incorporated into the crushed rock aggregate, it could potentially 

be concentrated in some localised areas of the base. 

The “Column” sample, which had a visible weathering rind and was therefore expected to 

have more secondary minerals, had a significantly higher smectite content than the other 
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rock samples. The fill material most probably represents an accumulation of eroded 

material from the weathering rinds of overlying dolerite.   

4.4. Petrography discussion 

The misinterpretation of smectite as sericite or mica is significant with respect to the 

aggregate durability implications. All are secondary minerals which result in a weaker 

mineral skeleton and therefore a mechanically weaker aggregate. The differences 

between sericite or mica and smectite clay are, however, significant because smectite 

minerals will also cause tensional stress within aggregates due to hydration and 

consequent expansion. The fines released by crushing aggregate that has a higher 

smectite content will also be more plastic. This misinterpretation of mineralogy has been 

observed before in a previous investigation by Paige-Green and Semmelink (2000) when 

what appeared visually to be biotite was shown, by XRD, to be smectite. However even if 

it is assumed that all the sericite and mica observed during point counting is indeed 

smectite clay there is only limited agreement between the XRD and point counting results 

(Table 8). The results both indicate that the distressed area has a higher smectite content 

compared to the sound base material but other results do not agree at all. The point 

counting estimates may be underestimates since some highly altered primary minerals 

may also contain smectites. 

What the results do indicate is that the smectite in the material in the intrusion is very 

likely to cover range observed in stockpile and base samples and that all variations 

observed are not due to alteration after quarrying. The cause of poor material 

performance is more likely local concentrations of higher smectite materials and inclusion 

of the joint fill material in the base course. 

 

Table 8. Comparison of XRD and Point counting secondary mineral results 

Sample Source 
XRD Point Counting 

Smectite Smectite (average sum of mica and sericite) 

P3A1 Distress area 20 26 

P3B1 Sound area 16 11 

P3C1 Stockpile 12 16 

P3D1 Quarry 25 16 

P3D2 Quarry 21 10 

 

Whilst not part of any current specification it has been suggested that up to 10% smectite 

might be tolerable for a “pavement material” (Weinert, 1980). However Dr F Netterberg 

(personal communication) considers that more than about 5% as risky if the material is to 

be used as a surfacing stone or a base course aggregate. Considering the poor 

reproducibility of the methods used to determine the smectite content it is probably not 
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possible to set a firm limit on the smectite content but all the materials seem to be in 

excess of these proposed limits. 

The generally altered nature of the primary minerals and secondary alteration of both 

primary minerals and secondary minerals to smectite clays results in a generally weak 

aggregate that is most likely not capable of resisting traffic forces. Excessive breakdown 

of the aggregate is therefore expected during crushing, construction and even under 

traffic stresses. The material is also most likely highly susceptible to total disintegration 

due to swelling pressures that will develop should the smectite clays in the material be 

exposed in changing moisture conditions.  

 

4.5. Corrected mineral composition 

The differences in mineralogical composition reported by the petrographic and XRD are 

significant and highlight the need for both methods to be used and the results to be 

compared. Petrographic analyses are done on thin sections and therefore only analyse a 

very small section of one piece of rock aggregate (per thin section). The amount is 

approximately 0.05g of rock over an area of a small postage stamp. The sample is 

therefore not representative of the tonnes of material used and this can result in some 

minerals, which are not evenly distributed throughout a rock mass, not being observed. 

The analyses of multiple thin sections can increase the representativeness of the results 

slightly. The identification of smectite minerals in thin section is problematic when these 

minerals occur as alteration products of primary minerals that are only partially altered. 

The amount of smectite present can be estimated but due to the partially altered nature of 

the minerals estimates are often not accurate.  

XRD analysis is also not flawless and results can be affected by sample preparation, 

sample contamination and data interpretation. Samples must be prepared using a 

representative amount of material and then reduced to the correct amount needed for the 

test. Since a very small amount, approximately 1 g of the prepared sample is actually 

tested contamination (by, for example, the use of dirty or dusty equipment) can cause 

significant errors. Finally, the interpretation of diffractograms is commonly done 

automatically by software using Rietveld analyses or other semi-quantitative methods. 

Although highly efficient for well-crystallised minerals and for the most part accurate, such 

interpretations can be erroneous and should be checked using analogue interpretations 

of diffractogram peaks. In addition, it is recommended that individual analyses of treated 

clay minerals extracted from the powder sample should be carried out for differentiation 

between the various clay minerals. 

The petrographic and XRD analyses presented above do not agree (Figure 21). 

Differences in plagioclase estimates within each material type had a relatively low range 

(3-9%) while pyroxene differences range from 8% to 23% (only 8-15% if extreme case of 

P3A1-B is excluded). The major differences are that biotite and sericite were not 
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identified in XRD analyses and smectite was not identified in the petrographic analyses. 

Smectite was, however, identified as an alteration product of both plagioclase and 

pyroxene and it was noted that the serricite and biotite identified could have been 

smectite minerals. If the biotite and serricite mineral percentages are considered to be 

smectite minerals there is some agreement (Figure 22) but most estimates still vary by 

more than 5% (even if extreme variation due to P3A1-B is ignored). The XRD analyses 

generally give higher smectite estimates. In conclusion the XRD and petrographic 

analyses provide the following information: 

 The quarry material smectite (or secondary mineral) content varies by at least 4% 

but possibly up to 15% 

 The quarry variation accounts for all smectite/secondary mineral compositions 

observed in other materials 

 The distressed base contains aggregate pieces that, on average, have a higher 

smectite/secondary mineral content.  
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Figure 21. Comparison of mineral composition results from XRD and petrographic analyses (A: Base 
samples, B: Stock-pile material, C: Quarry samples).  
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Figure 22. XRD and possible petrographic smectite composition estimates. 

 

 
 

4.6. Sonic velocity 

According to Kilic (1995) alteration of diabase from Turkey had a very significant effect on 

the compressive wave velocity and the dynamic modulus of elasticity of the materials. 

The compressive wave velocity could only be determined on quarry material as cores are 

required. The quarry boulder materials had a velocity of 6091 m/s (P3D1) and 6439 m/s 

(P3D2) which according to the results from Kilic (1995) would be an unaltered material. 

Experience from other dolerites crushed base sources indicate that most materials that 

have good performance have compressive wave velocities of above 6000 m/s (average 

of 6400m/s) and as such this P3D1 quarry material may be slightly weathered while the 

P3D2 material should be sound. 

 

4.7. Grading and soil constants analyses 

The grading of the stockpile material was within the specifications (Colto G1 specification) 

as was that of the sound base sample. The distressed base sample (P3A1) was just out 

of specification but never by more than 1% for any size fraction (Figure 23). The coarse 

sand ratios of all materials were close to the lower limit of 35% indicating that the 

materials are lean with respect to fine sand. When the base sample grading results are 

compared with the stockpile grading (Figure 23) the amount of fines appears to have 

increased during construction, assuming that the grading of all G1 materials were similar 

before construction. The increase is, however, only significant when the minus 0.075mm 

fractions are considered. 
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The increase in fines (<0.075mm) was due to a general reduction in the amount of 

material <4.75mm. The coarser fractions therefore seem to have not broken down 

significantly. The bleeding material sample (P3A1) did have a lower percentage of 

material of 26.4-19mm size but also had a higher percentage of material of 37.5-26.5mm. 

Since 37.5-26.5 mm could not have been produced by the construction process this 

material is likely to have had this slightly coarser >19mm fraction before placement. The 

breakdown experienced by the two base materials was therefore similar but the 

breakdown of all material <4.75mm was slightly more in the bleeding area material which 

resulted in a slightly higher <0.075 mm fraction.  

 
Figure 23. Grading curves and grading results for the base and stockpile samples. 
 

 
Figure 24. Grading curves of base and stockpile materials on semi log graph. 

 

The Plasticity Index (PI) and Linear shrinkage (LS) of the distressed samples were higher 

(almost double) than the sound base and stockpile materials (which had equal PI and LS 
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values of 4 and 2.5% respectively) (Table 9). The PI of the distressed base was therefore 

above the maximum allowable limit of 5% and the LS above the limit of 2%. Liquid limits 

of all materials were similar and all below the 25% maximum limit. These values are still 

low considering the apparent quantity of smectite identified in the samples. 

The fines of the distressed sample, however, do appear to be more plastic in nature. 

There are also slightly more fines present in this material (2% more passing 0.425mm 

sieve) and the combination of these two factors could result in the material being slightly 

weaker, especially in a moist state. The in situ moisture content of the base materials 

(Table 9) did not differ significantly and were both well below the plastic limit. The PI and 

LS of the core material tested (section 2) were similar to those of the sound base and 

stockpile material.      

Since the PI of the materials seemed low compared with what would be expected of a 

material with a high smectite content, samples of material from the quarry (P3D1) and the 

sound road base (P3B1) were manually ground to minus 0.075 mm and the Atterberg 

limits were determined to check whether the smectite clay is in fact mostly incorporated in 

larger particles. 

 

Table 9. Moisture content, grading and soil constant results 

Sample LL PI LS (%) Coarse sand ratio Moisture content (%) 

P3A1 
(Distressed) 

21 6 4 35 2.8 

P3B1 
(Sound Base) 

20 4 2.5 36 2.4 

P3C1 
(Stockpile) 

21 4 2.5 40 NA 

Specification 
(G1) 

≤ 25 ≤ 5 ≤ 2 35-50 NA 

 

The results (Table 10) show that the finer fraction does have a higher PI, generally at 

least double that of the <0.425mm fraction (the quarry material PI was approx. 1 or 

slightly plastic (SP) as will be discussed in section 4.9). If the PI of the minus 0.075 mm 

fraction of the distressed base section is also at least double that of the minus 0.425mm 

fraction it will be in excess of the limit of 12% and therefore excessive. Again this, in 

combination with the slightly higher percentage of material finer than 0.075mm, may have 

been enough to cause this material to deform under traffic. The smectite component 

therefore appears to be locked in larger particles and only released when these are 

broken down to small particles during handling and construction.  
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Table 10. Atterberg Limit results on <0.075mm fractions of selected samples. 

Sample LL (%) PI (%) 

P3B1 (Sound Base) 27 6 

P3D1 (Quarry South) 24 4 

Specification (G1) NA ≤ 12 

 

A sample of a newly constructed section of base that had been treated with 1% lime but 

had not yet been surfaced was tested to identify the effect of the lime on the PI of the 

material after construction. The PI (<0.425mm fraction) was 4% and therefore similar to 

that of the sound base and stockpiled material. It may be that this material was of poor 

quality and had an initial PI of more than 4% and that the lime had indeed reduced the PI. 

This could, however, not be confirmed by the testing carried out. The lime did not reduce 

the plasticity to a non-plastic state, but this could be the result of inherent plasticity in the 

lime. 

It is worth noting that GAUTRANS (1994 a, b) requires that all weathered basic igneous 

rocks used for base or subbase be stabilized down to non-plastic (NP). In the opinion of 

Dr F Netterberg (pers. comm), basic rocks used for any base course should have a 

maximum PI of 4% (preferably NP), LS of 2% (preferably 0) and a PI x P425 of ≤ 100 

(preferably ≤ 80) and a PI x P075 of ≤ 45 (preferably ≤ 25). The results for the base and 

stockpile materials (Table 9 and Table 11) again indicate that the sound base and 

stockpile materials are within these recommended limits while the distressed base 

material is not ( with the exception of the LS recommended limit which was exceeded 

slightly by the stockpile and sound base material). 

 

Table 11. PI multiplied by soil faction results. 

Sample PI x P425 PI x P075 

P3A1 
 (Distressed Base) 

121 77 

P3B1 
(Sound Base) 

80 45 

P3C1 (Stockpile) 71 32 

Recommendation ≤ 100 ≤ 45 

 

The PI of the lime being used was determined to be 1% and therefore has minimal 

plasticity. The addition of this to the dolerite material would therefore not increase the PI 

of the base material tested in the laboratory. The low percentage (1%) of lime being 

added also means that the PI is unlikely to be reduced due to changes in the total 
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percentages of low plasticity fines present. The observed reduction in PI can thus be 

attributed to the flocculating and cation exchange effects of lime on the clay minerals.   

 

4.8. Aggregate Impact Value 

The standard aggregate impact values (AIV), i.e. not glycol soaked results, for the 

samples showed that the quarry samples had similar AIVs (and therefore also similar 

10% FACT) values (Table 12). The 10% FACT values of both quarry samples were well 

above the specified lower limit of 110 kN.  

 

Table 12. AIV results and other properties derived from AIV results 

Sample Treatment AIV 10% FACT* ACV* 
Glycol/Dry 
10%FACT 
Ratio (%) 

Glycol/Dry 
ACV ratio 

P3A1 
(Distressed) 

Normal 14 321 14 

35 2.2 

Glycol 29 111 30 

P3B1 
(Sound 
Base) 

Normal 11 376 11 

17 3.4 

Glycol 37 63 38 

P3C1 
(Stockpile) 

Normal 13 334 13 

65 1.5 

Glycol 19 216 20 

P3D1 
(Quarry 
South) 

Normal 12 367 12 

66 1.6 

Glycol 18 242 18 

P3D2 
(Quarry 
North) 

Normal 12 372 11 

72 1.4 

Glycol 16 270 16 

Specification 
(G1) 

Dry NA ≥ 110 ≤ 29 ≥70
#
 NA 

*Based on AIV value according to correlations reported by Sampson & Roux (1982): 

           (      (        ))                                        (        )      

#
 SANRAL specification for 4 day glycol soaked 10%FACT  

 

Ethylene glycol soaking was performed for only 24 hours and as such the ratio of the 

standard to glycol 10%FACT values cannot be compared with the SANRAL specification 

(Table 12). However, the 24 hour soaking would only give lower or similar AIV (and 

therefore higher 10%FACT) values than 4 day soaking and as such the glycol/dry 

10%FACT ratios obtained can only be higher than the 4 day soaking results.   
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The ratios between the ethylene glycol and normal (dry) values of the quarry samples 

were different. P3D2 had a glycol/dry 10% FACT ratio above 70% while P3D1 did not. 

The variability in durability (as indicated by glycol soaked 10%FACT) of the material from 

the quarry is therefore not extreme but possibly straddles the acceptance criteria and 

therefore most probably results in some materials behaving satisfactorily while others 

could degrade rapidly. After 4 days of soaking the effect of glycol can only worsen the 

ratio and as such P3D2 would most likely have a four day soaking 10%FACT ratio of less 

than 70%. P3D1 may, however, also have a ratio of less than 70% after four days of 

glycol soaking. 

The 10% FACT values of untreated material from all other samples were also well above 

the specified lower limit of 110 kN despite being generally lower than the quarry sample 

values. P3B1 (sound base) had a 10% FACT value slightly higher than the maximum 

quarry value. This again indicates that the material used in the road is highly variable and 

that in some cases the material that has undergone construction already has an AIV even 

higher than the quarry material.  

The effect of glycol on the AIV (and 10% FACT) value proved all to be non-durable 

despite only 24 hours of glycol soaking. Effects on  the stockpile materials were similar to 

those of the southern quarry face materials, i.e. glycol ACV was always more than 1.3 

times the normal ACV (the inverse of a 10% FACT ratio of 0.75) and thus outside the 

extrapolated specification. The effect was even more pronounced on the base samples 

with a glycol/dry ratio of 2.2 for the distressed area and 3.4 for the sound base.  

Since AIV without glycol treatment is a test of physical durability the results show that 

although some variability in physical durability exits between materials the physical 

durability of the material exceeds that which is required and it has not degraded during or 

due to the construction process. Therefore rapid degradation of physical strength due to 

weathering is unlikely to have occurred. Once again variation in values is likely due to 

inherent variability in the quarry.  

Glycol AIVs, when compared with normal AIVs, are an indication of the susceptibility of a 

material to undergo a reduction in physical durability due to the expansion of swelling 

minerals such as smectite and resulting general loss of physical strength of the 

aggregate. The results therefore indicate that after undergoing construction and some 

time under traffic the material is more susceptible to a reduction in physical durability due 

to expansion of minerals. However, since the mineralogy of the studies do not indicate an 

increase in expansive minerals with time after quarrying it is more likely that the 

expansion forces are the same but that the fabric is weaker after construction. 

No AIV testing was performed during the materials investigations for the project. The 

ACV and 10% FACT results (section 2) show that the core material had a slightly lower 

physical durability and a poor accelerated durability (generally intermediate of that of the 

base samples).  
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4.9. Durability Mill Index 

The Durability Mill Index (DMI) samples and subsamples were prepared with a standard 

grading that is within the COLTO G1 grading requirements. This was performed to make 

comparison of all DMI results possible. The results indicate a definite trend of decreasing 

durability after quarrying, crushing, construction and time in service (Table 13). The 

quarry samples both had a DMI of approximately 40 while that of the stockpile sample 

was 109 (all within the SANRAL specification of ≤ 125). The distressed sample had a DMI 

of 166 and the sound base sample a DMI of 139. Since the DMI is based on both the PI 

and the grading of the material and the grading of all samples was made to be equal 

before DMI testing it is interesting to investigate the reason for the differences in DMI 

values. The lower DMI values of the quarry samples were due to lower PI and lower -

0.425mm fractions compared with the other materials. The maximum PIs of the stockpile 

and base materials were similar and differences in DMI values were therefore mainly due 

to grading differences after milling. Based on these results it would appear that the 

dolerite fines had become more plastic during quarrying and handling before being 

stockpiled. After stockpiling the fines then retained their PI but the material seemed to 

become weaker as more fines were released by the material from the base during milling. 

This weakening is probably due to construction stresses (similar to that indicated by 

poorer glycol AIV results in section 4.8). The difference in PI between the DMI and in situ 

results for P3A1 cannot be explained easily but may have been due to a concentration of 

plastic fines from a joint fill material being present in the sample tested for Atterberg 

Limits and grading. 

The core sample tested (section 2) had a DMI of 105 which was similar to the stockpile 

material tested. While the COLTO DMI limit (and the current SANRAL limit) is 125 this is 

probably too high since Sampson and Netterberg (1989) and other sources have shown 

this limit to predict a 50% chance of good and 50% fair performance. A maximum limit of 

90, as adopted by TRL (1993) should be used to predict 100% probability of good 

performance and a 100 for 90% probability (F. Netterberg, pers comm.) 

     

Table 13. DMI results and comparison with grading results 

Sample 

DMI testing results In situ results 

DMI PI % Passing 0.425 mm PI x P425 PI 
% Passing 
0.425 mm 

PI x P425 

P3A1 
(Distressed) 

166 3-4 31-37 93-148 6 20 120 

P3B1 
(Sound 
Base) 

139 4-5 23-28 92-150 4 20 80 
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P3C1 
(Stockpile) 

109 4 19-25 76-100 4 18 72 

P3D1 
(Quarry 
South)  

39 1-2 17-23 17-46 NA NA NA 

P3D2 
 (Quarry 
North) 

41 1-2 18-23 18-46 NA NA NA 

Specification 
(SANRAL 

G1) 
≤ 125 ≤ 5 

≤ 8 percentage 
points above original 

P425* 
NA ≤ 5 

≤ 11 
24 ≤  

NA 

*original P425 was prepared to be 16.5% but varied as shown above by minimum values which were obtained 

from unmilled (A) sub-samples. 

The insitu results (Table 13) indicate that the % of material passing the 0.425mm sieve in 

the field had not reached the high values produced by the DMI testing. 

Although not currently a standard test, and no proposed limits have been set, DMI was 

performed on samples after the >2 mm fraction had been soaked in ethylene glycol for 5 

days. As expected the DMI values increased significantly after this treatment (Table 14). 

The ratio of the normal DMI to the glycol DMI was different for the two quarry materials 

(0.35 and 0.53) indicating that the material has a variable susceptibility to weakening due 

to clay mineral expansion (South quarry material more susceptible). The stock pile had a 

very similar ratio to that of the less susceptible quarry material while the sound base ratio 

was slightly lower. These two materials are therefore no more susceptible to weakening 

than the less susceptible base material. This means that the material had either 

experienced weakening due to expansion already by this time (unlikely since AIV values 

were similar) or that exposure during crushing and construction had not resulted in the 

weakening of these material. The ratio of the distressed area material was very high 

(0.63) and indicates less breakdown due to glycol. This is most likely due to exposure 

having weakened the material previously (as shown by poorer AIV and DMI results). 

As expected the change in DMI due to glycol treatment was not due to higher PI values 

but rather due to increases in the amounts of fines produced during milling of the soaked 

materials. The susceptible quarry material (P3D1) and the sound base material produced 

much higher amounts of fines after soaking.  

In summary the normal DMI results show that the PI of materials increases significantly 

after quarrying and that construction stresses weaken the material as it becomes more 

prone to breakdown during milling. This weakening is more significant in the distressed 

area where more fines are produced.  

Table 14. DMI and glycol DMI results  

Sample DMI 
Glycol 
DMI 

Normal / 
glycol 

DMI ratio 

∆ max 
0.425 mm 
after glycol 

∆ max 
PI after 
glycol 

mDMI 
Glycol 
mDMI 

Normal / 
glycol 
mDMI 
ratio 
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P3A1 
(Distressed) 

166 263 0.63 13 0 28 101 0.28 

P3B1 
(Sound 
Base) 

139 279 0.50 18 1 25 140 0.18 

P3C1 
(Stockpile) 

109 194 0.56 11 1 27 92 0.29 

P3D1 
(Quarry 
South)  

39 111 0.35 17 1 10 62 0.16 

P3D2 
 (Quarry 
North) 

41 77 0.53 11 1 10 37 0.26 

Specification 
(SANRAL 
G1/G2) 

≤ 125 NA NA NA NA NA NA NA 

 

Modified DMI (mDMI) 

Since the absolute change in p0.425 mm relative to the A sample is the actual significant 

parameter (as opposed to the actual 0.425 mm) a modified DMI (mDMI) parameter can 

be determined for all samples by multiplying the maximum observed change in p0.425 

mm by the maximum observed PI for each sample. This can also be done for the glycol 

DMI results using the maximum change in p0.425 mm relative to the A subsample of the 

untreated tests. 

The results (Table 14) show different trends to the standard DMI as although the two 

quarry samples are equally resistant to milling effects differences between other samples 

is reduced and the stockpile is seen to be similar to the poor base material. The glycol 

effects again highlight the higher potential for weakening of the P3D1 quarry material but 

also show more clearly that the stockpile and poor base materials do not have as higher 

susceptibility as the sound base material. It is believed that the mDMI will however 

correlate better with performance than the standard DMI. 

 

4.10. Modified Ethylene Glycol Durability Index 

The modified Ethylene Glycol Durability Index (mEGDI) (Leyland et al., 2013) assigns a 

score to each of 40 pieces of aggregate soaked in ethylene glycol depending on the 

nature and degree of degradation of each piece. These scores are then weighted added 

to obtain an index value for that material. Indices are calculated based on observations 

after 5 and 20 days of soaking and used to characterise the durability of the material. The 

method is therefore different from that originally proposed by the US Army in about 1949 

(Corps of Engineers, 1969), which relied on changes in grading of larger samples due to 

soaking, and that used during construction of the Lesotho Highland Water Project in 
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South Africa (OSC, 1986), which determined an index value based on the degree of 

disintegration observed on a single cylindrical drill core. 

Results (Table 15) show that all but one of the materials tested (P3D1) were of poor 

durability and not suitable for use in structural pavement layers or as surfacing stone. The 

mEGDI of these poor durability materials did not differ much except that the sample from 

the distressed section had a slightly higher index. Additionally the long term durability of 

all the materials is poor, indicating that continued degradation of the material in service is 

likely.  

The South Quarry face sample had an intermediate mEGDI of 14.5 which is acceptable 

for use as a sub base material.  

The dominant form of degradation of the particles observed after 5 days was spalling 

except in the sample from the sound base area (P3B1) which had equal spalling and 

splitting. After 20 days highly variable ratios of degradation forms were observed.   

The mEGDI of the core sample tested (section 2) was 29.3 which was higher than any of 

the samples tested as part of this study.  

 

Table 15. mEGDI results 

Sample mEGDI 20 Day mEGDI Suitability Long term durability 

P3A1 
(Distressed) 

26 46.5 None Poor 

P3B1 
(Sound Base) 

22.5 40 None Poor 

P3C1 (Stockpile) 20.5 34.5 None Poor 

P3D1 
(Quarry South) 

14.5 30 Subbase Poor 

P3D2 
(Quarry North) 

21.5 39.5 None Poor 

Proposed limits 
for base 

aggregates* 
≤ 10 

≤ 1.5 x mEGDI 
after 5 days 

NA NA 

*As proposed by Leyland et al. (2013).  

 

4.11. Point Load Strength 

Point load strength testing was performed on aggregate pieces from all samples 

according to the ISRM (1985) method to arrive at the corrected point load index (PLI). For 

each sample at least 14 aggregate pieces were tested. After calculating the average PLI 

the values obtained from aggregate pieces that, during loading, broke either along 

obvious pre-existing joints or in any way that may make the results suspect, were 

removed and the average PLI recalculated to determine the effect thereof on the reported 
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values. The results indicate that the quarry materials have limited variability in strength 

and are, on average, equal in strength to the base materials. There was also no 

significant difference in the strengths of the sound and distressed base samples and the 

stockpile material. The effect of potentially erroneous test aggregate pieces was minimal 

but when such errors were removed the results did agree more. The variation in 

individual results within each sample was not consistent and slightly excessive for 

stockpile material.  

The results are in agreement with the observed percentage of primary minerals that were 

altered or at least bordering on an altered mass. Since most primary minerals fell within 

this category the observed poor PLI’s of all materials should be expected. The AIV results 

also indicated that all materials had similar properties under load (albeit impact vs 

sustained loading). The predicted strength based on the general matric properties (before 

point counting) were very inaccurate as these predicted significantly higher strengths for 

the base samples. The DMI results were opposite to these predictions but also not in 

agreement with observed PLI’s since they indicated the quart to be significantly superior 

to the base materials.  

Table 16. Point load strength results  

Sample PLI (kPa) PLI after check (kPa) PLI std. dev. (kPa) 

P3A1 (Distressed) 11 721 11 784 1 816 

P3B1 
(Sound Base) 

9 867 10 346 2 360 

P3C1 (Stockpile) 10 912 11 374 3 861 

P3D1 
(Quarry South) 

11 558 11 558 2 173 

P3D2 
(Quarry North) 

10 119 10 119 2 144 

 

Experience with other dolerite materials indicates that materials that have performed well 

as aggregates have typically had a PLI (measured on quarry boulder samples) of more 

than 12 000 kPa. All these materials are therefore of inferior strength.  

4.12. Water absorption and Dry Bulk and Apparent Relative Density  

The apparent relative density (ARD) and dry bulk relative density (BRD) of both the +4.75 

and -4.75 mm fractions of all samples were all similar with the exception of the distressed 

base material which had a slightly lower BRD for the -4.75mm fraction (Table 17). The 

water absorption value for the -4.75mm fraction of the distressed sample was 

correspondingly higher than that of the other materials. It therefore appears that the fines 
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of the distressed section have a slightly higher surface area and/or have more permeable 

voids within them compared with the other materials.  

The ARD and BRD of the original core sample tested (section 2) was most probably 

tested on a >4.75mm fraction. The values obtained (2.93 and 2.85 respectively) were 

slightly lower than that of the samples tested in this study. The water absorption was also 

slightly higher (1.3 %).   

The small differences in ARD and BRD results indicate a lack of significant impermeable 

pores within the material while the low water absorption values indicate a generally low 

porosity (or low surface area). 

 

Table 17. ARD, BRD and Water Absorption results. 

Sample 

+4.75mm fraction -4.75mm fraction 

ARD BRD 
Water 

Absorption (%) 
ARD BRD 

Water 
Absorption (%) 

P3A1 
(Distressed) 

2.99 2.91 1.0 2.94 2.60 4.5 

P3B1 
(Sound Base) 

2.98 2.89 1.0 2.94 2.70 3.1 

P3C1 
(Stockpile) 

2.97 2.87 1.0 2.93 2.70 3.5 

 

Four pieces of core taken from the quarry boulder samples (two from each) were tested 

and the water absorption results ranged from 0.17% to 0.20%. Experience from other 

dolerites crushed base sources indicate that most materials that have good performance 

have water absorption values of below 0.15% and therefore these quarry material would 

be a poor material.  

The BRD of all core samples was 2.92-2.97 and therefore similar to the distressed 

crushed material. The apparent relative density values were 2.94-2.99 again similar to the 

crushed material. In both cases the P3D2 samples had slightly higher values. 

Again the small differences in ARD and BRD results indicate a lack of significant 

impermeable pores within the material. The relatively high water absorption values do 

however indicate a slightly high porosity (or low surface area). 
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5. DISCUSSION 

5.1 Base 

The base construction process, with respect to densities achieved and the drying times 

allowed, appears to have been to standard and identical for all sections investigated. 

Base course construction processes have therefore most likely not contributed to the 

poor performance. 

The petrographic analyses revealed large amounts of secondary minerals which were 

identified with the help of XRD analyses to be predominantly smectite minerals. The 

smectite contents were determined (by semi-quantitative XRD analyses) to be between 

12 and 25% in all materials tested with no trend to indicate that the secondary mineral 

content increased with time. This, together with the petrographic observations, suggests 

that the dolerite in the intrusion being quarried had been altered to varying degrees 

before quarrying started, resulting in material of different physical properties being 

obtained despite the “unweathered” dolerite appearing relatively uniform and consistent in 

the quarry. Rapid weathering or alteration of the rock has therefore probably not occurred 

in the road. 

The physical durability (interpreted from AIV results) of the materials varied but not by as 

much as the mineralogy suggested they would. The variability in accelerated durability 

(interpreted from glycol AIV testing) was also not extreme but revealed that the durability 

of all but one of the materials (one of the quarry materials) was below the acceptance 

criteria. The accelerated durability was also relatively poorer for materials that had 

undergone construction and some time in service. However, since the mineralogical 

studies indicated that no increase in expansive mineral content occurred after quarrying 

and time in service it is more likely that the reduced durability is due to the reduced 

strength of the rock fabric as a whole resulting from crushing and construction stresses. 

The durability mill index (DMI) testing showed that the PI of the fines did, however, 

increase during crushing but remained constant after stockpiling and construction. The 

material was also seen to weaken with time in service as more fines were released during 

milling. This explains the slightly higher fines contents of the base materials compared 

with the stockpile material. Again it is assumed that construction stresses have resulted in 

further weakening of the rock fabric without further alteration of the mineralogy. 

The mEGDI testing also showed a lower variability in durability than expected based on 

the secondary mineral contents variations. There was almost no correlation between the 

smectite or secondary mineral contents and mEGDI values, probably as a result of a 

significant proportion of the smectite clays still being “locked in” to the original host 

minerals. The distressed base material did have the poorest index while the stock-pile 

and sound base material had similar indices. All the materials however had indices below 

those suggested for use as base aggregates. This is not in agreement with the 10%FACT 
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results which were all acceptable but does agree with the glycol soaked 10%FACT 

results. 

Comparison of the stockpile material and the two base samples revealed that the water 

absorption value for the minus 4.75mm fraction of the distressed area sample was higher 

(1.0-1.4% higher) than that of the other materials despite the relative density of the 

materials being effectively similar. Laboratory testing of the base materials showed that 

the sample from the distressed area had a higher plasticity index and linear shrinkage 

(both above specification limits) than those of the sound base and the stockpile material. 

The percentage of fines (-0.425mm) was also slightly higher (by 2%) in the distressed 

material. The combination of these two factors could have rendered the base to be 

somewhat weaker. The in situ moisture contents of the two base materials sampled were 

very similar and well below the plastic limit and moisture is therefore unlikely to have 

caused a weakening of the base prior to bleeding.  

Table 18 is a summary of the test results relative to the relevant specifications (COLTO) 

and recommendations where no COLTO specification exists. The results clearly indicate 

that the material is less durable after quarrying (failed DMI, mEGDI and glycol 10% FACT 

results) but also that the materials do not show a clear trend of only being substandard 

after quarrying (failed mEGDI and glycol 10% FACT of some quarry materials). Most 

importantly it is shown that the poor performing base material failed two Atterberg Limit 

tests while the sound base did not fail any (but were very close to the limit). The PI of the 

sound base and stockpile material were, however, much higher than the PI of the quarry 

materials (determined during DMI testing) indicating that the PI is increased by the 

crushing process to a marginal level and occasionally to above the specification limit.   

  

Table 18. Summary of test results relative to specifications. 

Sample Grading PI LS 
10% 

FACT 

Glycol 10% 

FACT
#
 

DMI mEGDI 

P3A1 
(Distressed) 

Pass Fail Fail Pass Fail Fail Fail 

P3B1 
(Sound Base) 

Pass Pass Pass Pass Fail Fail Fail 

P3C1 
(Stockpile) 

Pass Pass Pass Pass Fail Pass Fail 

P3D1 
(Quarry South) 

NA NA NA Pass Fail Pass Fail 

P3D2 
(Quarry North) 

NA NA NA Pass Pass Pass Fail 

Specification / 
recommendation 

COLTO* COLTO* COLTO* COLTO* SANRAL* COLTO* Pub* 

#
based on 1 day soaking and not 4 day soaking as specified, results thus optimistic at best. 

*COLTO & SANRAL are G1 specifications, Pub is base specification published by Leyland et al. (2013). 

 

The test results, together with the field observations of smooth planes in the distressed 

areas, the ability to punch stone in the test pits back into the surrounding matrix and the 
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relatively moist condition of the base at the time of inspection all contribute to the 

interpretation that the base material was of marginal quality. 

 

5.2 Surfacing 

The possibility that the bleeding observed is at least in part due to poor seal construction 

has not been investigated in detail but could potentially have contributed to the observed 

bleeding. The rutting appears, however, to be due to the poor base material which is 

essentially shearing, as suggested by the smooth planes. This was confirmed by 

additional observations made on site on the 5
th
 of June 2012 where mounding of sheared 

material was forming adjacent to one of the bleeding and rutting areas (Figure 25). 

 

Figure 25. Mound of sheared material beginning to develop adjacent to bleeding ant rutting. 

Observation of the seal removed from a distressed area and a sound area indicates 

some evidence of punching of the 19 mm aggregate into the top of the base. This would 

be likely if the upper portion of the base was slightly finer and more plastic than the 

remainder.  

It was difficult to identify the actual seal/base interface in the test pit at the distressed 

area but it did appear to be somewhat irregular, typical of a chip that has punched into 

the base course. In addition, the appearance of “stacking” of the 9.5 mm aggregate and 

the paucity of 19 mm aggregate (Figure 11) would suggest that there has been some 

punching of the 9.5 mm stone to the lower part of the seal causing a displacement and an 

upward movement (enrichment) of the binder in the seal. 
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5.3 Remedial action 

Anecdotal evidence indicates that the addition of 1% lime to reduce the possibility of 

marginal quality dolerites deteriorating in service has been effective on various projects in 

the past. Recent experience has also shown that even on non-plastic dolerites a small 

percentage of lime can have an enormous impact on the strength of dolerite bases. The 

reason for this is not fully understood at the moment and the permanency of the effects is 

also not known. 

Experience on this project since the CSIR site visit has indicated that there has, as yet, 

been no deterioration of sections of the road that were treated with 1% lime. This practice 

should therefore be continued. Periodic investigations of the PI of treated materials after 

construction will shed more light on the effect of the lime. One such investigation has 

shown that the lime treated materials have PI values that fall within one of two categories, 

NP or ± 2.5-3.5%. The lime therefore appears to be lowering the PI of poor materials 

(such as the PI=6-7%, bleeding areas) to values similar to the untreated materials that 

have been performing well to date. The PI of the materials that would have been 

approximately 3.5% appears to have been reduced to NP by the addition of lime. 

 
Figure 26. PI values of additional base samples. 

 

During such investigations carbonation testing (phenolphthalein) and pH testing of the 

materials could also be used. There is also little record or experience on how long this 

small quantity of lime will remain in the road before it becomes fully carbonated and the 

pH of the layer decreases to about 8.3, the pH of calcium carbonate.  

Should there be continued development of bleeding (particularly on the base treated with 

lime), it will certainly point to a problem with the seal design or construction. 
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A road in the north of Botswana constructed in 1997 with a non-durable, crushed, 

weathered basalt nominally of G3-G4 quality exhibited similar symptoms of rutting and 

bleeding soon after opening to traffic. The same source of basalt was subsequently used 

as a G4 in Namibia in 2001 modified with 2-3% of road lime (F Netterberg, pers. Comm.). 

Unfortunately, to date Dr Netterberg has been unable to obtain any feedback on the long 

term performance of these roads.  
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6. CONCLUSIONS  

Although there was some evidence that the base and stockpile materials did have poorer 

physical properties than the quarry samples, these trends were not consistent. This and 

the petrographic analyses eliminated the possibility of rapid alteration of the aggregate 

after being placed in the road being responsible for the poor performance observed. The 

materials were, however, shown to be highly variable in physical properties due to the 

inherently variable, but generally high, degree of incipient alteration of the primary 

mineralogy of the dolerite in the intrusion. This variable alteration results in the production 

of a material that generally is of poor durability but occasionally results in the production 

of materials with a marginally acceptable durability  

Comparison of two base samples revealed that the material from a distressed area had 

slightly poorer properties than that of the material from the area that had performed well. 

However, the materials from the area that had performed well were only marginally within 

the specification while the materials from the distressed areas were below specified 

requirements.  

It is therefore believed that although the material being produced from the quarry is 

generally of marginal durability some material is of marginally acceptable durability has 

performed well, at least to date. It is possible that even this material will degrade to an 

extent to which it will no longer perform adequately before the design life of the road is 

reached. The poor performance of the base observed in the majority of sections 

constructed is believed to be due to the slightly higher plasticity of the material and the 

slightly higher percentage of fines in this material. The source of the higher plasticity is 

the high smectite content of the quarry rock which appears to be released during crushing 

and handling before stockpiling. Significant smectitic fines are most probably released 

due to the weathering “rind” on the large columns of rock and due to the joint fill material 

being mixed into the crushed aggregate. The PI is not always increased to above 5% by 

this process but can be increased significantly. Following this the material appears to be 

weakened further by the construction process which results in the production of additional 

(generally non-plastic) fines and further weakening of the material as a base material by 

modifying the grading.  
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7. RECOMMENDATIONS 

  

The current lime treatment should be continued since this appears to be effectively 

reducing the PI of the material after construction. Strict quality control of PI and LS values 

of completed base sections should be performed to ensure that the lime treatment is 

sufficient over the remaining works and that the lime is not consumed by clays already in 

the layer, i.e. there is sufficient lime to react with all the clay in the material and any 

significant amounts produced during construction. The distressed, untreated sections 

should be recycled and lime added to the material during the process. 

Care should be taken during the slushing process to avoid slushing out all the lime. 

Ideally this can be prevented by pre-treating the base with lime by mixing it in the road, 

with water added, and sealing it with one or two passes of a flat roller. After a waiting 

period of at least 24 hours the material can then be ripped and recompacted and then 

slushed. The contractor would claim for such additional works but it is important to ensure 

that the lime is not all slushed out. Determining the PI after slushing with different waiting 

periods between premixing and final compaction and slushing will allow the optimal 

waiting period to be determined.  

The long term performance of the lime treatment should be followed up by testing the pH 

and PI of the materials periodically.  

Should bleeding (without rutting) be observed in any lime modified sections the seal 

performance should be evaluated further.  
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9. APPENDIX A: XRD ANALYSES REPORT 
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1. INTRODUCTION 

1.1. Background 

Site P4 is located in the Northern Cape and Free State Provinces of South Africa with the 

quarry and first test pit being in the Northern Cape but the other test pit and the majority of 

the road under consideration being in the Free State Province. The road was identified as a 

suitable section for investigation after it determined that the quarry used to produce the 

aggregate used in the base layer was located in a Karoo dolerite intrusion and that this 

quarry was still available for sampling. The road was constructed in 2000 and 2001 and 

during the investigation time had not shown any significant signs of distress. A materials 

investigation was therefore performed to determine if the material had been altered in any 

way since construction and if so why this had not led to any failures. Furthermore, if no 

degradation of the material was observed an attempt would be made to determine what 

factors resulted in such superior durability when compared to other dolerites used in similar 

applications. 

1.2. Procedure 

A site visit was carried out on the 8
th
 and 9

th
 of July 2012 during which the quarry and a 

section of the road were visited respectively. Samples of quarry rock boulders and samples 

of the base course layers were collected. The test pits were was located in the outer wheel 

tracks on opposite sides of the road. 

During test pitting the in situ condition of the base course as well as the interface between 

the base course and the subbase were studied. In the first test pit additional data was 

collected which included samples from the subbase, a soil profile down to a depth of 500mm 

and nuclear density gauge readings at 50mm intervals down to a depth of 400mm.  

A comprehensive suite of testing was performed on all base course samples collected to 

determine the variability of material properties and possible causes of the observed road 

distress. The tests performed were: 

 Petrographic analyses of all aggregates 

 Semi-quantitative powder X-ray Diffraction (XRD) analyses of coarse aggregate 

ground to 10µm size 

 Compressive wave velocity of rock material 

 Grading and soil constant analyses of bulk samples collected from base course 

according to methods prescribed in TMH1 A1(a/b), A2, A3, and A4 (1987) (Grading 

and preparation of samples was done using an internal CSIR standard that is not 

published).  
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 Water absorption of core samples collected from boulders from the quarry according 

to methods prescribed in ASTM C 97 – 02. 

 Aggregate impact value (AIV) of all aggregates according to British Standard 812 

(1975) and repeated after 1 day of soaking in Ethylene Glycol. 

 Durability mill index (DMI) of all aggregates according to the method proposed by 

Sampson & Roux (1987) with a standard prepared grading of all samples and 

repeated after soaking material in Ethylene Glycol for 5 days. 

 Modified ethylene glycol durability index testing (mEGDI) of all aggregates according 

to the method proposed by Leyland et al. (2013) 

 Point load index testing according to International Society for Rock Mechanics 

(ISRM) suggested method (ISRM, 1985). 

 

In addition to the above testing, the 10% FACT and aggregate crushing values (ACV) were 

calculated based on the correlations between these values and AIV values as described by 

Sampson & Roux (1982).  
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2. AVAILABLE INFORMATION 

All available information on the site was obtained from the construction records held by 

SANRAL. These records contain detailed information on the construction dates, material 

sources and final quality control data. No material test results were included in these records 

but the materials are classified and as such specified material properties can be deduced.  

The following information was extracted from these records: 

 All base course materials were sourced from a quarry named Great Karoo Crushers 

located on the farm Alexandersfontein 123 which borders Kimberly airport and was 

owned by de Beers at the time of construction. 

 The base course was classified as a G1 material 

 At the location of Test pit P4A1 (section 8 km 5.6) 

 The base layer was 125mm thick 

 Base construction was completed on 30
th
 March 2000 

 A 19/9.5mm double seal was constructed with the first spray being put down in 

May 2001 

 The subbase consisted of two 150mm G5, stabilized with 2.75% cement, 

dolerite layers sourced from borrow pit number 6. 

 At the location of Test pit P4B1 (section 9 km 10) 

 The base layer was 130mm thick 

 Base construction was completed on 12
th
 December 2000 

 A 19/9.5mm double seal was constructed with the first spray being put down in 

March 2001 

 The subbase consisted of two 150mm G5, stabilized with 2.75% cement, 

dolerite layers sourced from borrow pit number 2. 

 

Rainfall information included in these records is shown in Figure 1. The seal construction 

appears to have been done during the wet season but since only monthly rainfall data was 

available it is possible that relatively dry periods within the months were utilized. The long 

(14 month) period between base layer completion and sealing at P4A1 location is due to this 

being a new construction project with no pressure to accommodate traffic. The sections were 

thus all completed before seal construction was initiated.  
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Figure 1. Rainfall data and construction dates obtained from avaiable data. 
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3. SITE INVESTIGATION AND SAMPLING 

3.1. Introduction 

The site investigation consisted of a quarry sampling campaign and a road layer sampling 

campaign. Since all available data was obtained from printed records that contained no 

quality control data it was assumed that target densities and other specifications were 

obtained in all areas of the section and as such sampling sites were selected based on the 

surface condition of the road.  

3.2. Site location and geological setting 

The section of the N8 route under consideration starts just to the east of Kimberley in the 

Northern Cape Province and stretches 28.8 km to the east and therefore ends in the Free 

State Province. The first 5.75 km of the 28.8km (up to the provincial border) is called N8 

section 8 while the rest is part of N8 section 9.  The quarry is located to the southeast of the 

city (Kimberley) closer to another national route (N12). There is a large commercial quarry 

located east of the relevant quarry which is clearly visible from the N12 route. The relevant 

quarry is however located on a private nature reserve and not visible from any public road 

(Figure 2). The climatic N value (Weinert, 1980) in the area is 10.  
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Figure 2. Location of the section investigated and sample points. 

 

According to the available geological map the region is underlain the Dwyka Group and the 

Prince Albert and Volksrust Formations of the Ecca Group (all of the Karoo Supergroup). 

However, current stratigraphy refers to the formation labelled as Volksrust Formation as the 

Tierberg Formation (Johnson et al., 2006)). Isolated outcrops of the thin Whitehill Formation 

(also Ecca Group) occur in the area. The direct country rock around the quarry is however 

Prince Albert formation (micaceous shales with lesser arenites and wackes). To the 

northwest and southwest of the quarry some distant outcrops of Platberg Group 

(Ventersdorp Supergroup) represent the Allanridge Formation (amygdaloidal lavas, 

porphyritic lavas and pyroclastic rocks) and to a lesser extent the Makwassie Formation 

(porpheries and thin tuffaceous rocks). These are inliers since the Ventersdorp Supergroup 

is significantly older than the Karoo Super Group and are generally exposed in lower lying 

areas. The Karoo Supergroup sedimentary units have all been intruded by the Karoo 

Dolerite Suite (Figure 3). 

The dolerite outcrops indicated in Figure 3 form large irregular shaped outcrops that are 

typical of sill intrusions that form slight topographical highs in areas dominated by relatively 

weak and sedimentary strata. The outcrops of the Whitehill Formation are also generally 

associated with small topographical highs were they are still protected by overlying layers 

and not yet removed by erosion. 
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Figure 3. The geological setting of the road section investigated and the quarry location. 

 

The larger scale geological map (1:250 000) shows the quarry to be located in a dolerite sill 

within the Prince Albert Formation (Figure 4). The map also indicates the presence of 

Whitehill Formation outcrops in close proximity and the sill was probably intruded along the 

contact between these two formations. The Whitehill Formation is 10-80m thick and normally 

consists predominantly of black, carbonaceous, pyrite bearing shale but here in this area is 

characterised by siltstone and fine grained sandstone (Johnson et al, 2006). The overlying 

Whitehill Formation is therefore similar but slightly less argillaceous when compared to the 

underlying Pince Albert Formation.  
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Figure 4. Detailed geological map of quarry area. 

 

The regional terrain is described as the central interior plain which covers the majority of the 

Northern Cape Province. The topography is therefore relatively subdued and large areas are 

covered by quaternary sediments. The quarry elevation is 1157m above sea level.  

3.3. Quarry observations and sampling 

The quarry was last actively mined during the construction and there are therefore no 

stockpiles of material available. Full access was however obtained and the faces of the 

quarry could be observed in great detail.  

The general impression of the quarry walls that they varied from large, flat stained faces 

formed by sub vertical jointed areas to blocky faces caused by relatively closely spaced 

joints (Figure 5). Most staining was due to weathering since exposure that had resulted in a 

dusty brown layer on faces. On the larger quarry faces (northern side) there was what 

appeared to be a thin layer that ranged in colour from dark blue grey to white and was 

probably deposited by water infiltrating along joints. All staining was however very superficial 

and did not represent a significant weathering rind. In some areas a thin, highly weathered 

zone was seen at the surface level of the quarry. This zone had typical core stone 

weathering expected in shallow, jointed mafic rock intrusions. Although hard to determine 

intrusion appears to be a sub-horizontal sill with multiple phases in it.  
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Figure 5. Variations in quarry face morphology between northern (left) and southern (right) side of 
quarry. 

 

On the southern side of the quarry some large xenoliths of tilllite were found. These all 

occurred on a similar level and are believed to have been brought up by the intruding 

magma from the Dwyka Group at depth. The matrix of these xenoliths was highly altered to a 

soft micaceous, vesicular clayey material. Within the matrix were a variety of erractics and 

dropstones that were generally also highly altered and rounded. Alteration of Dwyka tillite 

and sedimentary dropstones inclusions would typically be expected due to the high 

temperatures experienced while the xenolith was entrained in the magma. A relatively 

angular erratic of noritic/anorthositic material was also identified. This material was not 

altered which indicates that the temperature induced in the xenolith was not high enough to 

alter such a mafic rock. 
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Figure 6. Occurances of tillite xenoliths with varied drop stone inclusions.  
 

Two samples were obtained from the quarry. The first was collected in the centre of one of 

the large faces on the northern side of the quarry. In close proximity to the sampling location 

(<1m horizontally) was a large, thin and sub-vertical body of highly altered material that was 

wet at the time of sampling. This was most probably a later stage intrusion that was highly 

altered as it occurred on a joint. The boulders collected were however relatively unweathered 

dolerite.  

The second sample was obtained on the southern side of the quarry in a layer slightly below 

the level that contained the exposed xenoliths. One such xenolith was located <5m from the 

sampling location. This sampling point was very highly jointed but this was possibly due to 

blasting.  

 

3.4. Test pit sampling and observations 

Two test pits were excavated to subbase level in order to view the in situ base condition and 

to obtain samples of base material after the construction processes. The first test pit was 

located on the east bound side of the road at km 5.6 (N8 section 8) in the outer wheel track 

and shoulder. At this position a new seal had recently been applied and therefore no surface 

manifestations of any structural deficiencies could be observed. Both wheel tracks did 

however have significant rutting developed (Figure 7). At the test pit position the outer wheel 

track ruts reached a depth of 9mm while in the inner wheel track they were up to 18mm 

deep. Before excavating the test pit a nuclear density gauge was used to measure the 
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moisture content and density of the pavement layers from surface down to a depth of 

400mm at 50mm intervals. Such readings were taken at two positions laterally within the test 

pit area (outer wheel track and shoulder). 

 
Figure 7. Nuclear density measurements being performed at the location of first (P4A1) test pit 
and observed rutting in outer wheel track. 

 

A dynamic cone penetrometer (DCP) was also used at this sampling site both in the outer 

wheel track and in the shoulder. Both probes were successfully performed down to a depth 

of 800mm.  

