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ABSTRACT 

The report is concerned with the effects of 

gradation, type of fine aggregates and compaction methods 

on the voids-in-1he-minera1-aggregates . Both fine and 

coarse aggregates were used with five different gradations 

under three different compaction methods in a dry condition 

and four different gradations under a compaction method in 

the asphaltic mixture condition. A smooth shape and 

texture type of coarse aggregate and two fine aggregates, 

having different geometric characteristics, were used in 

forming the different gradations. 

Results indicate that in the dry condition and in 

the asphaltic mixtures similar trends were obtained. The 

voids-in-1he-minera 1-aggregates increased as the shape and 

texture index increased. The shape and texture index was 

found to be significantly affected by the geometric 

characteristics of the fine particles, gradation and the 

bulk density of the fine particles. In the asphaltic 

mixture, the stability increased as the shape and texture 

index increased. 

v i i i 



CHAPTER 1 

INTRODUCTION 

Voids-in-the-mineral-aggregates (VMA) are an essen

tial element to control in designing a stable asphalt 

paving mixture. The main parts of any stable asphalt 

paving mixture are the asphalt content, the mineral 

aggregates and the voids-in-the-minera1-aggregates. In 

addition, the strength of any asphalt paving mixture is 

very much dependent on the type of mineral aggregates and 

its gradation. 

In order to have a better understanding of any 

asphalt paving mixture, an investigation of all 

relationships between the VMA and the type of the mineral 

aggregate type under certain conditions of gradations and 

compaction conditions is necessary. 

Problem 

This thesis reports on an investigation of the 

effects of gradations, type of fine aggregates and 

compaction methods on measured VMA. 

VMA is defined as the volume of intergranular void 

space between the aggregate particles of a compacted paving 

mixture that include the air voids and the effective 

1  
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asphalt content, expressed as a percent of the total volume 

of the sample [1 ] . 

The minimum limit of VMA is dependent on the 

maximum size particle used in the mix: as the maximum size 

of the particle used increases, the minimum VMA limit 

decreases [1]. This minimum limit controls the surface 

course failure by bleeding or cracking. 

The maximum VMA limit is based on film thickness 

around the aggregates. The preferred film thickness is as 

thick as possible .(by use of more asphalt) to ensure 

durable water-resistant mixtures. However, too much 

asphalt in the mix reduces its stability below the minimum 

desirable value. 

Objective 

The objective of this research is to determine the 

effects of several variables, as listed below, on the VMA 

of the different mixtures. The variables to be researched 

are: 

1. Gradation, 

a. Maximum size, and 

b. Distribution of particle sizes, 

2. Fine particle shape and texture (-#4 sieve), and 

3. Compaction procedure. 

The mixtures used in this investigation were 

composed of one type of coarse aggregate and one of two 
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available types of fine aggregates. The difference in the 

two types of the fine aggregates was in the shape and 

surface texture of the particles. The particle shape may 

be rounded, subrounded, subangular, or angular, describing 

the particle circumference. The surface texture of a 

particle may also be classified as very rough, rough, 

smooth or polished [2], 

Scope of Tests 

Two mixture conditions were investigated: a dry 

condition and an asphaltic mixture condition. In both 

conditions, the variables were the gradation type, fine 

particles' geometric characteristics, and type of compac

tion me t hod. 

The test program shown in Table 1 was followed 

during this investigation. 

General Approach 

A single coarse aggregate, a smooth type, was used 

in all tests. Two types of fine materials were used: one 

having a round particle shape with a relatively smooth 

surface texture, and the second having an angular particle 

shape with a relatively rough surface texture. 

The measurement of the fine particles' resistance 

to air and free flow was performed and was found to be 

related to the fine material geometric characteristics. A 

modified time index test was performed using a modified 



Table 1. Test program. 

Dry Asphaltic Mixture 

Gradation: 1 2 3 4 5 1 2 3 4 

Texture and 
Shape: 1 2 1 1 1 2 1 1 2 1 1 1 2 

Compact ion:* 1 2 2 2 2 2 2 2 2 2 2 2 2 2 

2 2 2 2 2 2 2 2 

3 2 2 2 2 2 2 2 

(The total number of specimens to be tested is 54) 

*Compaction methods: 

1. Vibratory Kneading Compaction (VKC) 
2. Marshall Compaction 
3. Vibratory Table Compaction (VT) 



5  

version of the U.S. Bureau of Public Roads method of 

measuring the angularity and surface texture of sand [3]. 

A brief discussion of this test can be found in Appendix B. 

The bulk and apparent specific gravity of both the 

coarse and the fine material were measured using test 

Numbers T-85 and T-84, of AASHTO Procedures [4], 

respectively. 

The material was air-dried, sieved, and then 

combined back to form the final gradations. The final 

gradations were composed as follows: 

1. Gradations 1 and 4 had two formations: 

a. The first formation consisted of Pantano coarse 

aggregates and Nogales fine aggregates. 

b. The second formation consisted of Pantano 

coarse aggregates and Pantano fine aggregates. 

2. Gradations 2 and 3 had only one formation, which 

consisted of Pantano coarse aggregates and Pantano 

fine aggregates. 

The above-mentioned gradations were used in the 

dry case, as well as the asphaitic mixture case. 

3. Gradation 5 had only one formation, which consisted 

of Pantano coarse aggregates and Pantano fine aggre

gates. Gradation 5 was used only in the dry case. 
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For the dry case, the five gradations used were 

oven-dried overnight and then compacted according to either 

the Marshall Method, Vibratory Kneading Compaction (VKC) or 

Vibratory Table Method (VT). The final weight, final 

height of specimen and the combined specific gravity of the 

gradation were used to calculate the VMAs. 

For the Asphaltic Mixture case, the optimum asphalt 

content was estimated for each of the four gradations by 

means of the Centrifuge Kerosene Equivalent Method (C.K.E), 

described in Ref. 1. The optimum asphalt contents for 

three gradations were so close to each other that the same 

asphalt content was used for them, and a different asphalt 

content was used for the other gradation. 

The aggregates and asphalt were combined and then 

compacted with a vibratory kneading compactor. The bulk 

densities of all specimens were measured using the water 

displacement method. Then the method of Hveem was used in 

determining the stability. The maximum theoretical 

specific gravities of the loose mixtures were determined by 

Rice specific gravity using test number T-209 of the AASHTO 

Procedures [4]. The amount of aggregate, the maximum 

theoretical specific gravity of the loose mixture, bulk 

specific gravity of the aggregate and the bulk compacted 

density of the specimen were used to calculate the air 

voids and the VMAs. 



CHAPTER 2 

REVIEW OF LITERATURE 

In the literature, many old and newer 

investigations concerning variables affecting VMA are 

reported. For instance, Field [5] studied the importance 

of amount of crushed coarse aggregates as applied to 

bituminous pavements. He varied the amount of crushed 

coarse aggregates in the mix and studied its effects on: 

1. Percent voids in the compacted mix, 

2. Percent VMAs in the mineral aggregates, and 

3. Stability of the mix. 

For percent voids and VMA, he used Rice's method by vacuum 

saturation as a means to predict the maximum theoretical 

specific gravity of bituminous mix. For stability tests he 

used the Marshall test. 

The coarse materials used, all considered 

non-crushed, were from four sources. The fine material 

used was from a single source. The fine material source 

produced rounded shape particles and was used throughout 

the test as Field wanted to keep the variations in the 

angularity of the coarse aggregate to be the only 

7  
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contributor to the change in stability, percent voids and 

percent VMA . An asphalt cement of 85-100 penetration grade 

was used. 

Field's investigations were composed of two parts: 

Part I. To investigate the effect of percent 

crushed coarse aggregate variation on stability, voids and 

VMA. The range of percent crushed coarse aggregate (as 

percent of total coarse aggregate) was varied from 0-100% 

with a 10% increment. The percent of coarse aggregate (as 

percent of total aggregate) was 40%, 50%, and 60%. 

Part II. To investigate the influence of the 

degree of angularity of the coarse aggregate particles on 

air voids, VMA, and Marshall flow. 

Field arrived at the following conclusions. For 

Part I, he found that 

1. The amount of voids and amount of VMA are not 

significantly changed by varying the amount of 

crushed material except in mixes where the percent 

crushed coarse aggregate is less than 25%. 

