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ABSTRACT 

This dissertation deals with collapsing soils that are prevalent 

in Tucson, Arizona. Upon wetting, such soils generally swell under 

small loads but collapse under large loads. Since the recognition of 

such collapsing soils in Tucson, before about two decades, more col

lapsing soils were encountered due to booming construction. Therefore, 

the main goal of this research was to study in depth the mechanism by 

which these soils collapse and to investigate the effect of certain 

mechanical and chemical treatment on that mechanism. 

The research included studies of undisturbed, compacted, and 

lime-treated samples. Both mechanical and physicochemical tests were 

conducted. The mechanical tests included collapse, swell, and uncon

fined compressive strength. The physicochemical tests involved X-ray 

diffraction and scanning electron microscopy. 

Various sites of highly collapsing soils were classified with 

respect to collapse according to existing criteria and the soil of one site 

was selected for a detailed investigation. A predictive collapse criterion 

was developed and used to classify the collapse susceptibility of soils in 

Tucson. The microstructure of the selected soil was investigated before 

and after collapse. A physical model was proposed to explain the mech

anism of collapse. The effects of initial water content, sequence of 

loading and wetting, and level of loading on the engineering behavior of 

the selected soil were investigated. Stabilization by compaction was 

xvii 
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studied using impact and static methods at seven points on the Stand

ard Compaction Curve. The benefits of hydrated-lime additive and the 

short-term reactions of lime-treated samples were also studied. 

The research results indicated that the microstructure of the 

soil ·is highly porous due to many interassemblage pores. Fine clay 

particles were found either clothing or buttressing the larger silt 

particles. The collapse was due mainly to weakening or failure of the 

clay connectors between the larger soil particles due to swelling of the 

expansive clay minerals, reduction of the strength of clay connectors 

due to wetting, dispersion of the supporting buttresses, and reduction 

of capillary tension. Compaction by both impact and static methods 

minimized the collapse but not the swell of the soil. Lime treatment 

completely suppressed the soil's tendency toward collapse and swell. 



CHAPTER 1 

INTRODUCTION 

Soil, which is nature's most abundant construction material, has 

been used by man for his engineering works since before the beginning 

of recorded history. Virtually all construction is done on, in, or with 

soil, but the natural soil conditions are not always suitable to carry out 

the work at hand. Soil formation is a complex process that generally 

includes both physical (mechanical} and chemical components of weather

ing. These processes apply to residual as well as transported soils. 

The latter may be alluvial (stream borne) aeolian (wind borne), or col

luvial (gravity transported). Some alluvial soils, when deposited in an 

arid or semiarid environment, do not have sufficient time to consolidate 

under their ~own weight because high evaporation rates cause them to 

become partially saturated within a relatively short time of their dep

osition. Such soils are able to sustain loads with minor deformations as 

long as the degree of saturation remains low. If these soils become 

excessively wet, a sudden large reduction of volume takes place due to 

the collapse of the intergranular structure and rearrangements of par

ticles. The rate of this volume change depends on the rate at which 

water is available to the soil. If the water has easy access, the sub

sequent settlement is rapid and the phenomenon is referred to as col

lapse. Thus, a collapsing soil may be defined as a soil that undergoes 

1 



an appreciable loss of volume upon wetting, load application, or both 

(Sultan, 1969c). 

2 

The phenomenon has perhaps some parallel in the observed be

havior of poorly compacted banks and fills. It is commonly known that 

a bank that is not sufficiently compacted will settle under its own 

weight when soaked with water. This is part of the reason for the 

compaction of fills. Hilf (1955) has shown that certain soils when 

compacted at dry of optimum moisture content tend to settle when 

soaked. 

Nature of the Problem 

In recent years there has been an increasing recognition of col

lapsible soils, and incidences of this phenomenon have been reported 

for various soils from many parts of the world including Africa, Asia, 

Europe, and the United States. Collapsing soils have been recognized 

as a serious problem for well over two decades in the United States. 

Particularly well-known are the extensive deposits of loess in the 

Central Plains area (Fig. 1). Although loess is an aeolian deposit, col

lapsing soils are also found in alluvial, colluvial, and residual deposits. 

Indeed, even some residual soils have been found to be collapsible. 

However, regardless of the formation process, most collapsible soils are 

geologically young. 

Identification of collapsible soils requires a special attention 

because such soils are often overlooked during soil investigations. 

However, they have certain distinctive characteristics. In situ dry 

densities of collapsible soils range from 65 to 105 pcf. These densities 



~ . 
~ Major Loess DepoSits 

• Reported Collapse in Other 
Type Deposits 

Fig. 1. Collapsible Soils in the United States. -- After Dudley (1970). \.oJ 
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reflect porosities from 40% to 60%. A porosity of 40% is apparently a 

threshold value below which collapse seldom occurs (Drannikov, 1965). 

Initial water content for collapsible clayey soils is generally quite low, 

ranging from 5% to 30%. Clay contents of collapsible soils in general 

range from 10% to 30%, with the balance of the soil composed of silt or 

fine sand-size particles. Atterberg limits reflect the clay content with 

liquid limits below 45 and plasticity indices below 25 for most collapsible 

soils. Collapses have been reported at between 4% and 20% of the orig

inal soil height (Kassiff and Henkin, 1967). 

The degree of settlement that takes place upon collapse varies. 

The magnitude of collapse depends on many factors such as the type of 

soil, natural moisture content, density, plasticity, mineralogy, nature of 

grain-to-grain contact, and the level of applied loading. The rate of 

collapse depends mainly on the rate of increase of moisture content. 

Barden, Madedor, and Sides (1969) have shown that for collapse to be 

appreciable, the following conditions are required: 

1 • An open structure. 

2. Partial saturation. 

3. An applied stress component high enough to develop a meta

stable condition. 

4. Enough suction (or other bonding agent) ·to stabilize inter

granular contact and its reduction on wetting. 

Bonding between the bulky grains in the open structure of col

lapsible soil can involve either simple capillary suction, clay buttresses, 

or chemical cementing (Barden, McGown, and Collins, 1973). In 
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certain cases, one type may dominate, but in others the interaction will 

be complex. Whatever the physical basis of the bonding strength, all 

types are weakened by the addition of water. For capillary suction, 

the drop in strength will be immediate; for clay buttresses, much 

slower; and for chemical cementing, very slow. 

In the past, the problem of collapsible soils was not widely 

recognized because in the past such soils as indicated previously were 

usually characteristic of regions of considerable desiccation. Such 

regions have, in the past, had limited economic development. Conse-

quently less land was utilized with small, less expensive structures and 

limited amount of water. Nowadays, the rapid development of economies 

that increase the volume of highways and land use and the ease of mov

ing water in large quantities making irrigation possible in regions where 

farming had not been. attempted before open up arid areas to industrial 

and urban development. Such development provides opportunities for 

encountering collapsible soils. 

Unfortunately, it has been recognized for some time that col

lapsible soils cover wide areas of the City of Tucson, Arizona. Struc

tural damage frequently occurs to buildings founded on such soils, and 

collapse could constitute a serious geotechnical problem. The recogni

tion of collapsible soils in Tucson and their inherent foundation prob

lems have been reported by many researchers, including Platt (1963), 

Jones (1967), Anderson (1968), Benites (1968), Abdullatif (1969), 

Crossley (1969), Sultan (1969b, 1971), and Sabbagh (1982). The col

lapsible soils of Tucson are generally in equilibrium with their over

burden pressure. When inundated most of them swell under low applied 
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loads and collapse under high applied loads. Thus, three conditions 

appear to be necessary for collapse to occur: (1) the applied pressure 

must be greater than the original overburden pressure, (2) the addition 

of water is required, and (3) the first two conditions must be applied 

simultaneously. Furthermore, the collapse appears due to loss of 

strength in the clay bridges between the larger particles. 

Research in the area of collapsing soils has been continuous but 

not to the extent that enables .a practicing engineer to design struc

tures on collapsible soils with any great degree of confidence, safety, 

and economy. Prediction of the magnitude of the volume change that 

takes place when collapse occurs is important to the design of engi

neering structures founded on collapsible soil. Some of the damage to 

engineering structures arises mainly from the present rather superficial 

soil surveying procedures employed in which a deep layer of collapsible 

soil can easily remain unidentified. Thus, proper identification and 

recognition of the danger are two of the most important steps in 

achieving a satisfactory design. Although several criteria have been 

proposed by various researchers to predict whether a soil is susceptible 

to collapse upon excessive wetting, a wide variation among these cri

teria was found in the classification of soils with respect to collapse. 

Therefore, it is pertinent to examine or evaluate the adequacy of avail

able methods for predicting the collapse potential of soils in the area 

under consideration and to discuss possible modifications to these col

lapse indicators that would improve their applicability to local collapsible 

soils. 
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Because of the various damages caused by collapse, thorough 

understanding of the phenomenon and its possible treatment are signifi

cant. The present study deals with the behavior of an in situ, com

pacted, and lime-treated Tucson alluvial collapsible soil. The cost of 

removing such collapsible soil and replacing it with selected engineering 

fill is very expensive. Another alternative is to stabilize the collapsible 

soil with one of the two general classes of soil stabilization: mechanical 

(compaction) or chemical (lime) stabilization. 

Purpose of the Research 

In view of the severe damage inherent in collapsible soils, a 

better understanding of the problem is necessary. Consequently, a 

study of the natural behavior of collapsible soils and their possible 

remedy would seem imperative. Therefore, the main purpose of this 

research was to learn more about the nature of the collapse phenomenon 

through an intensive investigation of the natural characteristics of a 

Tucson collapsible soil and to evaluate the effectiveness of compaction 

and lime treatment in solving the problem. 

Soil samples from selected areas were obtained for testing to 

attain the following objectives: 

1. Evaluate the applicability of available collapse criteria to the 

local collapsible soils and establish their reliability for future ap

plications. 

2. Develop a reliable collapse indicator especially for the collapsible 

soils of the City of Tucson according to their mechanisms and prop

erties. 
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3. Define in more detail the physical, chemical, mineralogical, and 

mechanical properties of a representative collapsible soil from Tucson, 

especially its volumetric stability in terms of collapse and swelling 

behavior. 

4. Examine the microstructure of undisturbed samples of that soil 

and define its general structural appearance with emphasis on the 

na ture of the grain -to-grain con tact. 

5. Establish a physical model for the mechanism(s) of collapse that 

is applicable to the investigated collapsible soil. 

6. Study the impact-compaction characteristics of the selected col

lapsible soil and its strength properties at various compaction compo

sitions (molding water content and dry density). 

7. Study the static-compaction characteristics of the same soil and 

compare them and the strength properties to those obtained by impact 

compaction. This comparison would illustrate the effect of the method 

of compaction. 

8. Investigate the effect of initial moisture content on the collapse 

and swelling potentials of both undisturbed and compacted specimens of 

the selected soil. 

9. Investigate the effect of sequence of loading and wetting on the 

collapse potential of both in situ and compacted specimens. 

10. Examine the effect of level of applied pressure on the collapse 

potential of representative compacted specimens. 

11. Investigate the effects of hydrated lime on several engineering 

properties of the Tucson collapsible soil selected for the detailed study. 

Such properties include plasticity, compaction characteristic, collapse 



potential, effect of level of loading on collapse potential, swelling 

potential, and unconfined compressive strength. The effect of curing 

time on the volumetric stability and strength was also studied. 

12. Study the short-term reactions occurring in compacted speci

mens of lime-treated soil. It was hoped that the examination of X -ray 

diffraction traces from specimens cured for various lengths of time (up 

to 7 days) and observation under a scanning electron microscope of 

fracture surfaces' obtained from the same material would enable a satis

factory correlation to be made between the engineering behavior (col~ 

lapse, swelling, and unconfined compressive strength), soil-lime reac

tion, and crystalline and morphological changes. 

Scope of the Research 

9 

The experimental work carried out as part of this research con

sisted of a field portion and a laboratory portion. The field portion 

involved determination of in situ density and undisturbed sampling. 

The laboratory portion may be divided into two major phases: the 

mechanical testing phase and the physicochemical phase. The first 

phase involved testing the undisturbed samples of in situ soil as well as 

compacted and lime-treated samples. The' mechanical tests included 

Atterberg limits, specific gravity, grain-size analysis, collapse, 

swelling, and unconfined compressive strength. 

Physicochemical testing was conducted on selected specimens 

duplicated or saved from the first phase. The physicochemical testing 

invQlved chemical tests to find the soluble salts in the natural soil, pH 

measurements to determine the alkalinity of the in situ soil and the 
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percentage of lime required for lime stabilization, X-ray diffraction to 

define the mineralogy of the untreated soil and to detect reaction prod

ucts and changes in the original constituents of the lime-treated soil 

with curing time, and scanning electron microscopy to study the micro

structure of the natural soil and to observe the changes that took place 

during curing of lime-treated soil. 

The Study Area 

The investigated area deals with only a part of the City of 

Tucson. The literature was searched for identification of areas having 

the highest possible potential for collapse. Various locations that were 

thought to contain soils having high collapse potentials are shown in 

Fig. 2. Site 3 was chosen as the site for the detailed investigation of 

this research based on the results of some preliminary tests. The site 

lies southwest of Tucson on an outwash flood plain of the Santa Cruz 

River between the river and the Tucson Mountains foothills. 

Geology of the Tucson Basin 

The Tucson area is located within the northern part of a broad 

northwest-trending basin about 30 miles long and 13 miles wide. Eleva

tions range from about 3500 feet at the southern edge to about 2000 

feet at the northwestern edge. The basin is bordered by the Tanque 

Verde Ridge and Rincon Mountains on the east, the Tucson Mountains 

on the west, the Santa Catalina Mountains on the north, and the Santa 

Rita and Empire Mountains on the south. 

Pashley (1966) and Davis (1967) indicated that the formation of 

the basin began in the Tertiary period when the mountains were 
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uplifted and the basin was filled with sediments on top of the Rillito 

formation, which occurred due to block faulting caused by tensional 

stresses. The sedimentary rocks in the basin consist of the Fort Lowell 

Formation, Tinaja beds, and the Pantano Formation on top of each 

other, respectively. Further erosional and depositional cycles have led 

to the formation of the University Terrace, which was successively 

overlapped by the Cemetery, Jaynes, and Bottomland Terraces. The 

Holocene surficial deposits consist of alluvial fans and sheet flow, 

stream channel, and flood-plain deposits that range from 5 to 100 feet 

in thickness. These deposits, which were probably rapidly accumulated 

in a water-deficient environment, have remained normally consolidated 

and contain low-density soils. 

The drainage in the Tucson Basin consists of intermittent 

streams, which are generally dry most of the year and flow only as a 

result of direct runoff from storm precipitation. The Santa Cruz River, 

which rises in Mexico and flows northwest along the western edge of 

the basin, forms the principal drainage stream in the basin. The Santa 

Cruz River is fed by Rillito Creek to the north, which has two main 

tributaries, Tanque Verde Creek to the northeast and Pantano Wash to 

the east. Tanque Verde Creek is fed by Sabino Canyon Creek to its 

north and Pantano Wash by Rincon Creek to its east. 

The climate in the Tucson Basin is arid to semiarid and is 

characterized by low precipitation (less than 11 inches per year) and 

high temperatures (more than 100 F) for much of the year. The pre

cipitation is seasonal and erratic in amount and distribution. Most of 

the precipitation falls in the winter or summer. Cyclonic storms cause 
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the winter precipitation, mostly in December and January. In summer, 

most of the precipitation occurs during July, August, and September 

and is accompanied by thunderstorms. From early June to mid

September, afternoon temperatures above 100 F are very common. The 

mean temperatures range from 50 F in January to 85 F in July. Rela

tive humidity ranges from 16% in May to about 70% during the rainy 

season from August until December. Because of the low rainfall, high 

temperature, and low humidity, the climate is very dry and the evapo

ration exceeds the average annual precipitation by several 

times. This environment is conducive to the formation of collapsing 

soil. 



CHAPTER 2 

LITERATURE REVIEW 

The reader is assumed to have a basic knowledge of soil stabili

zation, both mechanical (compaction) and physicochemical (lime treat

ment) and an acquaintance with the fundamental concepts of clay 

mineralogy. Therefore, the literature review was limited to the lesser 

known areas of collapse and swell involved in the study. 

Collapse 

The collapse phenomenon of soils has been rather intensively 

studied in recent years. This phenomenon has been called near-surface 

subsidence, hydrocompaction, hydroconsolidation, collapse, and collap

sible soils. However, the mechanism involved is not always the same. 

No attempt will be made here to review all the work that has been done 

in this area, but those references most applicable to the research will 

be reviewed. 

A collapsing soil may be defined as a soil that undergoes an 

appreciable loss of volume upon wetting, load application, or both 

(Sultan, 1969c). Thus, a foundation may behave perfectly satisfactorily 

under its design loading and then suddenly undergo an additional set

tlement when the soil upon which it rests becomes excessively wetted. 

Hence, a collapsible soil possesses a discontinuous stress-strain rela

tionship that reflects a radical rearrangement of particles either as the 
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result of changes in the stress level or from an increase in moisture 

content. 

15 

The phenomenon has long been recognized as occurring in undis

turbed soils, as mentioned by Terzaghi and Peck (1948); however, 

there was little mention of it until after World War II. According to 

Jennings (1965), the sudden collapse of buildings and other construc

tions due to the rearrangement of particles of the subsoil was first 

recognized in 1955 in South Africa. The collapse of aeolian sands in 

southern Africa was- first described by Jennings and Knight (1957). 

Similar phenomena in the loess soils of North America were reported by 

Clevenger (1956). In recent years there has been an increasing recog

nition of collapsible soils, and incidences of this phenomenon have been 

reported for various soils from many parts of the world. Because the 

occurrence of collapsing soils was mostly related to arid and semiarid 

regions with limited economic development, there was little publicity of 

their occurrence. However, recent expansions in population, industry, 

and farming have required the use of more land and more water in 

these regions and have thus led to more collapse recognition. 

Types of soils involved in the large number of collapse settle

ments reported in the literature range from noncollapsing to highly col

lapsing. Even within the types of soils there are widely differing de

grees of collapse. In some soils, collapse of up to 20 percent of the 

volume has been observed and reported by Knight and Dehlen, (1963). 

Collapses between 4 and 20 percent of the original soil height have also 

been reported by Kassiff and Henkin (1967). The magnitude of collapse 

depends on many factors such as the nature of the collapsible soil, the 
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natural moisture content, and the amount of loading. The rate of col

lapse depends on the rate of increase of moisture content and some 

other factors. The collapse may take place slowly, as, for example, 

when the water enters slowly under a road surface where the soil mois

ture increases due to a change in soil climate. If the gain in water is 

rapid, as from a broken water pipe, the collapse is also rapid. In gen

eral, the rate of collapse is often rapid for only a short duration, and 

subsidence may take several minutes or hours. The collapse process 

may be considered as causing immediate settlement as opposed to the 

normal consolidation-type settlement. It should be remembered that the 

causative mechanisms for the two types of settlement are completely 

different. 

Collapsing soils cause trouble to many engineering projects and 

structures. Engineers must consider the collapse phenomenon as a spe

cial factor to be taken into account in addition to the ordinary problems 

of foundation design. The large ground· displacement caused by col

lapsing soils can totally destroy roads and structures and alter surface 

drainage, Severe problems occurring to residential buildings and land 

use as a result of soil collapse have been reported by Crossly (1969) 

and Sultan (1969b). Major problems dealing with large canals and irri

gation distribution systems have been reported by Gibbs and Bara 

(1967). Different types of problems encountered in construction of 

roads and pipelines have been described by Knight and Dehlen (1963). 

Recent development in all parts of the world is accompanied by using 

new land composed of collapsing soils. According to Sultan (1969a), 
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the potential hazard from collapsing soils had been recognized in many 

parts of the world. 

Collapse has been encountered with different types of soils of 

various formational origins. These different soils show a wide range of 

soil behavior during collapse (Sultan, 1971). In general, some proper

ties may be common to all collapsible soils. The natural dry density of 

collapsible soils is generally low (65-105 pcf). These low densities re

flect the high porosity, which is in the range of 40 to 60 percent 

(Drannikov, 1965). The material is usually fairly uniformly graded, in 

the silty fine sand size range, with an appreciable amount of silt and 10 

to 30 percent clay. Collapsing soils are generally water deficient with a 

low natural moisture content of less than 10 percent. At this low mois

ture content, the dry strength of the soils is reasonably high and ca

pable of supporting relatively large loads without excessive settlement. 

Examination with the aid of a hand lens normally shows numerous voids. 

Some special feature such as lime nodules, termite channels, and roots 

may be frequently seen in the soil. 

Formational Origin and Occurrence 

Collapsing soils are found throughout the world. They usually 

are of many origins, porous fabrics, and geologically young. 

Aeolian Deposits. Aeolian deposits consist of wind-blown soils 

such as dunes formed from loose sand, loess, and loesslike deposits. 

Aeolian deposits are cohesionless dunes or slightly cohesive loess with 

relatively low density. The deposits have been reported extensively in 

the literature because the first-recognized collapsing soil was composed 
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of loess. Loess covers vast areas of Europe and south-central Asia as 

well as a significant portion of the Central Plains area of the United 

Statef~ ~ It is mainly composed of loosely arranged grains of sand, silt, 

and clay. The grains are almost all smaller than the upper limit of silt, 

and. there is a complete absence of pebbles or rocks. The structure of 

loess is typically open and contains many voids, resulting in a low den

sity. Grapelike clusters of silt balls are sometimes observed. Most 

grains are bonded or cemented together by clay bridges or calcareous 

material. Gibbs and Holand (1960) found that clay is the major cement

ing agent. The clay minerals. are predominantly montmorillonite with 

lesser amounts of illite. In a dry state, loess is a good foundation 

material and will sustain vertical slopes and a reasonably high bearing 

pressure without significant settlement. Upon addition of water, the 

bonds are weakened, either by leaching out of the stable cement materi

als or softening of the clay bridges. Surcharge loads mayor may not 

be required to cause soil collapse. According to Sultan (1971), exam

ples of aeolian collapsible soils have been reported from many parts of 

the world. Collapsing loess soils in the United States have been re

ported by Terzaghi and Peck (1948), Turnbull (1948), Clevenger 

(1956), Gibbs and Holand (1960), Holtz and Hilf (1961), Gibbs and Bara 

(1967), and Northey (1969); in Russia by Larinov (1965), and Anan'ev 

and Mozgovoj (1971); and in Czechoslovakia by Feda (1966). Similar 

occurrences related to weathered wind-deposited sand in South Africa 

have also been reported by Jennings and Knight (1957) and Knight 

(1961) • Thus, collapse of aeolian deposits has proved to be 

widespread. 
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Alluvial Deposits. Alluvial deposits consist mainly of loose 

water-laid deposits, which include alluvial fans, flood-plain deposits, 

and mudflows. A major part of the flood-plain deposits are loesslike 

deposits, which are sometimes mistaken for loess. Collapse in alluvial 

soils located along the western and southern parts of the San Joaquin 

Valley in Fresno County, California, occurs in the form of near-surface 

subsidence. Many papi,;~S such as those by Lofgren (1960), Holtz and 

Hilf (1961), Gibbs and Bara (1962, 1967), and Bull (1964) have been 

written about these soils. These materials were originally deposited by 

flash floods or mudflows derived from small watersheds subject to cloud

bursts at infrequent intervals. It has been postulated that these soils 

were deposited and desiccated, then rapidly buried and have never 

again been saturated. The soils consist of poorly consolidated materials 

that contain considerable clay and calcium as the predominant adsorbed 

cation. The primary cementing agent in these soils is a smectite. Be

low a clay content of 5 percent, there is little subsidence, and above a 

clay content of 30 percent, the clays swell. The optimum clay content 

for subsidence is about 12 percent. Most subsidence results from 

flooding alone; however, large imposed loads generally increase the 

subsidence. Alluvial deposits having other characteristics have been 

reported in Tucson, Arizona (Anderson, 1968; Sultan; 1969a, 1969b). 

Residual Deposits. Residual deposits are the product of weath

ering and mechanical alteration of the components of parent rocks in 

place. Grain size ranges widely from large fragments and gravel to 

sand, silt, and colloids. Some deposits may also contain organic 
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matter. Brink and Kanty (1961) found that residual soils derived from 

decomposed granites near Cape Town and the northern Transvaal in 

South Africa, in Swaziland, and in northern Rhodesia had structures 

that collapsed when wetted under surcharge loads. It is hypothesized 

that the unstable structure is the :result of leaching of soluble and col

loidal matter from the thoroughly decomposed rock. 

Formation of these soils appears to be confined to slopes where 

the soils are the result of advanced decomposition and are internally 

well drained and receive relatively high annual rainfall. The total col

lapse of these soils results in about a 7 to 10 percent increase in den

sity. Another occurrence of a collapsing residual deposit was encoun

tered in Lancaster, southern California (Dudley, 1970). Through foun

dation investigations this soil was identified as a residual sandstone. 

At its natural moisture content, no appreciable settlement was observed 

when the soil was loaded with "I tons per square foot in excess of its 

natural overburden load, but when the soil was saturated, it collapsed 

10 percent of the sample's height, but under its natural wetted over

burden pressure it collapsed only 1. 8 percent. Similar collapse of 

residual soils derived from gneiss in northern India was reported by 

Feda (1966). 

Colluvial Deposits. Colluvial deposits are formed from deposits 

of loose rock debris that has accumulated at the base of a cliff or slope 

due to gravity effects only. Holtz and Hilf (1961) reported that deep 

colluvial soil in Nevada experienced substantial collapse upon saturation. 

The soil, which has a dry density of 127 pcf, comprises 44 percent 
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gravel, 37 percent sand, and 19 percent silt and clay. Another exam-

pIe of collapsing colluvial soils may be found in some of the soils that 

occur in the counties around Los Angeles, California (Dudley, 1970). 

Other Deposits. Other soil types that exhibit collapse upon 

wetting have been reported. Collapsing soils derived from loose sands 

cemented by soluble salts, dispersed clays, and sodium-rich montmoril-

lonite clays have been reported by Sowers (1962) and those derived 

from gypsum have been reported by Toulemont (1970). 

Previous Related Work in 
Southeastern Arizona 

Platt (1963) inspected the brick and concrete structures located 

within the limits of the City of Tucson and noted the severity and 

trend of cracks in walls and foundations. He mapped the zone of high-

intensity building fractures in an attempt to correlate it to the causes 

of the observed differential land surface subsidence. 

In 1967 Jones studied the properties of recently deposited, 

fine-grained alluvial soils near Benson in the San Pedro Valley. He 

described the phenomenon of erosional piping existing in these soils. 

The tested soils showed a high piping potential. Benites (1968) studied 

the geotechnical properties of the same soils tested by Jones (1967). 

Consolidation tests performed on these soils by Benites indicated that 

they lose 3 to 10 percent of their volume upon wetting, depending on 

the magnitude of the surcharge load. He also found that these soils 

lose 20 to 75 percent of their strength upon wetting, depending on the 

applied normal load. 
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Anderson (1968) examined some collapsing soils in Tucson and 

tried to correlate their collapse potential with their basic parameters. 

His studies confirmed the findings of Benites (1968) concerning the 

range of collapse potential. He studied a selected area in the Tucson 

vicinity using the dry density-liquid limit criterion to delineate collaps

ing soils. Prevalent collapsing soils were found in the study area; 

however, these collapsing conditions could not be deduced from the 

geomorphic features existing in the area. Using computer regression 

analysis of the collected data, Anderson derived an equation relating 

the collapse potential indicator and some basic parameters of the soil. 

Basically, the collapse was related to some measured soil parameters 

based on the Atterberg limits and grain-size distribution of the soils. 

After about a decade after Platt (1963) mapped the pattern of 

building foundation failure and the corresponding cracking intensity of 

buildings in Tucson, the city expanded and more land was utilized. 

Foundation failures increased in frequency and intensity, and more 

areas were affected. Crossley (969) tried to supplement and update 

Platt's (1963) survey to include almost all of the small buildings in the 

area. These studies have provided detailed information on the location 

and intensity of foundation failures in Tucson. A ttempts were also 

made to correlate the various intensity zones with the geological envi

ronment. 

Physical testing conducted by Abdullatif (1969) covered areas in 

addition to those included in the previous works. His study aimed at 

finding some correlation between the damaged structures and founda

tions in Tucson and the physical properties of the subsoils. Samples 
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were tested in the field and the laboratory to establish their physical 

properties, collapse potential, and the applicability of some previous 

collapse criteria. 

Increasing growth and develop men t of Tucson accompanied by 

the engineers' overlooking the hazard of collapsing soils and the public 

unawareness of the phenomenon led to more damage caused by collaps

ing soils. Sultan (1969b, 1971) investigated and reported a case his

tory of massive foundation failures of residential houses in the Silver

croft subdivision west of Tucson. The housing development is located 

on an outwash flood plain of the Santa Cruz River between the river 

and the Tucson Mountain foothills. Many homes experienced an intoler

able degree of damage caused by collapse of subsoils triggered by in

creases in moisture content due to periodic nooding, plumbing leaks, 

and poor surface drainage. Injection of a water-lime mixture (3: 1 by 

weight) into the undisturbed subsoil proved to be an effective treatment 

method. 

Very recently, Sabbagh (1982) conducted studies similar to 

those of Benites, Anderson, Crossley, and Abdullatif. He extended the 

area of study to include, the projected area of future growth in Tucson. 

In addition to the various physical properties and parameters, clay min

eral constituents of the samples were identified in an effort to correlate 

them to the collapse susceptibility. With the obtained physical parame

ters, the existing collapse criteria were used to classify the collapsing 

soils. 
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Predictive Identification Methods 

Identification of collapsible soils, evaluation of their collapse 

potential, and prediction of the amount of collapse settlement are vital 

to the soils engineer. Most routine testing methods fail to indicate a 

soil's potential for collapse. Consequently, a great deal of effort has 

been made to establish criteria for predicting the collapsing potential of 

a soil. Some investigators have developed several empirical and semi-

empirical methods based on dispersion of the soil's constituents and the 

relationships between the dry density, porosity, and consistency limits. 

Others have developed theoretical and empirical methods based on var-

ious forms of consolidation testing. Current predictive methods vary 

from very simple to the complex and time consuming. Some may be 

performed in a short time at low cost. Others may require expensive, 

carefully controlled laboratory testing to achieve good quantitative 

information. A discussion of the most widely used methods for predict-

ing the danger of collapse follows. 

Denisov Method. Denisov (1951) proposed the following 

empirical relationship and set of ranges to describe subsiding soils: 

where: 

Coefficient of subsidence = K = e Ie L 0 

eL = void ratio at liquid limit 

e = natural void ratio 
o 

Range: K = 0.5 - 0.75; highly collapsible soil 

(2-1) 
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K = 1.0 noncollapsible loams 

K = 1.5-2.0 noncollapsible soils 

Normally, simple relationships in terms of basic parameters can 

be used to calculate eL and e • o 

and 

where: wL = liquid limit 

G = specific gravity of soil 
s 

Yw = unit weight of water 

Yd = dry unit weight of soil 

(2-2) 

solids 

Denisov Quantitative Method. Denisov (l951) also proposed the 

use of one odometer test in which wetting the sample takes place under 

a selected constant applied load. To predict the magnitude of collapse 

the following relationships were used: 

where: 

Coefficient of subsidence due to loading = RL 

Coefficient of subsidence due to wetting R = w 

e - e 
Coefficient of total subsidence = Rt = 

e = natural void ratio o 

e = void ratio under pressure p 
p 

o w 
1 + e 

o 

= 

= 

e - e 
0 P (2-4) 1 + e 

0 

e - e 
E w (2-5) 1 + e p 

(2-6) 



e = void ratio after wetting under pressure p 
w 
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Priklonskij Method. Priklonskij (1952) established another col-

lapsing potential indicator. 

where: 

Coefficient of subsidence = Kd = 
w - w 

L s 
I 
P 

w = natural water content at saturation = e IG s 0 s 

I = plasticity index p 

Range: Kd < 0 highly collapsing soils 

Kd > 0.5; noncollapsing soils 

Kd > 1. 0; swelling soils 

(2-7) 

Skempton and Northey Method. Skempton and Northey (1952) 

advocated the use of the liquidity index (lL) as a collapsing potential 

parameter. They related the collapse potential to the sensitivity of the 
...... ,~ '" 

soil. 

w - w 
o P 

I (2-8) 
P 

where w is the plastic limit and other variables are as previously dep 

fined. The susceptibility to collapse increase as the liquidity index 

exceeds unity. 

Double Consolidometer Method. Jennings and Knight (1956) 

proposed a method for a quantitative prediction of collapse that uses 

two consolidation tests simultaneously. Two identical samples of the 
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same soil are tested at the same time. One is tested while being main-

tained as nearly as possible at its natural moisture content by using 

special nonabsorbent porous discs and a plastk cover over the consoli-

dometer. The other sample is tested conventionally at saturated condi-

tion. The first test generates a consolidation curve at natural moisture 

content, and the second test provides a consolidation curve at satura-

tion. Jennings and Knight (1957) developed a geometrical approach to 

correct both consolidation (e - log p) curves based on the assumption 

that no volume change occurs upon wetting under equilibrium conditions 

at the overburden pressure. 

Gibbs Method. Gibbs (1961) utilized Denisov's concept and 

developed it into a form of relationships between dry density and the 

liquid limit. The method is based on the premise that a soil that has 

sufficient void spaces to hold its liquid limit moisture at saturation is 

susceptible to collapse upon wetting: 

Collapse ratio = (2-9) 

where: w = water content at saturation = (y 1Yd) - (l/G ) s w s (2-10) 

A soil with a collapse ratio equal to or greater than unity will be near a 

liquid state when saturated and therefore subject to collapse. 

For practical use, Gibbs presented the above relationship be-

tween the liquid limit and the dry density in a graph (Fig. 3). Soils 

represented by points that plot above the curve are collapsible, where-

as those that plot below the curve are noncollapsible. 
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USSR 1962 Building Code. According to Sultan (1971), the 

1962 Soviet building code includes a collapsing criterion for soils that 

are less than 60 percent saturated. 

(2-11) 

The code states that if A ~ -0.1, the soil is collapsing. 

Sparks Method. Sparks (1963) suggested a method for the 

classification of collapsing and expansive soils as illustrated in Fig. 4. 

Two samples A and B are used. Sample A is placed in a moist satu-

rated atmosphere for a week, air-dried for an extra week, and then 

used as the control sample. Sample B is placed in a consolidometer at 

its natural water content. Both samples are loaded to the same pres 

sure, 128 kN 1m 2 • After 24 hours the deflections 6. 
PA 

due to 

loading are found. The samples are then inundated for 24 hours and 

the additional deflections 6.
d 

and 6.
d 

are found. Sparks claimed that 
A B 

a natural soil can then be classified on a diagram as shown in Fig. 4. 

Feda Liquidity-index Method. Feda (1966) modified the 

liquidity-index criterion for use in partially saturated soils. 

Coefficient of subsidence = KL = 
(w IS ) - w 

o 0 P 
I 

(2-12) 
P 

where So is the natural degree of saturation. Soils with KL greater 

than 0.85 and S less than 0.6 collapse upon saturation. 
o 
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Fig. 4. Classification of Expansive and Collapsing Soils. -

After Sparks (1963). 



31 

Feda Porosity Method. Feda (1966) also proposed a criterion to 

be used for loessal and granular soils that uses natural porosity (n ). 
o 

The soil is susceptible to collapse under the following condition: 

e 
o n =~....;,-.-

o 1 + e 
o 

x 100 r: 40% 
(2-13) 

Kassiff and Henkin Method. Kassiff and Henkin (1967) pro-

posed an empirical factor, defined as the product of dry density in 

g I cm 3 and moisture content in percent as a predictor of collapse for 

loess. Whenever this product (y d x w) is less than 15, a large degree 

of settlement may occur. 

Anderson Method. Anderson (1968) introduced the gradation 

characteristics of the soil as additional factors in addition to the liquid 

limit and plastic limit in predicting collapse susceptibility. He applied a 

computer regression analysis to test data of collapsing soils in Tucson, 

Arizona, and generat~!d the following collapse ratio (R ) equation: 
a 

where 

Ra = 5.5 - 3.82 log (wL/wp ) - 1.63 log (wp ) - 1.24 log (Cu ) 

- 0.918 log (P10 ) + 0.465 log (D66 /D 40 ) 

- 0.45 log (D99/D50) - 0.303 (P200 ) (2-14) 

C = uniformity coefficient = (D 60
/D 10 ) 

u 

P = fraction passing a sieve; sieve number indicated by 

subscripted number. 

D = diameter size corresponding to percent by weight passing 

the sieve indicated by subscripted number. 
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Dispersion Method. Benites (1968) found that the dispersion 

test, which is used mainly for predicting the piping susceptibility of 

soils, is a good indicator of collapse susceptibility. The test consists 

of measuring the time required to completely disperse a 2-gram piece of 

soil at its natural moisture content in 125 ml distilled water. For exam-

pIe, collapsing soils at Benson, Arizona, required 20 to 30 seconds for 

complete dispersion. 

Nowatzki's Approach. Nowatzki (1978) described a rational ap-

proach to predicting the immediate settlement under in situ moisture 

conditions and collapse settlement under wetted conditions. The ap-

proach uses the results of a laboratory test named the "pseudo-

consolidation" test. He (1978, p. 5) described the test as follows: 

An undisturbed sample, approximately two inches in diameter 
and 0.75 inches thick, is placed at in-situ moisture content in 
an oedometer. Following the application of a nominal seating 
load, the vertical stress on the sample is increased to approxi
mately 0.55 ksf. Displacement readings are taken periodically 
(usually 15 minutes apart for the first hour) until the differ
ence between two successive readings, taken one hour apart, is 
less than 0.001 inches. The applied stress is then increased to 
a value double that of the existing stress, and displacement 
readings under the new stress are recorded as described 
above. The same procedure is followed until the vertical stress 
on the sample is approximately equal to or greater than the 
anticipated allowable foundation pressure. • • • The sample is 
then saturated while still under load. 

The results are usually expressed in terms of total applied 

stress (0 ) and percent compression strain (C ). The rest of the ap-
a a 

proach is completed as follows: 

1. A depth of influence (D) beneath the foundation level is deter-

mined. 
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2. The change in total vertical stress (~p ) due to the allowable 
a 

applied foundation pressure (q ) is determined at a point midway within 
a 

the depth of influence. 