The test pit was excavated in three steps. Firstly the seal was removed to expose the base 

surface. The base surface appeared to be in a good condition and not excessively loose or 

excessively moist. There appeared to be a good mosaic of stone within the matrix (Figure 8).  
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Figure 8. Surface of base at P4A1 after seal removal. 

  

No further evaluation of the base material was done on site. The base was then removed 

and samples collected. A well-defined contact between the base and subbase was seen and 

the subbase was shown to be approximately (mm thick). The subbase was however 

carbonated as pH indicator testing revealed only the very upper parts to have a weak 

reaction with phenolthalein (Figure 9).  

 
Figure 9. P4A1 soil profile revealing subbase to be carbonated (no phenolthalein reaction). 
 

The second test pit was excavated at km 10 of section 9 in outer wheel track of the 

westbound lane. At this location a new seal had also been applied recently and any previous 

signs of distress were therefore covered. There were generally no ruts present at this 
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location except for minor 2mm depressions. The base surface appeared similar to that of the 

other test pit (Figure 10) and had a good bond with the very upper layer of aggregate 

remaining bonded to the seal. A DCP was used at this sampling site. This was unable to 

penetrate through the base layer. After base samples were collected the DCP probing was 

restarted on the subbase and completed to a depth of 390mm.  

 
Figure 10. Surface of base layer (left) and base material bonded to seal lower surface (right) at the 
second (P4B1) test pit. 
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4. TEST RESULTS 

4.1. Coarse aggregate appearance 

Coarser aggregate particles from the base samples were described according to the “Pick 

and Click” test (Weinert, 1980) which is designed to determine the degree of weathering of 

aggregates. The following three properties of each material are described in this “test”: 

 colour and lustre 

 hardness and consistency 

 state of crystallization 

 
Scores are assigned based on these properties and are then used to determine the 

suitability of the material as road construction material. Scores range from 1 to 4 with higher 

scores being assigned to less favourable property descriptions. 

The properties were the same for all of the materials (Table 1). According to the results all 

materials are suitable for use as surfacing chips or crushed stone aggregate under all 

environmental conditions.  

 

Table 1. “Pick and click” test results 

Sample Source 
Score 

Score Suitability 
Colour Hardness Crystallization 

P4A1 Base  1 1 1 3 Chips/crushed stone 

P4B1 Base 1 1 1 3 Chips/crushed stone 

P4C1 North Face 1 1 1 3 Chips/crushed stone 

P4C2 South Face 1 1 1 3 Chips/crushed stone 
 

4.2. Petrography 

General observations 

From each of the samples two thin sections were prepared by the Council of Geoscience 

(CGS) from two different aggregate pieces. The quarry samples were crushed in the 

laboratory to obtain a full range of aggregate sizes typically present in G1 materials and from 

these one >26.5 mm aggregate piece and one aggregate piece >13.2 mm from each of the 

samples were used to create thin sections. Similar aggregate pieces were obtained from the 

base samples. Thin section analyses were then performed using a petrographic microscope. 

The aim of the analyses was to identify the major mineral constituents and the variability of 

mineralogy of the dolerite. Additionally an attempt was made to identify any petrographic 

characteristics that could possibly lead to rapid degradation of the dolerite. A summary of the 
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observations made are given in Table 2. Visually the overall appearance of the base material 

thin sections was similar to that of the quarry sample sections. There were however 

difference between them as will be discussed below. 

 

Table 2.  Summary of petrographic features observed. 

Thin 
section 
numbe

r 

Source 

Primary minerals 

Matrix Notes 
Texture 

Size 
(mm) 

P4A1-
A 

Base 

Ophitic 
and 

subophiti
c 

1-1.25 

Weak (sercite 
pools, general 

pyroxene 
alteration) 

Clusters of unaltered plagioclase 
with quartz. One filled fracture. 

Primary Phlogopite. Clays 
possible but limited to pyroxenes. P4A1-

B 
1.75-3 

Intermediate (less 
sericite, no 

connectivity) 

P4B1-
A 

Base 

Ophitic 
and 

subophiti
c 

1.25-2 

Intermediate to 
good (pyroxene 

generally altered in 
zones) 

Minor phenocrysts of plagioclase. 
No fractures. Primary Phlogopite. 

Clays possible but limited to 
pyroxenes in P4B1-A. P4B1-

B 

Good (limited & 
isolated 

secondaries) 

P4C1-
A 

North 
Face 

Very 
Ophitic 

and 
subophiti

c 

1.25-2 

Intermediate to 
good (limited 

sericite) 

Minor small clusters of unaltered 
plagioclase. Ophitic grains 

unaltered. Dominant unaltered 
pyroxene. Primary Phlogopite 

P4C1-
B 

Intermediate 
strength (poor 

zones) 

Minor plagioclase phenocrysts. 
Primary Phlogopite. Poor zones 
where altered plagioclase and 

Pyroxene coincide. 

P4C2-
A 

South 
Face 

Rarely 
ophitic 

1.5-
1.65 

Intermediate to 
poor (weaker 

zones) 

No sericite. Minor small clusters 
of unaltered plagioclase. Primary 

Phlogopite. Clays possible. 

P4C2-
B 

1-1.25 
Intermediate to 

good (very limited 
sericite) 

Very limited total plagioclase 
replacement. Ophitic grains are 

unaltered. Minor small clusters of 
unaltered plagioclase. Primary 

Phlogopite. Clays possible. 

 

Once the major minerals present in each thin section were identified the surface area of 

each as a percentage of the total thin section surface area was estimated by visual 

evaluation. The general degree of “weathering” (both deuteric alteration and natural 

weathering) present in all primary minerals was also determined. The estimated mineral 

compositions are given in Table 3.   

 

Table 3. Mineralogical composition based on petrographic estimation. 

Sample Source Pyroxene Mica  Plagioclase Sericite  Opaque minerals Phlogopite 
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P4A1-
A 

Base 
37 5 45 4 7 2 

P4A1-
B 

39 5 44 3 7 2 

P4B1-
A 

Base 
47 5 43 1 3 2 

P4B1-
B 

38 3 49 3 5 2 

P4C1-
A North 

Face 

44 5 41 3 5 2 

P4C1-
B 

44 5 41 5 3 2 

P4C2-
A South 

Face 

41 2 51 0 
4 

2 

P4C2-
B 

42 4 42 3 
5 

4 

 

Following this a formal point counting exercise was performed on each section. At least 500 

points were observed on each section using a PETROG digital stepping stage and 

PetrogLite™ software. At each point the mineral was identified and where primary minerals 

were identified a differentiation was made between those that were unaltered (and not in 

direct contact with secondary minerals) and those that were altered (including those that 

were in direct contact with secondary minerals). The percentage of significantly altered 

primary minerals was added to the percentages of secondary minerals to arrive at the total 

percentages of secondary minerals present. The results are summarized in Table 4. 

 

Table 4. Mineralogical composition (%) of each sample based on petrographic point counting. 

Sample Source 
Pyroxene 

 (poor 
edge) 

Mica, 
pyroxene 

replacement  

Plagioclase 
(poor edge) 

Sericite, 
plagioclase 
replacement  

Quartz  
Total 

secondary 

P4A1-
A 

Base 
10 (27) 1 8 (45) 7 1 80 

P4A1-
B 

14 (26) 1 7 (45) 6 1 78 

P4B1-
A 

Base 
24 (19) 2 7 (40) 7 0 68 

P4B1-
B 

15 (25) 1 6 (45) 6 0 77 

P4C1-
A North 

Face 

21 (27) 3 7(38) 3 0 71 

P4C1-
B 

18 (23) 4 6 (40) 9 0 76 

P4C2-
A South 

Face 

9 (28) 1 6 (51) 3 0 83 

P4C2-
B 

9 (34) 1 7 (46) 2 0 83 

Recommendation (Weinert, 1980) for this climatic region (N=9) No limit 
Notes:  Secondary minerals are Mica, sericite, and all percentages of poor edge minerals 

Opaque mineral content varied from 1-2% 
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The most common minerals identified were the typical primary minerals of a dolerite, 

plagioclase and pyroxene. Plagioclase varied from being generally unaltered (Figure 11A) 

(where not replaced by secondary minerals such as sericite) to generally sericitised. 

Pyroxene grains were very rarely unaltered except in some samples where ophitic grains 

were noted to be unaltered (Figure 11A and D) while non-ophitic grains were generally 

altered to different degrees and in different ways (Figure 11B, E and F). The grains of 

plagioclase and pyroxene were generally of similar sizes but in many samples the 

plagioclase grains were slightly larger (mainly elongated) and clusters of relatively unaltered 

plagioclase phenocrysts, commonly mixed with interstitial quartz, occurred in many samples 

(Figure 11C). Primary opaque minerals and phlogopite were present in most samples as 

accessory minerals as the sum of these was shown to make up less than 5% of any sample. 
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Figure 11. Common mineral apperances A: Ophitic unaltered pyroxene and rare unaltered 
plagioclase laths, B: sericite replacement of plagioclase and generally altered pyroxene, C: cluster 
of unaltered plagioclase phenocrysts with possible quartz grains, D: large unaltered ophitic 
pyroxene grains, E: Total (but isolated) alteration of pyroxene to brown mica and F: generally 
altered zones containing serricite pools and highly altered pyroxene grains which in places may 
have formed smectite clays. All images are under crossed polars and at 40x magnification. 

 

The grain size on the microscopic scale did not differ significantly. This can be seen when 

typical images of the thin sections, taken at the same scale, are compared (Figure 12). 

Some materials thin sections did have larger pyroxene grains but such variations were 

present in all samples (i.e. within subsamples) and therefore represent common slight 

variations in grain sizes. Isolated, small grains of myrmekite were observed in one thin 

section. 
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Figure 12. Typical images of thin sections from each sample (40x Magnification, XPL) 
 

As mentioned above, primary minerals were often replaced by secondary minerals. These 

alteration products occurred in varying proportions and included the following: 

 Sericite: replacing mainly plagioclase to different degrees in all samples. This 

mineral was identified as sericite (probably muscovite) due to its fine grained, 

almost fibrous habit, birds eye extinction, and relatively high birefringence. The 

generally green colour of the “pools” of sericite could indicate it to be chlorite but 

the higher interference colours are typically not indicative of chlorite. 

 Dark micas: referred to as “mica” due to the inability to identify if it was in fact 

biotite or not. This mineral was generally dark brown to yellow brown, pleochroic 

and had a typical birds eye extinction of a mica mineral. Although the cleavage was 

generally well developed some areas within some examples did not have a typical 

mica texture to them. This mineral was isolated within large altered pyroxene 

grains either as a patch replacement or as a alteration product along joints within 

the pyroxene grains. The mica was therefore was not well distributed throughout 

the sections observed. This alteration product did not make up a significant 

percentage of the materials but was consistently present and in many samples 

some occurrences appeared have to further altered to a very dark mineral 

suspected of being smectite clay. 
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Comparison of materials 

The petrographic analyses (estimates and point counting) had similar results (average 

difference of 3.5% and maximum difference of 11%) revealing the materials from the base to 

have similar mineralogical compositions and that there is limited variability in mineralogy 

between different subsamples (Table 3, Table 4 and Figure 13). Comparing the average 

mineralogical composition of the base materials (P4A1 to P4B1 in Figure 13) the mineralogy 

is very similar except that the P4B1-A subsample has almost even percentages of pyroxene 

and plagioclase (if not more pyroxene) while all other base subsamples have slightly more 

plagioclase than pyroxene. Similar ratios are, however, seen in the northern quarry A 

subsample and as such represent a common variation in the mineralogy within the quarry. 

The secondary mineral contents also show good agreement between the estimates and 

point counts with the exception of small general underestimations of sericite and over 

estimations of mica by estimations. This is expected due to the occurrence of sericite as 

small veins and small pools in some places which are not clearly seen when make estimates 

at lower magnification levels. The quarry samples vary slightly as the northern sample has 

more mica and sericite. There is no evidence that additional secondary minerals have 

formed during the materials time in service as the base sample mica and sericite contents 

were within that observed in the quarry samples.  

 
Figure 13. Comparison of mineralogy as determined by estimation and point counting. 
 

The point counting results are therefore assumed to represent the actual mineral 

compositions and for ease of further analyses the average of the two sub sample 

compositions will be used to define each sample (Table 5). The quarry samples therefore 

have plagioclase/pyroxene ratios that range from unity to >1 while micas and sericite make 

up 4 to 10 % of the material. In the quarry materials 86-88% of plagioclase grains were 
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altered or bordering on a mass of altered material while the range of pyroxene that was 

altered was much larger (56-78%). This agrees with the visual observations where 

plagioclase was noted as generally altered but the pyroxene had a range of alteration that 

included unaltered materials. 

The base samples were similar in primary composition, range of primary mineral alteration 

and secondary mineral occurrences (Table 5). 

Table 5. Average mineralogical composition of each material based on point counting results (from Table 4). 
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P4A1 Base 39 67 1 53 86 7 80 

P4B1 Base 42 53 2 49 87 7 73 

P4C1 
North 
Face 

45 56 4 46 86 6 74 

P4C2 
South 
Face 

40 78 1 55 88 3 83 

Recommendation (Weinert, 1980) for this climatic region (N=9) No limit 

Notes: Opaque minerals omitted thus totals may not equal 100% 

 

Based on the observations the material has not undergone any rapid alteration of minerals 

during the crushing, constructing and long (12 years) in service periods. It is, however, clear 

that the material from the quarry has a generally altered mineralogy with common 

sericitization of plagioclase (locally totally replaced) and variable degrees of alteration of 

pyroxene (locally replaced by micas). Although Weinert (1980) does not prescribe a limit to 

the amount of secondary minerals in the climatic region and the actual secondary mineral 

counts are ≤10% (which is acceptable in any climatic region (Weinert, 1980)) the highly 

altered nature of many primary grains is expected to make the aggregate relatively weak and 

therefore prone to disintegration (mechanical degradation). However based on the variations 

in the degree and distribution of the alteration and secondary mineral products (as noted in 

the visual inspections) aggregate strengths are expected to range from low to high.  

 

4.3. X-ray diffraction analyses 

X-ray diffraction analyses were carried out on crushed aggregate pieces from each of the 

samples and analyses were then repeated using the same material after exposure to 

ethylene glycol and once again after heating to 550°C. Results from the untreated material 

are used to identify the major phases present in the material while the results obtained after 

the two separate treatments are used to confirm the presence of minerals that have 

overlapping diffraction peaks when untreated. After the mineral phases present have been 

confirmed the diffractogram from the untreated material is used to estimate relative phase 
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amounts (weight %) using the Rietveld method. The detailed report supplied by the XRD 

laboratory is included in Appendix A.  

The results (Table 7) indicate that the mineralogy of the different samples is very similar. 

Trace amounts of quartz, kaolinite and smectite clays were found in almost all samples. The 

primary mineral composition is very consistent with plagioclase being dominant over 

pyroxene in all results. This is different to the point counting results in which some 

subsamples were seen to have almost equal percentages of plagioclase and pyroxene. The 

XRD results also reveal the occurrence of two separate pyroxene phases, one a 

clinopyroxene and the other an orthopyroxene. The orthopyroxene was only present in small 

amounts (<10%) and is probably the relatively unaltered, ophitic pyroxene identified in the 

visual inspections. Very small amounts of calcite were identified in all samples (≤2%) and 

this is believed to be a secondary mineral precipitate caused by ground water and not be of 

any significance. 

 

Table 6. XRD analyses results 

Sample 
Clino-

pyroxene 
Plagioclase 

Ortho-

pyroxene 
Chlorite Muscovite Magnetite Quartz 

Kaolinite/ 

Smectite 

P4A1 
Base 

29 56 6 3 2 <1 1 <1 / <1 

P4B1 
Base 

28 56 8 3 2 0 1 <1 / 0 

P4C1 
North 

33 55 4 2 2 0 1 <1 / <1 

P4C2 
South 

30 52 7 5 1 1 1 <1 / <1 

 

These results generally agree with the point counting results except for the lack of any brown 

mica minerals identified by the XRD analyses. The seritce identified as part of the point 

counting analyses was most likely a mixture of chlorite and muscovite which is confirmed by 

the similarity of the results shown in Table 7. In Figure 14 the general differences in results 

are seen as slightly lower pyroxene and higher plagioclase contents reported by XRD 

results. Once again the absence of mica in the XRD results is problematic. Some of the 

yellow brown mica minerals that replaced pyroxene may be slightly iron poor chlorite. If the 

mica % is added to the sericite percentage (point counting results) the differences between 

these values and that of the chlorite + muscovite (XRD results) becomes larger and therefore 

does not solve the problem. The XRD results also reported lower opaque mineral contents. 

The point count probably considered some highly sericitized plagioclase as sericite while the 

XRD revealed such minerals to, crystallographically, be plagioclase. This would explain the 

lower sericite and higher plagioclase contents reported by XRD analyses. In the south quarry 

sample (P4C2-B) this pattern is reversed, possibly indicating that within these materials the 

sericitized plagioclase grains are all close to being altered to such an extent that they begin 
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to be, crystallographically, mica or chlorite. The fact that only trace amounts of clays were 

identified by XRD analyses indicates that the dark accumulations of alteration products 

suspected of being smectite clays were generally not clays except in very isolated 

exceptions. 

 

Table 7. Comparison of XRD and point counting (PC) results 

Sample Pyroxene (XRD/PC) Plagioclase (XRD/PC) 
Chlorite + Muscovite (XRD) / 

sericite (PC) 

Mica 

(XRD/PC)  

P4A1 
Base 

35 / 39 56 / 53 5 / 7 0 / 1 

P4B1 
Base 

36 / 42 56 / 49 5 / 7 0 / 2 

P4C1 
North 

37 / 45 55 / 46 4 / 6 0 / 4 

P4C2 
South 

37 / 40 52 / 55 6 / 3 0 / 1 

 

As with the point counting results the XRD results show no significant differences between 

the base samples and the quarry material. This is further evidence that no significant 

alteration has occurred since the materials were removed from the quarry and placed in the 

pavement layers.   
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Figure 14. Comparioson of point counting and XRD results (sericite = chlorite + muscovite) 
 

4.4. Petrography discussion 

The misinterpretation of chlorite as a mica is not significant with respect to the aggregate 

durability implications as both are secondary minerals which result in a weaker mineral 

skeleton and therefore a mechanically weaker aggregate. The differences between sericite 

and smectite clay are, however, more significant as even though both are secondary and 

weaken the overall mechanical properties of the aggregate pieces, smectite minerals will 

also cause tensional stress within aggregates due to hydration and consequent expansion. 

The fines released by crushing aggregate that has a higher smectite content will also be 

more plastic. This misinterpretation of mineralogy has been observed before in a previous 

investigation by Paige-Green and Semmelink (2000) when what appeared visually to be 

biotite was shown, by XRD, to be smectite. This is however not the case with these materials 

and XRD results generally confirmed the point counting observations. What is more difficult 

to quantify is the percentage of secondary minerals present. The point counting results 

showed a large percentage of grains to be highly altered or bordering on secondary mineral 
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masses which is believed to cause significant weakening in the aggregates. It is therefore 

expected that a significant amount of the aggregate particles would be weak when exposed 

to crushing forces during construction and in service. The actual content of deleterious 

secondary minerals, especially smectite clays, was however shown to be very low and 

therefore the exposure of the material to the atmosphere and moisture changes is not 

expected to result in the material becoming any weaker. Any fines produced by the predicted 

breakdown during construction and in service stresses is also not expected to be plastic and 

as such the pavement layer should not lose strength excessively as a consequence of this 

breakdown. Finally the lack of additional alteration after exposure by quarrying and crushing 

indicates that the material properties should be relatively unchanged.  

Whilst not part of any current specification it has been suggested that up to 10% smectite 

might be tolerable for a “pavement material” (Weinert, 1980). However Dr F Netterberg 

(personal communication) considers that more than about 5% as risky if the material is to be 

used as a surfacing stone or a base course aggregate. Considering the poor reproducibility 

of the methods used to determine the smectite content it is probably not possible to set a 

firm limit on the smectite content but all the materials tested seem to be well within these 

proposed limits.  

4.5. Sonic velocity 

According to Kilic (1995) alteration of diabase from Turkey had a very significant effect on 

the compressive wave velocity and the dynamic modulus of elasticity of the materials. The 

compressive wave velocity could only be determined on quarry material as cores are 

required. The quarry boulder materials had compressive wave velocities of 6530 m/s (north 

face) and 6757 m/s (south face) which according to the results from Kilic (1995) would be an 

unaltered material (≥5000 m/s). Experience from other dolerites crushed base sources 

indicate that most materials that have good performance have compressive wave velocities 

of above 6000 m/s (average of 6400m/s) and as such this quarry material is most probably 

of superior quality. 

4.6. Grading and soil constants analyses 

The grading of the base materials analyses revealed the materials to have very similar 

grading curves (Figure 15 and Figure 16). For the sand fractions (<2 mm) the materials were 

identical and within the specifications (TRH14 G1/G2 specification). For aggregate sizes 

larger than 2 mm the cumulative percentages differ since the first (P4A1) base material had 

3% oversize material (>37.5 mm) which puts it slightly out of specification. The actual 

differences in percentages retained on any one sieve were however never >2% (except for 

the 3% difference on 37.5mm sieve).   

It is very possible that all materials were slightly oversize to start with and that material 

breakdown was for some reason slightly more at the second sample location resulting in a 
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change in grading. Interestingly, for this to have happened in a way that resulted in the 

observed gradings, no fines would have been produced during the breakdown process. 

Either way the change in grading is very minor and is unlikely to have resulted in any loss of 

strength. 

 
Figure 15. Grading curves and grading results for the base samples. 

 

 
Figure 16. Grading curves of base and stockpile materials on semi log graph. 

 

The coarse sand ratios of the base materials were 51 and 49 and therefore similar but on 

opposite sides of the maximum specification (Table 8). Due to the accuracy associated with 

grading analyses these values can be assumed to be equal and marginal. 
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The <0.425mm material in both quarry samples was non-plastic (NP) and the Plasticity Index 

(PI) of the <0.075mm material was low (1.3-1.5%). The PI (<0.425mm) material was also low 

(1.2%) (Table 8). Such small PI values make the fact that the quarry samples were NP and 

the base samples not insignificant. In fact in a duplicate test of a subsample obtained from 

the P4A1 material (as part of other research) no plasticity could be determined (i.e. NP). The 

Linear Shrinkage (LS) values of all materials were also very low and within the specification. 

The materials are therefore similar with respect to soil constants and Atterberg Limits 

indicating that any fines that may have been produced in base materials have not been 

altered in service. The low PI and LS values will result in a material of adequate shear 

strength. 

 

Table 8. Soil constant results 

Sample PI Coarse sand ratio LS 

P4A1 
Base 

1.2 51 0.66 

P4B1 
Base 

1.2 49 0.65 

P4C1 
North face 

1.3* NA 0.65 

P4C2 
South face 

1.5* NA 0.65 

Specification 
(Colto G1) 

≤ 4 / 12* 35-50 ≤ 3.00 

*when PI is determined on -0.075mm fraction because -0.425mm fraction is NP.  

It is worth noting that GAUTRANS (1994a, b) requires that all weathered basic igneous rocks 

used for base or subbase be stabilized down to non-plastic (NP). In the opinion of Dr F 

Netterberg (pers. comm), basic rocks used for any base course should have a maximum PI 

of 4% (preferably NP), and a PI x P425 of ≤ 100 (preferably ≤ 80) and a PI x P075 of ≤ 45 

(preferably ≤ 25). The base materials satisfied all these requirements comfortably (Table 9).  

 

Table 9. PI multiplied by soil faction results. 

Sample PI x P0.425 PI x P0.075 

P4A1 
Base 

14 7 

P4B1 
Base 

16 7 

P4C1 
North face 

NA NA 

P4C1 
South face 

NA NA 

Recommendation ≤ 100 or ≤ 80 ≤ 45 or ≤ 25 
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The grading and soil constant analyses therefore indicate that all materials are adequate for 

use as G1 base course material and that no significant differences exist between the “fresh” 

quarry material and the in service pavement material. 

4.7. Aggregate Impact Value 

The standard aggregate impact values (AIV), i.e. not glycol soaked results, for the samples 

showed that the quarry sample and all base materials had similar AIVs (and therefore also 

similar 10% FACT values) (Table 10) and all AIV’s were within the specified limits. The AIV 

of the P4A1 material was however slightly lower than that of the P4B1 material. There was a 

small difference in AIV between the two quarry samples with the material from the north face 

being slightly poorer than the south face. Having said this, the highest AIV (lowest 

10%FACT) was that of the first base sample and this was still significantly in excess of that 

required by the G1 material specification (Table 10).  

 

Table 10. AIV results and other properties derived from AIV results 

Sample Treatment AIV 10% FACT* ACV* 
Glycol/Dry 

10%FACT Ratio (%) 
Glycol/Dry 
ACV ratio 

P4A1 
Base 

Normal 10.1 409.3 9.9 

103 96 

Glycol 9.7 421.6 9.5 

P4B1 
Base 

Normal 8.6 453.7 8.4 

95 109 

Glycol 9.3 432.4 9.1 

P4C1 
North face 

Normal 8.1 469.2 7.9 

81 141 

Glycol 11.2 378.1 11.1 

P4C2 
South face 

Normal 7.4 493.8 7.1 

92 117 

Glycol 8.5 455.8 8.3 

Specification 
(G1) 

Normal NA ≥ 110 ≤ 29 ≥70
#
 NA 

*Based on AIV value according to correlations reported by Sampson & Roux (1982): 

           (      (        ))                                        (        )      
#
 SANRAL specification for 4 day glycol soaked 10%FACT  

 

Ethylene glycol soaking was performed for only 24 hours and as such the ratio of the 

standard to glycol 10%FACT values cannot be compared with the SANRAL specification 

(Table 10). However, the 24 hour soaking would only give a lower or similar AIV (and 

therefore higher 10%FACT) values than 4 day soaking and as such the glycol/dry 10%FACT 

ratios obtained can only be higher than what the 4 day soaking results would be. 

Considering this conservative nature of the one day soaking results the results still indicate 
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that the material is generally resistant to weakening due to expansive mineral forces as the 

glycol/dry 10%FACT ratio was well in excess of the required 70%.  The glycol actually had 

no effect on the first quarry material (ratio of 103%) and only a slight effect (95%) on the 

second base material. The quarry materials had slightly more weakening due to glycol with 

the north face having a ratio of 81%.  

Since AIV without glycol treatment is a test of physical durability (i.e. resistance to 

disintegration by attrition) the results show that only a slight variation in physical durability 

exits between materials. The material has therefore degraded only very slightly during or due 

to the construction process and in service time. Therefore rapid degradation of physical 

strength due to weathering is unlikely to have occurred.  

Glycol AIVs, when compared with normal AIVs, are an indication of the susceptibility of a 

material to undergo a reduction in physical durability due to the expansion of swelling 

minerals such as smectite and resulting general loss of physical strength of the aggregate. 

The results therefore indicate that after undergoing construction and more than 10 years 

under traffic the material is no more susceptible to a reduction in physical durability due to 

expansion of minerals than it was before. Since the mineralogy studies (section 4.4) did not 

indicate an increase in expansive minerals after quarrying and construction this is expected. 

The variability in glycolation effects between the two quarry samples is however not 

expected since all previously mentioned tests showed these materials to have similar 

properties. 

4.8. Durability Mill Index 

The Durability Mill Index (DMI) samples and subsamples were prepared with a standard 

grading that is within the TRH14 grading requirements. This was performed to make 

comparison of all DMI results possible. The results indicate that the durability of the quarry 

materials is well above the required specification and similar to that of the base materials, 

(Table 11).  

Since the DMI is based on both the PI and the grading of the material and the grading of all 

samples was made to be equal before DMI testing it is interesting to investigate for 

differences in these values. The similar DMI values are due to similar maximum p0.425mm 

and similar PI.  The fines released during milling therefore appear to not only be similar in 

amount but similar in plasticity. 

When comparing the maximum change in p0.425mm due to the DMI milling, relative to the 

un-milled A subsample p0.425mm, the P4A1 base sample appears to have to have 

disintegrated significantly more. The isolated lower A subsample p0.425mm and the 

similarity in maximum p0.425mm produced by the milling process indicates that the A 

subsample p0.425mm may be inaccurate. The change in this sample is therefore probably 

similar to those experienced by the other samples and therefore all materials were within the 

specification of 8 percentage points. Excluding this sample the minimum p0.425mm values 
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were all in excess of the 16.5% at which the samples were prepared. This was most likely 

due to the base materials not being “cleaned” properly during sample preparation resulting in 

fines being stuck to larger aggregate pieces due to suction. Such materials would be 

liberated during wet milling and sieving thus giving a higher total for the percentage passing 

the 0.425mm sieve. 

The actual physical durability of the material does not seemed to have changed much and 

was equal for all materials (as also indicated by AIV results in section 0).  

While the COLTO DMI limit (and the current SANRAL limit) is 125 this is probably too high 

since Sampson and Netterberg (1989) and other sources have shown this limit to predict a 

50% chance of good and 50% fair performance. A maximum limit of 90, as adopted by TRL 

(1993) should be used to predict 100% probability of good performance and a 100 for 90% 

probability (F. Netterberg, pers comm.). Even when the more conservative limit is considered 

the materials are all well within the specification.  

     

Table 11. DMI results and comparison with grading results 

Sample 

DMI testing results In situ results 

DMI PI 
% Passing 
0.425 mm 

Max ∆P425 
relative to A* 

PI x 
P425 

PI 
% Passing 
0.425 mm 

PI x 
P425 

P4A1  
Base 

37 1-2 15-24 9.3 17-37 1.2 14 14 

P4B1  
Base 

32 1 18-23 4.9 21-32 1.2 16 16 

P4C1 
North face 

31 1^ 18-23 5.1 20-31 
1.3
^ 

NA NA 

P4C2 
South face 

35 1-2^ 17-22 4.5 23-35 
1.5
^ 

NA NA 

Specification 
(SANRAL 
G1/G2) 

≤ 125 ≤ 4/6 
≤ 8 percentage points 
above original P425* 

≤ 100 
or  

≤ 80
#
 

≤ 6 11-24 
≤ 100 

or 
≤ 80

#
 

*original P425 was prepared to be 16.5% but varied as shown above by minimum values which were obtained from 
unmilled (A) sub-samples. 
#
see section 4.5 

^Non plastic <0.425 fraction thus PI performed on <0.075 fraction (COLTO limit ≤12)  
 

The insitu results (Table 11) indicate that the % of material passing the 0.425mm sieve in the 

field had not reached the high values produced by the DMI testing (potentially due to lower 

initial p0.425 values). Although not currently a standard test, and no proposed limits have 

been set, DMI testing was performed on samples after the >2 mm fraction had been soaked 

in ethylene glycol for 5 days. As expected the DMI values increased after this treatment 

(Table 12). The ratio of the normal DMI to the glycol DMI was 0.7 for the base samples and 

0.9 for the quarry samples indicating that effects were more pronounced on the base 

materials. All glycol DMI values were however in excess of the specifications of 125 (and 

90). The changes in DMI due to glycol were due to a combination of small increases in the 
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p0.425 and PI after glycol treatment. The increases were however all less than 1% and are 

therefore more likely within the accuracy range of the grading analyses and plasticity index 

determination. In fact the maximum p0.425 of the P4B1 sample actually decreased after 

glycol treatment. The differences in DMI due to glycol treatment are therefore insignificant or 

at very slight. The consistent increase in PI after glycol treatment, albeit small, is however 

strange. 

In summary the normal DMI results show that the materials are all very similar in physical 

durability under all conditions while the glycol DMI results show that all materials are only 

slightly susceptible to breakdown due to the expansion of clay minerals. The base materials 

produced the same amount of fines as the quarry materials after glycolation, which is in 

agreement with the AIV results. The fines of the base materials were however very slightly 

more plastic. The variation of glycol effects on the quarry samples seen in the AIV tests were 

not observed here. 

 

Modified DMI (mDMI) 

Since the absolute change in p0.425 mm relative to the A sample is the actual significant 

parameter (as opposed to the actual 0.425 mm) a modified DMI (mDMI) parameter can be 

determined for all samples by multiplying the maximum observed change in p0.425 mm by 

the maximum observed PI for each sample. This can also be done for the glycol DMI results 

using the maximum change in p0.425 mm relative to the A subsample of the untreated tests. 

The results (Table 12) show how similar the materials are and confirm the negligible effect of 

glycol treatments (remembering the suspected error in the P4A1-A subsample grading). The 

results do also agree with the AIV results which showed the P4A1 sample to be slightly 

weaker. It is believed that the mDMI will correlate better with performance than the standard 

DMI. 

Table 12. DMI and glycol DMI results  

Sample DMI 
Glycol 
DMI 

Normal / 
glycol 

DMI ratio 

∆ max 
p0.425 mm 
after glycol 

∆ max 
PI after 
glycol 

mDMI 
Glycol 
mDMI 

Normal / 
glycol 
mDMI 
ratio 

P4A1  
Base 

37 51 0.7 0.1 0.6 14 20 0.72 

P4B1  
Base 

32 47 0.7 0 0.7 7 9 0.70 

P4C1 
North face 

31 37 0.9 0.5 0.2 7 9 0.79 

P4C2 
South face 

35 39 0.9 0.4 0.2 7 9 0.83 

Specification 
(SANRAL 
G1/G2) 

≤ 125 NA NA NA NA NA NA NA 
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4.9. Modified Ethylene Glycol Durability Index 

The modified Ethylene Glycol Durability Index (mEGDI) (Leyland et al., 2013) assigns a 

score to each of 40 pieces of aggregate soaked in ethylene glycol depending on the nature 

and degree of degradation of each piece. These scores are then weighted and added to 

obtain an index value for that material. Indices are calculated based on observations after 5 

and 20 days of soaking and used to characterise the durability of the material. The method is 

therefore different from that originally proposed by the US Army in about 1949 (Corps of 

Engineers, 1969), which relied on changes in grading of larger samples due to soaking, and 

that used during construction of the Lesotho Highland Water Project in South Africa (OSC, 

1986), which determined an index value based on the degree of disintegration observed on a 

single cylindrical drill core. 

All tests were repeated and the results (Table 13) show very good repeatability (for the 

mEGDI test) but also results that mirror the results produced by the glycol AIV and glycol 

DMI results in which no significant weakening was seen due to glycol soaking. The variation 

in glycol effects on the quarry materials that was observed in the AIV results is however not 

seen here. 

Most samples only experienced isolated spalling that did not progress to further degredation 

with time. The one base sample did show one disintegrated particle and one quarry sample 

did show a split piece of aggregate. The very isolated occurrence of splitting is expected 

since only one filled fracture was observed in all the thin sections studied (Table 2). 

 

Table 13. mEGDI results 

Sample mEGDI 20 Day mEGDI Suitability Long term durability 

P4A1  
Base 

0-0.5 0-0.5 All aggregate Acceptable 

P4B1  
Base 

0.5-2.5 0.5-3.0 All aggregate Acceptable 

P4C1 
North face 

0-0.5 0.5-1.0 All aggregate Acceptable 

P4C2 
South face 

0-1.5 0.5-1.5 All aggregate Acceptable 

Proposed limits 
for base 

aggregates* 
≤ 10 

≤ 1.5 x mEGDI 
after 5 days 

NA NA 

*As proposed by Leyland et al. (2013).  

 

4.10. Point Load Strength 
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Point load strength testing was performed on aggregate pieces from all samples according to 

the ISRM (1985) method to arrive at the corrected point load index (PLI). For each sample at 

least 14 aggregate pieces were tested. After calculating the average PLI the values obtained 

from aggregate pieces that, during loading, broke either along obvious pre-existing joints or 

in any way that may make the results suspect, were removed and the average PLI 

recalculated to determine the effect thereof on the reported values. The results indicate that 

the quarry materials have variable strengths which, on average, equal those of the base 

materials. This may indicate the base aggregate is a good mixture of the quarry phases. The 

effect of potentially erroneous test aggregate pieces was minimal. The variation in individual 

results within each sample was not consistent and slightly excessive for P4A1 material. 

The results are in agreement with the petrography observations which did not reveal 

significant differences between the base and quarry materials. The petrographic evaluations 

also did reveal that a high variety of strength would be encountered due to variable degrees 

of alteration. The DMI results are similar to the PLI trends while the AIV results showed the 

P4A1 base material to be slightly weaker than other materials 

Table 14. Point load strength results  

Sample PLI (kPa) PLI after check (kPa) PLI std. dev. (kPa) 

P4A1  
Base 

12 008 12 615 3 493 

P4B1  
Base 

12 246 12 246 3 165 

P4C1 
North face 

10 318 10 318 2 763 

P4C2 
South face 

14 633 14 633 2 330 

 

Experience with other dolerite materials indicates that materials that have performed well as 

aggregates have typically had a PLI (measured on quarry boulder samples) of more than 

12 000 kPa. The P4C1 boulder material is therefore below this value while the other boulder 

is well in excess of this value. 

4.11. Water absorption 

Experience from other dolerite crushed base sources indicate that most materials that have 

good performance have quarry materials with water absorption values of less than 0.15%. 

The quarry material had water absorption values of 0.09% and 0.07% (P4C1 and P4C2 

respectively). The quarry materials therefor appear to be very impermeable and have low 

surface porosity. 
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The bulk relative density (BRD) of all core samples was 2.97 and the apparent relative 

density (ARD) values were all 2.98. The difference was therefore only 0.01 indicating a lack 

of significant permeable pores within the material while the low water absorption values 

indicate a generally low porosity (or low surface area). 

4.12. Road indicator results 

Analyses of the base material using standard road construction material characterization 

tests provided the following information: 

 Mod Maximum dry density: 2528 kg/m
3
 

 Optimum moisture content: 5.3% 

 % Swell: 0.0% 

 CBR: 246.4 at 100% Mod AASHTO density 

 CBR: 205.0 at 98% Mod AASHTO density 

 CBR: 102.0 at 93% Mod AASHTO density 

 BRD (>4.75mm fraction) : 2,969 kg/m
3
 

 ARD (>4.75mm fraction) : 3,017 kg/m
3
 

 Water absorption (>4.75mm fraction): 0.5% 

 BRD (<4.75mm fraction) : 2,842 kg/m
3
 

 ARD (<4.75mm fraction) : 3,007 kg/m
3
 

 Water absorption (<4.75mm fraction): 1.9% 

The values for the coarse fraction agree with those obtained on quarry core samples and 

therefore shows that the porosity (surface and permeable) of the material has not changed 

significantly. The water absorption value is however much larger. Experience has shown that 

core water absorption values are almost always very low and therefore are not comparable 

with those measured on aggregate particles. The aggregate value of 0.5 is still below the 

specification limit for asphalt aggregate of 1.0% (TRH14). The same specification is however 

1.5% for the fine aggregate proportion and the fines are therefore in excess of that (1.9%).  

Considering the grading of the material (section 4.6) and weighting the ARD accordingly the 

ARD of the P4A1 base material is 3.013 kg/m
3
 and to reach the G1 compaction specification 

(86-88% apparent density) the field density would have to be 2,591-2,651 kg/m
3
. Similar 

information obtained from subbase (stabalized G5) sample indicate that the required density 

of the subbase (93% Mod. AASHTO) is 2017.6kg/m
3
.  
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4.13. In situ measurements 

Before excavation of the test pit a strata nuclear density gauge was used to measure the 

moisture content and density of the materials at 50mm intervals down to a depth of 400mm 

at two locations, the road shoulder and the outer wheel track. The results are summarized in 

Table 15. The moisture content of the pavement layers increases gradually with depth and 

does not vary significantly laterally until depths below 200mm where the shoulder materials 

have a higher moisture content. The moisture content determined by gravimetric analysis of 

material collected between 10-100 mm (base) and 160-250 mm (subbase) was 2.4% and 

8.7% respectively. The strata gauge values therefore confirmed as accurate. Similar 

gravimetric moisture content determination was done on a base sample from P4B1 base 

material and yielded a result of 2.2%. This is therefore in agreement with that of the P4A1 

base material and both layers are therefore well below optimum moisture condition. The dry 

densities of the layers do not vary laterally and are generally >2000 kg/m
3
 above 200mm and

 

<2000 kg/m
3
 below 200mm.  

 

Table 15. In situ measurements at different depths and lateral positions in test pit location 

Depth 
(mm) 

Moisture content (%) Dry density (kg/m
3
) 

Shoulder Outer wheel track Shoulder Outer wheel track 

50 2.64 2.64 2450 2513 

100 2.36 2.35 2507 2516 

150 3.25 3.42 2445 2352 

200 5.8 5.69 2176 2123 

250 9.82 9.30 1983 2065 

300 13.92 12.62 1860 1959 

350 14.65 14.15 1896 1813 

400 13.88 12.47 1883 1879 
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As part of a long term pavement monitoring research program the moisture content at the 

P4A1 position was monitored for two years prior to the site investigation and for 5 months 

after the investigation. The data collected (Figure 17) show that the moisture contents in 

Table 15 are typical for this pavement and location and that the moisture content typically 

does not vary by more than 1% in the base and by approximately 1.5% in the subbase. 
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Figure 17. Moisture variations with depth at P4A1 test pit location in shoulder (top) and outer 
wheel track (bottom) as recorded between July 2010 and October 2012. 
 

After the test pit was excavated a soil profile was logged to determine the thickness and 

state of each pavement layer. The layers were also tested using phenolphthalein to 

determine the pH and therefore the presence or absence of free CaO
+
. A pink colour 

indicated free CaO
+
 and that the cement stabilizer has not been carbonated to CaCO2. In 
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Figure 18 it is clear that the subbase layer has carbonated as only a very small area 

(approximately 20mm below the base/subbase contact) turned pink. 

 
Figure 18. Soil profile exposed in P4A1 test pit. 

  

The profile log (Figure 19) shows the base layer to be 150mm thick (not 125mm as stated in 

construction records) and to have a medium dense consistency. The densities observed 

above therefore confirm the soil profile with intermediate readings at 200mm depth being 

due to the strata gauge being affected by both layers when close to the contact. The 

subbase was thicker than 300mm (at least 360mm) and also had a medium dense 

consistency. This layer was fully carbonated, as indicated by lack of phenolphthalein 

reaction, which explains the weak consistency (stabilized layers have at least dense if not 

very dense consistencies when not carbonated).   

As discussed in section 4.12 the specified density of the base material was 2591-2651 kg/m
3
 

while that of the subbase was 2018 kg/m
3
. The average density in the upper 150mm was 

2463 kg/m
3 
while that between 250-350mm was 1929 kg/m

3
. Both layers are therefore below 

the target densities. 
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Figure 19. Soil profile log recorded in P4A1 test pit. 
 

The DCP probes performed at both sampling sites are included in Appendix B. The 

redefined layer strength diagrams of these tests (Figure 20) show that the base layers in the 

outer wheel track positions have similar strengths (E modulus generally >1500 MPa) while in 

the shoulder the base was weaker (E ≈ 600 MPa). All base strengths should not be relied on 
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as accurate as the gravelly nature of the base makes DCP probe penetration rates 

inconsistent. 

The lower parts of the base gradually decreased in strength into the subbase. The subbase 

strength in both the outer wheel track and shoulder positions at the P4A1 test pit location 

had E moduli of approximately 200-250 MPa while the subbase at the P4B1 test pit location 

has a E modulus of approximately 800 MPa. The support at the P4B1 test pit location (area 

with no ruts) is therefore much stronger when compared to the P4A1 test pit area.   

 
Figure 20. DCP layer strength diagrams for test pit locations. 
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5. DISCUSSION 

The base construction process, with respect to densities achieved and the drying times was 

not determined. Based on the available data the base was sealed during a relatively wet 

period but may have been dried during dry periods within that season.  The primary purpose 

of this investigation was to identify if the base material properties had changed over time and 

if significant variations in the material performance was present. The one sampling area did 

have significant rutting while the other was free of such distress. There was however no 

difference seen in the base layer appearances during sampling. 

In the quarry no significant differences in rock character were observed but the intrusion 

included xenoliths of Dwyka Group tillite and thin sub-vertical late stage intrusive phases that 

where highly altered. These may have resulted in local variation in the dolerite but are not 

expected to be significant. 

The pick and click test results classified all materials as fresh and the petrographic analyses 

confirmed that there was no significant differences between the quarry materials and the 

base samples. Small amounts (4-10%) of secondary minerals which were identified with the 

help of XRD analyses to be predominantly chlorite and muscovite were identified in all 

samples despite the majority of primary minerals being altered to various degrees. Materials 

derived from these aggregates are therefore expected to have low PI values and negligible 

changes in properties due to soaking in glycol. The variation in aggregate strength was 

however expected to be consistently high in all samples based on the variability in primary 

mineral alteration. There was however no evidence that the material had been altered since 

it was quarried. 

The compressive wave velocity of the quarry materials did not show any significant variation 

and based on published correlations the material should be unaltered and sound. The 

variable degree of alteration in primary minerals therefore seems to be insignificant.  

The base material grading showed that there were no significant changes in grading 

(assuming the grading was within the specification to begin with) and that all materials were 

either non-plastic or of very low plasticity. The materials were therefore still within 

specification.  

The physical durability (i.e. resistance to physical attrition) tests (AIV and DMI) revealed that, 

by exposing the aggregate to stresses similar to those experienced during construction and 

in service, there was no excessive change in the amount of fines (2.36 mm and 0.425 mm 

respectively) produced. The AIV results showed the base materials to be slightly less 

durable but the DMI results showed similar results for all materials. The changes in both AIV 

and DMI results when testing material soaked in glycol were not significant which is in 

agreement with the low secondary mineral counts identified. Based on these results there 

was still no evidence of changes in materials since quarrying and all materials were still 
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within specifications. As expected the mEGDI testing revealed all materials to be acceptable 

for use as aggregate (all pavement applications) and very similar.  

The similarity in all test results between quarry and base material samples indicates that the 

material has not undergone any alteration since being placed in the pavement and that the 

high variation in strength between individual aggregate pieces due to primary mineral 

alteration variability has not occurred.    

In situ measurements of various material properties (including some subbase layer 

properties) showed the base layer to be at OMC at both test pit locations but that the density 

of both the subbase and base were slightly below the target densities. The subbase at the 

first test pit was significantly weaker that that at the second test pit. This weakening was 

possibly due to the complete carbonation of the subbase of the first test pit. This could, 

however, not be confirmed since the subbase at the second test pit was not tested for 

carbonation. 

The cause of rutting at the first test pit therefore appears to be the lack of support provided 

by the subbase since no differences between base materials was observed. The base 

materials also seem to be within the required specification with respect to all properties 

tested. Table 16 is a summary of the test results relative to the relevant specifications 

(COLTO/TRH14) and recommendations where no COLTO/TRH14 specification exists. The 

results clearly indicate that the material is still of adequate strength and durability after 

quarrying and that the material is not susceptible to weakening due to clay mineral 

expansion. The P4A1 material was slightly out of the grading specification only due to a 

small percentage of oversize material. 

 

Table 16. Summary of test results relative to specifications. 

Sample Grading PI LS 
10% 

FACT 

Glycol 10% 

FACT
#
 

DMI mEGDI 

P4A1  
Base 

Fail Pass Pass Pass Pass Pass Pass 

P4B1  
Base 

Pass Pass Pass Pass Pass Pass Pass 

P2C1 
North face 

NA Pass Pass Pass Pass Pass Pass 

P4C2  
South face 

NA Pass Pass Pass Pass Pass Pass 

Specification / 
recommendation 

TRH* COLTO* COLTO* COLTO* SANRAL* COLTO* Pub* 

#
based on 1 day soaking and not 4 day soaking as specified, results thus optimistic at best. 

*TRH, COLTO & SANRAL are G1/G2 specifications, Pub is base specification published by Leyland et al. (2013). 

 

The construction of a relatively stiff surfacing (slurry seal) over the existing road should not 

be problematic as despite the weak subbase being present the base should still prevent 

excessive deflections and subsequent tensile stresses in the surface in excess of the tensile 
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strength. However, If this does happen rapid cracking of the thin surfacing will occur and this 

will result in moisture ingress and base weakening. 
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6. CONCLUSIONS  

 

The quarry material tested was unweathered “fresh” material but did not prove to be superior 

to the base materials tested. The quarry materials have very uniform properties and are 

acceptable for use as a base course aggregate. The material is also durable not only with 

respect to resistance to physical disintegration but also to disintegration due to alteration of 

the mineralogy after exposure to the atmosphere. There is no evidence the material had 

undergone rapid or significant mineralogical changes between quarrying and the time of 

removal from the base. Any fines produced during construction are also no plastic. 

The rutting observed in some section of the road is most probably due to local loss in 

support from the subbase due to carbonation of the cement stabilizer.  

In conclusion; 

 Petrographic analyses coupled with XRD analyses provide no evidence of rapid 

alteration of secondary minerals to smectite minerals after quarrying, crushing or 

handling. 

 The secondary minerals inherent in the dolerite intrusion also do not undergo further 

alteration after quarrying 

 The base material is after a long period in service still acceptable and the base layer 

is still of acceptable strength 

 The moisture variations typically experienced by the pavement layers is minimal and 

unlikely to result in variable performance in different season.  
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7. RECOMMENDATIONS 

There are no further recommendations for the materials or road section tested in this project.  
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9. APPENDIX A: XRD ANALYSES REPORT 
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10. APPENDIX B: DCP RESULTS 
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1. INTRODUCTION 

1.1. Background 

Site P5 is located in Kwazulu-Natal, South Africa. The road was initially identified as a 

suitable section for investigation after it reported that the base was constructed using a 

dolerite stone source. It was later found that the quarry used to produce the aggregate used 

in the base layer was located in the Letaba Formation of the Lebombo Group and therefore 

most likely a basalt and not a dolerite. The quarry was still available for sampling and it was 

decided to utilize the site since it would offer a useful comparison between basalt and 

dolerite durability. The road was constructed in 2003 and 2004 and during the investigation 

time had not shown any extreme signs of distress. A material investigation was therefore 

performed to determine if the material had been altered in any way since construction and if 

so why this had not led to any failures. Furthermore, if no degradation of the material was 

observed an attempt would be made to determine what factors resulted in such superior 

durability when compared to other dolerites used in similar applications. 

1.2. Procedure 

A site visit was carried out on the 24
th
 and 27

th
 of September 2012 during which the quarry 

and a section of the road were visited respectively. Samples of quarry rock boulders and 

samples of the base course layers were collected. Both test pits were located in the shoulder 

on the south bound side of the road but at different chainages.  