2. Marshall flow is not affected at all by the varia

tions in the amount of crushed coarse aggregate of 

a bituminous mix. 

3. The Marshall stability of a bituminous mix is 

affected by the amount of crushed coarse aggregate. 
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Considerable increases in stability are obtained by 

increasing the percent crushed coarse aggregate. 

For Part II, Field discovered that 

1. In a bituminous mix the positive physical 

attributes obtained by using crushed aggregate 

instead of the non-crushed are: (a) much more 

stability; (b) a slight increase in air void 

content; and (c) a slight increase in voids-in-the-

mineral-aggregates. 

2. The Marshall flow value is not affected by any 

changes in particle shape. 

3. The following characteristics will distinguish a 

crushed particle from a non-crushed particle: (a) 

the crushed particle, although angular, must have 

sharp edges; (b) its faces will be more irregular 

in shape than those of the non-crushed; and (c) 

there will be coarser grain appearance in the 

crushed faces than in those of the non-crushed. 

Another investigation by Wedding and Gaynor [6] 

involved the effects of certain variables on dense graded 

asphaltic concrete mix. These variables were: 

1. asphalt content, 

2. aggregate grading, 
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3. percent of crushed particles in the coarse aggre

gate, and 

4. type of sand (natural or crushed). 

The materials used were: crushed sand, natural sand, 

crushed gravel, and natural gravel. 

They had three gradations between ASTM upper and 

lower limits. These limits were based upon the assumption 

that such ASTM specifications represent a range of grading 

within which the grading of a majority of commercially 

produced aggregates would fall. 

The three gradations involved were dependent on the 

amount of sand used, and were: (a) 25% sand, (b) 35% sand, 

and (c) 45% sand. In each of the gradations, 5% of the 

total aggregate by weight was portland cement filler. 

The maximum size of coarse aggregate was 3/4 inch, 

with the amounts of crushed coarse aggregate in each 

gradation 100%, 75%, 50% and 0%. 

The asphalt content varied. The asphalt contents 

were 2.5%, 4%, 5.5% and 7%; and the type of asphalt used 

was 85-100 penetration grade asphalt. 

After all the tests using the Marshall method were 

completed, all the data were analyzed and certain 

conclusions were developed, some concerning the amount of 

crushed coarse aggregate used, the asphalt content, and the 

gradation and particle shape. The main points were: 
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When using crushed coarse aggregate instead of 

natural coarse aggregate a higher stability was 

produced, and when crushed sand instead of natural 

sand was used a higher stability was also produced. 

As the angularity of the coarse aggregate particles 

increased by increasing the amount of the crushed 

coarse aggregate, it was found that 

a. stability of mix increased, 

b. unit weight of mix decreased, 

c. void percent was not affected, 

d. VMA percent increased, 

e. asphalt content was not affected, and 

f. the Marshall flow increased. 

As they replaced the natural sand by crushed sand 

in the mix, the following results noted were that 

a. maximum stability increased, 

b. the optimum asphalt content increased, 

c. the unit weight of the mix at optimum asphalt 

content was not affected, 

d. the air voids at optimum asphalt content was 

decreased , and 

e. the VMA at optimum asphalt content was 

increased. 

As they increased the amount of sand in the mix, 

they noted that 
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a. air voids at> optimum asphalt content was 

decreased, 

b. VMA at optimum asphalt content was increased 

with both types of sands, 

c. the maximum stability was at 35% sand ratio in 

both types of sands; 

d. minimum optimum asphalt content in a mix was at 

35% sand ratio in both types of sands; and 

e. maximum stability at optimum asphalt content 

was at 35% sand ratio in both types of sands. 

Shkiarsky and Livneh [7] performed tests concerning 

the influence of the type of coarse and fine aggregates on 

bituminous mixes, using five dense graded mixtures and two 

types of coarse aggregates, natural river gravel and 

crushed aggregates. They also used two types of fine 

aggregates: crushed quarry sand and natural sand. They 

used a single gradation, with a maximum particle size of 

3/4 inch. and they used 80-100 penetration type of 

asphalt. Tests using the Marshall method provided the 

following conclusions: 

1. The mix with crushed material in both coarse and 

fine aggregate had the maximum optimum bitumen 

content, maximum stability, and maximum flow at 

optimum bitumen content; 
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2. By replacing the natural fine aggregate with 

crushed fine aggregates, regardless of the type of 

coarse aggregate used with it, an increased void 

ratio at optimum bitumen content was noticed; 

3. By replacing the natural fine aggregates by crushed 

fine aggregates, no matter what type of coarse 

aggregate was used, an increase in optimum bitumen 

content, maximum stability, flow at optimum bitumen 

content, and optimum bitumen content were noticed; 

4. Replacing of crushed fine aggregate for natural 

fines is more effective than replacing crushed 

coarse aggregate for natural gravel. This 

effectiveness is in term of higher optimum bitumen 

content and by its maximum stability. 

Ishai and Tons [8] investigated factors in 

bituminous concrete mix that might influence the behavior 

of a compacted bituminous mixture. The two main aggregate 

factors influencing the behavior of a compacted bituminous 

mixture were: 

1. particle volume (mass behavior), and 

2. particle geometry (shape-angularity and surface 

texture ) . 
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Two major factors were involved in the experiments: 

1. Aggregate type, with eight levels of different 

geometric irregularities and different specific 

gravities. 

2. Asphalt content, with five to seven levels at 

intervals of 0.5 percent. 

The gradation used was similar to that of wearing, 

courses used in Michigan. The Marshall test and asphalt 

type of 120-150 penetration were also used. 

The results of their experiments show the 

following: 

1. Crushed gravel mixtures have higher optimum asphalt 

content than natural gravel mixtures; 

2. Crushed gravel mixtures have higher maximum 

stability than natural gravel; 

3. Percent air voids is not greatly affected by using 

crushed gravel or natural gravel in the mix; 

4. Percent VMA is higher when crushed gravel aggregate 

is used in the mix than when natural gravel 

aggregate is used; and 

5. The maximum specific gravity of mixtures was not 

greatly affected by either type of aggregate. 

McLeod and Davidson's [9] investigation concerned 

itself with a means to measure the stability of different 
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types of aggregates by relating the aggregate shape 

(rounded or angular), the texture (surface roughness), and 

angularity (sharpness of edges) to its angle of internal 

friction . 

The particle index of aggregate as measured by ASTM 

D-3398, appears to provide an empirical measure of an 

aggregate stability, similar to an angle of internal 

friction. The relationship that exists among particle 

index, stability, and angle of internal friction shows that 

as the particle index increases the stability increases, 

and also that the angle of internal friction would be 

higher than an aggregate that has a low particle index. 

McLeod an Davidson [9] provide a mathematical model that 

relates the particle index to percent voids in the 

aggregate samples compacted with 10 blows per layer and 

with 50 blows per layer. 

McLeod and Davidson [9] emphasized that the 

particle index described in the ASTM D-3398 is a test 

performed on clean, washed, oven-dried and closely sized 

aggregate fraction. In this test, they used three 

different gradations with the passing #20 sieve fractions/ 

bitumen ratio of 0.9. They used seven types of material to 

compose these different gradations. Each type of material 

had particles of different shapes, angularity, and surface 

texture. They measured the particle index for each size 
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except for the passing #200 sieve fraction, because the 

ASTM D-3398 test cannot measure these fine materials. The 

overall particle index of a gradation is the average 

weighted particle index for the aggregate as a whole. 

They mixed the gradation with asphalt of 150/200 

penetration type, then followed the Marshall procedure 

using 6, 20, 60, and 100 blows of the Marshall double 

compact or. 

The following conclusions were mentioned: 

1. As the particle index increases the Marshall 

stability increased; 

2. The change in particle index does not change the 

optimum asphalt content, percent air voids, or 

percent VMA; 

3. The particle index of the fine aggregate in an 

asphalt paving mixture has a much greater influence 

on Marshall stability than the particle index of 

the coarse aggregate; and 

4. In paving mixtures that have the same particle 

index, air voids, VMA, and asphalt content, the 

increase in the particle index of the fine 

aggregate corresponds to an increase in Marshall 

stability. 