3. The percent compression (C ) under the applied pressure is 
p 

determined as C = (p 10 )C • p a a a 

4. The immediate settlement (p.) is computed as p. = DC , 
IIp 

5. The magnitude of the collapse settlement (p ) is determined as 
c 

p = 12C in. 1ft of wetted foundation soil c c 

where: C = O.67(q 10 )C c a as cs 

cr = total applied stress in pseudo-consolidation test at which 
as 

sample is saturated 

C = percent collapse strain in pseudo-consolidation test cor-cs 

responding to cr • as 

Mechanism of Collapse 

Since the first ,recognition of the collapse phenomenon, a great 

effort has been made to thoroughly understand the mechanism of col-

lapse and the behavior of collapsible soils. The task was difficult due 

to the widely differing origins and behaviors, and many hypotheses 

have been suggested. In fact, the various modes of behavior reported 

by Sultan (1971) confirmed that many factors are involved in the col-

lapse process. Such factors include soil type, density, moisture con-

tent, plasticity, mineralogy, fabric, and nature of grain-to-grain 

contact. 

Casagrande (1932) provided the basis for a later hypothesis for 

the collapse phenomenon in the structural arrangement of sand grains in 
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a loose silty sand. His study postulated that a portion of the fine 

fractions that exist in the small gaps between adjacent grains of the soil 

locally consolidate, gain strength, and bond the larger grains. 

Jennings and Knight (1957) substantiated and idealized Casagrande's 

concept as illustrated in Fig. 5 to explain the collapse mechanism. 

When the soil is loaded at its natural moisture content, the soil struc-

ture remains reasonably unchanged and the bonding material compresses 

only slightly without relative movement of the soil grains (Fig. Sa). 

Consolidation takes place by compression of the fine particles between 

the sand particles. For a low moisture content, the microshear forces 

at the sand particle interfaces resulting from bonding are resisted 

without appreciable movement of the grains. When the loaded area is 

wetted and a certain critical moisture content is exceeded, the fine silt 

or clay bridges come to the stage where they can no longer resist the 

deformation forces. Collapse of the grain structure takes place with 

consequent reduction of the volume of the soil (Fig. 5b). This hypoth-

esis has been confirmed by electron microscopic studies by Knight 

(1957) . 

a. Loaded soil fabric 
before inundation 

r;;jU 
~ 

b. Loaded soil fabric 
after inundation 

Fig. 5. Collapsing Soil Fabric. -- After Jennings and Knight 
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(1961). Similar structures and mechanism were later proposed by Bull 

(1964), Burland (1965), and Feda (1966). 

Jennings and Burland (1962) defined a micro shattered clay as 

a clay consisting of numerous small grains that are easily mistaken for 

sand grains but when rubbed with water break down into clay-size 

units. They drew similarities between the structures in which each 

grain is composed of numerous clay particles bonded together. In this 

state, if the soil undergoes an increase in applied load, the grains tend 

to distort but there is little tendency for slipping or rolling because of 

the bonding action of the high-curvature menisci at the particle contact 

points. If the soil is wetted while it is still under load, two changes 

take place: (1) bonding between packets of clay particles will be re

moved and the grains dispersed and (2) the packets will take up water 

and expand. The overall behavior of the soil on wetting depends on 

the magnitude of the applied load and the change in water content. 

Burland (1965) explained the volume change behavior of partial

ly saturated soils in terms of grain contact stability by using an i.deal

ized model of the structure. It has been hypothesized that applied 

force generates both normal force (P) and shear force (T) at each 

grain-to-grain contact, whereas suction and grain contact menisci 

generate only normal force. These forces are resisted by 

grain-to-grain friction (ll) and resistant forces generated from the clay 

binder (F). Both II and F are measures of the shear strength of the 

contact. If the binder acts as a bond, F is added to ll; however, if 

the clay binder swells upon saturation, F reduces the effect of ll. For 

stability, T IP ~ II ± F. Upon saturation, P decreases markedly. In 
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addition, when the fine pores become saturated, displacement of the 

air-water interfa.ce to the pore boundaries results in a sudden increase 

in T. The combined effects cause TIP to increase and induce collapse. 

A similar concept was proposed by Newland (1965). He sug

gested that the effective stress in a partially saturated soil is of two 

types: (1) endogenic effective stress due to forces arising between 

particles and acting normal to the tangent of the points of contact and 

(2) exogenic effective stress due to forces external to the points of 

contact and associated with tangential or shear forces. If the endo

genic effective stresses in a soil are reduced, the soil will increase or 

decrease in volume, depending on whether the applied stress is smaller 

or larger, respectively, than the equilibrium applied stress that could 

be supported by the shear resistance arising from the endogenic effec

tive stresses. 

Work by Barden et aI. (1969), Dudley (1970), and Barden et 

al. (1973) tried to bring the various issues of collapse mechanisms into 

a unified picture. Barden et al. (1973) conducted a comprehensive 

electron microscopic study of the metastable structure of different types 

of collapsing soils from various origins. The various possible struc

tures of collapsing soils are shown in Fig. 6. Their study indicated 

that a common basic collapse mechanism applies to all collapsing soils. 

According to Barden et al. (1969), appreciable collapse of a soil 

requires the following conditions: (1) highly porous, potentially un

stable, partly saturated structure; (2) a high applied load to increase 

metastability; and (3) a strong bonding between interparticle contacts 

that is reducible upon wetting to trigger collapse. 
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Fig. 6. Typical Collapsible Soil 
al. (1973). a. Capillary tension. b. 
clay bond. d. Flocculated clay bond. 
bridge structure. 

Mechanisms. -- After Barden et 
Silt bond. c. Aggregated 
e. Mudflow type. f. Clay 

Various bondings between particles are possible. The most 

recognizable are capillary suction, silt and/or clay bridges or but-

tresses, and cementing agents. Any combination of these bonding 

sources and the various types of collapsing soil structures shown in 

Fig. 6 will form a collapsing mechanism. The mechanisms involving 

these six types of bonding sources are explained below. 

Capillary tension probably provides the temporary strength in 

all types. Its role, which is very pronounced in Cases a and b (Fig. 

6), was postulated by Dudley (1970). The capillary forces holding the 

particles together develop upon desiccation of the soil systems. As the 

soil dries below the shrinkage limit, the remaining water withdraws into 

the narrow spaces close to the junction of the soil grains. The menisci 

formed during desiccation place the water under tension and create a 
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negative water pressure. This excess negative pore pressure increases. 

the intergranu1ar pressure, thereby increasing the apparent strength of 

the soil. Addition of water destroys the capillary forces, thus reducing 

the shear strength. If the applied stress is greater than the reduced 

shear strength, collapse occurs. 

As shown in Fig. 6, clay bonding between the bulky sand and 

silt grains also plays an important role as postulated by Kane (1969) for 

Case c, by Dudley (1970) for Case d, by Lang (1969) for Case e, and 

by Knight (1961) for Case f. The type of structural arrangements of 

the clay plates depends on their geologic origin and the history of the 

soil. In all six cases, the clay bond possesses high dry strength, 

which is reduced upon saturation. The reduction of strength may be 

due to loss of capillary tension, increase in water content, and 

physicochemical action; however, it is not known how much is due to 

each. 

Cementing agents such as iron oxide and calcium carbonate 

could possibly exist in any of the previous cases of soil structure to 

contribute to the bonding action. This bonding action is often the main 

agent in 10essal soils where the rate of collapse depends greatly on the 

rate of dissolution of the cementing agent. 

Treatment Methods 

Various treatments are available for solving the foundation 

problem posed by collapsing soils. The hidden disaster of collapsing 

soils and its significant impact on engineering projects oriented most of 

the available treatment methods listed in the literature to those to be 
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carried out before constructing and loading the foundations. The pre

treatment may be achieved either by inducing artificial collapse or by 

minimizing collapse by controlling the major factors contributing to it, 

for example, by lowering the imposed pressure and by installing water

proofing measures. Another category of treatment, which can be 

applied either before or after construction, is to stabilize the soil to 

prevent strength loss upon wetting. The amount and type of founda

tion treatment depend on the depth of the collapsible soils and the 

requirement for supporting the structure. The following is a brief 

summary. of such suggested treatment methods. 

1. If the depth of the collapsing soils is reasonable but such that 

satisfactory compaction cannot be achieved using conventional compac

tion equipment, it is often economical to remove the collapsing soil to 

some accepted depth of influence and replace it with a stable soil com

pacted in layers to a satisfactory density. The material used for 

replacement soil should preferably be coarse and inorganic and should 

require little compaction effort. 

2. If the structure is large and imposes a heavy load or if differ

ential settlement is critical and intolerable, it is desirable to carry the 

foundation down to the depth at which the collapse -susc~ptible soils 

are absent or of negligible proportions. Thus, any structural collapse 

of the upper collapsing soil layer will not affect the behavior of the 

structure as a whole. This may be achieved by caissons or normal pil

ing with no reliance placed on skin friction in the collapsing material. 

In fact, downdrag may have to be considered in some cases. 
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3. The soil may be precollapsed by ponding or flooding the pro

posed site. Ponding alone may help if the type of subsidence is in

duced by wetting only. However, if collapse is of the type that is 

triggered by both wetting and loading, loading should accompany pond

ing in the field. Surcharge fills equal to or greater than final design 

load are often used to ensure that collapse occurs prior to construction 

of a structure. Surface and subsurface blasts may sometimes be used 

to place additional loads on the wetted soil (Aitchison and Tokar, 1973). 

The ponding technique is more effective at sites of high perme

ability and where no impervious layers exist to shorten the time of 

flooding and avoid delay in construction. A one-year ponding period 

was needed before construction of the California Aqueduct in the San 

Joaquin Valley could begin. Balley et al. (1972) reported that placing 

canal linings in Rumania was delayed for 2 to 4 years after their con

struction to ensure that complete subsidence had occurred. In such 

situations and for thicker strata of collapsing soils, the ponding time 

must be sufficient for the water to seep uniformly through the material 

and wet it. Infiltration wells are also helpful to ensure wetting all 

potentially collapsible layers. 

4. If a great depth of collapsing soil is involved, another method 

is to conduct more detailed testing than is normally carried out for this 

type of problem and design a structural system insensitive to non

uniform subsidence. The foundations are designed on the basis of per

missible settlement in addition to permissible bearing capacity to 
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accommodate the differential movements caused by collapse {Brink and 
. 

Kantey (1961). 

5. The fact that a collapsing soil generally possesses an open 

porous structure makes it logical that any process of structural densi-

fication that reduces the volume of inherent pores will substantially 

reduce most of the subsequent collapse. Densification by compaction 

has shown promise in reducing collapse potential as indicated by some 

preliminary laboratory work conducted by Sultan (1971) •. Moistening 

and compacting collapsible soils at shallow depth can be achieved by 

conventional or impact rollers. Deeper compaction may be accomplished 

by compacting with vibrating rollers after the soil has been inundated 

or with heavy pneumatic rollers with low tire pressures. Vibroflotation, 

rock columns, dynamic compaction, and displacement piles are also 

helpful. However, when compaction is used for stabilization, careful 

attention must be paid to the type of clay constituting the fine-grained 

fraction of the soil. Overcompaction of soil containing clay minerals 

could be counterproductive and lead to swelling damage instead of col-

lapse damage. 

6. Reducing the pressure on the soil by removal of material or 

providing special footings may alleviate collapse settlement. For exam-

pIe, use of a floating foundation or widening the foundation will also 

achieve such reduction. The desired reduction of the net soil pressure 

should be determined for each individual situation on the basis of a col-

lapse analysis (Drannikov, 1965). 

7. For small houses and industrial premises with low column-load 

levels and for nonhydraulic structures, protective measures against 
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wetting the soil are very effective in minimizing collapse settlement. 

Surface drainage should be efficiently planned to prevent ponding. 

Buildings should be designed so that overhanging roofs and drainage 

facilities convey water away from the vicinity of the foundation. 

8. Because the problem of collapsing soils is essentially one of 

high initial void ratios, a logical procedure would be to fiII these voids 

with a stabilizing mixture such as a groutlike additive. Soil cement 

grouting has been successfully used to stabilize buildings that have 

failed and to stabilize collapsing soils. Silt injection, or mud jacking, 

has also been successfully used in canal systems to prevent substantial 

collapse. 

9. Heat treatment to solidify the clay binder and prevent loss of 

strength is among other means that have been tried. Chemical addi

tives have also been used to strengthen the bonding mechanism of the 

metastable soil structure. Such chemicals include ammonia gas, sodium 

silicates, lime, and cement (American Society of Civil Engineers, 1978). 

Swelling 

The swelling characteristics of soils have been rather intensive

ly studied in recent years. A quite extensive literature about the sub

ject exists. A brief pertinent review follows. 

Some soils, especially partially saturated clays, are very sen

sitive to variations in water content and demonstrate excessive volume 

changes when wetted. Likewise, when the water content is decreased, 

the soil shrinks. 
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Engineers are well aware of the engineering problems, failures, 

and damages resulting from swelling of clays, which are encountered in 

many parts of the world. The severity of this damage is most evident 

and plentiful in structures where there is not enough load to restrain a 

soil of this nature. Expansive heave can occur in three ways: (1) a 

general upward heave beginning shortly after construction and ending a 

few years after completion of the structure; (2) a cyclic swell-shrink, 

which is related to environmental conditions; and (3) local swelling due 

to breakage of water lines. 

Swelling phenomena are hazards that cost billions of dollars. 

The losses include heaving and breakup of pavements and highway 

structures, severe structural damage, cracked driveways, sidewalks, 

and basement floors, damaged building foundations, channel, and 

reservoir linings, and disruption of pipelines and sewer lines. 

According to Jones and Holtz (1973), the cost of these damages in the 

United States alone amounts to some $2.3 billion annually--more than 

twice ~he damage from floods, hurricanes, tornadoes, and earthquakes 

combined. The moat recognized of these damages, structural damage to 

buildings, is caused mainly by differential swell rather than total heave 

of the foundation subsoils. Differential heave is a function of a number 

of variables such as non uniformity of the soil, variations in water 

content beneath the structure, lateral thickness of the clay strata, and 

other causes related to the use and occupation of the particular 

building. Cracking of structures reSUlting from differential heave has 

been reported from all over the world, including the United States 



(Dawson, 1953), in South Africa (Jennings, 1953), in India (Palit, 

1953), and in Egypt (Youssef, Sabry, and Tawfik, 1957) • 
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Most of the work done on identifying and predicting the swell

ing potential has been qualitative. A number of empirical approaches 

based on the use of index tests such as Atterberg limits, activity, per

centage of clay, linear shrinkage, and so forth have been developed as 

aids in this regard. One of the most extensive studies of this nature 

was reported by Holtz and Gibbs (1956). However, the most thorough 

investigation of practical use was carried out by Seed, Woodward, and 

Lundgren (1962). By measuring the percentage of swell under a I-psi 

surcharge of different soils compacted at optimum moisture content to 

maximum density in the standard AASHTO compaction test (swelling 

potential), they derived a well-defined relationship between the 

plasticity index and the swelling potential. Thus, the plasticity index 

of a soil can be used as a single factor for predicting its swelling 

potential. They also developed a classification chart shown in Fig. 7 to 

identify a potentially swelling soil, which may require further study. 

A variety of topics about the swelling phenomenon are included 

in the papers published in the Proceedings of the Fourth International 

Conference on Expansive Soils (American Society of Civil Engineers, 

1980). The topics are grouped mainly into four categories: (1) con

cepts on testing and analysis procedures, (2) field studies and influ

ence of ambient environment, (3) treatment of expansive soils and 

specialized design and construction procedures for foundations on ex

pansive soils, and (4) new characterization concepts and technology 

transfer. 
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Nature and Mechanism 

Extensive studies have been conducted on the behavior of 

expansive soils. Consequently, various mechanisms causing swelling 

have been postulated. All of the various mechanisms revolve around 

the fact that swelling occurs due to water absorption. The following 

mechanisms for swelling are probably interacting. 
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Osmotic Pressure. The osmotic pressure concept has been dis-

cussed by many investigators, among whom are Low and Deming (1953), 

Bolt (1956), Hemwall and Low (1956), and Lambe (1958a). At the 
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beginning of the swelling process before addition of water, the soil will 

be dry or have a very low moisture content. Thus, in the vicinity of 

the clay particles and as the clay surfaces are approached, the cationic 

concentration is increased relative to that in the free added water. 

This difference in ionic concentration and the restriction on diffusion of 

ions from the vicinity of the surface as a result of electrostatic attrac

tion, creates an osmotic pressure difference that causes water molecules 

to diffuse toward the surface in an attempt to equalize concentration. 

Unless the osmotic pressure is balanced by applying a pressure, swell 

will occur. 

Water Adsorption Due to Inherent Clay Properties. As dis-

cussed by Seed, Mitchell, and Chan (1962), Ingles (1968), and Mitchell 

(1976), the colloidal clay fraction of a clayey soil and its surface struc

ture are such that water molecules are attracted to them. One main 

source of attraction is the net negative charges on the clay surfaces. 

Water dipoles would then be attracted and oriented with their positive 

poles directed toward the negative surfaces. Successive water dipoles 

will be further attracted to previously held water molecules in dipole

dipole attraction with the degree of orientation decreasing with distance 

from the clay surface. However, at the midplane between parallel 

plates, structural disorder will be anticipated because like poles would 

be adjacent. 

Another source of clay surface attraction to water is due to the 

oxygen or hydroxyl composition of the clay surface. The positive cor

ners of the water dipoles will be attracted to the oxygens, whereas the 
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negative corners of the water dipoles will be attracted to the hydroxyls 

in an hydrogen bonding action. 

Ion Hydration. Clay particles usually possess a net negative 

charge so that hydrated cations will be attracted to their surfaces to 

achieve electrical neutrality. These cations and their water of 

hydration increase the thickness of double layers and thus tend to keep 

particles apart. 

Suction Pressure. In an attempt to describe moisture retention, 

movement, and equilibrium by modifying the diffusion equation, 

Richards (1967) included a discussion of the suction mechanism. He 

applied the solution of the diffusion equation as a function of suction in 

the soil-water system to predict heave. It was implied that the mecha

nism of swelling is reflected in the change of suction due to variation in 

moisture content of the system. In a sense, drying the soil to a lower 

moisture content will build a higher suction in the system. This suc

tion will exert compression on the soil. On wetting the soil, the mois

ture content will increase and suction will decrease. Thus, the soil 

may expand due to the relief of the previous compressional stress. 

van der Waals Force Field. Low and Deming (1953) and Hemwall 

and Low (1956) reported that the force fields resulting from the effect 

of secondary valence, or van der Waals forces, on the water surround

ing clay particles could attract water to the soil particles. Temporary 

dipoles can form due to in-phase fluctuations of electron clouds. This, 



in turn, will induce displacements in neighboring molecules so that 

dipole-dipole attraction occurs. 
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Water Deficiency Due to Compaction. The buildup of water ten

sions or negative pore pressure in compacted clay has been reported 

(Road Research Laboratory, 1954; Hilf, 1956; Aitchison, 1957). In the 

compaction process, the applied load maintains the sample in active 

compression at a, specific moisture content, but when the load is 

released, particularly if the soil has been compacted at drier than opti

mum moisture content where the initial degree of saturation w_as well 

below 100 percent, negative pressure is induced into the water system. 

Thus, the induced water deficiencies, as defined by Lambe (1958a), are 

greater on dry side than on the wet side of optimum moisture content. 

When the compacted sample is placed in water, the water will flow into 

the soil because of the water tension within the sample. With time, the 

pore pressure will increase to atmospheric and the effective stress will 

be reduced within the sample. Thus, the clay particles will expand and 

swelling will take place. This phenomenon has been reported as "locked 

pressure theory" by some investigators such as Finn and Strom (1958). 

Elastic Rebound. Elastic rebound can develop due to the effect 

of capillary stres. The capillary phenomenon in soil is well explained in 

soil textbooks such as that by Lambe and Whitman (969). The spaces 

between the small clay particles may form capillary tubes through which 

water may be sucked from lower layers. In addition, water may 

evaporate from already filled tubes, leading to the formation of capillary 

menisci between particles of the partially saturated soil mass. The 
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curved air-water interface causes a pore-water tension, which, in turn, 

generates an effective compressive stress between particles that results 

in elastic compression. When free water is supplied to the partially 

saturated sample, the menisci are destroyed, the tension in the pore 

water is relieved. The clay is then free to rebound through the elastic 

portion of the deformation caused by the pore-water pressure. 

Bolt (1956), Lambe (1958a), and Seed, Mitchell, and Chan 

(1962) among others~ have discussed the effect of elastic rebound and 

unbending on swell. It has been found that particles within a soil mass 

may be deformed under load either by elastic compression of solid par

ticles or as bending of platy particles. Maintained external loading or 

water surface tension force may hold the plate-shape particles in a bent 

position. As reported by Seed, Mitchell, and Chan (1962), menisci may 

deflect a typical clay plate in simple beam action up to 10 percent qf its 

span. Release of these stresses, causing locked strains, by unloading 

or subjection to free water may cause swelling of the soil mass. 

Air Void Compression. Swelling data reported by Holtz and 

Gibbs (1956) indicate reduction of total air volume from soaking 

compacted samples, especially those at drier than optimum moisture con

tent. During the soaking process some of the initial air in the voids 

may either be dissolved in water, escape from the soil, or be com

pressed by capillary forces. It was postulated by Ladd (1960) that a 

combination of these actions probably occurs. Thus, the compressed 

air resulting from water entering the soil from all directions will 
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produce compressive pressure along the walls of the tubular voids and 

cause expansion of the soil. 

Factors Affecting Swelling 

In recent years many investigations were carried out to analyze 

the factors affecting swelling. The principal ones are listed below in 

the order of pertinence to the investigation. 

Clay Mineral Type and Amount. The mineraiogical composition 

of a soil is very important in determining its swelling potential. Clay 

minerals are of particular concern due to their peculiar behavior. As a 

result of their small sizes, surface activity, and crystalline structure, 

clay minerals possess an extraordinary ability to attract dipole water 

molecules and various cations to their surfaces. Lambe and Whitman 

(1959) reported that the magnitude of swelling varies with the type of 

clay mineral and decreases in the order, montmorillonite, illite, atta

pulgite, and kaolinite. Grim (1949) found that the swelling characteris

tics of highly expansive soils can be attributed mainly to montmorillonite 

content. This mineral is unique in that water enters between the 

individual unit cell layers, thereby causing the lattice to expand and 

the mineral to swell. 

EI-Sohby and Rabba (1981) reported that, depending on the soil 

properties and the applied pressure, the swelling increases as the per

centage of clay increases. They also noted that as the non clay parti

cles become finer, swelling becomes greater. 
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Availability and Composition of Absorbed Water. Because soils 

swell only if there is an increase in moisture content, it is obvious that 

a source of available water is necessary for swelling. Water gets into 

the soil probably by capillary action, by hydraulic gradient buildup due 

to the great difference in water pressure within the compacted soil and 

the free absorbed water, and by the osmotic gradient generated by the 

differentials of ion concentration in the double layers and external solu

tion. The last of these, at least, is influenced by the type and amount 

of ions dissolved in the added water.. Studies of these influences by 

Taylor (1959), Low (1959), Ladd (1960), Gupta, Gupta, and Skukla 

(1967), Seed, Mitchell, and Chan (1962) and others indicate that swell

ing decreases with increasing electrolyte concentration in the free 

water. 

Exchangeable Cations. Grim (1949) correlated the swelling po

tentials of various soils with different degrees of expansion to their 

mineral composition. He realized that, although montmorillonite-type 

clay minerals have a high base-exchange capacity, the clay-water be

havior of montmorillonite depends greatly on the character of the 

exchangeable base carried by the mineral. Thus, if sodium is the 

exchangeable base as in sodium montmorillonite clays, water molecules 

can readily enter between the unit cell layers and develop into thick 

adsorbed layers resulting in high swell. If the exchangeable base is 

calcium or magnesium, which has a higher valence than sodium, a 

thinner adsorbed water layer will be developed and 1000',1el' swell will 

result. Grim also drew attention to the point that not all of the 



base-exchange capacity need be satisfied by sodium in order for a 

montmorillonite to have a high swelling potential. 
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Gupta et al. (1967) studied the effect of exchangeable cations 

on swelling. They found that swelling follows the order: 

monovalent cations: 

divalent cations: 

trivalent cations: 

'. 
Na > K > NH4 > Rb > H 

Ca > Mg > Sr > Ba 

Al > Cr > Fe 

Thus, swelling decreases as valency increases. However, with ions of 

the same valency, increased swelling generally follows the order of de

creasing catioIiic radii. 

Soil Structure. In naturally sedimented soils the environmental 

conditions prevailing during deposition as well as the nature and size of 

the particles greatly influence the arrangement of the grains. Conse

quently, the structure of the soil will define and control the swelling 

potential. As an example, undisturbed cemented expansive soils pos

sess high resistance to deformation and may absorb a large part of the 

swelling pressure. Thus, the swelling potential will 'be smaller than 

that for uncemented soils, all other things being equal. 

During compaction the arrangement of grains in the soil struc

ture will be influenced mainly by the level of compaction effort, by the 

method of compaction, and by the moisture content during compaction. 

These effects have been studied by Mitchell (1956), Lambe (1960), Seed 

and Chan (1961), and others. Studies done by Seed and Chan (1959) 

showed that samples compacted at drier than optimum moisture content 
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exhibit higher swelling characteristics than do samples of the same den

sity compacted at wetter than optimum moisture content. They pointed 

out the greater tendency of flocculated structures for swelling than 

dispersed structures. The same tendency was shown in another way by 

Seed, Mitchell, and Chan (1962). A flocculated sample prepared at 

wetter than optimum moisture content by static compaction swells more 

than a dispersed sample prepared at the same moisture content by 

kneading compaction. 

Compaction Method. The effect of the compaction method on the 

swelling potential is manifested mainly through its influence on the pro

duced soil structure. As shown by Seed and Chan (1959), for many 

soils the method of compaction provides a simple method of inducing 

different structures in compacted clayey samples of identical water con

tent and densities. However, they found that all methods of compaction 

produced similar flocculated structures at drier than optimum moisture 

content and that the swell was relatively insensitive to the method of 

compaction. On the other hand, such structural variation is markedly 

greater at water contents greater than optimum for the compaction ef

fort and procedure used. Seed, Mitchell, and Chan (1962) and Parcher 

and Liu (1965) reported that flocculated samples compacted by static 

compaction at wetter than optimum moisture content swell considerably 

more than dispersed samples compacted by kneading compaction. 

Surcharge Load. Many investigators have observed that the 

magnitude of swelling decreases as the restraining surcharge load in

creases. For a given soil-water system there exists a pressure that 



will hold the volume constant and thus prevent swelling. Seed, 

Mitchell, and Chan (1962) , among others, found that allowance of a 

small amount of swell greatly reduces swelling pressure. 
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Time Allowed for Swell to Develop. The effect of wetting time 

on the magnitude of swell has been reported by DuBose (1956) and 

Seed, Mitchell, and Chan (1962). The time required for the develop

ment of full swell depends on the permeability and thickness of the soil. 

Time is required to permit the water to fill the voids and bring the soil 

to a saturated condition as well as to produce the swelling process. 

The difference between the large negative water pressure within the 

soil built up during the compaction process and the atmospheric 

pressure in the free water creates a hydraulic gradient that draws the 

water into the sample. Time is required to bring the system into 

equilibrium. The expansion process increases relatively rapidly in the 

initial stage but decreases with increasing time because the continually 

decreasing gradient tends to draw in the water at a lower rate. 

Initial Water Content. The effect of the initial water content of 

the soil on swell is well known and easily predicted. Many investiga

tors, including Holtz and Gibbs (1956), Holtz (1959), and Chen (1975), 

have reported on this subject. For the same level of compaction for a 

given method of compaction, an increase in molding water content at 

any given density causes a decrease in swell. This behavior seems to 

be the logical consequence of several factors. The natural tendency of 

the soil to take in water to satisfy the swelling affinity decreases with 

increasing water content, and the magnitude of swelling is proportional 
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to the amount of water taken in by the soil. Furthermore, the soil 

structures are generally more dispersed at higher water contents for 

any method of compaction. Therefore, their permeabilities are usually 

lower than they are when the soil is drier. 

Dry Density. An old and famous common belief is that, in gen

eral, raising the initial dry density of a soil while keeping the initial 

moisture content constant increases the swell. Examples of such a wide 

belief have been reported by Chen (1973), Gromko (1974), and 

EI-Sohby and Rabba (1981), among others. This general tendency 

seems logical in low-density samples where the particle deformation 

would be expected to be less than that in high-density samples in the 

as-compacted state. Moreover, the average interparticle spacing of 

low-density samples is greater than that in high-density samples; 

thus, the resulting interparticle repulsive forces from interacting double 

layer~ will be less. 

However, thorough investigations carried out by Holtz and 

Gibbs (1956) and Seed, Woodward, and Lundgren (1962) demonstrated 

the fallacy in the previous belief and showed how it could not be true. 

From experiments covering the whole range of the density-moisture 

curve, they concluded that an increase in density at any given water 

content may increase or decrease the swell, depending on the range of 

densities involved. This latter effect is due to the fact that changes in 

density at high degrees of saturation are accompanied by changes in 

soil structure and that the swelling characteristics reflect the effects of 

both density and structural change. 
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Delay between Compaction and Testin,,&. According to Barber 

(1956), the magnitude of the swelling pressure (and presumably the 

amount of free swell) of compacted specimens decreases with increasing 

delay in testing after compaction. He found a substantial difference in 

swelling pressure by increasing the delay time between compaction and 

testing fJ,"om 5 minutes to 24 hours. 

Temperature Variation during Testing. Variation of tempera

tures during testing will affect the magnitude of swell due to physico

chemical reactions. Change in temperature will change the thickness of 

the double layers and the associated attractive or repulsive forces. 

Consequently, a change in swell measurements will be reflected. Seed, 

Mitchell, and Chan (1962) found that temperature variations of 10 F to 

15 F can cause a change in observed swell up to 0.5 percent in samples 

o • 5 inch thick. 

Stress History. Previous investigations have indicated that 

stress history has a significant effect on the amount of swell of a com

pacted soil. Barber (1956) reported some studies in which compacted 

samples were placed under different initial pressures and allowed to 

swell to equilibrium conditions. The samples were then unloaded and 

equilibrated under the same low pressure. The results showed that 

swell potential decreases with increasing initial pressure. Seed, 

Mitchell, and Chan (1962) reached the same conclusion after finding 

that the ultimate swell of a sample allowed to· expand under high load 

then unloaded and swelled under low load is less than that of a sample 

that has been allowed to swell directly under the low load. 
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In all the above studies, subjecting the soil to a higher initial 

surcharge may cause a higher degree of particle orientation leading to a 

smaller potential for swell. Furthermore, the stress history effect could 

be anticipated to be more pronounced in flocculated samples than in 

dispersed samples where the internal particle adjustment is fairly small. 

Sample Thickness. Chen (1973) reported that the magnitude of 

swell increases as the sample thickness increases. 

Methods of Control 

When a swelling soil is encountered, there are several methods 

that can be used to minimize heave. The choice of any method depends 

on economics, practicality of the operation, soil condition, type of 

construction, and accessibility of equipment to the construction site. A 

few of these methods are listed here. 

Compaction. Compaction control is considered one of the most 

practical and economical methods to deal with expansive soils. It is 

used alone or in conjunction with replacement to treat near-surface 

soils. Previous studies by Holtz (1959) and Seed and Chan (1959) indi

cated that compaction to low densities at high water content reduces the 

heave of expansive soils. Furthermore, less heave was attained by 

using compaction methods such as kneading, which induces shear 

strains, 

rather than a static compaction method. When compacting for 

lo:wer density to reduce swelling, the lower density should be limited to 

such a value as to maintain adequate bearing capacity. Gizienski and 
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Lee (1965) showed that controlling water content is more effective than 

controlling density. In their tests, swell was negligible when the soil 

was compacted at about 4.5 percent above optimum moisture content for 

any degree of compaction. 

Chemical Stabilization. Many chemical stabilizers such as lime 

and cement have been tried in treating expansive soils for many years 

with varying degrees of success. Organic chemicals and other com

pounds also indicate some promise as stabilizing agents. 

Lime stabilizes soils by base exchange, agglomeration, and 

cementation processes between the clay particles and the lime. Usually 

small (2% to 8%) lime additions, as reported by Croft (1964), among 

others, are very effective in modifying soil properties. For example, 

the liquid limit, plasticity index, optimum dry density, and swell are 

generally decreased whereas the plastic limit, optimum moisture content, 

and strength of expansive-type clays are generally increased. 

Cement has been reported by Croft (1967), among others, to 

develop its stabilizing effect from the cementation links between the 

calcium silicate and aluminate hydration products and the soil particles. 

Further hardening is due to the gradual desiccation of the gelatinous 

products and crystallization of new minerals. The cement additive is 

useful in reducing the plasticity index and swell potential and in in

creasing the shrinkage limit and shear strength. 

Prewetting. Prewetting is mainly considered as a preconstruc

tion control, where it helps desiccated foundation soils swell prior to 

placement of a structure. The prewetting process can be achieved by 
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ponding or by submerging an area in water. As reported by Blight 

and de Wet (1965), installation of a grid of vertical wells prior to flood

ing can facilitate and accelerate the prewetting process. Usually, a 

small amount of hydrated lime is mixed with the top layer after pre

wetting to reduce the plasticity of the wetted clay and to provide a firm 

working platform. 

Control of Moisture Content Variation. Many moisture control 

methods are available to minimize moisture variation and to maintain 

constant moisture content in the vicinity of the structure. Impermeable 

moisture barriers are the most common. The barriers may be con

structed horizontally or vertically around the perimeters of buildings in 

the form of either surface sidewalks, paved areas, or buried impervious 

membranes. Studies by Holtz (1969) and Thompson and Robnett (1976) 

suggested that vertical trenches about 15 cm wide by 1.5 m deep and 

filled with lean concrete, gravel, or mixtures of granulated rubber, 

lime, and fly ash are effective in minimizing the differential heave 

around the perimeter of the slab in the long run. 

An adequate drainage system is another moisture control mecha

nism. Positive surface drainage is helpful in draining surface water 

away from buildings. Kyle (1953) reported that use of vertical sand 

drains that reach down into underlying layers minimizes water accumula

tion. Subdrains installed underneath, adjacent to, and around all sides 

of a building are helpful in minimizing wetting of the foundation sub

soil. 
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Perfect landscaping and control of vegetation cover are also 

means of moisture control. According to Baracos and Bazozuk (1957), 

trees, flowerbeds, and other vegetation should not be planted adjacent 

to buildings without taking measures to prevent possible moisture 

change. 

Design for Possible Soil Expansion. Swelling can be suppressed 

by appropriate surcharge loading, and the structures should be de

signed to sustain the swell pressure that may develop. Alternatively, 

swell can be allowed to occur under selected loading conditions, and the 

structures should be designed to accommodate tolerable displacements 

without distress. 

Replacement. When the expansive soil lies close to the surface 

at shallow depth, it may be an alternative to replace it with suitable, 

less expansive material. 

Bypassing. If it is a possible choice, as commonly occurs in 

highway construction, the site may be bypassed by relocating to a suit

able site. If no option for relocation is available or other factors make 

relocation inadvisable, expansive clays can be bypassed by using drilled 

piers to support the structural loads. 



CHAPTER 3 

EQUIPMENT AND MATERIALS 

A variety of equipment was used at different stages throughout 

this research work. The equipment can be grouped into two major cate

gories: mechanical and physicochemical. Soils obtain from different 

locations in and around Tucson, Arizona, were used in the preliminary 

examination to determine their suitability for detailed investigation. 

Only one main soil type was used in the comprehensive investigation 

because the testing program would otherwise be too extensive. Discus

sion of the equipment and materials used are presented in this chapter, 

and the experimental techniques are discussed in the following chapter. 

Mechanical Testing Equipment 

The following is a list of the mechanical testing equipment used 

to collect, store, and test soil samples: 

1. Specially designed and constructed thin-walled steel ring 

samplers for sampling undisturbed specimens for collapse and swelling 

tests. Each ring has a 2. 5-in. inside diameter, a 2. 56-in. outside 

diameter, a I-in. height, and an area ratio of 0.05. Each tapers at one 

end to a very sharp edge (Fig. 8) to aid in advancing the sampler and 

minimizing displacement disturbance. 

2. Thin-walled split steel cylindrical samplers (Fig. 9) for sampling 

undisturbed specimens for unconfined compression testing. Each cylin

der has a 1. 38-in. inside diameter, a 1. 44-in. outside diameter, a 
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Fig. 8. Thin-walled Steel Ring Samplers 

Fig. 9. Thin -walled Split Cylindrical Samplers 
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4. O-in. height, and an area ratio of 0.09. Each tapers at one end to 

a very sharp edge. The cylinders were circumferen tially grooved on 

the outside to house the tying steel wires. 

3. A pick and shovel for excavating field pits. 

4. Apparatus and supplies for determining density of soils in place 

by the sand-cone method as specified by ASTM D 1556. 

5. Plastic containers of various sizes with tight covers for storing 

the soil and lime. 

6. Apparatus and supplies for laboratory determination of moisture 

content of soil as specified by ASTM D 2216. 

7. Plastic bags of various sizes that can be tightly sealed for 

storing undisturbed, remolded, and lime-treated soils without loss of 

moisture. 

8. Trimming saws of both wire and fine-thread types. 

9. Levermatic Consolidometers, Model C-220 (Soil Test Inc., 

Chicago, Illinois). The load is carried on a 20: 1 lever system (Fig. 10) 

and applied to a 2. 5-in. -diameter soil sample in increments from 1/8 to 

16 tsf. This device was used to run the collapsing test. 

10. Swelling apparatus. The free-swelling potential was measured 

by using the locally prepared setup shown in Fig. 11. 

11. Apparatus and supplies for sampling soils as specified by ASTM 

D 420. 

12. Apparatus and supplies for preparation of soil samples for 

grain-size analysis and determination of soil properties as specified by 

ASTM D 421. 
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Fig. 10. Levermatic Consolidometer 

Fig. 11. Swelling Apparatus 
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13. Apparatus and supplies for determining liquid limit of soils as 

specified by ASTM D 423. 

14. Apparatus and supplies for determining plastic limit and 

plasticity index of soils as specified by ASTM D 424. 

15. Apparatus and supplies for specific gravity test as specified by 

ASTM D 854. 

16. Apparatus and supplies for particle-size analysis of soils as 

specified by ASTM D 422. 

17. A vernier caliper and a comparator (Fig. 12) with a dial having 

an accuracy of 0.001 in. for precise dimensional measurements. 