During test pitting the in situ condition of the base course as well as the interface between 

the base course and the subbase were studied. DCP probes were also attempted at each 

test pit. 

A comprehensive suite of testing was performed on all base course samples collected to 

determine the variability of material properties and possible causes of the observed road 

distress. The tests performed were: 

 Petrographic analyses of all aggregates 

 Semi-quantitative powder X-ray Diffraction (XRD) analyses of coarse aggregate 

ground to 10µm size 

 Compressive wave velocity of rock material 

 Grading and soil constant analyses of bulk samples collected from base course 

according to methods prescribed in TMH1 A1(a/b), A2, A3, and A4 (1987) (Grading 

and preparation of samples was done using an internal CSIR standard that is not 

published).  
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 Water absorption of core samples collected from boulders from the quarry according 

to methods prescribed in ASTM C 97 – 02. 

 Aggregate impact value (AIV) of all aggregates according to British Standard 812 

(1975) and repeated after 1 day of soaking in Ethylene Glycol. 

 Durability mill index (DMI) of all aggregates according to the method proposed by 

Sampson & Roux (1987) with a standard prepared grading of all samples and 

repeated after soaking material in Ethylene Glycol for 5 days. 

 Modified ethylene glycol durability index testing (mEGDI) of all aggregates according 

to the method proposed by Leyland et al. (2013) 

 Point load index testing according to International Society for Rock Mechanics 

(ISRM) suggested method (ISRM, 1985). 

 

In addition to the above testing, the 10% FACT and aggregate crushing values (ACV) were 

calculated based on the correlations between these values and AIV values as described by 

Sampson & Roux (1982).  
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2. AVAILABLE INFORMATION 

All available information on the site was obtained from the construction records held by 

SANRAL. These records contain detailed information on the construction dates, material 

sources and final quality control data. No material test results were included in these records 

but the materials are classified and as such specified material properties can be deduced.  

The following information was extracted from these records: 

 Base course for the majority of the road was obtained from a stockpile created for 

another project in the area. However the section between km 29.48 and km 33.5 

was constructed using material from Lancaster quarry. This quarry was described as 

being “close to Ngweni station” and the material was classified as a dusky blue 

crushed basalt (G1). 

 The base course was classified as a G1 material and was designed as a 150mm 

thick layer 

 The subbase was designed as a 300mm C4 layer of crushed river gravel and the 

previously cemented shoulder material of the old road. 2.5 – 3% Cem II/ B-V 32.5-

42.5N cement was reportedly used as a stabilizer. 

 At the location of Test pit P5A1 (km 30.4, South bound lane) 

 Base construction was completed on 20 May 2004 

 A 13.2-6.7mm double seal was constructed with the first spray being put down in 

June 2004 

 At the location of Test pit P5B1 (km 31.5, South bound lane) 

 Base construction was completed on 19 May 2004 

 A 13.2-6.7mm double seal was constructed with the first spray being put down in 

June 2004 

Rainfall information included in these records is shown in Figure 1. The base and seal 

construction at both test pits appears to have been done during a dry two months directly 

after a very wet period.  
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Figure 1. Rainfall data and construction dates obtained from avaiable data. 
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3. SITE INVESTIGATION AND SAMPLING 

3.1. Introduction 

The site investigation consisted of a quarry sampling campaign and a road layer sampling 

campaign. Since all available data was obtained from printed records that contained no 

quality control data it was assumed that target densities and other specifications were 

obtained in all areas of the section and as such sampling sites were selected based on the 

surface condition of the road. The sampling of road material was limited to the shoulder 

areas due to traffic accommodation regulations. 

3.2. Site location and geological setting 

The section of the N2 route under consideration (section 31) starts at Mkuze (km 29.4) and 

stretches 33.2 km to the northwest up until the Pongola River crossing (km 62.6). The quarry 

is located approximately 750m to the east of the N2 and is accessed from the district road 

D722 close to N2 off-ramp at km 64.8N (Figure 2). The climatic N value (Weinert, 1980) in 

the area is 2.  
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Figure 2. The site and sampling location relative to Beaufort West. 
 

According to the available geological map (Figure 3) the quarry is located in the Letaba 

Formation of the Lebombo Group. Not shown on the map is the well-developed system of 

north-south trending dolerite dykes, known as the Rooi Rand dyke swarm, which intrudes 

this southern part of the Lebombo Group. The Lebombo Group consists of mainly the lower 

Letaba Formation and the upper Jozini Formation. According to Johnson et al (2006) the 

Letaba Formation is, at this location, replaced by the Sabie River Formation which is a 

sequence of olivine-poor tholeitic basaltic flows. The overlying Jozini Formation consists of 

silicic volcanic rocks including rhyodacites and rhyolites, emplaced as pyroclastic flows flows 

and ignimbrites. Regionally the Lebombo Group lies in a moncline with the younger Zululand 
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Group (clastic sedimentary rocks) and Cenozoic deposits occurring to the east (mostly 

covered by unconsolidated quaternary sediments). To the west The Durban-Lebombo belt of 

the Karoo Sedimentary succession occurs. The units in that area included those common in 

(and linked to) the main Karoo Basin (the Ecca Group) and units unique to this area that 

have partly been correlated to other main basin units. Such unique units are the 

Madzaringwe and Emakwezini Formations (sandstones, mudrocks and coal seams), the 

Ntabene Formation (sandstone with lesser shale) and the Nyoka Formation (shale and 

siltstone with lesser sandstone). 
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Figure 3. The geological setting of the road section investigated and the quarry location. 

 

The regional terrain is described as the Eastern Plateau Slope which covers the majority of 

Kwazulu-Natal. The site is however located on the very eastern edge of this terrain and close 

to the Coastal Forelands terrain. The topography is therefore relatively subdued and 

described as (slightly) undulating plains in the quarry area. The quarry elevation is 160m 

above sea level.  
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3.3. Quarry observations and sampling 

The quarry is an actively run commercial quarry and was therefore still being mined at the 

time of the investigation. Limited access was obtained which allowed only some faces of the 

quarry to be observed in great detail. There is a distinct layer of weathered overburden and 

weathered basalt in the quarry and these layers essentially make up the upper bench (Figure 

4). Below this is the mass of basalt form which the bulk of the material is obtained.  

 
Figure 4. General condition in the quarry during sampling and positions of sampling points. 

 

The basalt was also intruded by sub vertical dolerite dykes. According to current quarry 

management, the material from such dykes is incorporated into the basalt aggregate 

production process and not separated or even evaluated separately. Two large dykes were 

seen within the quarry. In the higher parts of the basalt layers amygdaloidal basalt was 

prominent (Figure 5). According to the current quarry operator all such amygdaloidal material 

is located in the upper parts of the layers and is not included in the aggregate production.  
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Figure 5. Sample of amygdaloidal basalt found in the upper layers of the quarry. 
 

Samples were collected from two sites to characterise the materials that were most likely to 

have been included in the aggregate. The amygdaloidal basalt was therefore not sampled. 

The first sample (P5C1) was a material that was typical of the majority of the material in the 
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quarry (basalt) and this was collected in eastern face of the quarry from the layer directly 

below the weathered upper basalt layer (Figure 6). By sampling higher layers and not the 

layers currently being used for production it is likely that the material more closely represents 

the material used in the road layers being investigated. This material appeared to be typical 

basalt and did not contain amygdales. 

 
Figure 6. P5C1 sampling location 

 

The second sample (P5C2) was collected in the southern quarry face at a lower level. This 

material was sampled from one of the two dominant dolerite dykes identified in the quarry 

walls. Based on the sub vertical consistency of the dolerite intrusions it is very likely that 

such materials were included in the production at the time of road construction (Figure 7). 

The sampled dyke was very closely jointed while the other had widely spaced columnar 

joints. The sampled dyke is therefore most likely to have been exposed to more infiltration 

fluids compared to the other. Thin chill margins on the edges of the dyke will result in the 

dolerite having variable properties laterally and the basalt adjacent to the dykes is also likely 

to have undergone some hydrothermal alteration during the dyke intrusion. The volumes 
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affected by such processes are however considered insignificant and as such the central 

part of the dolerite dyke was sampled.  

 
Figure 7. Dykes identified in southern (A) and western (B) faces of the quarry and the sampling 
location of sample P5C2. 

3.4. Test pit sampling and observations 

P5A1 test pit 

Two test pits were excavated to subbase level in order to view the in situ base condition and 

to obtain samples of base material after the construction processes. The first test pit (site 

P5A1) was located on the south bound side of the road at km 30.4N in the shoulder.  At this 

position the road was relatively flat and no obvious signs of pavement deformation were 

observed (Figure 8). What was observed was that the surfacing at this point was a slurry 

seal and not a double seal as indicated in the as-built records. It may therefore be that a new 

seal was applied on this section. The single carriageway at this location had a wide shoulder 

and the drainage conditions were relatively good due to the road being raised above the 

generally flat surrounding area.   
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Figure 8. Test pit location for sample P5A1. 

 

A dynamic cone penetrometer (DCP) was used at this sampling site but was unsuccessful as 

the probe was unable to penetrate the entire base layer. The probing was also attempted on 

the stabilized subbase layer but could not penetrate that either. 

The test pit excavation was initiated by removing the seal to expose the surface of the base. 

The surface of the base did not appear to be in a good condition and was very loose. Using 

the geological pick as a “sounding” instrument in the area surrounding the test pit did identify 

a hollow sound as would be expected if the upper parts of the base were loose. The loose 

nature of the base surface was therefore not due to the excavation process but inherent in 

the entire area. This loose layer was approximately 50mm thick but not of a consistent 

thickness. The base below appeared to be in a better condition and a good mosaic was 

observed. The exposed subbase was very hard and provided a positive reaction with 

hydrochloric acid. There was however no reaction with phenolphthalein on the subbase 

which would indicate that some carbonation has occurred.  
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P5B1 

The second test pit was excavated at km 31.5 in the south bound lane in a similar shoulder 

position. However in this area many surface patches were present. One such patch had 

failed and was pumping. This patch was, according to the routine maintenance technicians 

assisting on site, and emulsion treated base patch. This may indicate that the patched base 

failures were caused by a deeper seated problem such as isolated subbase failures. The 

failure also extended beyond the patch to where the test pit was located. In Figure 9 the 

northward view from the test pit location clearly shows the longitudinal nature of the distress 

in the area as a long rut with a very sharp edge parallel to the yellow line. The patch can also 

be seen in the distant area. In the south facing view small cracks and minor pumping are 

clearly observable in this distressed area.  

 
Figure 9. Test pit location for sample P5B1 facing south (left) and north (right). 

 

The surface was a slurry seal similar to that at the other test pit. A DCP probe was attempted 

at this sampling site and managed to penetrate the entire base layer. There was however 

refusal in the subbase layer.  

The base appeared similar to the other test pit and therefore also had a loose surface layer 

and a hollow sound was also found in the general area. The base and subbase in the P5C2 

test pit did however appear slightly moister and the subbase was softer. The subbase did 

have positive reactions with both hydrochloric acid and phenolphthalein which would indicate 

that no carbonation had occurred at this location. Gravimentric analyses of the base 

materials indicated that the moisture content of the P5A1 test pit was 2.4% while that of the 
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P5B1 base material was 3.5%. There was, on the opposite side of the road, at the P5B1 

location a large agricultural water pipe that was leaking which had resulted in large pools of 

water in the small gravel road running between the N2 and the adjacent sugarcane fields. 

This water is most likely a recent occurrence but could have resulted in the observed 

variation in moisture conditions. This is however unlikely considering the significant thickness 

of fill material at this location. 

Taping of individual aggregate pieces in the lower more dense parts of the base of the 

second test pit resulted in some punching without disrupting the surrounding material. This 

test was not performed in the first test pit. 

 
Figure 10. Loose base surface (top, P5A1) and moist base with exposed subbase (bottom, P5B1).    
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4. TEST RESULTS 

4.1. Coarse aggregate appearance 

Coarser aggregate particles from the base samples were described according to the “Pick 

and Click” test (Weinert, 1980) which is designed to determine the degree of weathering of 

aggregates. The following three properties of each material are described in this “test”: 

 colour and lustre 

 hardness and consistency 

 state of crystallization 

 
Scores are assigned based on these properties and are then used to determine the 

suitability of the material as road construction material. Scores range from 1 to 4 with higher 

scores being assigned to less favourable property descriptions. 

The properties were similar for all materials (Table 1). According to the results the dolerite is 

slightly superior to the basalt due to the former not containing and dull spots. Both quarry 

materials are however suitable for use as base and crushed stone. The colour and 

crystallization of the base samples was poorer that the quarry materials due to the matrix 

having become dull. If such a score was obtained for a quarry rock it would be classified as 

suspect if the climatic N value was less than 5 (as is the case on this site). It therefore 

appears as if the base materials have undergone a slight degradation since placement in the 

road. 

 

Table 1. “Pick and click” test results 

Sample Source 
Score 

Score Suitability 
Colour Hardness Crystallization 

P5A1 Base  2 1 2 5 Suspect base if N<5 

P5B1 Base 2 1 2 5 Suspect base if N<5 

P5C1 Basalt 1.5 1 1 3.5 Chips/crushed stone 

P5C2 Dolerite 1 1 1 3 Chips/crushed stone 
 

4.2. Petrography 

General observations 

From each of the samples two thin sections were prepared by the Council of Geoscience 

(CGS) from two different aggregate pieces. The quarry samples were crushed in the 

laboratory to obtain a full range of aggregate sizes typically present in G1 materials and from 

these one >26.5 mm aggregate piece and one aggregate piece >13.2 mm from each of the 
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samples were used to create thin sections. Similar aggregate pieces were obtained from the 

base samples. Thin section analyses were then performed using a petrographic microscope. 

The aim of the analyses was to identify the major mineral constituents and the variability of 

mineralogy of the dolerite. Additionally an attempt was made to identify any petrographic 

characteristics that could possibly lead to rapid degradation of the dolerite. A summary of the 

observations made are given in Table 2. Visually there are two types of very different 

materials within the samples. The first of these is a highly altered basalt while the other is a 

dolerite altered to variable degrees. Within each of the base samples the subsamples 

contained both these materials and while the basalt quarry subsamples were, as expected, 

both basalt, the dolerite quarry subsamples were not both of typical dolerite material (Figure 

11). 

Table 2.  Summary of petrographic features observed. 

Thin 
section 
number 

Source 

Primary minerals 

Matrix Notes 
Texture 

Size 
(mm)* 

P5A1-A 

Base Porphyritic 

1.5-
2.7 

Weak as mostly 
smectites & small 

residues with 
phenocrysts altered to 

chlorite. 

Highly altered sample. 

P5A1-B 
0.45-
2.15 

Intermediate to weak 
due to partially altered 

matrix. 

Alteration less extensive and 
only well advanced in 

selected phenocrysts of 
pyroxene 

P5B1-A 

Base 

None 
0.75-
1.25 

Intermediate to weak 
due to highly altered 
zones. Limited glycol 

effects 

Coarse grained 

P5B1-B Porphyritic 
0.3-
1.5 

Intermediate strength 
due to sericite 

thickness but no 
glycol effects 

Fine grained 

P5C1-A 

Basalt Porphyritic 

1.25-
1.75 

Weak due to smectite 
patches and general 

alteration and chlorite. 

Both similar to P5A1A in that 
most pyroxene altered to 

chlorite & plagioclase partially 
replaced by chlorite & 
sericite. Limited clay 

developed. 
P5C1-B 1-1.4 

P5C2-A 

Dolerite 

None 
0.25-
0.85 

Intermediate strength 
due to partial 

alteration and isolated 
deleterious minerals 

Fine grained material with 
common chlorite, therefore 

similar to basalt 

P5C2-B Porphyritic 
1.35-
1.5 

Intermediate to weak 
due to general 

Coarse grained material with 
no chlorite thus more typical 
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plagioclase alteration 
and local pyroxene 
alteration to clays. 

of dolerite 

*Size range of phenocrysts. Matrix grains are finer (0.05-0.175mm) 
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Figure 11. Images of each thin section illustrating the variety of textures and mineralogy observed 
(all A subsamples on left and B subsamples on right, all at same scale and in PPL). 

 

Once the major minerals present in each thin section were identified the surface area of 

each as a percentage of the total thin section surface area was estimated by visual 

evaluation. The estimated mineral compositions are given in Table 3. 
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Table 3. Mineralogical composition based on petrographic estimation. 

Sample Source Plagioclase Pyroxene  Mica* Sericite Chlorite Clays 
Opaque 
minerals 

P5A1-
A 

Base 
30 8 - - 30 30 2 

P5A1-
B 

38 43 3 - - 10 6 

P5B1-
A 

Base 
42 42 3 5 - - 8 

P5B1-
B 

50 28 - 15 - - 7 

P5C1-
A 

Basalt 
35 24 1 - 20 15 5 

P5C1-
B 

25 29 1 - 20 20 5 

P5C2-
A 

Dolerite 

40 40 - 2 5 3 10 

P5C2-
B 

34 37 9 - - 10 10 

*Mica can include large small phlogopite, and pyroxene replacement product labelled as mica. Not all 
sections contained both of these. 

 

Quarry samples 

The basalt quarry samples (P5C1) had typical mineralogy of plagioclase/pyroxene but also 

contained significant amounts of chlorite and clays. Plagioclase grains were partially altered 

with some larger phenocrysts having early stage alteration along intramineral joints. 

Pyroxene grains were highly altered with most of the larger grains being totally replaced by 

chlorite (Figure 12) and many smaller grains being replaced by oxides and clays. Minor 

amounts of primary opaque minerals and phologopite were also observed. The basalt 

material is expected to have a relatively weak strength due to the large degree of alteration 

and to be susceptible to glycol soaking since the fine clay patches were interconnected. 

 
Figure 12. Large scale ateration to chlorite onserved in P5C1 basalt quarry samples. 
 

The dolerite quarry subsamples (P5C2) were very different (Figure 11). The B subsample 

was of a mineralogy and texture that would be expected of a hypabyssal mafic rock with 
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dominant pyroxene and plagioclase grains of generally equal size. Both primary minerals 

have variable amounts of alteration ranging from local to total sericitization of plagioclase 

grains and isolated total replacement of pyroxene by micas. Less common occurrences of 

pyroxene altered clays were also observed. This “typical” dolerite is expected to have an 

intermediate to weak strength due to most grains being altered and local clay mineral 

development. The A subsample was fine grained and lacked the same alteration products 

observed in the B subsample. Plagioclase grains were altered in a similar way but no micas 

were replacing the pyroxene which was rather locally altered to amorphous products or 

clays. Additionally chlorite patches and isolated sericite patches were seen in this material 

more commonly that smectites. The differences are therefore mainly the grain size and the 

alteration observed. It is possible that the fine-grained sample represents a chill zone closer 

to the edge of the intrusion. In such a zone the permeability may be lower and as such any 

late stage metasomatic fluids or subsequent fluid circulation would have been less likely to 

alter this zone resulting in less smectite formation. The effect on the predicted strength is 

that the fine-grained material is expected to have an intermediate strength as unlike the 

“typical” dolerite the smectite content is insignificant and the chlorite and sericite patches are 

isolated.  

Base samples 

Overall the base materials represent all phases identified in quarry samples but also an 

additional unique phase. Thus of the four subsamples obtained from the two test pits no two 

thin sections were of the same phase. The unique phase was that of highly altered basalt 

from the P5A1A subsample. This sample contained almost no more pyroxene as most 

pyroxene phenocrysts had been altered to chlorite and most small matrix pyroxenes had 

been altered to dark clays and opaque residues (Figure 13). Plagioclase grains were also 

either highly altered to dark clays (finer grains) or crossed by abundant sericite and chlorite 

veins. This phase is expected to be the weakest and most susceptible to glycol soaking 

effects of all phases identified due to the highly altered nature of the matrix and large 

amounts of chlorite.  
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Figure 13. P5A1A subsample with large amounts of chlorite and matrix of clays and opaque 
oxides.  

 

The other subsample from the first test pit (P5A1B) appeared to be a fine grained dolerite of 

grain size intermediate to the two textures identified in the dolerite quarry samples (albeit 

that the phenocrysts were larger). Most plagioclase grains had veins of chlorite and sericite 

alteration and isolated cases of total replacement and advanced alteration to clays was 

observed. Pyroxene grains were generally much smaller than plagioclase grains and were 

only slightly altered and very limited cases of replacement by micas and clays was seen. 

This material is expected to be of intermediate strength as it is less altered but the 

occurrence of isolated pools of clays may mean that an intermediate to weak strength and 

moderate susceptibility to glycol effects is found. 
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The base subsamples from the second test pit were, in thin section, more typical of the 

quarry phases. The first (P5B1A) resembled the “typical” dolerite of P5C2B both in general 

texture and mineralogy. Similar to the quarry sample no chlorite was observed and mica 

replacement of isolated pyroxene grain was observed. Unlike the quarry material sericite 

patches were observed and although small amounts of clay materials may be present these 

were insignificant. The base material therefore seems to be a slightly less altered dolerite 

and therefore have a slightly higher strength compared to the quarry material. However, 

weak aggregates may occur if zones of more altered plagioclase and pyroxene have 

developed clays. 

Finally the P5B1B subsample resembled the P5C1 basalt samples in texture and general 

appearance except for the lack of any chlorite. Most pyroxene grains were therefore 

unaltered or only slightly altered and plagioclase grains were locally replaced by sericite. 

This phase might represent basalt where alteration of pyroxene has not yet occurred. The 

sericite pools that have formed are relatively thick due to the fine grained nature of the matrix 

and therefore will have an effect on the aggregate strength, rendering it as an intermediate 

strength aggregate. The lack of clay minerals will however mean that this phase is not 

susceptible to glycol effects.  

Since the different phases identified in each sample’s subsamples will undergo other testing 

as mixed aggregates it is most likely that the results will be affected by the variability within 

the subsamples. The ranges of strengths and glycol susceptibility are therefore summarized 

as follows: 

 P5A1: Intermediate to weakest materials and moderate to extreme susceptibility 

 P5B1: Intermediate and less likely weak, limited to no glycol effects 

 P5C1: Weak and susceptible 

 P5C2: Intermediate to weak, moderate to no glycol effects 

 

Point counting 

Following the petrographic observations a formal point counting exercise was performed on 

each section. At least 500 points were observed on each section using a PETROG digital 

stepping stage and PetrogLite™ software. At each point the mineral was identified and 

where primary minerals were identified a differentiation was made between those that were 

unaltered (and not in direct contact with secondary minerals) and those that were altered 

(including those that were in direct contact with secondary minerals). This percentage of 

significantly altered primary minerals was added to the percentages of secondary minerals to 

arrive at the total percentages of secondary minerals present. The results are summarized in 

Table 4. 
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Table 4. Mineralogical composition (%) of each sample based on petrographic point counting. 

Sample Source 
Pyroxene 

 (poor 
edge) 

Mica  
Plagioclase 
(poor edge) 

Sericite, 
plagioclase 
replacement  

Opaque Chlorite Clays 
Total 

secondary 

P5A1-
A 

Base 
0 (20) - 0 (26) 4 4 16 30 96 

P5A1-
B 

2 (49) 1 1 (37) 2 8 - - 89 

P5B1-
A 

Base 
1 (32) 1 1 (50) 8 7 

- 
 

- 91 

P5B1-
B 

1 (37) 1 0 (43) 4 12 1 - 87 

P5C1-
A 

Basalt 
0 (29) 1 0 (41) - 5 18 5 94 

P5C1-
B 

0 (22) 1 0 (42) - 7 16 11 92 

P5C2-
A 

Dolerite 

1 (46) - 0 (42) - 10 - - 88 

P5C2-
B 

0 (33) - 0 (52) 4 9 - 2 91 

Recommendation (Weinert, 1980) for this climatic region (N=2) 18 
Notes:  Secondary minerals are Mica, sericite, chlorite, clays and all percentages of poor edge minerals 

Mica includes both primary phlogopite and secondary pyroxene replacement mica 
 

The point counting results confirm the estimated similarity between the basalt quarry 

samples as well as the significant amount of chlorite and clays present in these materials 

(together making up more of the material than plagioclase in the A subsample). The dolerite 

results proved the minor clays present in only the B subsample and the lack of recognisable 

alteration products in the A subsample. 

The P5A1 base samples, remembering that these subsamples were texturally very different, 

showed that the alteration of the A subsample was not limited to pyroxene but also 

plagioclase which resulted in both these primary minerals being scarce and individually less 

common that clay minerals. In the B subsample the isolated clays and chlorite veins were 

not counted and very few occurrences of micas and sericite areas were counted. This 

sample’s recognisable secondary mineral content was therefore overestimated. 

The second base sample’s A subsample (P5B1A) was shown to indeed be similar to typical 

dolerite represented by the one quarry sample as no chlorite was observed and isolated 

micas were counted. As in the estimate the clay content was also shown to be insignificant. 

The point counting results of the B subsample also agree with the estimate observations that 

this material is similar to the basalt quarry material but slightly less altered resulting in a lack 

of chlorite, higher pyroxene content and the occurrence of some sericite. 

 

Comparison of materials 

Comparing the mineralogy results it is clear that the phases identified in the base samples all 

originate from one of the phases identified in the quarry samples. The quarry phases are 
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however very variable. Considering the point counting data to be slightly more accurate than 

the estimations it is seen that the mineralogy within the basalt quarry sample (P5C1 in Figure 

14) is relatively constant with a slight decrease in pyroxene content being offset by an 

increase in clays. The variability in dolerite samples is also evident (P5C2 in Figure 14) but 

what is also clear is that the A subsample is not similar in mineralogy to the basalt samples 

although if significant amounts of pyroxene were altered to chlorite the mineralogy would be 

similar. The A subsample is assumed to represent an unaltered dolerite chill zone. The fine 

grained nature of this material does however make the accuracy of all petrographic analyses 

significantly lower than course grained materials. 

 
Figure 14. Mineralogy of quarry samples as determined by petrographic estimation and point 
counting. 

The first base samples (P5A1 in Figure 15) vary significantly in mineralogy with the A 

subsample having a similar mineralogy to the basalt (slight decrease in plagioclase and 

higher clay content) while the B subsample has a similar mineralogy to the A dolerite 

subsample. These correlations are in agreement with the relatively similar appearance of the 

respective subsamples in Figure 11.  

587



27 

 
Figure 15. Mineralogy of base samples as determined by petrographic estimation and point 
counting. 

 

The second base samples were more uniform in mineralogy (P5B1 in Figure 15). The 

appearance of P5B1A is similar to that of the B dolerite subsample (Figure 11) but that of 

P5B1B more resembles the basalt subsamples. This is again evidence that this base 

subsample represents a basalt phase where less alteration to chlorite has occurred. 

Since all phases identified in the base can be linked to a quarry phase and there is no 

significant increase in secondary and accessory minerals between the quarry and “post 

quarry” samples of each such phase two conclusions can be made. Firstly the base 

materials are most likely from the same quarry (i.e. construction records are confirmed) and 

secondly, there is no evidence that additional secondary minerals have formed during the 

materials time in service. The only exception may be that some basalt material has 

undergone alteration of plagioclase to clays. The base basalt sample may however have 

been an altered basalt phase before it was quarried. The limited number of samples makes 

this difficult to confirm. 

In summary chlorite and clays make up a significant part of the basalt materials and in some 

cases either of these components may exceed the limits prescribed by Weinert (1980).  

Additionally during point counting essentially all plagioclase and pyroxene grains were 

altered or bordering on a mass of altered material. This agrees with the visual observations 

that noted common replacement of primary minerals or pyroxene grains to be at least 

partially altered and many plagioclase grains to contain at least some sericite. 

Prediction of material results based on petrographic examinations is problematic due to the 

variability in phases. The basalt quarry material is expected to be weak and susceptible to 

glycol effects. The dolerite quarry material properties will however depend on the phase 
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present in the sample. The typical dolerite will produce an intermediate to weak material 

while the chill zone will be slightly superior. Both should be relatively resistant to glycol 

effects. Since the first base sample appears to contain both basalt (highly altered) and 

dolerite the properties can be expected to range from very poor to intermediate and a full 

range of glycol effects is possible. The second base sample is less likely to have any weak 

properties since no altered basalt was identified therein. Negative glycol effects are also not 

expected. Isolated spalling and splitting may occur since localised concentrations of 

alteration were observed and some persistent microfractures were also present.   

4.3. X-ray diffraction analyses 

X-ray diffraction analyses were carried out on crushed aggregate pieces from each of the 

samples and analyses were then repeated using the same material after exposure to 

ethylene glycol and once again after heating to 550°C. Results from the untreated material 

are used to identify the major phases present in the material while the results obtained after 

the two separate treatments are used to confirm the presence of minerals that have 

overlapping diffraction peaks when untreated. After the mineral phases present have been 

confirmed the diffractogram from the untreated material is used to estimate relative phase 

amounts (weight %) using the Rietveld method. The detailed report supplied by the XRD 

laboratory is included in Appendix A.  

The results (Table 5) indicate the presence of three rock phases; basalt, dolerite and what 

may be highly altered basalt. The basalt from the quarry essentially contained plagioclase, 

clinopyroxene and chlorite. Trace amount of orthopyroxene, smectites and muscovite 

(sericite) were also detected. The dolerite from the quarry was similar but contained almost 

no chlorite. The difference was accounted for by a higher plagioclase and clinopyroxene 

content. The P5B1 base sample was similar to the dolerite while the other base sample 

contained higher chlorite than the basalt, seemingly formed by the replacement of some 

plagioclase and almost all the pyroxene.   

Trace amounts of kaolinite and smectite clays were found in the dolerite while the altered 

base and basalt samples had 5% and 2% smectite clays respectively. No mica was 

encountered, the local replacement product of pyroxene identified as mica was probably a 

smectite or stained amorphous pyroxene replacements. 

 

Table 5. XRD analyses results 

Sample 
Clino-

pyroxene 
Plagioclase 

Ortho-

pyroxene 
Chlorite Muscovite Magnetite Quartz 

Kaolinite/ 

Smectite 

P5A1 
Base 

9 32 - 34 3 2 8 - / 5 

P5B1 
Base 

29 48 4 2 2 5 9 - / - 
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P5C1 
Basalt 

29 37 1 23 1 3 3 - / 2 

P5C2 
Dolerite 

35 47 3 2 1 4 6 <1 / <1 

Notes: P5A1 contained 6% calcite 

 

Since the two P5A1 base thin sections were of obviously very different materials the average 

point counting results cannot be used. With the other samples the average point counting 

results generally agree with the XRD results (Table 6). This is surprizing considering the 

observed variability and the fact that three different pieces of aggregates are used in the two 

thin sections and the XRD analyses.  

Based on the combination of results obtained the general range of mineral contents 

expected in each material can be reported (discussed below in section 4.4) 

 

Table 6. Comparison of XRD and average point counting (PC) results 

Sample 
Pyroxene  

(PC/XRD) 

Plagioclase           

(PC/XRD) 

Sericite (PC) / 

Muscovite (XRD) 

Chlorite            

(PC/XRD)  

Clays           

(PC/XRD) 

P5A1 
Base 

NA / 9 NA / 32 NA / 3 NA / 34 NA / 5 

P5B1 
Base 

36 / 33 47 / 48 6 / 0 1 / 2 0 / 0 

P5C1 
Basalt 

26 / 30 42 / 37 0 / 1 17 / 23 8 / 2 

P5C2 
Dolerite 

40 / 38 47 / 47 2 / 1 3 / 2 1 / 1 

 

When comparing XRD results to individual point counting results (Figure 16) it is seen that 

the P5A1 base XRD results are more like the highly altered thin section (P5A1A). This may 

indicate that such material is more common in that base sample. The XRD results also show 

that the smectite content may have been largely overestimated during point counting while 

the chlorite content was underestimated. The results for the other base sample (P5B1) agree 

well with each other but the XRD result is very similar to the “typical” dolerite point counting 

result (P5B1A). 
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Figure 16. Comparison of point counting and XRD results for Quarry samples. 

 

The quarry sample comparisons show, as expected, that the basalt material has a relatively 

consistent mineralogy (similar point counting and XRD results) while the dolerite samples 

differ slightly (Figure 17). The dolerite XRD results are however within the range set by point 

counting results. 

 
Figure 17. Comparison of point counting and XRD results for base samples. 
 

4.4. Petrography discussion 

Smectite minerals can cause tensional stress within aggregates due to hydration and 

consequent expansion and the fines released by crushing aggregate that has a higher 

smectite content will also be more plastic. The results do however show that smectite clays 

(clays in generally) are not expected to make a significant portion in any of the materials 

(Table 7). XRD results showed a maximum smectite content of 5% in the highly weathered 

base basalt. Point counting probably overestimated this content due to the fine grained 

nature of the material. The smectite content is therefore not expected to be above 5% in any 
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materials but some base materials that contain highly altered basalt may have higher 

contents. 

The chlorite content of the base materials is expected to vary significantly depending on the 

ratio of dolerite to basalt in the material. Where dolerite dominates the chlorite content will be 

very low (<10%) but if basalt is dominant (and altered) the chlorite content could increase to 

35%. Sericite contents vary even within one type of source material and also seem to be 

slightly higher in base samples.  

 

Table 7. Range of mineral composition in each material 

Sample Pyroxene Plagioclase Chlorite  Muscovite Smectite 

P5A1 
Base 

9-51 26-38 0-34 3-4 0-30 

P5B1 
Base 

33-38 43-51 0-2 0-8 0 

P5C1 
Basalt 

22-30 37-42 16-23 0-1 2-11 

P5C2 
Dolerite 

33-47 42-52 0-5 0-4 0-2 

Ranges reflect that identified by point counting and XRD results. 

What is more difficult to quantify is the percentage of secondary minerals present. The point 

counting results showed the majority of primary mineral grains to be altered or bordering on 

secondary mineral masses which is believed to cause significant weakening in the 

aggregates. It is therefore expected that a significant amount of the aggregate particles 

would be weak when exposed to crushing forces during construction and in service. The 

actual content of deleterious secondary minerals, especially smectite clays, was however 

shown to be very low and therefore the exposure of the material to the atmosphere and 

moisture changes is not expected to result in the material becoming any weaker. Any fines 

produced by the predicted breakdown during construction and in service stresses is also not 

expected to be plastic and as such the pavement layer should not lose strength excessively 

as a consequence of this breakdown. Finally the lack of additional alteration after exposure 

by quarrying and crushing indicates that the material properties should be relatively 

unchanged.  

Whilst not part of any current specification it has been suggested that up to 10% smectite 

might be tolerable for a “pavement material” (Weinert, 1980). However Dr F Netterberg 

(personal communication) considers that more than about 5% as risky if the material is to be 

used as a surfacing stone or a base course aggregate. Considering the poor reproducibility 

of the methods used to determine the smectite content it is probably not possible to set a 

firm limit on the smectite content but some of the materials tested may be on opposite sides 

of these proposed limits.  
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4.5. Sonic velocity 

According to Kilic (1995) alteration of diabase from Turkey had a very significant effect on 

the compressive wave velocity and the dynamic modulus of elasticity of the materials. The 

compressive wave velocity could only be determined on quarry material as cores are 

required. When cores were extracted from the boulders the basalt material produced two 

very different materials. The first core was grey and speckled green as would be expected 

from the basalt and the petrographic observations. The other was contained almost no green 

(chlorite) but did contain amygdales (Figure 18). Both were tested. The dolerite core had a 

longitudinal joint running approximately half of its length.  

The quarry boulder materials had compressive wave velocities as follows: 

 Non-amygdaloidal basalt:  6311 m/s 

 Amygdaloidal basalt:  6083 m/s 

 Dolerite:    6581 m/s 

According to the results from Kilic (1995) the observed velocities would be an unaltered 

material (≥5000 m/s). Experience from other dolerites crushed base sources indicate that 

most materials that have good performance have compressive wave velocities of above 

6000 m/s (average of 6400m/s). Based on this the quarry material is of variable quality with 

the basalt being potentially substandard. The amygdaloidal basalt should also be weaker 

than the non-amygdaloidal material. The dolerite seems to be sound despite the observed 

joint. The longitudinal orientation of the joint is the reason for this not affecting the 

compressive wave velocity. Should there have been many minor transverse joints a slower 

velocity would be expected. (correct this when all reports written!) 

 
Figure 18. Cores of basalt (left and centre) and dolerite (right) used to determine the compressive 
wave velocity. 
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4.6. Grading and soil constants analyses 

The grading of the base materials analyses revealed the materials to have slightly different 

grading curves (Figure 19 and Figure 20) with the first base sample being slightly out of 

specification in the intermediate sizes (TRH14 G1/G2 specification).  

Interpreting the grading curves individually compared to a grading in the middle of the 

specified envelope the following can be said. The P5A1 base material has an almost perfect 

p0.075mm but far too little material of 0.075-0.425mm and 0.425-2.00mm size. This results 

in the curve leaving the envelope. The 2.00-4.75mm fraction is almost perfect, thus the curve 

runs parallel to envelope but remains out of specification. This is what makes the grading 

results in table form (Figure 19) misleading as it is not the 2.00-4.75mm fraction that is 

lacking but the 0.075-2.00mm sizes. An excess of all larger sizes results in the curve re-

entering the envelope and almost exceeding the maximum line for p26.5mm. There are 

especially large amounts of 19.0-26.5mm material. 

The second base sample (P5B1) starts with a similar trend of too little material of 0.075-

0.425mm and 0-425-2.00mm size but the amount lacking is not enough to drop it out of the 

envelope. The 2.00-4.75mm fraction is again almost perfect and the curve runs parallel to, 

and just within, the envelope. An excess of 4.75-13.2mm material moves the curve to the 

upper parts of the envelope where it then remains due to suitable amounts of larger 

fractions. 

In summary: 

 in both samples the fraction of 0.075-2.00mm size is too low 

 in the first base sample there is a large excess of 19.0-26.5mm material and  

 in the second base sample there is a large excess of 4.75-13.2mm material   

The fact that both materials have a grading with excess coarse material and a lack of 

intermediate to fine sizes means that the grading was not correct when placed. It also 

indicates that excessive breakdown during construction was not experienced. 

594



34 

 
Figure 19. Grading curves and grading results for the base samples. 

 

 
Figure 20. Grading curves of base materials on semi log graph. 

 

The coarse sand ratios of the base materials were 44 and 47 respectively and therefore both 

within specification (Table 8) but slightly toward the coarse side (as expected). 

The <0.425mm fraction in most materials had a Plasticity Index (PI) of approximately 2% but 

the dolerite quarry sample had a PI of only 1%. Linear Shrinkage (LS) values ranged from 

2.3 to 3.3 for base and basalt samples and was 1.9 for the dolerite (Table 8). Based on the 

accuracy associated with these test methods it can be said that materials are actuallysimilar 

with respect to soil constants and Atterberg Limits and that all fines in base materials have 

not been altered in service (to become more plastic). The low PI and LS values are generally 

all within the G1 specifications and will result in a material of adequate shear strength 

(assuming the grading is accurate). The first base material linear shrinkage is slightly above 

specification but again due to the accuracy involved the value could be considered to be 

acceptable.  
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Table 8. Soil constant results 

Sample PI Coarse sand ratio LS 

P5A1 
Base 

2.2 43.5 3.3 

P5B1 
Base 

2.0 46.7 2.3 

P5C1 
Basalt 

2.1 NA 2.3 

P5C2 
Dolerite 

1.1 NA 1.9 

Specification 
(Colto G1) 

≤ 4 / 12* 35-50 ≤ 3.00 

*when PI is determined on -0.075mm fraction because -0.425mm fraction is NP.  

 

It is worth noting that GAUTRANS (1994a, b) requires that all weathered basic igneous rocks 

used for base or subbase be stabilized down to non-plastic (NP). In the opinion of Dr F 

Netterberg (pers. comm), basic rocks used for any base course should have a maximum PI 

of 4% (preferably NP), and a PI x P425 of ≤ 100 (preferably ≤ 80) and a PI x P075 of ≤ 45 

(preferably ≤ 25). The base materials all satisfied these requirements comfortably (Table 9). 

 

Table 9. PI multiplied by soil faction results. 

Sample PI x P0.425 PI x P0.075 

P5A1 
Base 

29 17.6 

P5B1 
Base 

24 14 

P5C1 
Basalt 

NA NA 

P5C2 
Dolerite 

NA NA 

Recommendation ≤ 100 or ≤ 80 ≤ 45 or ≤ 25 

 

The grading and soil constant analyses therefore indicate the following: 

 Both bases are of acceptable (or marginal) grading but a significant lack of fines 

and sand was observed in both materials. 

 The base samples have plasticity indices similar to that of the basalt material 

indicating that the samples may have consisted of predominantly basalt 

 No significant changes in grading or Atterberg limits occurred since the base 

materials were quarried.  
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4.7. Aggregate Impact Value 

Considering the standard aggregate impact values (AIV), i.e. not glycol soaked results, the 

basalt quarry and P5B1 base material were similar while the P5A1 base sample had poorer 

results and the dolerite quarry material had the best results (Table 10). The differences result 

in a 10%FACT difference of 100kN between the worst base sample (P5A1) and best quarry 

material (P5C2 dolerite). However, all results were within the specified limits.  

 

Table 10. AIV results and other properties derived from AIV results 

Sample Treatment 
AIV 
(%) 

10% FACT* 
(kN) 

ACV* 
(%) 

Glycol/Dry 
10%FACT Ratio (%) 

Glycol/Dry 
ACV ratio 

P5A1 
Base 

Normal 11.5 371 11.4 

121 75 

Glycol 8.8 449 8.5 

P5B1 
Base 

Normal 9.5 428 9.3 

100 100 

Glycol 9.5 425 9.3 

P5C1 
Basalt 

Normal 9.4 430 9.3 

105 92 

Glycol 8.7 451 8.5 

P5C2 
Dolerite 

Normal 8.0 473 7.7 

104 93 

Glycol 7.5 491 7.2 

Specification 
(G1) 

Normal NA ≥ 110 ≤ 29 ≥70
#
 NA 

*Based on AIV value according to correlations reported by Sampson & Roux (1982): 

           (      (        ))                                        (        )      
#
 SANRAL specification for 4 day glycol soaked 10%FACT  

 

Ethylene glycol soaking was performed for only 24 hours and as such the ratio of the 

standard to glycol 10%FACT values cannot be compared with the SANRAL specification 

(Table 10). However, the 24 hour soaking would only give a lower or similar AIV (and 

therefore higher 10%FACT) values than 4 day soaking and as such the glycol/dry 10%FACT 

ratios obtained can only be higher than what the 4 day soaking results would be. All of the 

materials showed either no changes or an improvement in properties after soaking and 

therefore even if the conservative nature of the one day soaking results are considered all 

indicate that the material is extremely resistant to weakening due to expansive mineral 

forces.  

Since AIV without glycol treatment is a test of physical durability (i.e. resistance to 

disintegration by attrition) the results show that a definite variation in physical durability exits 

between materials tested. The quarry materials showed the dolerite to have a superior 
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physical durability. The base material provided variable results with one being similar to the 

basalt result indicating that no degradation of that base material has occurred. The other, 

with weaker durability, indicated that some material has undergone breakdown or that some 

weaker phases were incorporated during construction. 

Glycol AIVs, when compared with normal AIVs, are an indication of the susceptibility of a 

material to undergo a reduction in physical durability due to the expansion of swelling 

minerals such as smectite and resulting general loss of physical strength of the aggregate. 

The results indicate that after undergoing construction and approximately 8.5 years under 

traffic the material is not susceptible to a reduction in physical durability due to expansion of 

minerals and also no more susceptible than it was before. Since the mineralogy studies 

(section 4.4) did not indicate an increase in expansive minerals after quarrying and 

construction this is expected.  

4.8. Durability Mill Index 

The Durability Mill Index (DMI) samples and subsamples were prepared with a standard 

grading that is within the TRH14 grading requirements. This was performed to make 

comparison of all DMI results possible. The results indicate that the durability of all the 

materials is well above the required specifications but that the base materials are not 

identical and the dolerite is slightly superior in durability (Table 11).  

Since the DMI is based on both the PI and the grading of the material and the grading of all 

samples was made to be equal before DMI testing it is interesting to investigate for 

differences in these values. Within the quarry samples the maximum p0.425mm values were 

very similar and the difference in DMI is therefore due to the slightly lower maximum PI of 

the dolerite. The p0.425mm values were within the allowed grading for G1 material and 

therefore an excessive amount of fines was not produced by the milling (maximum observed 

increase of 6%).    

The P5A1 base sample produced the same DMI as the basalt quarry due to the PI and 

p0.425mm being almost identical. The P5B1 base had a higher DMI due to a slightly higher 

PI and p0.425mm. The p0.425mm was in excess of the allowable G1 grading specification 

but the initial prepared grading was also much larger than for the other samples (reason for 

this is unknown). The actual change in p0.425mm caused by the milling was therefore only 

4% in this sample and less than the 6% change observed in the P5A1 base material. The 

breakdown of this material is therefore not as different as the DMI results suggest and 

should be considered to be the same as the basalt quarry sample (as indicated by the AIV 

results). 

Since all observed PI values were the same as the in situ PI values no changes in PI due to 

milling can be reported. This was expected as the petrography and XRD results together 

indicated a lack of clays that would result in significant changes in PI if released. 
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While the COLTO DMI limit (and the current SANRAL limit) is 125 this is probably too high 

since Sampson and Netterberg (1989) and other sources have shown this limit to predict a 

50% chance of good and 50% fair performance. A maximum limit of 90, as adopted by TRL 

(1993) should be used to predict 100% probability of good performance and a 100 for 90% 

probability (F. Netterberg, pers comm.). Even when the more conservative limit is considered 

the materials are all well within the specification.  

The in situ results (Table 11) indicate that the p0.425mm in all samples was well below that 

obtained from milling and even below the prepared grading. This is further evidence that the 

material in the base was lacking in fines when constructed. 

Table 11. DMI results and comparison with grading results 

Sample 

DMI testing results In situ results 

DMI PI 
% Passing 
0.425 mm 

Max ∆P425 
relative to A* 

PI x 
P425 

PI 
% Passing 
0.425 mm 

PI x 
P425 

P5A1  
Base 

56 2 18-25 6 39-53 2 13 26 

P5B1  
Base 

70 2-3 24-27 4 47-70 2 12 24 

P5C1 
Basalt 

53 2 18-23 4 39-53 2 NA NA 

P5C2 
Dolerite 

40 1-2 18-22 4 20-38 1 NA NA 

Specification 
(SANRAL 
G1/G2) 

≤ 125 ≤ 4/6 
≤ 8 percentage points 
above original P425* 

≤ 100 
or  

≤ 80
#
 

≤ 6 11-24 
≤ 100 

or 
≤ 80

#
 

*original P425 was prepared to be 16.5% but varied as shown above by minimum values which were obtained from 
unmilled (A) sub-samples. 
#
see section 4.5. 

 

Although not currently a standard test, and no proposed limits have been set, DMI testing 

was performed on samples after the >2 mm fraction had been soaked in ethylene glycol for 5 

days. Unlike glycol AIV results all samples produced poorer DMIs after glycol soaking (Table 

12). The differences in PI after glycol soaking, relative to the PI values obtained in the 

original DMI tests were all ≤1% and all PI’s were higher after glycol soaking. The changes in 

PI may however be insignificant considering the accuracy of the PI determination method. 

The changes in p0.425mm generally indicated less breakdown after soaking and again the 

changes in p0.425mm were small (2% maximum). The decreases in DMI are therefore due 

to changes in PI that may be in turn be due to testing accuracy and not actual material 

changes. Thus the observed effects of glycol may be insignificant. This would be in 

agreement with the AIV results. 

If the results are considered anyway then the ratio of glycol and normal results indicate that 

the dolerite and second base samples are affected in similar ways by glycol (minimal effects) 

while the first base and basalt materials do have slightly more weakening due to glycol 

599



39 

effects. The maximum observed change in p.0.425 of the glycol treated samples relative to 

the untreated A subsample p0.425mm was 4.8% and 6.3% for the first base and basalt 

sample respectively. The values for the second base and dolerite samples were both 2%. 

This also confirms that the basalt and first base materials are more susceptible to weakening 

and possibly contain more expansive minerals. 

In summary the normal DMI results show that the materials are slightly different with respect 

to physical durability but that, since DMI values were well within the specifications and most 

changes in PI were very slight, most of the materials have similar durability. The dolerite is 

also of slightly higher durability than the other materials. 

The glycol DMI results show that the basalt and P5A1 base material is slightly susceptible to 

breakdown due to the expansion of clay minerals while the dolerite and P5B1 base materials 

are essentially unaffected by such forces. This is the case even if the small changes in PI 

are ignored. 

Table 12. DMI and glycol DMI results  

Sample DMI 
Glycol 
DMI 

Normal / 
glycol DMI 

ratio 

∆ max p0.425 
mm after 

glycol 

∆ max PI 
after 
glycol 

mDMI 
Glycol 
mDMI 

Normal / 
glycol 

mDMI ratio 

P5A1  
Base 

56 79 0.7 -1 1 13 16 0.8 

P5B1  
Base 

70 80 0.9 -2 1 9 6 1.5 

P5C1 
Basalt 

53 85 0.6 2 1.1 10 22 0.5 

P5C2 
Dolerite 

40 43 0.9 -2 0 7 4 1.7 

Specific
ation 

(SANRA
L 

G1/G2) 

≤ 125 NA NA NA NA NA NA NA 

 

Modified DMI (mDMI) 

As seen above the absolute change in p0.425 mm relative to the A sample is the actual 

significant parameter and not the actual p0.425 mm. Based on this a modified DMI (mDMI) 

parameter can be determined for all samples by multiplying the maximum observed change 

in p0.425 mm by the maximum observed PI for each sample. This can also be done for the 

glycol DMI results using the maximum change in p0.425 mm relative to the A subsample of 

the untreated tests. 

The results (Table 12) significantly alter the interpretation. Firstly the durability order of the 

base samples is reversed and the similarity between the dolerite and P5B1 results are 
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clearer. The negative effects of the glycol on the P5A1 and basalt materials are also 

highlighted.  

It is believed that the mDMI will correlate better with performance than the standard DMI. 

4.9. Point Load Strength 

Point load strength testing was performed on aggregate pieces from all samples according to 

the ISRM (1985) method to arrive at the corrected point load index (PLI). For each sample at 

least 14 aggregate pieces were tested. After calculating the average PLI the values obtained 

from aggregate pieces that, during loading, broke either along obvious pre-existing joints or 

in any way that may make the results suspect, were removed and the average PLI 

recalculated to determine the effect thereof on the reported values. The results indicate that 

the base materials have strengths within the range of quarry material strengths. This is a 

possible indication that the base represents various mixtures of the quarry materials. The 

effect of potentially erroneous test aggregate pieces was significant on the one base sample. 