Another investigation about the effects of crushed 

stone aggregate size and shape on properties of asphalt 
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concrete was done by Kalcheff and Tunnicliff [10]. They 

wanted to measure the effects of certain variables upon the 

properties of asphalt concrete. These variables are: 

1. Size and proportion of coarse aggregate, 

2. Fine aggregate shape, and 

3. Increased quantity of mineral filler. 

They had four different gradations, with a maximum 

size of 1/2" for the first two gradations and 3/8" and #4, 

respectively, for the third and fourth gradations. They 

combined one type of crushed coarse aggregate with four 

different types of fine aggregates that had different shape 

indexes. The shape index that characterized these four 

different types of fine aggregates is of the National 

Crushed Stone Association shape index test method [11]. 

The asphalt cement used with Marshall and Hveem 

Procedures Test was Grade AC-10 asphalt cement which is 

comparable to Grade 85-100 penetration asphalt cement 

grade. The optimum asphalt content mixture was tested, 

with the following conclusions: 

1. As the shape index increases, the air void 

increases; 

2. As the shape index increases, the VMA increases; 

3. As the amount of the coarse particles increases, 

the lower the optimum asphalt content decreased and 

the higher the Marshall stability increased; 
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4. As the size of the maximum size of the coarse 

aggregate increases, the optimum asphalt content 

percent increased and the Marshall stability 

increased; 

5. As the angularity of the fine particles increases, 

the optimum asphalt content increases; 

6. Higher stability can be produced more effectively 

by using manufactured sand than by using natural 

sand; and 

7. Mixtures composed of crushed coarse aggregate and 

manufactured fine aggregate having higher particle 

index should be much more resistant to permanent 

deformation from repeated traffic loadings and much 

less susceptible to the effects of temperature, and 

should have a higher initial void content than 

mixtures composed of crushed coarse aggregate and 

natural sand having lower particle index. 

Ishai and Gelber [12] investigated the effect of 

the geometric irregularity of aggregates on the properties 

and behavior of bituminous concrete using the packing 

volume concept. The packing volume of a particle is 

defined by Tons and Goetz [13] and Tons, Goetz, and 

Anderson [14] as the volume which a rock particle occupies 

in a mass of monovolume particle [12]. The packing volume 

can be visualized as the volume enclosed by a dimensionless 
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membrane stretched along the peaks of the surface 

roughness. Based on the packing volume of a particle, the 

packing specific gravity was defined as 

G = W/V 
P P 

where 

W = dry weight of the particle 

Vp = packing volume 

Gp = packing specific gravity 

The other factors used in that study were the 

percent specific rugosity and the percent macro surface 

voids which are defined respectively as 

G 
S_ = 100(1 - =-£-) 

and 

where 

r v v G 
ap 

S = 100 (Gag
n " 2-) 

ma G 
ag 

Srv = percent specific rugosity 

G = apparent specific gravity 

S = percent macro surface voids 
ma r 

G = bulk specific gravity 

For that test, the reseachers used eight types of aggre

gates with a wide range of geometric irregularity. They 

sieved the aggregates into six sieve sizes with a maximum 

particle size passing a 5/8" sieve, and a minimum size 
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retained in a 0.0021 inch (#270 sieve). The percent 

specific rugosity and percent macro surface voids were both 

measured. The rugosity and macro surface voids were found 

to be related to the geometric irregularity. The Marshall 

test was performed on two types of gradations, well and 

open gradation. The following conclusions were reported: 

1. The higher the percent of specific rugosity or 

percent of macro surface voids, the lower the 

optimum bitumen content, regardless of the type of 

gradation ; 

2. In both types of gradations, as the percent of 

specific rugosity or percent of macro surface voids 

increased, the Marshall stability and air voids 

increased but the mixture density decreased; and 

3. There is no good relationship between percent of 

specific rugosity and VMA. 

Herrin and Goetz [15] studied the effects of 

aggregate shape on the stability of bituminous mixes. They 

investigated the effect of three variables: (1) shape of 

the coarse aggregate, (2) shape of the fine aggregate, and 

(3) aggregate gradation. In this study, three types of 

coarse aggregate were used: (1) rounded uncrushed gravel, 

(2) crushed gravel, and (3) angular crushed limestone. Two 

different gravel shapes were used in varying combinations 

in this study: 0, 55, 70, and 100 percent crushed gravel. 
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Variation in the shape of the fine aggregate was obtained 

by using rounded natural sand and angular crushed limestone 

of sand size, with three different gradings of these 

aggregates. The three gradations were dense-graded with 

maximum size of 3/4", open-graded, and a one size grading. 

Portland cement was used as filler. The asphalt used was 

60-70 penetration-graded. 

The compaction procedure used in this study was a 

hydraulic-compaction with a static load of 2,160 psi on 

each end of the specimen. The compressive strength of each 

specimen was measured using the triaxial compression 

apparatus with testing speed of 0.05 inch per minute. 

The conclusions by Herrin and Goetz [15] were that 

1. In each of the three gradings, with either type of 

fine aggregate, the strength of the mixture was 

increased to some extent by changing the type of 

the coarse aggregate from gravel to crushed stone. 

2. Irrespective of the type of coarse aggregate used, 

the strengths of both the dense- and open-graded 

mixtures were increased significantly when the fine 

aggregate was changed from rounded natural sand to 

an angular crushed-stone sand. This increase was 

much greater than the increase obtained by 

increasing the angularity of coarse aggregate from 

rounded gravel to crushed limestone. 
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3. The strengths of the dense-graded mixtures were not 

influenced by increasing the crushed gravel 

content. 

4. The influence on the strength of the bituminous 

aggregate mixtures of an increased amount of 

crushed gravel in the coarse aggregate fraction 

varied with the type of grading. The effect on 

strength became less as the grading of the mixtures 

became more dense. This was true whether natural 

sand or crushed-stone sand was used as the fine 

aggregate. 

Griffith and Kallas [16] studied the influence of 

fine aggregates on asphaltic concrete paving mixes. The 

variables for this test were the type and quantity of fine 

aggregates. An 85-100 penetration asphalt, two types of 

coarse aggregate, and two types of fine aggregate were 

used. In each instance, the two types of both coarse and 

fine aggregates were crushed and uncrushed, with seven 

gradations used to produce the mixes tested under Marshall 

or Hveem methods. Their conclusions are summarized as 

f ollows: 

1. Increased angularity and roughness of surface 

texture of fine aggregates produced increased 

Marshall and Hveem stability values at optimum 

asphalt content. 



23 

2. Relative proportions of coarse and fine aggregate 

in asphaltic concrete mixes required to produce 

maximum Hveem or Marshall stability at optimum 

asphalt content appeared to be related to the 

angularity and surface texture of both coarse and 

fine aggregate fractions. 

3. Increased angularity and roughness of surface 

texture of fine aggregate produced increased 

minimum percent aggregate voids in asphaltic 

concrete mixes compacted by the Marshall and Hveem 

methods. 

A. Increased angularity and roughness of surface 

texture of the fine aggregate fractions used in 

asphaltic concrete mixes produced increased optimum 

asphaltic content. 

The thesis by Abduljabbar [17] dealt with the 

effects of aggregate geometric characteristics on the 

properties of asphalt paving mixtures. Three variables 

were investigated: 

1. Type of fine aggregate, 

2. Asphalt content, and 

3. Aggregate grading. 

One type of coarse aggregate and three types of fine 

aggregates were used. The geometric characteristics of the 
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three fine aggregates were measured by a modified time 

index test. The coarse aggregate, a maximum of 3/4" in 

size, was obtained from the Santa Cruz river in Tucson, 

Arizona. The three types of fine aggregates were 

classified as: 

1. Pantano Wash sand, which has a moderately rough 

surface texture and is angular in shape, and it is 

assumed to have a time index of 1.00; 

2. 50/50 mixture of Salt River sand and crushed smooth 

washed Santa Cruz River sand provided a time index 

of 1.14; and 

3. A rough angular crushed sand obtained from the 

Arizona Department of Transportation (ADOT) gave a 

time index of 1.41. 

The three gradations were 0, 25, and 50% coarse aggregate. 

The asphalt content was estimated by the C.K.E. method. 