18. An Instron Universal Testing Machine (Instron Corporation, 

Canton, Massachusetts) (Fig. 13) was used to advance the tapered 

rings and cylinders into the impact-compacted soil to obtain specimens 

for collapse, swelling, and unconfined compression tests. The Instron 

was also used to prepare specimens by static compaction, and run 

unconfined compression tests. The machine was a TT-C floor model 

with a full scale load, ranging from 0 to 10,000 1b in both tension and 

compression. It incorporates a highly sensitive, electronic weighing 

system with load cells that use strain gages for detecting and recording 

tensile or compressive load. The moving crosshead is operated by two 

vertical drive screws and a positional servo-mechanism for unique 

accuracy and flexibility of control over crosshead motion. The 

crosshead movement can be varied from 0 to 20 in/min by changing the 

gear shaft arrangement. The chart of the recorder is synchronously 

driven at a wide variety of speed ratios with respect to the crosshead, 
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Fig. 12. A Comparator Setup 

Fig. 13. Instron Universal Testing Machine 
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enabling measurements of sample change to be made with a large choice 

of magnifications. 

19. Apparatus and supplies for Standard AASHTO compaction test 

as specified by ASTM D 698. 

20. Split Harvard miniature molds, 1.38 in. internal diameter and 

4.0 in. high, and their base plates. 

21. Soil test specimen extruder. 

22. Plastic wrap and duct tape for sealing specimens during curing. 

23. An environmental curing room. The temperature and humidity 

of the room are controllable for the desired curing condition. The room 

is supplied with a thermometer and a hygrometer to indicate the desired 

temperature and relative humidity. Normal curing conditions of 70 F 

and 100% relative humidity were used for curing throughout the study. 

Physicochemical Testing Equipment 

The physicochemical testing equipment used in the study 

included: 

1. Buffer solution of 7,10, and 12 pH values for standardizing and 

calibrating the pH meter. 

2. Electric vibrator plate for providing uniform slurries. 

3. Corning Standard pH electrode (Corning Glass Works, Medfield, 

Massachusetts) • 

4. Corning pH meter 125 (Science Products, Medfield, Massachu

setts) with a digital readout accurate to two decimal points (Fig. 14). 

5. Vacuum desiccator with high rotary pump (Fig. 15) was used 

initially to dry the compacted specimens and outgas the fractured 
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Fig. 14. Corning pH Meter 125 

Fig. 15. Vacuum Desiccator and Rotary Pump 
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specimens prior to X-ray examination and scanning electron microscope 

observation. -3 Vacuum up to 10 mm Hg can be developed in the 

desiccator by use of a high-capacity rotary Duo Seal vacuum pump (The 

Welch Scientific Company, Chicago, Illinois). 

6. A mortar and pestle for grinding the natural soil and lime-

treated specimens. 

7. A No. 200 U.S. Standard sieve. 

8. Ainsworth Type 10 (Wm. Ainsworth & Sons, Inc., Denver, 

Colorado) electric high-precision balance sensitive to 0.0001 g. 

9. Flasks and distilled water. 

10. Beakers, funnels, and filter papers for soluble salts deter-

mination. 

11. Plastic sample holder for X-ray powder samples. 

12. Eye dropper, glass slides, and ethylene glycol. 

13. Electric oven of high capacity up to 1000 C and a regular 

shelved desiccator. 

14. A sharp single-edge razor blade and a fiber-headed hammer. 

15. Half-inch-diameter metal specimen mount stubs and double-stick 

tape. 

16. Applicators and plastic petri dishes. 

17. E-POX-E5 resin and hardener (Lectite Corporation, Cleveland, 

Ohio) for mounting soil specimens on stubs. 

18. An automatic-valving vacuum evaporator Model VE-10 (Mikros 

Inc., Portland, Oregon) was used for quick drying specimens prior to 

X-ray analysis and for initial coating of specimens with carbon prior to 
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scanning electron microscopic examination. This equipment has auto-

matic pre-programmed circuitry to the vacuum system and is controlled 

by operate, change, and stop push buttons on the control panel (Fig. 

16). Vacuum level is read out on the meter in millimeters of mercury 

(Torr) as sensed by a Pirani gage in the vacuum manifold. The 

vacuum system consists of a high-capacity rotary pump for roughing 

the bell jar to a pressure of approximately 75 torr and a very high 

capacity air-cooled oil-diffusion pl,lmp to obtain pressure down to about 

-5 10 torr. 

19. A General Electric XRD-5 diffractometer (General Electric, 

Milwaukee, Wisconsin) ( Fig. 17) was used to identify the clay minerals 

in the natural soil and to detect any reaction product in the lime-

treated soil. The XRD-5 diffraction unit consists of three components: 

the X-ray unit itselff (center), the power supply (right), and the 

electronic signal modulator and recording unit (left). The copper-

radiated X-ray beam produced by 35 kV and 23 rnA is modified by a 10 

beam slot before its arrival at the goniometer-mounted specimen. The 

diffracted beam then passes through a medium resolution collimator, a 

0.10 detector slit, and a nickel filter. A xenon-filled counter tube 

detects the diffracted X-ray beams and their intensities are recorded on 

strip charts (diffractograms). A goniometer angular speed (2a) of 2 

degrees per minute and a time constant of 2 seconds were used. 

20. Coating device. A Hummer I (Technics Company, Alexandria, 

Virginia) was used to coat the scanning electron microscope (SEM) 

specimens. The Hummer I is a d-c sputtering system. A negative poten-

tial is applied to the cathode, which is enclosed in the process 
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Fig. 16. Mikros VE-10 Vacuum Evaporator 

Fig. 17. General Electric SRD-5 Diffractometer 
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chamber at a pressure of 50-500 millitorr. The cathode material is 

deposited on the specimen, which is placed on the specimen pedestal. 

The diffuse nature of the sputtering process in this device (Fig. 18) 

allows coating of all recesses and sides and eliminates charging on SEM 
o 

specimens. A typical process cycle is 2-3 minutes for 75 to 200 A 

coatings. 

21. Scanning electron microscope (Fig. 19). An lSI Model DS-130 

scanning electron microscope (International Scientific Instruments, Inc., 

Santa Clara, California) was used to identify reaction product in the 

lime-treated soil and to observe the microfabric characteristics 

throughout the study. This instrument is a dual-stage scanning elec-

tron microscope. A five-lens system makes it. possible to examine large 

(up to 5 in. diameter) specimens on the bottom stage and also provides 

ultra-high resolution with the top stage while using a st~ndard tungsten 

hairpin-type filament. The acceleration voltage ranges from 1 to 40 kV 

(l-kV steps), the magnification ranges from 10 to 300,000, and the 

working distance changes from 8 to 53 mm. A resolution of 30 and 60 
o 
A can be achieved in the first and second stage, respectively. 

22. Polaroid 4x5 Land films Type 55/Postive-Negative (Polaroid 

Corporation, Cambridge, Massachusetts) suitable for use in the SEM-

mounted Polaroid camera. These are fine-grain panachromatic films, 

which yield a positive and a negative of high resolution suitable for 

making high-quality enlargements. The standard processing time is 20 

seconds at 70 F and above. 
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Fig. 18. Hummer I Sputtering Device 

Fig. 19. DS l30 Scanning Electron Microscope 
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Materials 

Soil 

The literature indicates that large areas of potentially collapsing 

soils are scattered throughout Tucson, Arizona. Several locations 

within the Tucson area where soils with high-collapse potential were 

known to exist were chosen for initial study with the hope that one of 

them might be suitable as a source of material for the detailed experi

ments in this research. The existing structures in the city constrained 

the search to only vacant lots. Various locations of highly collapsing 

soils suitable for the investigation are shown on Fig. 2. The relative 

ease of access to Site 3 and its remoteness favored its choice as the 

source of soil for this study. 

The undisturbed collapsible soil obtained from Site 3 is a 

medium-brown, crumbly, ·'light to medium weight alluvium, containing 

many visible voids and root holes. Although it is relatively stiff as a 

mass at low natural moisture content, its fractured pieces can be easily 

powdered between the fingers. Few individual particles can be seen 

with the unaided eye, and practically no stratification is visible. 

Many tests were conducted on samples taken from Site 3 at 

approximately 15 in. below the natural surface to determine the 

engineering properties of the chosen soil. Sieve and hydrometer 

analyses were performed, and the gradation curve is shown in Fig. 20. 

The AASHTO Standard Impact Compaction test (ASTM D 698) was used 

to obtain the maximum dry density and the optimum moisture content. 

The compaction characteristics of the soil are shown in Fig. 21. The 



90 

10 

1;1 
at 

• 3te 
~ 
.a .. 
• 50 c: 

iA: 

~ 40 • Co) ... 
• £l.30 

Sand Slit 

o Sieve Analr.iil 

A Hrdrometer Anal,ala 

QI 0.01 
Grain Size in Mi llimtten 

Fig. 20. Grain-size Distribution Curve for Site 3 Soil 

" , 
QOOI 

...J 
U1 



--Q) 
Q) .... 
= 

95 

90 

~ 85 
.c --'en 
c: 

.Q) 
C 
>- 80 ... 
c 

75 

r 
o 

I I 

10 20 30 40 
Moisture Content (%) 

Fig. 21. AASHTO Standard Impact Compaction Curve 

76 

50 



77 

clay and nonc1ay minerals in the soil were identified by running X-ray 

diffraction analyses (Fig. 22). The physical properties of the soil are 

summarized in Table 1. 

Lime 

A commercial-grade calcitic (high-calcium) hydrated lime, 

Ca(OH)2' meeting ASTM specification C 207.was used for lime treatment 

of the soil throughout the study. The lime is manufactured from 

high-calcium new material of relatively pure calcium carbonate by the 

Flintkote Company, California. This lime was chosen because it was 

locally and commercially available for industrial and chemical use. The 

chemical, physical, and sieve analyses of the calcium hydroxide, as 

given by the manufacturer, are shown in Table 2. 

Water 

To facilitate the study of the physicochemical part of the 

investigation, distilled water was used throughout the study. The pH 

of the water was between 6.5 and 7. 
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Table 1. Properties of the Natural Soil from Site 3 

Physical Properties 

Natural dry density (pcf) 
Natural void ratio 
Natural water content (%) 
Specific gravity 

Textural Composition 

Gravel (%) (> 2mm) 
Sand (%) (0.06-2 mm) 
Silt (%) (0.002-0.06 mm) 
Clay (%) «0.002 mm) 
Minus No. 200 (%) 

Index Properties 

Liquid limit (%) 
Plastic limit (%) 
Shrinkage limit (%) 
Plasticity index (%) 
Activity (Seed, Mitchell, and Chan, 1962) 

Classification 

Unified soil (ASTM D 2487) 
Triangular textural (USDA) 
AASHTO (M 145) 

Compaction Properties (Standard AASHTO T-99) 

Standard maximum dry density (pcf) 
Optimum moisture content (%) 

Chemical Properties 

Ca (mg/L) 
Mg (mg/L) 
Na (mg/L) 
Cl (mg/L) 
SO (mg/L) 
HC~3 (mg/L) 

C0
3 

(mg/L) 

K (mg/L) 
N (mg/L) 
Si0

3 
(mg/L) 

a Value 

66 
1.51 

12 
2.65 

o 
8 

66 
26 
94 

46 
27 
19 
19 
0.9 

ML-CL 
Silt loam 
A-7-6 (20) 

91 
27 

25 
3 

15 
5 

30 
61 

o 
13.6 
29.8 
29.8 
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Table 1. Properties of the Natural Soil--Continued 

Sodium absorption ratio 
Electric conductivity (ohm) 
CaC03, equivalent (%) 
OrganIc matter (%) 
Carbon (%) 
pH 
Soluble salts (ppm) 

Exchangeable cations 

Na (meq/100 g) 
K (meq/lOO g) 
Ca (meq/100 g) 
Mg (meq/100 g) 

Cation exchange capacity (meq/lOO g) 

Type of Minerals 

Montmorillonite 
Micalike 
Quartz 
Plagioclase 
Kaolinite 
Calcite 

a. A verage from three tests. 

0.75 
0.25 
6.26 
1.88 
1.09 
8.2 

165 

0.54 
1.93 

63.66 
4.07 

22.92 

Minor 
Minor 
Major 
Minor 
Trace 
Trace 
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Table 2. Properties of the High-calcium Hydrated Lime. As 
furnished by the manufacturer, Flintkote Lime Products. 

Chemical Analysis 

Iron oxide (Fe
2

0
3

) 

Aluminum oxide (AL
2

0
3

) 

Calcium carbonate (CaC0
3

) 

Calcium oxide (CaO) 

Magnesium oxide (MgO) 

Calcium hydroxide (Ca(OH)2) 

Moisture 

Physical Analysis 

Bag capacity (ft 3 ) 

Density (loose, pcf) 

~Density (compact, pcf) 

Specific gravity 

Sieve Analysis 

% passing No. 70 sieve 

% passing No. 100 sieve 

% passing No. 140 sieve 

% passing No. 200 sieve 

% passing No. 325 sieve 

Value 

0.1 

0.5 

1.5 

nil 

1.0 

94.6 

0.5 

1.3 

28 

42 

2.23 

100 

trace 

99 

97 

88 



CHAPTER 4 

TESTING PROCEDURES 

The various laboratory procedures and specific tests used in 

this investigation were designed to determine the collapse, swell, 

compaction, unconfined strength, and lime-treatment characteristics of 

the collapsible soil investigated. Fig. 23 shows a flow chart for the 

testing program followed in this investigation. It should be noted that 

consistency in methodology was followed throughout this study for 

better comparability and reproducibility of experiments. 

Site Selection 

The first step in this program was to determine the various 

locations in the City of. Tucson where highly collapsing soils exist. The 

preliminary guidance in this task was based on previous studies con

ducted around Tucson (see, for example, Anderson, 1968, and Crossley, 

1969). The degree of collapse potential of soils at each location was 

determined by running the preliminary series of tests to be described 

in detail. Liq uid limit, plastic limit, in situ dry density, collapse, and 

swelling potential tests were performed for each location. After car

rying out these tests, it was possible to develop an engineering judg

ment of soils collapsibility in the field. The most convenient locations 

of soils that were eligible on these bases for the detailed investigation 

of this research are shown in Fig. 2. It should be mentioned that a 

candidate site not only needed to contain highly collapsible soils, but 
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Fig. 23. Testing Program 

Explanation 

Var. sites = various sites 
0.5 tsf C = 0.5 tsf collapse 
2 tsf C = 2 tsf collapse 
liq. limit = liquid limit 
pl. limit = plastic limit 
nat. yd = natural dry density 
Sel. site = selected site 
Undist. sam. = undisturbed samples 
Unconf. comp. = unconfined compression 
EIMC = effect of initial moisture content 
ELS = effect of loading sequence 
ELL· = effect of loading level 
SEM = scanning electron microscope 
Dist. samp. = disturbed samples 
GSA = grain-size analysis 
SG = specific gravity 
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also had to be located in a relatively remote area that was not expected 

to be developed within a few months from the start of the program. 

Also free legal access to the site was required so that trespassing 

would not be a problem. Based on these requirements, Site No. 3 was 

found to provide the most suitable conditions for the detailed testing 

program to be described later. 

Preliminary Tests Performed for All Sites 

Only mechanical tests were performed during this phase of the 

study. The various types of mechanical testing that provided part of 

the data for this investigation included the following. 

Field Procedures 

Retrieving Undisturbed Samples. Every effort was made to ob

tain undisturbed soil samples, which is a difficult task with such meta

stable soils. The low stability of the soil presents the danger of 

breaking apart the soil sample while pushing down the sampler mold in 

the field, while transporting the sample to the laboratory, or while 

trimming the sample in the laboratory. Sampling generally proceeded 

by excavating field pits on the order of 4 feet wide, 4 feet long, and 

H feet deep. These pits were manually excavated by a pick and shovel 

in a careful way so as not to disturb the soil below the bottom of the 

pit. 

Before sampling, the top few inches of the soil at the bottom of 

the excavation were carefully removed in such a manner as to leave the 

exposed surface of the soil intact and level. The sampler (either the 
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ring or the cylindrical mold, as described in Chapter 3) was coated 

with a film of petroleum jelly to aid in its advancement while sampling. 

The sample was then placed on the new surface with the tapered end in 

contact with the soil. The sampler was pushed down by hand with a 

slow rate of increasing pressure. Utmost care was taken to push down 

the sampler slowly, to advance the sampler vertically, and not to dis

turb the soil being sampled. The pushing of the sampler continued 

until either complete Qr partial penetration occurred. If partial 

penetration was obtained, a metal cap was placed on the upper end of 

the sampler and additional force was applied until complete penetration 

was obtained. To advance the sampler deeper to avoid possible distur

bance of the top surface of the sample, the following step was con

sidered. A solid untapered follower having the same dimensions as the 

sampler was carefully placed on top of upper end of the sampler and in 

perfect alignment with it. The metal cap was placed on the upper of 

the follower and additional force was applied to advance the sampler and 

follower down until a penetration of from a quarter to a half of the 

length of the follower was achieved. Most of the time, the additional 

penetration of the sampler-follower unit required a combination of hand 

pushing, gradual imposition of personal weight by standing on top of 

the metal cap, and gradual application of heavy dead weights of steel 

cylinders. The follower was then carefully slightly twisted and lifted 

up vertically. 

A curved sharpened knife was used to channel around the out

side of the in-place sampler to a depth of from 1 to 2 inches below the 

bottom of the sampler to expose a chunk of soil containing the sampler. 
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A flat cutter with a sharp edge was used to cut the base of the soil 

block. Thus, a hand-carved block of soil containing a consolidometer 

ring (Fig. 24) or an unconfined compressive strength mold (Fig. 25) 

surrounded by soil was obtained. After a block was removed, it was 

placed in two self-sealing plastic bags to maintain the natural moisture 

condition of the soil. The wrapped block was placed in a cardboard 

carton half filled with straw to minimize disturbance during transpor

tation by car to the laboratory where it was trimmed. 

Determining in Situ Dry Density. The natural dry density has 

long been used as an indicator for the collapse potential in most of the 

previously cited collapse criteria (see, for example, Denisov, 1951, and 

Gibbs, 1961). For later comparison, this soil physical parameter was 

determined for all the candidate sites. Determination of the in situ dry 

density was made in accordance with ASTM D 1556. 

Laboratory Procedures 

Handling and Preparing Undisturbed Specimens. The ends of 

the soil samples were carefully trimmed and prepared with the least 

possible disturbance while the samples were still in the sampling 

devices. End trimming was accomplished by a combination use of sand

paper of various textures and both wire and fine-thread trimming saws. 

Sampler molds designed for the precise required dimensions greatly 

facilitated the trimming process to be carried out in a confined soil 

condition with minimal disturbance. Furthermore, the sampler rings 

were used directly after trimming without transferring the specimens 
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Fig. 24. Ring Samples before Trimming 

Fig. 25. Cylindrical Samples before Trimming 
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any further (Fig. 26). After complete trimming the cylindrical sampler, 

the tying steel wires were cut from their grooves and the two split 

parts of each. mold were easily removed. This procedure resulted in 

well-prepared samples ready for unconfined compression testing (Fig. 

27). 

Handling and Preparing Disturbed Samples. Disturbed soils 

were obtained from excavating the field soil at least 15 inches below the 

natural surface. Loose soils as well as large chunks were collected in 

large plastic containers and transported to the laboratory. The raw 

soil had to be processed before it could be used in the testing 

program. Processing of raw soils included drying, grinding, sieving, 

and storing. Upon delivery to the laboratory in its natural condition, 

the soil was spread out to air dry on large pans placed on laboratory 

tables. After a few days the soil was hand crushed, if necessary, and 

sieved through a No. 10 sieve. Material retained on the sieve was then 

placed in a mortar bowl and crushed by a rubber pestle. The soil was 

crushed and sieved until the soil aggregations were completely broken 

down. All components passing a No. 10 sieve were mixed to obtain 

uniformity and were split several times with a riffle-box sample splitter 

until the whole soil sample was divided into small representative por

tions of about 2 kg each. Each· portion was placed in a plastic bag, 

which was sealed and placed in another plastic bag, sealed, and stored 

until used. Further splitting was repeated when smaller representative 

portions were needed. 
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Fig. 26. Ring Samples after Trimming 

Fig. 27. Cylindrical Samples after Trimming 



Laboratory Tests on Undisturbed Samples. In the process of 

evaluating collapse/swell potentials of the various locations, it was 
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found that the variation in initial moisture content or degree of sat

uration from location to location at the time of sampling made it difficult 

to compare the results of collapse/ swell tests on natural undisturbed 

samples. Because the amount of collapse/swell depends greatly on the 

moisture content of the sample before testing, misclassification of the 

collapse/ swell potential of soils can be easily encountered even at the 

same location, depending on the sample's moisture content. Thus, the 

water content before testing is a major problem in comparing the col

lapse/swell potentials of various soils. Comparing soils at their natural 

moisture content, which is very hard to define because it is seasonally 

dependent, is of no value since they are liable to be at different stages 

in their collapse and swelling mechanisms. Preliminary tests were done 

on many samples to study their drying behavior in an oven at different 

temperatures in order to select a convenient temperature and time com

bination that reasonably dried the sample with the least possible effect 

on its composition and structure. An oven-dried condition at 80 C for 

2 days was found to be the most convenient state at which to compare 

the collapse and swelling potentials of different natural soils. At the 

same conditions of temperature, the clay particles in each of the soils 

would be in a similar state of hydration and the collapse and swelling 

potentials would not be controlled by the initial moisture content. 

Therefore, the oven-dried condition was chosen as a convenient starting 

point for the investigation of the collapse and swelling of the studied 

undisturbed soils. 
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1. Collapse test: A laboratory test was used to predict the 

amount of settlement that will take place as a result of grain structure 

when the soil is inundated under any particular applied load. The test 

might be called collapse, inundation, single oedometer, one point load

ing, or pseudo-consolidation test, but the term "collapse test" was 

used in this study. Collapse tests at two different levels of loading, 

namely, 0.5 and 2 tsf were conducted in many phases throughout the 

study. These two levels of loading were found to 'represent the most 

extreme possible range of loadings from small houses to schools and 

laboratories. As previously mentioned, the collapse test samples were 

prepared directly in the ring molds that were used in the test. Each 

sample was weighed, its height measured, and placed over a flat porous 

stone in the oedometer reservoir of the Levermatic consolidometer. An

other tapered porous stone was placed on the top of the sample and a 

dial gage sensitive to 0.0001 inch was mounted and adjusted to give the 

initial reading. A certain cons tan t load (either 0.5 or 2.0 tsf) was 

applied to the sample. Readings of the deformation gage were recorded 

at short intervals (every 30 seconds) for 5 minutes, then every 5 min

utes thereafter until the difference between two successive readings was 

less than 0.001 inch or the deformation was completely seized. The 

sample was then inundated with distilled water, and its deformation dial 

gage readings were recorded in a fashion similar to that for the loading 

part. The sample was then weighed, oven dried, and reweighed for 

the final water-content determination. 

2. Swelling test: Swelling tests were conducted on samples paral

lel to those made for collapse tests mentioned in the previous section. 
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Each sample was weighed, its height measured, and the sample was 

placed over a flat porous stone in the swelling reservoir shown in Fig. 

11. Another porous stone was placed on top of the sample and a dial 

gage sensitive to 0.0001 inch was mounted and adjusted to give the 

initial reading. Distilled water was then added to cover the top porous 

stone in the reservoir. Readings of the deformation gage were re

corded every 30 seconds for 5 minutes, then every 2 minutes for 10 

minutes, and every 5 minutes thereafter until the difference between 

two successive readings was less than 0.0001 inch or the deformation 

was completely seized. The sample was then removed, dried of excess 

water, weighed, oven dried, and reweighed for the final water-content 

determination. 

Laboratory Tests on Disturbed Samples. 

1. Atterberg limits: The liquid limit, plastic limit, and plasticity 

index were determined according to ASTM Methods D 423 and D 426, 

respectively, with the following exception. After the soil and distilled 

water were mixed, the mixture was placed in a plastic bag, zip locked, 

and allowed to stand for approximately one hour before testing, This 

was done to obtain uniform wetting of the mixture and to be consistent 

with the procedures to be followed later in the pH determination. The 

liquid limit tests were run at four different moisture contents, and the 

plastic limit tests were repeated three times for each mixture and the 

average was calculated and reported. 
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Additional Tests Performed for Selected Site 

Upon the final choice of the soil of Site 3 as the soil for the 

detailed investigation, the rest of the resaarch program was conducted 

on this soil. This part of the testing. program included four experi

mental phases: physical tests on natural soil, physical tests on com

pacted soil, physical tests on soil-lime mixtures, and physicochemical 

testing. 

Physical Tests on Natural Soil 

This phase of the investigation was carried out to study in 

detail the natural characteristics and engineering behavior of the 

selected soil. This study will clearly define the nature of the inherent 

collapse problem of the soil and provide informational bases about the 

nature of the soil before any treatment could be done. 

Undisturbed Samples. The testing program required specimens 

with a wide range of water content to study the collapse-initial water 

content relationship. Because the natural moisture content is generally 

low and it was decided to oven dry the samples, after proper trimming, 

at 80 C for 2 days as a base reference for comparison, it was necessary 

to introduce additional moisture into the soil. Preliminary investigation 

indicated that uniform addition of moisture can be achieved through 

indirect exposure of the soil sample to the humidity in a normal humid 

curing room for a specific time. The alteration of the water content 

was accomplished in the following manner. Trimmed samples were 

placed in an oven at 80 C for 2 days, then transferred to the humid 

curing room (always greater than 100% relative humidity). The samples 
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in their molds were placed on their sides in a position that exposed 

laterally both top and bottom bases of the mold. These arrangements 

were held by nails. hammered on small flat wooden boards in a specific 

configuration. Each ring mold was carefully slipped between four ver

tical nails to hold the specified position. The boards holding the ring 

samples were placed on shelves covered with heavy plastic sheets to 

allow only indirect exposure of the samples to the humidity of the 

sprayers in the humidity room. The samples were then allowed to stand 

in the humidity room for 1, 3, 7, 14, or 21 days to produce different 

corresponding moisture contents. 

1. Collapse! swell tests: Additional collapse! swell tests were con

ducted on the undisturbed Site 3 soil to study the relationship between 

collapse! swell and initial water content. Additional collapse tests were 

also conducted on the undisturbed soil to study the effect of the 

sequence of loading and wetting on the measured collapse. The 

procedures for running the collapse! swell tests were explained earlier in 

this chapter. 

2. Unconfined compressive strength test. Unconfined compressive 

strength tests were also conducted on samples parallel to those made for 

the collapse tests mentioned earlier. In the unconfined compression 

test, the relationships between stress and strain were obtained by con

tinuously and axially straining the sample at a constant rate of strain 

until failure. All samples were tested at room temperature (70 F ± 5 F) 

in the Instron Universal testing machine, which was started up, zeroed, 

balanced, and calibrated before testing. An arrangement of the gears 

on the shafts was selected to obtain a loading rate (crosshead speed) of 
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0.05 inch per minute and a chart speed of 2 inches per minute to give 

a convenient length of record. Each sample was weighed, measured, 

placed in the Instron machine, and tested. After the test was com

pleted, the failed sample was placed in a moisture can, w,eighed, oven 

dried at 105 C for 24 hours, and reweighed for the final water content 

determination. Tests were run in triplicate, and the average strengths 

were reported in pounds per square inch. This is in accordance with 

ASTM designation C 109, which requires a minimum of three specimens 

for each condition. Any reading that deviated excessively from the 

rest was disregarded, and the remaining values were averaged. 

Disturbed Samples. 

1. Grain-size Analysis and Specific Gravity. Upon the final choice 

of the Site 3 soil for the detailed investigation, its grain-size 

distribution was determined according to ASTM Method D 421. Both the 

sieve and hydrometer analyses were required to complete the gradation 

curve, because the soil was mostly of fine particles. The specific 

gravity was also determined according to ASTM Method D 854. The 

results of these tests were essential in the classification process of the 

soil. 

2. Compaction Test. The compaction test was used to define the 

moisture-density relationship for the natural soil. The test procedures 

were according to the Standard AASHTO Impact Compaction Specification 

(ASTM D 698). 



100 

Physical Tests on Compacted Soil 

In this phase of the study, compaction by both impact and stat

ic methods were used as means of mechanical stabilization to reduce the 

inherent collapse of the natural soil. 

Mixing Procedures. Soil was required for various compaction 

and sample preparation processes. It was necessary to define the 

AASHTO Standard Impact Compaction Curve and for preparing samples 

compacted by both impact and static methods for specific points along 

the standard compaction curve of the natural soil. 

A standard procedure for preparing soil batches for compaction 

was adopted and used throughout the study. This procedure produced 

mixtures with nearly constant moisture contents and better workability. 

To produce a desired mixture, air-dried soil passing a No. 10 sieve was 

placed in an oven at 80 C for 2 days before preparing each batch. A 

predetermined amount of this oven-dried soil was placed in a shallow 

stainless steel mixing pan. The soil was then leveled off in the pan 

ready for addition of required moisture. 

The amount of distilled water required to achieve the desired 

moisture content was calculated. All moisture contents were expressed 

in terms of the percentage by weight of total dry solids in the mix

tures. The soil, which had been predried at 80 C for 2 days, was cor

rected for the moisture content remaining after the drying process. 

The required moisture content was calculated based on the cOl~rected 

dry weight of the soil. The calculated amount of water was measured 
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in a graduated cylinder, placed in a polyethylene squeeze bottle, 

sprayed evenly on the entire surface of the mixture, which was then 

remixed. Spraying and remixing were continued until the desired 

moisture content was reached and the best moisture uniformity (indi

cated by a uniform appearance) was obtained. The mixing pan and wet 

mixture were weighed. If there was a difference between the initial 

total weight before mixing and the total weight after mixing, it would 

be the volume of water that had evaporated during the mixing process. 

The additional water was mixed with the mixture, as before, to com

pensate for the evaporation. 

Immediately after mixing, the mixed batch was placed in a 

plastic bag, which was manually freed of air and sealed tightly. The 

bag, in turn, was placed in another bag, which was sealed and placed 

in a control room at 100% relative humidity to temper loose for 24 hours. 

This tempering period assures uniform distribution and also corresponds 

to a practical minimum field-curing period for most projects. After 

tempering and before compaction or molding, the mixture was remixed 

by continuously kneading the plastic bag to obtain more homogeneity. 

Impact Compaction. Impact compaction was used to define the 

moisture-density curve of the natural soil. It was also the standard 

method of compaction, and static compaction was adopted to give com

parable density and moisture content results. The tempered-prepared 

mixture was compacted in three equal layers according to the AASHTO 

Standard Impact Compaction specification (ASTM Method D 698). In the 

untreated soil, impact compaction was used to mold samples at specific 
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points along the compaction curve to study the effects of the particular 

method of compaction on the collapse, swelling, unconfined strength, 

and microfabric characteristics of the soil. After a specified mixture 

was compacted in a petroleum jelly-coated standard compaction mold, 

representative samples were prepared for the above tests. 

For the collapse and swelling test samples, four ring samples 

(one tapered and three untapered) were generously coated with petro

leum jelly lubrication. The tapered mold was placed with its tapered 

edge in contact with the surface of the compacted soil in the Proctor 

compaction mold. The whole assembly was then transported to the 

Instron Universal machine. A 4 x 4-in. flat metal cap was placed on 

top of the ring mold under the loading piston, which pushed the ring 

down at a constant slow rate. When about three-quarters of the 

sampler height had advanced down into the soil, the loading was re

versed to raise the piston and align the second ring on top of the first 

ring. The loading, unloading, and alignment of another ring were 

repeated until the fourth ring advanced about a quarter of its height. 

After complete penetration of the first three rings, the whole assembly 

was removed from the Instron machine, the base of the mold was 

removed and the whole compacted soil (containing the rings) was 

extruded by a specimen extruder. The first three rings were carefully 

trimmed, ready to be used in the collapse or swelling test. 

For the unconfined compression test samples, three of the 

split-tapered cylindrical molds were assembled by tying the wires in the 

grooves and coating the molds with a thin film of petroleum jelly. The 

cylindrical molds were uniformly distributed vertically with their tapered 
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edges in contact with the surface of the compacted soil in the compac

tion mold, the metal cap was centrally placed on top of the cylindrical 

molds, and the whole assembly was taken to the Instron Universal ma

chine. The samplers were advanced down at a slow rate of loading 

until three-quarters of their heights were penetrated into the soil. The 

piston was raised and three matching solid cylindrical molds were 

aligned on top of the penetrated molds. The molds were further ad

vanced until the top aligned molds were advanced down a quarter of 

their heights. The whole assembly was removed from the machine, the 

base plate of the compaction mold was removed, the three tapered cylin

drical molds were carefully trimmed, and the split parts were disas

sembled. 

The same procedures were repeated for different mixtures 

representing points on the compaction curve. 

Static Compaction. Static compaction was mainly used to pre

pare samples comparable to those obtained by the impact-compaction 

method. Several samples were statically compacted to represent dif

ferent points along the compaction curve of the untreated soil to inves

tigate the effects of this method of compaction on the collapse, swelling, 

unconfined strength, and microfabric characteristics of the soil. After 

tempering, samples of a specified representative mixture were prepared 

in the following manner. 

To prepare samples for collapse and swelling tests, two solid 

ring molds were coated with petroleum jelly, aligned on top of each 

other and tied together on their contact perimeter with a 2. 5-inch-
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diameter hose (fastener). Both assembled rings were mounted on a 

special base and fastened in place by screwing nuts on specially de

signed holding flanges (Fig. 28). The bottom mold was used to house 

the soil sample to be directly used in the collapse or swelling test, 

whereas the top mold was used as an extension collar for the soil and a 

guide for the specially designed compressive piston to be pressed down 

vertically to the specified depth. The tempered mixture of calculated 

volume that would give the same density as that of the corresponding 

impact compacted specimen having the same molding water content was 

carefully poured into the assembled molds, the compressor piston with 

its cap was placed on top of the soil, and the whole assembly was taken 

to the Instron Universal machine. The soil was statically compressed 

by applying a constant slow loading rate. The desired I-inch thickness 

was reached when the piston's cap touched the top mold. Th load was 

maintained on the specimen for 3 minutes. If a noticeable amount of 

rebound took place after removal of the static load, the specimen was 

reloaded and maintained loaded until no visible rebound was noted 

during load release. Immediately after compaction, the assembly was 

removed, the weight and height of the specimen were checked, and the 

specimen was ready for the next step in the testing. Triplicate speci

mens at each water content and corresponding dry density were pre

pared by the same procedure. 

For the unconfined compression strength test specimens, the 

split Harvard miniature mold, the extension collar, and the base plate 

were cleaned, assembled, and then layers of petroleum jelly were ap

plied to the inside surfaces of the mold (Fig. 29). The calculated 
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Fig. 28. Static Compaction Molds of Ring Samples 

Fig. 29. Static Compaction Molds of Cylindrical Samples 
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tempered mixture was poured into the mold and statically compressed by 

the Instron machine at a slow rate of loading up to a specified height 

marked on the attached small piston to give the maximum dry density as 

was determined previously by a standard AASHTO impact compaction 

test. The rest of the procedures continued in a similar manner to 

those of preparing the collapse and swelling specimens, as previously 

mentioned. 

Collapse, Swell. and Unconfined Compressive Strength Tests. 

Specimens compacted at various points along the AASH'I'O Standard 

Compaction Curve by both impact and static m-ethods were tested for 

their collapse, swell. and unconfined compressive strength. The pro

cedure for each test was given earlier in this chapter. 

Physical Tests on Soil-lime Mixtures 

Lime treatment was used in this phase of the study to stabilize 

the volumetric change behavior of the collapsible soil. 

Mixing Procedures. Soil-lime mixtures were required for 

various compaction and specimen preparation processes. They were 

necessary to define the AASHTO Standard Compaction Curve and for 

preparing specimens by the static method at maximum dry density and 

optimum moisture content of the soil-lime compaction curve. The mixing 

procedures for soil-lime mixtures were the same as those use in the 

compaction phase with the single exception that the lime additive 

(expressed as a percentage of the oven-dried weight of the soil) was 

weighed to the nearest 0.1 g and added to the soil in a dry form. The 



soil and lime were thoroughly mixed by a hand trowel for several 

minutes to produce a well-blended mixture and a homogeneous color. 

The rest of the mixing procedures were then completed. 
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Impact Compaction. An impact compaction test was run in 

accordance with ASTM method D 698, on the soil-lime mixture to define 

its characteristic compaction curve. From this curve, the maximum 

dry density and optimum moisture content of the soil-lime mixture were 

defined. The subsequent evaluation tests for the lime treatment were 

conducted on specimens compacted at optimum moisture content and 

maximum dry density of the soil-lime mixture. 

Static Compaction. Static compaction was used 1i.1ai:aly to pre

pare specimens of soil-lime mixture comparable to those obtained by the 

impact-compaction method at optimum moisture content and maximum dry 

density. The compaction procedure was identical to that mentioned 

earlier for static compaction in the compaction phase. 

Curing. After molding the soil-lime samples by static compac

tion at their maximum dry density and optimum water content, the col

lapse, swelling, and microfabric test samples were retained in their ring 

molds, whereas the unconfined compression strength test samples were 

extruded from their molds. The dimensions and weights of the samples 

were recorded, and the samples were double wrapped in plastic wrap 

and sealed with duct tape. The purpose of wrapping the samples was 

to prevent any loss or gain of moisture and carbonization of lime from 

carbon dioxide in the air during the curing period. The wrapped 
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samples were placed on shelves in a room set at 70 F and 100% relative 

humidity. The temperatures and relative humidity maintained during 

laboratory curing were within ±3 F and ±5% relative humidity, respec

tively. The curing time was -varied. Samples were made in triplicate 

and cured for 1, 3, and 7 days • At the end of the specified curing 

period samples were immediately tested. 

Collapse, Swell, and Unconfined Compressive Strength Tests. 

Lime-treated specimens were prepared by static compaction, as was done 

in the compaction phase, at optimum moisture content and maximum dry 

density of the soil-lime mixture. The specimens were then tested for 

their collapse, swell, and unconfined compressive strength by the same 

procedures used earlier in the compaction phase. 

Physicochemical Testing 

Various types of physicochemical testing were performed as an

other phase of the investigation. This part of the program supported 

the mechanical testing phase and clarified issues that could not be 

examined by mechanical testing. Soluble salt I sulfate and pH measure

ments were made only on specimens of natural soil, whereas X-ray dif

fraction and scanning electron microscopy examinations were done on 

specimens of both natural and lime-treated soil to delineate the effect of 

treatment. 