The variation in individual results within each sample was not consistent and slightly 

excessive for P5A1 and P5C2 materials. 

The results are in agreement with the petrography observations primarily because of the 

extreme variation in material properties identified in thin sections resulting in almost all 

combinations of results feasible. This in combination with the fact that all the primary 

minerals of all materials were seen to be generally altered explains why the base PLI’s fall 

within the range of quarry PLIs. What cannot be explained is why the dolerite has such a 

high PLI despite being so altered. The PLI results do (on average only) agree with those of 

the DMI and AIV results which both indicated that the base was slightly weaker. Again due to 

the two rock types being present in all base samples the high degree of variation observed is 

expected. 

Table 13. Point load strength results  

Sample PLI (kPa) PLI after check (kPa) PLI std. dev. (kPa) 

P5A1  
Base 

9 552 11 419 4 085 

P5B1  
Base 

13 293 13 724 3 118 

P5C1 
Basalt 

10 173 10 455 2 230 

P5C2 
Dolerite 

15 297 15 773 3 983 

 

Experience with other dolerite materials indicates that materials that have performed well as 

aggregates have typically had a PLI (measured on quarry boulder samples) of more than 
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12 000 kPa. The dolerite boulder materials are well in excess of that value while the basalt 

material is much lower. Since little experience with typical basalt PLI’s has been obtained the 

low PLI cannot be interpreted to indicate a poor aggregate.  

4.10. Modified Ethylene Glycol Durability Index 

The modified Ethylene Glycol Durability Index (mEGDI) (Leyland et al., 2013) assigns a 

score to each of 40 pieces of aggregate soaked in ethylene glycol depending on the nature 

and degree of degradation of each piece. These scores are then weighted and added to 

obtain an index value for that material. Indices are calculated based on observations after 5 

and 20 days of soaking and used to characterise the durability of the material. The method is 

therefore different from that originally proposed by the US Army in about 1949 (Corps of 

Engineers, 1969), which relied on changes in grading of larger samples due to soaking, and 

that used during construction of the Lesotho Highland Water Project in South Africa (OSC, 

1986), which determined an index value based on the degree of disintegration observed on a 

single cylindrical drill core. 

All tests were repeated and the results (Table 14) show very good repeatability. The results 

show no materials to undergo significant degradation and are therefore in agreement with 

the glycol DMI and glycol AIV results which showed no significant effects. The observed 

degradation was limited to spalling and splitting which initiated early but did not progress 

further with time. Thus all degradation is likely to be due to loose material on the surface 

caused by crushing and not due to glycol effects. 

The petrographic observations predicted that some materials would very slightly susceptible 

to glycol effects (including splitting) while others would not. Only one piece of P5A1 was 

observed to split (after 1 day) but no fractures were observed in the thin sections of this 

material. Fractures like those observed in some other thin sections therefore are expected to 

be very locally developed and not have significant effects on any of the materials 

permeability. The only material that was expected to undergo significant degredation was the 

P5A1A subsample. Since no such degradation was observed it is more likely that of the 80 

pieces tested most were similar to the P5A1B subsample. 

 

Table 14. mEGDI results 

Sample mEGDI 20 Day mEGDI Suitability Long term durability 

P5A1  
Base 

2 2 All aggregate Acceptable 

P5B1  
Base 

0 0.5 All aggregate Acceptable 

P5C1 
Basalt 

0 0 All aggregate Acceptable 
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P5C2 
Dolerite 

0 0.5 All aggregate Acceptable 

Proposed limits 
for base 

aggregates* 
≤ 10 

≤ 1.5 x mEGDI 
after 5 days 

NA NA 

*As proposed by Leyland et al., 2013.  

 

4.11. Water absorption 

Experience from other dolerite crushed base sources indicate that most materials that have 

good performance have quarry materials with water absorption values of less than 0.15% 

(measured on core samples). The quarry materials tested had water absorption values of 

0.13 (basalt) and 0.16 (dolerite) and therefore fall on opposite sides of this limit. The bulk 

relative density (BRD) of the basalt was 2.94 and the dolerite 3.03. The apparent relative 

density (ARD) of both materials was equal to the BRD indicating any pores within the 

material are isolated and not permeable. This supports the mEGDI results. 

4.12. In situ measurements 

The redefined layer strength diagrams of the DCP probes performed at both sampling test pit 

locations are shown in Figure 21. As mentioned in the introduction the probe at P5A1 was 

abandoned due to refusal while still in the base. The limited layer diagram indicates the 

stone effects and cannot be used. The results of the unsuccessful attempt to penetrate the 

subbase after base removal are also shown.  

The P5B1 probe did however provide some useful results. The base can be seen to have a 

CBR of approximately 180 down to a depth of 100mm where the CBR increases to above 

300. The CBR then remains above 300 down to a depth of 280mm indicating that the layer 

with the CBR of more than 300 is probably the subbase. The base therefore appears to be 

thinner than the design thickness of 150mm. This is the first indication of a weaker property 

at the P5B1 site relative to the P5A1 site and could explain the observed failure at this site 

despite the material properties generally being slightly superior. 
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Figure 21. DCP layer strength diagrams for test pit locations. 
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5. DISCUSSION 

The base construction process, with respect to densities achieved and the drying times was 

not determined. Based on the available data both sections of base that were sampled were 

constructed and sealed during a dry period. The fact that the base sections were constructed 

on successive days can be used to deduce that the materials used were from similar parts 

and levels of the quarry.  

The primary purpose of this investigation was to identify if the base material properties had 

changed over time and if significant variations in the material performance was present. The 

first sample (P5A1) is considered to represent an area where no deformation has occurred 

and the other (P5B1) represents a deformed location. 

The base layers had a similar loose upper contact but the deformed area was slightly 

moister, showed potential for the aggregate to punch into the layer and the subbase seamed 

softer. The surface of the subbase was, however, not carbonated at this point while at the 

area with no deformation it was carbonated. The DCP results also showed the material in the 

deformed area to be approximately 50mm thinner than the design thickness. The thickness 

of other area’s base was not determined accurately but was approximately at the design 

thickness (150mm). The site observations therefore indicate that the deformation was 

caused by a thinner, moister base that may also have contained segregated fines or a poor 

grading and was therefore not able to resist traffic stresses.  

The comparisons between test results for different materials indicated that the base most 

likely did originate from the quarry samples despite the high variability in the materials. The 

basalt in the quarry appeared to have a slightly higher secondary mineral content due to 

pyroxene alteration. The sonic velocity results indicated that the basalt material was slightly 

inferior to the dolerite. The dolerite differs from the basalt mainly in coarser grain sizes, as 

expected, and a lower degree of alteration. The chill zone material within the dolerite is very 

similar to the basalt and except for being less altered. The “non-deformed” base samples 

contained highly weathered basalt and dolerite and therefore the materials expected to be 

the weakest and strongest respectively out of all materials identified in the quarry. The 

deformed base samples included dolerite and basalt similar to the quarry basalt and 

therefore would be expected to, on average, have a better performance. The grading 

analyses showed that both materials had a marginal grading due to a lack of sand and fine 

material but more importantly proved that neither had undergone excessive grading changes 

since construction. The observed difference in pavement performance was therefore not due 

to differences in grading. The materials from the base therefore appeared to have undergone 

similar degradation during construction and time in service indicating that the highly 

weathered basalt identified in the “non-deformed” base samples was from a rare phase not 

present in sufficient quantities to affect the properties of the material.  

There was no petrographic evidence that the base materials were more altered than the 

quarry materials except for the above mentioned highly altered basalt. The XRD results 
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confirmed this and indicated that either no clay or very low clay contents were present in all 

materials. Based on the petrographic and XRD evidence all materials were expected to be of 

low plasticity and not be significantly affected by glycol. This was then confirmed when base 

samples were shown to have a plasticity of 2% (low) and therefore similar to that of the 

basalt quarry material. The glycol effects on the material (as indicated by AIV, DMI and 

mEGDI testing) also proved that the quarry materials are not susceptible to breakdown due 

to expansive clay minerals and that no significant changes in such susceptibility had 

occurred in the base materials with time.   

Since the basalt and dolerite materials appeared to be present in both base samples the 

resistance to disintegration (due to mechanical forces) of these materials is irrelevant to the 

difference in appearance of the two sampling locations. However it is useful to compare the 

expected properties, based on petrographic examinations, to the observed properties. The 

basalt was expected to be weaker due to its higher degree of alteration and this was 

confirmed by both the DMI and the AIV results. The expected variations in mEGDI values 

where however not observed, indicating that the effects of the alteration on the test results 

were overestimated. 

The AIV results did indicate that the non-deformed area base was slightly weaker but the 

DMI results showed the opposite. This is believed to be due to the variability of the source 

material, especially the degree of alteration inherent in basalt materials. The contrasting 

results may also represent slight dolerite/basalt ratio differences between subsamples.  

The cause of the deformation (rutting, cracking and pumping) at the one test pit therefore 

appears to not be due to any material property variations since although there is a difference 

in dolerite and basalt properties these materials are not separated in the base and the base 

properties are not consistently different at either test pit location. The only difference 

identified between locations was the lower thickness, potential segregation, and higher 

moisture present in the deformed area base.    

Table 15 is a summary of the test results relative to the relevant specifications 

(COLTO/TRH14) and recommendations where no COLTO/TRH14 specification exists. The 

results clearly indicate that the material is still of adequate strength and durability after 

quarrying and that the material is not susceptible to weakening due to clay mineral 

expansion. The P5A1 grading was not within the required specification due to low amounts 

of 0.075-2.00mm size material. The P5B1 material was however only just within the 

specification here. The out of specification linear shrinkage in the P5A1 material is also 

believed to represent the variability in the material and especially the incorporation of 

variable amounts of highly altered basalt into different subsamples. 
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Table 15. Summary of test results relative to specifications. 

Sample Grading PI LS 
10% 

FACT 

Glycol 10% 

FACT
#
 

DMI mEGDI 

P5A1  
Base 

Fail Pass Fail Pass Pass Pass Pass 

P5B1  
Base 

Pass Pass Pass Pass Pass Pass Pass 

P5C1 
Basalt 

NA Pass Pass Pass Pass Pass Pass 

P5C2 
Dolerite 

NA Pass Pass Pass Pass Pass Pass 

Specification / 
recommendation 

TRH* COLTO* COLTO* COLTO* SANRAL* COLTO* Pub* 

#
based on 1 day soaking and not 4 day soaking as specified, results thus optimistic at best. 

*TRH, COLTO & SANRAL are G1/G2 specifications, Pub is base specification published by Leyland et al. (2013). 
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6. CONCLUSIONS  

 

The visual appearance of the base layers was not ideal due to a loose surface sub layer but 

the lower parts of the layer appeared sound and the support from the stabilized subbase is 

unlikely to be poor. The quarry material tested was unweathered “fresh” material but did not 

prove to be consistently superior to the base materials tested despite the visual appearance 

of base materials hinting that significant weathering had occurred. 

The quarry materials have varying properties due to dolerite intrusions being mined along 

with the host basalt material. Both materials are acceptable for use as a base course 

aggregate. Isolated, highly altered material does occur in the quarry but this is not common 

enough to cause the aggregate properties to be consistently substandard. All materials 

tested are durable not only with respect to resistance to physical disintegration but also to 

disintegration due to alteration of the mineralogy after exposure to the atmosphere. This was 

unexpected because of the generally altered appearance of the mineralogy, especially the 

basalt material. It was however expected based on the low smectite clay contents indicated 

by the XRD analysis results. 

There is no evidence the material had undergone rapid or significant mineralogical changes 

between quarrying and the time of removal from the base. Any fines produced during 

construction are also of low plasticity. The rutting, and associated forms of deformation, 

observed in some sections of the road is most probably due to slight material segregation, 

insufficient base layer thickness and occasionally high moisture content of the base in those 

areas.  

The primary purpose of the investigation was to determine if the dolerite material had 

undergone any significant degradation since being quarried and placed. In this regard the 

following conclusions are relevant; 

 Petrographic analyses coupled with XRD analyses provide no evidence of rapid 

alteration of secondary minerals to smectite minerals after quarrying, crushing or 

handling 

 There is however a highly altered phase of basalt believed to have been 

incorporated into the materials at random 

 The secondary minerals inherent in the materials also do not undergo further 

alteration after quarrying 

 The base material is, after a long period in service, still acceptable for use.  
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7. RECOMMENDATIONS 

There are no further recommendations for investigations at this site.  
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1. INTRODUCTION 

1.1. Background 

Site P6 is located in the Mpumalanga Province of South Africa. The road was identified as a 

suitable section for investigation after it determined that the quarry used to produce the 

aggregate used in the base layer was located in a Karoo dolerite intrusion and that this 

quarry was still available for sampling. The road was constructed between 2006 and 2008 

and during the investigation time had not shown any significant signs of distress. A materials 

investigation was therefore performed to determine if the material had been altered in any 

way since construction and if so why this had not led to any failures. Furthermore, if no 

degradation of the material was observed an attempt would be made to determine what 

factors resulted in such superior durability when compared to other dolerites used in similar 

applications. 

1.2. Procedure 

A site visit was carried out on the 3
rd

 and 4
th
 of October 2012 during which the quarry and a 

section of the road were visited respectively. Samples of quarry rock boulders and samples 

of the base course layers were collected. The test pits were located in the outer wheel tracks 

on opposite sides of the road. 

During test pitting the in situ condition of the base course as well as the interface between 

the base course and the subbase were studied. DCP probes were also attempted at each 

test pit. 

A comprehensive suite of testing was performed on all base course samples collected to 

determine the variability of material properties and possible causes of the observed road 

distress. The tests performed were: 

 Petrographic analyses of all aggregates 

 Semi-quantitative powder X-ray Diffraction (XRD) analyses of coarse aggregate 

ground to 10µm size 

 Compressive wave velocity of rock material 

 Grading and soil constant analyses of bulk samples collected from base course 

according to methods prescribed in TMH1 A1(a/b), A2, A3, and A4 (1987) (Grading 

and preparation of samples was done using an internal CSIR standard that is not 

published).  

 Water absorption of core samples collected from boulders from the quarry according 

to methods prescribed in ASTM C 97 – 02. 
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 Aggregate impact value (AIV) of all aggregates according to British Standard 812 

(1975) and repeated after 1 day of soaking in Ethylene Glycol. 

 Durability mill index (DMI) of all aggregates according to the method proposed by 

Sampson & Roux (1987) with a standard prepared grading of all samples and 

repeated after soaking material in Ethylene Glycol for 5 days. 

 Modified ethylene glycol durability index testing (mEGDI) of all aggregates according 

to the method proposed by Leyland et al. (2013) 

 Point load index testing according to International Society for Rock Mechanics 

(ISRM) suggested method (ISRM, 1985). 

 

In addition to the above testing, the 10% FACT and aggregate crushing values (ACV) were 

calculated based on the correlations between these values and AIV values as described by 

Sampson & Roux (1982).  
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2. AVAILABLE INFORMATION 

All available information on the site was obtained from the construction records held by 

SANRAL. These records contain detailed information on the construction dates, material 

sources and final quality control data. No material test results were included in these records 

but the materials are classified and as such specified material properties can be deduced.  

The following information was extracted from these records: 

 Base course materials were sourced from three different quarries. The first, named 

Graskop, was located on the farm Oudehoutskloof 86HS, approximately 1.6km west 

of 21.5 of N11 section 5. The other two but their locations were not included. These 

were used on very limited parts of the section and sampling locations were chosen 

so as to avoid these materials.  

 The base course was classified as a G1 material and was designed as a 150mm 

thick layer 

 The subbase was designed as a C4 layer of weathered dolerite stabilized with 1.5-

2% lime and 1.5-2% cement and constructed as two separate layers as follows: 

 Lower 200mm either an in situ recycled material or from one of borrow pits 

4, 9, 10, 11 or 13. 

 Upper 150-280mm from one of borrow pits 4, 9, 10, 11 or 13. 

 At the location of Test pit P6A1 (section 5, km 9.4, South bound lane) 

 Base construction was completed on 25 August 2008 

 A 19/6.7mm double seal was constructed with the first spray being put down in 

October 2008 

 At the location of Test pit P6B1 (section 5, km 18, North bound lane) 

 Base construction was completed on 25 October 2007 

 A 19/6.7mm double seal was constructed with the first spray being put down in 

November 2007 

 

Rainfall information included in these records is shown in Figure 1. The seal construction at 

the first test pit (P6A1) appears to have been done during the start of the wet season but 

since only monthly rainfall data was available it is possible that relatively dry periods within 

the months were utilized. The seal construction at the second test pit (P6B1) appears to 

have been done after a very wet October 2007 and during a wet November 2007. 
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Figure 1. Rainfall data and construction dates obtained from avaiable data. 

 

 

  

626



5 

3. SITE INVESTIGATION AND SAMPLING 

3.1. Introduction 

The site investigation consisted of a quarry sampling campaign and a road layer sampling 

campaign. Since all available data was obtained from printed records that contained no 

quality control data it was assumed that target densities and other specifications were 

obtained in all areas of the section and as such sampling sites were selected based on the 

surface condition of the road.  

3.2. Site location and geological setting 

The section of the N11 route under consideration (section 5) starts just to the North of 

Volksrust in the Mpumalanga Province and stretches 40.3 km to the north (until 

Ammersfoort). The quarry is located to the east of the N11 at km 21.5 on land and not visible 

from the N11 (Figure 2). The climatic N value (Weinert, 1980) in the area is 2.  
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Figure 2. Location of the section investigated and sample points. 
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According to the available geological map (Figure 3) the greater area is underlain by the 

following lithologies of the Karoo Supergroup (in order from oldest to youngest): 

 Vryheid Formation (lower upward coarsening mudstone/siltstone/sandstones and 

upper upward fining sequences with thick continuous coal seams) 

 Volksrust Formation (argillaceous, black shales with lenses of siltstone and 

sandstone)  

 Adelaide Subgroup (dominant mudstone with lesser sandstone formations) 

 Tarkastad Subgroup (dominant sandstone with lesser mudrock formations) 

The Vryheid formation occurs mainly to the Northeast and South of the quarry but underlies 

the Volksrust formation at the quarry location. Locally topographic lows created by river 

courses have exposed the Vryheid. The overlying Adelaide Subgroup (Normandien 

formation) has mostly been removed by erosion in this area but still occur as topographic 

highs in some areas to the southwest of the quarry. One such outcrop is located directly to 

the south of the quarry. Very limited outcrops of the Tarkastad Subgroup are associated with 

the Adelaid Subgroup. 

All these sedimentary units of the Karoo Supergroup have been intruded by the Karoo 

Dolerite Suite (Figure 3). The dolerite outcrops indicated in Figure 3 form large irregular 

shaped outcrops which is typical of sill intrusions that form slight topographical highs in areas 

dominated by relatively weak and sedimentary strata.  
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Figure 3. The geological setting of the road section investigated and the quarry location. 

 

The larger scale geological map (1:250 000) shows the quarry to be located in a dolerite sill 

within the Volksrust Formation (Figure 4). The map also indicates the presence of Adelaide 

630



9 

Subgroup (Normandien Formation) outcrops within less than 1km from the quarry and a 

common association of sills in the region with the Adelaide Subgroup.  This indicates that 

these sills where most probably intruded along the contact between the Volksrust Formtion 

and the overlying Adelaid Subgroup. This contact is therefore between two formations that 

are generally argillaceous but the overlying Normandien Formation is contains common 

sandstones and even granulestones (Johnson et al, 2006). 

 
Figure 4. Detailed geological map of quarry area. 

 

The regional terrain is described as the interior plain which covers large parts of southern 

Mpumalanga and the eastern Free State Provinces. The topography is therefore relatively 

subdued with rolling hills. Approximately 20km south of the quarry (just south of Volksrust) 

the terrain changes to the mountainous region of the Great Escarpment. The quarry 

elevation is 1465m above sea level.  

3.3. Quarry observations and sampling 

It is not known when last the quarry was actively mined but evidence of disturbance since 

2008 was seen and the quarry seems to have been rehabilitated as well. There were no 

stockpiles of material available. Full access was however obtained but the faces of the 

quarry could be observed in great detail as many of these had been covered during the 

rehabilitation process (Figure 5). There were however two outcrops of the upper parts of the 

631



10 

quarry remaining and as such sampling was possible. The nature of the intrusion was also 

hard to confirm but appears to be a sub-horizontal sill. 

 
Figure 5. General condition in quarry with sample locations in limited outcrops. 

 

The two exposed and sampled areas appeared similar with the exposed faces having a 

reddish brown weathering rind on them. This weathered product appeared almost rusty and 

had been preferentially “eroded” locally to form a pitted surface texture (Figure 6). Freshly 

exposed rock material also had a dark blue-grey colour but where speckled white with what 

appeared to be plagioclase phenocrysts (Figure 6).    

The area where the second (P6C2) sample was collected had what appeared to be a slightly 

thicker weathering rind but was generally identical to the other sampled area. The boulders 

collected were however relatively unweathered dolerite as an attempt was made to not 

sample pieces that included a natural, weathered face. 
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Figure 6. Effect of weathering on exposed joint faces (left) and freshly exposed roack faces (right). 

 

3.4. Test pit sampling and observations 

Two test pits were excavated to subbase level in order to view the in situ base condition and 

to obtain samples of base material after the construction processes. The first test pit was 

located on the south bound side of the road at km 9.4 in the outer wheel.  At this position 

there was additional south bound climbing lane due to the very steep local gradient (Figure 

7). Minor bleeding (degree 1) was present in the wheel tracks of these lanes and 4mm ruts 

were measured.  

 
Figure 7. Test pit locations for sample P6A1 (left) and P6B1 (right). 
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A dynamic cone penetrometer (DCP) was also used at this sampling site. This was however 

unsuccessful as the probe was unable to penetrate the entire base layer and was therefore 

abandoned. The test pit was excavation was then initiated by removing the seal (double seal 

with modified binder) to expose the base surface. The base surface appeared to be in a 

good condition and not excessively loose or excessively moist. There appeared to be a good 

mosaic of stone within the matrix (Figure 8). The aggregate pieces exposed in the base also 

had good interlock with other pieces. When taped with a pick any movement of the piece 

was clearly translated to other pieces in the vicinity and no one piece could be “punched” 

into the base. The base was measured to be 200mm thick (not 150mm as in the construction 

records) and was slightly moist with a medium dense consistency. The area has good 

drainage characteristics as the climbing lane is located on a considerable thickness of fill. No 

further evaluation of the base material was done on site.  

 
Figure 8. Surface of base at P6A1 after seal removal. 
 

The second test pit was excavated at km 18 in the north bound outer wheel track of a similar 

climbing lane but in the flat area running up to the actual climbing section. The surface was a 

similar double seal and there was generally no bleeding in the outer wheel track. Minor 

bleeding can be seen in the inner wheel track in Figure 7 but this bleeding appeared to be on 

the joint between the seal of the primary lane and the climbing lane. There were no ruts 

present at this location and the area appears to have good characteristics. The sampled lane 

is at the lower end of a slight super elevation at this point. A DCP probe was also used at 
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this sampling site but was also unsuccessful in penetrating trough the base layer and was 

therefore abandoned. 

The base surface appeared similar to that of the other test pit (Figure 9) and had a good 

bond with the very upper layer of aggregate remaining bonded to the seal. Taping of 

individual aggregate pieces again revealed a good interlock of material and no one piece 

could be “punched” into the base without disturbing the area around it significantly. The area 

surrounding the test pit also sounded very solid when hit with the pick and as such no local 

weak interfaces between the base and surfacing are expected. As with the other test pit the 

base was slightly moist and had a medium dense consistency. Here the base was, however, 

much thinner (±135mm) and therefore closer to the design thickness. 

Where the subbase was exposed it was slightly loose but still appeared sound and hard 

overall. There was no phenoltphlein reaction when the surface of the subbase was tested. 

There was however a positive reaction when the upper 10-20mm of the subbase was 

removed, therefore indication that the upper 10-20mm has been carbonated. This is 

probably the cause of the relatively loose surface of the subbase but generally hard nature of 

the layer. 

 

 
Figure 9. Surface of base layer (left) and base material bonded to seal lower surface (right) at the 
second (P6B1) test pit.   
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4. TEST RESULTS 

4.1. Coarse aggregate appearance 

Coarser aggregate particles from the base samples were described according to the “Pick 

and Click” test (Weinert, 1980) which is designed to determine the degree of weathering of 

aggregates. The following three properties of each material are described in this “test”: 

 colour and lustre 

 hardness and consistency 

 state of crystallization 

 
Scores are assigned based on these properties and are then used to determine the 

suitability of the material as road construction material. Scores range from 1 to 4 with higher 

scores being assigned to less favourable property descriptions. 

The properties were similar for all of the materials (Table 1) but the base materials seemed 

to have a slightly duller matrix. The hardness of the West Face quarry materials was also 

noted to be slightly lower than that of the East Face sample. According to the results all 

materials are suitable for use as base course but the base samples are not suitable for use 

as chips or crushed stone aggregate under all environmental conditions.  

 

Table 1. “Pick and click” test results 

Sample Source 
Score 

Score Suitability 
Colour Hardness Crystallization 

P6A1 Base  1.5 1 1.5 4 Base  

P6B1 Base 1.5 1 1.5 4 Base 

P6C1 East Face 1 1 1 3 Chips/crushed stone 

P6C2 West Face 1 1.5 1 3.5 Chips/crushed stone 
 

4.2. Petrography 

General observations 

From each of the samples two thin sections were prepared by the Council of Geoscience 

(CGS) from two different aggregate pieces. The quarry samples were crushed in the 

laboratory to obtain a full range of aggregate sizes typically present in G1 materials and from 

these one >26.5 mm aggregate piece and one aggregate piece >13.2 mm from each of the 

samples were used to create thin sections. Similar aggregate pieces were obtained from the 

base samples. Thin section analyses were then performed using a petrographic microscope. 

The aim of the analyses was to identify the major mineral constituents and the variability of 
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mineralogy of the dolerite. Additionally an attempt was made to identify any petrographic 

characteristics that could possibly lead to rapid degradation of the dolerite. A summary of the 

observations made are given in Table 2. Visually the overall appearance of the base material 

thin sections was similar to that of the quarry sample sections. There were however 

differences between them as will be discussed below. 

 

Table 2.  Summary of petrographic features observed. 

Thin 
section 
number 

Source 
Primary minerals 

Matrix Notes 
Texture 

Size 
(mm)* 

P6A1-A 
Base Porphyry 

0.5-1.75 High strength due 
to generally 

unaltered nature 
Plagioclase phenocrysts are 
sausseritized & occasionally 

highly sericitized. Some matrix 
laths replaced by chlorite. Limited 
mica replacing matrix pyroxene. 

P6A1-B 0.5-3.25 

P6B1-A 

Base Porphyry 1-2 

Intermediate to 
high strength due 
to slight isolated 

alteration 
P6B1-B 

P6C1-A 

East 
Face 

Porphyry 

0.25-3.8 

Intermediate to 
high strength due 
to slight isolated 

alteration 

Plagioclase phenocrysts are 
sausseritized & occasionally 

highly sericitized. Some matrix 
laths replaced by chlorite. Limited 
mica replacing matrix pyroxene. 

Isolated fractures may cause 
splitting 

P6C1-B 0.6-1.75 

P6C2-A 

West 
Face 

Porphyry 

0.35-1.8 

High strength due 
to generally 

unaltered nature 

Plagioclase phenocrysts are 
sausseritized & occasionally 

highly sericitized. Some matrix 
laths replaced by chlorite. Limited 
mica replacing matrix pyroxene. 
Isolated pyroxene alteration may 

cause spalling. 

P6C2-B 0.25-2.5 

*Size range of phenocrysts. Matrix grains are finer (0.05-0.175mm) 

 

Once the major minerals present in each thin section were identified the surface area of 

each as a percentage of the total thin section surface area was estimated by visual 

evaluation. The fined grained nature of the matrix in these samples made this difficult and 

accuracy of the estimations was therefore not expected to be high. The general degree of 

“weathering” (both deuteric alteration and natural weathering) present in all primary minerals 

was also estimated but was also difficult due to fine grained nature. The estimated mineral 

compositions are given in Table 3.   

 

Table 3. Mineralogical composition based on petrographic estimation. 

Sample Source Plagioclase  Pyroxene  Mica Opaque minerals 

P6A1-
A 

Base 
50 44 2 4 

P6A1-
B 

49 44 2 5 
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P6B1-
A 

Base 
53 40 2 5 

P6B1-
B 

52 40 3 5 

P6C1-
A East 

face 

48 43 4 5 

P6C1-
B 

44 48 3 5 

P6C2-
A West 

Face 

46 46 3 5 

P6C2-
B 

48 44 3 5 

 

Following this a formal point counting exercise was performed on each section. At least 500 

points were observed on each section using a PETROG digital stepping stage and 

PetrogLite™ software. At each point the mineral was identified and where primary minerals 

were identified a differentiation was made between those that were unaltered (and not in 

direct contact with secondary minerals) and those that were altered (including those that 

were in direct contact with secondary minerals). The percentage of significantly altered 

primary minerals was added to the percentages of secondary minerals to arrive at the total 

percentages of secondary minerals present. The results are summarized in Table 4. 

 

Table 4. Mineralogical composition (%) of each sample based on petrographic point counting. 

Sample Source 
Pyroxene 

 (poor 
edge) 

Mica  
Plagioclase 
(poor edge) 

Sericite, 
plagioclase 
replacement  

Smectite 
Total 

secondary 

P6A1-
A 

Base 
49 (6) 3 36 (2) 0 <1 11 

P6A1-
B 

44 (13) 1 24 (13) 2 0 29 

P6B1-
A 

Base 
41 (13) 1 28 (14) 0 0 28 

P6B1-
B 

56 (6) <1 6 (22) 4 <1 33 

P6C1-
A East 

face 

52 (3) 2 36 (3) 0 0 8 

P6C1-
B 

61 (6) 1 12 (12) <1 <1 20 

P6C2-
A West 

Face 

50 (4) 1 30 (11) <1 0 16 

P6C2-
B 

55 (5) 2 22 (12) <1 0 19 

Recommendation (Weinert, 1980) for this climatic region (N=2) 18 
Notes:  Secondary minerals are Mica, sericite, and all percentages of poor edge minerals 

 Mica includes both primary phlogopite grains and secondary pyroxene replacement mica 
Opaque mineral content varied from 3-6%. 
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The most common minerals identified were the typical primary minerals of a dolerite, 

plagioclase and pyroxene. Plagioclase varied from being generally unaltered (Figure 10A) to 

sericitised to different degrees (Figure 10C and F). The plagioclase phenocrysts were also 

commonly sausseritized (Figure 10B and C) and some had extreme amounts of sericite 

alteration within them (Figure 10D). The finer grains within the matrix were generally 

unaltered (Figure 10F). 

 
Figure 10. Common plagioclase apperances A: Unaltered phenocryst cluster (XPL), B: Sauserite 
in unaltered phenocryst (XPL), C: Sauserite in slightly sericitised phenocryst cluster (PPL), D: 
Phenocryst with large amounts of sericite (XPL), E: Phenocryst with large amounts of sericite 
(PPL) and F: Generally unaltered plagioclase laths in matrix (PPL). All images at 40x 
magnification. 
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Pyroxene phenocrysts ranged from being unaltered (Figure 11A) to being partially (Figure 

11B) or totally replaced by green or brown micas (possibly chlorite in some cases) (Figure 

11D and E). The pyroxene grains within the matrix were generally unaltered but in some 

places appeared altered and formed small dark spots (Figure 11F). The other primary 

mineral commonly observed was fine grained phlogopite within the matrix (Figure 11C). 

These grains were very small and could only be seen to differ from secondary minerals at 

higher magnification levels. The plagioclase phenocrysts were generally larger than the 

pyroxene phenoctrysts but many of the plagioclase phenocrysts consistent of clusters of 

smaller grains. Within the matrix the plagioclase grains were typically of equal thickness but 

double the length of the pyroxene grains.  

 
Figure 11. Common pyroxene and mica apperances A: Unaltered pyroxene phenocryst (XPL), B: 
Partially replaced phenocryst (PPL), C: Small phlogopite grain within fine matrix (PPL), D: Green 
mica replacing pyroxene phenocryst (PPL), E: Green mica replacing pyroxene phenocryst (XPL) 
and F: Isolated small areas of altered matrix pyroxene grains (PPL). All images at 40x 
magnification. 
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Comparison of materials 

The materials were therefore all similar but some contained slightly more areas in which the 

pyroxene grains in the matrix appeared more altered and some had more alteration of 

pyroxene phenocrysts compared to others. During the point counting very minor amounts of 

sericite were observed in some samples. These minerals were identified as sericite 

(probably muscovite) due to their fine grained, almost fibrous habit, birds eye extinction, and 

relatively high birefringence. 

The petrographic analyses (estimates and point counting) did not compare very well with 

each other (Figure 12). Differences between plagioclase and pyroxene amounts were 

typically larger than 10% and the point counting results had much larger variation between 

sub-samples compared to the visual estimates. Normally the point counting would be 

assumed to be more accurate but due to the very fine grained nature of the matrix this may 

not be the case. All results should therefore be considered and an intermediate level of 

accuracy assumed. 

Considering all the results (Figure 12) it is clear that the pyroxene to plagioclase ratio is 

generally larger than 1 (i.e. more pyroxene) and possibly equal to 1 in some subsamples. 

This is not typical of Karoo dolerites which normally have more plagioclase. It can also be 

seen that the range of results obtained for the base materials is similar to the range obtained 

from the quarry samples. This in conjunction with the generally similar appearance of the 

samples indicates that the materials are most likely from the same source (i.e. construction 

records are confirmed). The mica mineral contents show good agreement between the 

estimates and point counts but this is expected due to the low amounts of micas. There is no 

evidence that additional secondary minerals have formed during the materials time in service 

as the base sample mica and sericite contents were within that observed in the quarry 

samples.  
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Figure 12. Comparison of mineralogy as determined by estimation and point counting. 
 

In summary the plagioclase/pyroxene ratios that range from unity to <1 while micas and 

sericite make up ≤5 % of the material. Based on the point counting results, in the quarry 

materials 3-12% of plagioclase grains were altered or bordering on a mass of altered 

material while the range of pyroxene that was altered was much smaller (3-6%). This agrees 

with the visual observations where most minerals were noted as being unaltered. In the base 

samples 2-22% of plagioclase grains were altered and the range of pyroxene that was 

altered (6-13%) was also higher compared to the quarry. Once again the point counting 

results can only be assumed to be moderately accurate due to the fine grained nature of all 

materials. The consistency of the results does however indicate that the primary minerals 

have been slightly altered during the time in the pavement. This has however not resulted in 

a higher free secondary mineral count.  

Weinert (1980) prescribes a secondary mineral content limit of 18 in the climatic region of the 

site. The actual secondary mineral counts were all ≤5% (which is acceptable in any climatic 

region (Weinert, 1980)). The aggregate is expected to have generally high strengths due to 

the generally unaltered nature of the minerals. Where more altered matric minerals are 

concentrated more intermediate strengths may occur.  

When exposed to moisture changes the minerals should not experience significant 

breakdown due to smectite mineral expansion. This is not only due to the general lack of 

such secondary minerals (there may be some in highly weathered pyroxene matrix grains) 

but also due to the materials predicted low porosity ad permeability due to the fine, generally 

unaltered matrix of primary minerals. In one subsample a persistent microfracture filled with 

an alteration product was observed. Such features will increase the permeability of 

aggregate pieces and will make them prone to splitting when exposed to stress. 
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4.3. X-ray diffraction analyses 

X-ray diffraction analyses were carried out on crushed aggregate pieces from each of the 

samples and analyses were then repeated using the same material after exposure to 

ethylene glycol and once again after heating to 550°C. Results from the untreated material 

are used to identify the major phases present in the material while the results obtained after 

the two separate treatments are used to confirm the presence of minerals that have 

overlapping diffraction peaks when untreated. After the mineral phases present have been 

confirmed the diffractogram from the untreated material is used to estimate relative phase 

amounts (weight %) using the Rietveld method. The detailed report supplied by the XRD 

laboratory is included in Appendix A.  

The results (Table 6) indicate that the mineralogy of the different samples is very similar. 

Trace amounts of quartz, kaolinite and chlorite were found in almost all samples. The 

primary mineral composition is very consistent with plagioclase being dominant over 

pyroxene in all results. This agrees with estimates but is opposite to the point counting 

results in which pyroxene percentages were always higher than plagioclase. 

The XRD results also reveal the occurrence of two separate pyroxene phases, one a 

clinopyroxene and the other an orthopyroxene. The orthopyroxene was only present in small 

amounts (<5%). Smectite was also identified in all samples and ranged from trace to 5% in 

base materials and 2-3% in quarry materials. This is therefore higher than any of the point 

count results. The XRD analyses did not identify any brown mica minerals. The sericite 

identified as part of the point counting analyses was most likely a mixture of chlorite and 

muscovite which is confirmed by the similarity of the results shown in Table 6. 

 

Table 5. XRD analyses results 

Sample 
Clino-

pyroxene 
Plagioclase Ortho-pyroxene Chlorite Muscovite Quartz Kaolinite/ Smectite 

P6A1 
Base 

35 53 3 - 4 3 <1 / <1 

P6B1 
Base 

35 51 4 - 1 3 - / 5 

P6C1 
East 

36 53 2 1 2 3 <1 / 2 

P6C2 
West 

36 52 3 <1 2 3 <1 / 3 

 

Table 6. Comparison of XRD and point counting (PC) results 

Sample Pyroxene (XRD/PC) Plagioclase (XRD/PC) 
Chlorite + Muscovite (XRD) / 

sericite (PC) 

Mica 

(XRD/PC) 
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P6A1 
Base 

35 / 56 52 / 33 4 / 2 0 / 2 

P6B1 
Base 

35 / 58 51 / 35 1 / 4 0 / 1 

P6C1 
East 

36 / 61 53 / 32 3 / 1 0 / 2 

P6C2 
West 

36 / 57 52 / 38 3 / 1 0 / 2 

 

In Figure 13 the reversed plagioclase/pyroxene ratios of the point counts and the XRD can 

be seen as well as the absence of brown mica (biotite) and opaques in the XRD analyses. 

These differences are assumed to be due to the inaccuracy in optical microscopy of fine 

grained igneous rocks.  

What is more significant is the relative difference between the base and quarry materials. 

The plagioclase/pyroxene ratios of these materials are similar irrespective of whether the 

point counting or XRD results are considered. Also the range of sericite and smectite 

contents are similar. The XRD results therefore also show no significant differences between 

the base samples and the quarry material. This is further evidence that no significant 

alteration has occurred since the materials were removed from the quarry and placed in the 

pavement layers.   
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Figure 13. Comparioson of point counting and XRD results (sericite = chlorite + muscovite) 
 

4.4. Petrography discussion 

The misinterpretation of chlorite as a white mica (sericite) is not significant with respect to the 

aggregate durability implications as both are secondary minerals which result in a weaker 

mineral skeleton and therefore a mechanically weaker aggregate.  

The differences between sericite and smectite clay are, however, more significant as even 

though both are secondary and weaken the overall mechanical properties of the aggregate 

pieces, smectite minerals will also cause tensional stress within aggregates due to hydration 

and consequent expansion. The fines released by crushing aggregate that has a higher 

smectite content will also be more plastic. This misinterpretation of mineralogy has been 

observed before in a previous investigation by Paige-Green and Semmelink (2000) when 

what appeared visually to be biotite was shown, by XRD, to be smectite. This is however not 

the case with these materials and XRD results generally confirmed the point counting 

observations with regards to smectite and sericite. What is more difficult to quantify is the 

percentage of secondary minerals present. The point counting results showed a varying 

percentage of grains to be highly altered or bordering on secondary mineral masses. The 
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weakening in the aggregates due to this is therefore also likely to be variable. It can 

therefore be expected that on average the base materials will be slightly weaker than the 

quarry materials. This weakness should however only be related to the crushing resistance 

and not to degradation due to expansive clay minerals. This is because although more 

minerals were (on average) altered in base materials, no significant amounts of secondary 

minerals were observed. For this reason exposure of the material to the atmosphere and 

moisture changes is not expected to result in the material becoming any weaker. Any fines 

produced by the predicted breakdown during construction and in service stresses is also not 

expected to be plastic and as such the pavement layer should not lose strength excessively 

as a consequence of this breakdown. Finally the lack of additional alteration after exposure 

by quarrying and crushing indicates that other material properties should be relatively 

unchanged.  

Whilst not part of any current specification it has been suggested that up to 10% smectite 

might be tolerable for a “pavement material” (Weinert, 1980). However Dr F Netterberg 

(personal communication) considers that more than about 5% as risky if the material is to be 

used as a surfacing stone or a base course aggregate. Considering the poor reproducibility 

of the methods used to determine the smectite content it is probably not possible to set a 

firm limit on the smectite content but most of the materials tested were reported to be well 

within these proposed limits. The one base material did have a smectite content of 5%. 

4.5. Sonic velocity 

According to Kilic (1995) alteration of diabase from Turkey had a very significant effect on 

the compressive wave velocity and the dynamic modulus of elasticity of the materials. The 

compressive wave velocity could only be determined on quarry material as cores are 

required. The quarry boulder materials had compressive wave velocities of 6565 m/s (East 

Face) and 6582 m/s (West Face) which according to the results from Kilic (1995) would be 

an unaltered material (≥5000 m/s). Experience from other dolerites crushed base sources 

indicate that most materials that have good performance have compressive wave velocities 

of above 6000 m/s (average of 6400m/s) and as such this quarry material is most probably 

of superior quality. 

4.6. Grading and soil constants analyses 

The grading of the base materials analyses revealed the materials to have very similar 

grading curves (Figure 14 and Figure 15). For the sand fractions (<2 mm) the materials were 

almost identical and within the specifications (TRH14 G1/G2 specification). For aggregate 

sizes larger than 2 mm the cumulative percentages differ since the first (P6A1) base material 

was out of specification due to high percentages of material passing the 26.5mm and 

19.0mm material. The actual differences in grading were due to this material having more 2-

4.75mm (5%) and 13.2-19mm (4%) material. The P6A1 material actually had a very low 
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percentage of 19-26.5mm material (11%) compared to the P6B1 material (18%) but was still 

out of specification due to the cumulative specification limits. 

It is very possible that all materials were similar in grading when placed and that more 

disintegration has occurred in the P6A1 material. The >26.5mm and 19-26.5mm material 

would therefore have had to breakdown to 2-4.75mm and 13.2-19mm material and not 

produce significant additional material below these sizes. No fines would have been 

produced during the breakdown process. The differences in grading are minor and are 

unlikely to have resulted in any loss of strength. 

 
Figure 14. Grading curves and grading results for the base samples. 

 

 
Figure 15. Grading curves of base and stockpile materials on semi log graph. 
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The coarse sand ratios of the base materials were 52 and 51 respectively and therefore 

similar but slightly above the maximum specification (Table 7). Due to the accuracy 

associated with grading analyses these values can be assumed to be equal and marginal. 

The <0.425mm fraction in all materials had a Plasticity Index (PI) of 2-2.9% and the Linear 

Shrinkage (LS) values of all materials were 1.3-17% (Table 7). The materials are therefore 

similar with respect to soil constants and Atterberg Limits indicating that any fines that may 

have been produced in base materials have not been altered in service (to become more 

plastic). The low PI and LS values are all within the G1 specifications and will result in a 

material of adequate shear strength. 

 

Table 7. Soil constant results 

Sample PI Coarse sand ratio LS 

P6A1 
Base 

2.8 52 1.7 

P6B1 
Base 

2.8 51 1.7 

P6C1 
East Face 

2.9 NA 1.3 

P6C2 
West Face 

2.0 NA 1.4 

Specification 
(Colto G1) 

≤ 4 / 12* 35-50 ≤ 3.00 

*when PI is determined on -0.075mm fraction because -0.425mm fraction is NP.  

 

It is worth noting that GAUTRANS (1994a, b) requires that all weathered basic igneous rocks 

used for base or subbase be stabilized down to non-plastic (NP). In the opinion of Dr F 

Netterberg (pers. comm), basic rocks used for any base course should have a maximum PI 

of 4% (preferably NP), and a PI x P425 of ≤ 100 (preferably ≤ 80) and a PI x P075 of ≤ 45 

(preferably ≤ 25). The base materials satisfied all these requirements comfortably (Table 8).  

 

Table 8. PI multiplied by soil faction results. 

Sample PI x P0.425 PI x P0.075 

P6A1 
Base 

37 22 

P6B1 
Base 

34 20 

P6C1 
East Face 

NA NA 

P6C1 
West Face 

NA NA 

Recommendation ≤ 100 or ≤ 80 ≤ 45 or ≤ 25 
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The grading and soil constant analyses therefore indicate that all materials are adequate for 

use as G1 base course material and that no significant differences exist between the “fresh” 

quarry material and the in service pavement material. 

4.7. Aggregate Impact Value 

The standard aggregate impact values (AIV), i.e. not glycol soaked results, for the samples 

showed that the base samples were similar and slightly superior to the quarry materials with 

respect to AIVs (and therefore also similar 10% FACT values) (Table 9). All results were 

within the specified limits. The AIV of the P6A1 material was slightly lower than that of the 

P6B1 material.  

 

Table 9. AIV results and other properties derived from AIV results 

Sample Treatment 
AIV 
(%) 

10% FACT* 
(kN) 

ACV* 
(%) 

Glycol/Dry 
10%FACT Ratio (%) 

Glycol/Dry 
ACV ratio 

P6A1 
Base 

Normal 7.4 493 7.1 

100 100 

Glycol 7.4 492 7.1 

P6B1 
Base 

Normal 8.1 471 7.8 

105 91 

Glycol 7.4 494 7.1 

P6C1 
East Face 

Normal 9.9 414 9.7 

105 93 

Glycol 9.2 434 9.0 

P6C2 
West Face 

Normal 9.3 431 9.1 

100 100 

Glycol 9.3 432 9.1 

Specification 
(G1) 

Normal NA ≥ 110 ≤ 29 ≥70
#
 NA 

*Based on AIV value according to correlations reported by Sampson & Roux (1982): 

           (      (        ))                                        (        )      
#
 SANRAL specification for 4 day glycol soaked 10%FACT  

 

Ethylene glycol soaking was performed for only 24 hours and as such the ratio of the 

standard to glycol 10%FACT values cannot be compared with the SANRAL specification 

(Table 9). However, the 24 hour soaking would only give a lower or similar AIV (and 

therefore higher 10%FACT) values than 4 day soaking and as such the glycol/dry 10%FACT 

ratios obtained can only be higher than what the 4 day soaking results would be. Even if the 

conservative nature of the one day soaking results are considered the results indicate that 

the material is extremely resistant to weakening due to expansive mineral forces as the 

glycol/dry 10%FACT ratio ≥100% for all samples tested. The glycol therefore had no effect 

on the materials.   
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Since AIV without glycol treatment is a test of physical durability (i.e. resistance to 

disintegration by attrition) the results show that only a slight variation in physical durability 

exits between materials. The fact that the base materials are superior indicates that no 

degradation of the base material has occurred during or due to the construction process and 

in service time. The variations in results probably represent variations within the quarry with 

the base material having been sourced from a lower level that is no longer accessible.   

Glycol AIVs, when compared with normal AIVs, are an indication of the susceptibility of a 

material to undergo a reduction in physical durability due to the expansion of swelling 

minerals such as smectite and resulting general loss of physical strength of the aggregate. 

The results therefore indicate that after undergoing construction and more than 4 years 

under traffic the material is not susceptible to a reduction in physical durability due to 

expansion of minerals and also no more susceptible than it was before. Since the mineralogy 

studies (section 4.4) did not indicate an increase in expansive minerals after quarrying and 

construction this is expected.  

4.8. Durability Mill Index 

The Durability Mill Index (DMI) samples and subsamples were prepared with a standard 

grading that is within the TRH14 grading requirements. This was performed to make 

comparison of all DMI results possible. The results indicate that the durability of all the 

materials is well above the required specifications (Table 10). There was however some 

variability between all materials and the DMI values of the base materials were slightly 

poorer than that of the quarry materials.  

Since the DMI is based on both the PI and the grading of the material and the grading of all 

samples was made to be equal before DMI testing it is interesting to investigate for 

differences in these values. Within the quarry samples the maximum p0.425mm was equal 

and the variation in DMI is therefore due to the slight (1%) difference in maximum PI results. 

Such differences are within the accuracy range of the PI determination and as such are not 

considered significant. The DMI of the quarry samples can therefore be taken as equal. The 

cause of the variation in DMI between base materials is the same and the DMIs of the base 

are therefore also considered to be equal. The slightly higher DMIs of the base are therefore 

due to slightly higher percentages of fines being produced by these materials during milling. 

The fines released by all materials during milling are of similar plasticity. 

When comparing the maximum change in p0.425mm due to the DMI milling, relative to the 

un-milled A subsample p0.425mm, the base samples, on average, had higher changes but 

all materials are within the specification of 8 percentage points. The ranges of values do 

however overlap and therefore indicate similarities in the material reactions to the milling. 

Since the minimum p0.425mm values were all in excess of the 16.5% at which the samples 

were prepared and 2% higher in both samples it is believed that the base materials were not 

“cleaned” properly during sample preparation and that this resulted in fines being stuck to 

larger aggregate pieces due to suction. Such materials was liberated during wet milling and 
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sieving thus giving a higher total for the percentage passing the 0.425mm sieve in the A 

subsample. The observed maximum p0.425mm values are therefore misleading and the 

materials experienced similar reactions due to milling.  It can therefore be said that the actual 

physical durability of the material does not seemed to have changed much and was equal, if 

not slightly lower for base materials (in contrast with that indicated by AIV results in section 

0).  

While the COLTO DMI limit (and the current SANRAL limit) is 125 this is probably too high 

since Sampson and Netterberg (1989) and other sources have shown this limit to predict a 

50% chance of good and 50% fair performance. A maximum limit of 90, as adopted by TRL 

(1993) should be used to predict 100% probability of good performance and a 100 for 90% 

probability (F. Netterberg, pers comm.). Even when the more conservative limit is considered 

the materials are all well within the specification.  