The asphalt contents used are as follows: 

1. At the optimum asphalt content as estimated by the 

C.K.E. method, 

2. At the optimum asphalt content -0.5%, 

3. At the optimum asphalt content +0.5%, and 

4. At the optimum asphalt content +1.00%. 

The mineral filler used consisted of the fraction of the 

fine aggregate passing the No. 200 sieve and portland 
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cement. An AR-4000 viscosity graded asphalt cement was 

used with the Marshall method of compaction at 75 blows. 

Then the Marshall method of testing was followed. 

The conclusions suggested by Abduljabbar were: 

1. The geometric characteristis of the fine aggregates 

have a significant effect on the properties of the 

bituminous mixtures. 

2. As the angularity and the roughness of the fine 

aggregates increases, the stability increases, the 

VMA increases, and the optimum asphalt content 

increases. 

3. The aggregate gradations had a significant effect 

on the mixture's properties. 

k. There is a specific percent of fine aggregate which 

produced a maximum stability. 

5. The time index is a good way to measure the fine 

aggregate geometric characteristics. 

Summary 

A tabulated summary of the literature reviewed, 

showing the various points of view of different investiga

tors and also showing the different methods used by each 

investigator to quantify the shape and surface texture of 

the particles, is given in Table 2. The investigators 

proved to be indeterminate about a method to quantify the 

geometric characteristics of the aggregates. The 



Table 2. Summary of the literature. 

Quantifying Method 
for Geometric 

Characteristics of 

Ref. Authors Fine Coarse 

Field - Visual 
(1958) 

Wedding Visual 
and Gaynor Visual 
(1961) 

7 Shklarsky Visual 
and Livneh 
(1964) 

8 Ishai and - Visual 
Tons 
(1973) 

Remarks 

Percent air voids and percent VMA is not 
significantly changed by varying the amount 
of crushed coarse particles. Marshall 
stability increases as the amount of the 
crushed coarse aggregate increases. 

Crushed sand mixtures produced higher 
stability than mixtures containing natural 
sands. Crushed coarse aggregate mixtures 
produced higher stability than mixtures 
containing natural coarse aggregate. As 
the amount of the coarse aggregate 
increases the stability of the mix, VMA and 
flow increases but the air voids decreases. 

When natural sand is replaced by crushed 
sand, stability increases and rutting 
decreases. 

By replacing the natural coarse aggregate 
with crushed coarse aggregate, the 
stability increased; percent air voids was 
not affected; the VMA was increased and 
the optimum asphalt content increases. 



Table 2. -- Continued 

Quantifying Method 
for Geometric 

Characteristics of 

Ref. Authors Fine Coarse 

9 McLeod and Particle 
Davidson index 
(1981) method 

on the 
No. 200 

10 Kalchef f 
and 

Tunnicliff 

Shape index -
(by Natural 
Crushed 
Stone Ass.) 

12 Ishai and Rugosity 
Gelber (packing 

volume 
concept ) 

15 Herrin 
and Goetz 
(1954) 

Visual Visual 

Remarks 

As the angularity and roughness of the fine 
particles increases by using crushed fines 
particles, the Marshall stability 
increases, no change in VMA. 

As the angularity and roughness of the fine 
particles increases by using crushed fine 
particles, the air voids increases and the 
VMA increases. The coarser the mix, the 
higher the stability. 

No attempt was made to Correlate the fine 
particle roughness with VMA or air voids. 

The increase in stability of the mixture 
was produced by replacing the natural fine 
materials with crushed fine particles, 
irrespective of the kind of coarse aggre
gate used. The increase of the stability 
of the mix was produced by using crushed 
coarse material instead of smooth coarse 
aggregates irrespective of what kind of 
fine material was used. 



Table 2. — Continued 

Quantifying Method 
for Geometric 

Characteristics of 

Ref . Authors Fine Coar se Remarks 

16 Griffith 
and Kallas 
(1958) 

Visual 

17 Abduljabbar Time index 
(1984) 

Stability and VMA increases as the 
angularity and roughness of fine particles 
increases, irrespective of what kind of 
coarse aggregate is used. 

The stability and the VMA of mixtures 
increases as the angularity and the 
roughness of the fine aggregates 

increases. 

N) 
00 
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literature indicates that the geometric characteristics of 

both coarse and fine aggregate influence the properties of 

asphaltic mixtures, but the influence of the fine particles 

characteristics is greater than that of the coarse 

particles. A secondary influence on the asphaltic mix 

design properties was from the amount of coarse aggregate 

in the mix rather than from the geometric characteristics 

of the coarse aggregates. 

This report investigates the effect of gradation, 

geometric characteristics of fine aggregates, and 

compaction methods on VMA. The next chapter deals with the 

description of the materials used in this investigation as 

well as the preparation of mixtures and testing of 

specimens. 



CHAPTER 3 

LABORATORY EXPERIMENT 

For the sake of investigating the effect of the 

gradations, type of fine aggregate and compaction method on 

the VMA of the mixtures, a test program was developed as 

set up in Table 1 on page 4. 

Materials, 

Coarse Aggregate 

A relatively smooth gravel from Pantano Wash in 

Tucson, Arizona, was used in all gradations. The maximum 

size of the coarse aggregate was passing a 3/4 inch sieve. 

The minimum particle size in the coarse aggregate was 

retained on a #4 sieve. 

Fine Aggregate 

Two types of fine aggregates passing a #4 sieve 

were used for this experiment: 

1. Pantano fine aggregate: This is a relatively 

smooth textured fine material which was collected 

from Pantano Wash in Tucson, Arizona. 

2. Nogales fine aggregate: This is a relatively rough 

textured material, obtained from the Arizona 

3 0  
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Department of Transportation (ADOT) crusher in 

Nogales, Arizona. 

A modified time index test was performed on the 

material passing #8 sieve for both types of fine aggregates 

to characterize the degree of angularity and roughness of 

each type of fine aggregate quantitatively. The laboratory 

time index test as published by the Physical Research 

Branch, Bureau of Public Roads [3], was modified to suit 

this investigation. The data of this test is in Table A-1. 

The values of the shape and texture index (STI) (calculated 

from the time of flow data in Table A-l) can be found in 

Table 3. The STI of a fine particle represent its degree 

of angularity and roughness. The more angular and rougher 

the fine particle, the higher its STI. 

Aggregate Gradation 

Dry Case 

Five aggregate gradations were used. These 

gradations are some forms of the Fuller Maximum Density 

Gradation. The first four gradations had a maximum size 

particle passing a 3/4 inch sieve, and the fifth gradation 

had a maximum size particle passing a 3/8 inch sieve. 

Asphaltic Mixture Case 

Four aggregate gradations were used. These grada

tions are some forms of the Fuller maximum density 



Table 3. Characteristics of Nogales and Pantano fine aggregates. 

Gradat ion 

Nogales Pantano Lead 
Passing #8 Passing #8 Shot 

#9 
1 4 1 2 3 4 5 

Time of Flow, sec: 

#8-#16 sieve 25. 0 25.0 21. 3 21.3 21. 3 21.3 21.3 

#16-#30 sieve 20.0 20.0 16.0 16.0 16.0 16.0 16.0 

Passing #30 sieve 29.0 29.0 28. 3 28. 3 28. 3 28. 3 28. 3 

Passing #8 sieve 25. 3 25.3 23. 9 23.9 23.9 23.9 23.9 

Weighted -#8 sieve 25. 6 26.1 23.6 24 .3 23. 9 24.2 23.6 3. 3 

Bulk S.G. (-#4) 2.64 2. 64 2.45 2. 45 2.45 2. 45 2.45 11. 11 

Flow Rate, sec/cc .135 .138 .116 .119 .117 .119 .116 0. 073 

STI 1. 85 1.89 1. 59 1. 63 1. 60 1. 63 1. 59 1. 00 

04 
ro 
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gradation. All of the four gradations had a maximum size 

particle passing a 3/4 inch sieve. 

No mineral filler was used in combining the 

gradation in the dry or the asphaltic mixture. 

The percent passing of each gradation used in this 

investigation can be found in Table 4. Also, the gradation 

curves of all gradations used in this investigation can be 

found in Figures A-l through A-7 of Appendix A. 

