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SUMMARY 

The use of compacted cohesive soil as a construction 

material requires some knowledge of the properties of the 

soil. An investigation was made to determine the properties 

of a compacted cohesive soil and the factors influencing 

them. 

The soil was a silt of low plasticity with a specific 

gravity of 2.72, a liquid limit of l[3, and a plasticity in­

dex of 13. It has a classification of ML-OL on the Casa-

grande plasticity chart. 

A number of samples were prepared at various compac-

tive efforts and moisture contents. These samples were 

subjected to tests to determine the four main engineering 

properties of the subject soil: the shear strength, the 

consolidation characteristics, the permeability, and the 

shrink-swell characteristics. The initial void ratio, the 

degree of saturation, and the molding moisture content were 

the main parameters used to analyze the variations of the 

engineering properties. 

It was found that the void ratio and the degree of 

saturation are important factors influencing the shear 
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strength of this soil. However, there is at least one other 

unknown. There was no great difference between the results 

of the consolidated quick and the quick triaxial shear tests. 

The variation of shear strength in identical samples 

is a function of the confining pressure. This relationship 

may be expressed by the equation: 

s = c' + tan £* 

The degree of saturation and the initial void ratio 

are major factors influencing the consolidation characteris­

tics of this soil. An increase in the initial void ratio 

produces an increase in the compression index, and the per 

cent saturation influences the time rate of consolidation. 

The void ratio is the fundamental factor influencing 

the permeability of this soil. The coefficient of permea­

bility increases with an increase in void ratio. There is 
• 

a minimum void ratio beyond which the soil may be considered 

impermeable. 

There was little or no reaction to the shrink tests 

performed on the soil. The swell tests indicate only a 

slight tendency of this soil to swell, and this swelling 

tendency was found to be related to the degree of satura­

tion, the void ratio, and the molding moisture content. 
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For samples of constant molding moisture content, the per cent 

swell decreases as the void ratio increases. For samples of 

constant void ratio, the per cent swell decreases as the de­

gree of saturation increases. 

I 



CHAPTER I 

INTRODUCTION 

Compacted soil is widely used as a construction ma­

terial in civil engineering projects such as fills for high­

ways, levees, dams, airport construction, and land fill. 

R. R. Proctor established the fact that for each compactive 

effort, there is an optimum molding moisture content which 

gives the maximum dry density and the minimum void ratio (1). 

It has been the custom to use the Proctor method to approxi­

mate the minimum void ratio that any particular type of con­

struction equipment could produce in a given soil. Compact­

ing a soil at optimum moisture content leaves the soil in a 

partially saturated condition. The properties of a partially 

saturated soil are not fully understood, however. It is for 

this reason that the factors influencing the variation of 

these properties were investigated. 

The engineering properties included in this investi­

gation are shearing strength, consolidating characteristics, 

shrink-swell characteristics, and the permeability, with 

main emphasis on the shearing strength. 

Coulomb's equation has been widely used to express 



the shearing strength of a partially saturated cohesive 

soil, it states that the shearing resistance is a function 

of the cohesion, the normal pressure, and the tangent of the 

angle of internal friction: 

s « c' + n tan $' (1) 
s = shearing resistance 
n = normal stress to the plane of failure 
/'= apparent angle of internal friction 
c'= apparent cohesion. 

Many prefer not to give any meaning to the terms apparent 

cohesion and apparent angle of internal friction, but rather 

consider these terms as coefficients in an equation of a 

straight line. 

For the purpose of this investigation, the terms 
• 

apparent cohesion and apparent angle of internal friction 

shall be used to denote coefficients in the equation of a 

straight line which represents the Mohr's envelope of rup­

ture. The Mohr!s envelope of rupture is a line formed by 

plotting the combinations of normal stress and shearing 

stress which cause failure of the material on coordinates 

of shear stress and normal stress. 

Leonards has stated that Coulomb's equation (Eq. 1) 
*-

does not explain the mechanism of shear failure in all soils. 

He has stated that for a given set of initial conditions, 



the pattern of strength variation of a partially saturated 

compacted clay can be represented by a relationship between 

the principal stress difference and the void ratio at failure, 

after load removal (2). 

Taylor lists seventeen fundamental factors affecting 

the shear strength. These factors are friction angle, inter-

granular pressure, intermediate principal stress, cohesion, 

structural strength, speed of shear, colloidal phenomena, 

degree of progressive action, pressure history, drainage con­

ditions, intrinsic pressure, consolidation pressure, appar­

ent friction angle, void ratio, water content, air content 

and Coulomb's coefficients (3), Such a large number of 

variables precludes the writing of a simple equation to de­

fine accurately the shearing strength variation in a par-

tially saturated soil. 

Tschebotarioff states that the main factors influen­

cing the shear stress in partially saturated clays are the 

water content and the lateral pressure. He also states that 

for such a soil, there is no difference between the results 

of quick triaxial and the consolidated quick triaxial 

tests (Ij.). » 

Against this background of conflicting theories, the 

viewpoint that the shearing strength of a partially saturated 

soil is dependent upon a large number of variables was 
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adopted. The simplest variables measurable are the void 

ratio, the degree of saturation, the molding moisture content, 

and the confining pressure. A partially saturated compacted 

soil was investigated, using these factors as the main 

perameters in analyzing the variations in the engineering 

properties of the soil. 