     

Table 10. DMI results and comparison with grading results 

Sample 

DMI testing results In situ results 

DMI PI 
% Passing 
0.425 mm 

Max ∆P425 
relative to A* 

PI x 
P425 

PI 
% Passing 
0.425 mm 

PI x 
P425 

P6A1  
Base 

74 3 20-22 2.6 55-73 2.8 13 36 

P6B1  
Base 

68 3 20-23 3.6 55-66 2.8 12 34 

P6C1 
East Face 

59 2-3 18-20 1.9 41-59 2.9 NA NA 

P6C2 
West Face 

47 2 15-20 2.7 33-47 2.0 NA NA 

Specification 
(SANRAL 
G1/G2) 

≤ 125 ≤ 4/6 
≤ 8 percentage points 
above original P425* 

≤ 100 
or  

≤ 80
#
 

≤ 6 11-24 
≤ 100 

or 
≤ 80

#
 

*original P425 was prepared to be 16.5% but varied as shown above by minimum values which were obtained from 
unmilled (A) sub-samples with exception of P6C2 which had a A subsample p0.425mm of 17%.. 
#
see section 4.5 

 

The insitu results (Table 10) indicate that the % of material passing the 0.425mm sieve in the 

field had not reached the high values produced by the DMI testing (potentially due to lower 

initial p0.425 values). Although not currently a standard test, and no proposed limits have 

been set, DMI testing was performed on samples after the >2 mm fraction had been soaked 

in ethylene glycol for 5 days. As expected the DMI values increased after this treatment 

(Table 11). The ratio of the normal DMI to the glycol DMI was 0.7-0.8 for the quarry samples 

and 0.7-0.9 for the base samples indicating that effects were similar but slightly less on one 

of the base materials. Most glycol DMI values were below the specification limit 125 but the 

P6B1 base sample had a glycol DMI above the limit of 90 adopted by TRL (1993).  
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The changes in DMI due to glycol were due to significant increases in the p0.425 after glycol 

treatment. The increases were 1-2% in most cases but almost 7% in the P6B1 sample. The 

change in DMI in the P6C2 sample was due to a change in p0.425mm and a change in PI of 

almost 1%. If the change in PI is attributed to the low precision associated with the 

determination thereof then the change in DMI would be much lower.  

The differences in DMI due to glycol treatment are therefore varied but cover similar ranges 

in base and quarry materials. The effects are also generally very slight but in the one base 

material did produce significant changes in the p0.425mm.  

In summary the normal DMI results show that the materials are all very similar in physical 

durability under all conditions while the glycol DMI results show that all materials are only 

slightly susceptible to breakdown due to the expansion of clay minerals. The base materials 

produced slightly more fines than the quarry materials after glycolation, which is not what 

was shown by the AIV results.  

 

Modified DMI (mDMI) 

Since the absolute change in p0.425 mm relative to the A sample is the actual significant 

parameter (as opposed to the actual 0.425 mm) a modified DMI (mDMI) parameter can be 

determined for all samples by multiplying the maximum observed change in p0.425 mm by 

the maximum observed PI for each sample. This can also be done for the glycol DMI results 

using the maximum change in p0.425 mm relative to the A subsample of the untreated tests. 

The results (Table 11) show how similar the materials are and confirm the significant effect 

of glycol on the P6B1 base sample. It is believed that the mDMI will correlate better with 

performance than the standard DMI. 

Table 11. DMI and glycol DMI results  

Sample DMI 
Glycol 
DMI 

Normal / 
glycol 

DMI ratio 

∆ max 
p0.425 mm 
after glycol 

∆ max 
PI after 
glycol 

mDMI 
Glycol 
mDMI 

Normal / 
glycol 
mDMI 
ratio 

P6A1  
Base 

74 82 0.9 1.3 0.2 9 14 0.64 

P6B1  
Base 

68 98 0.7 6.7 0.4 10 34 0.31 

P6C1 
East Face 

59 73 0.8 1.2 0.5 6 11 0.52 

P6C2 
West Face 

47 70 0.7 1.8 0.9 6 14 0.44 

Specification 
(SANRAL 
G1/G2) 

≤ 125 NA NA NA NA NA NA NA 
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4.9. Modified Ethylene Glycol Durability Index 

The modified Ethylene Glycol Durability Index (mEGDI) (Leyland et al., 2013) assigns a 

score to each of 40 pieces of aggregate soaked in ethylene glycol depending on the nature 

and degree of degradation of each piece. These scores are then weighted and added to 

obtain an index value for that material. Indices are calculated based on observations after 5 

and 20 days of soaking and used to characterise the durability of the material. The method is 

therefore different from that originally proposed by the US Army in about 1949 (Corps of 

Engineers, 1969), which relied on changes in grading of larger samples due to soaking, and 

that used during construction of the Lesotho Highland Water Project in South Africa (OSC, 

1986), which determined an index value based on the degree of disintegration observed on a 

single cylindrical drill core. 

All tests were repeated and the results (Table 12) show very good repeatability (for the 

mEGDI test) but also results that mirror the results produced by the glycol AIV and glycol 

DMI results in which no significant weakening was seen due to glycol soaking. The variation 

in glycol effects on the base materials that was observed in the DMI results is also seen 

here. 

Most samples only experienced isolated spalling that did not progress to further degradation 

with time. One aggregate piece in one of the subsamples of each sample (except P6C2 

quarry) was seen to split but not progress to further disintegration. This is expected since a 

filled fracture was observed in at least one thin section studied (Table 2). 

 

Table 12. mEGDI results 

Sample mEGDI 20 Day mEGDI Suitability Long term durability 

P6A1  
Base 

1.5 1.5 All aggregate Acceptable 

P6B1  
Base 

1.0-1.5 2-2.5 All aggregate Acceptable 

P6C1 
East Face 

0.5-2.0 1-2.5 All aggregate Acceptable 

P6C2 
West Face 

0.5-1.5 0.5-1.5 All aggregate Acceptable 

Proposed limits 
for base 

aggregates* 
≤ 10 

≤ 1.5 x mEGDI 
after 5 days 

NA NA 

*As proposed by Leyland et al (2013).  
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4.10. Point Load Strength 

Point load strength testing was performed on aggregate pieces from all samples according to 

the ISRM (1985) method to arrive at the corrected point load index (PLI). For each sample at 

least 14 aggregate pieces were tested. After calculating the average PLI the values obtained 

from aggregate pieces that, during loading, broke either along obvious pre-existing joints or 

in any way that may make the results suspect, were removed and the average PLI 

recalculated to determine the effect thereof on the reported values. The results indicate that 

the quarry materials have high strengths but that the base materials are of slightly higher 

strengths. The effect of potentially erroneous test aggregate pieces was minimal. The 

variation in individual results within each sample was not consistent and slightly excessive 

for P6A1 and P6C1 material. 

The results are not in agreement with the petrography observations as firstly the differences 

between the base and quarry samples were expected to be minimal and not result in any 

real differences in strength. If any differences were expected it would have been for the 

quarry materials to have been slightly stronger. The trends do not agree with those of the 

DMI results (quarry superior to base and stockpile) but do agree with the AIV trends. 

Table 13. Point load strength results  

Sample PLI (kPa) PLI after check (kPa) PLI std. dev. (kPa) 

P6A1  
Base 

15 488 15 488 4 711 

P6B1  
Base 

17 297 17 297 2 315 

P6C1 
East Face 

15 895 15 895 4 510 

P6C2 
West Face 

14 382 14 625 3 408 

 

Experience with other dolerite materials indicates that materials that have performed well as 

aggregates have typically had a PLI (measured on quarry boulder samples) of more than 

12 000 kPa. The P6 boulder materials are all in excess of that value. 

4.11. Water absorption 

Experience from other dolerite crushed base sources indicate that most materials that have 

good performance have quarry materials with water absorption values of less than 0.15%. 

The P6C2 quarry material had a water absorption value of 0.05% and therefore appears to 

be very impermeable and have low surface porosity. The bulk relative density (BRD) of the 

same material was 3.00 and the apparent relative density (ARD) value was exactly the same 
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as the BRD. This indicates a lack of permeable pores within the material while the low water 

absorption values indicate a generally low porosity (or low surface area). 

4.12. In situ measurements 

Gravimetric moisture content determination was done on a base samples from both of the 

test pits. The P6A1 material had a moisture content of 2.5% and the P6B1 base material was 

similar at 2.2%. As part of a long term pavement monitoring research program the moisture 

content in the shoulder and outer wheel paths at km 5.2 (northbound) on this section of road 

was monitored for two years prior to the site investigation and for 4 months after the 

investigation. The base material source at this location was different but was also a dolerite 

G1 material and had a moisture content of 2.5% (verified by gravimetric analyses) on the 

same day as the test pitting was done. 

The data collected (Figure 16) show that the moisture content for this pavement and location 

typically does not vary by more than 1% in the base and by approximately 2% in the 

subbase. The measured moisture conditions in the test pit base materials was toward the 

lower end of the range observed in the upper 100mm in Figure 16 and are believed to 

represent those that prevail for the majority of the time. 
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Figure 16. Moisture content variations with depth at km 5.2 of section 8 of the N11 in the outer 
wheel track (top) and close to the road edge (bottom) as recorded between August 2010 and 
February 2013. 
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5. DISCUSSION 

The base construction process, with respect to densities achieved and the drying times was 

not determined. Based on the available data the P6A1 base was sealed during a slightly wet 

month and the P6B1 base was constructed and sealed during a very wet period. The base 

layer may however have been dried during dry periods within that season especially since 

the rainfall in this area is typically falls during intense but brief thunder storms after hot days. 

The difference in construction periods of almost one year between the two sites almost 

guarantees that the materials used were from different parts and levels of the quarry. 

The primary purpose of this investigation was to identify if the base material properties had 

changed over time and if significant variations in the material performance was present. The 

one sampling area did have significant minor rutting while the other was free of such 

distress. There were no differences seen in the base layer appearances during sampling 

except that at the slightly rutted sample location the base was approximately 50mm thicker. 

The base was noted to be in good condition in both test pits. The subbase at the other 

sampling location revealed the upper 10-20mm to be carbonated but that the layer was still 

hard and intact. Support layer deficiencies are therefore unlikely.  

In the quarry no significant differences in rock character were observed in the limited 

exposures available. Despite a generally weathered appearance to outcrops the materials 

were described as unweathered with a thin weathering rind. This is not expected in such 

areas where the Weinert N value of 2 is expected to result in highly decomposed materials.  

The pick and click test results classified all materials as suitable base materials but that the 

base samples were slightly altered and therefore not suitable for use as surfacing stone. The 

petrographic analyses confirmed that the materials were generally unaltered except for slight 

alteration of primary minerals in the base samples. The amount of secondary minerals was 

however limited and similar in all materials. Based on the observed petrography a high 

strength aggregate that is insensitive to glycol treatment and with a low permeability and 

porosity was predicted. Any fines produced during the crushing of the aggregates are also 

expected to not be of excess plasticity. XRD analyses also provided no evidence that the 

material had been altered significantly since it was quarried. 

The compressive wave velocity of the quarry materials did not show any significant variation 

and based on published correlations the material should be unaltered and sound. The base 

materials grading showed that there were no significant changes in grading (assuming the 

grading was within the specification to begin with) and that all materials were of low 

plasticity. The materials were therefore still within G1 specifications.  

The physical durability (i.e. resistance to physical attrition) tests (AIV and DMI) revealed that, 

by exposing the aggregate to stresses similar to those experienced during construction and 

in service, there was no significant difference in the amount of fines (2.36 mm and 0.425 mm 

respectively) produced. The AIV results showed the base materials to be slightly more 
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durable but the DMI results showed the base materials to be potentially slightly weaker. The 

changes in both AIV and DMI results when testing material soaked in glycol were not 

significant which is in agreement with the low secondary mineral counts identified. The 

effects were however variable on the base materials and identical variations were observed 

in the mEGDI testing. The mEGDI did also confirm the low susceptibility of the material to 

effects of mineral expansion due to moisture changes. As expected splitting was observed in 

some aggregate pieces but no excessive spalling and no disintegration was observed.  

The similarity in all test results between quarry and base material samples indicates that the 

material has not undergone significant alteration since being placed in the pavement. 

The cause of the slight rutting and bleeding at the first test pit therefore appears to be the 

very steep grading (road steepness) and the fact that there is a separate climbing lane in 

that location. This will result in almost all heavy traffic using that lane and very slow speeds 

compared to other locations. 

No differences between base materials were observed. The base materials also seem to be 

within the required specification with respect to all properties tested. Table 14 is a summary 

of the test results relative to the relevant specifications (COLTO/TRH14) and 

recommendations where no COLTO/TRH14 specification exists. The results clearly indicate 

that the material is still of adequate strength and durability after quarrying and that the 

material is not susceptible to weakening due to clay mineral expansion. The P6A1 grading 

was not within the required specification due to slightly high amounts of some coarser 

fractions.  

Table 14. Summary of test results relative to specifications. 

Sample Grading PI LS 
10% 

FACT 

Glycol 10% 

FACT
#
 

DMI mEGDI 

P6A1  
Base 

Fail Pass Pass Pass Pass Pass Pass 

P6B1  
Base 

Pass Pass Pass Pass Pass Pass Pass 

P2C1 
East Face 

NA Pass Pass Pass Pass Pass Pass 

P6C2  
West Face 

NA Pass Pass Pass Pass Pass Pass 

Specification / 
recommendation 

TRH* COLTO* COLTO* COLTO* SANRAL* COLTO* Pub* 

#
based on 1 day soaking and not 4 day soaking as specified, results thus optimistic at best. 

*TRH, COLTO & SANRAL are G1/G2 specifications, Pub is base specification published by Leyland et al. (2013). 

 

658



37 

6. CONCLUSIONS  

 

The quarry material tested was unweathered “fresh” material but did not prove to be superior 

to the base materials tested. The quarry materials have very uniform properties and are 

acceptable for use as a base course aggregate. The material is also durable not only with 

respect to resistance to physical disintegration but also to disintegration due to alteration of 

the mineralogy after exposure to the atmosphere. There is no evidence the material had 

undergone rapid or significant mineralogical changes between quarrying and the time of 

removal from the base. Any fines produced during construction are also of low plasticity. 

The rutting observed in some sections of the road is most probably due to local excessive 

and extended traffic loading by heavy vehicles negotiating steep areas in climbing lanes.  

In conclusion; 

 Petrographic analyses coupled with XRD analyses provide no evidence of rapid 

alteration of secondary minerals to smectite minerals after quarrying, crushing or 

handling 

 The secondary minerals inherent in the dolerite intrusion also do not undergo further 

alteration after quarrying 

 The base material is after a long period in service still acceptable and the base layer 

is still of acceptable strength 

 The moisture variations typically experienced by the pavement layers are minimal 

and unlikely to result in variable performance in different season.  
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7. RECOMMENDATIONS 

There are no further recommendations for the materials or road section tested in this project. 

With respect to the pavement performance, it appears that the pavement is sufficient as no 

significant distress had occurred after 4 years. The onset of minor bleeding and rutting due 

to extreme and extended traffic loads in climbing lanes is likely to progress with time and 

should be monitored to prevent total degradation of these lanes.     
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9. APPENDIX A: XRD ANALYSES REPORT 
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1. INTRODUCTION 

1.1. Background 

Site P7 is located in the Western Cape Province of South Africa. The road was identified as 

a suitable section for investigation after it determined that the quarry used to produce the 

aggregate used in the base layer was located in a Karoo dolerite intrusion and that this 

quarry was still available for sampling. The road was constructed in 2005 and 2006 and 

during the investigation time had not shown any extreme signs of distress. A materials 

investigation was therefore performed to determine if the material had been altered in any 

way since construction and if so why this had not led to any failures. Furthermore, if no 

degradation of the material was observed an attempt would be made to determine what 

factors resulted in such superior durability when compared to other dolerites used in similar 

applications. 

1.2. Procedure 

A site visit was carried out on the 13
th
 and 14

th
 of November 2012 during which the quarry 

and a section of the road were visited respectively. Samples of quarry rock boulders, the 

quarry stockpile and samples of the base course layers were collected. The one test pit was 

located in the shoulder and the other in the outer wheel track at different locations and on 

opposite sides of the road.   

During test pitting the in situ condition of the base course as well as the interface between 

the base course and the subbase were studied. DCP probes were also attempted at each 

test pit. 

A comprehensive suite of testing was performed on all base course samples collected to 

determine the variability of material properties and possible causes of the observed road 

distress. The tests performed were: 

 Petrographic analyses of all aggregates 

 Semi-quantitative powder X-ray Diffraction (XRD) analyses of coarse aggregate 

ground to 10µm size 

 Compressive wave velocity of rock material 

 Grading and soil constant analyses of bulk samples collected from base course 

according to methods prescribed in TMH1 A1(a/b), A2, A3, and A4 (1987) (Grading 

and preparation of samples was done using an internal CSIR standard that is not 

published).  

 Water absorption of core samples collected from boulders from the quarry according 

to methods prescribed in ASTM C 97 – 02. 
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 Aggregate impact value (AIV) of all aggregates according to British Standard 812 

(1975) and repeated after 1 day of soaking in Ethylene Glycol. 

 Durability mill index (DMI) of all aggregates according to the method proposed by 

Sampson & Roux (1987) with a standard prepared grading of all samples and 

repeated after soaking material in Ethylene Glycol for 5 days. 

 Modified ethylene glycol durability index testing (mEGDI) of all aggregates according 

to the method proposed by Leyland et al. (2013) 

 Point load index testing according to International Society for Rock Mechanics 

(ISRM) suggested method (ISRM, 1985)  

 

In addition to the above testing, the 10% FACT and aggregate crushing values (ACV) were 

calculated based on the correlations between these values and AIV values as described by 

Sampson & Roux (1982). Some in situ readings obtained from other research projects on the 

relevant section of road were also considered.  
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2. AVAILABLE INFORMATION 

All available information on the site was obtained from the construction records held by 

SANRAL. These records contain detailed information on the construction dates, material 

sources and final quality control data. No material test results were included in these records 

but the materials are classified and as such specified material properties can be deduced.  

The following information was extracted from these records: 

 Base course materials were sourced from the Rhenosterkop quarry located 1.7km 

north of the N1 at km 31.2N of section 8 

 All base materials were reported as being NP and satisfying all G1 specifications 

 The base course was classified as a G1 material and was designed as a 150mm 

thick layer 

 The subbase was designed as a C3 layer of weathered dolerite and calcrete.  No 

stabilizer was specified in the records but the layer was constructed in two 150mm 

lifts with the lower layer compacted to 97% and the upper layer to 96% of Mod. 

AASHTO maximum dry density 

 Subbase materials were sourced as follows: 

 South bound lane: Borrow pits at km 23.15 or km 31.32 

 North bound lane: Borrow pits at km 23.15, km 31.32 or km 50.1 

 At the location of Test pit P7A1 (section 8, km 30.2, North bound lane) 

 Base construction was completed on 16 August 2006 

 A Cape seal was constructed with the first spray being put down on 21 August 

2006 

 At the location of Test pit P7B1 (section 8, km 35.2, South bound lane) 

 Base construction was completed on 7 July 2005 

 A Cape seal was constructed with the first spray being put down on 4 August 

2005 

 The seal aggregate was mostly sourced from the same quarry as the base 

 

Rainfall information included in these records is shown in Figure 1. The seal construction at 

the first test pit (P7A1) appears to have been done during a wet month but since only 

monthly rainfall data was available it is possible that relatively dry periods within that month 

were utilized. The seal construction at the second test pit (P7B1) appears to have been done 

during a dry period. 
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Figure 1. Rainfall data and construction dates obtained from avaiable data. 
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3. SITE INVESTIGATION AND SAMPLING 

3.1. Introduction 

The site investigation consisted of a quarry sampling campaign and a road layer sampling 

campaign. Since all available data was obtained from printed records that contained no 

quality control data it was assumed that target densities and other specifications were 

obtained in all areas of the section and as such sampling sites were selected based on the 

surface condition of the road.  

3.2. Site location and geological setting 

The section of the N1 route under consideration (section 8) starts approximately 18km to the 

Northeast of Beaufort West (at km 16.0) in the Western Cape Province and stretches 29.1 

km to the north up until the Town of Nelspoort (km 45.1). The quarry is located to the west of 

the N1 at km 31.2N of section 8 on the farm Waai Kraal 120 (Figure 2). The climatic N value 

(Weinert, 1980) in the area is 17.5.  

 
Figure 2. The site and sampling location relative to Beaufort West. 
 

According to the available geological map (Figure 3) the greater area is underlain by the 

Adelaide Subgroup (dominant mudstone with lesser sandstone formations) of the Beaufort 
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Group, Karoo Supergroup. This has however been intruded by the Karoo Dolerite Suite 

(Figure 3). The dolerite outcrops indicated in Figure 3 form both large irregular shaped 

outcrops and elongated outcrops which are typical of sill intrusions and sub vertical dykes 

respectively. Both are significantly more resistant to erosion compared to the 

mudstone/sandstone country rock and therefore most of the topographical highs in area are 

covered by the dolerite outcrops. The sub-horizontal sills result in the formation of large flat 

top mesas.  

 
Figure 3. The geological setting of the road section investigated and the quarry location. 
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The larger scale geological map (1:250 000) shows the quarry to be located in a small 

dolerite sill (associated with a large dyke located slightly to the west) within the Teekloof 

Formation which consists of a greater amount of red mudstone compared to the underlying 

Abrahamskraal Formation (both of the Adelaide subgroup). The contact between the 

Teekloof Formation and the underlying Abrahamskraal Formation is marked by an 

arenaceaous member and is located 14km Southwest of Beaufort West. The Abrahamskraal 

Formation does not contain dolerite intrusions in this area and the dolerite intrusions in the 

quarry vicinity do not seem to be located on a contact between the two formations. The 

Teekloof Formation’s upper contact is with the Tarkastad Subgroup which has its closest 

outcrop approximately 200km to the northeast of the quarry. The difference in elevation 

between the quarry and the closest contact with the Tarkastad Subgroup is also 

approximately 500m.  The sills in the area surrounding the quarry are therefore scattered at 

different heights within the Teekloof Formation. 

 
Figure 4. Detailed geological map of quarry area 
 

The regional terrain is described as the Great Karoo interior plain which covers large parts of 

north-eastern parts of the Western Cape Province between the Cape Fold Mountain region 

(located significantly more south) and the Great Escarpment (located just to the north of the 
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site). The topography is therefore relatively subdued with large plains indicated to be 

covered by quaternary sediments on the large scale geological maps and local flat top 

mesas forming due to the sub-horizontal dolerite sills. The quarry elevation is 1230m above 

sea level.  

3.3. Quarry observations and sampling 

The quarry was still being mined at the time of the investigation and large stockpiles of 

various aggregate sizes were present. Full access was however obtained and the faces of 

the quarry could be observed in great detail. The quarry is very large (Figure 5) and the 

upper contact of the intrusion is clearly visible as a wide flat plane, indicating that the 

intrusion is a sub-horizontal sill. The overlying country rock is a brown siltstone, as was 

expected in the Teekloof Formation, and since the lower contact was not exposed in the 

quarry it is unknown if the floor rock is different.  

The majority of the dolerite in the exposed parts of the intrusion is a dense, well crystalized 

(“sugar”) dolerite. Along the upper contact the dolerite is visibly finer grained and slightly 

porphyritic until a depth of approximately 0.5m from the contact (Figure 6). This fine grained, 

porphyritic dolerite was observed in many boulders lying inside the quarry and was in all 

likelihood crushed along with the normal dolerite.  

In the northern face large sub-vertical inclusions of fine grained rock that appeared to be a 

baked sandstone were observed (Figure 6D). These where very thin (±10cm) but very long 

(≥3m). They represent either xenoliths of country rock entrained while the magma was 

intruding the country rock or xenoliths derived locally from roof rocks. The latter is more likely 

to be possible since these materials resemble the country rock immediately adjacent to the 

upper contact and could have obtained a tabular form by delamination of the layered 

sedimentary country rocks. The sub-vertical nature of the xenoliths is somewhat confusing 

but most likely represents the way in which the tabular xenoliths were sinking in the viscous 

cooling melt. These xenoliths have created weak areas in the intrusion as the parallel quarry 

faces were commonly formed along such features (Figure 7). The xenoliths are however not 

considered to have a major influence on the aggregate properties as they were only 

observed in one face. 

Samples were collected from three sites to characterise the materials that were most likely to 

have been included in the aggregate. The first sample (P7C1) was a material that was 

typical of the majority of the material in the intrusion and this was collected in the lower parts 

of the exposed material (Figure 5). The second sample (P7C2) was collected approximately 

1.5m below the upper contact of the quarry. This material did not have the porphyritic texture 

of the contact material. The final sample (P7C3) was collected in the upper 0.5m of the 

intrusion where the country rock was clearly visible. This material was finer grained and 

porphyritic.  
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Figure 5. General condition in the quarry during sampling and the sample locations. 
 
 

 
Figure 6. Observations made in quarry, A: clear upper contact with brown sandstone, B: overlying sandstone and fine grained (grey) contact material, C: 
porpherytic nature of contact rock and D: fine grained, subvertical country rock xenoliths in lower parts of the quarry. 
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A large stock pile of G1 material was available for sampling at the quarry. Although this 

material is almost definitively produced from a different part of the quarry compared to the 

base material it is very likely to be closely related to the quarry material sampled. A sample 

(labelled P7D1) of this material was therefore also collected to observe if there were any 

significant changes in the material during the quarry crushing and handling process.  

 
Figure 7. Parallel xenoliths and consequent parallel vertical faces on northern quarry walls. 
 

3.4. Test pit sampling and observations 

P7A1 test pit 

Two test pits were excavated to subbase level in order to view the in situ base condition and 

to obtain samples of base material after the construction processes. The first test pit (site 

P7A1) was located on the north bound side of the road at km 30.2N in the shoulder.  At this 

position there are only two lanes and therefore no climbing lanes despite a slight gradient 
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toward the north. Isolated transverse and crocodile cracking (degree 2 or 3) was observed in 

the outer wheel track and degree 2 pumping was observed at these cracks. There was also 

rutting in both wheel tracks. This rutting was inconsistent but reached up to 15mm in the 

inner wheel track and 9mm in the outer wheel track. The inconsistent rutting resulted in the 

road having undulations longitudinally. No distress signs were observed at the exact test pit 

location (Figure 8). 

The area has good drainage characteristics as the lane is located on a slight fill and a large 

drainage ditch is located parallel to the road just outside the road reserve. 

 
Figure 8. Test pit location for sample P7A1. 

 

A dynamic cone penetrometer (DCP) was used at this sampling site but was unsuccessful as 

the probe was unable to penetrate the entire base layer and was therefore abandoned. The 

test pit excavation was initiated by removing the seal (Cape seal) to expose the surface of 

the base. The base surface appeared to be in a good condition and not excessively loose or 

excessively moist. There appeared to be a good mosaic of stone within the matrix (Figure 

9B). The aggregate pieces exposed in the base also had good interlock with other pieces. 

However, when taped with a pick slight penetration of the piece being tapped was observed 

and this movement was not translated to other pieces in the vicinity. This indicates that the 

base was potentially rich in fines and that the interlock between coarse aggregate particles 

was not perfect. The penetration of the pieces was however very minor. 
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Figure 9. Base appearance in P7A1 test pit, A: Adhesion to seal, B: mosaic and C: close up of 
mosaic. 
 

The base was measured to be 170mm thick (not 150mm as in the construction records) and 

was described as being slightly moist with a dense consistency. After the base layer was 

removed and samples collected the test pit was excavated to a depth of 600mm. This 

exposed the subbase which was 300mm thick (as in construction records) and still well 

stabilized (Figure 10). The full test pit profile is included in section 4.13. No further evaluation 

of the base material was done on site.  

 
Figure 10. Profile exposed in the P7A1 test pit with strong phenoltheiline reaction in subbase. 
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P7B1 

The second test pit was excavated at km 35.2 in the south bound outer wheel track of a 

similar lane but on a slight decent. Similar inconsistent rutting was present in this lane, 

resulting in undulation within wheel tracks. The rutting measured 6-8mm in most places and 

up to 10mm at the text pit location. Unlike the P7A1 area no cracking or pumping was 

observed here. There was however degree 1 or 2 bleeding over approximately 70% of the 

lane (Figure 11). The lane was, at this location, elevated on a slight fill and therefore also 

had good drainage characteristics.   

The surface was a Cape seal similar to that at the other test pit. A DCP probe was attempted 

at this sampling site but was also unsuccessful in penetrating trough the base layer and was 

therefore abandoned. 

 
Figure 11. Test pit location for sample P7B1. 
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When the seal was removed a large amount of loose material was observed on the base 

surface. Using the geological pick as a “sounding” instrument in the area surrounding the 

test pit did not identify a hollow sound anywhere as would be expected if the upper parts of 

the base were loose. The loose material was therefore probably caused by the jack hammer 

used to remove the seal. Once cleared with a broom, the base surface appeared similar to 

that of the other test pit ( 

Figure 12). There was also a good surface bond as the very upper layer of aggregate 

remained bonded to the seal. Taping of individual aggregate pieces did not cause 

penetration or the disturbance of the other pieces. What did however happen is that the 

matrix material broke up and the piece became loose. This is probably due to the material 

being very dry and not behaving plastically. The interlock is therefore hard to determine as 

even if there was no interlock a very dry matrix would act in this same way. This dry nature 

also explains why the jack hammer may have cause the observed concentration of loose 

material on the base surface. 

 
Figure 12. Base appearance in P7B1 test pit, A: adhesion to seal, B: mosaic and C: close up of 
mosaic. 

 

Unlike the other test pit (slightly moist) this material was profiled as being dry and 

gravimentric analyses showed this material to have a moisture content of only 1%. The 

material did however also have a dense consistency. The base was also much thinner (at 

±130mm) that in the other test pit and below the design thickness of 150mm. Where the 

subbase was exposed it was dense and was still well stabilized as shown by the reaction 

with phenolphthalein (Figure 13). 
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Figure 13. Profile in P7B1 test pit showing phenolphthalein reaction on subbase.  
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4. TEST RESULTS 

4.1. Coarse aggregate appearance 

Coarser aggregate particles from the base samples were described according to the “Pick 

and Click” test (Weinert, 1980) which is designed to determine the degree of weathering of 

aggregates. The following three properties of each material are described in this “test”: 

 colour and lustre 

 hardness and consistency 

 state of crystallization 

 
Scores are assigned based on these properties and are then used to determine the 

suitability of the material as road construction material. Scores range from 1 to 4 with higher 

scores being assigned to less favourable property descriptions. 

The properties were similar for all materials (Table 1). According to the results all materials 

are suitable for use as base aggregates but the quarry materials were also suitable for use 

as surfacing chips or crushed stone aggregate under all environmental conditions. The 

reason for this is that the base and stock pile materials had slightly dull dark minerals and 

therefore had slightly poorer colour and crystallization scores. 

 

Table 1. “Pick and click” test results 

Sample Source 
Score 

Score Suitability 
Colour Hardness Crystallization 

P7A1 Base  1.5 1 1.5 4 Base 

P7B1 Base 1.5 1 1.5 4 Base 

P7C1 Lower quarry 1 1 1 3 Chips/crushed stone 

P7C2 Upper quarry 1 1 1 3 Chips/crushed stone 

P7C3 Quarry contact 1 1 1 3 Chips/crushed stone  

P7D1 Stock pile 1.5 1 1.5 4 Base 
 

4.2. Petrography 

General observations 

From each of the samples two thin sections were prepared by the Council of Geoscience 

(CGS) from two different aggregate pieces. The quarry samples were crushed in the 

laboratory to obtain a full range of aggregate sizes typically present in G1 materials and from 

these one >26.5 mm aggregate piece and one aggregate piece >13.2 mm from each of the 

samples were used to create thin sections. Similar aggregate pieces were obtained from the 
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base samples. Thin section analyses were then performed using a petrographic microscope. 

The aim of the analyses was to identify the major mineral constituents and the variability of 

mineralogy of the dolerite. Additionally an attempt was made to identify any petrographic 

characteristics that could possibly lead to rapid degradation of the dolerite. A summary of the 

observations made are given in Table 2. Visually the overall appearance of the base material 

thin sections was similar to that of the upper and lower quarry sample sections. The quarry 

contact samples were however totally different and not representative of any other sections 

observed. The sections did however have large amounts of variability with respect to 

textures, grain sizes, secondary mineralogy and degree of alteration. Such variations were 

not only observed when different samples are compared but even when subsamples are 

compared. For example the P7A1 base material subsamples were similar but while one had 

common myrmekite the other had none. Hornblende as a replacement of pyroxene and 

possibly as a primary mineral was observed in two separate subsamples from different 

samples. As the quarry contact sample is not representative of any base sample this will be 

discussed separately. It is possible that such material is present in the base in low amounts. 

 

Table 2.  Summary of petrographic features observed. 

Thin 
section 
number 

Source 

Primary minerals 

Matrix Notes 
Texture 

Size 
(mm)* 

P7A1-A 

Base 

Ophitic 
myrmekite 

1.25-
2.25 Intermediate 

strength and glycol 
susceptible due to 
pyroxene alteration 
and at least partial 

alteration. 

Myrmekite in patches 
associated with quartz. Sericite 
in minerals. Biotite has atypical 

extinction. Myrmekite and 
pyroxene altered to dark clays in 

places. 

P7A1-B None 1.5-3 

Myrmekite NOT observed but 
fine grained quartz in clusters. 
Sericite in minerals. Pyroxene 
altered and in places forms dark 
clays. Some zones with 
significantly more alteration.  

P7B1-A 

Base 
Myrmekite 2.25 

Intermediate 
strength due to 

large grains 
isolating 

weaknesses 

Pyroxene commonly altered to 
dark clays. Myrmekite common 
and one phase altered. Green 
mica is questionable and may 
be amphibole or amorphous 

product.  
P7B1-B 

Ophitic 
myrmekite 

1.25-
1.5 

P7C1-A Lower 
quarry 

None 0.85-2 

Intermediate to 
high strength due 
to isolated poor 

spots. Glycol 
resistant. 

No suspected primary biotite 
only pyroxene alteration 

product. Patches of fine grained 
plagioclase and quarts exist. 
Both primary minerals have 
slight alteration but some 

pyroxene altered to dark clays. 

P7C1-B 
Slightly 

porpheritic 
0.5 

Poor due to most 
minerals altered 

Majority of plagioclase altered to 
sericite. Chlorite, mica and 
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quartz extensively. 
Excessive spalling 

expected. 

hornblend replace pyroxene. 
Clusters of quartz occur. 

P7C2-A 

Upper 
quarry 

Poikilitic 
1.25-
1.5 

Intermediate 
strength due to 
highly altered 

nature of pyroxene 
grains and local 

alteration of 
plagioclase. 

Fractures thus 
splitting. 

Plagioclase generally slightly 
altered but finer grains more 

altered. Pyroxene mostly altered 
and commonly to dark clays.  

 Fine grained quartz and chlorite 
mixed with plagioclase identified 

in B sample. 

P7C2-B None 0.65-2 

P7C3-A 

Quarry 
contact 

None 

1.5 Intermediate 
strength due to 

generally altered 
matrix. Clays 

isolated therefore 
only minor initial 
spalling expected 

Very fine grained with scattered 
phenocrysts. Pyroxene and 
plagioclase matrix grains 

generally altered and in places 
dark clays formed.  

P7C3-B 0.5-1.5 

P7D1-A 

Stock 
pile 

Myrmekite 

1.5-2 

Intermediate to 
high as limited 
clays. Split and 

spall due to 
fractures. 

Plagioclase locally altered to 
sericite and larger clustered 

grains have patches of sericite. 
Pyroxene generally altered to 

form dark clay, replaced by mica 
locally. Rare myrmekite in A and 

hornblend in B subsamples.    
 

P7D1-B 
2.25 

Intermediate due to 
pyroxene alteration 

and glycol 
sensitivity due to 

connected 
alteration products. 

*Size range of phenocrysts. Matrix grains are finer (0.05-0.175mm) 

 

Once the major minerals present in each thin section were identified the surface area of 

each as a percentage of the total thin section surface area was estimated by visual 

evaluation. The fined grained nature of the matrix in the P7C3 (quarry contact) samples 

made this difficult and accuracy of the estimations was therefore not expected to be high. 

The general degree of “weathering” (both deuteric alteration and natural weathering) present 

in all primary minerals was also estimated but was also difficult due to fine grained nature in 

P7C3 samples. The estimated mineral compositions are given in Table 3.   

 

Table 3. Mineralogical composition based on petrographic estimation. 

Sample Source Plagioclase Pyroxene  Mica* Sericite Quartz Opaque minerals 

P7A1-
A 

Base 
52#25 35 4 - 3 6 

P7A1-
B 

48 39 3 - 5 5 

P7B1-
A 

Base 
58#10 30 4 - 3 5 

P7B1-
B 

55#11 34 4 - 2 5 

P7C1- Lower 51 41 3 - - 5 
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A quarry 
P7C1-

B 
10 35 5 37 8 5 

P7C2-
A Upper 

quarry 

44 50 2 - - 4 

P7C2-
B 

48 45 3 - trace 4 

P7C3-
A Quarry 

contact 

49 48 2 - - 1 

P7C3-
B 

47 46 6 - - 1 

P7D1-
A 

Stock 
pile 

44#2 41 6 - 1 5 

 
P7D1-

B 
45#4 27 15 - 5 4 

*Mica can include large primary biotite, small phlogopite, chlorite and pyroxene replacement product 
labelled as mica. Not all sections contained all of these. 
#
Includes myrmekite % shown in upper case 

 

Following this a formal point counting exercise was performed on each section. At least 500 

points were observed on each section using a PETROG digital stepping stage and 

PetrogLite™ software. At each point the mineral was identified and where primary minerals 

were identified a differentiation was made between those that were unaltered (and not in 

direct contact with secondary minerals) and those that were altered (including those that 

were in direct contact with secondary minerals). This percentage of significantly altered 

primary minerals was added to the percentages of secondary minerals to arrive at the total 

percentages of secondary minerals present. The results are summarized in Table 4. 

 

Table 4. Mineralogical composition (%) of each sample based on petrographic point counting. 

Sample Source 
Pyroxene 

 (poor 
edge) 

Mica  
Plagioclase 
(poor edge) 

Sericite, 
plagioclase 
replacement  

Quartz Chlorite 
Mymekite 

(poor 
edge) 

Total 
secondary 

P7A1-
A 

Base 
8 (30) 1 3 (40) 5 1 - 8 76 

P7A1-
B 

3 (34) 1 3 (50) 6 2 - - 91 

P7B1-
A 

Base 
2 (39) <1 1 (45) 2 2 - <1 (5) 91 

P7B1-
B 

5 (37) 1 1 (42) 2 2 - <1 (5) 87 

P7C1-
A Lower 

quarry 

0 (41) 1 1 (47) 4 2 - - 93 

P7C1-
B 

0 (43) 1 0 (13) 27 7 5 1 89 

P7C2-
A Upper 

quarry 

0 (38) 1 0 (47) 5 2 - - 91 

P7C2-
B 

1 (41) 1 0 (43) 5 4 1 - 91 

P7C3- Quarry 1 (37) 1 0 (57) 1 <1 1 - 97 
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A contact 

P7C3-
B 

4 (37) 5 2 (50) <1 - <1 - 93 

P7D1-
A Stock 

pile 

6 (37) 2 2 (46) 2 2 - 1 (1) 88 

P7D1-
B 

<1 (31) 3 <1 (41) 4 4 9 1 (3) 91 

Recommendation (Weinert, 1980) for this climatic region (N=17.5)   No limit 
Notes:  Secondary minerals are Mica, sericite, and all percentages of poor edge minerals 

 Mica includes both primary phlogopite, biotite grains and secondary pyroxene replacement mica 
Opaque mineral content varied from 1-5%. 
Smectite clays were not identified, counted rarely but never more than 1% 

 

The most common minerals identified were the typical primary minerals of a dolerite, 

plagioclase and pyroxene. Plagioclase grains were generally unaltered with only small veins 

or small patches of sericite (Figure 14A and B). Some grains did however have more 

extensive sericitization with only the rim of the material remaining unaltered (Figure 14C and 

D). The grain sizes ranged from small matrix laths to larger grains generally 1.5 to 2mm in 

longest dimension. In the one base sample (P7A1) the plagioclase grains were generally 

larger (2.25-3mm). One thin section of the lower base sample (P7C1B) had almost no 

unaltered plagioclase due to extensive sericitisation.  

 
Figure 14. Common plagioclase apperances A and B: Relatively unaltered with minor sericite 
veins and small patches of sericite (A: PPL, B: XPL), C and D: Large scale sauserite replacement 
with rim of unaltered plagioclase (C: PPL, D: XPL). All images at 40x magnification. 
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Pyroxene grains had much more variation in appearance. Almost all pyroxene grains had 

some discolouration due to alteration (Figure 15C and D) and only rarely were seen to be 

unaltered (Figure 15A and B). The degree of this alteration varied within sections (Figure 

15E and F) and in some instances the alteration product appeared to have become a very 

dark mass that is believed to be smectite clays. Such clays were common in one of the base 

samples (P7B1), one of the quarry samples (P7C2) and in the stock pile sample. In the other 

base and quarry sample clays were less common. In some pyroxene grains replacement by 

micas, chlorite and less commonly by hornblende and clays was observed (Figure 16). Such 

occurrences were very limited and not homogenously distributed within thin sections. They 

were however identified in at least one subsample thin section from each of the samples. 

Some larger mica grains that were identified as green and brown biotite mica appeared to be 

primary (i.e. not poorly developed replacement products). Additionally some of these grains 

did not have typical bird’s eye extinction as would be expected. It is possible that some of 

this mica was indeed primary hornblende. 

Many other accessory minerals were identified (Figure 17). These were all minor 

occurrences and are not expected to affect the mechanical properties of the material. They 

included phlogopite (identified in at least one subsample thin section of each sample), 

primary hornblende (positively identified in P7D1B only), and quartz (identified in at least one 

subsample thin section of each sample). The identification of a single basal hornblende 

section confirms that some of the biotite mica minerals identified may have been hornblende. 

In the base and stock pile materials rare myrmekite textures were also identified. These were 

not uniformly distributed, were not identified in all subsample sections and were generally 

associated with free quartz grains (Figure 17D). In many samples the one phase 

(plagioclase) was significantly altered (Figure 17F). 
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Figure 15. Range of pyroxene apperances A and B: Unaltered ophitic pyroxene (A: PPL, B:XPL), C 
and D: Partially altered pyroxene grains (C: PPL, D: XPL), E and F: Highlt altered plagioclase 
grains (E: PPL, F: XPL). All images at 40x magnification. 
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Figure 16. Different minerals locally replacing pyroxene. A and B: Brown mica in PPL and XPL 
respectively, C and D: mica and chlorite in PPL and XPL respectively, E and F: hornbelnde in PPL 
and XPL respectively, G and H Brown mica and clay in PPL and XPL respectively. All images at 
40x magnification. 
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Figure 17. Accessory minerals identified, A and B: basal amphibole (in PPL and XPL respectively), 
C: quartz grains scattered in fine grained patch (XPL), D: large quartz grains associated with 
myrmekite (XPL), E and F: quartz and plagioclase myrmekite with different degrees of alteration 
(XPL).  All images at 40x magnification. 
 

The quarry contact samples have similar mineralogy to the other samples but a texture and 

fabric typical of a rapidly cooling magma (or even lava). This is further evidence that the 

intrusion was a sub horizontal sill as a dyke would not have an upper chill zone. The two 

subsamples were similar with dominant plagioclase and pyroxene which both occurred as 

fine grained matrix minerals and phenocrysts. The matrix minerals were generally altered 

although the fine grained nature of these made petrographic examination difficult. The 
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plagioclase phenocrysts were only slightly altered while pyroxene phenocrysts were mostly 

totally replaced by dark clay minerals (Figure 18). The B subsample had significant amounts 

of phlogopite grains which seemed to be concentrated in small areas. The behaviour of 

these materials is expected to be dominated by the matrix properties, which, being altered 

but generally free of dark clay minerals, is expected to result in intermediate strength and 

slight spalling in glycol.  

 
Figure 18. Quarry contact (P7C3) photomicrographs. A and B: typical slightly altered plagoclase 
and totally altered pyroxene phenocrysts in fine matrix (PPL and XPL respectively), C: large totally 
replaced pyroxene grain (PPL), D: aggregation of plagioclase and pyroxene phenocrysts (XPL). All 
images at 40x magnification. 
 

Comparison of materials 

Comparing the mineralogy results it is clear that the materials all originate from the same 

source but that significant variations in the mineralogy are present within the source. 

Considering the point counting data to be slightly more accurate than the estimations it is 

seen that pyroxene content of all samples was between 38 and 43% (Figure 19). The 

plagioclase contents were less uniform. The lower and upper quarry samples indicate that 

the general plagioclase content should be 43-48% but one lower quarry subsample (P7C1B) 

had only 10% plagioclase due to a 27% sericite and 5% chlorite composition. These two 

secondary minerals where identified as replacement products of altered plagioclase and the 

original plagioclase content of this sample is therefore expected to have been 42. It therefore 

seems that locally some rock has had significant plagioclase alteration. In the contact 
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material the plagioclase content was higher (52-57%) due to a lower sericite content. This 

difference was not identified during estimations due to the fine grained nature of the matrix. 

The contact material also had almost no quartz. This is believed to be due to the quartz 

being associated with secondary fluids (potentially metasomatic fluids) which could not 

penetrate the less permeable fine grained contact material. In all quarry samples almost all 

of the pyroxene and plagioclase minerals where counted as being altered or bordering on a 

significantly altered mass of minerals.  

 
Figure 19. Mineralogy of quarry samples as determined by petrographic estimation and point 
counting. 
 

According to the point count results the stock-pile subsamples had a wide variety of 

pyroxene content’s (32-43%) with the lower pyroxene count in the B subsample being 

countered by a higher count of mica and chlorite. The range of pyroxene contents observed 

in base samples (37-38% and 41-42% respectively) were both within the base sample range 

and therefore similar to the range of the quarry samples. The low pyroxene stock-pile 

subsample therefore appears to be a rare example of slightly higher pyroxene alteration 

present in the intrusion. 

The plagioclase content ranges for non-quarry samples were generally 42-48% except for 

one base subsample with a 53% content. The general range was therefore similar to that of 
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the quarry materials (barring the isolated highly altered plagioclase example). As with the 

quarry materials almost all plagioclase and pyroxene minerals were noted as being altered 

or in contact with altered mineral (masses).  

 
Figure 20. Mineralogy of stock pile and base samples as determined by petrographic estimation 
and point counting. 

 

Regarding secondary and accessory minerals the only significant difference between the 

quarry and “post quarry” samples is that only in the lower quarry sample was any myrmekite 

noted while in the stock-pile and base samples up to 8% of grains were seen to be 

myrmekitic. The lower quarry sample also had higher quartz contents compared to the other 

quarry materials. On closer investigation of petrographic descriptions it was seen that free 

quartz grains were only identified in the stock-pile, base and lower quarry samples and that 

the quartz grain sizes were similar in the P7B1 base sample and the stock-pile and lower 

quarry samples. It could therefore be possible that at some stage metasomatic fluids had 

entered the intrusion from the lower side, introducing quartz in the lower parts of the intrusion 

and locally causing exsolution of plagioclase to form a myrmekite texture. The fluids did not 

reach the upper parts of the intrusion, hence the absence of measurable quartz grains and 

mymekite in upper quarry samples. 
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Overall the samples are relatively typical of dolerite samples with a plagioclase to pyroxene 

ratio larger than 1 (i.e. more plagioclase). It can also be seen that the range of results 

obtained for the base and stock-pile materials is similar to the range obtained from the 

quarry samples with the exception of the isolated alteration cases discussed. This in 

conjunction with the generally similar appearance of the samples indicates that the materials 

are most likely from the same source (i.e. construction records are confirmed). Since the 

stock-pile and base materials are also very unlikely to have originated from the same area 

within the quarry (due to time between productions) the similarity between these materials 

indicates that intrusion appears to be very uniform horizontally. There is no evidence that 

additional secondary minerals have formed during the materials time in service as the base 

sample mineralogy was very similar to that observed in the quarry samples.  

In summary, secondary micas, chlorite and sericite make up ≤7 % of most materials and only 

exceeded this in subsamples where the alteration of a specific mineral resulted in what is 

believed to be isolated increases in secondary minerals. However, based on the point 

counting results, in all materials most plagioclase and pyroxene grains were altered or 

bordering on a mass of altered material. This agrees with the visual observations that noted 

most pyroxene grains to be at least partially altered and many plagioclase grains to contain 

at least some sericite. 

Weinert (1980) prescribes no secondary mineral content limit in the climatic region of the 

site. The aggregate is however expected to have generally intermediate strengths due to the 

generally altered nature of the minerals. The nature of the alteration, predominantly mica 

minerals and minimal clays, is not expected to make the material susceptible to the effects of 

glycol. Similarly when exposed to moisture changes the minerals should not experience 

significant breakdown. The lack of further alteration of the mica minerals while in service also 

indicate that the material will not degrade within engineering time. Isolated spalling and 

splitting may occur since localised concentrations of alteration were observed and some 

persistent microfractures were also present. 

4.3. X-ray diffraction analyses 

X-ray diffraction analyses were carried out on crushed aggregate pieces from each of the 

samples and analyses were then repeated using the same material after exposure to 

ethylene glycol and once again after heating to 550°C. Results from the untreated material 

are used to identify the major phases present in the material while the results obtained after 

the two separate treatments are used to confirm the presence of minerals that have 

overlapping diffraction peaks when untreated. After the mineral phases present have been 

confirmed the diffractogram from the untreated material is used to estimate relative phase 

amounts (weight %) using the Rietveld method. The detailed report supplied by the XRD 

laboratory is included in Appendix A.  
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The results (Table 6) indicate that the mineralogy of the different samples is very similar. 

Trace amounts of kaolinite clays were found in almost all samples. The primary mineral 

composition is very consistent and as with the point counting results plagioclase was 

dominant over pyroxene in all results. The XRD results also reveal the occurrence of two 

separate pyroxene phases, one a clinopyroxene and the other an orthopyroxene. The 

orthopyroxene was only present in small amounts (<5%). No biotite was identified but 

hornblende was identified in all samples. The biotite identified in thin sections was therefore 

probably hornblend which explained the lack of well-developed birds eye extinction. As 

would be expected sericite was identified as muscovite.  