Each gradation was a combination of the Pantano 

coarse aggregates and either Pantano fine aggregates or the 

Nogales fine aggregates. The resulting gradations were 

designated a number which represented the gradation number, 

and a letter P (Pantano) or N (Nogales), depending on the 

type of the fine material used. For example, in Table 4 

and Figure A-5, 4N means gradation number four contains 

Nogales fine aggregates. And also in Table 4 and Figure 

A-4, 3P means gradation number three contains Pantano fine 

aggregates. 

One kind of gradation used in this investigation 

was a dense-gradation, defined as a gradation which has a 

good representation of particle sizes over a wide range. 

Another kind of gradation used in this investigation was a 

gapped-gra dation, defined as a gradation that has a 

deficiency of certain sizes. 
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Table 4. Aggregate gradation, shape and texture index and 
combined specific gravity. 

Sieve 
Size % Passing 

Gradation # 

1 2 3 4 5 

Fine Aggregate Type 

N* p** P P N P P 

3/4 100 100 100 100 100 100 100 

3/8 73 71 85 72 75 75 100 

#4 53 51 52 49 53 50 75 

#8 38 35 36 33 35 34 50 

#16 24 22 26 23 25 23 32 

#30 16 16 20 16 18 18 23 

#40 13 14 18 15 18 18 20 

#50 11 11 14 9 17 16 19 

#100 7 7 6 0 14 14 13 

#200 5 5 3 0 5 4 7 

STI*** 1.85 1. 59 1 .63 1. 60 1.89 1.63 1.59 

Combined 
Speci fic 
G r a v i t y" " " 

2.59 2.49 2 .49 2 .49 2.59 2 .49 2.47 

'5S'N = Nogales 
P = Pantano 
gTI = Shape and texture index based on the weighted 

time of flow of passing #8 sieve particles. 
-:5--}*r Combined specific gravity based on the bulk specific 

gravity of the aggregates. 
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Gradation Number 1, as shown in Table 4 and Figures 

A-l and A-2, is Fuller maximum density gradation with a 

maximum size particle passing a 3/4 inch sieve. Gradation 

Number 2, as shown in Table 4 and Figure A-3, is a 

dense-gradation with a maximum size particle passing a 3/4 

inch sieve. Gradation Number 2 has an excess of particles 

passing a 0.187 inch sieve (#4 sieve) and a lesser amount 

of particles retained in a 3/8 inch sieve than gradation 

number 1. Gradation Number 3, as shown in Table 4 and 

Figure A-4, is a dense-gra dation with a maximum size 

particle passing a 3/4 inch sieve with no material passing 

a 0.006 inch sieve (#100 sieve). Gradation Number 4, as 

shown in Table 4 and Figures A-5 and A-6, is a 

gapped-gradation with maximum, size particle passing a 3/4 

inch sieve. Gradation Number 4 is a gapped-gradation 

because it had a deficiency in particles retained on a 

0.017 inch sieve (#40 sieve). Gradation Number 4 has a 

maximum size particle passing a 3/4 inch sieve. Gradation 

Number 5, as shown in Table 4 and Figure A-7, is a Fuller 

maximum density gradation with a maximum size particle 

passing a 3/8 inch sieve. 

Asphalt Cement 

An AC-10 viscosity graded original asphalt cement, 

meeting the Arizona Department of Transportation (AD0T) 

specifications, was used in this study. 
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Preparation and Testing of Mixtures 

Ail the aggregates were air-dried, then separated 

into the following sizes: 

Coarse aggregate: 

3/4-3/8 inch sieve size 

3/8-#4 sieve size 

Fine aggregate: 

#4-#8 sieve size 

#8-#l6 sieve size 

#16-#30 sieve size 

passing #30 sieve fractions 

The aggregates were then combined into the 

gradations shown in Table 4. The apparent specific gravity 

and the amount of absorption tests for the Pantano coarse 

aggregates, Pantano fine aggregates, and the Nogales fine 

aggregates were done according to AASHTO test numbers T84 

and T85 [4] respectively. Then the bulk specific gravity 

was calculated using the following formula. 

B . S . G .  j  ,  ( A O . . X  ( A . S . K . I  
1 0 0  

where 

B.S.G. = bulk specific gravity 

A.S.G. = apparent specific gravity 

A. = absorption 



37 

Table 5 shows specific gravities and absorption value for 

each of the materials used. 

Table 5. Specific gravities of the aggregate types. 

Pa n t a no 
Coarse 

Aggregate 

Pantano 
Fine 

Aggregate 

Nogales 
Fine 

Aggregate 

Apparent specific 
gravity 

2. 65 2.58 2. 77 

% Absorption 1. 83 2.04 1. 78 

Bulk specific 
gravity 

2. 53 2.45 2. 64 

From the gradations in Table 4 and the bulk 

specific gravities in Table 5, the combined specific 

gravities were calculated and reported in Table 4. 

The optimum asphalt content for each gradation was 

estimated using the Centrifuge Kerosene Equivalent (C.K.E.) 

Method [1 ] . 

All gradations had a calculated optimum asphalt 

content of 5.5% except gradation Number 3, which had a 

calculated optimum asphalt content of 5.0%. 

Compaction Methods for the Dry Case 

The three compaction procedures used in the dry 

portion of this study were: 
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1. Vibratory Kneading compaction, 

2. Marshall compation, and 

3. Vibratory Table compaction. 

The Vibratory Kneading compaction was carried out 

as described in Appendix C, using a 1200 rpm compaction 

machine. 

The Marshall compaction procedure was carried out 

as outlined in Reference [1]. Compaction was accomplished 

by using a mechanical compacter with a hammer weighing 10 

lb (6.5 kg), dropped from a height of 18 in (457 mm) with 

75 blows on one side of the sample. 

The Vibratory Table compaction procedure as 

described in Appendix D was followed. Compaction was 

accomplished using 25 pounds dead weight on top of 

specimens and vibrating for 8 or 20 minutes. An amplitude 

range of 0.002-0.25 inch of a frequency of 3600 vibrations 

per minute are required by the ASTM D-2049 test procedure 

[18]. The amplitude of 0.024 inches was attained by 

varying the setting and measuring the amplitude. The 

vibratory table amplitude was calibrated with a strobe 

light to give 3600 vibrations per minute. 

Two specimens from each gradation were compacted 

under each compaction method. 
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Rubber discs had to be used during compaction on 

top and bottom of each of the dry specimens in order to 

avoid large losses of fine materials. 

For all methods of compaction, the specimen final 

weight and final height were measured to evaluate the 

density of the specimens. Then the VMA of each specimen 

was calculated using the following formula: 

VMA = ri - Density of Specimen , 
Combined Specific Gravity 

The density of the specimen is equal to the final weight of 

the specimen divided by the final volume of the specimen. 

The VMAs reported in Table 6 are the average VMAs. 

Compaction Method for the Asphaltic Mixture 

Only one compaction procedure was used in the 

asphaltic mixture portion of the test. This procedure is 

the Vibratory Kneading Compaction. Two specimens from each 

asphaltic mixture were compacted using VKC. The compacted 

specimens were left to cool and then the bulk density was 

measured. Then the specimens were tested using the Hveem 

testing procedure [1] to establish the specimens' 

stability . 

The Maximum Theoretical Specific Gravity of the 

loose asphaltic mixture was determined using the Rice 



Table 6 . VMAs for the different gradations and STIs. 

Gradation Fine STI VMA (%) 

No. Aggregate 
Type Marshal1 VKC VT-8 VT-20 

Dry A.M.* 

1 N 1. 85 25. 20 26.90 14. 20 28. 50 28. 50 

1 P 1.59 19. 90 20. 90 13. 10 23. 70 23. 85 

2 P 1. 63 23.10 23.90 13. 70 25. 50 25. 50 

3 P 1. 60 21.10 22. 30 13. 45 24. 60 24. 80 

4 N 1. 89 26. 00 28. 10 15. 20 29. 60 29. 95 

4 P 1.63 22. 90 23. 50 13. 73 25. 60 25. 80 

5 P 1.59 20.10 21. 30 - 23. 10 23. 30 

'"Asphaltic Mixture 
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Method. Then the percent voids and VMA were calculated as 

follows: 

rR.S.G. - B.D.i , nr, percent air voids = [ 5—=—^ J x 100 
K . O • (j • 

and 

vma = [ioo -

where 

R.S.G. = maximum theoretical specific gravity of the 

loose mixture 

B.D. = bulk density of the compacted mixture 

B.S.G. = bulk specific gravity of the combined 

aggregates 

C. = aggregate, percent by total weight of 

mi x tu re 

The average of percent voids, VMAs and stability are 

reported in Table 7. 