Soluble Salts Sulfates Determination. Soluble salts in the 

natural soil were determined as part of the soil chemical analysis. 

Removal of excess soluble salts by washing the sample with water or 
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alcohol is desirable before proceeding with subsequent analysis. Sol

uble salts determination helps in evaluating any anticipated corrosion 

problem and also to find the percentage of sulfates, if any, which af

fect the lime-soil stabilization. The procedure was done in the following 

manner. A sufficient amount of soil was ground with a mullite mortar 

and pestle to pass a No. 200 sieve. Twenty grams of th.e ground soil 

and 150 cc of distilled water were mixed and stirred as often as pos

sible during the day, covered, and let stand <?vernight. The solution 

was then filtered into a weighed beaker by using a funnel and filter 

paper and placed in an oven to evaporate the water. The dry beaker 

was weighed to within 0.0001 gram. The percentage of soluble salts 

was calculated as the difference in weight times 100 and divided by 20. 

Because this percentage was found less than 0.1%, the soluble sulfates 

determination was not done. 

pH Measurement. The pH of a solution, which is the logarithm 

of the reciprocal of the hydrogen-ion concentration, indicates the 

degree of its acidity or alkalinity. Measuring pH was used to examine 

the alkalinity of the natural soil and to determine the percentage of lime 

required for lime stabilization. The percentage is usually determined 

by compressive strength tests, Atterberg limits tests, or pH tests, or 

all three. Because lime is very alkaline with a pH of 12.4 at 25 C and 

a high alkaline condition is required to form calcium silicates, the lowest 

lime content that will produce a pH of 12.3 to 12.4 in 1 hour is the 

optimuIrl lime requirement of a soil (Eades and Grim, 1966). The pro

cedures for pH measurements were generally in accordance to Eades and 
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Grim's method. For each lime percentage to be tested, 20 g of minus 

No. 40 sieve soil, oven-dried at 80 C for 24 hours, was weighed to the 

nearest 0.1 g and placed in a 150-ml plastic bottle with screw-top lid. 

The desired percentage of lime was weighed to the nearest 0.01 g, 

added to the bottle, and mixed with the soil in a dry condition. To 

each bottle, 100 ml of CO2-free distilled water was added and the bottle 

was shaken for at least 30 seconds or until all dry materials were in 

suspension. Each bottle was shaken for 30 seconds every 10 minutes 

until 1 hour had elapsed. Part of the slurry was then transferred to a 

100-ml beaker and successive pH readings were taken until an approxi

mately constant value was noted. For better accuracy, the electrode 

and meter were standardized with buffer solutions having a pH of 7, 

10, and 12. The electrode was kept in CO2-free distilled water and 

was washed with distilled water before each reading to be protected 

from CaC03 coating due to the carbonation of the lime. 

X-ray Diffraction. X-ray diffraction traces were obtained to 

define the mineralogy of the natural soil and to detect any possible 

appearance of reaction products and changes in the original constituents 

of the lime-treated soil with curing period. Expected shifts in the 

height or position of the characteristic trace peaks of the samples were 

also looked for. 

Procedures for X-ray study are the same for both natural and 

lime-treated soil. A natural soil or compacted cured lime-treated soil 

was rapidly broken apart into reasonably small fragments by using a 

mullite mortar and pestle (if needed). Representative portions of the 
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broken fragments were placed in loosely covered plastic petri dishes 

and initially quickly dried under moderate vacuum in a vacuum desic

cator for 1 to 2 hours. This time for initial drying was found reason

able for a better grinding process. The partially out-gassed samples 

were gently ground in a mullite mortar and pestle until a powder was 

obtained that would pass through a No. 200 sieve. The powder was 

then placed in the Mikros VE-I0 Vacuum Evaporator to remove the rest 

of the excess moisture. Drying was used in this fashion and at this 

speed to eliminate any possible effect of heat on the sample constituents 

and to prevent any further hydration or curing reaction, respectively. 

A randomly oriented powder sample was prepared by depositing 

the powder into the depression in the plastic sample holder until the 

powder was slightly above the surface of the holder. The powder was 

then lightly pressed down with a glass slide that had been rubbed with 

an alcohol-moistened towel. The surface of the sample was leveled by 

slicing off the surplus powder with a single-edge razor blade. This 

type of sampling was used in the X-ray study of both natural and lime

treated soil. 

Oriented samples were prepared to be used in the mineralogical 

analysis of the natural soil only. A representative sample passing a 

No. 200 sieve was mixed with distilled water in a bowl to make a slur

ry. One minute after mixing, some of the supernatant slurry was 

sucked up by an eye dropper and one or two drops were gently 

dropped on each of four clean glass slides. The slides were then 

placed on a flat surface, covered, and left overnight for air drying. 

One slide was left in this condition, the second was treated with one 
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drop of ethylene glycol and dried, the third was heated at 300 C for 24 
. 
hours, and the fourth was heated at 500 C for 24 hours. 

All samples were tested at room temperature (70 F ± 5 F) with 

the General Electric XRD-5 diffractometer, which was started and ad-

justed for the test. Each sample was mounted in its place, the chart 

recorder was zeroed, a convenient scale was selected, and the equip-

ment was turned on. Traces were made from 3° to 600 29 at 29 per 

minute. 

Scanning Electron Microscopy. Scanning electron microscopy 

(SEM) was conducted to study the micromorphology and microfabric of 

the natural soil to assess the collapse mechanism, to clarify the effect 

of method of compaction and level of loading on the soil fabric, and to 

observe any possible appearance of reaction products and changes in 

the original morphology of the lime-treated soil with curing period. 

This study provides a visual evidence that will either support or modify 

the correct hypothesis about the previously mentioned factors. 

Procedures for SEM study are the same for both natural and 

lime-treated soil. Sizeable pieces of natural soil or compacted cured 

lime-treated samples were placed in evaporating dishes and initially 

quickly dried in a vacuum desiccator for 1 to 2 hours, ready for 

obtaining suitable fracture faces. This was accomplished by splitting 

the partially dried samples along preferred selected sections. Each 

section was then scored on the outside by a sharp single-edge razor 

blade and fractured along the scored grooves by a combination of push-

ing and lightly tapping the blade with a fiber-headed hammer. The 
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blade was held so that it only slightly penetrated the sample and thus 

did not smear the fracture surface. The sections were fractured hori-

zonta1ly and vertically to study the fabric in both directions. The 

fractured samples were trimmed of excess material to form prismatic 

pieces, each 2. 5 cm x 1. 5 cm and 1 cm thick, and gently blown free 

of debris. 

Several trials were made to choose a convenient material and 

method to provide a solid conducting base that could be cemented to the 

sample with a suitable adhesive. It was found that glass slides were 

convenient as bases for holding the samples and E-POX-E5 resin and 

- -
hardener glues were suitable as a cementing material. Equal amounts of 

resin and hardener were stirred a few times with an applicator to form 

the cementing material, which hardened in 5 minutes. A few drops of 

the cementing material were placed on a glass slide slightly larger than 

the sample. The base of the fractured sample was placed on top of the 

cementing material and pressed against the slide for a few seconds. 

The slide was then covered to prevent contamination and left for 30 

minutes to allow the cementing material to harden. The excess moisture 

was then gassed out in a Mikros VE-10 thin-film vacuum evaporator 

under a vacuum of approximately 10-6 mm Hg. 

After all volatiles were removed from the epoxy and the sample 

was completely dried, the fractured surface was coated with a thin film 

of gold-palladium deposited in a Hummer I sputtering device. The 

coating was processed under pressure of 50-100 millitorr at a current of 

10 rnA and high voltage for about 3 minutes, while flushing frequently 

with argon. This was done to provide a conductive coating over the 



sample to permit its examination by SEM. Each sample was 

then mounted on a specimen stub with double-coated tape and a small 

stripe of low-resistance silver contact cement was painted on the 

sample, glass slide base, and mount stub to provide electric conduct

ance between them. The samples were identified and stored in small 

boxes until examined by SEM. 
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Electron microscopy was carried out on the ISI Model DS-130 

SEM. An overall scanning of each sample was performed at low magnifi

cation (lOOX to 500X). Locations of unique morphology that seemed to 

show features of special interest were examined at high magnification 

(lOOOX to 10 OOOX, mostly 5000X) and indexed for future examination. 

Photomicrographs were taken using Polaroid 4X5 Land films type 

55/positive-negative at different magnifications from as low as 28X to as 

high as 10 OOOX. Selected microphotographs were taken of areas indic

ative of overall fabric, degraded clay particles, flocs of particles, 

contact points, altered fabric, and possible reaction products of lime

treated soil. 



CHAPTER 5 

NATURAL SOIL CHARACTERISTICS 

The results of the experiments on the untreated natural soil are 

presented and discussed in this chapter. The results of experiments 

concerning mechanical treatment (compaction) and chemical treatment 

(lime) are presented in the following two ·chapters. 

Results Pertaining to All Sites 

It was mentioned before that a search was conducted to locate 

various sites of highly collapse r"ltential soils throughout the City of 

Tucson, Arizona. The site select.l.on procedures were explained in 

Chapter 4, and the results and their discussion are presen ted in this 

chapter. 

The main purpose of conducting preliminary studies of various 

sites was to have a better choice for s.electing a soil with the worst 

type of the volumetric instability for detailed study. A research pro

gram was designed to provide knowledge of the physicochemical and 

mechanical properties of the collapsing soil and to understand its engi

neering behavior in more detail. The feasibility of improving the soil's 

behavior for engineering uses was investigated through application of 

compaction and lime treatment processes. 

Confirmation of the high-collapsibility and volume-change char

acteristics of the various sites are discussed next. 
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Volume Change Characteristics 

A search was made to locate various sites having highly col

lapsing soils according to the method mentioned under Sites Selection 

Procedures in Chapter 4. Eight of these sites are shown in Fig. 2. 

To classify any soil as having a high-collapse potential, the soil 

properties must be examined and a soil classification criterion that 

incorporates the examination's result must be used. Most of the avail

able identification methods for predicting the collapsibility of soils were 

mentioned in Chapter 2. Because most of these identification methods 

are qUalitative and do not indicate the amount of collapse, a quantita

tive method must be used to establish the degree of collapsibility based 

on comparable data for a better classification. The final choice was to 

select either the double oedometer method of Jennings and Knight 

(1957) or the Denisov quantitative method, termed the "collapse test" in 

this study. Because there was no reason to prefer the use of the 

double oedometer method 'rather than the collapse test for preliminary 

studies and because the use of the chosen method is mostly for compar

ison, the collapse test was chosen for use throughout this study. Be

sides the collapse test is relatively easier and faster to perform than 

the double oedometer test. 

The procedures for conducting the collapse test are explained 

in Chapter 4. The method may also be called the "modified inundation 

test. " The origin of the inundation test is not exactly known, but the 

literature (Sultan, 1969a) indicates that it was r'eported for the first 

time by Denisov in 1951. 
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The behavior of highly active soils in Tucson is generally con

sidered abnormal in comparison to the behavior of other types of soils, 

that is, some Tucson soils are capable of exhibiting a dual behavior of 

heave or collapse, or both, depending on the testing condition. It was 

shown in a previous study (Sultan, 1969b) that the highly collapsing 

Tucson soil generally expands at low stress levels and collapses at high 

stress levels. Although collapse tests are normally run at one specific 

stress level to examine the soil's collapsing behavior, it was decided to 

conduct the collapse test at two different stress levels that encompass 

the range of most practically applicable structural loads in Tucson. 

Although the loading of structures varies widely in practice and 

no single load could be expected to be representative of all conditions, 

two levels of stress were chosen, 0.5 and 2.0 tsf, to simulate the pre

dominant loading conditions in Tucson. The lower level of loading co

rresponds to a light structure such as a one-story building, and the 

higher level represents a heavier structure such as a school or a 

warehouse. Furthermore, the fact that some of the tested soils might 

swell under low pressure and collapse under higher pressure makes 

these chosen extreme values of stress levels more suitable for this in

vestigation. 

Collapse tests were conducted on soil samples retrieved from 

each of the previously identified sites. From measurement of the sample 

dimensions and the recorded deflection readings, the percent compres

sion (PL) due to loading of the sample at the reference conditions 

(dried to a constant weight in an oven at 80 C for 2 days and then 



loaded to either 0.5 or 2. a tsf) is calculated as follows: 

R - R 
Lox 100 

H o 
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(5-1) 

where: RL = dial reading following equilibrium under loading just before 

wetting (inches) 

R = zero reading (inches) o 

H = original height of sample (inches) o 

Similarly, the percent compression due to wetting alone (p ) under the 
w 

applied load is calculated as: 

(5-2) 

where Rf = final reading after wetting (inch). 

The percent compression due to both loading and wetting, p t is: 

(5-3) 

Free swelling tests were also conducted at each site according 

to the method described in Chapter 4. 

is calculated as: 

The percent free swelling, p , 
s 

R - R s 0 
Ps = H x 100 (5-4) 

o 

where: R = final reading after swelling. 
s 

Table 3 presents the average values for the collapse and swell-

ing parameters for soils at all the sites investigated in this study. 
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Table 3. Average Percentages of Collapse and Swelling Potential for All 
Soils 

% Collapse at 0.5 tsf % Collapse at 2.0 tsf 
Soil Ps 
No. PL Pw Pt PL Pw Pt (%) e 

0 

1 0.6 0.5 1.1 3.8 10.9 14.7 6.4 0.96 
'" 

2 1.1 2.2 3.3 3.6 6.7 10.3 4.4 1.38 

3 0.9 1.6 2.5 1.8 12.8 14.6 11.8 1.50 

4 0.8 0.8 1.6 1.2 10.3 11.5 15.0 1.50 

5 1.3 0.7 2.0 2.3 3.8 6.1 12.4 1.13 

6 1.5 1.1 2.6 2.0 5.4 7.4 7.7 1.22 

7 0.5 2.7 3.2 6.3 4.1 10.4 3.4 1.56 

8 0.8 2.1 2.9 1.9 5.8 7.7 7.2 1.27 
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To provide a graphic comparison of the results for each testing 

condition for all sites, the graphs of the eight tests sites are 

superimposed in Figs. 30, 31, and 32. 

Results of the collapse tests at low stress level (0.5 tsf) pre-

sented in Table 3 and shown in Fig. 30 indicate that the maximum pe-

rcent compression due to loading (PL) is 1.5% (Site 6). The minimum is 

0.5% (Site 7), and the average is 0.9% (Site 3). The maximum percent 

compression due to wetting (p ) is 2.7% (Site 7), the minimum is 0.5% 
w 

(Site 1), and the average is 1.5% (closest to that of Site 3). The 

maximum percent compression due to both loading and wetting (p
t

) is 

3.3% (Site 2), the minimum is 1.1% (Site 1), and the average is 2.4% 

(closest to that of Site 3). If the percentage of collapse due to wetting 

alone (p ) is considered as the indicator for the degree of collapsibility 
w 

or collapse potential, then the results suggest that the soil of Site 1 is 

relatively the least collapsible and that of Site 7 is relatively the most 

collapsible. 

With respect to the results of the collapse tests at high stress 

level (2.0 tsf), shown in Table 3 and Fig. 31, the maximum value of P L 

is 6.3% (Site 7), the minimum is 1.2% (Site 4), and the average is 2.9%. 

The maximum values of p is 12.8% (Site 3), the minimum is 3.8% (Site 
w 

5), and the average is 7.5%. The maximum value of P
t 

is 14.7% (Site 

1), the minimum is 6.1% (Site 5), and the average is 10.3%. Again, 

according to the value of collapse (p ), Site 5 is considered the least 
w 

collapsible, whereas Site 3 is the most collapsible. 
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Further comparison between the results associated with collapse 

at 0.5 tsf and those at 2.0 tsf, indicate that the trend in indicating the 

degree of collapsibility of the various sites is different for both con-

ditions. For example, the collapse tests at 0.5 tsf show that Site 1 is 

the most collapsible, whereas the collapse tests at 2.0 tsf show that Site 

3 is the most collapsible. In other words, collapsibility of the same soil 

tested by the same collapse test is different under different applied 

stress levels. Thus, one of the influencing factors in the collapse 

process is confirmed to be the applied stress level at testing. This 

finding also confirms the necessity to take the applied stress level into 

consideration when formulating a reliable method of predicting the col-

lapse potential of soils or when setting a criterion for classifying a 

soil's collapsibility. The results also imply that the degree of col-

lapsibility depends on which of the factors PL , Pw ' or Pt is used as a 

criterion. 

The results of the free swell tests, as listed in Table 3 and 

shown in Fig. 32, indicate that the maximum percentage of free swelling 

(p ) is 15% (Site 4), the minimum is 3.4% (Site 7), and the average is 
s 

8.5%. Results of both collapse and swelling tests confirm that generally 

the collapsing soils in Tucson are of a dual nature, that is, under little 

or no load they tend to expand whereas under moderate to heavy load 

they collapse. The free swelling tests were conducted so that both col-

lapse and swelling tests present the nature of the soil's behavior in a 

clearer and more conclusive way that includes both directions of pos-

sible volume change. Furthermore, it can be seen that the swelling po-

tential of the soil influences its measured Gollapsibility. This 
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phenomenon is mainly realized when comparing the results of the col-

lapse tests with the corresponding results of the swelling tests for Sites 

4 and 7. The soil at Site 4 has a greater swelling potential than that 

at Site 7 (p of 15% compared to p of 3.4%). The soil at Site 4 also s s 

had greater collapsibility at 2.0 tsf (high stress level, which sup-

pressed the swelling influence). The net result is higher value for p 
w 

for Site 4 (10.3%) than for Site 7 (4.1%). However, collapse tests at 

0.5 tsf (low stress level and consequently higher swelling influence) 

show a smaller value of p for Site 4 (0.8%) than for Site 7 (2.7%). The 
w 

swell potential, if large enough, may influence the amount of collapse 

that takes place in the soil at low stress levels. Indeed, under low 

enough stress levels, the net effect may actually be a swelling, when, 

in fact, under high stress levels the soil is considered collapsing. 

The results presented in Table 3 indicate that the soils of Sites 

3 and 4 are relatively the worst of the soils as far as volumetric 

instability is concerned. Both sites contain soils of very similar 

characteristics, and both were eligible to be chosen as the selected site 

for the detailed investigation. However, the Site 3 soil was chosen for 

in-depth study mainly due to ease of access to the site. The results of 

the preliminary tests also indicated that the soil at Site 3 has a high 

potential for making the site a "problem site, II mainly because the soil 

possesses dual behavior characteristics. Although the soil has a rela-

tively low compression under dry loading (0.9% at 0.5 tsf and 1.8% at 

2.0 tsf), it displays a very large compression after wetting (12.8%), 

especially while loaded under a high stress level (2.0 tsf). The soil 
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also has a relatively high free swell (11. 8%) • This characteristic 

increases its tendency to swell due to wetting at low stress levels (less 

than 0.5 tsf). Thus, the danger exists that an anticipated collapse 

problem will actually be a swelling problem if the right series of tests 

had not been performed. 

The results of the preliminary test program suggest the follow-

ing: 

1. Soil~ cannot be unequivocally classified as collapse susceptible 

in terms of their percent compressions due to loading (P
L

) only. On 

the contrary, P
L 

may give a false indication of the soil's collapsibility; 

a very loose noncollapsible soil of un cemented particles may show a high 

value of PL but a small value of Pw • It may thereby be mistakenly 

classified as a collapsing soil. 

2. The previous argument disqualifies the use of P L as an indica

tor for the degree of collapse potential of a soil and leaves the choice 

between Pw or Pt as a better indicator. Because Pt presents the sum

mation of PL and Pw and PL already has been disqualified, Pw is consid

ered better than PL or Pt for indicating the collapse potential of soil. 

However, it should be mentioned that it is more reliable to test soils for 

collapse potential at approximately the same initial moisture content. 

Otherwise, testing a highly collapsing soil at a higher initial moisture 

content leads to a higher value for P
L 

that lowers the expected value of 

P and decreases the apparent degree of collapsibility. 
w 

3. The great influence of the swelling potential on the collapse 

potentials at low stress levels indicates that the collapse process 

depends on the nature of the clay mineralogy of the soil. 
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4. The natur.e of bonding in the soil matrix is expected to be one 

of the influencing factors causing the scattering of the results pre

sented in Table 3. 

Applicability of Previous Collapse Criteria 

The literature review indicates the availability of various col

lapse criteria as shown under the heading "Predictive Identification 

Methods" in Chapter 2. These predictive methods vary in different 

ways; some are simple and based on a few basic properties of the soil, 

whereas others include many parameters, some of which are quantitative 

but most are qualitative. Most of these methods also lack general 

applicability; some were developed for specific types of soils, whereas 

others were developed for certain regions. Even though there are 

many forms of these criteria, it is recognized that the main goal for 

each is almost the same, that is, 'to develop a method for identifying 

collapse-susceptible soils that is simple in form, easy to apply, feasible, 

and reliable. 

The existence of such a simple and reliable method, even for a 

certain area, would be beneficial. The local practicing engineers would 

be encouraged and would not hesitate to apply such a method in their 

routine soil investigations to determine the presence of a collapse

susceptible soil and thus avoid unexpected casualties. The feasibility 

of applying any criterion implies its use in almost every engineering 

project regardless of its size and budget because it is not going to cost 

more than the expense of running a preliminary soil investigation. 

Thus, it was found very helpful and informative to analyze most of the 
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available collapse criteria as much as possible to evaluate their accuracy 

in predicting the collapse potential of the soils at the various investi-

gated sites. The most basic principles and parameters of these various 

criteria were compared to see if these parameters are essential in for- , 

mulating the criterion. The investigation of the applicability of most of 

the previous predictive methods on the local soils would be very helpful 

for identifying the collapse potential of any soil in any engineering 

project, for knowing' which criteria are locally applicable such that the 

soil engineers may have a better chance of choosing the foundation 

scheme that correctly suits the nature and size of the project, and for 

providing additional data that can be used in any study of the general 

applicability of these criteria to various types of soils and for different 

regions. Such a comparison pinpoints the essential requirements for 

formulating a better predictive method. 

It is recognized that most of the previous methods of collapse 

prediction require knowledge of the liquid limit, plastic limit, in situ 

dry density, specific gravity of solids, and natural moisture content. 

Most of these physical parameters were determined for each site's soil 

and are presented in Table 4. The mean of the collapse potential of 

each soil is the value of p obtained from the collapse test as shown in 
w 

Table 3. All of the eight investigated soils were classified according to 

their corresponding values of p as obtained by the collapse tests at 
w 

2.0 tsf. The reliability of each of the previous predictive methods will 

be established based on how close its prediction is to that obtained by 

the collapse test. 



Table 4. Average Physical Properties for All Soils. -- LL = liquid limit; 
PI = plasticity index 

In Situ Natural 
Consistency Limits (%) Dry Water 

Soil Density Content 
No. LL PL PI (pcf) w (%) 

0 

1 42 30 12 85a 10.3 

2 27 26 1 69a 5.2 

3 46 27 19 66a 12.0 

4 33 24 9 67a 5".9 

5 32 21 11 78b 
5.3 

6 25 21 4 75
b 4.1 

7 28 26 2 65b 5.7 

8 41 32 9 73b 4.6 

a. Determined in situ by sand cone method. 

b. Determine in laboratory for consolidometer ring. 

PL = plastic limit; 

Natural Natural 
Void Degree of 
Ratio Saturation 

e S 
0 0 

0.96 0.28 

1.38 0.10 

1.50 0.21 

1.50 0.10 

1.13 0.12 

1.22 0.09 

1.56 0.10 

1.27 0.10 

...... 
N 
-.C> 
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Previously reported results of the collapse tests for all the 

various soils tested in Tucson indicated that for the collapse to occur 

the applied pressure must be higher than the overburden pressure and 

that water must be added to trigger the collapse. These two conditions 

must be applied simultaneously. On the contrary, some types of col

lapsing soils such as those occurring in Fresno County, California, 

have been reported to collapse by wetting only under the overburden 

pressure (Bull, 1964). This phenomenon has been attributed to the 

metastable structure of the soil, which is assumed to have never been 

saturated for any appreciable length of time, if at all. Furthermore, 

some types of loessial soils have collapsed due to wetting under only 

the overburden pressure. This has been attributed to the nature of 

their cementing materials, which are water-soluble calcareous co

mpounds. The collapsing soils of Tucson have not been reported as 

collapsing due to wetting only under the overburden pressure. The 

soils are assumed to be in equilibrium when wetted under overburden 

pressure. As a matter of fact, some of the soils may even swell under 

this condition, depeI?-ding on their free swelling potential. This 

phenomenon should be examined by some method such as field ponding 

tests and monitoring the ground-surface level. 

The main requirements for a collapse phenomenon to occur have 

been reported by Barden et ale (1969) to includ~: 

1. Highly porous potentially unstable structure. 

2. Partial saturation. 

3. A high applied load that increases metastability. 
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4. Sufficient bonding between interparticle contacts that is reduc

ible upon wetting. 

Thus, it seems logical that for any predictive method to be successful 

in evaluating a soil's collapsibility the method must be formulated to 

include at least the above requirements. The first requirement emph.a

sizes porosity as an influential parameter in the collapse phenomenon. 

The second requirement implies the influence of the initial degree of 

saturation and a possible existence of a critical high value of initial 

saturation after which the soil consolidates rather than collapses. The 

third requirement show~ the dependence of collapsibility on the level of 

applied stress. The fourth requirement illustrates the wetting action as 

the triggering factor for collapse. 

Based on the obtained physical parameters for each soil (Table 

4) and the previous discussion of the factors most pertinent to the col

lapsibility of soils, each of the soils used in this study was evaluated 

by the predictive methods discussed previously, and the results are 

presented in Table 5. A discussion of each method follows in a chrono

logical order. 

Denisov Index (K). The Denisov (1951) collapse indicator (K) 

was calculated for each soil and is presented in Table 5. The values 

range between 0.48 and 1.18, indicating that all the soils are collapse 

susceptible. However, it is noticed that the method does not grade the 

collapsibility into various levels; the soil is either highly collapsible (K 

< 0.75) or noncollapsible (K > 2.5) (Eq. 2-1). This type of prediction 



Table 5. Index Parameters of Predictive Methods for All Soils.. -- c = collapsible; ch = highly 
collapsible; nc = non collapsible • 

Predictive Methoda 

Skempton Kassiff 
and USRR and 

Denisov Priklonskij Northey Gibbs Code Feda Feda Henkin Anderson Dispersion Suggested 
Soil Index Index Index Index Index Index Index Index Index Index Index 
No. K Kd IL R A KL n (%) Kh R (seconds) A g 0 a 

1 1.18 0.52 0.48 0.85 -0.08 0.57 49 14.1 15-25 -0.55 
c nc nc nc c nc c c c c 

2 0.51 -25.8 26.77 1.95 0.28 26.0 58 5.8 20-30 4.8 
c hc c c c c c c e e 

3 0.81 -0.6 1.57 1.24 0.12 1.59 60 12.7 1.56 15-25 0.88 
e he e e e e e e e e c 

4 0.59 -2.5 3.5 1.68 0.24 3.89 60 6.4 15-25 3.95 
he he e e e e c e e e 

5 0.76 -0.94 1.94 1.32 0.13 2.11 53 6.6 10.20 1.98 
hc he hc c e e e e e e 

6 0.55 -5.13 6.13 1.82 0.25 6.14 55 4.3 15-25 5.13 
he he e e e e c e e c 

7 0.48 -15.2 16.2 2.08 0.32 15.5 61 6.0 15-25 5.4 
hc he e e c e e e e e 

8 0.86 -0.8 1. 76 1.17 0.08 1.56 56 5.4 15-25 1.47 
c hc e e c e e e e e 

a. Detailed definitions of indices are given in Chapter 2. ...... 
VJ 
N 
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is to be expected for a method that was established to give a qualitative 

and not a quantitative indication. 

The formula for the method, as presented by Eq. 2-1 indicates 

that Denisov has established his collapse parameter (K) on the basis 

that if a soil is so porous that its natural void ratio (e ) is greater 
o 

than its void ratio at the liquid limit (eL) , it will be in a liquid state 

upon saturation and will consequently collapse. In other words, the 

main principle of Denisov's method is implied by the required conditions 

that for a collapsible soil eo > eL and a liquid state due to wetting 

exist. It is recognized that these conditions are logical, essential, and 

in partial accordance with the required conditions put forward by 

Barden et ale (1969), which were stated previously. However, the 

method does not take into consideration the influence of the initial de-

gree of saturation (or alternatively, the initial moisture content), the 

level of loading, and the nature of grain-to-grain contact. The in flu-

ence of the nature of grain-to-grain contact is a qualitative factor that 

can be substantiated only by electron microscopy. Hence this factor 

cannot be expressed in a rigorous mathematical form and was therefore 

not considered in formulating any predictive method. 

Priklonskij Index (K
d

). The Priklonskij (1952) criterion was 

applied to all eight soils investigated as part of this research. The 

calculated values of the index Kd are presented in Table 5. The values 

range between -25.8 and 0.58, indicating that all the soils are collapse 

susceptible (Eq. 2-7). The extreme values of -25.8 and -15.2 are out-

side the proposed range of the method. They belong to soils from Sites 
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2 and 7, which have plasticity indices (PI) of 1 and 2, respectively, 

which are almost nonplastic soils. Thus, the Priklonskij parameter is 

not applicable to soils that are nonplastic or have PIs close to zero. 

The form of this parameter, as presented by Eq. 2-7, indicates that the 

criterion includes the plastic limit (wp ) as an extra term that was not 

considered in the previous Denisov method. Thus, the method is a 

slight modification of the Denisov method. 

The following relationship between the void ratio of the soil 

(~), degree of saturation (S), water content (w), and specific gravity 

(G) provides some other bases for comparing the various collapse cri-

teria. 

Se = w(G) 

At saturation, S = 100% and G is constant for a given soil; therefore, 

e is directly proportional to w. Any of the equations for the various 

collapse criteria' can thus be expressed in terms of either moisture con-

tent or void ratio. If the approximation of full saturation is also 

assumed as it was in the Denisov method, the Priklonskij formula can be 

restated in terms of the void ratios as: 

e - e L 0 K -d - e
L 

- e
p 

(5-1) 

and the soil will be a highly collapsible when Kd < 0 (Eq. 2-7). 

FerLce, this metho(: 113.3 t' ..... e sam'2 basic concepts as the Denisov method. 

Thus, the same comments mentioned about the Denisov method apply 

here also. 
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Skempton and Northey Index (IL). The calculated values of IL 

are listed in Table 5. These values range between 0.48 and 26.77. 

The extreme values of 26.77 and 16.2 that are outside the proposed 

range of the criterion belong to the nonplastic soils at Sites 2 and 7, 

respectively. A similar condition was observed with the Priklonskij 

criterion. Hence, .the Skempton and Northey method is also not applic-

able for nonplastic soils. With the assumption of complete saturation, 

Eq. 2-8 can be restated in terms of the void ratio as: 

e - e 
o p 

e - e L p 
(5-2) 

This method is similar in principle to the Priklonskij method and the 

Denisov method. Thus, the same comments are applicable here. How-

ever, the Skempton and Northey method assigns a value of IL = 0.48 to 

soil of Site 1. That value is smaller than the proposed limit for col-

lap sible soils and classifies the soil as a noncollapsing soii when, in fact 

it has a high collapsing potential as indicated by the collapse test (p = 
w 

10.9% at 2 tsf). This misclassification may be attributed to the high 

liquid limit of the soil and its relatively low void ratio. This phe-

nomenon requires a reconsideration of the method for such conditions. 

Gibbs Index (R ). The Gibbs (1961) Index (R ) was evaluated 
------------~g- g 

for all the investigated soils and the results are shown in Table 5. 

These values range between 0.85 and 2.08, indicating that some of the 

soils are non collapsible • Site 1 soil has the value of R = 0.84 «1) g 

and thus is a noncollapsible soil, whereas the rest of the soils have 
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values of R > 1 and thus are collapsing soils. Again, with the same g 

previous approximation of complete saturation, Eq. 2-9 can be restated 

in terms of void ratios as: 

R = g 
(5-3) 

Thus, the Gibbs Index is a reciprocal form of the Denisov :i:ndex and 

has reciprocal limits also, that is, R > 1 for highly collapsing soils. g 

To be consistent with the range of the Denisov Index, the range for 

the Gibbs Index should be as follows: 

> 1 highly collapsing soils 

= 0.67-0.5 noncollapsing soils 

It is logical that all previous comments regarding the Denisov method 

can be applied to the Gibbs Index. 

USSR Code Index (A). Values of the USSR 1962 Code Index as 

applied to the eight soils studied in this research are shown in Table 5 

to vary between -0.08 and 0.32. This indicates that all the soils are 

prone to collapse (Eq. 2-11), which was subsequently confirmed by the 

collapse test results. By examining the form of the formula of Eq. 

2-11, it is observed that the formula considers the same terms as used 

by the Denisov method. This index also implies the same principles as 

the Denisov method. Thus, whatever has been mentioned about the 

Denisov method is probably also applicable here. However, this method 

seems to be a better predictor than the Denisov method in two aspects: 

The equation has the form of an expression for volumetric strain and it 
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is associated with only one limit. The numerator, however, does not 

require running a consolidation test. Another factor is unintentionally 

introduced, that is, the initial height of the sample (1 + e ). The 
o 

changes occurring in the soil due to wetting are related to the initial 

height of the sample. The index formula is almost equivalent to the 

consolidation expression, t.H/H , where t.H is the amount of change that 
o 

occurs upon uniaxial loading of a sample having an initial height, H • 
o 

With respect to the association of the USSR Index to one limit only, this 

trend might be preferable because the purpose of the index is to act as 

a qualitative indicator of collapse and not as a quantitative indicator of 

the degree of collapsibility. 

Feda Index (K
L

). As shown in Table 5, the calculated values 

of KL (1966) for the various soils range between 0.57 and 26. The 

method classifies Soil 1 as a noncollapsing soil, whereas the rest of the 

soils are classified as collapse susceptible. As before, the extreme 

values indicated by 26 and 15.5 for soils 2 and 7. respectively, are 

attributable to the nonplastic characteristics of the soils. From an 

examination of the form of Eq. 2-12, it appears that Feda wanted to 

consider the initial degree of saturation (S ) and apparently did not 
o 

make the assumption of complete saturation. But, in fact, it is seen 

that the use of /.II IS is the same as using e IG , which, in turn, is 
o 0 0 s 

also equal to the ratio of moisture content and degree of saturation at S 

= 100%, that is, /.II IS = /.II. Thus, this method is the same as the o 0 s 

Skempton and Northey 

instead of /.II. Hence, 
s 

method with the exception that /.II II S is used o 0 

the values of the Feda index (KL) in Table 5 
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are almost identical to the values of Skempton and Northey index (I
L

). 

The difference is due to computation round-off and averaging. All the 

comments mentioned for the Skempton and Northey method are also 

applicable here. 

Feda Index (n ). The in situ porosities of all the soils were 
o 

determined and reported in Table 5. The values range between 49% and 

61%, indicating that all the soils are susceptible to collapse. In Feda's 

tests, the samples happened to possess natural porosities in the neigh-

borhood of 40%. This porosity is very close to the maximum porosity 

(n ;: 47.6% l of loosely deposited spheres (cubic packing) with each 
o 

sphere having six contacts with its neighboring spheres. Feda ob-

served' that this porosity, which was associated with subsidence of the 

soils he investigated, was the critical value at which sand samples 

tested in a shear box apparatus started to show negative dilatancy. 

This is typical for all sensitive structurally unstable systems. The 

apparent contradiction between the porosity values measured in this re-

search and Feda's critical maximum value will be explained later. 

The success of this method in predicting the collapse potential 

of all the various soils tested in this research illustrates the great 

importance of the requirement of a highly porous, potentially unstable 

structure for the soil to be susceptible to collapse. The author be-

lieves that this is the most essential requirement for collapse to occur. 

Even if all the other factors contributing to collapse behavior are 

present, the soil system will not collapse unless there are enough void 

spaces to allow the collapse to take place. Compaction or a 
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consolidation process will otherwise occur. This criterion is considered 

a simple, handy one and easy to determine because it involves only nat-

ural void ratio determination, which can be calculated from the in situ 

dry density, natural water content, and soil specific gravity. 

Kassiff and Henkin Index (Kh ). The values of Kh calculated 

as the product of natural dry density (g/cm 3 ) and the percent natural 

water content are presented in Table 5. The values range between 4.3 

and 14.1, indicating that all the soils are susceptible to collapse (refer 

to Chapter 2). The method seems to have been based on observing 

what had been written about collapsing soils, Kassiff and Henkin (1967) 

considered the extreme limits of the characteristic properties of these 

collapsing soils and particularly of loess. Loess has been known to 

have a collapse potential when its natural dry density was less than 90 

pcf ("'1.5 g/cm 3 ) and natural water content was less than 10%. The 

product of these limiting properties is about 15, which is considered the 

upper bound of this criterion. The terms of this method indicate that 

the method is more accurate when applied to loessial soils and collapsing 

soils in arid to semiarid regions. This method can be in error for col-

lapse-susceptible soils at a high natural moisture content, which tend to 

be classified as noncollapsing, and for noncollapsing soils at high 

natural dry density and very low natural water content, which tend to 

be classified as collapsible. 

Anderson Index (R ). The Anderson (1968) method depends 
a 

basically on the results of the grain-size analysis for the soil, as shown 

by Eq. 2-14. As shown in Table 5, this method was applied only to 
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Site 3 soil. This was mainly because the method is time consuming. 

Although the calculated value of this index for Site 3 soil (1.56) 

indicates that the soil is susceptible to collapse, the reliability of this 

method cannot be evaluated on'this result alone. The method does not 

take into consideration the important factor of the porQsity, and 

furthermore the method requires so many calculations that it is 

impractical. 