 

Table 5. XRD analyses results 

Sample 
Clino-

pyroxene 
Plagioclase 

Ortho-

pyroxene 
Chlorite Muscovite Hornblende Quartz 

Kaolinite/ 

Smectite 

P7A1 
Base 

28 47 4 7 3 5 4 <1 / 1 

P7B1 
Base 

25 52 5 2 3 4 6 <1 / 1 

P7C1 
Lower 

27 48 5 2 2 5 6 <1 / 3 

P7C2 
Upper 

25 50 4 2 2 6 7 <1 / 3 

P7C3 
Contact 

24 53 3 4 1 4 5 1 / 4 

P7D1 
Stock-

pile 

27 47 2 - 2 6 9 4 / 4 

 

The results generally agree with the point counting results but some differences were 

observed (Table 6). Plagioclase amounts were in agreement and the P7C1 difference shown 

in Table 6 was due to the one thin section being an isolated example of heavily sericitized 

material (Figure 21). The point counting seems to have overestimated the pyroxene contents 

and underestimated the hornblende contents. Also in some cases the smectite was identified 

by XRD while point counting never quantified the smectites noted in petrographic estimation 

(due to its distributed nature in altered pyroxene) and together these errors account for the 

majority of the differences between pyroxene contents reported.  

The XRD muscovite amounts generally agree with the sericite counts (point counting again 

slightly overestimating) except for the P7C1 sample which is again due to the extreme 

degree of sericitization of the one subsample observed under the microscope. Other 

secondary minerals that showed significant variations between XRD and point counting 

results are quartz and chlorite but no consistent under or overestimation was observed for 

these. The variations therefore represent variations in contents within the material. The XRD 

results did not show a reduction in quarry quartz content with increasing height above the 

quarry floor.  
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Based on the combination of results obtained the general range of mineral contents 

expected in each material can be reported (discussed below in section 4.4) 

 

Table 6. Comparison of XRD and average point counting (PC) results 

Sample 
Pyroxene 

(XRD/PC) 

Plagioclase 

(XRD/PC) 

Muscovite (XRD) / sericite 

(PC) 

Hornblende (XRD) / 

Mica (PC)  

P7A1 
Base 

32 / 38 47 / 50 3 / 6 5 / 1 

P7B1 
Base 

30 / 42 52 / 48 3 / 2 4 / 1 

P7C1 
Lower 

32 / 42 48 / 31 2 / 15.5 5 / 1 

P7C2 
Upper 

29 / 40 50 / 45 2 / 5 6 / 1 

P7C2 
Contact 

27 / 40 53 / 55 1 / 1 4 / 3 

P7D1 
Stock-pile 

29 / 38 47 / 47 2 / 3 6 / 3 

 

As with the point counting results the XRD results show no significant differences between 

the base samples and the quarry material (Figure 21 and Figure 22). This is further evidence 

that no significant alteration has occurred since the materials were removed from the quarry 

and placed in the pavement layers and that material variations are inherent in the quarry.   

 

 
Figure 21. Comparison of point counting and XRD results for Quarry samples (XRD biotite and 
sericite percentages represent the hornblende nad muxcovite contents respectively) 
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Figure 22. Comparison of point counting and XRD results for base and stock-pile samples (XRD 
biotite and sericite percentages represent the hornblende nad muxcovite contents respectively) 
 

4.4. Petrography discussion 

The failure to identify smectite clays within altered pyroxene grains during point counting is 

significant as smectite minerals can cause tensional stress within aggregates due to 

hydration and consequent expansion. The fines released by crushing aggregate that has a 

higher smectite content will also be more plastic. A similar misinterpretation of mineralogy 

has been observed before in a previous investigation by Paige-Green and Semmelink (2000) 

when what appeared visually to be biotite was shown, by XRD, to be smectite. This is 

however not the case with these materials as XRD results revealed the biotite to be 

hornblende. The XRD results are therefore considered to be more accurate when 

considering pyroxene, hornblende and smectite contents. The point counting results did 

however reveal that rare examples exist in the materials where pyroxene is more altered 

resulting in higher chlorite and hornblende contents. 

The plagioclase contents reported by different methods are believed to represent the 

inherent variability in materials as is the range of the secondary mineral formed from the 

alteration of plagioclase (sericite). Both XRD and point counting results should therefore be 

used to report the expected ranges of these minerals. A similar approach should be used for 

chlorite and quartz range reporting since the amount of these minerals present is determined 

by local variations in alteration.  

Based on this the expected ranges of different minerals is presented in Table 7. These again 

confirm that all ranges identified in the base and stockpile materials were within or equal to 

the ranges identified in the quarry samples. Exceptions to these are the high chlorite content 

in one stockpile thin section and one base XRD result which are thought to represent 

isolated cases of localised alteration within the quarry.   
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Table 7. Range of mineral composition in each material 

Sample Pyroxene Plagioclase Muscovite Hornblende Quartz Chlorite Smectite 

P7A1 
Base 

32 47-50 3-6 5 3-4 0-7 1 

P7B1 
Base 

30 48-52 2-3 4 5-6 0-2 1 

P7C1 
Lower 

32 47-48* 2-4* 5 5-6 2-3 3 

P7C2 
Upper 

29 45-50 2-5 6 3-7 1-2 3 

P7C2 
Contact 

27 53-55 1 4 1-5 1-4 4 

P7D1 
Stock-

pile 

29 46-47 2-3 6 5-9 0-9 4 

*Isolated materials may have significant alteration of plagioclase to form up to 27% sericite and therefore 
reduce plagioclase to <15% 

 

What is more difficult to quantify is the percentage of secondary minerals present. The point 

counting results showed the majority of primary mineral grains to be highly altered or 

bordering on secondary mineral masses which is believed to cause significant weakening in 

the aggregates. It is therefore expected that a significant amount of the aggregate particles 

would be weak when exposed to crushing forces during construction and in service. The 

actual content of deleterious secondary minerals, especially smectite clays, was however 

shown to be very low and therefore the exposure of the material to the atmosphere and 

moisture changes is not expected to result in the material becoming any weaker. Any fines 

produced by the predicted breakdown during construction and in service stresses is also not 

expected to be plastic and as such the pavement layer should not lose strength excessively 

as a consequence of this breakdown. Finally the lack of additional alteration after exposure 

by quarrying and crushing indicates that the material properties should be relatively 

unchanged.  

Whilst not part of any current specification it has been suggested that up to 10% smectite 

might be tolerable for a “pavement material” (Weinert, 1980). However Dr F Netterberg 

(personal communication) considers that more than about 5% as risky if the material is to be 

used as a surfacing stone or a base course aggregate. Considering the poor reproducibility 

of the methods used to determine the smectite content it is probably not possible to set a 

firm limit on the smectite content but all the materials tested seem to be within these 

proposed limits.  

4.5. Sonic velocity 

According to Kilic (1995) alteration of diabase from Turkey had a very significant effect on 

the compressive wave velocity and the dynamic modulus of elasticity of the materials. The 
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compressive wave velocity could only be determined on quarry material as cores are 

required. The quarry boulder materials had compressive wave velocities as follows: 

 5960 m/s (Lower quarry) 

 6440 m/s (Upper quarry) 

 6660 m/s (Quarry contact) 

According to the results from Kilic (1995) the observed velocities would be an unaltered 

material (≥5000 m/s). Experience from other dolerites crushed base sources indicate that 

most materials that have good performance have compressive wave velocities of above 

6000 m/s (average of 6400m/s). Based on this the quarry material is of variable quality with 

the lower quarry being potentially substandard while the upper materials are expected to be 

sound. 

4.6. Grading and soil constants analyses 

The grading of the base and stockpile materials analyses revealed the materials to have 

different grading curves (Figure 23 and Figure 24) and that only the stockpile material was 

consistently within the specifications (TRH14 G1/G2 specification). The first base sample 

(P7A1) was out of specification due to not enough coarse material and the second base 

sample (P7B1) was out of specification due having too much fine material.  

To be precise the grading of the P7A1 material was out of specification because only 4% of 

material was of 26.3-37.5mm size (at least 6 % required) and an excessive amount of 

material was of 13.2-19mm size (18%). There is therefore too much of one coarse fraction 

and too little of another in this material. The amounts in excess or lacking deviate equally 

from the ideal grading and thus the majority of the excess 13.2-19.0mm fraction may have 

been derived from the breakdown of the 26.3-37.5mm material. The result is that the grading 

curve returns to the envelope (Figure 23 and Figure 24) for the finer fractions which are all 

within the required range. Despite this the curve does move around in the envelope due to a 

relatively low percentage of 0.075-0.425mm material and a relatively large amount of 2.00-

4.75mm material.   

The P7B1 material was out of specification because only 2% of the material was of 2-

4.75mm size and 20% of the material was finer than 0.075mm. The curve therefore stays out 

of the envelope until the 2.00-4.75mm material when it corrects back into the envelope and 

closely follows a perfect grading curve. Again it is therefore possible that the majority of the 

excess <0.075mm material was derived by a reduction in size of the 2.00-4.75mm material. 

Having said that the reduction of almost all 2.00-4.75mm material to equal amounts of all 

smaller sizes while the >4.75mm material remained in the middle of the grading envelope is 

highly unlikely. This indicates that the grading analysis is most probably flawed (possibly due 

to a broken sieve). It is therefore more likely that the P7B1 base sample is within the 

specified grading.   
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The stockpile material remains very slightly above the centre of the grading envelope up until 

the 4.75-13.2mm and 13.2-19.0mm fractions where it had slightly higher than perfect 

amounts. This slight excess is countered by slightly less than ideal amounts of 19.0-26.5mm 

and 26.5-37.5mm material and the grading therefore remains in specification.   

It is very possible that both base materials had ideal gradings before placing or even after 

compaction. However, should this be the case then the materials broke down very differently 

under construction and or traffic stresses with the first material not experiencing and fines 

being released and the second a breakdown of fines aggregate resulting in a large increase 

in fines. Such variations in breakdown may also be seen in other results which test different 

aggregate size fractions.  

 
Figure 23. Grading curves and grading results for the base and stockpile samples. 

 

 
Figure 24. Grading curves of base and stockpile materials on semi log graph. 
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The coarse sand ratios of the base materials were 51 and 32 respectively and therefore both 

out of specification (Table 8). The A sample was only slightly too coarse but the B sample 

was too fine. As expected the stockpile material had an acceptable coarse sand ratio.  

The <0.425mm fraction in all materials had a Plasticity Index (PI) of 1.1-2.5% and the Linear 

Shrinkage (LS) values of all materials were 0.65-1.35% (Table 8). More interestingly the 

range of values for the quarry and stockpile materials was similar to the base sample ranges. 

The materials are therefore similar with respect to soil constants and Atterberg Limits 

indicating that any fines that may have been produced in base materials have not been 

altered in service (to become more plastic). The low PI and LS values are all within the G1 

specifications and will result in a material of adequate shear strength (assuming the grading 

is accurate). 

 

Table 8. Soil constant results 

Sample PI Coarse sand ratio LS 

P7A1 
Base 

1.7 51 0.65 

P7B1 
Base 

2.5 32 1.33 

P7C1 
Lower quarry 

1.1 NA 0.65 

P7C2 
Upper quarry 

1.4 NA 0.66 

P7C3 
Quarry contact 

2.3 NA 1.00 

P7D1 
Stockpile 

2.2 42 1.35 

Specification 
(Colto G1) 

≤ 4 / 12* 35-50 ≤ 3.00 

*when PI is determined on -0.075mm fraction because -0.425mm fraction is NP.  

 

It is worth noting that GAUTRANS (1994a, b) requires that all weathered basic igneous rocks 

used for base or subbase be stabilized down to non-plastic (NP). In the opinion of Dr F 

Netterberg (pers. comm), basic rocks used for any base course should have a maximum PI 

of 4% (preferably NP), and a PI x P425 of ≤ 100 (preferably ≤ 80) and a PI x P075 of ≤ 45 

(preferably ≤ 25). The base and stockpile materials mostly satisfied all these requirements 

comfortably but the P7B1 base material only just met the preferred PI x P425 level and failed 

to meet all PI x P075 proposed levels due to the excess fine material therein (Table 9). 

 

Table 9. PI multiplied by soil faction results. 

Sample PI x P0.425 PI x P0.075 

P7A1 
Base 

24 15 

P7B1 
Base 

75 50 
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P7C1 
Lower quarry 

NA NA 

P7C2 
Upper quarry 

NA NA 

P7C3 
Quarry contact 

NA NA 

P7D1 
Stockpile 

42 18 

Recommendation ≤ 100 or ≤ 80 ≤ 45 or ≤ 25 

 

The grading and soil constant analyses therefore indicate the following: 

 The P7A1 base material is adequate for use as G1 base course material although 

the grading is slightly low on very coarse material. 

 The P7B1 base material is (no longer) of G1 grading but has soil constants that are 

acceptable. It is possible that the shear strength of this material is too low to resist 

traffic forces. 

 The Stockpile material is suitable for use as G1 aggregate 

 If the base materials were originally of the same quality and grading as the stock 

material significant changes in grading occurred in one of these materials (P7B1). 

4.7. Aggregate Impact Value 

Considering the standard aggregate impact values (AIV), i.e. not glycol soaked results, the 

base samples were similar and slightly superior to the stockpile material which itself was in 

the better part of the relatively wide range of values obtained for the quarry materials (Table 

10). These differences result in a 10%FACT difference of 100kN between the worst quarry 

sample (the lower quarry sample) and best base material. However, all results were within 

the specified limits. The AIV of the P7A1 material was slightly lower than that of the P7B1 

material.  

 

Table 10. AIV results and other properties derived from AIV results 

Sample Treatment 
AIV 
(%) 

10% FACT* 
(kN) 

ACV* 
(%) 

Glycol/Dry 
10%FACT Ratio (%) 

Glycol/Dry 
ACV ratio 

P7A1 
Base 

Normal 7.8 480.5 7.5 

106 
88 
 

Glycol 6.9 510 6.6 

P7B1 
Base 

Normal 7.4 494 7.1 

106 88 

Glycol 6.5 523 6.2 

P7C1 Normal 10.5 397 10.4 105 93 
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Lower Quarry  

Glycol 9.8 417 9.6 

P7C2 
Upper Quarry 

Normal 7.9 477 7.6 

97 105 

Glycol 8.3 464 8.0 

P7C3 
Contact 

Normal 8.9 445 8.7 

105 91 

Glycol 8.2 468 7.9 

P7D3 
Stockpile 

Normal 8.3 464 8.0 

102 96 

Glycol 8.0 473 7.7 

Specification 
(G1) 

Normal NA ≥ 110 ≤ 29 ≥70
#
 NA 

*Based on AIV value according to correlations reported by Sampson & Roux (1982): 

           (      (        ))                                        (        )      
#
 SANRAL specification for 4 day glycol soaked 10%FACT  

 

Ethylene glycol soaking was performed for only 24 hours and as such the ratio of the 

standard to glycol 10%FACT values cannot be compared with the SANRAL specification 

(Table 10). However, the 24 hour soaking would only give a lower or similar AIV (and 

therefore higher 10%FACT) values than 4 day soaking and as such the glycol/dry 10%FACT 

ratios obtained can only be higher than what the 4 day soaking results would be. All but one 

of the materials showed an improvement in properties after soaking and therefore even if the 

conservative nature of the one day soaking results are considered the results indicate that 

the material is extremely resistant to weakening due to expansive mineral forces. The glycol 

did have a slight weakening effect on the one material (upper quarry material) but this was 

also very minor and would be expected to be outside the 4 day soaked SANRAL 

specification. 

Since AIV without glycol treatment is a test of physical durability (i.e. resistance to 

disintegration by attrition) the results show that a definite variation in physical durability exits 

between materials tested. The quarry materials showed the lower materials to have lower 

physical durability but this cannot be confirmed due to the single sample from each depth. It 

is possible that the quarry results indicate the variability in the durability within any level of 

the material. The fact that the base materials did not give inferior results compared to the 

quarry materials indicates that no degradation of the base material has occurred during or 

due to the construction process and in service time.  

Glycol AIVs, when compared with normal AIVs, are an indication of the susceptibility of a 

material to undergo a reduction in physical durability due to the expansion of swelling 

minerals such as smectite and resulting general loss of physical strength of the aggregate. 

The results indicate that after undergoing construction and more than 7.5 years under traffic 

the material is not susceptible to a reduction in physical durability due to expansion of 
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minerals and also no more susceptible than it was before. Since the mineralogy studies 

(section 4.4) did not indicate an increase in expansive minerals after quarrying and 

construction this is expected. The results do, however indicate that there may be isolated 

materials in the quarry that are slightly susceptible to such weakening.  

Since the AIV tests utilize 9.5-13.2mm (10-14mm) material and the grading results of the in 

situ base materials did not indicate a difference in the amounts of this material fraction the 

identical results produced for the base materials is expected.  

4.8. Durability Mill Index 

The Durability Mill Index (DMI) samples and subsamples were prepared with a standard 

grading that is within the TRH14 grading requirements. This was performed to make 

comparison of all DMI results possible. The results indicate that the durability of all the 

materials is well above the required specifications but a trend of decreasing durability was 

seen from quarry through stock pile to base materials (Table 11). The quarry contact 

material (P7C3) was not tested due to limited material availability.  

Since the DMI is based on both the PI and the grading of the material and the grading of all 

samples was made to be equal before DMI testing it is interesting to investigate for 

differences in these values. Within the quarry samples both maximum p0.425mm and 

maximum PI values were very similar and this resulted in identical DMIs. The p0.425mm was 

also within the allowed grading for G1 material and therefore no excessive amount so fines 

were produced by the milling (maximum observed increase of 4.6%).   

The cause of the higher DMI of the stockpile material (almost double the quarry DMI) was 

the higher PI (also almost double) while the p0.425mm was identical to the quarry material. 

The two base materials had very similar DMI values but for totally different reasons. The 

P7B1 sample produced the same range of fines as the quarry and stockpile materials but 

these fines were more plastic than any of the other materials and therefore the DMI was 

higher. The p0.425mm and PI were however still within the allowed range for a G1 material. 

The P7A1 material showed only a slightly higher PI compared to the quarry materials (and 

similar to the stockpile material) but produced a significant amount of fines during milling. An 

11.4% increase in the amount of fines was observed in this sample. This is above the 8% 

limit and at 30% the p0.425mm is out of the G1 grading envelope.  

On closer inspection the increase in p0.425mm of the P7A1 material was seen to be due to a 

loss of 2.00-4.75mm material and an increase in the <0.075mm fraction only (the 0.075-

0.425mm fractions after milling were equal in the P7A1 and P7B1 samples). This is exactly 

the same change in grading that was observed in the grading analysis of the P7B1 base 

sample. It is therefore tentatively concluded that the material in the P7B1 layer had 

experienced this breakdown during construction or during service while the P7A1 material 

had not. But the materials are similar in susceptibility to such breakdown and therefore the 

P7A1 material broke down in the same way when milled. The P7B1 material showed almost 
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no breakdown due to milling indicating that the aggregate strength has not decreased with 

time. This is in agreement with the AIV results. 

Since all observed PI values were the same as the in situ PI values no changes in PI due to 

milling can be reported. This was expected as the petrography and XRD results together 

indicated a lack of clays that would result in significant changes in PI if released. 

Since the minimum p0.425mm values were all in excess of the 16.5% at which the samples 

were prepared and slightly higher in the P7B1 sample it is believed that the base materials 

were not “cleaned” properly during sample preparation and that this resulted in fines being 

stuck to larger aggregate pieces due to suction. Such materials was liberated during wet 

milling and sieving thus giving a higher total for the percentage passing the 0.425mm sieve 

in the A subsample. The differences in A subsample p0.425mm values (2%) are however far 

below the differences in maximum p0.425mm observed (9%) and therefore definite changes 

exist in grading due to milling. If the P7A1 material is disregarded the differences in 

maximum p0.425mm observed was only 1%.  

While the COLTO (1998) DMI limit (and the current SANRAL limit) is 125 this is probably too 

high since Sampson and Netterberg (1989) and other sources have shown this limit to 

predict a 50% chance of good and 50% fair performance. A maximum limit of 90, as adopted 

by TRL (1993) should be used to predict 100% probability of good performance and a 100 

for 90% probability (F. Netterberg, pers comm.). Even when the more conservative limit is 

considered the materials are all well within the specification.  

     

Table 11. DMI results and comparison with grading results 

Sample 

DMI testing results In situ results 

DMI PI 
% Passing 
0.425 mm 

Max ∆P425 
relative to A* 

PI x 
P425 

PI 
% Passing 
0.425 mm 

PI x 
P425 

P7A1  
Base 

51 1-2 18-30 11.4 30-51 1.7 14 24 

P7B1  
Base 

56 2-3 19-22 2.3 40-56 2.5 30 75 

P7C1 
Lower Quarry 

28 1 17-22 4.6 19-28 1.1 NA NA 

P7C2 
Upper Quarry 

28 1 18-21 3.2 22-27 1.4 NA NA 

P7C3 
Contact 

Not tested 

P7D1 
Stockpile 

47 2 18-22 3.5 39-44 2.2 19 42 

Specification 
(SANRAL 
G1/G2) 

≤ 125 ≤ 4/6 
≤ 8 percentage points 
above original P425* 

≤ 100 
or  

≤ 80
#
 

≤ 6 11-24 
≤ 100 

or 
≤ 80

#
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*original P425 was prepared to be 16.5% but varied as shown above by minimum values which were obtained from 
unmilled (A) sub-samples. 
#
see section 4.5. 

 

The in situ results (Table 11) indicate that the p0.425mm in the stockpile sample was within 

the range produced by the DMI tests. However the P7B1 material showed higher in situ 

p0.425mm than the DMI results and vice versa for the P7A1 material.  

Although not currently a standard test, and no proposed limits have been set, DMI testing 

was performed on samples after the >2 mm fraction had been soaked in ethylene glycol for 5 

days. As with glycol AIV results the base samples produced better (or identical) DMIs after 

glycol soaking (Table 12). The differences in PI after glycol soaking, relative to the PI values 

obtained in the original DMI tests were all <1% and therefore insignificant considering the 

accuracy of the PI determination method. The lower glycol DMI value of the P7A1 base 

sample therefore originated due to less fines being produced. The P7B1 sample produced 

very similar results to the unsoaked tests. 

In quarry samples the ratio of the normal DMI to the glycol DMI was 0.69-0.74 and 0.70 for 

the stockpile material indicating that effects were similar and more significant that the glycol 

AIV effects. However, these changes were due to very minor increases in PI and p0.425mm 

after glycol soaking. Considering the accuracy involved with the determination of the PI it is 

possible that the PI was indeed unchanged after soaking and as such only the slight 

changes in p0.425 would be relevant. This would result in the quarry and stockpile materials 

also having essentially unchanged DMI values after glycol soaking which would agree with 

the AIV results. 

In summary the normal DMI results show that the materials are slightly different with respect 

to physical durability but that since DMI values were well within the specifications and most 

changes in PI were very slight most of the materials has similar a durability. The only 

exception was the P7A1 material which underwent extensive breakdown during milling to 

produce excessive amounts of fines. 

The glycol DMI results show that the quarry and stockpile materials are potentially slightly 

susceptible to breakdown due to the expansion of clay minerals while the base materials are 

essentially unaffected by such forces. If, as mentioned above, the changes in PI are ignored 

the changes in quarry and stockpile DMIs due to glycol treatments are relatively insignificant, 

which is similar to the very small changes in AIV results of these materials after soaking in 

glycol. The reason for the significant reduction in p0.425mm material in the glycol P7A1 

sample is not clear. 

 

Table 12. DMI and glycol DMI results  

Sample DMI 
Glycol 
DMI 

Normal / 
glycol 

DMI ratio 

∆ max 
p0.425 mm 
after glycol 

∆ max 
PI after 
glycol 

mDMI 
Glycol 
mDMI 

Normal / 
glycol 
mDMI 
ratio 

717



41 

P7A1  
Base 

51 49 1.05 -8.2 0.6 20 8 2.66 

P7B1  
Base 

56 56 1.01 0.8 -0.1 6 8 0.79 

P7C1 
Lower Quarry 

28 41 0.69 0.9 0.5 6 10 0.60 

P7C2 
Upper Quarry 

28 38 0.74 0.6 0.4 4 7 0.65 

P7C3 
Contact 

Not tested 

P7D1 
Stockpile 

47 67 0.70 0.6 0.8 8 12 0.61 

Specification 
(SANRAL 
G1/G2) 

≤ 125 NA NA NA NA NA NA NA 

 

Modified DMI (mDMI) 

Since the absolute change in p0.425 mm relative to the A sample is the actual significant 

parameter (as opposed to the actual 0.425 mm) a modified DMI (mDMI) parameter can be 

determined for all samples by multiplying the maximum observed change in p0.425 mm by 

the maximum observed PI for each sample. This can also be done for the glycol DMI results 

using the maximum change in p0.425 mm relative to the A subsample of the untreated tests. 

The results (Table 12) significantly alter the interpretation. Where the base materials had 

similar DMI values (for different reasons) the mDMI values show the P7B1 base sample to 

be of similar durability to that of the quarry samples and even to the stockpile material. The 

P7A1 sample is also shown to be of significantly poorer durability using the mDMI results. 

The glycol mDMI results show similar trends to the glycol DMI results, i.e. limited effects on 

the base materials and similar potential susceptibility of quarry and stockpile materials.  

It is believed that the mDMI will correlate better with performance than the standard DMI. 

4.9. Point Load Strength 

Point load strength testing was performed on aggregate pieces from all samples according to 

the ISRM (1985) method to arrive at the corrected point load index (PLI). For each sample at 

least 14 aggregate pieces were tested. After calculating the average PLI the values obtained 

from aggregate pieces that, during loading, broke either along obvious pre-existing joints or 

in any way that may make the results suspect, were removed and the average PLI 

recalculated to determine the effect thereof on the reported values. The results indicate that 

the quarry materials have higher strengths than the base and stockpile materials but also 
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that the variation in quarry material strengths is very high. The effect of potentially erroneous 

test aggregate pieces was minimal. The variation in individual results within each sample 

was generally higher for quarry and stockpile materials than for base samples.  

The results are not in agreement with the petrography observations which did not reveal 

significant differences between base and quarry samples. The trends do agree with those of 

the DMI results (quarry superior to base and stockpile) but not with the AIV results. 

Table 13. Point load strength results  

Sample PLI (kPa) PLI after check (kPa) PLI std. dev. (kPa) 

P7A1  
Base 

12 901 12 901 2 561 

P7B1  
Base 

12 774 12 774 3 265 

P7C1 
Lower Quarry 

13 473 13 723 4 024 

P7C2 
Upper Quarry 

15 773 15 773 3 689 

P7C3 Contact 17 310 17 683 3 634 

P7D1 
Stockpile 

10 961 11 452 4 228 

 

Experience with other dolerite materials indicates that materials that have performed well as 

aggregates have typically had a PLI (measured on quarry boulder samples) of more than 

12 000 kPa. The P7 boulder materials are all in excess of that value and significantly so in 

the case of P7C3. 

4.10. Modified Ethylene Glycol Durability Index 

The modified Ethylene Glycol Durability Index (mEGDI) (Leyland et al., 2013) assigns a 

score to each of 40 pieces of aggregate soaked in ethylene glycol depending on the nature 

and degree of degradation of each piece. These scores are then weighted and added to 

obtain an index value for that material. Indices are calculated based on observations after 5 

and 20 days of soaking and used to characterise the durability of the material. The method is 

therefore different from that originally proposed by the US Army in about 1949 (Corps of 

Engineers, 1969), which relied on changes in grading of larger samples due to soaking, and 

that used during construction of the Lesotho Highland Water Project in South Africa (OSC, 

1986), which determined an index value based on the degree of disintegration observed on a 

single cylindrical drill core. 
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All tests were repeated and the results (Table 14) show very good repeatability. The results 

show no materials to undergo significant degradation and are therefore in agreement with 

the glycol DMI and glycol AIV results which showed no significant effects. The P7A1 and 

P7C3 samples did show some degradation but this was only spalling and was very minor. 

Spalling in these materials was observed at different times during the test but once spalling 

occurred it did not result in additional spalling with time. Thus even pieces that were seen to 

spall immediately did not continue to spall and eventually disintegrate. 

The petrographic observations predicted that some materials would be susceptible to glycol 

effects (including splitting) while others would not. No splitting was observed and the only 

material that was expected to spall and did was the P7C3 contact material. The effects of the 

secondary minerals, and micro fractures observed, on the glycol effects was therefore 

significantly overestimated.  

 

Table 14. mEGDI results 

Sample mEGDI 20 Day mEGDI Suitability Long term durability 

P7A1  
Base 

0 0-1.5 All aggregate Acceptable 

P7B1  
Base 

0 0 All aggregate Acceptable 

P7C1 
Lower Quarry 

0 0 All aggregate Acceptable 

P7C2 
Upper Quarry 

0 0 All aggregate Acceptable 

P7C3 Contact 1.5 2-2.5 All aggregate Acceptable 

P7D1 
Stockpile 

0 0 All aggregate Acceptable 

Proposed limits 
for base 

aggregates* 
≤ 10 

≤ 1.5 x mEGDI 
after 5 days 

NA NA 

*As proposed by Leyland et al. (2013).  

 

4.11. Water absorption 

Experience from other dolerite crushed base sources indicate that most materials that have 

good performance have quarry materials with water absorption values of less than 0.15% 

(measured on core samples). The quarry materials tested had water absorption values that, 

similarly to other test results, became poorer with increasing depth from the upper contact. 

The contact sample had an average water absorption of 0.05% and the upper quarry sample 
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a value of 0.07%. The lower quarry water absorption was 0.11% and therefore still below the 

0.15% proposed limit. The bulk relative density (BRD) of all material was identical and equal 

to the apparent relative density (ARD) (2.96). This indicates that in addition to there being 

limited pores available for water absorption any pores within the material are isolated and not 

permeable. 

4.12. Road indicator results 

Analyses of the base material, excavated for the P7A1 test pit, using standard road 

construction material characterization tests provided the following information: 

 Mod Maximum dry density: 2517.3 kg/m
3
 

 Optimum moisture content: 5.7% 

 BRD (>4.75mm fraction) : 2,934 kg/m
3
 

 ARD (>4.75mm fraction) : 2.991 kg/m
3
 

 Water absorption (>4.75mm fraction): 0.6% 

 BRD (<4.75mm fraction) : 2,769 kg/m
3
 

 ARD (<4.75mm fraction) : 2.955 kg/m
3
 

 Water absorption (<4.75mm fraction): 2.3% 

The BRD and ARD should actually be reported as apparent density as the reported values 

are not relative but absolute. Comparing the values for the coarse fraction with that obtained 

on quarry core samples reveals similar ARD and BRD values and therefore shows that the 

porosity (surface and permeable) of the material has not changed significantly in service. 

The water absorption value is however much larger. Experience has shown that core water 

absorption values are almost always very low and therefore are not comparable with those 

measured on aggregate particles. The aggregate value of 0.6 is still below the specification 

limit for asphalt aggregate of 1.0% (TRH14). The same specification is however 1.5% for the 

fine aggregate proportion and the fines are therefore in excess of that (2.3%).  

Considering the grading of the material (section 4.6) and weighting the ARD accordingly the 

ARD of the P7A1 base material is 2.974 kg/m
3
 and to reach the G1 compaction specification 

(86-88% apparent density) the field density would have to be 2,617-2,558 kg/m
3
. Similar 

information obtained from subbase (stabalized G3) sample indicates that the required 

density of the subbase is 2090.7 kg/m
3
 (96% Mod. AASHTO) for the lower 150mm and 

2112.5kg/m
3 
(97% Mod. AASHTO) for the upper 150mm.  

4.13. In situ measurements 
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Before excavation of the P7A1 test pit a strata nuclear density gauge was used to measure 

the moisture content and density of the materials at 50mm intervals down to a depth of 

400mm in shoulder, close to the edge and approximately 1.5m from the edge. The results 

are summarized in Table 15. The moisture content of the pavement layers increases 

gradually with depth and does not vary significantly laterally until depths below 300mm 

where the edge materials have a slightly higher moisture content. The moisture content 

determined by gravimetric analysis of material collected between 40-90 mm (base) was 

2.1%, between 200-240 mm (subbase) was 6.8% and between 520-550mm (subgrade) was 

9.2%. The strata gauge values therefore seem accurate except at depths below 300mm 

where the strata gauge seems to have overestimated the moisture content. It is more likely 

that the material below 300mm remains at a moisture content of approximately 9-10% as 

indicated by the gravimetric analyses.  

Assuming the OMC of the P7B1 base material is similar to that of the P7A1 base material 

presented in section 4.12 both materials are well below the OMC level.  

After the test pit was excavated a soil profile was logged to determine the thickness and 

state of each pavement layer. The layers were also tested using phenolphthalein to 

determine the pH and therefore the presence or absence of free CaO
+
. A pink colour 

indicated free CaO
+
 and that the cement stabilizer has not been carbonated to CaCO2. In 

Figure 25 it is clear that the subbase layer has not carbonated, at either test pit location, as a 

strong reaction was encountered in both test pits. 

Table 15. In situ measurements at different depths and lateral positions in P7A1 test pit location 

Depth 
(mm) 

Moisture content (%) Dry density (kg/m
3
) 

Edge 1.5m from edge Edge 1.5m from edge 

50 2.62 2.42 2521 2597 

100 2.34 2.21 2523 2598 

150 2.91 2.72 2549 2569 

200 4.69 4.28 2239 2419 

250 7.44 6.91 1991 2259 

300 10.6 10.6 1908 1994 

350 13.44 12.1 1658 1914 

722



46 

400 14.1 13.17 1650 1881 

 

 
Figure 25. Soil profiles exposed in P7A1  and P7B1 test pits. 
 

The profile log (Figure 26) shows the base layer to be 170mm thick (not 150mm as stated in 

construction records) and to have a dense consistency. The strata gauge measurements 

taken at the 200mm level are not in the base but along the contact between base and 

subbase. The readings are therefore affected by both layers and cannot be considered 

representative of either. 

The dry densities recorded in the base (50 and 150mm readings) are within the required 

range far from the edge but close to the edge the values are too low. Far from the edge 

within the upper 150mm of the subbase (250 and 300mm readings) the density is, at first, 

above the required amount (at the 250mm mark) but then decreases with depth, dropping 

below the required amount by the 300mm mark. The 350mm level is again along the contact 

between two subbase layers (150mm subbase sublifts) but the density is below the required 

level in both sublifts as is the density in the lower subbase level (400mm reading). Close to 

the edge the subbase is below required density at all depths. Despite the subbase losing 

density with depth a consistent dense consistency was noted in the test pit.  

The differences between gravimetric moisture content determined on base samples from 

each of the test pits (P7A1 = 2.1% and P7B1 = 1.0%) are in agreement with the slightly 

moist and dry conditions reported respectively during sampling.  
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Figure 26. Soil profile log recorded in P7A1 test pit. 

 

As part of a long term pavement monitoring research program the moisture content on this 

section of road was monitored for two and a half years prior to the site investigation and for 2 

months after the investigation. This was done in the shoulder, close to the edge and 

approximately 1.5m from the edge of the road, at km 30.2N (P7A1 location). The data 

collected (Figure 27) shows that the moisture content of the base in this pavement and 

location typically varies by about 1.5-3% close to the edge of the road and by about 1-2% at 

a distance of about 1.5m from the edge. The 2.1% base moisture content reported on the 

day of sampling fits in the range observed in Figure 27.  

The P7B1 base sample moisture content of 1% is below the range shown in Figure 27. Due 

to the lack of long term measurements at that exact location it is unknown if the drier state 

was typical or an isolated occurrence.  
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Figure 27. Moisture variations with depth at P7A1 test pit location close to edge (bottom) and 
approximatly 1.5m from the edge (top) as recorded between July 2010 and January 2013. 

 

The DCP probes performed at both sampling sites were abandoned due to refusal at shallow 

depths (±50mm). The redefined layer strength diagrams of these tests (Figure 28) show that 

the base layers in both test pit locations were highly affected by stones and as such no 

meaningful information can be gained from the results. 
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Figure 28. DCP layer strength diagrams for test pit locations. 
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5. DISCUSSION 

The base construction process, with respect to densities achieved and the drying times was 

not determined. Based on the available data the P7A1 base was sealed during a slightly wet 

month and the P7B1 base was constructed and sealed during a dry period. The P7A1 base 

layer may however have been dried during dry periods within the wet period especially since 

the rainfall in this area is typically falls during intense but brief thunder storms after hot days. 

The difference in construction periods of just more than one year between the two sites 

almost guarantees that the materials used were from different parts and levels of the quarry. 

At least one of the quarry samples taken is likely to be from a similar area in the quarry as 

the stockpile material.  

The primary purpose of this investigation was to identify if the base material properties had 

changed over time and if significant variations in the material performance was present. 

Although the wheel tracks at the two sampling locations had similar rutting the one had 

surface cracking and the other bleeding. Additionally the one test pit was in the shoulder 

area of the road where no deformation of any kind was observed. This sample (P7A1) is 

therefore considered to represent an area where no deformation has occurred (and less 

traffic loading) and the other (P7B1) represents a deformed location. 

There were no significant differences seen in the base layer appearances during sampling 

except that at the shoulder area base seemed to have a slightly inferior aggregate interlock. 

The base layers were both reported to be in a good condition and the subbase was not 

carbonated. Support layer deficiencies are therefore unlikely. The base layer in the rutted 

area was thinner by about 50mm possibly due to compaction that caused the ruts.  

In the quarry no significant differences in rock character were observed except for the chill 

margin along the upper contact of the intrusion. The materials were described as 

unweathered which is expected in such areas where the Weinert N value of 17.5 results in 

minimal decomposition of materials. The pick and click test results classified the quarry 

materials as fresh but the stockpile and base materials were slightly dull. However the 

petrographic analyses showed that all materials were visually similar and had a relatively 

high percentage of altered minerals. A significant variability in weathering degree did 

however occur within the materials and isolated examples of extremely altered subsamples 

were also seen. These are however not expected to influence the aggregate properties. 

Based on the observed petrography an intermediate to high strength aggregate of variable 

sensitivity to glycol treatment was predicted. This was due to generally altered primary 

minerals but a significant variation in distribution and type of secondary mineral products. A 

general lack of significant concentrations of expansive clays indicated that the material would 

not be extremely susceptible to glycol effects. The quarry contact material was also assumed 

to be very impermeable due to its fine grained nature. 
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Initial mineralogical uncertainties were clarified when XRD results were used in conjunction 

with the petrographic observations. These included the confirmation of hornblende being 

present in most materials and the absence of what was originally thought to be brown micas. 

An original lack of quartz in the upper quarry samples was shown not to be true but the grain 

size of quartz was seen to decrease in the upper samples. There is therefore minor evidence 

that lower quarry layers have experienced slightly more metasomatic alteration. Evidence of 

such alteration was also observed in some base and stockpile subsample materials 

indicating that the stockpile and base samples did consist of a representative mixture of 

quarry layers. Suspected smectite clays which were very hard to quantify using point counts 

were shown, by XRD analyses, to be present in some materials but to represent less than 

4% of the material in all such cases. Trace amounts of kaolinite were also identified. 

The petrography and XRD information lead to the following conclusions: 

 Smectite clays are present but not concentrated 

 Isolated cases of extremely sericitized materials exist but these are the exception 

 Many of the primary minerals are altered and as such an intermediate strength is 

expected 

 Limited deleterious minerals exist and therefore minimal degradation is expected 

when the material is exposed to glycol or extreme moisture variations  

 Any fines produced from the materials are expected to be of low plasticity 

 There have been no significant changes in mineralogy since the quarrying and 

placing of the materials. 

The compressive wave velocity of the quarry materials indicated that all were sound but that 

the material from the lower parts of the quarry were slightly more altered. The physical 

durability (i.e. resistance to physical attrition) tests (AIV and DMI) revealed that, by exposing 

the aggregate to stresses similar to those experienced during construction and in service, 

there was no significant difference in the amount of fines (2.36 mm and 0.425 mm 

respectively) produced. The AIV results showed the base materials to be slightly more 

durable but the DMI results showed the base materials to be potentially slightly weaker. The 

AIV and DMI results therefore confirmed that no significant degradation had occurred with 

time. The AIV results did however agree with the compressive wave velocity results as the 

lower quarry material was slightly weaker than all other materials. The water absorption 

values also indicate that both the upper quarry materials were less permeable than the lower 

material.  

The one base sample (shoulder area) produced a very poor DMI value due to a significant 

change in grading but no change in the PI of the material. This is attributed to isolated weak 

materials because only the one DMI subsample had significant grading changes during 

testing and the glycol DMI result also had only minor changes in grading. An alternative 

reason for this result is also discussed below. 
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The changes in both AIV and DMI results after material was soaked in glycol were not 

significant which is in agreement with the low secondary mineral counts identified. The 

mEGDI also confirmed such low susceptibility of the material to effects of mineral expansion 

due to moisture changes.  

When comparing the grading of the base materials the shoulder area (no surface 

deformation) was seen to have undergone a slight breakdown of one coarse fraction to 

produce an excess of a slightly less coarse fraction. The material was, however, still very 

nearly within specifications. On the other hand, the rutted area had undergone extensive 

breakdown of intermediate size aggregate (2.00-4.75mm) to produces excessive amounts of 

fines (<0.075mm). It is possible that both materials had similar initial gradings but in such a 

case significant breakdown of the intermediate size material had occurred either during 

construction or during time in service in the one sample only. As mentioned above DMI 

testing of the shoulder base sample produced high amounts of fines and in fact the observed 

grading after milling was almost identical to that of the rutted area material (i.e. loss of 2.00-

4.75mm fraction to <0.075mm fraction). The milling of the rutted base material did however 

not produce additional fines. The AIV testing did not produce additional fines in either base 

material. Since the AIV test is done on 9.5-13.2mm material it could be argued that the 

material has an inherent weakness in the 2.00-4.75mm fraction to undergo a significant 

reduction in size when exposed to construction and or traffic stresses. Thus when the 9.5-

13.2mm fraction was tested in the AIV test no degradation occurred. However, when the full 

grading was used in the DMI tests the shoulder material showed degradation of the 2.00-

4.75mm material. The rutted material did not show such degradation as the breakdown had 

already all occurred during construction and in service.  

The problems with the above argument are the following. Firstly it assumes that only some of 

the 2.00-4.75mm fraction is susceptible because the material of this size in the DMI test of 

the rutted material did not suffer from the same degradation. Secondly it assumes that 

somehow the material within the shoulder sample did not undergo such breakdown during 

construction and during the long service period. In situ density measurements do indicate 

that the base (and subbase) layers in the shoulder were not compacted to the required 

density. This and the lack of surface deformation in the shoulder directly adjacent to wheel 

tracks where deformation is occurring would indicate that that the base in the shoulder did 

receive less compaction and traffic respectively. It is therefore possible that the material 

never underwent the physical breakdown due to these reasons. Finally if such and inherent 

weakness was present at least one of the quarry samples or the stockpile material would 

have been expected to display it during DMI testing. 

The plasticity index of all materials tested was low (<2.5%) and similar. The fact that these PI 

values were similar to those recorded during DMI testing indicates that the prediction that 

fines produced from the materials would be of low plasticity was accurate. The results do, 

however not agree with the construction records which had all base materials as none plastic 

(NP).  
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The cause of the slight rutting and bleeding at the one test pit (and presumably in other 

wheel track areas) therefore appears to be the excess fines. The PI of the material is low 

and within specification but the combination of excessive fines and a low PI could lead to low 

shear strengths. The persistently low moisture regime in the road layers would prevent the 

shear strength from becoming too low and may explain why the road has not failed rapidly. 

Irrespective of how or when the excess fines were produced the localized nature of surface 

deformation observed is probably due to not all materials being equally susceptible to 

breaking down under compaction (as identified by the DMI results).  

Table 16 is a summary of the test results relative to the relevant specifications 

(COLTO/TRH14) and recommendations where no COLTO/TRH14 specification exists. The 

results clearly indicate that the material is still of adequate strength and durability after 

quarrying and that the material is not susceptible to weakening due to clay mineral 

expansion. The P7A1 grading was not within the required specification due to high amounts 

of <0.075mm material.  

 

Table 16. Summary of test results relative to specifications. 

Sample Grading PI LS 
10% 

FACT 

Glycol 10% 

FACT
#
 

DMI mEGDI 

P7A1  
Base 

Fail Pass Pass Pass Pass Pass Pass 

P7B1  
Base 

Fail Pass Pass Pass Pass Pass Pass 

P7C1 
Lower Quarry 

NA Pass Pass Pass Pass Pass Pass 

P7C2 
Upper Quarry 

NA Pass Pass Pass Pass Pass Pass 

P7C3 Contact NA Pass Pass Pass Pass Pass Pass 

P7D1 
Stockpile 

Pass Pass Pass Pass Pass Pass Pass 

Specification / 
recommendation 

TRH* COLTO* COLTO* COLTO* SANRAL* COLTO* Pub* 

#
based on 1 day soaking and not 4 day soaking as specified, results thus optimistic at best. 

*TRH, COLTO & SANRAL are G1/G2 specifications, Pub is base specification published by Leyland et al (2013). 
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6. CONCLUSIONS  

 

The visual appearance of the base layers was good and the support from the stabilized 

subbase is unlikely to be poor. The quarry material tested was unweathered “fresh” material 

but did not prove to be superior to the base materials tested. The quarry materials have 

varying properties both laterally and vertically but are acceptable for use as a base course 

aggregate. Isolated, highly altered material does occur in the quarry but this is not common 

enough to cause the aggregate properties to be substandard. All materials tested are 

durable not only with respect to resistance to physical disintegration but also to disintegration 

due to alteration of the mineralogy after exposure to the atmosphere. This was unexpected 

because of the generally altered appearance of the mineralogy in all materials. 

There is no evidence the material had undergone rapid or significant mineralogical changes 

between quarrying and the time of removal from the base. Any fines produced during 

construction are also of low plasticity. The rutting, and associated forms of deformation, 

observed in some sections of the road is most probably due to local excessive amounts of 

fines in the base layer. The origin of the fines is unknown but are believed to have formed 

predominantly during construction and to a lesser extent during time in service.   

The primary purpose of the investigation was to determine if the dolerite material had 

undergone any significant degradation since being quarried and placed. In this regard the 

following conclusions are relevant; 

 Petrographic analyses coupled with XRD analyses provide no evidence of rapid 

alteration of secondary minerals to smectite minerals after quarrying, crushing or 

handling 

 The secondary minerals inherent in the dolerite intrusion also do not undergo further 

alteration after quarrying 

 The base material is after a long period not acceptable for use solely because of 

fines being produced by aggregate breakdown. The produced fines are not of a 

plastic nature but are very excessive in amount   

 The moisture variations typically experienced by the pavement layers is minimal and 

unlikely to result in variable performance in different seasons  
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7. RECOMMENDATIONS 

It is recommended that the grading and moisture regime of the material from the test pit in 

the deforming area be tested under triaxial conditions to determine if the shear strength 

thereof is significantly lower than expected. Other sites with similar materials have shown 

rapid failures due to similar gradings but higher moisture contents and it may therefore be 

that the dry conditions at this site are the only factor preventing a material that has excessive 

fines from failing. Alternatively it may be shown that the lack of PI is what is causing the 

shear strength to remain almost acceptable. In such a case the shear strength would not 

decrease significantly if the moisture content is increased. 

Resilient modulus testing followed by grading analyses may also indicate if the material is 

undergoing significant changes in grading due to traffic loading. 
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9. APPENDIX A: XRD ANALYSES REPORT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

735



59 
736



60 
737



61 
738



62 
739



63 
740



64 
741



65 
742



66 
743



67 
744



68 
745



69 
746



70 

 

747



01 August 2014 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SITE P8 
 

Orange River to Springfontein 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

748



 

i 

TABLE OF CONTENTS 

 

1. Introduction .............................................................................................................................. 2 

1.1. Background .................................................................................................................... 2 

1.2. Procedure ...................................................................................................................... 2 

2. Available information ............................................................................................................... 4 

3. Site investigation and sampling ............................................................................................. 6 

3.1. Introduction .................................................................................................................... 6 

3.2. Site location and geological setting ............................................................................... 6 

3.3. Quarry observations and sampling ................................................................................ 8 

3.4. Test pit sampling and observations ............................................................................. 10 

4. Test Results ............................................................................................................................ 15 

4.1. Coarse aggregate appearance .................................................................................... 15 

4.2. Petrography ................................................................................................................. 15 

4.3. X-ray diffraction analyses ............................................................................................ 23 

4.4. Additional petrology information .................................................................................. 25 

4.5. Petrography discussion ............................................................................................... 27 

4.6. Sonic velocity ............................................................................................................... 28 

4.7. Grading and soil constants analyses ........................................................................... 29 

4.8. Aggregate Impact Value .............................................................................................. 31 

4.9. Durability Mill Index ...................................................................................................... 33 

4.10. Point Load Strength ..................................................................................................... 36 

4.11. Modified Ethylene Glycol Durability Index ................................................................... 37 

4.12. Water absorption.......................................................................................................... 39 

4.13. Road indicator results .................................................................................................. 39 

4.14. In situ measurements .................................................................................................. 40 

5. Discussion .............................................................................................................................. 44 

6. Conclusions ............................................................................................................................ 48 

7. Recommendations ................................................................................................................. 49 

8. References .............................................................................................................................. 50 

9. Appendix A: XRD analyses report ........................................................................................ 52 

 

 

749



2 

1. INTRODUCTION 

1.1. Background 

Site P8 is located in the Western Cape Province of South Africa. The road was identified as 

a suitable section for investigation after it determined that the quarry used to produce the 

aggregate used in the base layer was located in a Karoo dolerite intrusion and that this 

quarry was still available for sampling. The road was constructed in 2008 and 2009 and 

during the investigation time had not shown any extreme signs of distress. A materials 

investigation was therefore performed to determine if the material had been altered in any 

way since construction and if so why this had not led to any failures. Furthermore, if no 

degradation of the material was observed an attempt would be made to determine what 

factors resulted in such superior durability when compared to other dolerites used in similar 

applications. 

1.2. Procedure 

A site visit was carried out on the 23
rd

 and 24
th
 of January 2013 during which the quarry and 

a section of the road were visited respectively. Samples of quarry rock boulders and samples 

of the base course layers were collected. Both test pits where located on the south bound 

side of the road but one test pit was located in the shoulder and the other in the outer wheel 

track. 

During test pitting the in situ condition of the base course as well as the interface between 

the base course and the subbase were studied. DCP probes were also attempted at each 

test pit. 