Table 7. Mixture characteristics for the asphaltic mixture case, under 
Vibratory Kneading Compaction. 

Gradation Fine Shape and Asphalt Air VMA Hveem 
Number Aggregate Texture Content Void % Stability 

Type Index % (BTW) % 

1 N 1.85 5.5 3.3 14.20 A3.5 

1 P 1.59 5.5 4.5 13.10 29.4 

2 P 1.63 5.5 5.1 13.70 41.5 

3 P 1.60 5.0 5.3 13.45 35.5 

4 N 1.89 5.5 4.5 15.20 47.0 

4 P 1.63 5.5 5.2 13.73 42.6 



CHAPTER h 

TEST RESULTS AND DISCUSSION 

All the tests performed in the dry case or the 

asphaltic mixture case are described in the appendix 

sections. The modified time index test was performed on 

the fine particles (passing a -#.8 sieve). The results of 

this test are shown in Table A-l (Appendix A). Time of 

flow is the time it takes for the 500 grams of that type of 

material to free fall through the 1/2-inch orifice. Table 

A-l clearly shows that, for each sieve size, the Nogales 

fine aggregates has higher time of flow than the Pantano 

fine aggregates due to the irregularities and roughness of 

the Nogales fine aggregates. For example, the average 

times of flow for the Nogales and Pantano fine aggregates 

for particles size #8-#16 sieve are 25.0 and 21.3 seconds, 

respectively. In comparing the Nogales or the Pantano fine 

aggregates with #9 lead shot, it is shown that the time of 

flow for #9 lead shot is much less than both type of the 

fine aggregates, because the #9 lead shot are very smooth 

particles and #9 lead shot have higher specific gravity 

(less volume) than both fines. 

4 3 
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The time of flow was measured for the following 

fine fractions: #8-#16 sieve, #16-#30 sieve, passing a #30 

sieve and passing a #8 sieve, then the weighted time of 

flow was calculated for each gradation. The results in 

Table 3 indicate that there is no significant difference 

between the weighted time of flow and the measured time of 

flow. The weighted time of flow was used in the 

computation of the STIs, but would not be necessary for 

field control purposes. 

Dry Case 

A. Influence of gradation on VMA (Table 6 and Figures 

1, 2 and 3). Comparison between the VMAs of ( 1P-4P 

and 1N-4N) indicate that the VMAs produced by the 

Fuller maximum density gradation (IP, IN) are lower 

than the VMAs produced by the gapped-gradati on 

(4P, AN), no matter what kind of fine particles are 

used. Another comparison is made between the VMAs 

produced by Fuller maximum density gradations 

having different maximum size particles, where a 

Fuller maximum density gradation with a maximum 

size particle passing a 3/8 inch sieve (5P) has 

higher VMA than a Fuller maximum density gradation, 

with a maximum size particle passing a 3/4 inch 

sieve (IP). This comparison is made between the 

VMAs produced by dense-gradations having different 
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amounts of material passing a #100 sieve, where the 

Fuller maximum density- gradation (IP) has a lower 

VMA than a dense-gra dation with no material passing 

a 0.006 inch sieve (#100 sieve) (3P). The 

dense-gradation (2P) produced higher VMA than a 

Fuller maximum density gradation (IP). From 

Table 6, comparison of the VMAs between (1N-1P and 

4N-4P) indicate that gradations containing Nogales 

fine aggregates (IN, AN) produced higher VMAs than 

gradations containing Pantano fine aggregates (IP, 

4P). This indicates that Nogales fine aggregates 

offer more resistance to compaction than Pantano 

fine aggregates. 

B. Influence of the fine particles' shape and texture 

on VMA (Tables 6 and Figures 1, 2 and 3). Nogales 

fine aggregates have higher STIs than the Pantano 

fine aggregates because Nogales fine aggregates' 

geometric characteristics are more irregular than 

the Pantano fine aggregates. Table 6 also shows 

that gradations containing Nogales fine aggregates 

(IN, 4N), which has higher STIs, produced higher 

VMAs than gradation containing Pantano fine 

aggregates, which has lower STIs. Comparison in 

VMAs between gradations containing only Pantano 

fine aggregates (IP, 2P, 3P, 4P and 5P) indicates 
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that as STI increases, VMA increases. Also, 

comparing the STIs of gradations that contain only 

Pantano fine aggregates (IP, 2P, 3P, 4P and 5P) , 

indicates that there is no significant difference 

between the lowest and the highest STIs. But on 

the other hand, there is a significant difference 

in the respective VMAs. For example, from Table 6, 

using the Marshall compaction method, the STIs of 

1.59 and 1.63 correspond to gradation IP (Fuller 

maximum density gradation) with VMA of 19.90 

percent and gradation 4P (gapped-gradation) with 

VMA of 23.10 percent, respectively, a difference in 

VMA of about 3.20 percent. Also comparing the STIs 

produced by gradations containing only Nogales fine 

aggregates (IN, AN) indicates that there is no 

significant difference in the STIs, but there is 

significant difference in the respective VMAs. For 

example, for the VKC method, the STIs of 1.85 and 

1.89 correspond to gradation IN (Fuller maximum 

density gradation) with VMA of 26.90 percent and 

gradation 4N (gapped-gradation) 28.10 percent. 

This indicates that the effect of gradation is more 

significant than the effect of the STIs on the 

VMAs. 
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Influence of Compaction Methods on VMAs (Table 8 

and Figure A). A t-test [20] was performed to 

compare the VMAs produced by the different 

compaction methods. Table 8 shows the results of 

the t-test calculations. From the data obtained in 

the dry test and the results obtained in the 

t-test, there appears to be no significant 

difference between the VMAs produced by Marshall 

compaction and VKC. But when comparing the VMAs 

produced by Marshall compaction and V.T. 8 min, the 

t-test results indicate that there is significant 

difference between the VMAs produced by Marshall 

and V.T. 8 min. Marshall VMAs are lower than the 

VMAs produced by V.T. 8 min. Table 8 also shows 

that there is no significant difference between the 

VMAs produced by the Vibratory Table compaction 

using the standard 8-min compaction time or a 

20-minute compaction time. 

Asphaltic Mixture Case 

Influence of Gradation on VMA (Table 7 and 

Figure 5). Comparison of VMA between (1P-AP and 

1N-AN) indicates that mixtures of Fuller maximum 

density gradation (IP, IN) produced lower VMAs than 

mixtures of ga p pe d-g r a d a t i on (AP, AN). And the 

dense-gradation mixture with no material passing a 



Table 8. T-test calculations.* 

* 

G rad a t ion Type of Degrees Compaction A** Di f ference Conclusion 
No. Fine o f Method in Means 

Ma t er La 1 F reedom 
Used (nj+n2-2) 

A IL Both 12 Marsha L L 2 .99 L. 23 -A < 1.23 < A. There is 
VKC no significant difference 

between the VMA's produced 
by Marshall compaction and 
VKC. 

AIL Both 12 Marsha 11 2 .80 3. L9 -A < 3.19 A . ' . There is 
VT - 8 min. s Lgnif icant d if ference 

between the VMA's produced 
by Marshall compaction and 
V.T. 8 min. 

A i l  Both 12 VT - 8 min. 2 .82 0.16 -A < 0.16 < A. There is 
VT - 20 min. no significant difference 

between the VMA's produced 
by VT-8 min. or VT-20 min. 

1.2,3,4 Both 11 VKC (Dry vs 2 . 55 9.94 -A 1 9.94 i A. There is 
as pha 11 ic significant dif ference 
mixture) between the VMA's obtained 

in the dry case and the 
asphaltic mixture case. 