Benites Dispersion Index (IB). The Benites Dispersion Index 

represents the time required to disperse in water a representative 

sample of each soil. The values observed for each of the soils tested in 

this research are presented in Table 5. The values range between 10 

and 30 seconds, with an average range of 15-25 seconds, indicating 

that all the examined soils are susceptible to collapse. The method 

cannot be considered a reliable general indicator for collapsibility of 

soils. Collapsing soils usually slake upon immersion, but disintegration 

by slaking is not a definitive indicator of collapsibility because other 

types of noncollapsing soils also slake. Natural clays with water 

contents lower than their shrinkage limit, that is, approximately 15%, 

disintegrate. At higher water contents either the disintegration of the 

sample takes place or the samples remain almost intact, depending on 

the structure of the clay, that is, its mineralogical composition and the 

chemistry of the exchange complex. Disintegration of the relatively dry 

clay can be explained in the following way: Water penetrating from 

outside into the interior of the clay causes local swelling pressures, 

resulting in additional shearing stresses and subsequent disintegration. 
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Suggested Qualitative Method. The previous analyses of the 

available qualitative methods for collapse predictability and evaluation of 

their reliability indicate that most of the methods have disadvantages 

that appear to outweigh any of their advantages. It is therefore be-

lieved that as a minimum at least two criteria should be satisfied for a 

better indication of collapsibility. Furthermore, these methods have 

been tested for the worst condition of collapsibility (high collapse 

potential), although these methods showed a good predictability when 

tested against the data for highly collapsing soils, most of the methods 

fail to indicate noncollapsing soils. By further investigation of the 

applicability of previous predictive methods and by using their forms, 

the following criterion for a better predictability is suggested. The soil 

is considered susceptible to collapse if 

where: 

e > 0.67 
o 

and A = (1 + e )(w Y
d

) 
o 0 

e - e o L 

e = natural void ratio 
0 

eL = void ratio at liquid limit 

> -0.67 

w = natural moisture content as a fraction 
0 

Yd = natural dry density in g/cm 3 

The proposed criterion was applied to the tested soils and the 

calculated values are shown in Table 5. The values range between 

-0.55 and 5.13, indicating the collapse susceptibility of all the soils 

tested in the preliminary stage of the research. 
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Selected Natural Soil 

The previous results pertaining to all sites tested in the pre

liminary examinations indicated that all sites were highly collapsing and 

eligible to be chosen as the selected site for the detailed investigation. 

Only one type of soil had to be used in the comprehensive investigation 

because otherwise the testing program would be too extensive. The 

earlier analysis of the volume-change characteristics of all sites (Table 

3) demonstrated that the soils of Site 3 and 4 were relatively the worst 

of the soils as far as volumetric instability was concerned. However, 

the Site 3 soil was chosen for in-depth study mainly because of free 

legal access to the site. 

To know the characteristic properties of the selected soil for 

this investigation, it was necessary to carry out all the routine exami

nations and other related tests that clarify the soil's behavior. For a 

better understanding of the nature of the soil's collapse potential and 

before studying the possible improvement plans, it was essential to 

know the mineral composition of the soil, its physical, chemical and 

mechanical properties, and its engineering behavior. 

Even though most of the soil's properties are listed in Tables 3 

and 4, these properties and others that were not previously mentioned 

will be examined and discussed in more detail in the following sections. 

Physical Properties 

Natural Dry Density. The in situ dry density of the selected 

soil was determined three times by using the in situ sand cone method 

as described in Chapter 2. The average value was found to be 66 pcf. 
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This very low value is not normally expected for the types of soil found 

in the Tucson Basin. The value is closer to the lower limit for the dry 

density of loess as indicated by the range 75 to 100 pcf (Cleavenger, 

1956). A similar value was also reported by Sabbagh (1982) for a col-

lapsing soil in Tucson. So Iowa value for natural dry density makes 

the soil undesirable from a foundations engineering viewpoint and liable 

to further investigation. Without further testing, it would certainly be 

suspect and would probably require stabilization before being used in 

any engineering project. On the other hand, it is interesting to 

investigate such a highly porous soil because it might provide a better 

understanding of the collapse phenomenon than a more dense soil. Fur-

thermore, it would be interesting to investigate a possible stabilizing 

treatment for such an unacceptable soil to improve its engineering 

behavior. 

The dry density of 66 pcf is equivalent to a natural void ratio 

(e ) of 1.51, or a natural porosity (n ) of 60%. Such a high value of o 0 

n indicates a very loose state, much looser than the state of a loosely 
o 

packed material. How could it be? This phenomenon illustrates that 

the lower density of the soil is not the same as that resulting from a 

low level of compaction. Rather local assemblages of particles in the 

soil might be much denser than has been measured (66 pcf) but due to 

the large voids occurring between such densified areas, a honeycomb 

fabric (Mitchell, 1976) is formed and a lower bulk dry density is ob-

tained. In fact, this is a characteristic of a collapsible soil where the 

soil particles are much more coherent and stronger than for a non col-

lapsing soil of similar properties. It is not surprising that such a 
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highly porous soil will collapse due to wetting under an applied load to 

fill the large internal voids. Although for the soil being tested most of 

these voids (up to 80%) are due to the nature of the formation process 

of a collapsing soil, the remaining portion (up to 20%) is due to the 

decay of roots or the action of termites. 

Natural Water Content (w ). The in situ water content of the o 

selected soil was determined as part of the in situ dry density test. 

The average was 12%. This value is very close to that typically re-

ported for loessial soils; however, it is relatively high for this 

collapsing soil and very well could be due to wetting during the rainy 

season when the tests were made. In situ water contents were mea-

sured on undisturbed samples obtained during a drier season for other 

tests. The average value at that time was 4%. Thus, the in situ water 

content can fluctuate from 4% up to 12% within a relatively short period 

of time. It is recognized that this fluctuation of the field moisture 

content could influence most of the measured soil properties and be-

haviors. 

Atterberg Limits. The liquid limit and plastic limit were deter

mined according to the standard ASTM procedures mentioned in Chapter 

4, except the soil\and water mixtures were tempered at room tempera-

ture for an hour to be consistent with the method of determining the 

pH measurement of the soil as specified by Eades and Grim (1966). 

The average values were 46% for the liquid limit, 27% for the plastic 

limit, and 19% for the plasticity index. The activity index of the soil, 
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defined as the ratio between the plasticity index and the minus 2-micron 

fraction, was averaged to 0.9, which is associated with an active clay. 

Specific Gravity. The average of the apparent specific gravity 

of the soil solids was 2.65, which is in agreement with the approximate 

value used for most soil computations. It is known that the specific 

gravity of the soil depends on its predominant soil materials. In the 

mineralogy section, it will be shown that the predominant mineral is 

quartz, the specific gravity of which ranges from 2.60 to 2.70. 

Grain-size Analysis. The grain-size distribution curve shown 

in Fig. 20 indicates that most of the soil is concentrated in the fine 

range and almost all below the silt-size limit (0.074 mm). The charac

teristic of having the soil in a very fine gradation is in agreement with 

the expected method of f.ormation through deposition of soil particles by 

intermittent flash floods. The heavier particles at Site 3 were assumed 

to settle out very quickly early in the course of the flooding, whereas 

the very fine particles are carried with the water and deposited on the 

banks of the river. 

The combined analysis of sieves and hydrometer show the fol

lowing results: 

Percent passing No. 4 sieve = 100 

Percent passing No. 10 sieve = 99.98 

Percent passing No. 20 sieve ::: 99.66 

Percent passing No. 40 sieve = 98.99 

Percent passing No. 60 sieve = 98.08 

Percent passing No. 140 sieve = 95.81 



Percent passing No. 200 sieve = 93.85 

Sand = 8% 

coarse sand = 

medium sand = 

fine sand = 

Silt size = 66% 

0% 

2% 

6% 

Clay size «0.002 mm) = 26% 

Coiloids «0.001 mm - 2 Jl) = 15% 
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Classification. Proper classification of subsurface materials is 

an important step in connection with any foundation investigation _ be

cause it provides the first clues to the soil behavior that may be 

anticipated during and after construction. 

From the results of the previously described tests, the soil was 

classified in a dual classification as a clay and silt (CL-ML) according 

to the Unified Soil Classification (USC) system. The Textural Classi

fication (TC) system also agrees with the previous dual classification. 

Chemical Properties 

Besides the routine tests for determining the physical charac

teristics of the soil, addition~l tests for the chemical characteristics 

were also performed, including the soluble salts and the hydrogen ion 

concentration. Other chemical properties that are shown in Table 1 

were conducted at the Soils, Water, and Plant Testing Laboratory at 

The University of Arizona. These tabulated results are self

explanatory and only a few comments will be made. 
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The most striking feature of the selected soil is that calcium is 

the principai exchangeable cation associated with the clay mineral por

tion. This phenomenon is in agreement with the literature. The most 

common exchangeable ions found in clay soils of temperate regions are 

calcium, magnesium, potassium, and sodium, of which the first two are 

usually dominant. Also, it is known that calcium clays are formed 

essentially by freshwater sediments, which substantiate the alluvial 

origin of the soil. 

Attention might be drawn to the presence of some sodium in the 

soil, which indicates. that a swelling activity can be anticipated, 

especially if montmorillonite is shown to be the predominant clay 

mineral. If the soil is indeed susceptible to collapse, the presence of 

sodium will enhance the collapse susceptibility due to its effect on 

dispersivity. This effect is particl~)arly apparent in piping soils. The 

clay fraction of the soil might be maintained in a flocculated condition 

by the presence of excess occluded salt. Removal of the salt by per

colating rainwater or by irrigating with salt-free water may leave the 

soil flocculated with a marked deterioration in strength and structure, 

thus changing an otherwise flocculated stable soil to a viscous slurry. 

The data also indicate that the cation exchange capacity of the 

soil is 22.92 milliequivalents per 100 grams of soil. But since the or

ganic material content is low, the inorganic clay minerals may be con

sidered the primary seat of cation exchange. 

The pH of the soil was 8.2, indicating a medium alkaline type of 

soil. Because the soil contained a fair amount of calcium, it is believed 
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that the relatively high pH value resulted from the calcium ions in the 

soil. 

Mineralogical Composition 

It is known that the fine fraction «2 Jl) of a soil plays an 

important role in the behavior of the bulk soil and may even control it. 

Because the most important grain property of fine-grained soil materials 

is the mineralogical compositio,n, it is essential to define the various 

clay minerals in the soil. X-ray analysis were performed to identify 

those minerals. The results are presented in Figs. 22a through 22e. 

These data are helpful- in explaining the fundamental mechanism under

lying the physical behavior of the soil being studied. They therefore 

tend to confirm any conclusion based on experimental data obtained from 

mechanical tests. Also, the X-ray diffraction results may warn the 

engineer of something unusual about the soil that might make special 

handling necessary or shed some light on unexpected results from 

mechanical tests. 

The diffractograms indicate that quartz is the major constituent 

of the soil. A micalike mineral (illite?), plagioclase, and montmorillonite 

are present in minor amount. Traces of kaolinite and calcite were also 

detected. The presence of montmorillonite is considered as the major 

cause of any anticipated swelling activity, whereas the minute amount of 

calcite could contribute slightly to any possible cementing action. 
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Engineering Properties 

Various engineering properties have been evaluated for the soil 

of Site 3 that was selected for detailed study.· These included compac

tion, collapse, swelling and unconfined compression characteristics. 

Compaction Characteristics. The moisture-dry density relation

ship for the Site 3 soil according to ASTM D-698 is illustrated in the 

typical compaction curve shown in Fig. 21. The compaction curve 

indicates a standard maximum compacted dry density of 91 pcf and an 

optimum molding water content of 27%. The maximum dry density 

represents an. increase of about 28% over the natural dry density. This 

increase in the dry density is expected and a higher increase could be 

attained by increasing the compactive effort, that is, using the modified 

compaction method (ASTM D-1557). However, it was decided to use 

only the standard compaction method in the course of this study due to 

the popular use of this method both in practice and in research. 

The results of the standard compaction test will be the basis 

for any further comparison throughout various phases of the research. 

Collapse. The basic topic of this research involved the collapse 

phenomenon. The collapse test that was described in Chapter 4 was 

conducted on Site 3 soil to confirm its collapse potential and to define 

its value and rate. The collapse test was conducted under two stress 

levels, 0.5 and 2.0 tsf. The collapse test was conducted at least three 

times for each level of loading and the average values reported. A 

typical collapse curve for the soil loaded under 0.5 tsf is shown in Fig. 

33; the corresponding curve for the same soil loaded under 2.0 tsf 



c 
c: 
o 

Time (minutes) 
o 10 20 30 40 50 60 70 80 o l ' I I I , I , , 

Wetting 

0.01 

/Compression due to 
loading = R = 0.9% 

L 

-Compression due to 
wetting = P, = 1.6 % 

w 

:: 0.02 
Q) 
~ 

Q. 

E 
o 
u 

0.03 

0.04 

/ 
Total compression p. = 2.5% 

Fig. 33. Typical Collapse Curve for Undisturbed Soil from Site 3 Loaded under O.S tsf 

I--' 
IJ1 
o 



151 

is shown in Fig. 34. The results of these tests are summarized in 

Table 6. In interpreting these curves the reader should keep in mind 

the 4 to 1 difference in scale of the abscissa. They will be used as the 

baseline for comparison of the level of collapse behavior after the soil 

has been stabilized by compaction or lime treatment. 

The previous results show that the increase in the applied 

stress level from O. 5 to 2. 0 tsf (a fourfold increase) caused an increase 

in PL from 0.9 to 1. 8% (a twofold increase). It is clear that P
L 

depends on the level of loading. This is to be expected because the 

increase in the applied level of loading results in an increase in the 

deformation of the soil. The figures indicate, however, that the 

increase in the value of PL due to the increase in the applied level of 

loading is not a one-to-one correspondence. The large difference in 

this correlation is apparent in the amount of increase in the value of P 
w 

due to the increase in the level of loading. The same increase in the 

applied loading from 0.5 to 2.0 tsf causes an increase in the value of 

P from 1.6 to 12.8% (an eightfold increase). Here, also, the corre-w . 

sponding increase in p is not a one-to-one correspondence with the 
w 

increase in the level of loading. 

function of the level of loading. 

The fact is that the amount of p is a 
w 

This illustrates the deficient form of 

the previous predictive methods for collapsibility in which the important 

influence of the level of loading is not considered. Collapse predictions 

based on those criteria therefore tend to be more conservative in this 

respect. Any predictive method that considers the level of loading in 

its formulation should result in a more reliable prediction. 



c 
c: 
o 

Ti me (minutes) 
o 10 20 30 40 50 o l I , I I , 

0.04 

P. = 1.8% 
L 

~ 0.08 
Q) 
~ 

Q. 

E 
o 
u 

0.12 

0.16 

60 70 

E =12.8% 
W 

80 

p.. =14.6% 
t 

Fig. 34. Typical Collapse Curve for Undisturbed from Site 3 Loaded under 2.0 tsf 

f-' 
Ul 
N 



·153 

Table 6. Averaged Results of Collapse Tests on Undisturbed Soil from 
Site 3 

% Collapse at 0.5 tsf % Collapse at 2.0 tsf 
Test 
No. PL 'Pw Pt PL Pw Pt 

1 0.9 1.2 2.1 2.0 10.5 12.5 

2 0.9 2.0 2.9 1.7 13.7 15.4 

3 0.8 1.7 2.5 1.6 14.3 15.9 

Average 0.9 1.6 2.5 1.8 12.8 14.6 

The results of these tests illustrate the meaning of the collapse 

phenomenon. The soil sustains an appreciable applied load when dried 

according to the procedure described in Chapter 4 without severe de-

formation as would any firm soil. However, when wetted while loaded, 

a catastrophic collapse takes place and .the soil experiences a sudden 

large deformation. As indicated in Table 6, the percent compression 

due to wetting (p ) under 0.5 tsf was 1. 8 times the percent compres-
w 

sion due to loading alone (PL)' whereas under 2.0 tsf Pw was 7.1 times 

PL. Also the rate of collapse is clearly illustrated by Figs. 33 and 34. 

It is seen that for the collapse test at 0.5 tsf, about 90% of P 
w 

occurred in 10 minutes and about 100% of p occurred in 35 minutes, 
w 

whereas when the test was run at 2.0 tsf, about 90% of p occurred in 
w 

25 minutes and about 100% of p occurred in 50 minutes. Most of the 
w 

collapse occurred in a very short time, that is, from a few minutes, to 

approximately an hour. 
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Swelling. The free swelling test was conducted on the Site 3 

soil in accordance with the procedures described in Chapter 4. The 

swelling tests were repeated at least three times. A typical swelling 

curve is shown in Fig. 35. The average amount of free swelling as 

determined from all tests was 11.8%. The relatively high percentage of 

free swell substantiates the possible dual behavior a collapsing soil may 

exhibit, depending on the testing conditions. The Site 3 may be clas

sified approximately as having a medium degree of expansion (10% to 

20%) according to the U.S. Department of Interior, Bureau of Recla

mation (Holtz and Gibbs, '1956). It is not surprising that the Site 3 

soil has so high a free swell in view of the presence of montmorillonite 

among the constituent soil minerals. 

The percentage of montmorillonite and the activity of the 

colloids suggest that a soil may have a high swelling potential and will 

display a higher swell. The measured swell of the same soil depends on 

its state, either undisturbed or compacted. Furthermore, the measured 

swell for compacted soil depends on the amount of compaction achieved 

with respect to a critical degree of compaction. The critical degree of 

compaction may be defined as the percentage of compaction achieved 

with respect to the maximum AASHTO Standard Compaction that yield a 

corresponding critical void ratio below which no collapse will occur. 

Thus, three cases of soil states will be discussed: (1) undisturbed, 

(2) compacted below the critical degree of compaction, and (3) com

pacted above the critical degree of compaction. 
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Case 1. An undisturbed collapsible soil may have a swell 

potential due to the montmorillonitic clay connectors. The swell 

potential is a function of the amount of montmorillonite. The soil, then, 

may display a free swell when wetted. The same soil, however, will 

eventually collapse when loaded and wetted because the clay connectors 

will lose their strength and the soil mayor may not swell under the 

applied load. 

Case 2. The same soil as in Case 1 is compacted below the 

critical degree of compaction. The compacted soil soil will have fewer 

voids but the same amount of clay as in Case 1, except that the amount 

of eventual collapse will be less than that in undisturbed soil (Case 1). 

Case 3. The same soil as in Case 1 is compacted above the 

critical degree of compaction. The compacted soil in this case will have 

fewer voids but the same amount of clay as in Cases 1 and 2. How

ever, there will never be collapse because the voids are too small and 

the achieved structure is not well suited. On the contrary, the soil 

will swell because of the montmorillonitic clay. This phenomenon 

requires a special concern when compacting the soil in an effort to 

minimize its collapse potential. 

The fast rate of the swelling process is shown in Fig. 35. As 

indicated in the figure, about 90% of the total swelling occurred in 

approximately 10 minutes, and almost all of the swelling took place in 

about 2 hours. The total period of time required for most of the 

swelling to occur is considered short relative to the behavior of a 
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typical regular swelling soil. This reflects the strong effect of the 

presence of clay minerals, especially montmorillonite, on water absorp-

tion. It is suggested that thi~ also has an· influence on the fast rate of 

collapse discussed in the previous section. 

Unconfined Compressive Strength. Thirteen unconfined 

compressive strength (UeS) tests were run on the undisturbed samples 

of Site 3 soil. These tests were conducted on undisturbed soil samples 

after they were oven dried, as described previously. In this way the 

ues test method was consistent with the methods of conducting the 

collapse and swelling tests. 

The results of the ues tests range between 20 and 44 psi, with 

an average of 31 psi (2.23 tsf). From· this characteristic, the soil can 

be classified in terms of consistency as very stiff (UeS = 2-4 tsf) 

according to Peck, Hansen, and Thonburn (1973). The angle (9) be-

tween the failure plane the horizontal was measured after each test. 

These angles ranged between 52 0 and 70 0 , with an average of 61 0
• If 

the horizontal plane is assumed to be the major principal stress plane, 

the following relationship between 9 and the angle of internal friction <p 

is applicable 

9 = 45 + ! (5-4) 

From this equation an average value of ~ = 32° was computed. Further 

application of the formula that relates cohesion (c), UeS(q ), and ~ as 
u 
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qu 
c = ~2-t:-a-n"7'( '7<4 5;::--:+--r( </>-:-7r::;2~) --) 

results in an average value of c = 9 psi (1300 psf). A few direct shear 

tests conducted to confirm these results showed an average value of </> = 

32° and c = 10 psi. These values are in agreement with the typical 

values of </> = 30°-33° and c = 10-20 psi for loess (Cleavenger, 1956). 

These results suggest that when dry the soil at Site 3 should 

be capable of sustaining high applied loads without severe distortion. 

For example, if the Terzaghi Bearing Capacity equation is used for a 

continuous footing of width B = 1. 33 feet (the minimum required by the 

Tucson City Building Code) embedded 1 foot below the surface, the 

ultimate bearing capacity is 

q = cN + qN + 0.5 yBN c q y 

and for the general shear failure condition, N = 44, N = 27, and N = c q y 

22. Then 

quIt ;;;; 6000 psf = 30 tsf 

For a factor of safety (FS) equal to 3, 

q = 10 tsf. 
a 

Assume that Poisson's ratio (ll) = 0.25 and Young's modulus (E) = (2 

tsf/0.018) = 111 tsf, then the corresponding settlement (p) as predicted 

by the elastic theory is: 

= qB(1 - ll2) 
P E- 1. 5 in. 
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If the settlement is limited to 0.25 in., then the corresponding allowable 

stress will be approximately 2 tsf. Hence the factor of safety with 

respect to bearing is 5. However, the additional displacement due to 

collapse upon setting ( p ) under 2 tsf would then be: 
w 

Pw = 0.128 x 12 in. = 1.5 in. 1ft of wetted soil. 

The previous results suggest that the soil is reasonably strong 

at low moisture contents and capable of sustaining fairly high applied 

loads without severe deformation. If it is to occur, failure of the soil 

at Site 3 will be a collapse failure rather than a bearing failure. These 

concepts are in agreement with the previous finding of Sultan (1969b). 

His tests on a similar collapsible soil at the Silvercroft Subdivision in 

Tucson, Arizona, indicated that even though the soil had lost some of 

its strength due to wetting under loading, the measured saturated 

strength was enough to conclude that the cited foundation failure was 

due to collapse and not due to bearing failure. 

Scanning Electron Microscopic Study 
of the Natural Soil 

Extensive electron microscopic studies were conducted on the 

Site 3 soil to investigate the nature of the collapsing soil structure in 

an attempt to gain more information such as the nature of the grain-

to-grain contacts that cannot be otherwise determined and will lead to a 

better understanding of the collapse phenomenon. The electron micro-

scopic study was also used to learn more about the general mechanism 

of collapse for the investigated soil and how it differs from the previous 
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known mechanisms of other soils of different formational origins. Such 

a detailed microscopic investigation is considered the first of its type to 

be conducted on a local collapsing soil. 

The following is an account of a scanning electron microscopic 

study of the metastable structure of the collapsing soil, including the 

nature of the interparticle contacts and bonds, the inferred formational 

mechanism, and the general mechanism of collapse. 

Microstructural Observations 

The electron microscopic study was conducted during various 

phases of the research. Hundreds of photomicrographs were taken, but 

only the part related to the undisturbed soil is discussed here. 

The photomicrographs to be presented illustrate both the macro

and microstructural arrangements of the investigated collapsing soil. 

The magnifications ranged from 100X to 10, OOOX. All the photomicro

graphs show vertical sections. Working voltage, magnification, scale 

bar and value, and photograph number are shown on each. The photo

micrographs shown in Fig. 36 are typical of the microscopic appearance 

of the undisturbed soil. However, the general discussion of structural 

features is based on the evidence from a much larger number of photo

micrographs. 

At a magnification of 293X (Fig. 36a), the matrix of the soil is 

observed to be granular with numerous sand- and silt-size particles. 

The microstructure is characterized as very open, and large cavities 

and channels can be seen. When the magnification was increased to 

772X (Fig. 36b), various structural arrangements were found to exist. 
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a. General Microstructure 

b. Granular Matrix with Clay Particle Connectors 

Fig. 36. Photomicrographs of Undisturbed Soil from Site 3 
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c. Clay Buttresses 

d. More Detail of Clay Buttresses 

Fig. 36. Photomicrographs of Undisturbed Soil--Continued 
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Beside the predominantly granular nature of the matrix, some scattered 

clay aggregations were also observed either locally or spanning between 

the larger particles. There are also many areas containing sand- and 

silt-size particles coated with fine clay particles. There are also areas 

of aggregates of clay plates only. The inter granular contacts are of 

two types: clay plates clothing the silt particles and clay connector 

assemblages in the form of clay buttresses, which minimize the chance 

for clean grain-to-grain contact of the large particles. 

Further increase of magnification to 5, OOOX and 10, OOOX was 

very useful for observing the detailed structural arrangement of the 

connector assemblages. Fig. 36c shows the typical arrangement of the 

clay buttresses linking the large particles. No preferred orientation of 

the clay particles is apparent. The large size and high frequency of 

voids are also seen. Fig. 36d adds further details of the clay but

tresses at larger magnification. This photomicrograph also indicates 

that interassemblage pores (pores between assemblages or large par

ticles) are dominating the pore arrangements in the microstructure of 

the soil. This high amount of interassemblage pores is thought to be 

the main cause of the high porosity of the soil and, in turn, is in 

agreement with its high collapse potential. 

From observation of these photomicrographs, it can be inferred 

that the engineering behavior of this soil depends on the stability of its 

matrix. The openness of the sand-silt structure and the nature and 

distribution of the clay-size particles are likely to be the governing 

factors in the soil's behavior. It can also be inferred that the clay 

particles by being connectors between the larger mineral grains have 
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contributed to the relatively high free swell of the soil on the macro

scale. The free swell would have been much lower if the clay particles 

were contained in the inter granular spaces as loose flocculated deposits. 

Electron micrographs of the soil after collapse under a pressure 

of 2 tsf are shown in Fig. 37. Fig. 37a presents the general fabric of 

the soil at a magnification of about 100X. A comparison of Fig. 37a 

with Fig. 36a illustrates the collapse phenomenon very well, although 

the magnification of the latter is apparently 3 times that of the former. 

Figure 37a suggests that the highly porous structure was destroyed by 

wetting and collapse. Particles appear to have slid on each other and 

filled the voids, and the porosity is markedly reduced. An increase in 

the magnification to about 5000X (Fig. 37b) reveals more clearly the 

close packing of the particles and the development of more contact 

points due to the collapse process. Fig. 37b may be compared to Fig. 

36c. The comparison shows that the clay bridges or buttresses have 

lost their identity and changed into a mass of fairly uniformly dispersed 

clay particles. All the spaces between the larger soil grains are filled. 

The clay has become completely dispersed and very few open spaces can 

be seen. 

Mechanism of Collapse 

The subject of the collapse mechanism is as old as the recogni

tion of the collapse phenomenon itself, and many investigators have 

tried to explain it. Most of the previous explanations were hypoth

esized without documented scientific facts. Each proposed mechanism 

contained a part of the whole mechanism, but not all. 
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a. Sliding Particles, Filled Voids, Dense Packing 

b. More Contact Points and No More Clay Bridges 

Fig. 37. Photomicrograph of Natural Soil after Collapse under 2 tsf 
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As mentioned in Chapter. 2, different soils perform differently 

while undergoing collapse. Collapse behavior may be attributed to var

ious interrelated factors including level of loading, soil fabric, soil 

composition, predominant clay minerals, and the nature of the grain-to

grain contact, among others. It was therefore deem~d important to 

investigate the possible mechanisms that would account for the observed 

collapse of the soil from Site 3. This was done by a comprehensive 

evaluation of the mechanical and physicochemical test results obtained 

throughout the course of the research. 

The results of the electron microscopy indicate the extent of 

the size, frequency, and shape of the pores in the soil. The pores of 

the Site 3 soil are so large that they are easily observable by naked 

eye and could possibly be named macropores. The influence of this 

factor on the collapse process was recognized at the early stages of the 

research. However, the importance of the proportions and character

istics of the fine (clay) material between the large particles in terms of 

its buttressing and! or covering the larger silt particles was not fully 

appreciated until after the SEM phase of the study. The remaining dis

cussion in this section will be restricted to the behavior of the fine 

fraction and its influence on collapse. 

Addition of water is widely held as the triggering mechanism of 

collapse. Collapse may occur, however, as the result of load applica

tion, wetting, or both. Collapse can occur either by increasing the 

applied stress above the soil's strength or by lowering the strength 

below the applied stress by the addition of water. Results of collapse 

tests performed as part of this study confirmed that the magnitudes of 
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settlement associated with collapse of the soil structure is influenced by 

the magnitude of applied pressure. It has also been shown that the 

shear strength of the wet soil is much lower than that of the soil when 

it is dry. Although both applied stress and moisture combine to co

llapse the clay bridges and result in a large decrease in soil volume, 

little settlement occurs due to loading; most of it is the collapse 

settlement due to excessive wetting. The collapsing soils in Tucson 

obtain that characteristic mostly from loss of strength due to wetting. 

A more detailed explanation of possible mechanisms for the collapse of 

the investigated soil follows. 

In nature the structure of the soil is in equilibrium under the 

action of overburden pressure. When loaded at its natural water con

tent, the structure remains virtually unchanged. The clay bonding 

material compresses slightly without any large relative movement of the 

soil grains. In this stage, consolidation of the fine particles between 

the larger particles takes place. As long as the moisture content 

remains low, local shear forces at the large particle interfaces are 

resisted without appreciable movement of the grains. However, when 

the loaded soil is wetted, the following actions may happen: 

1. Loading the .soil before wetting could cause microshear failure 

planes to form without any large-scale rearrangement of particles into 

existing voids. Subsequent wetting could facilitate the packing of the 

particles into the voids causing a measurable collapse. However, by 

examining the results of the ues tests, it appears that an average ues 

value of 31 psi (2.23 tsf) is required to initiate a microshear failure in 
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the Site 3 soil. Because the soil in a collapse test is laterally confined, 

it is expected that the stress level necessary to cause microshear 

failure planes to occur before wetting is much greater than 2.0 tsf, the 

larger of the two applied stress levels used in the collapse tests for 

this research. Thus, this mechanism is doubted as the cause of the 

observed collapse in this soil. 

2. Failure of the clay connectors between the large particles or 

lowering their strength by the addition of water. This may be due to a 

combination of the following possible actions: 

a. $welling of the expansive clay minerals in the connectors 

weakens their bonding ability. This phenomenon appears to 

operate more at very small or' no loads. 

b. Wetting the soil decreases its strength. The strength of 

the clay depe?ds on its water content. When water is 

added to the dry soil, the clay becomes softer and plastic 

and loses its strength. 

c. The addition of water causes a diffuse double layer to form 

and the adsorbed cation concentration near the clay particle 

surface is decreased. This, in turn, increases the repul

sive forces between clay particles and causes a dispersion 

of the supporting buttresses. 

d. Reduction of the capillary tension leads to a decrease in the 

existing negative pore pressure and thus to a decrease in 

the corresponding effective stress and consequently the 

shear strength. 
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Proposed Model and Mechanism of Collapse 

Based on the results of this investigation, the following model 

is proposed for the mechanism of collapse. 

It is assumed that the soil is susceptible to collapse in terms of 

the required condition of a highly porous structure. The rest of the 

proposed mechanism is based on micro-phenomena that depend on the 

characteristics of the clay constituents. 

To simplify the presentation, the following are assumed: 

1. An applied vertical stress (cr) acts at an angle (e) with respect 

to the normal to the tangential plane at the contact surface between two 

clay particles or between a clay and a silt particle (Fig. 38a). 

2. The contact surface area equals unity so that the applied force 

equals cr x 1 = cr. 

e. 

The applied force (0') is resolved into a tangential component (cr 

sin e) and a normal component (cr cos e); cr sin e acts as a shearing 

force trying to destabilize the clay particles and cr cos e contributes to 

the resistant shear strength of the clay particles. It can be noted from 

Fig. 38a that 

Acting force = AF = cr sin e (5.5) 

Resisting force = RF = cr cos e tan <jI + c (5-6) 

If a pore water pressure (u) is present, then, in terms of the effective 

stress principles, 
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AF = (0 - u) sin e 

AF = 0' sin e (5-7) 

RF = (0 - u) cos e tan cf>' + c' 

RF = 0' cos e tan cf>' + c' (5-8) 

where: 0' = effective stress = 0 - u 

cf>' = effective angle of internal friction 

c' = effective cohesion intercept. 

For equilibrium, 

0' sin e = 0' cos e tan cf>' + c' (5-9) 

For collapse to occur, the following inequality must be satisfied: 

0' sin e > 0' cos e tan cf> + c' (5-10) 

This means that collapse will occur when the left-hand side of inequality 

5-10 is maximum, or the right-hand side of the inequality is minimum. 

A condition that minimizes the right-hand side of the inequality is that 

(at specific values of 0' and e) cf>' and c' have to be minima. Collapse 

will occur on wetting a loaded collapsible soil due to softening and 

weakening the cohesion of the clay connectors and also lowering the the 
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apparent cohesion (resulting from capillary tension) and the angle of 

internal friction. 

The collapse condition of inequality 5-10 will be examined in 

terms of the two extreme conditions of geometrical· arrangement, e = 90 0 

(geometrical instability) and e = 00 (geometric stability). 

When e = 90 0
, inequality 5-10 becomes 

a' > c' 

This condition implies that even though the system is geometrically un

stable, there will be no collapse unless the applied effective stress (a') 

exceeds the effective cohesion intercept (c') or vice versa, that is, c' 

is reduced below a' due to wetting. 

or 

When e = 00 , inequality 5-10 becomes 

o > a'tan cpt + c' 

c' < -a' tan cpt 

This means that since the system is geometrically more stable than the 

earlier case when e = 90 0 , it is not enough for c' to be less than a' (as 

in the earlier case) for collapse to occur, but it is required that both 

terms of a' tan cpt and c' combined to be less than zero. In other 

words, for collapse to occur, it is required that either the applied 

effective stress acts in the tension mode or c' acts in repulsion rather 

than cohesion. 

Thus the prediction of the proposed model confirmed that the 

collapse mechanism is basically a microshear failure and mainly due to 
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lowering the shear strength of the clay connectors, due to wetting, 

below the applied effective stress. 



CHAPTER 6 

COMPACTION CHARACTERISTICS 

The results, especially the microscopic results, on the natural 

soil characteristics (Chapter 5) illustrate the extent to which the soil 

voids are important in the collapse process. It is thus very logical to 

study the effect of compaction on the collapse process. It has been 

reported that compaction breaks the natural bond of the fine matrix 

between the larger silt particles, destroys the porous structure, and 

brings the particles into closer packing, thereby increasing the soil 

density, and minimizing the collapse potential or completely eliminating 

it. The effects on collapse potential of impact and static compaction, 

initial moisture content, sequence of loading and wetting, and level of 

applied pressure are presented in thIs chapter. The entire testing 

program described in this chapter and the next was conducted on 

samples from Site 3 only. 

Impact Compaction 

The standard impact compaction method (ASTM D 698) was 

chosen as the principal method to define the compaction characteristics 

of the soil, as illustrated in Fig. 21. The effect of compaction on a 

number of the soil properties was studied. These include the collapse 

poten tial of the soil, swelling, and unconfined compressive strength, 

the parameters that were investigated in the natural state. 
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The effect of the composition of compacted soil, that is, molding 

water content and compacted dry density, on each of the above engi

neering properties of the soil was also considered in this phase of the 

research. Seven points were selected along the standard compaction 

curve (Fig. 39) to represent various placement conditio.ns; three of 

these points are on the dry side of optimum moisture content, another 

three points are on the wet side of optimum moisture content, and one 

point is at or near optimum water content. For easy reference, all 

points are identified with sequential numbers, one through seven, 

starting from the lowest moisture content. Table 7 presents averaged 

values of molding water content (w) and compacted dry density (y d) for 

each point. The collapse, swelling, and unconfined compressive 

strength behavior were determined by testing samples compacted at each 

reference point. 

Collapse Behavior 

The collapse tests were conducted at both 0.5 and 2.0 tsf ac

cording to the method described in Chapter 4. At least three tests 

were performed for each of the of the seven points on the compaction 

curve. The averaged results of the collapse tests at 0.5 and 2.0 tsf 

for each point are summarized in Table 8. For easier comparison and 

better discussion, the seven curves for 0.5 tsf are superimposed in 

Fig. 40. Figure 41 summarizes the collapse curves for tests conducted 

at 2.0 tsf. 

Shapes of the curves for points 1 and 2 shown in Fig. 40 are 

typical of those characteristic of collapse. The shapes of the curves 
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Table 7. Selected Points along the Standard Compaction Curve for 
Investigation. -- w t = optimum moisture content; Yd = op m 

Point 

1 

2 

3 

4 

5 

6 

7 

maximum dry density; DO = dry side of optimum moisture 
content; WO = wet side of optimum moisture content 

Molding Dry Relative 
Water Density Position of w 

Content (Yd) from w opt Yd!Ydm 
(w%) (pcf) (%) (%) 

4.0 77.4 23.0 (DO) 85 

11.5 81.9 15.5 (DO) 90 

21.0 86.5 6.0 (DO) 95 

27.0 (w
opt

) 91.0 (Ydm) at optimum 100 

32.5 86.5 5.5 (WO) 95 

35.5 81. 9 8.5 (WO) 90 

40.0 77.4 13.0 (WO) 85 



Table 8. 

Pointa 

1 

2 

3 

4 

5 

6 

7 

a. 

A veraged Results of Collapse, Swelling, and Unconfined Compressive Strength Tests for 
Impact-compacted Site 3 Soil at Various Compositions. 

Unconfined 
% Collapse at 0.5 tsf % Collapse at 2.0 tsf Free Compressive 

Swelling Strength 
PL P b w Pt PL Pw Pt 

(%) (psi) 

1.8 1.3 3.1 3.0 6.0 9.9 18.7 3.0 

1.1 -0.2 0.9 1.7 1.6 3.3 17 .3 22.0 

0.7 -0.1 0.6 2.1 0.3 2.4 14.2 32.0 

1.4 0.0 1.4 4.0 0.0 4.0 10.0 27.0 

2.7 0.1 2.8 7.2 0.1 7.3 5.0 12.0 

4.2 0.1 4.3 9.9 0.1 10.0 0.3 6.0 

7.2 0.1 7.3 16.0 0.1 16.1 0.0 1.7 

Refer to Fig. 39. b. Negative values represent swell. 
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for points 3 through 7 are not typical collapse curves but are similar to 

consolidation curves. 

Examination of Fig. 41 shows that the general shape and the 

. trend of the curves for 2 tsf are similar to those for 0.5 tsf collapse 

shown in Fig. 40, except that some of the samples compacted on the 

dry side of optimum moisture content display free swelling potential 

when tested for collapse at 0.5 tsf, whereas no such swelling potential 

was observed when the samples were tested for collapse at 2.0 tsf. 