A comprehensive suite of testing was performed on all base course samples collected to 

determine the variability of material properties and possible causes of the observed road 

distress. The tests performed were: 

 Petrographic analyses of all aggregates 

 Semi-quantitative powder X-ray Diffraction (XRD) analyses of coarse aggregate 

ground to 10µm size 

 Compressive wave velocity of rock material 

 Grading and soil constant analyses of bulk samples collected from base course 

according to methods prescribed in TMH1 A1(a/b), A2, A3, and A4 (1987) (Grading 

and preparation of samples was done using an internal CSIR standard that is not 

published).  

 Water absorption of core samples collected from boulders from the quarry according 

to methods prescribed in ASTM C 97 – 02. 
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 Aggregate impact value (AIV) of all aggregates according to British Standard 812 

(1975) and repeated after 1 day of soaking in Ethylene Glycol. 

 Durability mill index (DMI) of all aggregates according to the method proposed by 

Sampson & Roux (1987) with a standard prepared grading of all samples and 

repeated after soaking material in Ethylene Glycol for 5 days. 

 Modified ethylene glycol durability index testing (mEGDI) of all aggregates according 

to the method proposed by Leyland et al. (2013) 

 Point load index testing according to International Society for Rock Mechanics 

(ISRM) suggested method (ISRM, 1985). 

 

In addition to the above testing, the 10% FACT and aggregate crushing values (ACV) were 

calculated based on the correlations between these values and AIV values as described by 

Sampson & Roux (1982). Some material properties tested as part of other research projects 

and in situ readings obtained from other research projects on the relevant section of road 

were also considered.  
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2. AVAILABLE INFORMATION 

All available information on the site was obtained from the construction records held by 

SANRAL. These records contain detailed information on the construction dates, material 

sources and final quality control data. No material test results were included in these records 

but the materials are classified and as such specified material properties can be deduced.  

The following information was extracted from these records: 

 Base course materials were sourced from the Boschrand Quarry located 

approximately 4km north of the N1 section 13. 

 All base materials were reported as being NP and satisfying all G1 specifications.  

 The base course was classified as a G1 material and was designed as a 150mm 

thick layer 

 The G1 material stockpile did require re-screening to obtain a suitable grading. 

 The subbase was designed as a 300mm thick C3 layer of weathered dolerite (G4) 

milled into the upper part of the in-situ material. 3% cement was used as a stabilizing 

agent  

 Although subbase materials for parts of the road were obtained from the Boschrand 

Quarry at the sampling locations subbase material was sourced as follows: 

 South bound lane: Borrow pit 2 

 At the location of Test pit P8A1 (section 13, km 16.2 south, south bound lane) 

 Base construction was completed on 17 October 2007 

 A 19/6.7mm double seal was constructed with the first spray being put down on 

31 October 2007 (primed on 17 August 2013) 

 A 9.5mm single seal was constructed with the first spray being put down on 12 

March 2009 

 Grading after construction was (% passing): 

 19.0mm - 78 

 4.75mm – 41 

 0.425mm – 16 

 0.075mm – 6 

 Material ARD was 2.928 kg/m
3
 and 89.3% compaction was obtained. 

 At the location of Test pit P8B1 (section 13, km 15.2, South bound lane) 

 Base construction was completed on 17 October 2007 
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 A 19/6.7mm double seal was constructed with the first spray being put down on 

30 October 2007 (primed on 17 August 2013) 

 A 9.5mm single seal was constructed with the first spray being put down on 13 

March 2009 

 Grading after construction was (% passing): 

 19.0mm - 78 

 4.75mm – 41 

 0.425mm – 16 

 0.075mm – 6 

 Material ARD was 2.928 kg/m
3
 and 89.3% compaction was obtained. 

 The seal aggregate was sourced from the same quarry as the base 

 

Rainfall information included in these records did not include 2007 and as such no 

information regarding the probable moisture conditions during construction can be extracted. 

What can however be seen is that at both sampling sites the base was constructed on the 

same day, and all sealing operations were completed on consecutive days. Therefore no 

one point would have been exposed to significantly different amounts of precipitation and no 

significant relative differences in moisture content of the base during sealing can be 

expected. 
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3. SITE INVESTIGATION AND SAMPLING 

3.1. Introduction 

The site investigation consisted of a quarry sampling campaign and a road layer sampling 

campaign. Since all available data was obtained from printed records that contained no 

quality control data it was assumed that target densities and other specifications were 

obtained in all areas of the section and as such sampling sites were selected based on the 

surface condition of the road.  

3.2. Site location and geological setting 

The section of the N1 route under consideration (section 13) starts where the N1 crosses the 

Orange River (km 0.0) on the border between the Northern Cape and Free State Provinces 

and stretches 41.6 km to the north to the town Springfontein (km 41.6). The quarry is located 

to the north of the N1 on the farm Boschrand 404 (Figure 1). The climatic N value (Weinert, 

1980) in the area is 8.  

 
Figure 1. The site and sampling location relative to Beaufort West. 
 

According to the available geological map (Figure 2) the greater area is underlain by the 

Adelaide Subgroup (dominant mudstone with lesser sandstone formations) and the overlying 
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Tarkastad Subgroup (dominant sandstone with lesser mudrock formations) of the Beaufort 

Group, Karoo Supergroup. Both subgroups have been intruded by the Karoo Dolerite Suite 

(Figure 2). The dolerite outcrops indicated in Figure 2 form both large irregular shaped 

outcrops and elongated outcrops which are typical of sill intrusions and sub vertical dykes 

respectively. Both are significantly more resistant to erosion compared to the 

mudstone/sandstone country rock and therefore most of the topographical highs in area are 

covered by the dolerite outcrops. The sub-horizontal sills result in the formation of large flat 

top mesas.  

 
Figure 2. The geological setting of the road section investigated and the quarry location. 

 

The larger scale geological map (1:250 000) shows the quarry to be located in an elongated 

dolerite dyke within the Adelaide subgroup. No sedimentary formations have been mapped 

but the quarry can be seen to be located nowhere close to any contacts with other 

sedimentary subgroups. The closest contact with the overlying Tarkastad Subgroup is 18km 
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to the northeast and the difference in elevation between the quarry and that contact 

Tarkastad Subgroup is also only 90m. The intrusion in which the quarry is located is 

therefore most probably high in the Adelaide Subgroup and relatively close to the overlying 

Tarkastad Subgroup.   

 
Figure 3. Detailed geological map of quarry area 

 

The regional terrain is described as the lowlands with hills and this forms part of the Great 

Karoo interior plain and cover large parts of southern Free State Province. The topography is 

therefore relatively subdued with large plains and local flat top mesas forming due to sub-

horizontal dolerite sills. The quarry elevation is 1484m above sea level.  

3.3. Quarry observations and sampling 

The quarry was not being mined at the time of the investigation and therefore no stockpiles 

of aggregate were present. The quarry did not appear to have been in use since the road 

under consideration was constructed. Full access to the exposed pit was however obtained 

and the faces of the quarry could be observed in great detail. The quarry is located next to a 
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similarly sized older excavation that was most likely used during the initial construction of the 

N1. In the quarry the intrusion appears to be more horizontal than vertical but since no 

contact with the surrounding country rock was observed this could not be confirmed. The 

quarry faces to the southwest and at the entrance the intrusion seems to dip, parallel to the 

slope, toward the southwest. The upper parts of the quarry face did not reveal any contact 

with sedimentary units but did reveal dolerite core-stones and some residual soil.  

All dolerite observed in the quarry (below the core-stones) appeared similar, dense and well 

crystalized. The face of the quarry was mostly defined by a large sub vertical curved joint on 

which a slight weathering residue was present. 

Samples were collected from two sites to characterise the materials. The first sample (P8C1) 

was collected in the right hand corner of the quarry close to the curved joint surface. The 

second sample (P8C2) was collected at a lower level from the wall of the entrance to the 

quarry where the intrusion is believed to dip toward the southwest. In this location there was 

no clearly defined joint but in all other ways the rock appeared similar to that obtained in the 

first location.  

 

 Figure 4. General condition in the quarry during sampling and the sample locations. 
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3.4. Test pit sampling and observations 

P8A1 test pit 

Two test pits were excavated to subbase level in order to view the in situ base condition and 

to obtain samples of base material after the construction processes. The first test pit (site 

P8A1) was located on the south bound side of the road at km 16.2S in the shoulder.  At this 

position there are only two lanes and the south bound lane was at the bottom of a long 

gradual descent.  The pavement condition was generally good and no deformation was seen 

in the shoulder (Figure 5). The outer wheel track had rutting of 6-8mm and slight bleeding 

and in the northbound lane some patches were present. 

The area has good drainage characteristics as the lane is located on a slight fill. 

 
Figure 5. Test pit location for sample P8A1. 

 

A dynamic cone penetrometer (DCP) was used at this sampling site but was unsuccessful as 

the probe was unable to penetrate the entire base layer and was therefore abandoned. The 

test pit excavation was initiated by removing the seal (single seal over double seal as 

described in records) to expose the surface of the base. The base surface appeared to be in 

a good condition and not excessively loose or excessively moist. There appeared to be a 

good mosaic of stone within the matrix (Figure 6) and the aggregate pieces exposed in the 

base appeared to have a good interlock with other pieces. Using a geological pick as a 
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sounding instrument in the areas adjacent to the test pit produced a solid sound even where 

some bleeding was present.  

 
Figure 6. Base appearance in P8A1 test pit. 

 

The base was measured to be 145mm thick and therefore in agreement with the 150mm 

reported in the construction records. The base material was described as being slightly moist 

with a medium dense consistency. After the base layer was removed and samples collected 

the test pit was excavated to a depth of 500mm. This exposed the subbase which was 

250mm thick and therefore 50mm short of the design and reported construction thickness of 

300mm. The subbase also produced no reaction with phenolphthalein, indicating that the 

stabilizer had been carbonated (Figure 7). There was however a reaction with hydrochloric 

acid indicating that some carbonate was present. This is considered proof that a stabilizer 

had been added, albeit all carbonated now. The full test pit profile is included in section 4.14. 

No further evaluation of the base material was done on site.  

759



12 

 
Figure 7. Profile exposed in the P8A1 test pit with no phenoltheiline reaction in subbase. 
 

P8B1 

The second test pit was excavated at km 15.2 in the south bound outer wheel track of a 

climbing lane just before the crest of a climb. Inconsistent rutting was present in this lane, 

resulting in undulation within wheel tracks and the outer wheel track of the climbing lane had 

degree 2 bleeding along its entire length (Figure 8).  

The surface was a single seal (as expected based on records) similar to that at the other test 

pit. A DCP probe was attempted at this sampling site but was also unsuccessful in 

penetrating trough the base layer and was therefore abandoned. When the area was struck 

with a geological pick a dull sound was produced, especially compared to that produced at 

the other test pit. The outer wheel track produced an even duller sound. 

At this location on the opposite (north bound) side of the road a slight cutting was present but 

the south bound half of the road was located on a slight fill. There was also a culvert 

approximately 20m north of the test pit location. This all resulted in the test pit location 

having very good drainage characteristics.   
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Figure 8. Test pit location for sample P8B1 showing presence of rutting. 

 

When the seal was removed the base did not appear to have an excessive amount of lose 

material on its surface and the material had a good mosaic (Figure 9). Taping of individual 

aggregate pieces caused either the disturbance of the other pieces or the breakage of the 

aggregate. This indicates that the larger aggregate did indeed have a good interlock. 

Unlike the other test pit (slightly moist) this material was profiled as being dry. Gravimetric 

analyses did however show the moisture content to be similar if not higher in the P8B1 

sample (1.5% for P8A1 and 2.4% for P8B1). The base was 135mm thick (10mm thinner than 

in other location) and underlain by a subbase layer that was very hard and unlike the other 

test pit produced reactions with both hydrochloric acid and phenolphthalein (Figure 10). The 

subbase at this location was therefore not carbonated. Within the subbase fragments of old 

surfacing were seen, thus confirming the records which stated that the subbase was 

constructed by milling the upper part of the previous pavement. 
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Figure 9. Base appearance in sample taken from P8B1 test pit. 
 

 
Figure 10. P8B1 test pit showing phenolphthalein reaction on subbase.  
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4. TEST RESULTS 

4.1. Coarse aggregate appearance 

Coarser aggregate particles from the base samples were described according to the “Pick 

and Click” test (Weinert, 1980) which is designed to determine the degree of weathering of 

aggregates. The following three properties of each material are described in this “test”: 

 colour and lustre 

 hardness and consistency 

 state of crystallization 

 
Scores are assigned based on these properties and are then used to determine the 

suitability of the material as road construction material. Scores range from 1 to 4 with higher 

scores being assigned to less favourable property descriptions. 

The properties were similar for all materials (Table 1) except that the base materials had 

slightly dull dark minerals and therefore a slightly higher score for colour. According to the 

results all materials are suitable for use as base aggregates and surfacing chips or crushed 

stone aggregate under all environmental conditions. 

 

Table 1. “Pick and click” test results 

Sample Source 
Score 

Score Suitability 
Colour Hardness Crystallization 

P8A1 Base  1.5 1 1 3.5 Chips/crushed stone 

P8B1 Base 1.5 1 1 3.5 Chips/crushed stone  

P8C1 Upper quarry  1 1 1 3 Chips/crushed stone 

P8C2 Lower quarry 1 1 1 3 Chips/crushed stone 
 

4.2. Petrography 

General observations 

From each of the samples two thin sections were prepared by the Council of Geoscience 

(CGS) from two different aggregate pieces. The quarry samples were crushed in the 

laboratory to obtain a full range of aggregate sizes typically present in G1 materials and from 

these one >26.5 mm aggregate piece and one aggregate piece >13.2 mm from each of the 

samples were used to create thin sections. Similar aggregate pieces were obtained from the 

base samples. Thin section analyses were then performed using a petrographic microscope. 

The aim of the analyses was to identify the major mineral constituents and the variability of 

mineralogy of the dolerite. Additionally an attempt was made to identify any petrographic 
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characteristics that could possibly lead to rapid degradation of the dolerite. Once the major 

minerals present in each thin section were identified the surface area of each as a 

percentage of the total thin section surface area was estimated by visual evaluation. The 

general degree of “weathering” (both deuteric alteration and natural weathering) present in 

all primary minerals was also estimated.  

A summary of the observations made are given in Table 2 and the estimated mineral 

compositions are given in Table 3. Visually the overall appearance of the base material thin 

sections was similar to that of the upper and lower quarry sample sections. There were, 

however some differences and some minor variations between sections taken from the same 

samples.  

The quarry sample sections generally revealed plagioclase to be slightly dominant over 

pyroxene but one lower quarry section showed a reversal to this trend. Equal amounts of 

mica and opaque minerals (±3%) were present in all quarry sections. Differences between 

subsample sections were therefore minimal except that in some sections the pyroxene 

appeared generally slightly more altered and was expected to result in slightly weaker 

aggregate. However since this seems to be a random occurrence in the quarry samples it is 

unlikely to result in significant differences in results in properties between the two quarry 

materials.   

The base sample sections were also generally similar (i.e. P8A1 was similar to P8B1 overall) 

but definitely revealed a higher variability (i.e. between subsamples). In both samples one 

subsample appeared to either be slightly more weathered or have some concentrations of 

alteration minerals (weak zones). In P8A1 the mica and opaque contents were similar to 

those in quarry samples while the P8A1 material had a higher range of opaque minerals. 

There were equal amounts of plagioclase and pyroxene in some sections but in many, 

pyroxene was slightly dominant over plagioclase. The differences between these 

subsamples are therefore also minimal and observations generally indicate that the base 

materials have very similar mineralogy to the quarry samples. 

Sericite made up a very small portion of all materials (<2%) and was even absent from one 

quarry subsample. Grain size distributions were similar for all materials.  

 

Table 2.  Summary of petrographic features observed. 

Thin 
section 
number 

Source 

Primary minerals 

Matrix Notes 
Texture 

Size 
(mm)* 

P8A1-A Base 
Sub-

ophitic 
1-2.5 

Rare fractures and 
low degree of 
alteration and 

secondary mineral 

Rare boxwork alteration of 
pyroxenes but many have dark 
cleavage planes. Sericite pools 

rare. 
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P8A1-B Ophitic 1.5-3 

concentrations will 
result in high 

strength (B may 
have local 

concentrations) 

Pyroxenes rarely replaced by 
mica. Local concentrations of 
poor minerals may result in 
some poor results. Sericite 
pools rare. 

P8B1-A 

Base Ophitic 

1-2.5 
Sound matrix 

except for local 
mica rich zones 

that may result in 
some spalling 

Plagioclase generally unaltered 
except for local sericite pools. 

Pyroxene grains also unaltered 
but isolated boxwork and mica 
replacement occurs. B sample 

also has generally dark 
cleavage planes. 

P8B1-B 2-3 

P8C1-A 

Upper 
quarry  

Ophitic 

1-1.5 

Generally strong 
matrix except for 

isolated weak 
areas due to 

concentration of 
secondary minerals 

Plagioclase locally sericitized 
and rarely replaced. Pyroxene 

dark cleavage planes also 
locally boxwork alteration or 

replaced by mica.  

P8C1-B 
1.25-
2.5 

Slightly more  
altered appearance 

of pyroxene will 
result in 

intermediate matrix 
strength but glycol 
effects should not 

penetrate 

P8C2-A 

Lower 
quarry 

Ophitic 

1-2 
Alteration of 

plagioclase and 
pyroxene with local 
pools will result in 

intermediate 
results but lack of 
clays will result in 

minimal glycol 
effects 

Plagioclase unaltered to slightly 
altered with local pools of 

sericite. Pyroxene ranges from 
unaltered, dark cleavage, initial 

boxwork and large patch 
replacement and in places dark 

clays are expected. 

P8C2-B 2 

*Size range of phenocrysts. Matrix grains are finer 

 

Table 3. Mineralogical composition based on petrographic estimation. 

Sample Source Plagioclase Pyroxene  Mica* Sericite 
Opaque 
minerals 

P8A1-A 
Base 

45 45 4  6 
P8A1-B 44 49 4 1 2 

P8B1-A 
Base 

41 50 4 1 4 
P8B1-B 43 50 3 1 3 

P8C1-A Upper 
quarry  

50 41 4 2 3 

P8C1-B 49 44 2 2 3 

P8C2-A Lower 
quarry 

46 49 2 1 3 

P8C2-B 49 44 3 1 3 
*Mica can include large primary biotite, small phlogopite, chlorite and pyroxene replacement product 
labelled as mica. Not all sections contained all of these. 
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Following this a formal point counting exercise was performed on each section. At least 500 

points were observed on each section using a PETROG digital stepping stage and 

PetrogLite™ software. At each point the mineral was identified and where primary minerals 

were identified a differentiation was made between those that were unaltered (and not in 

direct contact with secondary minerals) and those that were altered (including those that 

were in direct contact with secondary minerals). This percentage of significantly altered 

primary minerals was added to the percentages of secondary minerals to arrive at the total 

percentages of secondary minerals present. The results are summarized in Table 4. 

 

Table 4. Mineralogical composition (%) of each sample based on petrographic point counting. 

Sample Source 
Pyroxene 

 (poor 
edge) 

Mica  
Plagioclase 
(poor edge) 

Sericite, 
plagioclase 
replacement  

Quartz Total secondary 

P8A1-
A 

Base 
27 (12) 2 14 (39) 5 - 58 

P8A1-
B 

19 (15) 2 15 (38) 8 <1 63 

P8B1-
A 

Base 
30 (9) 1 12 (39) 6 <1 55 

P8B1-
B 

20 (10) 2 24 (34) 7 - 53 

P8C1-
A Upper 

quarry 

19 (16) 1 14 (42) 5 - 64 

P8C1-
B 

22 (15) 1 9 (42) 9 - 67 

P8C2-
A Lower 

quarry 

22 (15) <1 13 (38) 9 - 63 

P8C2-
B 

15 (17) 1 8 (42) 15 - 75 

Recommendation (Weinert, 1980) for this climatic region (N=8) No limit 
Notes:  Secondary minerals are Mica, sericite, and all percentages of poor edge minerals 

 Mica is interpreted as a biotite (dark green/brown) secondary pyroxene replacement  
Opaque mineral content varied from 2-3%. 
Smectite clays were not identified, counted rarely but never more than 1% 

 

The most common minerals identified were the typical primary minerals of a dolerite, namely 

plagioclase and pyroxene. Plagioclase grains were generally unaltered or locally altered to 

form pools of sericite (Figure 11A and B). Very limited occurrences of total replacement by 

sericite were observed. The grain sizes ranged from small matrix laths to larger grains 

generally 1.25 to 2mm in longest dimension.  
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Figure 11. Typical plagioclae apperances with pool of sericite formed in garins of relatively 
unweathered plagioclase (A: XPL, B: PPL). 

 

Pyroxene grains had much more variation in appearance. Almost all pyroxene grains had 

some discolouration due to alteration (Figure 12B-F) and only rarely were seen to be 

unaltered (Figure 12A). The observed alteration included pronounced dark cleavage planes 

(Figure 12B-F), boxwork alteration as the process enters the mineral from cleavage planes 

(Figure 12C and D) and local replacement of the minerals by what was interpreted to be a 

mica mineral (Figure 12F). The mica ranged from dark brown to green and was pleochroic. 

The mica did however not have consistent appearances or a typical bird’s eye extinction.    

In one of the base sub-sample sections the mica minerals replacing pyroxene grains were 

seen to be very dark and possibly represent clay minerals formed by further alteration 

processes (Figure 13). 
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Figure 12. Range of pyroxene apperances A: Unaltered ophitic pyroxene (PPL), B: dark cleavage 
planes with slight alteration penetration into ophitic pyroxene grain (XPL), C and D: Dark cleavage 
planes on prismatic section (right) and boxwork alteration (left) (C: PPL, D: XPL), E: dark cleavage 
planes on large, otherwise unaltered grain (PPL) and F: Mica replacement of selected pyroxene 
grains with reminant unaltered fragments remaining (XPL). All images at 40x magnification. 
 

 
Figure 13. Dark clay minerals replacing mica formed after pyroxene. 
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Comparison of materials 

Comparing the mineralogy results it is clear that the materials all originate from the same 

source but that there is some variation in the mineralogy of the source.  

Considering the point counting data to be slightly more accurate than the estimations the 

pyroxene content of all quarry samples was between 32 and 37% and the plagioclase 

content between 50 and 56% (Figure 14). Higher plagioclase counts typically resulted in 

lower sericite counts due to the relationship between the occurrences of these minerals. The 

sericite content was however shown to typically be 5-9%, and in the one highly altered 

section as high as 15%, which is significantly higher than the original estimate. In all quarry 

samples most plagioclase grains (±79% of grains) were classified as being altered to some 

extent or as bordering on a significantly altered mass of minerals. Pyroxene grains classified 

in the same were less common (43-46% of grains). 

 
Figure 14. Mineralogy of quarry samples as determined by petrographic estimation and point 
counting. 
 

According to the point count results the base subsamples plagioclase contents range from 

51 to 58% while pyroxene contents were between 30 and 39%. This differs from the original 

estimates (Figure 15) and proves the primary mineralogy of the base materials to be very 

similar to that of the quarry materials. The sericite content (5-8%) was also shown to be 

within the typical range of quarry materials. As in the quarry samples the majority of the base 

sample plagioclase grains (67-73% of grains) were classified as being altered to some extent 

or as bordering on a significantly altered mass of minerals. The percentage of pyroxene 

grains classified in the same was however, lower than in the quarry samples 28-37% as 

opposed to >43%).  
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Figure 15. Mineralogy of base samples as determined by petrographic estimation and point 
counting. 

 

Overall the samples are relatively typical of dolerite samples with a plagioclase to pyroxene 

ratio larger than 1 (i.e. more plagioclase).  

It can also be seen that the range of results obtained for the base materials is similar to the 

range obtained from the quarry samples with the exception of the isolated additional 

alteration observed in one quarry sub-sample. This in conjunction with the generally similar 

appearance of the samples indicates that the materials are most likely from the same source 

(i.e. construction records are confirmed). Since the base materials are also very unlikely to 

have originated from the same area within the quarry (due to time between productions) the 

similarity between these materials indicates that intrusion appears to be very uniform. There 

is no evidence that additional secondary minerals have formed during the materials time in 

service as the base sample mineralogy was very similar to that observed in the quarry 

samples.  

In summary, secondary micas and sericite make up 10% of most materials and only 

exceeded this in sub-samples where the alteration of a specific mineral resulted in what is 

believed to be isolated increases in secondary minerals. Weinert (1980) prescribes no 

secondary mineral content limit in the climatic region of the site. However, based on the point 

counting results, in all materials the majority of plagioclase grains and about a third of the 

pyroxene grains were altered or bordering on a mass of altered material. This may have an 

effect on the strength of the aggregate. The aggregate is however expected to have 

generally high strengths due to the amount of altered mineral grains and the limited effect of 
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sericitization on the strength of plagioclase grains. The nature of the alteration, 

predominantly mica minerals and minimal clays, is not expected to make the material 

susceptible to the effects of glycol. Similarly when exposed to moisture changes the minerals 

should not experience significant breakdown. The lack of further alteration of the mica 

minerals while in service also indicate that the material will not degrade within engineering 

time. Isolated spalling and splitting may occur since localised concentrations of alteration 

were observed and some persistent microfractures were also present.  

4.3. X-ray diffraction analyses 

X-ray diffraction analyses were carried out on crushed aggregate pieces from each of the 

samples and analyses were then repeated using the same material after exposure to 

ethylene glycol and once again after heating to 550°C. Results from the untreated material 

are used to identify the major phases present in the material while the results obtained after 

the two separate treatments are used to confirm the presence of minerals that have 

overlapping diffraction peaks when untreated. After the mineral phases present have been 

confirmed the diffractogram from the untreated material is used to estimate relative phase 

amounts (weight %) using the Rietveld method. The detailed report supplied by the XRD 

laboratory is included in Appendix A.  

The results (Table 5) indicate that the mineralogy of the different samples is very similar with 

respect to major minerals and that the content of minor secondary minerals does not vary 

significantly. In all samples plagioclase made up essentially half of the content while 

clinopyroxenes made up approximately 30%. The orthopyroxene content was very low and 

the base sample othopyroxene contents were within the range observed in quarry samples. 

Quartz was present in small, essentially equal, amounts. Considering the accuracy of the 

results the talc and chlorite content of all samples is equal and very low but the lower quarry 

sample definitely does have slightly higher amounts of these minerals. Biotite was identified 

in similar low amounts in the P8A1 base sample and the upper quarry sample and again in 

slightly elevated amounts in the lower quarry sample. Finally the clay mineral content 

showed no variability for kaolinite between any samples but on average a slightly higher 

smectite content was present in the base samples. 

Table 5. XRD analyses results 

Sample 
Clino-

pyroxene 
Plagioclase 

Ortho-

pyroxene 
Chlorite Biotite Talc Quartz 

Kaolinite/ 

Smectite 

P8A1 
Base 

31 55 3 2 2 1 2 1 / 4 

P8B1 
Base 

33 54 3 2 - 1 2 2 / 3 

P8C1 
Upper 

33 49 5 3 2 2 3 1 / 3 

P8C2 
Lower 

29 51 2 4 4 5 3 2 / 1 
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The results generally agree with the average point counting results (Table 6) and most XRD 

analyses results for the two primary minerals fall within the range identified by the point 

counting sub-samples (Figure 16 and Figure 17).  

The comparison of secondary mineral results are problematic due to the additional minerals 

identified by the XRD analysis. Point counting indicated that sericite (as replacement of 

plagioclase) and dark mica’s (as replacement of pyroxenes) were present. The XRD 

analyses identified biotite in most samples but also kaolinite and smectite which both could 

have been present in what point counting considered as dark mica. However the XRD also 

identified talc and chlorite, both phylosilicates of commonly formed from primary mafic 

minerals. No significant amounts of typical plagioclase alteration products (muscovite, 

epidote) were identified. Comparing the percentages of mica (point counting) to biotite (XRD) 

the results are similar but since the smectite would also have been a dark mineral in point 

counting it seems the XRD gives higher percentages for such dark alteration minerals when 

compared to point counting. The sum of the other secondary minerals identified by XRD (talc 

and chlorite) do not equal the sericite count results but this is expected since no chlorite was 

identified in this sections and it is unlikely that the plagioclase replacement product was 

actually chlorite.   

Based on the combination of results obtained the general range of mineral contents 

expected in each material can be reported (discussed below in section 4.5). 

 

Table 6. Comparison of XRD and average point counting (PC) results 

Sample Pyroxene (XRD/PC) Plagioclase (XRD/PC) 
Chlorite + Talc (XRD) / sericite 

(PC) 

Biotie (XRD) / 

Mica (PC)  

P8A1 
Base 

34 / 37 55 / 53 3 / 7 2 / 2 

P8B1 
Base 

36 / 35 54 / 55 3 / 7 - / 2 

P8C1 
Upper  

38 / 36 49 / 54 5 / 7 2 / 1 

P8C2 
Lower 

31 / 35 51 / 51 9 / 12 4 / 1 

 

The XRD results do show some differences between the base samples and the quarry 

material. Most noticeably the slightly elevated total secondary mineral content in the lower 

quarry sample was confirmed by the XRD. It is possible that minerals such as talc and 

chlorite are more common in some parts of the intrusion and that these are liberated during 

crushing and then mostly lost during construction. Some traces of these minerals would 

however be expected in the thin sections.  
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The XRD results therefore provide no evidence that any significant alteration has occurred 

since the materials were removed from the quarry and placed in the pavement layers. There 

is however, some evidence that potentially significant material variations are inherent in the 

quarry.   

 
Figure 16. Comparison of point counting and XRD results for base samples (Biotite percentages 
obtained from “mica” counts in point counting, Sericite percentages obtained from adding XRD 
chlorite and talc results).  

 

 
Figure 17. Comparison of point counting and XRD results for quarry samples (Biotite percentages 
obtained from “mica” counts in point counting, Sericite percentages obtained from adding XRD 
chlorite and talc results).  
 

4.4. Additional petrology information 

Samples of rock from the same quarry, an older adjacent quarry and two stock piles of 

material being produced at the quarry at that time were obtained during a previous study and 

the results of point counting and XRD analyses performed on those are presented here. 
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When the point counting results of two additional quarry samples (RCL7 and RCL10) are 

compared to the average results from this study (Figure 18) the primary mineral counts are 

seen to be very similar. The secondary minerals differ in that what was identified as mica 

and sericite in this study seems to have been called smectite in the previous studies.  

The XRD results (Figure 18) show the older samples to have had generally lower pyroxene 

and higher plagioclase content. XRD results for secondary minerals are very different with 

mica not being identified in the one old sample and sericite contents being much lower in old 

samples. The XRD results do however agree that the smectite content is lower than the 

original point counting identified. 

 
Figure 18. Comparison of petrographic analyses (PC) and XRD results for quarry samples 
obtained in this study with those obtained in previous studies. 
 

Only XRD results were available for the stockpile materials obtain during the previous study 

and these were compared to the average results of base materials from this study (Figure 

19). The stock pile samples seem to have a higher smectite (and lower pyroxene) content to 

the base materials. The pyroxene content of the stock materials is very low and highly 

unlikely unless they represent highly altered exceptions from the quarry. However, since the 

samples came from different stockpiles it is highly unlikely that this is the case. Interestingly 

these stock pile samples are suspected of being the actual materials used to construct the 

base and subbase of the pavement sampled during this investigation. Should this be the 

case the pyroxene content of the material would have had to increase after placement. This 

observation results is serious doubts regarding the accuracy of the XRD results performed in 

the previous investigation.  
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Figure 19. Comparison of petrographic analyses (PC) and XRD results for base and stockpile 
material obtained in this study with those obtained in previous studies. 
 

The conclusions from the comparison of the previous results to those obtained from this 

study are difficult to determine. The differences between XRD results may be due to the 

accuracy associated with clay mineral quantification from XRD analyses but the low 

pyroxene content of stock materials cannot be explained.    

4.5. Petrography discussion 

The point counting and XRD results for primary mineral contents are believed to indicate the 

range and inherent variability in materials (Table 7). Such assumptions are however 

problematic when secondary mineral results are considered. The materials are believed to 

contain some dark micas (potentially biotite) and therefore the ranges reported may be valid 

for the materials. Smectite clays were not identified in point counting but their presence was 

suspected, especially in some base subsamples. It is believed that the amounts of dark mica 

and smectite clays are related as both are formed from the alteration of pyroxene minerals. 

Kaolinite may be present in very low amounts as identified by XRD and quartz contents are 

believed to be very minor. The amount of sericite in the materials is also hard to confirm 

since no light micas were identified in XRD analyses. There was however undoubtedly a 

significant amount of alteration product formed from some plagioclase grains. Some of this 

product may have been a mixture of smectite, chlorite and talc formed from interstitial glass 

patches between the plagioclase grains. Chlorite and talc will, in small amounts, probably 

have a similar effect on the properties of the aggregate as sericite and therefore the range of 

sericite presented (as determined by point counting) is assumed to be representative of the 

different materials (Table 7). Some sericite may also have altered to kaolinite. 

 

775



28 

Table 7. Range of mineral composition in each material 

Sample Pyroxene Plagioclase Biotite Sericite Quartz Kaolinite Smectite 

P8A1 
Base 

33-39 53-55 2-2 5-8 2 1 4 

P8B1 
Base 

30-39 51-58 0-2 6-7 2 2 3 

P8C1 
Upper 

35-38 49-56 1-2 5-9 3 1 3 

P8C2 
Lower  

31-37 50-51 1-4 9-15 1 2 1 

 

The point counting results showed the majority of plagioclase grains to be highly altered or 

bordering on secondary mineral masses which is believed to cause significant weakening in 

the aggregates. However since the majority of the primary mineral grains do not meet this 

criteria it is expected that a significant amount of the aggregate particles would resist 

crushing forces during construction and in service. The content of deleterious secondary 

minerals, especially smectite clays, was shown to be very low and therefore the exposure of 

the material to the atmosphere and moisture changes is not expected to result in the material 

becoming any weaker. Any fines produced by the predicted breakdown during construction 

and in service stresses is also not expected to be plastic and as such the pavement layer 

should not lose strength excessively as a consequence of this breakdown. Finally the lack of 

additional alteration after exposure by quarrying and crushing indicates that the material 

properties should be relatively unchanged.  

Whilst not part of any current specification it has been suggested that up to 10% smectite 

might be tolerable for a “pavement material” (Weinert, 1980). However Dr F Netterberg 

(personal communication) considers that more than about 5% as risky if the material is to be 

used as a surfacing stone or a base course aggregate. Considering the poor reproducibility 

of the methods used to determine the smectite content it is probably not possible to set a 

firm limit on the smectite content, but all the materials tested seem to be within these 

proposed limits albeit marginally.  

4.6. Sonic velocity 

According to Kilic (1995) alteration of diabase from Turkey had a very significant effect on 

the compressive wave velocity and the dynamic modulus of elasticity of the materials. The 

compressive wave velocity could only be determined on quarry material as cores are 

required. The quarry boulder materials had compressive wave velocities as follows: 

 6639 m/s (Lower quarry) 

 6540 m/s (Upper quarry) 
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According to the results from Kilic (1995) the observed velocities would be an unaltered 

material (≥5000 m/s). Experience from other dolerites crushed base sources indicate that 

most materials that have good performance have compressive wave velocities of above 

6000 m/s (average of 6471m/s). Based on this the quarry material is of good quality. 

Similar testing during a previous investigation on a core from a boulder from the same quarry 

produced a compressive wave velocity of 6576 m/s and therefore similar to the results 

above. At the same time a boulder from an adjacent older worked quarry area provided a 

result of 5045 m/s. This significantly lower value would indicate the material to potentially be 

slightly altered according to Kilic (1995) and generally unsuitable based on values from other 

South African Karoo Dolerites. 

4.7. Grading and soil constants analyses 

The grading analyses of the base materials revealed the materials to have slightly different 

grading curves (Figure 20 and Figure 21) but also that both gradings were well within the 

specifications (TRH14 G1/G2 specification). Closer inspection reveals that the actual 

percentage retained on any sieve never differed more than 2% between samples and more 

than 3% from the middle of the grading. The second base sample deviates from the middle 

of the envelope by having an excess in two size fractions (4.75-13.2mm and 13.2-19.0mm). 

Since the grading after construction was provided in the as built records (section 2) it is 

possible to determine if any significant changes in grading had occurred. Of the four size 

fractions reported the only one in which an increase was observed was the p0.075mm 

fraction which increased from a reported 6% to 7-8%. Such a small increase may however 

be due to inaccuracy of the test method and cannot be seen as significant. 

Assuming the gradings were identical after construction (as indicated in construction 

records) the P8B1 sample would have had to have lost some of its coarser material (13.2-

26.5mm). If such breakdown did occur it did not result in any significant changes in any of 

the smaller size fractions. 

 
Figure 20. Grading curves and grading results for the base samples. 
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Figure 21. Grading curves of base and stockpile materials on semi log graph. 

 

The coarse sand ratios of the base materials were 44 and 43 respectively and therefore both 

within specification (Table 8). The <0.425mm fraction of the base materials had very similar 

Plasticity Index (PI) values of 1.4 and 1.6% while the linear Shrinkage (LS) values of these 

materials were 1.3% and 0.6% (Table 8). The quarry materials had similar LS values but the 

<0.425mm fractions were non plastic. Therefore despite all materials being within 

specification there appears to be some plasticity developed that was not present in the 

quarry materials. The low PI and LS values are all within the G1 specifications and will result 

in a material of adequate shear strength (assuming the grading is accurate). 

 

Table 8. Soil constant results 

Sample PI Coarse sand ratio LS 

P8A1 
Base 

1.4 44 1.3 

P8B1 
Base 

1.6 43 0.6 

P8C1 
Upper quarry 

1.1* NA 1.0 

P8C2 
Lower quarry 

1.5* NA 1.0 

Specification 
(Colto G1) 

≤ 4 / 12* 35-50 ≤ 3.00 

*when PI is determined on -0.075mm fraction because -0.425mm fraction is NP.  

 

It is worth noting that GAUTRANS (1994a, b) requires that all weathered basic igneous rocks 

used for base or subbase be stabilized down to non-plastic (NP). In the opinion of Dr F 

Netterberg (pers. comm), basic rocks used for any base course should have a maximum PI 
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of 4% (preferably NP), and a PI x P425 of ≤ 100 (preferably ≤ 80) and a PI x P075 of ≤ 45 

(preferably ≤ 25). The base materials satisfied all these requirements comfortably (Table 9). 

 

Table 9. PI multiplied by soil faction results. 

Sample PI x P0.425 PI x P0.075 

P8A1 
Base 

23 10 

P8B1 
Base 

30 12 

P8C1 
Upper quarry  

NA NA 

P8C2 
Lower quarry 

NA NA 

Recommendation ≤ 100 or ≤ 80 ≤ 45 or ≤ 25 

 

The grading and soil constant analyses therefore indicate the following: 

 All sampled base material is adequate for use as G1 base course with respect to 

grading and soil constants. 

 The Plasticity index of the material may have increased slightly since the quarrying. 

 If the base materials were originally of the same grading only slight changes in 

grading occurred. 

4.8. Aggregate Impact Value 

Considering the standard aggregate impact values (AIV), i.e. not glycol soaked results, the 

base samples were shown to be similar but slightly inferior to the quarry materials (Table 

10). The quarry results are also similar to each other but the lower quarry did have slightly 

lower 10% FACT values. All results were within the specified limits.  

 

Table 10. AIV results and other properties derived from AIV results 

Sample Treatment 
AIV 
(%) 

10% FACT* 
(kN) 

ACV* 
(%) 

Glycol/Dry 
10%FACT Ratio (%) 

Glycol/Dry 
ACV ratio 

P8A1 
Base 

Normal 13.5 323.0 13.5 

52 173 

Glycol 23.0 168.1 23.3 

P8B1 
Base 

Normal 12.9 337.8 12.8 

45 194 

Glycol 23.0 151.3 24.9 

P8C1 
Upper Quarry 

Normal 10.5 398.5 10.3 88 119 
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Glycol 12.4 349.7 12.3 

P8C2 
Lower Quarry 

Normal 11.3 377.8 11.1 

96 106 

Glycol 11.9 361.8 11.8 

Specification 
(G1) 

Normal NA ≥ 110 ≤ 29 ≥70
#
 NA 

*Based on AIV value according to correlations reported by Sampson & Roux (1982): 

           (      (        ))                                        (        )      
#
 SANRAL specification for 4 day glycol soaked 10%FACT  

 

Ethylene glycol soaking was performed for only 24 hours and as such the ratio of the 

standard to glycol 10%FACT values cannot be compared with the SANRAL specification 

(Table 10). However, the 24 hour soaking would only give a lower or similar AIV (and 

therefore higher 10%FACT) values than 4 day soaking and as such the glycol/dry 10%FACT 

ratios obtained can only be higher than what the 4 day soaking results would be. All of the 

materials showed a reduction in properties after soaking. The observed changes were 

minimal in the quarry samples (88-96% of 10% FACT retained) but more than 45-52% of the 

10% FACT value was lost when the base materials were soaked. Even if the conservative 

nature of the one day soaking results are considered the indication is that the base materials 

are susceptible to weakening by expansion of clay minerals and outside of the specified 

value of 70%. 

Since AIV without glycol treatment is a test of physical durability (i.e. resistance to 

disintegration by attrition) the results show that a definite variation in physical durability exits 

between materials tested. The quarry materials showed the lower quarry materials to have 

lower physical durability but this cannot be confirmed due to the single sample from each 

depth. It is possible that the quarry results indicate the variability in the durability within any 

level of the material. The fact that the base materials provided slightly inferior results 

compared to the quarry materials indicates that some form of degradation of the base 

material has occurred during or due to the construction process and in service time.  

Glycol AIVs, when compared with normal AIVs, are an indication of the susceptibility of a 

material to undergo a reduction in physical durability due to the expansion of swelling 

minerals such as smectite and resulting general loss of physical strength of the aggregate. 

The results indicate that after undergoing construction and more than 5 years under traffic 

the material is significantly more susceptible to a reduction in physical durability due to 

expansion of minerals. Since the mineralogy studies (section 4.4) did not indicate an 

increase in expansive minerals after quarrying and construction this is not expected.  

The results do not agree with the strengths predicted by the petrographic examination since 

the base materials were expected to be stronger. 

Tests performed on previous quarry samples and from adjacent quarry samples (as part of a 

different investigation) produced poorer results than any of the new samples but tests on 
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samples of a G1 aggregate stock pile (also sampled as part of a different investigation) from 

the same quarry revealed the best normal results but poorest glycol results of all (Table 11). 

However, where the new quarry results showed almost no glycol effects all previously tested 

materials showed significant weakening after soaking. This may be an indication that the 

quarry does contain some poorer materials with a higher susceptibility to degradation and 

that the current investigation samples simply did not include these materials. 

 

Table 11. AIV results from previous investigations  

 

4.9. Durability Mill Index 

The Durability Mill Index (DMI) samples and subsamples were prepared with a standard 

grading that is within the TRH14 grading requirements. This was performed to make 

comparison of all DMI results possible. The results indicate that the durability of all the 

materials is well above the required specifications and that no trend of decreasing durability 

was seen from quarry through to base materials (Table 12). There was however variation 

within quarry materials (lower again being poorer) and base materials (P8B1 being poorer). 

Since the DMI is based on both the PI and the grading of the material and the grading of all 

samples was made to be equal before DMI testing it is interesting to investigate for 

differences in these values. For all samples both maximum p0.425mm and maximum PI 

values were very similar and this resulted in the similar DMIs. The quarry materials did 

however produce more fines than the base materials (7.4-8.6% vs. 5.7-6.6%). This does not 

agree with the AIV results in which there was a slight difference in results between the base 

and quarry materials. The PI of the quarry materials was however only obtainable form 

<0.075mm material (i.e. <0.425mm fraction was non-plastic). Considering this the DMIs of 

the base materials were actually worse than the quarry materials and therefore similar to the 

Sample Treatment 
AIV 
(%) 

Quarry 

Normal 15.1 

Glycol 26.6 

Old adjacent quarry 

Normal 17.6 

Glycol 31.4 

G1 aggregate 

Normal 9.5 

Glycol 29.7 

G4 Aggregate 

Normal 13.4 

Glycol 30.6 
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trends observed in AIV results. Similar testing during a previous investigation on material 

from the same quarry and from an older adjacent quarry produced similar results with 

boulders samples having non-plastics fines and stock piles having a PI. Since all observed 

PI values, for base materials, were the same as the in situ PI values no changes in PI due to 

milling can be reported. This was expected as the petrography and XRD results together 

indicated a lack of clays that would result in significant changes in PI if released.  

Since the minimum p0.425mm values of almost all samples were in excess of the 16.5% at 

which the samples were prepared it is believed that the base materials were not “cleaned” 

properly during sample preparation and that this resulted in fines being stuck to larger 

aggregate pieces due to suction. Such material was liberated during wet milling and sieving 

thus giving a higher total for the percentage passing the 0.425mm sieve in the A subsample. 

The same explanation can however not account for the p0.425mm of 19% for the P8C2 A 

subsample as quarry samples would have been clean.  

The actual changes in p0.425mm relative to the A subsamples were generally larger for 

quarry samples but the values ranged from 5.7-8.6% and therefore were never very different. 

The upper quarry value of 8.6% is however, beyond the SANRAL specification of 8% points. 

On closer inspection the increase in p0.425mm of all materials was seen to be 

predominantly due to a loss of 4.75-13.2mm material and an increase in the <0.075mm 

fraction only (the 0.075-0.425mm fractions only increased slightly).  

While the COLTO DMI limit (and the current SANRAL limit) is 125 this is probably too high 

since Sampson and Netterberg (1989) and other sources have shown this limit to predict a 

50% chance of good and 50% fair performance. A maximum limit of 90, as adopted by TRL 

(1993) should be used to predict 100% probability of good performance and a 100 for 90% 

probability (F. Netterberg, pers comm.). Even when the more conservative limit is considered 

the materials are all well within the specification.  

     

Table 12. DMI results and comparison with grading results 

Sample 

DMI testing results In situ results 

DMI PI 
% Passing 
0.425 mm 

Max ∆P425 
relative to A* 

PI x 
P425 

PI 
% Passing 
0.425 mm 

PI x 
P425 

P8A1  
Base 

37 1-2 18-24 6.6 24-37 1.4 17 23 

P8B1  
Base 

42 2 21-27 5.7 31-42 1.6 16 30 

P8C1 
Upper Quarry  

37 1-2
#
 16-25 8.6 17-33

#
 1.1

#
 NA NA 

P8C2 
Lower Quarry 

45 2
#
 19-26 7.4 28-45

#
 1.5

#
 NA NA 
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Specification 
(SANRAL 
G1/G2) 

≤ 125 ≤ 4/6 
≤ 8 percentage points 
above original P425* 

≤ 100 
or  

≤ 80 
≤ 6 11-24 

≤ 100 
or 

≤ 80 

*original P425 was prepared to be 16.5% but varied as shown above by minimum values which were obtained from 
unmilled (A) sub-samples. 
#
determined on <0.075mm fraction. 

 

Although not currently a standard test, and no proposed limits have been set, DMI testing 

was performed on samples after the >2 mm fraction had been soaked in ethylene glycol for 5 

days. As with glycol AIV results the base samples produced poorer results than the quarry 

samples after glycol soaking (Table 13). The differences in PI after glycol soaking, relative to 

the PI values obtained in the original DMI tests were all <1% and therefore insignificant 

considering the accuracy of the PI determination method. 

The higher DMI values thus originated due to more fines being produced. In quarry samples 

an increase of only 0.9-1.6% maximum p0.425mm was observed which resulted in the ratio 

of normal to glycol DMI values being 80%. In the base samples the changes were 5.0-14.1% 

and resulted in ratios as low as 60%. The 14.1% was however due to what appears to be an 

outlier result and if removed the changes in p0.425mm would be 5.0-5.4% and the minimum 

ratio only 70%. Overall the effect of glycol on the DMI results was similar, but of lower 

magnitude, than on the AIV results.   

Similar glycol DMI testing during a previous investigation on material from the same quarry, 

and from a stock pile in the quarry again showed quarry materials to not be effected 

significantly by the glycol (normal to glycol DMI ratio of 0.96) while the stock material was 

affected (ratio of 0.62). Results from an adjacent quarry showed the glycol result to be 

superior due to slightly superior grading and PI of soaked samples.  

In summary the normal DMI results show that the quarry materials have slightly superior 

physical durability but that all materials were well within the relevant specifications. The 

glycol DMI results show that the quarry materials are slightly less susceptible to breakdown 

due to the expansion of clay minerals when compared to the base materials. Despite the 

potential breakdown that may occur due to such a susceptibility the fines produced are still of 

similar plasticity. 

 

Table 13. DMI and glycol DMI results  

Sample DMI 
Glycol 
DMI 

Normal / 
glycol 

DMI ratio 

∆ max 
p0.425 mm 
after glycol 

∆ max 
PI after 
glycol 

mDMI 
Glycol 
mDMI 

Normal / 
glycol 
mDMI 
ratio 

P8A1  
Base 

37 54 0.7 5.0 0.3 10 21 0.5 

P8B1  
Base 

42 
72 

(56*) 
0.8 14.1 (7.9*) 0.2 9 

36 
(19*) 

 0.3 (0.5*) 

P8C1 
Upper Quarry 

37
#
 46

#
 0.8 1.6 0.3 13

#
 18

#
 0.7 
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P8C2 
Lower Quarry 

45
#
 54

#
 0.8 0.9 0.3 13

#
 16

#
 0.7 

Specification 
(SANRAL 
G1/G2) 

≤ 125 NA NA NA NA NA NA NA 

*value if outlier in grading results is omitted. 
#
determined on <0.075mm fraction 

 

Modified DMI (mDMI) 

Since the absolute change in p0.425 mm relative to the A sample is the actual significant 

parameter (as opposed to the actual 0.425 mm) a modified DMI (mDMI) parameter can be 

determined for all samples by multiplying the maximum observed change in p0.425 mm by 

the maximum observed PI for each sample. This can also be done for the glycol DMI results 

using the maximum change in p0.425 mm relative to the A subsample of the untreated tests. 

The results (Table 13) significantly alter the interpretation. Where the materials previously 

had a similar range of DMI values the mDMI values show the base samples to have slightly 

superior values to the quarry. The PI on quarry samples was however on determinable on 

p0.075mm material and the mDMI of the quarry materials are therefore “false” and actually 

superior to the base material mDMIs (in agreement with the AIV results). The effect of glycol 

on the mDMI also more consistently reveals the quarry materials to be less susceptible than 

the base materials (again in agreement with the AIV results). 