* Ref. 19. 
*-"• A = ± t(1 - a/2, - 2)'S(x - y) 
where 

= number of observations in the first compaction method 
n_ = number of observations in the second compaction method 

S(x-yJ = the standard deviation of the sampling distribution (x-y) 



30 

2 8 -

*5 26 

< 
5 
> 

24-

22 -

2 0 -

LA 
CO 

H 
> 

_jO 

% 

CO 
oc 
< 

cr» 
ir» 

coo 
<> 

i 

vO vO 

»-
> 

co cr 
o z >  
<  

o 
vD 

-J 
-I 
< 
iq 
co 2 a: ̂  
<r̂  

l-
> 

<T\ 
CO 

- o 

35 
a: < 

tn 
LA 

-Jo 

«r a: 
< 

IP IN 2P 3P 4P 4 N 5P 

GRADATION TYPE 

Figure 4. VMA comparison for all gradations under all compaction methods. 
The numbers above the bars are the STT's. 

cn 
NJ 



t 
5 3  

16.0-

15.5- <T\ 
CO 

15.0-

14.5-
LA 
CO 

I 14.0 
so 

vO 

13.5-

13.0-

<Ti 
LTV 

O 
vO 

12.5-

CL 
CVJ 

CL 
ro 

GRADATION TYPE 

Figure 5. VMA comparison for all asphalt mixtures under VKC. 
-- The numbers above the bars are the STIs. 



5 4  

0.006 inch sieve (#100 sieve) (3 P) produced 

slightly higher VMAs than mixture of Fuller maximum 

density gradation (IP). Comparing the mixture of 

Fuller maximum density gradation (IP) with the 

dense-gradation mixture (2P), Table 7 shows that 

the Fuller maximum density gradation mixture (IP) 

produced lower VMAs than the dense-gradation 

mixture (2P). 

B. Influence of the fine particles' shapes and texture 

on VMA (Table 7 and Figure 5). Higher shape and 

texture index resulted from gradations containing 

Nogales fine aggregates than from the gradations 

containing Pantano fine aggregates. Comparison of 

VMA between (1P-1N and 4P-4N) indicates that 

mixtures with Pantano fine aggregates (IP, 4P), low 

STIs, produced lower VMAs than mixtures with 

Nogales fine aggregates (IN, 4N), high STIs. This 

indicates that the Nogales fine aggregates offer 

more resistance to compaction than Pantano fine 

aggregates. 

The minimum percent VMA specified by the 

Asphalt Institute depends on the maximum size 

particle used. For a mixture with a maximum size 

particle passing a 3/4 inch sieve, the minimum 

percent VMA is 14 percent. The results in Table 7 
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show that only Nogales fine aggregates mixtures had 

percent VMA of 14 percent or higher. Table 7 also 

shows that as the STI increases, the VMA increases. 

Influence of gradation on Hveem stability (Table 7 

and Figure 6). Comparison of Hveem stability 

between (1P-4P and 1N-4N) indicate that mixtures of 

Fuller maximum density gradation (IP, IN) produced 

lower Hveem stability than mixtures of 

gapped-gradation (4P, 4N). Also, dense-gradation 

mixture with no material passing a 0.006 inch sieve 

(#100 sieve) (3P) produced higher Hveem stability 

than Fuller maximum density gradation mixture (IP). 

Influence of fine particle shape and texture on 

Hveem stability (Table 7 and Figure 6). Mixtures 

having high STIs produce higher Hveem stabilities 

than mixtures having low STIs. Comparison of Hveem 

stability between (1N-1P and 4N-4P) indicates that 

mixtures with Nogales fine aggregates (IN, 4N) 

produced higher Hveem stability than mixtures with 

Pantano fine aggregates (IP, 4P). This indicates 

that Nogales fine aggregates offer more resistance 

to deformation than Pantano fine aggregates. 

Comparison between the dry case VMA and the 

asphaltic mixture VMA produced by the vibratory 

kneading compaction method (Table 6, Figure 7). 



56 

5 0 -

46-

42-

£ 38 

m 

CO 34 

LA 
CO 

a\ 
CO 

\D 

vO 

o 
so 

UJ 
UJ 
> 

30-

CT\ 
IT* 

2 6 -

22-

< 
Q.Z o. 

CM 
CL 
PO 

Q.Z 

GRADATION TYPE 

Figure 6. Stability comparison for asphaltic mixtures 
under VKC. - - The numbers above the bars are the STIs. 



5 7  

40-

DRY GRADATION ASPHALTIC MIXTURE 
3 5 -

30- m 
oo 

vo 

25-
cr> 
ur\ 

2 20-

15-

10-

5-

2P 3P 4P 4N 

GRADATION TYPE 

Figure 7. VMA comparison between the asphaltic mixture and 
the dry gradation under VKC. -- The numbers 
above the bars are the STI's. 



5 8  

The VMAs produced in the dry case are significantly 

higher than the VMAs produced by the asphaltic 

mixture, due to the effect of the lubrication 

action of the asphalt which makes the mixture 

easier to compact than if the material was dry. 

The result of the t-test (Table 8) supports the 

observation that the VMAs produced by the asphaltic 

mixture are significantly lower than the dry VMAs. 

F. Another comparison was made in the asphaltic 

mixture case. The VMAs produced by the VKC proce

dure were compared to the calculated VMAs using the 

procedure of Hudson and Davis [20]. Hudson and 

Davis (1965) found a relationship between the 

aggregate voidage of an asphaltic mixture and the 

mixture gradation through an arithmetic method. 

Table 9 shows the different VMAs produced by this 

test vs. the calculated VMAs by Hudson and Davis 

[20] . 

Comparison of the calculated VMAs (1P-4P and 

1N-AN) indicated that the gapped-gradation (AP, AN) 

produced higher calculated VMAs than the Fuller 

maximum density gradations (IP, IN). Another com

parison of VMAs between the gapped-gra dation having 

Nogales fine aggregates (AN) and Fuller maximum 

density gradation having Nogales fine aggregates 
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Table,9. Measured vs. calculated VMA.' 

Gradation 

Dense Gapped 

IP IN 2P 4P AN 

_ _ _ _ _ _ _ _  V M A  - - - - - - - -

Measured 13.10 14.20 13.65 13.07 15.20 

Calculated 13.21 13.30 16.13 17.61 16.82 

(IN) indicates that the measured and the calculated 

VMA of the gapped-gradation (4N) are higher than 

the measured and the calculated VMA of the Fuller 

maximum density gradation (IN). Table 9 also shows 

a higher calculated VMA is produced in dense 

gradation (2P) than in a Fuller maximum density 

gradation (IP). The Hudson and Davis calculated 

VMAs are dependent only on the gradation. For 

example, within Gradation Number 1 (IP, IN), the 

calculated VMA is different for IP than IN, because 

there is a slight variation in the gradation. 

Another point about this mathematical method of 

calculating VMA is that it does not differentiate 

between the relatively rough gradation (IN, 4N) and 

the relatively smooth gradation (IP, 4P) in 

calculating the VMAs. 
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The literature reviewed showed no agreement on any 

particular relationships among the shape and texture of the 

fine particles, VMA, and stability. Some of the literature 

reviewed even hinted that there is not any relationship 

between STI and VMA [9]. Much of the literature reviewed 

used no means of quantifying the fine particle geometric 

characteristics, although some investigators referred to 

the different types of fine and coarse aggregate as natural 

or crushed . 



CHAPTER 5 

CONCLUSIONS 

From the test results, the following conclusions 

can be drawn for the dry case results. 

1. There was a significant influence by the fine 

particle geometric characteristics on the 

Voids-in-the-Minera 1-Aggregate when asphalt was not 

used . 

2. For each compaction method used, as the shape and 

texture index increased, the Voids-in-the-Minera 1-

Aggregate increased. 

3. The most effective methods of compaction were the 

Marshall and the Vibratory Kneading Compaction 

methods and the least effective method of 

compaction was the Vibratory Table Method. 

4. When the Vibratory Table Method was used for 

compaction, there was no significant change in the 

Voids-in-the-Mineral-Aggregates if the time of 

compaction was extended from 8 minutes, the 

standard time, to 20 minutes. 

5. Gradations containing materials with high shape and 

texture index, offered more resistance to 

61 
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compaction than gradations containing materials 

with low shape and texture index. 

6. Gradation effects were more significant than the 

shape and texture index effects on Voids-in-the-

Mineral-Aggregate. 