This finding indicates that the swelling potential of expansive minerals 

in an otherwise collapse-susceptible soil is suppressed by large applied 

loads. In other words, the effect of types of clay minerals on the col

lapse potential is not well recognized when the soil is tested under a 

high level of loading. 

The results of the collapse tests at 0.5 and 2.0 tsf are are 

graphically compared in Fig. 42. The rest of the discussion will be 

based on the results in Table 8 and Fig. 42. 

Effect of Composition. The effect of both molding water content 

(w) and the compacted dry density (y d) on the collapse potential is 

illustrated in Figs. 42a and 42b. This effect is almost the same for 

both tests at conducted at both 0.5 and 2.0 tsf. In general, on the 

dry side of optimum, the deformations due to loading (PL)' wetting 

(pw)' and to both loading and wetting (Pt) de~rease with increasing w 

and Yd up to approximately w = 21%, Yd = 95% Ydm (point 3). As w 

increases and Y d decreases both PL and Pt increase, whereas Pw stays 

fixed at its lowest value. 
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Fig. 42. Collapse Characteristics of Site 3 Soil Compacted 
According to ASTM D 698 at Various Compositions. -- a. 0.5 tsf. b. 
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This behavior is expected on the dry side of optimum moisture 

content where the influence of increasing Yd (as optimum moisture con

tent is approached) suppresses the influence of increasing w. The soil 

is considered stronger and consequently displays less PL as wand Y d 

inc:rease. On the wet side of optimum, the increasing w actually leads 

to decreasing Yd. The net effect is an increase in PL as the moisture 

content is increased beyond the optimum. 

The behavior of P with change in composition of the compacted 
w 

samples is explained as follows. On the dry side, P decreases as 
w 

moisture content increases to the optimum due to the weakening of 

bonds. Beyond the optimum P remains virtually constant, indicating 
w 

that the entire collapse potential of the soil has been realized and little 

if any collapse takes place with additional wetting. The fact that beyond 

optimum moisture content p stays constant at its minimum value is at
w 

tributed to the complete destruction of the porous structure. As Y d 

decreases with increasing moisture contents beyond optimum, the struc-

ture becomes more dispersed and the formation of a sufficient number of 

voids for collapse is minimized. Furthermore, even if such voids de-

velop, the soil is weaker and all the deformation that occurs is due to 

loading; nothing is left to take place when wetting is applied. This 

phenomenon suggests that the molding water content (w) has a much 
-

greater influence on the collapse potential of compacted soil than the 

influence of the dry density (Y d) • Compaction of the dry side of op

timum moisture content could also possibly result in the formation of a 

porous structure, smaller in scale than that of the natural undisturbed 

soil due to the formation of pockets of entrapped air in the compaction 
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process, leading to a s~aller prototype for the collapse phenomenon. 

On the other hand, compaction on the wet side of optimum does not 

allow for the formation of such a porous structure. With more water in 

the soil, a semi-consolidation process takes place that permits most of 

the deformation to occur under loading but o~ly small or no deformation 

takes place due to further wetting. 

The behavior of Pt at different compositions is clearly the alge

braic sum of PL and Pw as shown in Fig. 42. 

Effect of Level of Loading. The effect of the level of the ap-

plied load on the collapse potential of samples compacted according to 

ASTM D 698 is illustrated Fig. 42. Increase in the level of loading on 

the dry side of optimum increased the corresponding deformation of PL' 

Pw ' and Pt. On the wet side of optimum, the increase in the applied 

load was accompanied by an increase in PL' whereas no further change 

in P took place. This could be due to a reduction in the voids that is 
w 

not directly linked to the collapse mechanism. The influence of the 

applied load on P
t 

is similar to influence on PL ; Pt increases with 

increase in the applied load. 

Combined Effect of Molding Water Content and Structure. The 

effect of both the amount of molding water and the resulting structure 

on collapse potential is illustrated by comparing the results of the 

collapse tests for points 1 and 7, points 2 and 6, and points 3 and 5 

(Table 8). The soil samples for each of these pairs of points were 

compacted to the same value of Y d' but at different w. At points 1, 2, 

3, the samples were on the dry side of optimum and assumed to have a 
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flocculated structure, whereas at points 5, 6, 7 the samples were on 

the wet side of optimum and assumed to have a dispersed structure. 

The results of the collapse tests presented in Table 8 indicate that in 

general the absolute values of PL and Pt are smaller and Pw is larger 

for points 1, 2, 3 than for the corresponding points 7, 6, and 5. In 

general, the effect is such that samples compacted on the dry side of 

optimum moisture content having flocculated structure deform less under 

loading and more under wetting than those compacted on the wet si~e of 

optimum having dispersed structures. The difference in the defor

mation increases with increasing difference in the corresponding molding 

water content. For example, the difference between values at points 2 

and 6 is greater than difference between points 3 and 5. 

These results suggest that the best moisture content for com

paction, i.e., the one that results in minimum ~eformation, is between 

w = 21% (point 3) and optimum moisture content (point 4). The com

paction composition at point 3 is preferable if the deformation due to 

loading is critical and intolerable. 

Swelling Behavior 

The results of the effect of impact compaction on the collapse 

behavior of compacted soil presented in the previous section indicate 

that under certain conditions the soil expands instead of collapsing. 

Therefore, free swelling tests, as described in Chapter 4, were also 

conducted on compacted samples at all seven points along the standard 

compaction curve shown in Fig. 39. The results of these tests are 

summarized in Table 8, where each value represents the average of the 
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results of three identical tests. The seven curves for free swelling are 

superimposed for comparison in Fig. 43. 

Effect of Composition. The effect of composition on the swelling 

potential is illustrated in Fig. 44. Fig. 44a shows the relationship 

between water content and free swelling, and Fig 44b is the compaction 

curve for the soil. Each point in Fig. 44a has a corresponding point in 

Fig. 44b. 

Fig. 44a indicates that, in general, the amount of free swelling 

decreases with increasing molding water content along the whole com-

paction curve irrespective of the attained compacted dry density. This 

finding clearly indicates the importance of wand not necessarily that 

of dry density on the swelling behavior of compacted soils. This type 

of dominating influence is better realized from the results for samples 
.'. 

compacted on the dry side of optimum moisture content where the swell-

ing potential decreases with increasing molding water content even 

though dry density increases. The behavior on the wet side of optimum 

moisture content is more what one would intuitively expect, i.e., the 

swelling potential decreases with increasing molding water content and 

decreasing compacted dry density. 

Combined Effect of Molding Water Content and Structure. The 

effect of both the molding water content and resulting compacted struc-

ture on the swelling potential of samples compacted by the standard 

impact compaction method was studied by comparing the results of the 

swelling tests associated with points 1, 2, and 3 at the dry side of op-

timum moisture content (flocculated structures) with the results for the 
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corresponding points 7, 6, and 5 on the wet side of optimum moisture 

content (dispersed structures) (Table 8). This influence is also il

lustrated in Fig. 42. The free swelling of the samples compacted on 

the dry side of optimum moisture content is much more than that of the 

samples compacted on the wet side of optimum moisture content. For 

example, the sample of point 3 compacted at w = 21% shows a free swell

ing potential of 14.2%, whereas the sample of point 5 compacted tat w = 

32.5% shows a free swelling potential of only 5.0% even though the dry 

density for both samples is the same (86.5 pcf) • The lower swelling 

potential of point 5 is due to the higher molding water content and more 

dispersive structure compared to those of point 3. This behavior is in 

agreement with reported findings that the dispersed structure causes 

less swelling than a flocculated structure and the swelling potential 

decreases with increasing molding water content (Seed, Lundgren, and 

Chan, 1954). 

Unconfined Compressive Strength 

The unconfined compressive strength (UCS) tests were conduct

ed on samples compacted along the compaction curve at various compo

sitions indicated by numbers 1 through 7 (Fig. 39). The study in this 

section is parallel to those of the previous sections on collapse and 

swelling behaviors. Each UCS test was repeated three times for a spe

cific composition. The average of the three results are summarized in 

Table 8. The average of the UCS test for soil compacted to maximum 

dry density at optimum moisture content (point 4) is 27 psi. This 

value is less than 31 psi, the strength of the undisturbed natural soil. 
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However, the conditions of testing were different: the compacted sam

ple was tested at its as-molded moisture condition having a dry density 

of 91 pcf, whereas the natural soil was tested at a dried-to-constant

weight condition having a' dry density of 66 pcf. If the compacted 

sample had been dried to a constant weight before ~esting, it would 

probably have shown a much higher UCS value than that of the undis

turbed natural soil sample. Thus, impact compaction is considered to 

improve the UCS of the natural undisturbed soil. 

Effect of Composition. The need to consider both the molding 

water content and not just the compacted dry density of compacted soil 

is well illustrated by the laboratory unconfined compressive strength 

test results. Fig. 45a shows the relationship between molding water 

content and unconfined compressive strength. Fig. 45b shows the 

compaction curve for the soil. As before, each point in Fig. 45a has a 

corresponding point~ in Fig. 45b. 

Fig. 45a shows that the water content-UCS relationship has a 

trend similar to that of the water content-strength relationship. The 

unconfined compressive strength increases as the water content in

creases until it reaches a maximum at approximately the compaction 

optimum moisture content, beyond which the UCS decreases with in

creasing water content. Comparison of the peaks of the curves in 

Figs. 45a and 45b shows that the maximum UCS occurs slightly to the 

dry side of optimum compaction moisture content. Thus, compaction of 

the soil at optimum moisture content does not result in maximum UCS. 
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The maximum UCS for the investigated soil was obtained by impact com

paction at a water content of 21% (6% to the dry side of optimum mois

ture con ten t) • 

Combined Effect of Molding Water Content and Structure. The 

effects of both the molding water content and the resulting compacted 

structure on the unconfined compressive strength is defined in a man

ner similar to that f01' collapse and swelling potential. The results of 

the UCS tests for the samples compacted on the dry side of optimum 

moisture con ten t (points 1, 2, and 3) are compared to those for the 

corresponding samples compacted on the wet side of optimum moisture 

content (points 7, 6, 5) as presented in Table 11 and shown in Fig. 

45. The UCS values, as expected, are larger for the samples com

pacted at the dry side of optimum moisture content due to smaller water 

contents and less dispersive structures. 

Microstructural Observations 

The microscopy of the impact-compacted samples was made in a 

manner similar to that for the microscopic observation of the undis

turbed soil Samples were compacted by the impact method (ASTM D 

698) at optimum water content and then examined under a scanning 

electron microscope. Representative photomicrographs are shown in 

Fig. 46. The general appearance of the microstructure at a magnifi

cation of about 100X is illustrated in Fig. 46a, which shows a dense 

mass with small voids. Compaction at optimum moisture content de

stroyed the characteristic highly porous structure of the undisturbed 

soil (Fig. 36a). This is in agreement with the measured noncollapse 
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a. No Highly Porous Structure 

b. Transitional Microstructure 

Fig. 46. Photomicrograph of Impact-compacted Soil 
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due to wetting the compacted soil in the collapse tests. Fig. 46b shows 

the same microstructure at a higher magnification of about SOOOX. A 

semi-dispersed and semi-flocculated structure with a slight trend toward 

dispersiveness is seen. This type of structure is representative of a 

transition structure from flocculated at the dry side of optimum moisture 

content to dispersed at the wet side of optimum moisture content. The 

particles have a slight orientation toward parallelism in planes per

pendicular to the direction of the compaction force. 

Static Compaction 

Static compaction, a major method of compaction, as described 

in Chapter 4, was considered separately to permit comparison between. 

the engineering behavior of static-compacted soil and that of impact

compacted soil to determine which method of compaction is the more 

suitable for the type of soil being studied. It was also essential to 

know the characteristics of soil compacted by the static method before 

the lime treatment of soil was investigated. This step provided a basis 

for isolating the benefits of the treatment on the natural soil. The 

tests .for collapse, swelling, and unconfined compressive strength con

ducted for the study of impact-compaction phase of the study were re

peated on samples compacted by the static method. 

Collapse Behavior 

Collapse tests were conducted on samples compacted statically at 

each of the seven compositions shown along the standard compaction 

curve (Fig. 39). The tests were done at two levels of loading (0.5 and 

2.0 tsf) for each point. Each test was repeated three times. The 



Table 9. 

Pointa 

1 

2 

3 

4 

5 

6 

7 

a. 

Averaged Results of Collapse, Swelling, and Unconfined Compressive Strength Tests for 
Static-compacted Site 3 Soil at Various Compositions. 

Unconfined 
% Collapse at 0.5 tsf % Collapse at 2.0 tsf Free . Compressive 

Swelling Strength 
PL 

P b w Pt PL Pw Pt 
(%) (psi) 

0.5 -1.5 -1.0 1.1 5.6 6.7 20.5 7.2 

0.6 -1.8 -1.2 1.2 1.0 2.2 19.0 26.8 

0.7 -1.1 -0.4 1.6 0.0 1.6 16.0 35.0 

1.1 -0.3 0.8 2.2 0.1 2.3 12.8 32.9 

1.6 0.1 1.7 3.6 0.1 3.7 9.4 25.0 

2.1 0.1 2.2 4.7 0.1 4.8 6.7 17.2 

7.4 0.1 7.5 l3.0 0.2 l3.2 0.8 3.4 

Refer to Fig. 39. b. Negative values represent swell. 

.... 
...J:) 

U1 
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averaged results for the tests are given in Table 9. The curves for 

0.5 tsf and 2.0 tsf at various compositions are superimposed in Figs. 47 

and 48, respectively to simplify comparisons. It can be seen from 

Tables 6 and 9 that the tests performed on samples compacted at opti-

mum moisture content (point 4) give PL = 1.1% for the static-compacted 

soil and PL = 0.9% for the undisturbed natural soil under a load of 0.5 

tsf; these values are very close. The change in P from 1. 6% (Table 
w 

6) to -0.3% (Table 9) indicates that static compaction reduces the col-

lapse potential under a stress level of 0.5 tsf; however, the problem 

of collapse becomes one of swelling due -to the presence of expansive 

montmorillonite minerals in the natural soil and the increase in density 

by static compaction. The net effect as measured by P t is a 65% de

crease in collapse potential due to static compaction, i.e., Pt = 2.5% 

(Table 6) and Pt = ~. 3% (Table 9). 

To determine the benefits in the choice of compaction composi-

tion within a limited range to either side of the optimum moisture 

content, the results for composition at point 3 (on the dry side of 

optimum) and point 5 (on the wet side of optimum) were compared to 

each other and to the results for point 4. Static compaction at point 3 

produced less change in PL and Pt values but more change in the Pw 

value compared to the values at optimum moisture content, whereas at 

point 5, static compaction resulted in a lower value for P but a higher w 

value for PL and Pt. These comparisons suggest that static compaction 

at the optimum composition is preferred and the next option for 

composition of compaction depends on whether PL or Pw is more critical 

to the problem at hand. 
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The averaged results for the collapse tests at 2.0 tsf are also 

presented in Table 9. Comparison of the results of static compaction 

(Table 9) at point 4 and undisturbed soil (Table 6) shows that P
L 

is 

slightly increased (2.2% compared to 1.8%), P is greatly decreased by 
w 

static compaction (0.1% compared to 12.8%), and P
t 

is also greatly 

decreased (2.3% compared to 14.6%). The overall comparison indicates 

that static compaction was very effective in reducing the collapse 

potential at the higher level of stress (2 tsf). 

To analyze the possible advantage for static compaction at 

moisture contents slightly drier or wetter than optimum, the results at 

points 5 and 3 were compared with those at point 4. At point 5 (on 

the wet side of optimum), PL and Pt increased and P
w 

remained about 

the same, and no improvement was obtained. At point 3 (on the dry 

side of optimum), P
L 

and Pt decreased even though the value of P
w 

remained about the same. The composition at point 3 gave an improve-

mente Thus, for this soil, static compaction at a moisture content 

slightly drier than optimum is preferred. 

Effect of Composition. The effect of both molding water content 

and compacted density on the collapse potential of samples compacted by 

the static method is shown in Figs. 49a and 49b for 0.5 and 2.0 tsf 

loading, respectively. Both figures clearly demonstrate the effect of 

composition on collapse behavior. In general, PL increases with in

creasing molding water content along the whole range of the compaction 

curve. On the dry side of optimum, the rate of increase of PI, with 

increasing molding water content is less than on the wet side of 
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optimum moisture content. The higher rate of increase in PL on the 
. 

wet side of optimum is attributed to the combined effect of increasing 

water content and decreasing density. 

The effect of molding water content on P is even more dra
w 

matic. As shown in Fig. 49a, on the dry side of optimum an increase 

in water content decreased the swelling potential, which is normal be-

cause swelling is inversely proportional to the amount of water present. 

The slight increase in swell from point 1 to point 2 was probably due to 

the compensating effect of increased dry density at these relatively low 

moisture contents. It would seem that up to this limit of water content 

and density, the effect of density was greater than" the effect of water 

content, but that after this limit, the effect of water content dominated 

the soil behavior. As shown in Fig. 49b, at the higher level of loading 

(2 tsf), the effect of an increase in water content on the dry side of 

optimum dominated and P decreased with increasing w. This is in 
w 

agreement with the general behavior of collapsing soils. On the wet 

side of optimum moisture content, the effect of composition on p at 
w 

both O. 5 and 2. 0 tsf was minimal; the value of p remained at its pre
w 

vious lowest value. This suggests that the samples compacted on the 

wet side of optimum moisture content were already so wet that an addi-

tion of extra water made little change in their state of hydration and 

thus no collapse was triggered. 

The effect of composition on P
t 

is also illustrated in Fig. 49. 

As expected, this effect is the algebraic sum of the effects of composi-

tion on both PL and Pw ' 
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Effect of Level of Loading. The effect of the level of loading 

on the collapse behavior is also illustrated in Fig. 49. An increase in 

the applied load from 0.5 to 2.0 tsf increases the corresponding change 

in PL and Pt' This is in agreement with conventional load-deformation 

principles. However, the effect of the applied stress levels on P 
w 

occurs only on the dry side of optimum at either of the stress levels 

studied. The reasons for this were given previously. As seen in 

Fig. 49a, on the dry side of optimum, an increase in the applied stress 

from 0.5 to 2. 0 tsf destroyed the soil's swelling potential and actually 

caused collapse. This is logical because swelling potential is inversely 

proportional to the magnitude of surcharge load because increasing the 

applied load increases the shearing force at the contact points between 

particles, thus causing collapse. 

Combined Effect of Molding Water Content and Structure. The 

effect of both the amount of molding water content and the resulting 

compacted structure on the collapse potential is illustrated by comparing 

the results of the collapse tests for points on the dry side of optimum 

moisture content (flocculated structure) with the results for points of 

identical densities on the wet side of optimum (dispersed structure). 

The results listed in Table 9 and presented in Fig. 49 indicate that, in 

general, samples compacted on the dry side of optimum had lower values 

of PL and P t than those compacted on the wet side of optimum for the 

same dry densities. The results also indicate that samples compacted 

on the wet side of optimum did not collapse due to wetting and that 

samples compacted on the dry side of optimum swelled when wetted at 
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low stress level (0.5 tsf) and collapsed at high stress level (2.0 tsf). 

Swelling Behavior 

The swelling behavior of samples compacted by the static meth

od were determined by running free swelling tests on triplicate samples 

compacted at each of the seven compositions shown in Fig. 39. The 

averaged results of these tests are summarized in Table 9 and Fig. 50. 

To compare the swelling behavior of the statically compacted 

and in situ soil, point 1 is used because its moisture content and dry 

density were closest to those of the in situ soil. The average swelling 

potential at point 1 was 20.5%. This is much larger than the 11. 8% 

swell measured for the in situ soil. The main reason for this dif-

ference seems to be due to the greater density of the compacted sample 

(77.4 pcf vs. 66 pcf). Furthermore, the swelling potential is measured 

on the basis of the relatively few large voids in the compacted sample 

compared to the many large voids in the undisturbed samples. Almost 

the same amount and type of expansive minerals exist in both samples; 

therefore, both samples possess the same initial potential for swelling. 

However, some of the swelling is taken up by the large voids of the in 

situ sample and less net swelling, or heave, of the soil mass is mea

sured. Almost all the swelling is measured as heave in the compacted 

sample. 

Thus, treatment of the in situ soil by static compaction for the 

purpose of minimizing collapse may change the nature of the movement 

into a swell. This phenomenon encourages the investigation of the lime 
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treatment of the in situ soil, which will be discussed in a following 

chapter. 

Effect of Composition. The effect of the composition of the 

compacted samples on swelling potential is illustrated in Fig. 51. In 

general, this figure indicates that the free swell decreases with in-

creasing molding water content over the whole range of the compaction 

curve. Once again, the influence of molding water content overcomes 

that of increased density. On the dry side of optimum, the swelling 

decreased with increasing molding water content despite an increase in 

compacted density. On the wet side of optimum the effect of decreasing 

the compacted density combines with the effect of increasing the mold-

ing water content, resulting in a higher rate of swelling decrease. 

Combined Effect of Molding Water Content and Structure. The 

effect of both molding water content and the resulting compacted struc-

ture on the swelling potential of samples compacted by the static method 

is summarized in Fig. 51 and Table 9. If a point-by-point comparison 

is made between similar density conditions (1: 7, 2: 6, 3: 5) it can be 

seen that p (1) > p (7), p (2) is > p (6), and p (3) > p (5). 
s s s s s s 

These results indicate that samples compacted on the dry side 

of optimum moisture content, even though assumed to have a flocculated 

structure, have greater water deficiencies due to the lower amount of 

water present. This results in a high concentration of electrolytes in 

the pore water. The higher the concentration of electrolytes the 

greater the osmotic pressure between the free water and the double-

layer water. Greater water absorption and consequently more swelling 



-~ 0 -
II) 

(a) ~ 
en 
II) 
II) ... 

LL. 

(b) 

20 

16 

12 

8 

4 

0 

); = 91 pef 
dm 

50 

Fig. 51. Effect of Composition on Swelling Potential of 
Statically Compacted Samples. a. Free swell vs. molding moisture 
content. b. Corresponding compaction curve. 

206 



207 

must occur to obtain equilibrium under these conditions than when the 

soil is compacted on the wet side of optimum moisture content. Under 

the latter conditions the soil has a dispersed structure and smaller 

water deficiencies due to the greater amount of water present. Such 

samples tend to adsorb little water and swell less. 

Unconfined Compressive Strength 

The unconfined compressive strength (UCS) tests were con

ducted on samples identical to those tested for the collapse and swelling 

behavior. The averaged results of these tests are presented in Table 

9. The results indicate that the unconfined compressive strength 

(UCS) for the composition at optimum moisture content is equal to 32.9 

psi. This indicates a very small gain in the strength over that of the 

undlsturbed in situ soil (31 psi), but this is not the case. The in situ 

sample was dried to a constant weight condition before testing, whereas 

the sample of compacted soil was tested in its as-molded moisture 

condition. The unconfined compressive strength of the compacted soil 

would be greater than that of the in situ soil if both samples were 

tested at the same moisture content. Thus, the results indicate that 

compaction improved the unconfined compressive strength of the in situ 

soil due to an increase in its dry density. 

Effect of Composition. The effect of the composition on the un

confined compressive strength of the compacted soil is shown in Fig. 

52. Fig. 52a indicates that the effect of composition on the unconfined 

strength of the soil is similar in trend to the effect of the molding 

water content on compacted dry density as shown in Fig. 52b. As with 
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Fig. 52. Unconfined Compressive Strength for Static-compacted 
Soil at Various Compositions, -- a. UCS vs. molding moisture content. 
b. Corresponding compaction curve. 
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impact compaction, the moisture content for maximum strength is 

approximately 6% less than the compaction optimum moisture content. 

This indicates that the influence of density on UCS is greater than that 

of water content 'at water contents less than than the optimum for com

paction. Beyond optimum moisture con ten t, ,the behavior returns to its 

normal trend of unconfined strength decreasing with increasing water 

content and decreasing density. 

Combined Effect of Molding Water Content and Structure. The 

effect of both the molding water content and the resulting structure on 

the unconfined compressive strength of the statically compacted soil is 

also illustrated in Fig. 52a. Comparison of the results for samples 

compacted drier than optimum and assumed to have flocculated struc

tures with those of like density compacted wetter than optimum and 

assumed to have dispersed structures indicates that UCS(l) > UCS(7), 

UCS(2) > UCS(6), and UCS(3) > UCS(5). This can be explained on 

the basis of physicochemical principles. Samples compacted on the dry 

side of optimum have lower water contents. This results in a high 

concentration of electrolytes in the pore water. The high concentration 

of electrolytes increases the attractive forces between the soil particles 

and prevents full development of the diffused double layers. The de

pression of the double layers leads to flocculation of the colloids and 

produces an unconfined compressive strength higher than that of sam

ples compacted on the wet side of optimum moisture content. 
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Microstructural Observations 

As was done for impact-compacted soil, scanning electron 

microscopy was used to observe and study the changes that occurred in 

the microstructure from static compaction. Samples staticaily compacted 

at optimum composition were examined under a scanning electron micro

scope. The general appearance of the microstructure as shown in Fig. 

53a at a magnification of 100X appears very similar to the general 

microstructure of the impact-compacted soil shown in Fig. 46a. The 

characteristic highly porous microstructure of the undisturbed natural 

soil shown in Fig. 36a was also observed to have been destroyed by the 

static compaction and a denser soil resulted. This finding is in 

agreement with the noncollapsing behavior of the compacted soil after 

wetting as observed in the collapse tests. Fig. 53b shows the same 

microstructure. at higher magnification of about 5000X. This micro

structure is similar to that attained by impaction compaction (Fig. 46b). 

The close similarity between the two microstructures may be because 

both are transitional structures between the more flocculated on the dry 

side of optimum moisture content and the more dispersed at the wet 

side of optimum water content. Fig. 53b also shows that the particles 

tend to orient in planes perpendicular to the direction of the applied 

compaction effort. 

Effect of Initial Moisture Content 

The importance of the initial water content on the results of the 

collapse tests has been mentioned. The discussion on the applicability 

of previous collapse criteria on the local collapsing soils indicated that 
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the initial water content should be considered in the evaluation of col-

lapse potential. The literature review showed no such detailed inves-

tigation of the effect of initial water content on the results of the col-

lapse tests. However, the literature review did indicate the importance 

of initial water content on the collapse process by mentioning the dif-

ference in collapse potential between a dry and a wet soil. Studies by 

BaIley (1961) demonstrated large compressive strains upon wetting air-

dried loess but small strains for the same soil at an initial water content 

of 24%. Similar observations have been reported by others. 

The general opinion on this subject is that the collapse potential 

decreases with increasing initial water content. Apparently the wetter 

the sample, the greater the deformation it experiences under load be-

fore additional moisture is added to reduce collapse. This has been 

observed under extreme conditions, but the way collapse potential 

varies between the two extreme moisture contents is not known. 

A study of this subject under a wide range of initial water con-

tents was undertaken for both undisturbed in situ soil and compacted 

samples. Furthermore, because both the collapse and swelling deforma-

tions define the volumetric stability of the soil, the effect of initial 

water content on swelling potential was also included. All other factors 

were k~pt as much as possible the same as in the previously described 

tests. 

Undisturbed Natural Soil 

Five values of initial water contents (w.) were chosen: 7.6%, 
1 

10.2%, 12.4%, 14.3%, and 15.9%. A large number of undisturbed 
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specimens sufficient for running at least three tests at each of the five 

initial water contents were obtained. Swell and collapse potentials at 

both 0.5 and 2.0 tsf were determined. The specimens were very care-

fully conditioned as described in Chapter 4 to attain the required initial 

water content without altering the in situ dry density and soil 

structure. 

The averaged results for the collapse tests performed at 0.5 

and 2.0 tsf are summarized in Table 10. The results are summarized in 

Figs. 54 and 55 for applied pressures of 0.5 and 2.0 tsf, respectively. 

The test results indicate that P
L 

increases with increasing wi' 

which is a normal behavior where the resistance of the soil to the 

deformation decreases with increasing w.. This is expected because 
1 

additional moisture weakens the clay connecting bonds between coarser 

particles causing a larger deformation under constant load. It was also 

found that p increases with increasing w.. Furthermore, it is noticed 
w 1 

that Pt also increases with increasing wi; however, the rate of increase 

in P t vanishes at higher values of wi' Increase in P with increasing 
w 

w. apparently contradicts the prevailing general opinion mentioned 
1 

earlier. A discussion of these result will be given after this section is 

completed and more relevant test data have been presented. 

The collapse tests previously described were repeated at an 

applied stress of 2.0 tsf to see whether the level of applied load in-

fluences collapse at a given initial moisture content. The averaged 

results of these tests are also presented in Table 10. The results in 

Table 10 for 2.0 tsf indicate that PL increases with increasing wi' which 

was expected due to the weakening of the soil with increasing w .• 
1 

The 
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Table 10. Averaged Results of Collapse and Swelling Tests for Natural 
Soil at Various Initial Moisture Contents 

Initial 
Water % Collapse at 0.5 tsf % Collapse at 2.0 tsf Free 

Content Swelling 
(%) PL Pw Pt PL Pw Pt (%) 

7.6 0.9 1.3 2.2 2.0 9.0 11.0 9.2 

10.2 1.0 1.9 2.9 2.5 12.3 14.8 7.0 

12.4 1.1 2.3 3.4 2.9 12.7 15.6 5.2 

14.3 1.2 2.4 3.6 3.2 12.6 15.8 3.6 

15.9 1.2 2.5 3.7 3.4 12.6 16.0 2.2 
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results in Table 10 also indicate that P increases with increasing w. w 1 

until P reaches its maximum value of 12.7% at an initial water content 
w 

of 12.4%. After that the value of P stays the same or decreases 
w 

slightly. The value of Pt also increases with increasing Wi; however, 

the rate of increase decreases with increasing Wi until Pt reached a 

constant value near the end of the range used for w. (15.9%). 
1 

To study the effect of initial water content on free swell, 

undisturbed samples were conditioned 'to the same five initial water 

contents as were tested for the collapse tests. The averaged results of 

these tests are summarized in Table 10 and are plotted in Fig. 56. It 

is evident from Table 10 and Fig. 56 that the initial water content has a 

considerable influence on the percent swell of the undisturbed soil 

samples. These results were expected because as the initial water con-

tent increases, for specimens having the same dry unit weight, the 

initial degree of saturation also increases and the affinity of soil to 

absorb water decreases. It follows that the amount of water needed to 

be absorbed for complete saturation becomes less with increasing initial 

moisture content. Consequently, the amount of swelling decreases as 

the initial water content increases. 

To facilitate comparisons and to give a better picture of the 

effect of initial water content on the volumetric change behavior of the 

Site 3 soils, the results of all tests are presented in Figs. 57a, 57b, 

and 57c. As indicated previously, PL increases with increasing Wi for 

both loading levels (0.5 and 2.0 tsf). However, it can be expected 

that if w. is increased beyond the maximum value used in this study, 
1 

PL will increase further until it approaches the value of Pt. At this 
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point the behavior of the soil is probably characteristic of that of a 

material undergoing pure consolidation. Fig. 57a also shows that for a 

load of 0.5 tsf Pw increased with increasing wi up to approximately 

15.9.% where it assumed a constant value of about 2.5%. Under a load 

of 2.0 tsf, P increased with increasing w. until it reached its maximum w 1 

value of 12.7% at an initial moisture content of 12.4%. It then stayed 

constant or decreased slightly with further increase in w .• 
1 

The 

threshold initial moisture content for p to reach its maximum occurs 
w 

earlier under a loading of 2.0 tsf than under 0.5 tsf. This may be 

attributed to the compensating effect of swell at the lower level of 

loading and its absence at the higher level: of loading. The variation of 

Pw may be realistic if the behavior of Pt is considered at the same time. 

It is noticed that at the lower level of loading Pt increased with in

creasing w. until it approached a fixed value at the highest value of w. 
1 1 

that was investigated in this study (15.9%). At the higher level of 

loading, Pt increases with increasing wi until it approached a fixed 

value at about wi = 12.4%. Because Pt combines the effects of both 

loading and wetting, its behavior may be considered as approximating a 

consolidation process. This was found to occur; at lower values of w. 
1 

the behavior was far from purely consolidation, but was similar to the 

consolidationlike process in unsaturated soils where the interaction of 

solids, water, and air complicate the process resulting in relatively low 

values of Pt' However, when w. increased and approached a value of 
1 

12.4%, the soil became more wetted and its behavior approached that of 

a conventional consolidation process. Hence, Pt increases until it 
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approached its maximum value and stayed there at this amount of w. 
1 

(12.4%) due to its end of consolidation. 

It is further known from the previous results on the soil's col-

lapsibility that the collapse (pw) occurred afte.r the addition of water to 

the loaded sample. It seems that as w. increased above the lowest 
1 

value used in this study (7.5%), the chances increased for the specific 

water content to redistribute over the soil particles, especially the fine 

matrices that bond the larger silt particles, where the conditioning 

process and consequently the moisture redistribution were in terms of 

days. For example, the selected five values of initial water contents 

were achieved by placing the samples in a humid room and exposing 

them to indirect moisture for 1, 3, 7, 14, and 21 days, respectively. 

When load was applied to a preconditioned sample, PL increased with 

increasing the preconditioned water content, and when the sample was 

wetted, P occurred due to the apparent wetting of most of the exter
w 

nal part without much wetting of the internal part. However, the per-

cent wetting of the internal part, particularly the intergranular fine 

matrix, increased with increasing the preconditioned w. and consequent-
1 

ly the higher w. the higher the measured P • It might be concluded 
1 w 

that the general trend for p is to increase with increasing w. and it w 1 

tended to continue in this trend without any bound; however, Pt in

creased at the same time due to increases of both PL and Pw until it 

approached its maximum value, above which the soil could not be fur-

ther compressed at the same level of loading and wetting, which created 

a fixed maximum bound for Pt at wi = 12.4%. When this limit of w. was 
1 

increased, P tended to increase according to the principles explained 
w 
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above, but could not increase because PL increased with increasing wi 

while P
t 

has reached a fixed value. Because PL occurred before P
w 

in 

the testing process, P started to decrease with increasing w. above 
w 1 

the critical value (12.4%) to satisfy the constant value of Pt' that is, PL 

+ P • w 

Compacted Soil 

After the effect of wi on P L' P w' and P t was determined for 

undisturbed soil, the same tests were repeated on more controlled sam-

pIes that were compacted by the static method. The lowest molding 

water content and dry density (w = 4% and Y d = 85y dm) corresponding 

to point 1 on the standard compaction curve (Fig. 39) were chosen as 

the initial composition for all samples because its composition is closest 

to that of the natural soil. After compaction, each specimen was condi-

tioned to one of the five water contents used as initial moisture content 

for the test series on the undisturbed samples previously described. 

The averaged results of these tests are summarized in Table 11. 

The combined results are shown in Figs. 58 and 59 for applied stresses 

of 0.5 and 2.0 tsf, respectively. Fig. 60 is a combined presentation of 

the swelling curves for all values of w.. The results of these tests 
1 

indicate the same trend of behavior that was previously found for the 

natural undisturbed soil and confirm those results. 

All the results obtained for the effect of initial moisture content 

on collapse potential are summarized in Figs. 61a and 61b for loading 

under 0.5 and 2.0 tsf, respectively. The variation of free swell with 

varying values of w. is shown in Fig. 61c. The results of this phase 
1 
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Table 11. Averaged Results of Collapse and Swelling Tests for Static-
compacted Soil at Various Initial Moisture Contents 

Initial 
Water % Collapse at 0.5 tsf % Collapse at 2.0 tsf Free 

Content Swelling 
(%) PL Pw Pt PL Pw Pt (%) 

6.7 1.3 1.4 2.7 1.8 7.0 8.8 18.2 

9.1 2.0 1.7 3.7 3.0 8.0 11.0 14.8 

11.5 2.8 2.0 4.8 4.2 8.3 12.5 11.5 

13.3 3.4 2.1 5.5 5.1 8.3 13.4 8.8 

14.9 3.9 2.2 6.1 6.1 7.6 13.7 6.6 
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of the testing are consistent with the results obtained for undisturbed 

samples. The analysis and discussion of the results of this section are 

also the same as those for the undisturbed soil and will not be 

repeated. 

In summary, the results ot' the tests on undisturbed and com-

pacted soil indicated the importance of the effect of the initial water 

content on the collapse behavior. Unfortunately, there was an unavoid-

able deficiency in this phase of testing. All samples experienced some 

free swell while being preconditioned to the five initial moisture con-

tents. The greater amount of swell occurred with the longer precon-

ditioning period. Consequently, samples at the start of each test 

possibly had different soil structures. If such effect of preconditioning 

is assumed to have a minimal effect on the samples and structures, the 

following comments are applicable. The prevailing belief that the 

amount of collapse (p ) decreases with increasing initial moisture con
w 

tent of the soil is not generally true. It may be true only for soil 

types similar to the ones in the San Joaquin Valley in California, which 

collapse only upon wetting and for which Gibbs and Bara (1962) stated 

that the amount of expected subsidence in irrigated areas will generally 

be less than in nonirrigated areas. In such soils, the wetter the soil, 

the closer it would be to collapse and the smaller the measured collapse. 

However, for the investigated soil, collapse is triggered by both loading 

and wetting and the measured collapse potential thus reflects the effect 

of the interaction of both loading and wetting. 
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In general, at the lower range of w. (approximately less than 
1 

12%), PL ' Pw ' and Pt increase with increasing wi up to a critical value 

of w.. At this critical value of w., P reaches its maximum value and 
1 1 W 

Pt also reaches its maximum value but stays there. Beyond this critical 

value of wi' PL increases, Pw decreases, and Pt stays fixed with in

creasing wi. 

Effect of Sequence of Loading and Wetting 

This part of the study was done to determine the effect of the 

loading and wetting sequences on collapse. The purpose was to deter-

mine whether the deformation due to both loading and wetting (p
t
) will 

be the same if the soil is wetted before or after loading. This infor-

mation will be helpful in some of the practical applications in the field 

such as in treating the collapsible soil by ponding under surcharge 

before construction. It has been reported by Holtz and Gibbs (1951), 

Kane (1969), and Handy (1973), among others, that essentially the same 

amount of compression occurred when loess was wetted before or after 

loading. However, the Site 3 soil is not loess. Therefore II reversed 

collapse ll tests were run on samples of undisturbed soil and also on 

samples compacted by static compaction. A IIreversed collapse ll test is 

one in which the sample is wetted first and allowed to swell (free) 

completely before being loaded to either 0.5 or 2.0 tsf. 