It is believed that the mDMI will correlate better with performance than the standard DMI. 

4.10. Point Load Strength 

Point load strength testing was performed on aggregate pieces from all samples according to 

the ISRM (1985) method to arrive at the corrected point load index (PLI). For each sample at 

least 14 aggregate pieces were tested. After calculating the average PLI the values obtained 

from aggregate pieces that, during loading, broke either along obvious pre-existing joints or 

in any way that may make the results suspect, were removed and the average PLI 

recalculated to determine the effect thereof on the reported values. The results clearly 

indicate that the quarry materials have similar, higher strengths while the P8A1 base had the 

higher strength of the two base materials. The effect of potentially erroneous test aggregate 

pieces was minimal but did decrease the range of values obtained for either base or boulder 

samples. The variation in results within each sample was similar and not excessive.  

The results are not expected when the percentages of grains that are altered or bordering on 

an altered mass (as identified in thin sections) is considered.  In all base samples a smaller 

percentage of primary minerals were considered to have weak contacts when compared to 

quarry samples. It was therefore expected that the base would yield higher PLIs. In fact 

following the same logic the P8B1 sample was expected to have a higher PLI than the P8A1 
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material. The results do however agree with the other tests results that indicated an inferior 

result for base materials. 

 

Table 14. Point load strength results  

Sample PLI (kPa) PLI after check (kPa) PLI std. dev. (kPa) 

P8A1 
Base 

9255 9255 1718 

P8B1 
Base 

7950 8498 2801 

P8C1 
Upper Quarry 

11363 11363 2164 

P8C2 
Lower Quarry 

11061 11289 2523 

 

Experience with other dolerite materials indicates that materials that have performed well as 

aggregates have typically had a PLI (measured on quarry boulder samples) of more than 

12 000 kPa. The P8 boulder materials may therefore be slightly inferior and would have been 

expected to break down excessively during compaction.  

4.11. Modified Ethylene Glycol Durability Index 

The modified Ethylene Glycol Durability Index (mEGDI) (Leyland et al., 2013) assigns a 

score to each of 40 pieces of aggregate soaked in ethylene glycol depending on the nature 

and degree of degradation of each piece. These scores are then weighted and added to 

obtain an index value for that material. Indices are calculated based on observations after 5 

and 20 days of soaking and used to characterise the durability of the material. The method is 

therefore different from that originally proposed by the US Army in about 1949 (Corps of 

Engineers, 1969), which relied on changes in grading of larger samples due to soaking, and 

that used during construction of the Lesotho Highland Water Project in South Africa (OSC, 

1986), which determined an index value based on the degree of disintegration observed on a 

single cylindrical drill core. 

All tests were repeated and the results (Table 15) show variable repeatability but generally 

consistent conclusions can be drawn from the results based on the proposed specifications 

by Leyland et al (2013). The results show the P8B1 base sample to be worst affected by the 

glycol while the lower quarry sample was least affected. The other base and quarry sample 

have very similar results which is not expected based on the previously presented effects of 

glycol on the aggregate properties.  
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Overall all materials had 5 day mEGDI values below the proposed limit of 10 for base coarse 

materials. The materials all had on 20 day mEGDI in excess of the proposed limit of 1.5 

times the 5 day mEGDI and therefore the long-term durability of all the materials is 

questionable. However, even the 20 day mEGDI values did not exceed a value of 10 and as 

such all materials are believed to be suitable for use.  

The dominant form of degradation was spalling which generally developed early and did not 

lead to further degradation with time. Total disintegration of aggregate was very isolated and 

splitting, although more present was also probably linked to isolated micro fractures in 

aggregate pieces. 

 

Table 15. mEGDI results 

Sample mEGDI 20 Day mEGDI Suitability Long term durability 

P8A1  
Base 

2.0-4.5 6.0-6.5 Base Coarse Acceptable 

P8B1  
Base 

4-7 6.5-8.5 Base Coarse Acceptable 

P8C1 
Upper Quarry 

3-5.5 5.5-7.0 Base Coarse Acceptable 

P8C2 
Lower Quarry 

1.5-2.5 4 Base Coarse Acceptable 

Proposed limits 
for base 

aggregates* 
≤ 10 

≤ 1.5 x mEGDI 
after 5 days 

NA NA 

*As proposed by Leyland et al (2013).  

 

A quarry sample obtained as part of a previous investigation in this quarry had a mEGDI of 0 

while a sample from an adjacent older working had an index of 0.5. These values are 

therefore even lower than the newer quarry samples. A sample of G1 aggregate from the 

stock pile at that time had a mEGDI of 1 and a sample of G4 aggregate had an index of 4. 

The G1 value is slightly better than the current study quarry materials while the G4 index is 

within the base sample ranges. The only conclusion that can be drawn from these tests is 

that the boulders tested in the recent tests may have undergone slight weathering as 

exposed boulders since quarry operations were stopped while the previous study samples 

were obtained from newly exposed quarry faces. 

The petrographic observations predicted that some materials would be susceptible to glycol 

effects (including splitting) while others would not. There was however no consistent 

correlation between the observed microfractures in thin sections and the amount of splitting 

in the mEGDI tests. The petrographic examination did however predict that no material 

would suffer much more than spalling and isolated further degradation. 
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4.12. Water absorption 

Experience from other dolerite crushed base sources indicate that most materials that have 

good performance have quarry materials with water absorption values of less than 0.15% 

(measured on core samples). The upper quarry water absorption value was 0.08% while the 

lower quarry water absorption was 0.06% and therefore below the 0.15% proposed limit. The 

bulk relative density (BRD) of all material was identical and equal to the apparent relative 

density (ARD) (2.98). This indicates that in addition to there being limited pores available for 

water absorption any pores within the material are isolated and not permeable. 

4.13. Road indicator results 

Analyses of the base material, excavated for the P8A1 test pit, using standard road 

construction material characterization tests provided the following information: 

 Mod Maximum dry density: 2517.3 kg/m
3
 

 Optimum moisture content: 5.7% 

 BRD (>4.75mm fraction) : 2,941 kg/m
3
 

 ARD (>4.75mm fraction) : 3.007 kg/m
3
 

 Water absorption (>4.75mm fraction): 0.7% 

 BRD (<4.75mm fraction) : 2,760 kg/m
3
 

 ARD (<4.75mm fraction) : 2.904 kg/m
3
 

 Water absorption (<4.75mm fraction): 1.8% 

The BRD and ARD should actually be reported as apparent density as the reported values 

are not relative but absolute. Comparing the values for the coarse fractions with that 

obtained on quarry core samples reveals similar ARD and BRD values and therefore shows 

that the porosity (surface and permeable) of the material has not changed significantly in 

service. The water absorption value is however much larger. Experience has shown that 

core water absorption values are almost always very low and therefore are not comparable 

with those measured on aggregate particles. The aggregate water absorption value of 0.7 is 

still below the specification limit for asphalt aggregate of 1.0% (TRH14). The same 

specification is however 1.5% for the fine aggregate proportion and the fines are therefore in 

excess of that (1.8%).  

Considering the grading of the material (section 4.7) and weighting the ARD accordingly the 

ARD of the P8A1 base material is 2.947 kg/m
3
 and to reach the G1 compaction specification 

(86-88% apparent density) the field density would have to be 2,534-2,593 kg/m
3
. Similar 

information obtained from subbase (stabilized G3) sample indicates that the required density 

of the subbase is 2391 m
3
 (95% Mod. AASHTO) if TRH 14 guidelines are assumed. 

787



40 

4.14. In situ measurements 

Before excavation of the P8A1 test pit a strata nuclear density gauge was used to measure 

the moisture content and density of the materials at 50mm intervals down to a depth of 

400mm in the shoulder (close to the edge) and approximately 1.5m from the edge. The 

results are summarized in Table 16. The moisture content of the pavement layers increases 

gradually with depth and does not vary significantly laterally until depths below 300mm 

where the edge materials have a slightly higher moisture content but still remain within 1% of 

the inner point readings. 

The moisture content determined by gravimetric analysis of material collected between 30-

130 mm in the P8A1 test pit was 1.5%, while in the P8B1 pit the moisture was 2.4%. This 

does not agree with the initial observations that the P8B1 pit was drier. The strata gauge 

values for the same depths in the P8A1 pit were 2.3-3.3% which was closer to the 

gravimetric moisture content in the P8B1 pit. However when comparing readings at the 

200mm depth the gravimetric result (3.4%) was again lower than the nuclear reading of ≈4%. 

The strata gauge therefore seems to have consistently overestimated the moisture content. 

The moisture content of the base at the time of sampling therefore seems to vary between 

1.5% (P8A1) and 2.5% (P8B1). Since the OMC of the P8A1 base material was 5.7% (section 

4.13) the material was well below the OMC level during sampling.  

After the test pit was excavated a soil profile was logged to determine the thickness and 

state of each pavement layer. The layers were also tested using phenolphthalein to 

determine the pH and therefore the presence or absence of free CaO
+
. A pink colour 

indicated free CaO
+
 and that the cement stabilizer has not been carbonated to CaCO2. In 

Figure 7 it is clear that the subbase layer has carbonated as no reaction was observed. 

There was however a reaction with hydrochloric acid indicating that some carbonate was 

present. The surface of the subbase in the P7B1 test pit was also observed and there 

carbonation had not occurred as both phenolphthalein and hydrochloric acid reactions were 

observed (Figure 10). 

Table 16. In situ measurements at different depths and lateral positions in P8A1 test pit location 

Depth 
(mm) 

Moisture content (%) Dry density (kg/m
3
) 

Edge 1.5m from edge Edge 1.5m from edge 

50 3.32 2.30 2372.2 2491.7 

100 2.31 2.35 2358.5 2523.7 

150 2.50 2.83 2561.0 2489.5 

200 4.09 4.29 2379.7 2200.6 
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250 6.45 6.26 2316.6 2102.4 

300 8.51 7.84 2221.0 2054.0 

350 8.73 7.9 2132.8 2054.7 

400 7.88 8.12 2198.7 2003.3 

 

The subbase densities (200, 250, 300, 350 and 400mm levels) far from the edge of the road 

were generally lower that at the edge but at both locations all density readings were below 

the required 95% of Mod AASHTO density. The density and moisture content of an 

undisturbed sample from the subbase at a depth of approximately 200mm in the P8A1 test 

pit were determined to be 2291 kg/m
3 
and 3.8% respectively. This equates to a dry density of 

2207 kg/m
3
 and therefore agrees with the strata gauge reading far from the edge at that 

depth (Table 16).  

The profile log (Figure 22) shows the base layer to be 145mm thick (not 150mm as stated in 

construction records) and to have a dense consistency. The dry densities of the base close 

to the road edge (50 and 100 readings) were only 80% of the apparent density while at the 

150mm depth they were at 87%. Only at depth was the required density therefore obtained. 

Far from the edge the dry density of the base was between 84 and 85% at all depths and 

thus although higher than at the edge, also slightly below specification values. The dry 

density of a block of base from the P8B1 test pit was determined to be 2678 kg/m
3
 (moisture 

content of 1.1%) and therefore 91% of the ARD. Assuming the base readings are accurate 

and the undisturbed sample density of the P8B1 base was also accurate then the P8B1 area 

was over compacted and the P8A1 area was generally under compacted. 
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Figure 22. Soil profile log recorded in P8A1 test pit. 
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Prior to the site investigation the moisture content on this section of road was monitored for 

two and a half years as part of a long term pavement monitoring research program. This was 

done in the shoulder (close to the edge) and approximately 1.5m from the edge of the road, 

at km 16.2SN (P8A1 location). The data collected (Figure 23) shows that the moisture 

content at the 50mm mark is highly variable. This is either due to actual variations but is 

believed to also include some significant outliers due to the influence of the holes being 

exposed to moisture from the surface. The 100mm and 150mm depths however show that 

the moisture content of the base typically ranges from 2-3% (100mm depth) and 3-4% 

(150mm depth). The conditions reported during sampling (by the nuclear gauge) therefore 

seem typical for the 100mm depth but low for the 150mm depth. Thus slightly higher 

moistures could have been present during most of the operational period but the conditions 

appear to always remain so that the moisture content remains below OMC. 

 
Figure 23. Moisture variations with depth at P8A1 test pit location close to edge (bottom) and 
approximatly 1.5m from the edge (top) as recorded between July 2010 and January 2013. 
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5. DISCUSSION 

The base construction process, with respect to densities achieved and the drying times was 

not determined but based on the available data both base sampling locations were 

constructed at the same time and as such should have had similar properties. This also 

almost guarantees that the materials used were from the same stock pile and therefore 

potentially from a similar part of the quarry.  

The primary purpose of this investigation was to identify if the base material properties had 

changed over time and if significant variations in the material performance was present. 

Although the wheel tracks at the two sampling locations had similar rutting and bleeding the 

first sample was obtained in the shoulder and the other in the wheel track of the climbing 

lane. The first sample (P8A1) is therefore considered to represent an area where no 

deformation has occurred (and less traffic loading) and the other (P8B1) represents a 

deformed (but not failed) location. 

There were no significant differences seen in the base layer appearances during sampling 

except that at the P8B1 area a hollow sound was heard when the surface was struck with a 

pick.  The base layers were however both reported to be in a good condition. The subbase in 

the shoulder pit was carbonated while the other one was not. Support layer deficiencies are 

therefore possible but since no deformation was present at the P8A1 test pit (shoulder) this 

is irrelevant. The base was thinner, by approximately 10mm, in the wheel track test pit.  

In the quarry no significant differences in rock character were observed. The materials were 

described as unweathered which is expected in such areas where the Weinert N value of 8 

results in minimal decomposition of materials. The pick and click test results classified the 

quarry materials as fresh but the base materials were slightly dull. The petrographic analyses 

showed that all materials were visually similar and had a relatively low percentage of 

secondary minerals. Some variability in weathering degree was however observed and 

isolated examples of more altered subsamples were also seen. The base samples appeared 

to contain some examples that not only contained more secondary minerals but also isolated 

occurrences of what was suspected of being clay minerals. 

Based on the observed petrography a high strength aggregate of generally low sensitivity to 

glycol treatment was predicted. This was due to the generally unaltered primary minerals 

and the dominant secondary mineral being sericite. Lesser amounts of dark mica or clay 

were generally isolated in specific pockets and were not expected to influence the properties 

significantly.  

Initial mineralogical uncertainties were clarified when XRD results were used in conjunction 

with the petrographic observations. These included the confirmation that smectite clays were 

present in all materials and that a slightly higher smectite content was present in the base 

materials. The lower quarry sample contained slightly more dark mica than the upper quarry 
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sample indicating an inherent variability in the quarry materials. Trace amounts of kaolinite 

were also identified. 

The petrography and XRD information lead to the following conclusions: 

 Smectite clays are present in low amounts and not concentrated 

 Many of the primary minerals are altered but since the dominant secondary product 

is minor sericite a relatively strong aggregate is expected  

 Limited deleterious minerals exist and therefore minimal degradation is expected 

when the material is exposed to glycol or extreme moisture variations  

 Any fines produced from the materials is expected to be of low plasticity 

 The only significant difference between quarry and base samples was a slightly 

higher smectite content in base samples which may lead to a slight reduction in 

strength and durability of the latter 

 There is no significant evidence of alteration since quarrying except that in some 

base samples minor smectite increases may have been caused by alteration of 

dark micas inherent in the quarry materials 

The compressive wave velocity of the quarry materials indicated that all were similar and 

sound. The physical durability (i.e. resistance to physical attrition) tests (AIV and DMI) 

revealed that, by exposing the aggregate to stresses similar to those experienced during 

construction and in service, the base materials broke down more than the quarry materials 

and that the lower quarry material was slightly inferior to the upper quarry material. The 

plasticity of the material did however not increase during DMI testing. The AIV and DMI 

results therefore confirmed that no significant plastic fines had formed due to alteration since 

quarrying but that some form of aggregate weakening had occurred. The B1 base material 

had a slightly worse DMI value than the A1 base material. Some evidence from additional 

results indicates that the quarry materials tested as part of this study did not identify the full 

variability inherent in the quarry and that the observed base results are therefore not due to 

degradation or alteration but rather due to the inherent variability in the intrusion. The point 

load index testing does however confirm the DMI and AIV results by ranking the materials, in 

order of decreasing PLI as upper quarry, lower quarry, A1 base, B1 base. 

The water absorption tests showed the quarry materials to be similar and impermeable. The 

fine material in the base samples was however out of specification due to high water 

absorption values. Since this cannot be compared to other fines from stockpiles it cannot be 

used as evidence of any degradation since placement. 

The changes in both AIV and DMI results after material was soaked in glycol were significant 

which was not expected due to the low secondary mineral counts identified. The effects on 

base samples were however, as expected due to the presence of some smectite clays, more 

severe in both the DMI and AIV tests. The effects were so severe on the base materials that 

they were not within the specifications for AIV results (when converted to 10% FACT). 
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The mEGDI test did however not agree with the other glycol tests as the lower quarry 

performed the best while one base sample had better performance than the upper quarry. All 

materials were however within the proposed specifications and had the same questionable 

long tern durability. The mEGDI results are therefore more in agreement with the 

petrographic observations that the variations within the material will not result in and specific 

differences between the base and quarry material properties. 

When comparing the grading of the base materials no difference was observed and there 

was almost no change from the reported grading after construction. The effect of traffic on 

the P8B1 location has therefore not caused any change in grading. The plasticity index of all 

materials tested was low (<2.0%) but that of the base materials was slightly higher than 

newly crushed quarry material. The prediction that fines produced from the materials would 

be of low plasticity was therefore accurate and the suspicion that smectite clays may be 

present in small amounts within the base materials was also potentially proven by the slightly 

higher PI. The results do, however not agree with the construction records which had all 

base materials classified as none plastic (NP).  

In situ density measurements do indicate that the base layers in the shoulder (P8A1 location) 

were not compacted to the required density. This and the lack of surface deformation in the 

shoulder directly adjacent to wheel tracks where deformation is occurring would indicate that 

that the base in the shoulder did receive less compaction and traffic respectively. The 

density of the base in the wheel track (P8B1) location was higher than the required density 

(and reported construction density). This may indicate that the observed rutting in the wheel 

tracks was due to an initial lack of density and compaction under traffic. The high strength 

and lack of degradation of the aggregate was however sufficient to arrest further 

deformation. The subbase was also below the required density and was carbonated in the 

A1 test pit but not in the B1 test pit. This is believed to be due to the increased exposure of 

the shoulder area to air penetration and not be representative of the pavement layers across 

the entire width in the test pit locations. The moisture conditions at the time of testing are 

also below the typical range experienced by the pavement. The base materials do not 

however seem to remain below OMC at all times.  

The cause of the slight rutting and bleeding at the one test pit (and presumably in other 

wheel track areas) therefore appears to be a low initial density. The PI of the material is low 

and within specification and therefore even if the PI did increase slightly after quarrying it is 

not believed to have resulted in a low shear strength. The persistently low moisture regime in 

the road layers would prevent the shear strength from becoming too low and may explain 

why the road has not failed rapidly. 

Table 17 is a summary of the test results relative to the relevant specifications 

(COLTO/TRH14) and recommendations where no COLTO/TRH14 specification exists. The 

results clearly indicate that the material is still of adequate strength and durability after 

quarrying but that a susceptibility to weakening due to clay mineral expansion has developed 

while in service (or may have been inherent in some parts of material quarried for base). 
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Table 17. Summary of test results relative to specifications. 

Sample Grading PI LS 
10% 

FACT 

Glycol 10% 

FACT
#
 

DMI mEGDI 

P8A1  
Base 

Pass Pass Pass Pass Fail Pass Pass 

P8B1  
Base 

Pass Pass Pass Pass Fail Pass Pass 

P8C1 
Upper Quarry  

NA Pass Pass Pass Pass Pass Pass 

P8C2 
Lower Quarry 

NA Pass Pass Pass Pass Pass Pass 

Specification / 
recommendation 

TRH* COLTO* COLTO* COLTO* SANRAL* COLTO* Pub* 

#
based on 1 day soaking and not 4 day soaking as specified, results thus optimistic at best. 

*TRH, COLTO & SANRAL are G1/G2 specifications, Pub is base specification published by Leyland et al, 2013). 
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6. CONCLUSIONS  

 

The visual appearance of the base layers was good and the support from the stabilized 

subbase is unlikely to be poor. The quarry material tested was unweathered “fresh” material 

but did not prove to be significantly superior to the base materials tested. Minor evidence of 

was found that the quarry materials may have varying properties but even if this is true the 

quarry materials are acceptable for use as a base course aggregate. Any isolated, highly 

altered material that may occur in the quarry is believed to not be of sufficient volume to 

cause the aggregate properties to be substandard. All materials tested are durable with 

respect to resistance to physical disintegration. However, either inherently or due to the 

alteration of a small amount of secondary minerals to clay minerals after exposure to the 

atmosphere, some of the base aggregate properties were very slightly inferior and the 

resistance to disintegration due to expansion of clay minerals was significantly lower. This 

was unexpected because of the generally similar appearance of the mineralogy in all 

materials. The only evidence that the material had undergone rapid or significant 

mineralogical changes between quarrying and the time of removal from the base was a slight 

increase in smectite clays identified by XRD and the observation in thin sections that some 

dark mica minerals appeared even darker in some examples. 

The rutting, and associated forms of deformation, observed in some sections of the road has 

been shown to most probably be due to an initial low density and therefore represents 

compaction under traffic rather than shear failure. The materials are, despite the observed 

weakening still of acceptable strength to resist traffic forces.  

The 20 day mEGDI and glycol 10%FACT values did hint at long term durability reductions 

and this may result in the degradation of the aggregate before the design life of the road is 

reached. Monitored moisture levels in the pavement tend to stay relatively low. However 

isolated short term elevated moisture contents may occur and result in the degradation of the 

aggregate. If this is the case the pavement condition would be expected to degrade at an 

increasing rate.  

The primary purpose of the investigation was to determine if the dolerite material had 

undergone any significant degradation since being quarried and placed. In this regard the 

following conclusions are relevant; 

 Petrographic analyses coupled with XRD analyses provided very limited evidence of 

rapid alteration of secondary minerals to smectite minerals after quarrying, crushing 

or handling 

 The base material is, after a long period in use, not acceptable for use solely 

because of susceptibility of the material to effects of expansive minerals 

 The moisture variations typically experienced by the pavement layers are minimal 

and unlikely to result in variable performance in different seasons  
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7. RECOMMENDATIONS 

The influence of aggregate strength on the final properties of a material not compacted to the 

design density could be investigated by placing a known sound and known weak material in 

a triaxial test at slightly low density and observing the changes in layer strength after 

compaction under repeated loading. It is expected that poor materials will degrade and the 

resulting layer will fail rapidly while sound materials will density without degrading and 

therefore form a competent layer.  

It is recommended that the development of ruts and other forms of distress on the section of 

road between the two test pits be monitored regularly to observe if the material is degrading 

with time and therefore resulting in a base aggregate that can no longer resist traffic forces 

resulting in the production of fines and a layer that deforms.  
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The Karoo Dolerite Suite in South Africa is an important source of road construc-

tion aggregates both as natural gravel aggregate and as a crushed rock aggregate. 

The reason for this is the wide distribution of the suite throughout the Karoo Su-

pergroup, which is generally lacking in quality aggregate lithologies. The Karoo 

Dolerite Suite can however, despite being a single geological unit, be of signifi-

cantly variable petrography mainly due to the very large area (>500,000km
2
) and 

wide variety of lithologies into which these hypabyssal rocks were intruded. The 

nature of relatively small hypabyssal intrusions also leads to significant variations 

in texture and primary and secondary mineralogy within one intrusion. Material 

prospecting campaigns tend to underestimate such variations due to the fact that 

all intrusions are assigned to this one geological unit. Such generalizations result 

in inadequate sampling and subsequent inadequate characterization of potential 

source materials. This paper discusses the differences in petrography of eight dif-

ferent quarries located in different country rock lithologies and in a variety of cli-

matic regions ranging from arid to moist sub-humid. The observed differences are 

not linked to variations in intrusion settings (primary variations) or climatic re-

gions (secondary variations). The significance of the observed variations on the 

properties and performance of the aggregates is however high as illustrated in case 

studies of some inadequately characterized aggregates that have been utilized only 

to become problem materials. 

 

Keywords: Aggregate, petrology, variability, properties, performance. 

1. Introduction 

The Karoo Dolerite Suite in South Africa represents the shallow feeder system 

to the flood basalt eruptions that formed the Drakensberg Group (basalts), approx-

imately 183 Ma, which presently occur as numerous volcanic remnants in the cen-

tral parts of South Africa, Botswana and Namibia (Duncan et al. 1997). These in-

trusions are part of an interconnected network that consists of dykes, sills and 
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saucer shaped sheets (Chevallier and Woodford 1999 in Duncan and Marsh 

2006:508). Sills range from a few meters to 200m in thickness while dykes are 

generally 2-10m wide and 5-30km long. Most dykes are compositionally homoge-

neous and rarely show evidence of differentiation. However thick sills generally 

show slight internal differentiation (due to flow differentiation (Richardson 1979 

in Duncan and Marsh 2006:508) and gravity settling (Le Roux and Reid 1978 in 

Duncan and Marsh 2006:508)) and some dykes contain successive intrusions. The 

dolerites dykes and sills are petrographically and geochemically more varied than 

the basalts due to low-temperature differentiation processes operating during em-

placement (Duncan et al. 1997). The influence of such variations on the properties 

of aggregate, produced from such intrusions, is however often overlooked when 

dolerite intrusions are targeted as aggregate sources. This is possibly due to such 

intrusions generally providing the only suitable aggregate sources within the wide-

spread Karoo Supergroup sedimentary basin (surface area >500,000km
2
) and the 

majority of such sources used in the past being unproblematic. Recently materials 

from eight different Karoo dolerite quarries have been studied and the effect of the 

variability thereof on the aggregate properties described.  

2. Petrographic variations 

The eight quarries from which rock samples were obtained had all been utilized 

as base course aggregate sources in previous pavement construction projects. 

Three of these projects experienced rapid pavement failures believed to be caused 

by poor aggregate performance. As seen in Table 1 the climatic conditions or 

country rock formation in which the intrusions occur are not the primary influence 

of the observed performance. Materials used in moist sub-humid areas are ex-

pected to be more prone to poor performance than in the drier areas. There is how-

ever no correlation between the performance of studied sites and the climatic con-

ditions. The poor performance materials did all originate from intrusions within 

the same stratigraphic Subgroup but similar intrusions elsewhere in the same unit 

produced suitable materials.    

  

Table 1. Climatic conditions at quarries and observed performance of pavements 

constructed using aggregates from each quarry. 

Quarry 

Number 

Climatic condi-

tions 

Country rock formation Pavement per-

formance 

P1 Moist sub-humid Adelaide Subgroup Rapid failure 

P2 Semi-arid Adelaide Subgroup-Katberg 

Formation 

Rapid failure 

P3 Dry sub-humid Adelaide Subgroup Rapid failure 

P4 Semi-arid Prince Albert Formation- 

Whitehill Formation 

Acceptable 
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P5 Moist sub-humid Letaba Formation Acceptable 

P6 Moist sub-humid Volksrust Formation- Ade-

laide Subgroup 

Acceptable 

P7 Arid Adelaide subgroup Acceptable 

P8 Semi-arid Adelaide subgroup Acceptable 

 

Petrographic analyses performed on materials included the description of thin 

sections (including mineral point counting) and X-ray diffraction analysis (includ-

ing analysis of heat and ethylene glycol treated materials). The results gave com-

parable major mineral compositions and as expected the plagioclase and pyroxene 

(mostly clinopyroxene) were dominant. What was unexpected was the range of 

plagioclase to pyroxene ratios. The majority of the materials had plagioclase as the 

dominant phase (average ratio of 1.6) but ratios of as low as 0.5 (i.e. dominant py-

roxene) and as high as 4.1 were observed (Table 2).  

 Other mineral phases that were commonly present but represented less than 

5% of the mineral composition included opaques (ilmenite or magnetite), chlorite 

and muscovite. Also common were smectite clays occurring as replacement prod-

ucts of pyroxene minerals. The smectite contents reported by different techniques 

were not similar due to the difficulties associated with identification and quantifi-

cation of clay minerals in both thin section analyses and XRD (Harris and White 

2007). Four samples were selected for repeat XRD analyses at a separate analyti-

cal facility and those only identified vermiculite as a possible expansive clay min-

eral. Additionally the vermiculite amounts did not agree with the amounts of 

smectite clays identified by other methods. These variations in results are believed 

to partly be caused by the uneven distribution of smectite clays within the materi-

als which in turn results in significantly different amounts of clays in individual 

thin sections or powdered aggregate samples. Due to these discrepancies expan-

sive clay mineral content of any of the samples could only be quantified but could 

be qualified as low or high based on the lack or presence of significant amounts 

(>5%) of such minerals being identified by either of the three analyses (Table 2). 

The observed distribution of quarries with smectite minerals is not expected based 

on the climatic region in which the quarries are found.  The semi-arid setting of 

the P2 quarry is not expected to be characterized by chemical weathering (altera-

tion) but rather by advanced mechanical weathering (disintegration). The presence 

of significant amounts of smectite in rocks is therefore more expected in quarries 

located in moist sub-humid area. There is however the chance that the smectite 

minerals are primary minerals formed during deuteric alteration or at a later stage 

due to metasomatic activity. In the P2 samples significant amounts (16-24%) of 

granophyric intergrowths of plagioclase and quartz were observed in thin sections 

and XRD analyses identified significant amounts of quartz. This intrusion was 

therefore more silicic than the other, more typical, dolerites and subsequently had 

a lower pyroxene contents.  

In addition to the granophyric texture of the P2 materials other materials in-

cluded ophitic, equigranular or porphyritic (while aphanitic) materials. Within 
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each quarry typically only one such texture was observed but in the P7 quarry iso-

lated poikilitic textures were observed amongst equigranular sections. The grain 

sizes of the materials were similar especially when the maximum sizes of pyrox-

ene grains were considered. The aphanitic-porphyritic samples of the P5 and P6 

quarries (Table 2) did however have noticeably finer grained matrices.  

 

Table 2. Simplified mineralogy and petrology of samples from different quarries. 

Sample 

# 

Plagioclase/ 

pyroxene 

Expansive clay 

mineral contents 
Texture 

Pavement 

performance 

P1A 1.2 High Ophitic Rapid failure 

P2A 3.5 High Granophyric Rapid failure 

P2B 4.1 High Granophyric Rapid failure 

P3A 1.5 High Ophitic Rapid failure 

P3B 1.6 High Ophitic Rapid failure 

P4A 1.0 Low Ophitic Acceptable 

P4B 1.4 Low Equigranular Acceptable 

P5A 1.2 Low 
Aphanitic 

porphyritic 
Acceptable 

P6A 0.5 Low 
Aphanitic 

porphyritic 
Acceptable 

P6B 0.7 Low 
Aphanitic 

porphyritic 
Acceptable 

P7A 1.2 Low Equigranular Acceptable 

P7B 1.1 Low Poikilitic Acceptable 

P7C 1.4 Low Equigranular Acceptable 

P8A 1.5 Low Ophitic Acceptable 

P8B 1.5 Low Ophitic Acceptable 

3. Aggregate properties 

From each quarry at least one sample was obtained but in the majority of quar-

ries two samples were obtained from different parts of the intrusion. Currently the 

aggregate properties commonly specified as part of South African pavement mate-

rial acceptance criteria are the 10% FACT value (>110kN for basic igneous 

rocks), the durability mill index (DMI) value (<125) and the plasticity index of 

fines produced by crushing (<5). All of the tested quarry materials were well with-

in these specifications (Table 3) which explains why they were utilized as aggre-

gates. 

The fact that the current specifications are met may therefore not be sufficient 

to characterize the material as suitable or not. Revision of the current DMI and 

10% FACT limits was however not possible using the available results since the 
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materials from poor performing roads did not consistently provide different results 

to others.  

A more recent specification introduced on some projects is the ratio of the 10% 

FACT value of material soaked in ethylene glycol for 4 days to the traditional 

10% FACT value (> 0.7. This ensures that basic igneous rocks are not only com-

petent as aggregates in their current state but also after exposure to moisture caus-

ing any expansive minerals in the materials to swell creating internal stresses and 

strains. Considering this it was noticed that all the aggregate samples with ac-

ceptable performance obtained this minimum ratio while some of the samples 

from quarries that produced aggregate with poor performance were below the 

specification (e.g. sample number P2A and P3A).  

 

Table 3. Aggregate properties. 

# 

10% 

FACT 

(kN) 

Glycol/Dry 

10% 

FACT 

DMI 
P wave 

(m/s) 
PI mEGDI 

Water 

abs. 

(%) 

PLI 

(MPa) 

P1A 429.5 87.7 28 5963 1 7.5 0.14 ND 

P2A 314.3 33.5 43 5426 1.5 51.0 0.31 8.9 

P2B 369.7 97.7 63 5450 1.5 4.0 0.24 10.2 

P3A 368.8 65.5 39 6091 1.1 13.0 0.19 11.6 

P3B 372.1 72.4 41 6439 1.5 20.0 0.18 10.1 

P4A 469.2 80.6 31 6530 1.3 0.5 0.09 10.3 

P4B 493.8 92.3 35 6757 1.5 1.0 0.07 14.6 

P5A 473.0 103.7 40 6581 1.1 0 0.16 15.3 

P6A 414.2 104.9 59 6565 2.9 1.5 ND 15.9 

P6B 431.3 100.1 47 6582 2 1.0 0.1 14.4 

P7A 397.0 105.1 28 5960 1.1 0 0.11 13.5 

P7B 477.2 97.3 28 6440 1.4 0 0.07 15.8 

P7C 444.7 105.2 ND 6660 ND 1.5 0.05 17.3 

P8A 398.5 87.8 37 6540 1.1 4.5 0.08 11.4 

P8B 377.8 95.8 45 6639 1.5 2.0 0.06 11.0 

ND=no data 

 

Other properties determined, for which there are currently no (South African) 

specifications, were the Point Load Index (ISRM 1985), water absorption (ASTM 

2002), modified ethylene glycol durability index (Leyland et al. 2013) and the 

compressive (P) wave velocity (Kilic 1995). The P wave velocities of poor per-

formance materials were on average, but not exclusively, lower. The water absorp-

tion and modified ethylene glycol durability index (mEGDI) values did however 

show some constant trends with all the materials that produced poor roads having 
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significantly higher mEGDIs and higher water absorption values. The one excep-

tion was the P1 quarry materials which had relatively low water absorption. The 

point load index (PLI) also followed these trends but again there was an exception 

as the P8 materials had relatively low values despite suitable performance in ser-

vice. Based on these observations the cause of the poor performance of some quar-

ries was not a simple lack of strength resulting in excessive fines (as indicated by 

10%FACT testing) or plastic fines (as indicated by DMI testing) but rather due to 

some form of strength loss associated with moisture ingress (as indicated by high-

er water absorption values), expansion of some minerals (as indicated by high 

mEGDIs) and consequent (or inherent) poor tensile strengths (as shown by low 

PLIs). These all point to poor durability, as discussed by Orr (1979), van Rooy 

and Nixon (1990) and Paige-Green (2007), being the cause of the poor perfor-

mance.  

4. Additional observations 

The poor performing aggregates appear to have originated from quarries in 

rock with inferior durability. Thus despite the strength of the aggregate being ac-

ceptable, according to current specifications, additional testing illustrates that sig-

nificant loss of strength may occur after some time in service, especially if mois-

ture ingress occurs. In addition to this the dolerite intrusion have significant 

variations in petrology and consequently in the aggregate properties. This is best 

illustrated by the P2 quarry which was not only in an atypical dolerite (silica over-

saturated) intrusion but also contained two phases of dolerite (one dark and one 

light). The primary mineral compositions of these phases differed, on average, on-

ly slightly but up to a 30% difference in plagioclase was observed between differ-

ent thin sections. The total secondary mineral count in one phase (P2B) was also 

higher as the majority of the granophyric plagioclase and pyroxene grains were 

highly altered. The other phase (P2A) did however have significantly higher pro-

portions of plagioclase laths that had been extensively sericitized (up to 14% more 

sericite) and up to a 7% variation in quartz content was observed. These petro-

graphic variations caused the observed variability in aggregate properties (Table 

3). The failure to identify these variations within the intrusion resulted in nonse-

lective quarrying and consequently the resulting aggregate was of insufficient 

quality. Had the petrographic variability been noticed by proper petrographic in-

vestigations the need for selective mining and or strict quality control could have 

been identified.  

The other two poor performance aggregates studied during this study (P1 and 

P3 materials) did not consistently have inferior results for the additional tests. The 

P1 material only revealed a high vermiculite contents in the second XRD analysis 

and slightly inferior P wave velocity and mEGDI values. The actual cause of the 

poor performance is therefore less clear and additional testing would be required. 
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 The fact that the XRD analysis did show elevated smectite contents in the P3 

materials would have been sufficient to justify additional testing of this material 

before use as an aggregate. Had such additional testing been performed on the P3 

materials the variability in glycol 10% FACT ratios, P wave velocities and mEG-

DI values observed in this study would have proven the material to be of suspect 

durability. The high pyroxene content of the P6 samples did not seem to affect the 

properties negatively as some of the most favorable results were provided from 

those materials.  

5. Conclusions and recommendations 

The current specifications for pavement aggregates are not sufficient to identify 

potentially poor durability Karoo Dolerite aggregates. The climatic region and 

country rock settings also do not seem to be predictive. The local intrusive envi-

ronment may however still have played a role on the observed petrology but such 

interpretations would require significant data collection. 

The use of additional investigations to characterize the petrology and the varia-

bility of petrology within such intrusions can provide insight into the expected 

variation in produced aggregate properties and durability. This information can 

then be used to make decisions regarding quarry expansion or justify additional 

quality control when suspect phases are being mined. The only variation in petrol-

ogy that correlated with poor performance as an aggregate was, unsurprisingly, the 

amount of secondary minerals present in the materials. Secondary mineral occur-

rences included both alteration products of pyroxenes (including dark micas and 

smectite clays) and sericite after plagioclase. However significant differences in 

hand specimen petrography in one quarry also gave an indication that different 

phases were present and further analysis showed that intrusion to be a silica over-

saturated dolerite. Knowledge of the typical petrology of Karoo Dolerites is there-

fore useful in aggregate source investigations as deviations from this may indicate 

problem materials. Proper characterization of the variability in seemingly typical 

dolerites is also vital because of the heterogeneous distribution of smectite miner-

als within the rock. This means that multiple samples need to be collected and 

multiple thin sections and XRD analyses need to be performed on aggregate from 

each of the samples. 
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Appendix G 

Resilient modulus results for all samples 

and specimens. 
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1. Sample F1S1 

Compacted at a moisture content of 5.9% to 85.5% of ARD. 

Tested at a degree of saturation of 94.7%. 

Load cycle σ1 (kPa) σ3 (kPa) ϴ (kPa) τoct  (kPa) Mr (kPa) 

396-400 572.0 200.6 973.3 175.1 342791.9 

496-500 746.9 200.6 1148.2 257.5 448323.3 

596-600 928.6 200.6 1329.9 343.2 522171.5 

696-700 1106.7 200.6 1508.0 427.2 578257.5 

796-800 1286.3 200.6 1687.5 511.8 636082.5 

896-900 445.2 150.3 745.8 139.0 324645.0 

996-1000 585.8 150.3 886.4 205.3 412191.2 

1096-1100 720.8 150.3 1021.4 268.9 495517.6 

1196-1200 862.9 150.3 1163.5 335.9 561050.5 

1296-1300 999.6 150.3 1300.2 400.4 605696.7 

1396-1400 313.4 100.9 515.2 100.1 277390.6 

1496-1500 420.8 100.9 622.6 150.8 352305.1 

1596-1600 519.5 100.9 721.3 197.3 420124.5 

1696-1700 619.3 100.9 821.2 244.4 487079.9 

1796-1800 721.4 100.9 923.2 292.5 547531.5 

1896-1900 188.0 50.3 288.6 64.9 220295.2 

1996-2000 253.4 50.3 354.0 95.7 274943.6 

2096-2100 314.2 50.3 414.8 124.4 329296.0 

2196-2200 379.3 50.3 479.9 155.1 382197.2 

2296-2300 442.0 50.3 542.6 184.6 437645.0 

2396-2400 114.9 20.9 156.7 44.3 196006.7 

2496-2500 149.5 20.9 191.2 60.6 226542.0 

2596-2600 192.3 20.9 234.0 80.8 272731.1 

2696-2700 233.6 20.9 275.4 100.3 311687.3 

2796-2800 275.3 20.9 317.1 119.9 357405.6 
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2. Sample F1S2 

Compacted at a moisture content of 6.1% to 85.6% of ARD. 

Tested at a degree of saturation of 95.0%. 

Load cycle σ1 (kPa) σ3 (kPa) ϴ (kPa) τoct  (kPa) Mr (kPa) 

396-400 570.7 200.6 971.9 174.4 317356.6 

496-500 748.5 200.6 1149.7 258.3 393741.0 

596-600 928.3 200.6 1329.5 343.0 469582.0 

696-700 1105.9 200.6 1507.1 426.8 539080.8 

796-800 1284.6 200.6 1685.8 511.0 582419.3 

896-900 443.1 150.3 743.7 138.0 291635.7 

996-1000 585.2 150.3 885.8 205.0 362526.1 

1096-1100 721.6 150.3 1022.2 269.3 428581.3 

1196-1200 861.6 150.3 1162.1 335.3 495841.5 

1296-1300 1000.3 150.3 1300.9 400.7 538835.6 

1396-1400 310.6 100.9 512.4 98.8 231239.0 

1496-1500 421 100.9 622.8 150.9 297741.6 

1596-1600 519.7 100.9 721.6 197.4 354088.5 

1696-1700 621.6 100.9 823.4 245.4 407315.9 

1796-1800 722.3 100.9 924.2 292.9 462213.3 

1896-1900 186.4 50.3 287.0 64.2 183773.1 

1996-2000 252.8 50.3 353.4 95.4 231294.5 

2096-2100 314.9 50.3 415.5 124.7 279113.0 

2196-2200 380 50.3 480.6 155.4 328974.1 

2296-2300 443.2 50.3 543.8 185.2 362872.9 

2396-2400 114 20.9 155.8 43.9 160774.6 

2496-2500 148.2 20.9 190.0 60.0 189863.7 

2596-2600 190.3 20.9 232.1 79.9 227348.4 

2696-2700 233 20.9 274.7 100.0 266468.5 

2796-2800 274.7 20.9 316.5 119.7 305997.5 
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3. Sample F2S1 

Compacted at a moisture content of 5.6% to 85.7% of ARD. 

Tested at a degree of saturation of 94.9%. 

Load cycle σ1 (kPa) σ3 (kPa) ϴ (kPa) τoct  (kPa) Mr (kPa) 

396-400 631.4 202.7 1036.8 202.1 319306.0 

496-500 834.5 202.7 1239.8 297.9 414812.4 

596-600 1041.7 202.7 1447.0 395.5 500342.7 

696-700 1252.1 202.7 1657.4 494.7 589056.4 

796-800 1461.4 202.7 1866.7 593.4 660161.2 

896-900 484.7 150.3 785.3 157.6 342397.1 

996-1000 647.8 150.3 948.4 234.5 414035.8 

1096-1100 801.3 150.3 1101.9 306.9 493595.3 

1196-1200 961.7 150.3 1262.3 382.5 577416.6 

1296-1300 1124.1 150.3 1424.7 459.0 653765.0 

1396-1400 335.4 100.9 537.3 110.5 299688.1 

1496-1500 455.2 100.9 657.0 167.0 362988.8 

1596-1600 570.8 100.9 772.6 221.5 402695.0 

1696-1700 683.8 100.9 885.6 274.8 465969.7 

1796-1800 792.2 100.9 994.0 325.8 523643.8 

1896-1900 191.7 50.3 292.3 66.7 216430.8 

1996-2000 263.2 50.3 363.9 100.4 262785.6 

2096-2100 336.9 50.3 437.5 135.1 298941.3 

2196-2200 402.7 50.3 503.3 166.1 324410.1 

2296-2300 470.9 50.3 571.5 198.3 367217.5 

2396-2400 112.6 20.9 154.5 43.2 159280.6 

2496-2500 146.6 20.9 188.4 59.3 200746.3 

2596-2600 188.9 20.9 230.7 79.2 223722.3 

2696-2700 232.1 20.9 273.9 99.5 246690.1 

2796-2800 275.0 20.9 316.8 119.8 282129.2 
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4. Sample F2S2 

Compacted at a moisture content of 5.7% to 85.7% of ARD. 

Tested at a degree of saturation of 94.9%. 

Load cycle σ1 (kPa) σ3 (kPa) ϴ (kPa) τoct  (kPa) Mr (kPa) 

396-400 629.2 200.6 1030.4 202.0 335836.0 

496-500 831.0 199.6 1230.2 297.7 440978.2 

596-600 1035.5 199.6 1434.7 394.1 541005.2 

696-700 1244.8 199.6 1644.0 492.7 614935.7 

796-800 1454.7 199.6 1853.8 591.7 587560.1 

896-900 485.6 150.3 786.3 158.1 234494.1 

996-1000 647.7 150.3 948.3 234.5 310761.1 

1096-1100 800.6 150.3 1101.3 306.6 428633.8 

1196-1200 959.1 150.3 1259.7 381.3 495625.7 

1296-1300 1121.7 150.3 1422.4 457.9 558874.2 

1396-1400 334.0 100.9 535.8 109.9 195797.6 

1496-1500 455.7 100.9 657.6 167.3 253028.3 

1596-1600 570.8 100.9 772.6 221.5 309014.2 

1696-1700 683.1 100.9 885.0 274.5 361186.5 

1796-1800 789.3 100.9 991.2 324.5 409364.5 

1896-1900 188.8 50.3 289.4 65.3 138508.2 

1996-2000 261.7 50.3 362.3 99.6 176187.4 

2096-2100 336.7 50.3 437.4 135.0 216845.8 

2196-2200 401.9 50.3 502.6 165.8 255520.4 

2296-2300 469.9 50.3 570.5 197.8 296093.5 

2396-2400 111.3 20.9 153.1 42.6 122634.5 

2496-2500 145.0 20.9 186.8 58.5 144557.4 

2596-2600 186.5 20.9 228.3 78.1 168447.3 

2696-2700 230.3 20.9 272.1 98.7 191413.0 

2796-2800 274.6 20.9 316.4 119.6 223050.9 
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5. Sample F3S1 

Compacted at a moisture content of 6.1% to 84.3% of ARD. 

Tested at a degree of saturation of 94.9%. 

Load cycle σ1 (kPa) σ3 (kPa) ϴ (kPa) τoct  (kPa) Mr (kPa) 

396-400 461.1 199.6 860.2 123.3 269102.7 

496-500 586.4 198.6 983.7 182.8 357836.5 

596-600 703.7 198.6 1100.9 238.1 425485.1 

696-700 825.8 198.6 1223.1 295.6 476752.7 

796-800 951.2 198.6 1348.4 354.7 528427.6 

896-900 357.0 150.3 657.6 97.5 306621.4 

996-1000 459.0 150.3 759.6 145.5 390906.8 

1096-1100 555.2 150.3 855.8 190.9 459281.2 

1196-1200 650.8 150.3 951.4 235.9 510215.0 

1296-1300 745.6 150.3 1046.2 280.6 548617.8 

1396-1400 254.4 100.9 456.3 72.4 282878.0 

1496-1500 326.7 100.9 528.5 106.4 347389.6 

1596-1600 404.4 100.9 606.2 143.1 412832.4 

1696-1700 474.3 100.9 676.1 176.0 469678.1 

1796-1800 547.1 101.7 750.5 210.0 523176.9 

1896-1900 153.7 50.3 254.4 48.8 232741.8 

1996-2000 199.8 50.3 300.4 70.5 281389.9 

2096-2100 241.7 50.3 342.3 90.2 333080.5 

2196-2200 290.0 50.3 390.6 113.0 387198.3 

2296-2300 337.8 50.3 438.4 135.5 423592.7 

2396-2400 91.3 19.9 131.1 33.7 211908.9 

2496-2500 118.7 19.9 158.5 46.6 227932.1 

2596-2600 147.8 19.9 228.3 78.1 262476.1 

2696-2700 177.3 19.9 272.1 98.7 289138.7 

2796-2800 213.1 19.9 316.4 119.6 331403.2 
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6. Sample F3S2 

Compacted at a moisture content of 6.1% to 84.5% of ARD. 

Tested at a degree of saturation of 94.9%. 

Load cycle σ1 (kPa) σ3 (kPa) ϴ (kPa) τoct  (kPa) Mr (kPa) 

396-400 459.4 200.6 860.6 122.0 364893.1 

496-500 589.1 200.6 990.3 183.1 461443.8 

596-600 706.5 200.6 1107.7 238.5 522961.6 

696-700 829.6 200.6 1230.9 296.5 589573.2 

796-800 955.4 200.6 1356.7 355.8 650099.7 

896-900 356.3 150.3 656.9 97.1 357321.0 

996-1000 458.5 150.3 759.1 145.3 453774.4 

1096-1100 558.0 150.3 858.6 192.2 539712.7 

1196-1200 652.1 150.3 952.7 236.6 587352.1 

1296-1300 746.9 150.3 1047.5 281.2 629746.3 

1396-1400 257.9 100.9 459.7 74.0 346758.4 

1496-1500 327.2 100.9 529.1 106.7 443992.5 

1596-1600 404.0 100.9 605.9 142.9 496425.4 

1696-1700 474.7 100.9 676.6 176.2 552451.0 

1796-1800 549.2 100.9 751.1 211.3 614017.9 

1896-1900 158.1 50.3 258.7 50.8 442639.3 

1996-2000 203.1 50.3 303.7 72.0 444573.0 

2096-2100 243.2 50.3 343.8 90.9 464927.3 

2196-2200 290.3 50.3 390.9 113.1 500198.4 

2296-2300 337.7 50.3 438.3 135.5 536852.9 

2396-2400 96.3 20.9 138.1 35.6 709121.2 

2496-2500 121.7 20.9 163.4 47.5 474026.5 

2596-2600 149.8 20.9 191.6 60.8 432630.2 

2696-2700 178.6 20.9 220.4 74.4 459949.4 

2796-2800 213.5 20.9 255.3 90.8 487678.8 
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