7. Higher Voids-in-the-Mineral-Aggregates were pro

duced by gapped-gradation than dense-gradation, 

regardless of compaction method was used. 

Also from the test results, the following 

conclusions can be drawn for the asphaltic mixtures: 

1. The geometric shape of the fine particles exerted a 

significant influence on the stability of the 

design mix. 

2. The shape and texture index was a good index of the 

geometric characteristics of the fine particles. 

3. As the shape and texture index increased, the Hveem 

stability and the Voids-in-the-Minera1-Aggregate 

increased when using the same amount of asphalt. 

4. The Voids-in-the-Minera1-Aggregate in the asphaltic 

mixture was significantly lower than that in the 

dry case, due to the lubricating influence of the 

asphalt. 

5. Shape and texture index was a function of 

gradation, particle geometric characteristics and 

aggregates bulk specific gravity. 



6 3  

Higher Voids-in-the-Mineral-Aggregates are produced 

by the gapped-gradation than by the dense-gradation 

when the Vibratory Kneading Compaction method was 

used . 

Mixtures containing materials with high shape and 

texture indices offered more resistance to 

compaction and deformation than mixtures containing 

materials with low shape and texture indices. 

Recommendations for future research are as follows: 

1 

a. The use of a wider range of gradations in 

studies similar to this one. 

b. The use of more types of fine aggregates having 

different shape and texture indices. 

c. The use of tests other than the Hveem to 

measure stability. 

d. Extending the work of this study to the 

pavement under service conditions. 

e. Comparison of the VMAs and stability produced 

in the laboratory with the VMAs and stability 

produced in pavement under service conditions. 
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Table A-1. Time of flow test results, in seconds. 

Test No. 

Sand Source 

Nogales Pantano 
Lead Shot 

#9 

Size No. 8-16 Sand 

1 
2 
3 

Average 

Size No. 16-30 Sand 

1 
2 
3 

Average 

Size No. -30 Sand*' 

1 
2 
3 

Average 

Passing No. 8 

1 
2 
3 

Average 

Test No. 

1 
2 
3 

Average 

25.1 
25 .0 
29.9 
25.0 

19.9 
19.9 
2 0 .  1  
2  0 . 0  

29. 1 
2 8 . 8  
29. 1 
29.0 

25. 4 
25.3 
25. 2 
25. 3 

21.4 
21.4 
2 1 . 1  
21.3 

16. 1 
16.0 
15.9 
16.0 

2 8 .  0  
29. 0 
2 8 . 0  
28. 3 

24 .1 
23.8 
23.8 

23. 9 

3.3 
3.2 
3.4 
3.3 

^This size of sand was not washed when time of flow was 
measured. 
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Modified Time Index Test 

Equipment 

1. One pint Mason jar 

2. Aluminum cap in the shape of a frustum of a cone, 

with a base threaded to fit the jar and a 1/2-inch 

orifice at the center of the top of the cap fitted 

with a cork stopper. 

3. A stop-watch. 

Test Procedure 

1. Pour 500 grams of the washed sand that passes a #8 

sieve and retained in a #16 sieve in the glass jar. 

2. Place the aluminum cap on top of the glass jar and 

screw it into the glass jar; fit cork stopper into 

the opening. 

3. Invert the glass jar and position in a ring stand 

immediately above a receptacle of a suitable size. 

A. Remove the cork stopper, and the time to flow 

through the orifice is measured with the stop 

watch. 

5. Repeat this procedure so to get at least three 

close measurements of the time of the flow. 

6. Repeat Steps 1 through 5 for the following sand 

sizes: 
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a. Sand that passes a #16 sieve and retained in a 

#30 sieve. This material was washed. 

b. Sand that passes a #30 sieve. This material 

cannot be washed. 

c. Sand that passes a #8 sieve. This material was 

not washed . 

7. Calculations for gradation weighted flow rate 

For gradation No. 1, 38% of the Nogales fines 

passes the #8 sieve. The amount of the three sizes 

and the corresponding time of flow test: 

--material with size #8-#16 sieve was 14 

percent of the total gradation, and the time of 

flow was 25.0 sec. 

—material with size #16-#30 sieve was 8 

percent of the total gradation, and the time of 

flow was 20.0 sec. 

— material passing #30 sieve was 16 percent of 

the total gradation, and the time of flow was 29.0 

sec. 

The weighted average of time of flow was then 

14(25.0) + 8(20.0) + 16(29.0) __ , 
— sec 

38 

The measured time of flow of the #8 sieve material 

of the same gradation was 25.3 seconds. It can be 

seen that there is no significant difference 
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between the weighted average of time of flow and 

the measured time of flow. 

8. For 500 grams of Nogales sand having 2.64 as its 

bulk specific gravity, then its solid volume can be 

calculated as 500.0/2.64 = 190.0 cc. 

The flow rate would be: 

^ = .135 sec/cc. 
190.0 

9. The STI is the ratio of the flow rate of the sand 

to that of #9 lead shots with a value of 0.073. 

The calculation for the shape and texture index 

(STI) for gradation No. 1 of the Nogales sand, was 

then 

STI = 0.135 = 1>85< 

. 073 
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Dry and Asphaltic Mixture Cases 

Dry Procedure 

1. Dry the soil in a 250°F oven. 

2. Split the soil into 1200 grams and place it in the 

flat pans. 

3. Place a 4.00-inch rubber disc on top of the base of 

the 4.00-inch mold, and measure the height of the 

base. Then, pour the 1200 grams of soil into the 

mold and rod the soil with a steel rod, 12 times 

around the outside and 12 times in the central 

portions of the soil. 

4. Place a 4.00-inch rubber disc on top of the soil. 

5. Place the mold onto the vibratory compaction 

machine and compact it at 1° tilt for 2-1/2 

minutes, under 1200 rpm. When completed, put 

machine at 0° tilt and level for 30 sec. 

6. Determine the height and the weight of the 

specimen. 

7. Calculate the density and VMA of the specimen. 

C.2. The Asphaltic Mixture 

Asphaltic Mixture Procedure 

1. Mix the correct amount of asphalt with the correct 

amount of aggregate at 285°F. 
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2. Split the mix into 1200-gram portions and place in 

flat pans; place two 4-inch-diameter vibratory 

kneading molds into small oven at 250°F. Next, 

place compaction foot heater under foot and turn to 

medium setting. Turn on large compression machine. 

3. When mix reaches 250°F, place asphalt mixture into 

mold and rod 12 times around the outside and 12 

times in the central portion. 

4. Place paper disc on top of mixture; place mold onto 

vibratory compaction machine and compact at l°'tilt 

for 2-1/2 minutes. When completed, put machine at 

0° tilt and level for 30 seconds. 

5. Extrude on large compression machine. Place on 

wooden board, remove paper, and store. 

6. Determine height and density. 

7. Follow the ASTM procedure book [21] for testing the 

specimen under,the Hveem method (D-1560). 
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EQUIPMENT AND TEST PPROCEDURES FOR THE 
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Equipment 

The equipment used for the Vibratory Table 

compaction is described in ASTM D-2049 test procedure [19]. 

A surcharge weight of 25.0 pounds (providing 2 psi) was 

used for a 4.00-inch diameter mold. The vibratory table 

gave 3,600 vibrations per minute, and an amplitude ranging 

between 0.002-0.250 inch under 250 pounds load. A strobe 

light was used to check the number of vibrations per 

minute. The vibratory table had 10 different settings. 

Each setting had its own amplitude. Under each setting, 

the amplitude was measured. A setting of 5.5 seemed to be 

reasonable for an amplitude range of 0.002-0.250 inch. 

Procedure 

1. Dry the soil in a 250°F oven overnight. 

2. Pour 1200 grams of the dried sample into the mold. 

3. Place the mold filled with the sample on top of the 

vibratory table. 

4. Tighten the clamps on the mold base, and put the 

surcharge load on top of the specimen. 

5. Set the vibratory control at the 5.5 setting and 

vibrate the loaded specimen for any length of time 

desired. 

6. Remove the surcharge load, and loosen the clamps 

around the mold base. 
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Determine the height and weight of the compacted 

specimen. 

Calculate the density and VMA of the specimen. 
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