Undisturbed Soil 

The averaged results of the reversed collapse tests at 0.5 tsf 

are shown in Fig. 62. In this figure the Ol:'der of terms is reversed 

from the conventional order in the regular collapse test due to 
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reversing the sequence of testing. Wetting occurs first and therefore 

the deformation due to wetting (p ) takes place before the deformation 
w 

due to loading (PL). Furthermore, the measured PL is in the opposite 

direction of the measured p , whereas they are measured in the same w 

direction in conventional testing. As in the previous sequence, the 

deformation due to both loading and wetting (pt ) is the algebraic sum of 

however in this sequence p is always negative because 
w 

the soil undergoes free swell before loading. The results of the re-

verse collapse test shown in Fig. 62 are compared to those of its cor-

responding conventional collapse test (Fig. 33) in Fig. 63. 

The averaged results of the reversed collapsed tests at 2.0 tsf 

are shown in Fig. 64. A graphic comparison of this curve with that 

obtained from the conventional collapse test is presented in Fig. 65. 

Both Figs. 63 and 65 indicate that the general trend of the be-

havior due to reversing the conventional sequence of loading and wet-

ting is the same for both levels of loading (0.5 and 2.0 tsf). The 

difference between results for the two applied levels of loading is in 

values only, hence the same discussion applies for both loadings. 

pected. 

A direct comparison of the results shows that they are ex-

For the reverse sequence, P is negative. It is due to 
w 

swelling rather than compression as in the conventional sequence. This 

is logical because the addition of water under zero surcharge in the 

reverse sequence is similar to the process of running a free swe-lling 

test. The finding that PL is larger in the reverse sequence than in the 

conventional sequence is also expected. In the conventional sequence, 

loading was applied in the dry condition, the soil was strong, and 
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deformation (PL) was small, whereas in the reversed sequence, loading 

was applied in the wet condition, the soil was weak, and P
L 

was large. 

The comparison of Pt for both sequences is also useful. By definition, 

Pt represents the total deformation (PL + p
w

) with respect to the orig

inal level of the sample before testing. According to this definition, P
t 

in the reversed sequence (1. 9%) is less than P
t 

in the conventional 

sequence (2.5%). The explanation for this behavior follows. 

The soil in the conventional sequence experiences two deforma

tions in one direction, one due to loading and other due to wetting, 

. and both potentials combine to give a higher Pt. In the reversed se

quence, the deformations are in opposite directions. One is a relatively 

large upward movement due to wetting and the second is a relatively 

large downward movement due to loading a weaker soil. Both potentials 

oppose each ~ther, resulting in a relatively small net Pt. In addition, 

the distance that has to be traveled in the reversed sequence to return 

the soil from its swollen position to its original position before testing is 

considered wasted effort and lowers the total available potential. The 

remaining effort to compress the soil below its original position is less 

than the available potential in the conventional sequence, resulting in a 

smaller Pt. 

The results seem to indicate that in practical applications such 

as pretreatment by ponding under surcharge, either sequence will re

duce the collapse potential. From a practical viewpoint, one treatment 

rna y be easier to accomplish in the field than the other. 
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Compacted Soil 

Tests using the reversed sequence of wetting and loading were 

also performed on samples compacted by the static method. As before, 

the samples were compacted a moisture content of 4% (point 1 in Fig. 

39) to simulate the in situ condition of the soil more closely. 

The averaged results of these tests at 0.5 tsf are shown in 

Fig. 66. The results of the reversed collapse test shown in Fig. 66. 

are compared to those of its corresponding conventional collapse test in 

Fig. 67. 

The averaged results for the reversed sequence at 2.0 tsf are 

presented in Fig. 68. These results are compared with the results of 

the corresponding conventional test in Fig. 69. 

The results of the effect of loading and wetting sequence on 

collapse for the static compacted samples are very simi.!ar to those for 

the undisturbed soil. Thus, the previous comments and disc1.1ssion 

apply. 

Effect of Level of Applied Pressure 

To understand the effect of applied pressure on the results of 

the collapse tests, samples compacted by the static method at the least 

practical composition (4% moisture content and 85% maximum dry density) 

were tested at applied pressures of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 

tsf. The averaged results of these tests are summarized in Table 12 

and plotted in Fig. 70. The results illustrate that each component of 

the total collapse behavior is very dependent on the level of the applied 

pressure. 
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Table 12. A veraged Results of the Effect of Level of Applied Pressure 
on the Collapse Potential 

Applied % Collapse 
Pressure 

. (tsf) PL Pw Pt 

0.5 0.5 -1.3 -0.8 

1.0 0.8 0.7 1.5 

1.5 0.9 3.5 4.4 

2.0 1.1 5.3 6.4 

2.5 1.2 6.2 7.4 

3.0 1.3 6.9 8.2 
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The deformation due to loading (PL) gradually increased with 

increasing applied pressure. This indicates that increasing applied load 

does not calise a real collapse in the sense of a large sudden defor-

mation due to shear failures but probably causes some compression of 

the fine matrix between the larger flocs. However, it is expected that 

by increasing the applied pressure beyond the range used in this 

study, PL will increase correspondingly until a critical value is reached 

at which the shear strength of the soil will be exceeded. 

The deformation due to wetting (p ), which is the most imporw 

tant component of displacement in collapsing soils, was found to be 

negative (swell) at applied pressures lower than 0.8 tsf. The measured 

swell is attributed to the presence of the expansive minerals (especially 

montmorillonite) in the soil. Static compaction also contributed to the 

measured swelling by destroying the voids into which the expansive 

particles could swell. 

Increas~ng the applied pressure above 0.8 tsf suppressed the 

swelling potential and caused collapse due to wetting. The deformation 

due to wetting (p ) increased with increasing applied pressure, indi
w 

cating the influence of the applied pressure on the measured collapse 

potential. Thus, the level of applied pressure should be indicated 

when stating a percentage of collapse potential for a soil. Furthermore, 

the variation of p Land p w with increasing applied pressure indicates 

that part of the potential of the applied load is spent in deforming the 

soil as measured by PL , whereas the rest of the potential is kept in the 

soil as a stored strain-energy. Logically, the amount of stored 

strain-energy is proportional to the level of the applied pressure. If 
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apparent cohesion or cementing is removed by wetting the loaded soil, 

the resulting collapse (p ) will be proportional to the prestored 
w 

strain-energy. It can be therefore be concluded that the collapse 

phenomenon depends not only on the natural moisture content, in situ 

density, and structure of the material, but also on the pressure 

exerted on the soil while it is being wetted. Therefore, any empirical 

criterion for practical engineering purposes should include a pressure 

parameter. 



CHAPTER 7 

LIME TREATMENT 

After completion of the compaction phase of the research, eval

uation showed how the compaction process, especially the static method, 

had changed the problem of collapse into one of swelling, mainly at low 

stress levels. The next logical step \yas to try to modify the soil's 

swelling behavior by additives. Although a number of different types 

of additives are commonly used to treat soils, lime was chosen in this 

study because it is usually more abundant and less expensive than 

other additives. Also experience has shown that lime has often been 

successfully used in the past to stabilize swelling soils. 

The subject of lime treatment can be considered from two view

points: lime modification and lime stabilization, the difference being 

based on the quantity of lime added to the soil (Mateos, 1964). Lime 

modification for silty and clayey soils generally requires the addition of 

1% to 3% by weight lime. The addition of a low percentage of lime 

usually induces quick changes in some physical properties, particularly 

consistency limits, but little strength is gained. On the other hand, 

lime stabilization requires a greater percentage of lime, in the range of 

3% to 10% and causes substantial gain in strength through formation of 

cement compounds while being cured. 

The lime treatment used in this investigation was carried out on 

the level of soil modification and not stabilization. 

245 
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Selection of Lime Quantity 

The literature indicates that the design lime content for lime 

modification is based on an analysis of the effect of the percentage of 

lime on either the plasticity properties or pH of the soil, whereas the 

design lime content for lime stabilization is based on evaluation of the 

relation between the lime content and the unconfined compressive 

strength for a given curing condition. Thus, in this study, the per

centage of lime used in the modification process was chosen based on 

the results of the plasticity index and the pH tests. 

A tterberg Limits 

The required percentage of lime for soil modification was deter

mined by the method suggested by Hilt and Davidson (1960) in which 

the "lime-fixation capacity" is obtained for that soil, that is, the lime. 

percentage above which change in the plastic limit is minimal. General

ly, if the amount of lime used is below the percentage needed for fixa

tion, the soil will be merely modified. This means that its plastic 

behavior will be altered but that no substantial strength development 

will take place. 

The liquid limit and plastic limit for various percentages of 

hydrated lime were determined according to the ASTM standard methods 

(D 423 and D 424) with the exception that the soil-lime mixtures with 

the mixing water were allowed to stand fO"r about an hour before test

ing. In this way, consistency with the procedures of the pH method 

was attained. The variations in the consistency limits due to varying 
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Table 13. Variation of Atterberg Limits and pH with Varying Hydrated 
Lime Content 

Hydrated Liquid Plastic Plasticity 
Limit Limit Limit Index 

(%) (%) (%) (%) pH 

0 46.0 27.0 19.0 8.20 

1 42.6 31.4 11.2 11.43 

2 42.4 38.2 6.2 12.06 

3 41. 7 Npa Npa 12.28 

4 41.2 NP NP 12.36 

5 41.0 NP NP 12.39 

6 40.8 NP NP 12.41 

7 40.6 NP NP 

8 40.5 NP NP 

9 40.5 NP NP 

a. NP = non plastic. 
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percentages of lime are summarized in Table 13 and shown graphically 

in Fig. 71. 

The liquid limit decreased gradually with increasing lime con-

tent. The largest rate of decrease occurred up to 3% lime by weight. 

However, the plastic limit increased sharply with addition of lime and 

reached a value of 36.2% at 2% lime. The soil became nonplastic at 3% 

lime. 

Therefore, 3% lime may be considered the optimum percentage 

needed for lime modification. Hilt and Davidson (1960) found that for 

montmorillonitic soils the optimum percentage of added lime (L ) for 
om 

maximum increase in the plastic limit is linearly related to the 2-micron 

clay content according to the following formula: 

L = % of 2-micron clay + 1. 25 
om 35 

For the 26% of 2-micron clay in the investigated soil, the optimum lime 

additive for maximum increase in the plastic limit would be about 2%. 

Regarding the trend in the change in consistency limits, the 

decrease in the liquid limit may be considered normal. Unfortunately, 

conflicting data on the effect of lime on the liquid limit have been pub-

lished. Decreases in the liquid limit on addition of lime were reported 

by Brand and Schoenberg (1959), Jan and Walker (1963), Wang, 

Mateos, and Davidson (1963), and Stocker (1974); whereas increases in 

the liquid limit were reported by Clare and Cruchley (1957), Ladd, 

Moh, and Lambe (1960), Mitchell and Hooper (1961), and Zolkov (1962). 

Both decreases and increases in the liquid limit were reported by Lund 
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and Ramsey (1959) and Taylor and Arman (1960). The result appar

ently depends on the type of soil being tested. 

The increase in the plastic limit is consistent with the general 

trend due to lime treatment. The net result was a decrease in the 

plasticity index of the soil from 19% to nonplastic. It is well known 

that regardless of whether the liquid limit decreases or increases, the 

increase in the plastic limit is such that the plasticity index is usually 

reduced with addition of a small amount of lime. 

The changes that occurred in the investigated soil with the 

addition of hydrated lime can be explained as follows. If the liquid 

limit is defined as the water content at which the water films become so 

thick that cohesion between particles is decreased and the soil mass 

becomes viscous and flows under an applied force, the observed de

crease in the liquid limit due to the addition of lime may be attributed 

to an immediate flocculation and agglomeration. The immediate reaction 

in terms of flocculation and agglomeration following the addition of lime 

will be discussed in the next section, which deals with the compaction 

characteristics of lime-treated soil. The amount of water necessary to 

thicken the water films surrounding soil particles to the point of flow 

under an applied force, as in the liquid limit test, depends on the 

amount of surface associated with water and consequently the size of 

the particles. Because flocculation and agglomeration of the fine soil 

particles decrease the total surface area, the amount of water that is 

required to satisfy the surface behavior would be lowered and the 

liquid limit decreased. 
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The plastic limit may be defined as the lowest moisture content 

of the soil's plastic range. The plastic limit depends on the amount and 

nature of the clayey material present in the soil. At the plastic limit 

moisture content, the clay particles are supposed to be covered with 

enough water so that the soil particles are oriented in such a way that 

they can slide over each other when pressure is applied. The increase 

in the plastic limit due to addition of lime may be attributed to the in

crease of the fine particles of the lime, which possess high absorptive 

capacity for water within the soil mixture, as well as to immediate 

flocculation and agglomeration within the soil. When the soil particles 

are flocculated and agglomerated, water is held between the particles in 

aggregate formation as well as around the individual particles. The 

"held" water in the soil aggregates increases the total amount of water 

required to supply the soil mixture the degree of lubrication indicated 

by the test of plastic limit. As the degree of plasticity of soil particles 

increases with increasing amount of lime, the plastic limit of the soil 

mixture also increases up to the optimum lime content where flocculation 

and agglomeration reach their maximum. 

pH and Optimum Lime Content 

Eades and Grim (1966) used a quick test to determine the lime 

requirement for soil stabilization. They reported that the ion exchange 

between the stronger Ca ++ and the weaker ions such as Na + and H+ is 

complete in one hour. They reasoned that because lime is very alkaline 

(pH 12.4 at 25 C), the silicates, especially the clays would be attacked 

when lime is c'.dded to a soil. This frees silica and alumina, which 



252 

would react with calcium to form calcium silicates as long as a high 

alkaline condition is maintained. Therefore, they believed that a pH 

test of soil-lime mixture performed after an hour could be used to 

determine the optimum amount of lime for the reactions. The lowest 

lime content that produced a pH of 12.4 in an hour would be the 

amount required to stabilize the soil. 

The pH tests were conducted following the Eades and Grim 

(1966) method. Changes in the pH of soil-lime mixtures of various per-

centages of lime are presented in Table 13 and shown graphically in 

Fig. 72. The results indicate that the pH of the soil was increased 

with the addition of lime. The in situ soil had a pH of 8.2. With the 

addition of 5% to 6% lime, the pH value increased to 12.4. This means 

that the optimum lime content required for the treatment of this soil is 

about 5% to 6%. This percentage is considered high compared to the 

percentage determined by the Atterberg limits (3%). 

However, because the main purpose of the lime treatment was to 

decrease the swelling potential of the soil, it s,eemed desirable to choose 

60~--~--~--~--~---L--~---L--~--~--~ 
2 4 6 8 10 

Hydrated Lime Content (O/o) 

Fig 72. Variation of pH with Lime Content 
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the least possible percentage of lime for this purpose. Furthermore, 

because 3% lime is normally the minimum quantity that can be effectively 

distributed and mixed in the field with a fine-grained soil and the 

National Lime Association recognizes 3% as a practical lower treatment 

level, it was decided to use 3% lime for the treatment purpose in this 

research. 

Compaction Characteristics 

Determining the compaction characteristics for the soil-lime mix

ture at the selected predetermined lime content is essential before start

ing any lime-treatment program. It is necessary to know the difference 

in the maximum dry density and optimum moisture content between the 

treated and untreated soil. Therefore, the influence of the lime on the 

ASTM D 698 compaction characteristics of the Site 3 soil was deter

mined. 

The compaction curve for a 3% lime content is shown in Fig. 73. 

As expected, the compaction curves show that the soil exhibited a 

decrease in maximum dry density from 91 to 84 pcf and an increase in 

the optimum moisture content from 27% to 30% with the addition of 3% 

hydrated lime. These findings are in agreement with those reported by 

Spangler and Patel (1949), Brand and Schoenberg (1959), and Lund 

and Ramsey (1959). 

The effects are attributed primarily to the short-term reactions 

that occur in the early stage. Unfortunately, conflicting opinions have 

been published on these types of reactions. Mechanisms offered to 

explain the possible short-term reactions include cation exchange, 
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crowding of additional cations, flocculation· and agglomeration, physical 

adsorption, and rapid cementation. It is possible that a combination of 

these proposed short-term reactions may take place in the early stage 

of lime treatment. Anyone of them could dominate the reaction, 

depending on soil type and mineralogy, type and amount of lime, and 

aging of the system, among others. 

In this study, the change in the compaction characteristics is 

thought to be attributable mainly to floceulation and agglomeration and 

secondarily to rapid cementation. Flocculation, agglomeration, and 

possible rapid cementation made the soil more resistant to compaction, 

resulting in a lower density. Flocculation and agglomeration were re

flected through the apparent change in texture; the soil workability 

increased, the clay particles agglomerated into larger sized flocs, and 

the soil became more friable. It is very doubtful that cation exchange 

took place because the soil was already saturated with calcium. 

However, increasing the pH of the soil-lime mixture by the addition of 

lime may have dissociated more hydroxyl groups at the edges of the 

clay particles and slightly increased the cation exchange capacity of the 

system. Therefore, a minor amount of cation exchange could have 

taken place and slightly contributed to flocculation. Furthermore, the 

addition of lime liberated calcium cations (Ca ++) and increased the 

electrolyte content of the pore water, and some physical adsorption of 

calcium ions on clay surfaces may have occurred. Increasing the elect

rolyte concentration of the pore water also depressed the thickness of 

the diffuse double layer in the system, increased the attractive forces 

between the clay particles, and caused flocculation. 
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These reactions could have caused the observed change in the 

plasticity of the soil as well. The replacement of soil particles llCi""ling a 

specific gravity of 2.65 with lime particles with their lower specific 

gravity of about 2.3 may have contributed to the reduction in density, 

whereas, the increase in the optimum moisture content was probably due 

to the extra water used during the mixing process to hydrate the cal-

cium cations and/or to enter into rapid cementation reactions. 

Once the compaction characteristics, of the soil-lime mixture were 

established, the other properties used in the evaluation thus far were 

studied. A discussion of these follows. 

Collapse Behavior 

A study was made of the effect of the addition of 3% lime on the 

collapse behavior of the Site 3 soil. This behavior could then be com-

pared to that of undisturbed soil and compacted soil. The most common 
~ 

practice in soil stabilization is to compact the specimens at optimum 

water content and maximum dry density as close as possible. The re-

suIts of the untreated compaction phase indicated that it is easier and 

more precise to fabricate identical samples by the static method rather 

than the impact method. Therefore, all samples used in this phase of 

the investigution were fabricated by the static method of compaction at 

the optimum moisture content (30%) and maximum dry density (84 pcf) 

of the soil-lime mixture. The samples were then moist cured in a 

control room at 70 F and 100% relative humidity for 0 to 7 days to study 

the effect of curing time on the results. The details of preparing the 

samples and their curing were presented in Chapter 4. The collapse 
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tests were conducted at both levels of loading (0.5 and 2.0 tsf) as in 

the investigation of the undisturbed and untreated compacted specimens 

to provide a basis for comparing the effect of level of loading on the 

collapse process. 

The averaged results for the collapse tests at 0.5 tsf are pre

sented in Table 14. A typical collapse curve is shown in Fig. 74 for a 

sample tested after 1 day of curing. The results for samples cured for 

0, 3, and 7 days were virtually identical to those shown for 1 day 

(Fig. 75). The lime treatment had completely inhibited collapse at this 

level of loading (0.5 tsf). No deformation due to wetting was recorded 

compared to 1. 6% for the undisturbed soil, 0.0% for the untreated soil 

at optimum condition for impact compaction, and -0.3% for the untreated 

soil at optimum condition for static compaction. All recorded defor

mation in the lime-treated samples (0.3%) was due to loading alone, 

which is very small compared to 0.9% for the undisturbed soil, 1. 4% for 

the untreated soil after impact compaction, and 1.1% for the untreated 

soil after static compaction. The trend of having only a compression 

type of deformation also indicates that swell is also inhibited by to the 

lime treatment as will be discussed in the next section. 

The effect of increasing the applied load was also investigated. 

The averaged results for the collapse tests at 2.0 tsf are listed in 

Table 14. Typical collapse curves for all curing times are presented in 

Fig. 76. The effect of curing time on the results of the collapse tests 

at 2.0 tsf is illustrated in Fig. 77. The results indicate that lime 

treatment also inhibited the collapse even for the higher level of loading 

(2.0) where no deformation due to wetting was recorded for the treated 



Table 14. Averaged Results of Collapse, Swelling, and Unconfined Compressive Strength Tests for 
Lime-treated Soil at Various Curing Times. 

Unconfined 
Days of % Collapse at 0.5 tsf % Collapse at 2.0 tsf Free Compressive 
Moist Swelling Strength 

Curing PL Pw Pt PL Pw Pt 
(%) (psi) 

0 0.3 0.0 0.3 1.2 0.0 1.2 0.3 31 

1 0.3 0.0 0.3 1.0 0.1 1.0 0.0 32 

3 0.3 0.0 0.3 0.8 0.0 0.8 0.0 41 

7 0.3 0.0 0.3 0.7 0.0 0.7 0.0 64 
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sample compared to 12.8% for the undisturbed soil, 0.0% for the un

treated impact:-compacted soil, and 0.1% for the untreated static

compacted soil. The lime treatment also reduced the deformation due to 

loading to small values ranging between 1.2% and 0.7%, depending on 

curing time, compared to maximum values of 1.8% for the undisturbed 

soil, 4.0% for the untreated impact-compacted soil, and 2.2% for the 

untreated static-compacted soil. The decrease in the amount of defor

mation due to loading with increasing curing time indicated a possible 

formation of cementious compounds that increased the strength of the 

soil with time. 

Swelling Behavior 

Swelling tests identical to those performed on untreated samples 

were also conducted on treated samples. The averaged results of these 

tests are presented in Table 14. Graphical presentations of these 

results for collapse and swell of treated cured samples are meaningless 

because only 0.3% free swelling was recorded just after compaction of 

the soil-lime mixture before any curing, and no free swelling was 

recorded even after one day of curing. This compares to the 11. 8% 

free swell observed for the undisturbed soil, 10% for the untreated 

impact-compacted soil, and 12.8% for the untreated static-compacted 

soil. The reduced swelling characteristics are generally attributed to a 

decreased affinity for water of the calcium-saturated clay and the pos

sible formation of a cementious matrix that resists volumetric expansion. 

Thus, the lime treatment has served its purpose by eliminating the 

swell and collapse potentials of the Site 3 soil in both its undisturbed 
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and compacted states. Hence, the effect of stress level on swell or 

collapse potential is not a concern with lime-treat soils from Site 3 

except where possible differential settlement is expected. 

Unconfined Compressive Strength 

The purpose of conducting the unconfined compressive strength 

(UeS) tests on lime-treated samples was to compare the ues values to 

those obtained from untreated samples. Therefore, the difference be

tween the unconfined compressive strengths of untreated and lime

treated soil is an indication of the degree to which the soil-lime 

pozzolanic reaction has proceeded and the possible formation of cemen

tious compounds. 

Unconfined compressive strength tests were made on samples 

mixed identically to those used for the collapse and swelling tests on 

lime-treated soil. The averaged results of these tests are summarized 

in Table 14 and plotted in Fig. 78. These results indicate that the lime 

treatment increased the strength of the soil significantly above that for 

the undisturbed samples and untreated static- and impact-impacted 

samples. The ues values range between 31 and 64 psi, depending on 

curing time. The value of ues for treated soil before curing (31 psi) 

compared favorably with that of the undistt'rbed soil (31 psi), despite 

the fact that the undisturbed soil was tested after being dried to a 

constant weight, whereas the lime-treated soil was tested as molded. 

Indeed, lime-treated samples dried to constant weights as was done for 

the undisturbed natural soil showed an average ues value of 276 psi. 

The as-molded ues value of the uncured (0 day) lime-treated soil (31 
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psi) was slightly less than the as-molded ues value of the untreated 

static-impacted soil (32.9 psi). This difference could be expected be

cause upon treatment the soil particles were replaced by lime and the 

uncured lime-treated soil has a "lower ll compaction curve than the un

treated soil. But the ues values for the lime-treated soil gradually 

increased to 41 psi after 3 days of curing and then increased at a 

higher rate until it reached a value of 64 psi after 7 days curing. 

The results of the collapse, swelling, and unconfined compres

sion tests are combined in Fig. 79 to illustrate the effect of lime treat

ment on the behavior of the investigated soil with increased curing 

time. The results as a whole show the success of the lime treatment in 

improving the properties of the Site 3 soil. 

The large increase in ues was unexpected because of the small 

amount of lime used was small. The 3% hydrated lime was determined 

based on the lime fixation principle put forward by Hilt and Davidson 

(1960), which states that the lime fixation point is the least amount of 

lime required to satisfy the clay's affinity for lime to produce an 

immediate amelioration without any strength increase. This contradic

tion in findings suggests at least a restatement, if not a reconsider

ation, of the lime fixation principle. In fact, the large gain in strength 

with increasing curing time indicates that a large change has occurred 

in the soil in this short curing period that could be either physical, 

chemical, or both. It was observed that this change occurred from the 

first day of curing and increased at an accelerated rate up to 7 days. 

This behavior suggests the formation of cementious compounds that 

increased in strength with time. 
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The rapid strength gain could be attributed to the presence of 

a large amount of calcium ions in the natural soil. When lime was 

added, the pH value increased from 8.2 to 12.4, causing more solubility 

of silica and alumina in the system. However, because the soil was 

already saturated with calcium ions, all the calcium ions that were 

liberated from the lime additive were immediately available for a chemical 

reaction with the available silica and alumina, causing a higher and 

faster strength gain than if part of the liberated calcium ions of the 

lime additive were used for cation exchange or another process. Soils 

of noncalcitic clay minerals require more lime to become wholly Ca ++ sat

urated than do soils of calcitic clay minerals. Therefore, the former 

exhibit a longer lag in strength development. The strength gained with 

curing may also be attributed to the presence of montmorillonite in the 

soil. It has been reported by Croft and Nettleton (1964) that the 

strength gain depends on the clay mineralogy; the higher the propor

tion of expansive clay minerals, the more rapid is the increase in 

strength. This is associated with the faster rates at which silica and 

alumina are removed from the montmorillonite surfaces. To answer 

these questions it was decided to perform an X-ray diffraction analysis 

on the lime-treated samples. 

X-ray Diffraction Examination 

Considerable research has been conducted since about 1958 to 

determine the mechanisms responsible for the improvement in physical 

properties of lime-treated clayey soils. Major reactions were found to 

be cation exchange, flocculation and agglomeration occurring 
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immediately, and formation of cementious compounds. The last occurs 

only after a considerable curing time. 

Diamond and Kinter (1965) suggested that an immediate reaction 

occurs between the alumina-bearing edges of clay particles and the lime 

absorbed on the faces of adjacent particles. This reaction results in 

the formation of bonds of tetracalcium alumina hydrate and possibly 

calcium silicate hydrate, which link the clay particles. To date, how

ever, evidence of the instantaneous formation of calcium aluminate or 

calcium silicate or both does not seem to have been demonstrated. 

However, it was believed that an X -ray diffraction study would be use

ful to detect the appearance of reaction products and changes in the 

constituents of the lime-treated specimens with increasing curing time. 

Normally, physicochemical reactions could be predicted by the appear

ance of new spacings and change in intensities or shifts in position of 

the characteristic trace peaks of the lime-treated specimens. 

X-ray diffraction specimen material was obtained by glently 

grinding the vacuum-dried specimens in a mullite mortar until a powder 

was obtained that would pass a No. 200 sieve. Randomly oriented pow

der specimens were then prepared as described in Chapter 4. Prepara

tion of the specimens as randomly oriented powder samples rather than 

as oriented slurry slides was preferred because orientation effects are 

minimized with powder samples and both basal and prism reflections can 

be recorded. Slurry slides are better suited for identification of clay 

minerals and would not be appropriate here where moisture effects were 

being studies. Specimens of the original dry soil, a dry mixture of soil 

and 3% hydrated lime, and a mixture of soil and 3% hydrated lime mixed 
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at optimum moisture content and compacted to maximum dry density 

were run as control samples. Specimens moist cured at 70 F and 100% 

relative humidity for 1, 3, and 7 days were run to reflect any chemical 

reaction during curing. 

The X-ray diffractogram for the original natural soil (Fig. 22a) 

shows the sharp characteristic peaks of the contained clay minerals, 

particularly montmorillonite, a micalike clay, and plagioclase. Un

fortunately, the diffractogram is filled with various peaks so that it 

would be difficult to distinguish any minor changes due to the soil-lime 

reaction. A sample of the dry hydrated lime was run to define its char

acteristic peaks. The results of this run are shown in Fig. 80. Super

imposition of .this result and diffractograms from runs on soil-lime 

mixtures would permit differentiation of lime peaks from other peaks 

when searching for possible formation of chemical reaction products. 

X-ray diffraction tests were run on the dry mixture of Site 3 

soil and 3% lime to follow up the nature of the changes in the X-ray 

traces from the beginning of the lime-treatment process. The diffrac

tog ram of the dry mixture of soil and lime is shown in Fig. 81. It is 

very similar to that of the original soil (Fig. 22a) where all the 

characteristic peaks for the various minerals are observed. However, 

the characteristic peaks for hydrated lime are missing in Fig. 81. This 

raises some doubts about the nature of the X-ray diffraction method in 

this respect and the extent of its accuracy in reflecting in more detail 

the possible formation of chemical reaction products. If the very 

strong characteristic peaks of the hydrated lime disappear due to dry 

mixing of the hydrated lime with the natural soil before the start of any 
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possible reaction, it is questionable how the situation would be after the 

reaction process was completed and the lime had been consumed. So it 

was necessary to check this phenomenon by X-ray diffraction of dry 

mixtures of original soil with different percentages of hydrated lime. 

Fig. 82 indicates that the characteristic peaks of the hydrated lime dis

appear when less than 7% of lime is used, whereas the peaks start to 

appear at 7% lime and increase in intensity as the lime content increases 

beyond 7%. This finding confirms that the percentage of hydrated lime 

(3%) used in the investigation was too small to permit its detection by 

X-rays. It also suggests that it will be very difficult to pick up any 

possible formation of new chemical compounds in the short curing time 

used in the investigation. If a part of the small percentage of lime 

additive reacts with the soil, the percentage of the expected new chemi

cal compounds will be too small to be reflected in the X-ray traces. 

Carroll (1970) reported that a cementing material such as calcite will not 

be identified in maximum-intensity X-ray diffraction if it is present in 

amounts less than 5%. 

The 3% lime additive used in this investigation inherently posed 

severe problems in the identification technique because the reaction 

products formed were expected to be, at best, no more than a few per

centage by weight, much of which would probably be noncrystalline. 

Eades (1962) mentioned that it is impossible to study the reaction 

products of small percentages of hydrated lime and soils because of the 

complexity of the soils from the viewpoint of their mineral composition, 

distribution of particle size, degree of the crystallinity of the clay 

fraction, and differences in absorbed ions. Despite these anticipated 
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difficulties, a series of X-ray diffraction analyses was performed in an 

attempt to detect compositional changes in the soil-lime mixture with 

curing time. 

Fig. 83 shows the X-ray traces for an uncured mixture of Site 

3 soil and 3% hydrated lime compacted at optimum moisture content (30%) 

and maximum dry density (84 pcf). This figure is the basis for com-

parison with further X-ray traces for various days of curing to reflect 

any possible change in the composition or structure of the soil minerals 

or formation of new compounds. A comparison of Fig. 83 with Fig. 81 

shows that no changes due to addition of water are recognizable in the 

traces. 

To detect any possible formation of new compounds due to 

short-term reactions, X-ray traces were made for samples cured for 

different numbers of days. Fig. 84 shows the X.-ray traces for 1 day 

of curing. Fig. 85 shows the traces for 3 days of curing, and Fig. 86 

shows the X-ray traces for 7 days of curing. Comparison of these 

figures with Fig. 83 (no curing) illustrates the very extreme difficulty 

of detecting any possible change. Fig. 84 (after 1 day of curing) 
o 

shows three small new peaks at 9.4, 7.7, and 2.8 A that possibly indi-

cate formation of new compounds or reaction products. The figure also 

indicates some change in the characteristic peaks for the micalike 

(illite?) and montmorillonite minerals, possibly due to some chemical 

attack that changed their morphology. Fig. 85 (3 days of curing) con-

firms the change in the structure of the micalike and montmorillonite 
o 0 

minerals. A new peak appears at 12.6 A, and the peak at 7.7 A is 
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enhanced. However, Fig. 86 (7 days of curing) shows a new peak at 
o 0 

11 A and confirms again the peaks at 7.7 and 2.8 A. 

These observations showed signs for formation of new com-

pounds. According to Taylor (1964), the characteristic peaks for 

tobermoritelike calcium silicate hydrates occur at about 9.8-12.5, 3.05, 
o 

2.82, and 1.82 A. Most of the new peaks observed at 12.6, 11, 9, 
o 

7.8, and 2.8 A are very close to the peaks of the calcium silicate 

hydrate (CSH) group. 

The increase with time in the unconfined compressive strength 

of the lime-treated soil seem to indicate that there is a reaction after a . 

few days of moist curing, that is, between 3 and 7 days, and the reac-

tion resulted in added strength. Although the X-ray diffractograms do 

not show positive, clear, and sharp reflections for new minerals, there 

is a possibility that some type of calcium silicate hydrate formed. These 

reaction products were probably low in amount and poorly crystallized 

or amorphous. To confirm that a given material is present at these low-

intensity peaks, two or more peaks have to match the standard diffrac-

tion data for that ~aterial. Reference to the standard data such as 

that given by Taylor (1964) shows that matching is not easy. Some of 

the observed new peaks coincide with more than one crystalline form, 

and the expected calcium silicate hydrate group indicates large varieties 

of both well-defined crystalline compounds and poorly crystallized min-

erals, which are often of somewhat indefinite composition. In some 

traces it was difficult to be sure that a new peak does in fact exist or 

that there is not a slight error in the indicated value of 26. Thus, it 

has not been possible to determine from the diffraction data precisely 
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what the newly formed cementing materials are. These new minerals 

could easily interlock the particles and give the added strength ob

served in the ues tests without having a well-defined crystalline 

structure. 

The difference between detecting reaction products of the 

soil-lime stabilization process in this investigation and detecting such 

products as reported in previous studies is that most of the previous 

studies were perfo:r-med on soils mixed and cured under much more 

favorable conditions for the formation of new minerals. For example, in 

other studies larger percentages of lime (up to 60%), higher tempera

tures (up to more than 50 e), longer curing times (more than 3 

months), and accelerated types of curing such as steam curing were 

used. Furthermore, most of the previous studies were made on the 

reaction between lime and only one type of clay mineral to facilitate the 

observation of the formation of new minerals. In this investigation, a 

small percentage of hydrated lime (3%) was used for the purpose of 

modification and not stabilization, such that no formation of new min

erals was expected. Also the mixture was cured in a compac,ted form 

and the curing time was relatively short. These variations in the 

nature of testing in this investigation from that in the previous studies 

made easy positive detection of the formation of new minerals by X -ray 

diffraction difficult, especially because the presence of many different 

minerals in the soil complicated the observations as a whole. There

fore, electron microscopy was used to resolve some of these uncer

tainties. 
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Scanning Electron Microscopic Observations 

Scanning electron microscopy was used to investigate the sub

microscopic changes that might have occurred in the lime-treated soil 

with increasing curing time to substantiate the findings of the X-ray 

diffraction studies and to observe what could not be ascertained by the 

X-ray diffraction technique alone. 

Electron microscopic examination was conducted on samples of 

lime-treated soil cured for 1, 3, and 7 days similar to that done by 

X -ray diffraction. The sample preparation and viewing techniques have 

been explained in Chapter 4. A similar microscopic study performed on 

the undisturbed soil and static-compacted untreated soil was previously 

discussed. The scanning electron microscope was preferred to the con

ventional transmission microscope because of the ease with which 

samples can be prepared. Little trouble was had with sand and silt 

particles, and it was possible to observe the samples over a wide range 

of magnifications from about 30X to 10, OOOX. An overall scanning of 

each specimen was performed with a suitable scale of magnification, fol

lowed by a more thorough examination of the surface at selected areas. 

Numerous photomicrographs were taken to cover areas showing objects 

of special interest to the study such as degraded clay particles, contact 

points, cementing agents, and possible soil-lime react~on products. Al

though only a few representative photomicrographs of the hundreds 

taken are presented here, the general discussion and conclusions are 

based on all the observations. 

Microscopic observations of as-molded lime-treated specimens 

(before curing) are presented in Fig. 87. The two photomicrographs 



a. General Fabric Showing Fewer Voids, Flocculation, 
and Agglomeration 

b. Spreading and Adherence of Fine Lime Particles 

Fig. 87. Microscopic Observation for 0 Day Curing 
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are the reference bases for comparing any changes that might have 

occurred in the lime-treated soil with increasing curing time. At a 

relatively small magnification of about 100 X, Fig. 87a illustrates the 

general fabric of the lime-treated soil at its initial stage of treatment. 

The effect of the compaction is observed in this figure through the 

decrease in the numerous large voids in the original soil shown in Fig. 

36a. This observation is in agreement with the absence of the collapse 

potential (p ) in the lime-treated soil. The general fabric of the as-w . 

molded lime-treated soil (Fig. 87a) is very similar to that of the 

static-compacted untreated soil (Fig. 53a) because both were compacted 

by the same method at their respective optimum moisture content. How-

ever, the immediate flocculation and agglomeration effect of the lime is 

clearly recognizable in Fig. 87a. Increasing the magnification to about 

5000X (Fig. 87b) shows the spreading and adhering of the fine lime 

particles on and between the soil particles. The lime particles are more 

recognizable when Fig. 87b is compared with the photomicrograph of 

compacted untreated soil (Fig. 53b). 

As indicated in Fig. 88, the texture of samples cured for 1 day 

shows no appreciable change from the texture of non cured samples 

shown in Fig. 87. This finding agrees with the closeness of the 

values of ues before curing (31 psi) and after 1 day curing (32 psi). 

It may also be observed in Fig. 88 that the fine lime particles appear to 

be less solid and more spread on the edge of the soil particles. 

Photomicrographs of lime-treated samples cured for 3 days are 

presented in Fig. 89. Observation at a magnification of about 100X 

(Fig. 89a) shows fewer isolated flocs than before curing. This 



a. Fabric Similar to That of 0 Day Curing 

b. More Liquidity and Spreading of Lime Particles 

Fi. g 88. Microscopic Observation for 1 Day Curing 
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a. More Filling of Voids and Coating Material 

b. Coating Phenomenon and Slight Degradation 

Fig. 89. Microscopic Examination for 3 Days Curing 
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indicates that a relatively slight fiIling of voids between large flocs has 

taken place. Furthermore, a coating material is clearly observed. In

creasing the magnification to about 5000X (Fig. 89b) shows the coating 

phenomenon more clearly. It seems that the soil particles were de

graded due to some kind of chemical attack. Also, a slight formation of 

some gelatinous material is observed, possibly the beginning of cemen

tious gel formation. These changes are possibly responsible for the 

increase in the ues from 31 psi (before curing) to 41 psi (3 days' 

_curing) • 

Microscopic observation of 7-day cured lime-treated specimens 

are presented in Fig. 90. Observation at a magnification of about 100X 

(Fig. 90a) did not add much to the similar observations made for the 

3-day cured specimens, except that there is a more recognizable ap

pearance of the coating phenomenon. However, observation at higher 

magnifications of about 5000X and 10,OOOX (Figs. 90b, 90c, and 90d) 

clearly illustrates what could not be positively indicated by the earlier 

X-ray diffraction examination: degradation of the edges of soil par

ticles due to a chemical attack and the formation of some gelatinous and 

fibrous cementing compounds. These three photomicrographs were 

especially selected from the many photomicrographs taken of the 7-day 

cured lime-treated specimens because they illustrate special interesting 

features that demonstrate the lime-treatment process at different stages 

even though they were examined after the same curing period. 

Fig •. 90b illustrates the lime attack on the soil particles through 

degradation of the edges of the particles and the formation of a gelati

nous compound. More vigorous lime attack on clay particles and the 



a. Coating Phenomenon and Fabric Similar to That 
of 3 Days Curing 

b. Degradation of Edges of Particles 

Fig. 90. Microscopic Observation for 7 Days Curing 
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c. Gelatinous and Semi-fibrous Compounds 

d. Hairlike Mesh and Fibrous Crystals 

Fig. 90. Microscopic Observation for 7 Days Curing--Continued 
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appearance of both gelatinous and semi-fibrous compounds are shown in 

Fig. 90c. The fine mesh of "hairlike" and fibrous crystals protruding 

from the clay edges are shown in Fig. 90d. Again, it is believed that 

these observed features are responsible for the measured increase in 

ues from 31 psi (before curing) to 64 psi (7 days' curing). 

The illustrative photomicrographs have already shown that one 

component of the increased ues is due to a cementing material. The 

grains in close contact were cemented together, thereby providing a 

cohesional strength. Grains that were nQt cemented were frosted or 

serrated; these also contributed a component to the increased strength 

by creating more friction. 

The present investigation with the electron microscope indicates 

that (1) intergrowth of gelatinous material and fibrous crystals pro

truding from the edges of the clay and silt particles are in fact pro

duced by reactions between these clays and the added lime and (2) the 

decomposition of the three-layer clays occurs from the' edges of the 

particles while the residual portions retain their crystallinity almost 

intact for at least the entire period used for curing (7 days). This is 

in agreement with the findings of Diamond, White, and Dolch (1963), 

who indicated that the mode of chemical attack is largely through dis

solution of the edges of the particles of the clay minerals and other 

silicates in the strongly basic environment characteristic of a saturated 

calcium hydroxide solution (pH 12.4), followed by precipitation of the 

cementing compounds. An energy-dispersive X-ray m.icroprobe, which 

was not available at the time of the investigation would have enable 

determination of the exact nature of these newly formed compounds. 
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The results of this investigation suggest that a pozzolanic reac

tion can proceed at a lime content as low as the lime retention point and 

that the pozzolanic reaction probably proceeds as early as the start of 

the amelioration process. It may seem surprising that an addition as 

small as 3% of hydrated lime produced not only an instant amelioration 

of geotechnical properties but also a relatively high short-term gain in 

strength. This evidence was obtained even though the percentage of 

added lime was almost the same as the "lime fixation (or retention) 

point, 11 that is, the amount of calcium hydroxide beyond which the 

plastic limit is not increased by additional lime (Hilt and Davidson, 

1960; Eades and Grim, 1960, 1966). This critical amount of lime, the 

modification optimum, 11 contributes to the improvement of soil workability 

but not to an increase in strength. Amounts of lime added above the 

lime-fixation capacity cause the formation of cementing materials within 

clayey soils 11 (Hilt and Davidson, 1960, p. 30). The fact that an 

amount of lime equal to that of the fixation point does cause both these 

results is not consistent with this theory. 

The results of the electron microscopic study also showed that 

use of X-ray diffraction in this investigation was severely limited in its 

ability to detect the formation of new phases soon after their initiation 

because it required sufficient new-phase material to register above 

background noise. Hence, the time of initiation of formation of new 

phases cannot be determined accurately by X-ray diffraction. Changes 

in the morphology of clay particles are also difficult to ascertain by 

X-ray diffraction. Chemical attack along particle edges cannot be 

clearly observed through a decrease in intensity or broadening of the 
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peaks on an X-ray diffraction trace unless such attack is rather exten

sive and well developed. Also, the X-ray diffraction method (unlike 

electron microscopy) is not capable of discriminating between changes at 

the individual particle level. 



CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

The research was initiated with the aim of studying a local, 

highly collapsing soil and its stabilization by a mechanical method (com

paction) and a chemical method (lime). Because the work was basically 

a comparative laboratory study, some topics needed correlation and ver

ification from field investigations 

Conclusions 

The results of the research program, the analyses described in 

this dissertation, and the significant accomplishments are briefly re

viewed. The following conclusions are directly or indirectly inferred 

from analyses of data collected throughout the investigation. Although 

directly related to the investigated collapsible soil and its lime treat

ment, these conclusions are concerned with every aspect of the investi

gation. 

1. Visual examination of the undisturbed microstructure of the 

collapsible soil under the a scanning electron microscope was a substan

tial benefit in this investigation. This showed that the general 

microstructure of the Tucson collapsible soil is a granular matrix with 

numerous sand and silt-size particles. The microstructure is character

ized as highly porous. The intergranular contact are often clay plates 

clothing the silt particles. Others simply involve connector assemblages 

in the form of clay buttresses, which minimize the chance for clean 
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grain-to-grain contact between the large particles. The interassemblage 

pores dominate the pore arrangements in the microstructure of the soil. 

The ratio of sectional pore area to total studied area of some represen

tative photomicrographs was 50% to 60%. After collapse, the clay 

bridges or but~resses had lost their characteristic identity and changed 

into a mass of fairly uniformly dispersed clay particles, which appeared 

to fill all the spaces between the larger soil grains. 

2. The collapse phenomenon was apparently a contradiction of the 

principle of effective stress, which underlies all soil mechanics theory, 

because wetting increases pore pressure, decreases effective stress, 

and hence is expected to cause heave rather than settlement. However, 

detailed observation of the phenomenon under the electron microscope 

indicated that at the micro level wetting the soil under loading caused 

swelling of the expansive clay minerals that coat or buttress the larger 

silt particles. Further local microshear . .failures between soil grains or 

peds caused failure of the fine matrix. These actions, then, lead to a 

measurable collapse at the macro level. Furthermore, a proposed physi

cal model to describe the mechanism of collapse indicated that the 

nature of collapse in the Tucson collapsible soil is mostly due to failure 

of the fine bonding matrix between the larger particles because of two 

factors: the lowering of its strength by the addition of water and the 

applied stress level. 

3. The initial moisture content of the investigated collapsible soil 

controlled the amount of collapse and the magnitude of free swell. The 

measured collapse increased or decreased depending on the range of 

initial moisture content at the time of testing. This is true for the soil 
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both in the undisturbed and remolded states. It was found that, in 

general, both components of the total deformation, PL and Pw increased 

with increasing w. up to a critical value of approximately 12%. Beyond 
1 

this critical value of wi' PL increased, Pw decreased, and Pt stayed the 

same. 

4. The previous finding of other investigators that the same 

amount of compression occurs regardless of whether the soil is wetted 

before or after loading was found not to be generally true. In fact, 

the sequence of loading and wetting was found to affect the magnitude 

of the net deformation. That value was found to be lower in the re-

versed sequence than in the conventional sequence. In other words, 

collapse, as are most of the other engineering properties, is stress-path 

dependent. 

5. It was found that the level of applied pressure in collapse tests 

greatly affected the res~ulting deformation due to loading (PL), wetting 

(p
w

), and both loading and wetting (pt ). P
L 

increased slightly, where

as P
w 

and Pt increased largely with increasing values of applied pres

sure. In other words, the higher the applied pressure, the less the 

initial swell and the higher the collapse of the undisturbed and com-

pac ted soils. 

6. Mechanical stabilization by either impact or static compaction 

was not found to be a complete solut.ion for the volumetric instability of 

the investigated collapsible soil. The collapse probh~m became a swell 

problem due to compaction at optimum moisture content. The amount of 

collapse due to wetting under loading was decreased, but deformation 
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due to loading was relatlvely large. The free swell of the compacted 

soil was increased when tested in the oven-dried condition. 

7. The results of this research indicated that the investigated 

Tucson collapsible soil was amenable to stabilization with lime. Addition 

of 3% hydrated lime completely solved the problem of swell and collapse 

at both levels of loading (O.S and 2.0 tsf) where no deformation due to 

wetting was observed. The recorded deformation in the lime-treated 

specimens due to loading was reduced and a relatively high short-term 

ga:in in strength was also obtained. The reduction of the measured 

collapse was due mainly to destruction of the highly porous structure of 

the undisturbed soil due to the compaction part of the lime treatment 

process. 

The reduced swelling characteristics can possibly be attributed 

to eventual degradation of the lattice of the clay minerals, a decreased 

affinity for water by the calcium-saturated clay, and the possible for

mation of a cementious matrix that resisted volumetric expansion. 

8. Strength gains occurring within short periods of time after lime 

modification were primarily due to both aggregation and instant forma

tion of cementation, which increase.d cohesion and internal friction. 

Evidence of the instantaneous formation of cementing compounds in the 

cured specimens of soil-lime mixture was demonstrated by the scanning 

electron microscopic observations. The photomicrographs illustrated 

what could not be positively indicated by the X-ray diffractograms: a 

strong alteration of the clay minerals due to a chemical attack and the 

inter growth of some gelatinous and fibrous crystals protruding from the 

edges of the particles. 
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In summary, through the use of selected compaction techniques, 

water content and dry density control at molding, use of lime additive, 

and moisture control during structural life, the collapsibility, swell 

potential and strength properties of the soil can be controlled. 

Recommendations 

The following topics for investigation are suggested by problems 

encountered during the course of the research. These topics are di

rected toward clarifying areas of uncertainty in this study, extending 

the study to areas that were not investigated, and verifying major con

clusions of the study under field conditions. 

1. The laboratory results obtained during the different phases of 

this research should be corroborated by field investigation under actual 

construction conditions. The field work should be closely monitored to 

establish performance evaluations. For example, a field investigation of 

collapsible soils may be made to find a correlation between the estimated 

amount of collapse from the laboratory tests and the actual collapse oc

curring in the field. 

2. A detailed investigation of the qualitative and quantitative 

nature of bonds between particles in collapsible soils should be per

formed. 

3. The dynamic behavior of collapsible soils should be investi

gated. 

4. Similar investigations of the stability of collapsible soils should 

be performed with different chemical stabilizers. Also, complete 



298 

economic considerations of lime treatments should be investigated with a 

comparative cost analysis made with other treatment methods. 

s. Effect of curing conditions on the engineering behaviors of 

lime-treated collapsible soils should be investigated. 

6. Use of new methods of treatment such as use of ultrasonic vi

brations to precollapse the metastable soil structure should be investi

gated. 

7. Lime diffuses more rapidly and efficiently in a wet soil than it 

does in a dry soil. This suggests that the application of slurried lime 

rather than dry lime may be more beneficial. This might be verified in 

a similar investigation. 

8. A program designed to evaluate the effect of pore-fluid chemis

tryon soil collapsibility would also warrant attention. Pore-fluid chem

istry has a pronounced influence on other fine-grained soil properties 

such as permeability. Therefore, the examination of the effect of fluid 

chemistry on collapsibility could influence the ultimate de'sign program 

for each collapsible soil treatment. 



REFERENCES 

Abdullatif, A. A., "Physical Testing of Engineering Properties of Col
lapsing Soils in the City of Tucson, Arizona," M. S. thesis, 
University of Arizona, Tucson, 1969. .~ 

Aitchison, M. E., "The Strength of Quasi-saturated and Unsaturated 
Soils in Relation to the Pressure Deficiency in the Pore Water," 
Proceedings of 4th International Soils Conference, Vol 1, 1957, 
p. 135. 

Aitchison, G. D., and Tokar, R. A., "Report on Session 4," 
Proceedings of 8th International Conference on Soil Mechanics 
and Foundation Engineering, Vol. 4, 1973, pp. 161-189. 

American Society of Civil Enginers, "Soil Improvement; History, 
Capabilities, and Outlook," New York, 1978. 

American Society of Civil Engineers, "Expansive Soils," Proceedings 
of the Fourth International Conference on Soil Mechanics and 
Foundation Engineering, Vols. I and II, Denver, Colorado, 
1980. 

Anan'ev, V. P., and Mozgovoj, o. 1. "Dependence of Settling Criteria 
of Loess Soils on Genesis and Geomorphology," Soil Mechanics 
and Foundation Engineering, Vol. 13, 1971, pp. 420-422. 
[Translated from Osnov. Fund. Mech. Grunt.] 

Anderson, F., "Collapsing Soils and Their Basic Parameters in an Area 
in the Tucson, Arizona Vicinity," M. S. thesis, University of 
Arizona, Tucson, 1968. 

Bally, R. J., "Data on the Homogeneity and Compressibility of Loesses 
Treated with the Help of Statistical Methods," Studii de 
Geotechnica, Fundatii si Constructii Hidrotechnice, Vol. 3, 
1.S.C.H., Bucharest, 1961. 

Bally, R. J., Antoescu, 1. P., Andrei, S. V., Dron, A., and Popescu, 
D., "Hydrotechnical Structures on Collapsible Soils," Proceed
ings of 8th International Conference on Soil Mechanics and 
Foundation Engineering, Vol. 4, 1972, p. 4. 

299 



300 

Baracos, A., and BOZOZUK, M., "Seasonal Movements in Some Canadian 
Clays, " Proceedings of 4th International Conference on Soil 
Mechanics and Foundation Engineering, Vol I, 1957, pp. 
264-268. 

Barber, E. S., "Discussion of 'Engineering Properties of Expansive 
Clays' ," Transactions, ASCE. Vol. 121, 1956, pp. 669-673. 

Barden, L., Madedor, A. 0., and Sides, G. R., "Volume Change 
Characteristics of Unsaturated Clay," Journal of the Geo
technical Engineering Division, ASCE, Vol. 95, SMl, 1969, pp. 
33-51. 

Barden, L., McGown, A., and Collins, K., "The Collapse Mechanism in 
Partly Saturated Soil," Engineering Geology, Vo. 7, 1973. pp. 
49-60. 

Benites, L. A., "Geotechnical Properties of the Soils Affected 
Piping near the Benson Area, Cochise County, Arizona." 
thesis, University of Arizona, Tucson, 1968. 

by 
M.S. 

Blight, G. E., and de Wet, J. A., "The Acceleration of Heave by 
Flooding," in Moisture Equilibria and Moisture Changes in Soils 
beneath Covered Areas, G. D. Aitchison, Ed., Butterworths, 
Australia, 1965, pp. 89-92. 

Bolt, G. H., Physico-chemical Analysis of the Compressibility of Pure 
Clays," Geotechnique, Vol. 6. No.2, 1956, pp. 86-93 

Brand, W., and Schoenberg, W., "Impact of Stabilization of Loess with 
Quicklime on Highway Construction," Highway Research Board 
Bulletin 231, 1959. pp. 18-23. 

Brink, A. B. A., and Kanty, B. A., "Collapsible Grain Structure in 
Residual Granite Soils in Southern Africa," Proceedings of 5th 
International Conference on Soil Mechanics and Foundation Engi
neering, Paris, Vol. 1, 1961, pp. 611-614. 

Bull, W., "Alluvial Fans and Near-surface Subsidence in Western 
Fresno Coun ty , California, " U. S. Geological Survey 
Professional Paper 437-A, 1964. 

Burland, I. B., "Some Aspects of the Mechanical Behavior of Partly 
Saturated Soils," in Moisture Equilibriua and Moisture Changes 
in Soils beneath Covered Areas, G. D. Atchison, Ed., 
Butterworths, Australia, 1965, pp. 270-278. 



301 

Carroll, Dorothy, "Clay Minerals: A Guide to Their X-ray Identifi
cation," Geological Society of America, Special Paper 126, 
Boulder, Colorado, 1970. 

Casagrande, A., "The Structure of Clay and Its Importance in Foun
dation Engineering," Journal of the Boston Society of Civil 
Engineers, Vol 19, No.4, 1932, pp. 168-208. 

Chen, F. H., "The Basic Physical Property of Expansive Soils," Pro
ceedings of Third International Conference on Expansive Soils, 
Haifa, Vol. I, 1973, pp. 17-25. 

Chen, F. H., Foundations on Expansive Soils, Elsevier Scientific 
Publishing Company, Amsterdam, 1975. 

Clare, K. E., and Cruchley, A. E., "Laboratory Experiments in the 
Stabilization of Clays with Hydrated Lime," Geotechnique, Vol. 
7, June 1957, pp. 97-111. 

Clevenger, W. A., "Experiences with Loess as a Foundation Mterial," 
Journal of the Soil Mechanics and Foundations Division, ASCE, 
Vol. 82, 1956, Paper No. 1025. 

Croft, J. B., "The Processes Involved in the Lime-stabilization of Clay 
Soils, " Proceedings of the Second Biennial Conference of the 
Australian Road Research Board, Vol. 2, No.2, 1964, pp. 
1169-1203. 

Croft, J. B., "The Influence of Soil Mineralogical Composition on 
Cement Stabilization," Geotechnique, Vol. 17, June 1967, pp. 
119-135. 

Croft, J. B., and Nettleton, A. F. S., "Influence of Clay Mineralogy 
on the Development of Strength in Stabilized Clays from 
Podzolic Profiles with Particular Reference to the Sydney Area," 
Proceedings of the Second Biennial Conference of the Australian 
Road Research Board, Vol. 2, No.2, 1964, pp. 1204-1225. 

Crossley, R. W., "A Geologic Investigation of Foundation Failures in 
Small Buildings in Tucson, Arizona," M. S. thesis, University 
of Arizona, Tucson, 1969. 

Davis, R. W., 
in the 
tation, 

"A Geophysical Investigation of Hydrologic Boundaries 
Tucson Basin, Pima County, Arizona," Ph.D. disser
University of Arizona, Tucson, 1967. 



302 

Dawson, R. F., "Movement of Small Houses Erected on an Expansive 
Clay Soil," Proceedings of Third International Conference of 
Soil Mechanics and Foundation Engineering, Zurich, Vol 1, 
1953, p. 346. 

Denisov, N. Y., "The Engineering Properties of Loess and Loess 
Loams, Gosstroiizdat, Moscow, 1951, pp. 1936. [In Russian.] 

Diamond p S., and Kinter, E. B., "Mechanisms of Soil-Lime Stabiliza
tion," Highway Research Record, Vol. 92, 1965, pp. 83-102. 

Diamond, S., White, J. L., and Dolch, W. L., "Transformation of Clay 
Minerals by Calcium Hydroxide Attack," in Clays and Clay 
Minerals, Proceedings' of 12th National Conference, Pergamon 
Press, London, 1963, pp. 359-379. 

Drannikov, A. A., "Construction on Loess Soils of Small Thickness," 
Proceedings of 5th International Conference on Soil Mechanics 
and Foundation Engineering, Vol. 1, 1965, p. 1. 

DuBose, L. A., "Discussion of 'Engineering Properites of Expansive 
Clays'," Transactions, ASCE, Vol. 121, 1956, pp. 674-676. 

Dudley, J. H., "Review of Collapsing Soils, " Journal of the Soil 
Mechanics and Foundation Division, ASCE, Vol. 97, 1970, pp. 
925-947. 

Eades, J. L., "Reaction of Ca(OH)2 with Clay Minerals in Soil Stabil
ization," Ph.D. thesis, University of Illinois, Urbana, 1962. 

Eades, J. L., and Grim, R. E., liThe Reaction of Hydrated Lime with 
Pure Clay Minerals in Soils Stabilization," Highway Research 
Board Bulletin 262, 1960, pp. 51-63. 

Eades, J. L., and Grim, R. E., "A Quick Test to Determine Lime 
Requirements for Lime Stabilization," Highway Research 
Record, Vol. 139, 1966, pp. 61-72. 

El-Sohby, M. A., and Rab ba, E. A., II Some Factors Affecting Swelling 
of Clayey Soils, 11 Southeast Asian Society of Soil Engineering, 
Geotechnical Engineering, Vol. 12, 1981, pp. 19-39. 

Feda, J., "Structural Stability of Subsident Loeses from Praha
Dejvice," Engineering Geology, Vol. 1, No.3, 1966, pp. 201-
219. 



303 

Finn, W. D., and Strom, Bjorn, "N ature and Magnitude of Swell Pres
sure," Highway Research Board Proceedings, Vol 37, 1958, 
pp. 493-505. . 

Gibbs, H. J., "Properties Which Divide Loose and Dense Uncemented 
Soils," U.S. Bureau of Reclamation, Report No. EM-608, 
Denver, Colorado, 1961. 

Gibbs, H. J., and Bara, J. P., "Predicting Surface Subsidence from 
Basic Soil Tests," ASTM, STP, 1962, pp. 231-247. 

Gibbs, H. J., and Bara, J. P., "Stability Problems of Collapsing 
Soil," Journal of Soil Mechanics and Foundattion Division, 
ASCE, No. SM4, 1967, pp. 577-594. 

Gibbs, H. J., and Holand, W. Y., "Petrographic and Enginering 
Properties of Loesee ~ " U. S. Bureau of Reclamation Monograph 
No. 28, Denver, Colf)rC'.do, 1960. 

Gizienski, S. F., and Lee, L. J., "Comparison of Laboratory Swell 
Tests to Small Scale Fields Tests," Engineering Effects of 
Moisture Changes in Soils; Concluding Proceedings, Interna
tional Research and Engineering Conference on Expansive Clay 
Soils, Texas A&M Press, College Station, 1965. 

Grim, R. E., "Mineralogical Composition in Relation to the Properties of 
Certain Soils," Geotechnique, Vol. 1, No.3, 1949, p. 139. 

Gromko, G. J., "Review of Expansive Soils," Journal of the 
Geotechnical Dividision, ASCE, Vol. 100, No. GT6, Proceedings 
Paper 10609, 1974, pp. 667-687. 

Gupta, S. N., Gupta, B. N., and Shukla, K. P., "Physico-chemical 
Properties of Expansive Clays in Relation to Their Engineering 
Behavior, " Proceedings of Third Asian Regional Conference on 
Soil Mechanics and Foundation Engineering, Haifa, Vol. I, 1967, 
pp. 84-89. 

Handy, R. L., "Collapsible Loess in Iowa," Soil Science Society of 
America Proce~dings, Vol. 37, No.2, 1973, pp. 281-284. 

Hemwall, J. B., and Low, P. F., "The Hydrostatic Repulsive Force in 
Clay Swelling," Soil Science, Vo. 82, No.2, 1956, p. 135. 



304 

Hilf, J. W., II Compacting Earth Dams with Heavy Tamping Rollers," 
Journal of Soil Mechanics and Foundation Division, ASC~, Vol. 
81, SM2, 1955. 

Hilf, J. W., "An Investigation of Pore Water in Compacted Cohesive 
Soils," U.S. Bureau of Reclamation, Denver, Colorado, Techni
cal Manual 654, 1956. 

Hilt, G. H., and Davidson, D. Tq "Lime Fixation in Clayey Soils," 
Highway Research Board Bulletin 262, 1960. 

Holtz, W. G., "Expansive Clay Properties and Problems," Quaterly of 
the Colorado School of Mines, Vol. 54, No.4, 1959, p. 89. 

Holtz, W. G., "Volume Change in Expansive Clay Soils and Control by 
Lime Treatment," Proceedings of the Second International Re
search and Engineering Conference on Expansiv~ Clays Soils, 
Texas A&M University, College Station, 1969. 

Holtz, W. G., and Gibbs, H. J., "Consolidation and Related Properties 
of Loessial Soils," Symposium on Consolidation Testing of Soils, 
Special Technical Publication No. 126, ASTM, 1951. 

Holtz, W. G., and Gibbs, H. J., "Engineering Properties of Expansive 
Clays, " Transactions of the American Society of Civil 
Engineers, Vol. 121, 1956, pp. 641-677. 

Holtz, W. G., and Hilf, J. W., II Settlement of Soil Foundations Due to 
Saturation, " Proceedings of the 5th Conference on Soil 
Mechanics and Foundation Engineering, Vol. 1, 1961, pp. 
673-679. 

Ingles, O. G., "Soil Chemistry Relevant to the Engineering Behavior 
of Soils," Chapter 1. Soil Mechanics, Selected Topics, I. K. 
Lee, Ed., Elsevier, New York, 1968. 

Jan, M. A., and Walker, R. D., 
paction on a Clay Soil," 
1963, pp. 1-12. 

"Effect of Lime, Moisture, and Com
Highway Research Record No. 29, 

Jennings, J. E. [B.], "The Heaving of Buildings on Desiccated Clay," 
Proceedings of Third International Conference of Soil Mechanics 
and Foundation Engineering," Zurich, Switzerland, Vol. 1, 
1953, pp. 390-396. 



305 

Jennings, J. E. B., "The Theory and Practice of Construction on 
Partly Saturated Soils as Applied to South African Conditions," 
Proceedings. of International Conference on Engineering Effects 
of Moisture Change in Soils, Texas, 1965, pp. 345-363. 

Jennings, J. E. B., and Burland, J. B., "Limitations to the Use of 
Effective Stresses in Partly Saturated Soils," Geotechnique, 
Vol. 12, No.2, 1962, pp. 125-144. 

Jennings, J. E. [B.], and Knight, K., "Recent Experiences with the 
Consolidation Test as a Means of Identifying Conditions of 
Heaving or Collapse of Foundations on Partially Saturated 
Soils, " Transactions of the South African Institution of Civil 
Engineers, Vol. 6, No.8, 1956, pp. 255-256. 

Jennings, J. E. B., and Knight, K., "The Additional Settlement of 
Foundations Due to a Collapse of Structure of Sandy Subsoils 
on Wetting," Proceedings of 4th International Conference on 
Soil Mechanics and Foundation Engineering, Vol. 1, 1957, pp. 
316-319. 

Jones, D. E., and Holtz, W. G., "Expansive Soils-The Hidden Dis
aster," Civil Engineering, ASCE, Vol. 43, No. CE8, August 
1973, p. 49. 

Jones, N. 0., "The Development of Piping Erosion," Ph.D. disser
tation, University of Arizona, Tucson, 1967. 

Kane, H., "Consolidation of Two Loessial Soils," Highway Research 
Record 284,. 1969, pp. 26-36. 

Kassiff, G., and Henkin, E. N., "Engineering and Physico-chemical 
Properties Affecting Piping Failure of Low Loess Dams in 
Negev, Proceedings of Third Asian Regional Conference on Soil 
Mechanics and Foundation Engineering, Haifa, Vol. 1, 1967, pp. 
13-17. 

Knight, K., "The Collapse of Structure of Sandy Sub-soils on Wet
ting, " Ph. D. thesis, University of the Witwatersrand, South 
Africa, 1961. 

Knight,' K., and Dehlen, G. L., "The failure of a Road Constructed 
on a Collapsing Soil," Proceedings of Third Regional Con
ference for Africa on Soil Mechanics and Foundation Engineer
ing, Salisbury, Vol. 1, 1963, pp. 31-34. 



Kyle, J. M., Jr., 
Newark, " 
Mechanics 
397-401. 

306 

"The Use of Sand Drains under Buildings of Port 
Proceedings of Third International Conference on Soil 
and Foundation Engineering, Vol. 1, 1953, pp. 

Ladd, C. C. "Mechanisms of Swelling by Compacted Clay,: Highway 
Research Board Bulletin No. 245, 1960, pp. 10-26. 

Ladd, C. C., Moh, Z. C., and Lambe, T. W., "Recent Soil-Lime 
Research at the Massachusetts Institue of Technology," High
way Research Board Bulletin 262, 1960, pp. 64-85. 

Lambe, T. W., "The Engineering Behavior of Compacted Clay," 
Journal of the Soil Mechanics and Foundations ,Division, ASCE, 
Vol. 84, SM2, Proc. Paper 1655, May 1958a. 

Lambe, T. W., 
Behavior, " 

"Compacted Clay-Structure and Engineering 
Transactions, ASCE, Vol. 125, 1960, pp. 682-756. 

Lambe, T. W., and Whitman, R. V., "The Role of Effective Stress in 
the Behaviour of Expansive Soils," Quarterly of the Colorado 
School of Mines, Vol. 4, No.4, 1959, p. 39. 

Lambe, T. W., and Whitman, R. V., Soil Mechanics, John Wiley, New 
York, 1969. 

Lang, W. J., "Electron Microscope Looks at Sand," Modern Casting, 
Vol. 55, No.5, 1969, p. 87. 

Larinov, A. K., "Structural Chracteristics of Loess Soils for Evalu
ating Their Constructional Properties," Proceedings· of 6th 
International Conference on Soil Mechanics and Foundation 
Engineering, Vol. 1, 1965, pp. 64-68. 

Lofgren, B. E., "Near-surface Subsidence in Western San Joaquin 
Valley, California," Journal of Geophysical Research, Vol. 65, 
1960, pp. 1053-1062. 

Low, P. F., "Discussion of "Physico-chemical Properties of Soils: Ion 
Exchange Phenomena'," by A. W • Taylor, Journal of the Soil 
Mechanics and Foundations Division, ASCE, Vol 85, No. SM2, 
Proc. Paper 2010, April 1959, pp. 79-89. 

Low, P. F., and Deming, J. M., "Movement and Equilibrium of Water 
in Hetrogenous Systems with Special Reference to Soils," Soil 
Science, Vol 75, No.3, 1953, p. 187. 



307 

Lund, O. L., and Ramsey, W. J., "Experimental Lime Stabilization in 
Nebraska," Highway Research Board Bulletin 231, 1959, pp. 
24-59. 

Mateos, Manuel, "Soil Lime Research at Iowa State University," 
Journal of the Soil Mechanics and Foundations Division, ASCE, 
Vol. 90, No. SM2, 1964, pp. J.27-153. 

Mitchell, J. K., "The Fabric of Natural Clays and Its Relation to Engi
neering Properties," Highway Research Board Proceedings, 
Vol. 35, 1956, pp. 693-713. 

Mitchell, J. K., "Fundamentals of Soil Behavior," Wiley, New York, 
1976. 

Mitchell, J. K., and Hooper, D.- R., "Influence of Time between 
Mixing and Compaction on Properties of a Lime-Stabilized 
Expansive Clay," Highway Researh Board Bulletin 304, 1961, 
pp. 14-31. 

Newland, P. L., "The Behaviour of Soils in Terms of the Kinds of 
Effective Stress," Proceedings of Conference on Engineering 
Effects of Moisture Changes in Soils, Texas A&M Press, College 
Station, Vol. 89, No. SM2, 1965, pp. 27-45. 

Northey, R. D., "Engineering Properties of Loess and Other 
Collapsible Soils," Seventh International Conference on Soil 
Mechanics and Foundation Engineering, '1969, pp. 445-452. 

Norwatzki, E. A., "Settlement Estimates in Collapse-susceptible Soils," 
unpublished paper, Department of Civil Engineering, University 
of Arizona, Tucson, 1978. 

Palit, R. M., "Determination of Swelling Pressure of Black Cotton 
Soil," Proceedings of the Third Internationa Conference of Soil 
Mechanics and Foundation Engineering, Zurich, Switzerland, 
Vol. 1, 1953, pp. 170-172. 

Parcher, J. V., and Liu, P. -C. , "Some Swelling Characteristics of 
Compacted Clays," Journal of the Geotechnical Engineering 
Division, ASCE, Vol. 91, No. SM3, 1965, pp.·1-17. 

Pashley, E. F., "Structure and Strati graph y of the Central, 
and Eastern Parts of the Tucson Basin, Arizona," 
thesis, University of Arizona, Tucson, 1966. 

Northern, 
Ph.D. 



308 

Platt, W. S., 11 Land Surface Subsidence in the Tucson Area, 11 M. S. 
thesis, University of Arizona, Tucson, 1963. 

Priklonskij, V. A., 11 Gruntovedenie-Vtoraira Chast, 11 Gosgeolizdat, 
Moscow, 1952, 371 p. [In Russian.] 

Richards, B. G., IIMoisture Flow and Equilibria in Unsaturated Soils 
for Shallow Foundations, 11 in Permeability and Capillarity of 
Soils, American Society for Testing and Materials, Special 
Technical Publication 417, 1967, pp. 4-34. 

Road Research Laboratory, Soil Mechanics for Road Engineers, Her 
Majesty's Stationery Office, London, 1954. 

Sabbagh, A. 0., 
Tucson, 11 

IICollapsing Soils and Their Clay Mineralogy in 
M. S. thesis, University of Arizona, Tucson, 1982. 

Seed, H. B., and Chan, C. K., 11 Structure and Strength Characteris
tics of Compacted Clays, 11 Journal of the Soil Mechanics and 
Foundations Division, Vol. 85, SM5, 1959, pp. 87-122. 

Seed, H. B., Lundgren, R., and Chan, C. K., 11 The Effect of Compac
tion Method on the Stability and Swell Pressure Characteristics 
of Soils, Highway Research Board Bulletin 93, 1954. 

Seed, H. B ., and Chan, C. K., 
Strength Characteristics, 11 

1961, pp. 1343-1425. 

11 Compacted Clay-Structure and 
Transactions, ASCE, Vol. 126, 

Seed, H. B., Mitchell, J. K., and Chan, C. K., 11 Studies of Swell and 
Swell Pressure Characteristics of Compacted Clays, 11 Highway 
Research Board Bulletin 313, 1962, pp. 12-39. 

Seed, H. R., Woodward, R. J., and Lundgren, R. IIPrediction of 
Swelling Potential for Compacted Clays, 11 Journal of the Soil 
Mechanics and Foundations Division, ASCE, Vol. 88, SM4, 1962, 
pp. 107-131. 

Skempton, A. W., and Northey, R. D., liThe Sensitivity of Clays,1I 
Geotechniques, Vol. 3, 1952, pp. 30-53. 

Sowers, G. F., 11 Shallow Foundations, 11 Chapter 6 in Foundation 
Engineering, G. A. Leonards, Ed., McGraw-Hill, New York, 
1962. 



309 

Spangler, M. G., and Patel, O. H., "Modification of a Gumbotil Soil by 
Lime and Portland Cement Admixtures," Highway Research 
Board Proceedings, Vol 29, 1949, p. 561. 

Sparks, A. W. D., "Discussion on Soil Types and Soil Mapping," 
ceedings of the Third Regional Conference for Africa on 
Mechanics and Foundation Engineering, Salisbury, 1963, 

Pro
Soil 

Stocker, P. T., "Diffusion and Diffuse Cementation in Lime and 
Cement Stabilized Clayey Soils-Studies of Plasticity and Aggre
gation," Australian Road Research, Vol. 5, No.6, 1974, pp. 
51-75. 

Sultan, H. A., "Collapsing Soils, State of the Art," Proceedings of 
Seventh International Conference on Soil Mechanics and Foun
dation Engineering, Specialty Session on Engineering Properties 
of Loess and Other Collapsible Soils, Mexico, Argentina Society 
of Soil Mechanics, Paper 5.6, 1969a. 

Sultan, H. A., "Foundation Failures on Collapsing Soils in the Tucson, 
Arizona Area," Proceedings of the Second Conference on 
Expansive and Collapsing Soils, Texas A&M Press, College 
Station, 1969b, pp. 394-398. 

Sultan, H. A., "Prediction of Soil Collapse," paper presented at 
Srping Meeting, American Society of Civil Engineers, Arizona 
Section, Tucson, April, 1969c. 

Sultan, H. A., "Some Engineering Aspects of Collapsing Soils," paper 
presented at Highway Research Board Annual Meeting, 
Washington, D.C., 1971. 

Taylor, A. W., "Physico-chemical Properties of Soils: Ion Exchange 
Phenomena," Journal of the Geotechnical Engineering Division, 
ASCE, Vol. 85, SM2,1959, pp. 19-30. 

Taylor, H. F. W., "The Calcium Silicate Hydrates," in Taylor, H. F. 
W., ed., The Chemistry of Cement, Chapter 5, Part II, Vol. 1, 
New York, Academic Press, 1964. 

Taylor, W. H., Jr., and Arman, A., "Lime Stabilization Utilizing Pre
conditioned Soils," Highway Research Board Bulletin 262, 1960. 

Terzaghi, K., and Peck, R. 
Practice, 1st edition, 

B. , Soil Mechanics in Engineering 
John Wiley, New York, 1948. 



Thompson, M. R., and Robnett, Q. L., "Pressure 
Swelling Soils, " Transportation Research 
Transporation Research Board, Washington, 
24-34. 

310 

Inj ected Lime for 
Record 568, 

D.C., 1976, pp. 

Toulemont, M., "Geological Observations of the Dissolution of Gypsum 
in Paris Area," Proceedings of the First Interational Congress, 
International Association of Engineering Geology, Vol. 1, 1970, 
pp. 62-73. 

Turnbull, W. J., "Utility of Loess as a Construction Material," Pro
ceedings of the Second International Conference on Soil 
Mechanics and Foundation Engineering, Rotterdam, Vol. 5, 
1948, pp. 97-103. 

Wang, J. W. H., Mateos, M., and Davidson, D. T., "Comparative 
Effects of Hydraulic, Calcitic and Dolomitic Limes and Cement in 
Soil Stabilization," paper presented at the 42nd Annual 
Meeting, Highway Research Board, 1963. 

Youssef, M. S., Sabry, A. A., and Tawfik, M. M., "Substantial 
Consolidation and Swelling of Clay Cause Two Interesting Cases 
of Serious Damage to Hospital Building in Egypt," Proceedings 
6f the 4th International Conference of Soil Mechanics and 
Foundation Engineering, London, Vol. 1, 1957, p. 462. 

Zolkov, E., "Influence of Chlorides and Hydroxides of Calcium and 
Sodium on Consistency Limits of a Fat Clay, Highway Research 
Board Bulletin 309, 1962, pp. 109-115. 