CHAPTER II 

PROCEDURE 

In this investigation, four series of samples were 

prepared, each having a constant water content but with vary­

ing void ratios. It was hoped that this procedure would 

minimize the influence of such factors as colloidal phenome­

non, pressure history, degree of progressive action, and 

drainage conditions for a sufficient number of samples to 

define accurately any relationships between the engineering 

properties and the primary parameters. The primary parameter 

chosen were void ratio, degree of saturation, moisture con­

tent, and lateral pressure. 

The soil used was an A-horizon residual material from 

the campus of the Georgia Institute of Technology. This 

material has a liquid limit of forty-three, a plasticity in­

dex of thirteen, and a classification of ML-OL on the 

Cassagrande plasticity chart. The grain size characteristics 

are illustrated in Fig. 12. 

The raw material was passed through a No. 6 United 

States Standard sieve and then mixed until a uniform sample 

was obtained. The material was stored in large metal 
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containers, 

After classification tests were run, a Standard Proctor 

compaction test was performed to determine the optimum mois­

ture content. Five moisture contents were chosen to obtain 

samples on both the wet and dry sides of the optimum moisture 
• 

content as determined from the Standard Proctor compaction 

test. This bracketing of the optimum moisture content was 

necessary to obtain samples of minimum void ratio for each 

compactive effort, as the optimum moisture content varies 

with the compactive effort. The lowest moisture content 

initially chosen was twelve per cent. The samples from this 

group proved to be too brittle and did not have sufficient 

strength to withstand the necessary handling and were, there-

fore, eliminated. This required a shift in the water content 

of the remaining four groups. Fig. 1 illustrates the compac­

tion curves for the five compactive forces. This figure in­

dicates that samples of minimum void ratio were obtained for 

each compactive effort. The samples were statically compacted 

in a constant speed Tinius Olsen testing machine at five dif-

ferent compactive forces or pressures. Each sample was com­

pacted in three layers until the predetermined compactive load 

was registered on the load dial. The five compactive loads 

used were 1000, 700, £00, 300, and 100 pounds. This arrange­

ment resulted in twenty combinations of moisture content and 



Moisture Content, % 

Fig, 1. Compaction Curves. 
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compactive effort. 

The sample mold was a miniature compaction mold having 

a diameter of l.ij. inches and a length of 3.0 inches. Eleven 

samples of each combination of moisture content and compact-

ing load were made. This sample preparation program resulted 

in a total of 209 samples, which were used in the shear tests, 

the shrink-swell tests, and the consolidation tests. After 

compaction, each sample was wrapped in plastic film, placed 

• 

in a tin can, and stored in a constant humidity and tem­

perature room until used. 

For the permeability tests, the samples were compacted 

directly in the permeameter chambers, in order to eliminate 

any gaps between the permeameter chamber and the sample. 

Such gaps are bound to occur when a sample is trimmed to fit 

the chamber. 

The shear test program consisted of five quick tri-

axial tests at lateral pressures of 0, 500, 1000, 2000, and 

3500 pounds per square foot on identical samples of constant 

per cent saturation and void ratio. A total of nineteen 

Mohr's envelopes of rupture were obtained from quick tri-

axial tests. These tests were performed on a Tinius Olsen 

constant strain testing machine, as illustrated in Fig. lij.. 

These tests were performed at rates of strain from 0.5 per 

cent per minute to 1.0 per cent per minute as recommended 



by Lambe (3>) • A series of consolidated-quick triaxial tests 

was performed on three samples at seven combinations of void 

ratio and degree of saturation. The lateral pressures used 

were £00, 1000, and 2000 pounds per square foot. The time 

for consolidation was set at a minimum of eight hours. This 
-

time was determined from the results of the consolidation 

tests, which indicated a lapsed time of less than one minute 

for one hundred per cent consolidation of 0.5 inch thick 

samples. Therefore, the time for consolidation of the three 

inch thick shear samples was at least 360 minutes, as the 

time of consolidation is a function of the square of the 

thickness. 

The consolidated quick tests were performed using con­

trolled stress, with the load being applied in increments of 

five pounds per half minute. This program resulted in seven 

Mohr's envelopes of rupture. 

The shear stress corresponding to a strain of fifteen 

per cent was chosen as the failure stress for triaxial shear 

samples which exhibited a plastic failure with no well de­

fined peak stress. 

One sample at each compacting load from each series 

was subjected to a consolidation test. The consolidometer 

was of the floating ring type, accepting a sample l.ij. inches 
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in diameter and 0*5 to 0*75 inches thick. The loading sched­

ule consisted of five loads: 1090, 2180, I4.36O, 8720, and 

I6I4.OO pounds per square foot. Each consoUdometer was cali­

brated under the same loading series used in the consolida-

tion tests. 

Compression readings were taken at lapsed times of 

l/2, 1, 2, Ij., 8, 16, 30 minutes, etc. The compression read­

ings were plotted on an arithmetic scale versus the elapsed 

time on a logarithmic scale to determine the time rate of 

consolidation by the log method as given by Lambe (6). 

The equipment used in the permeability tests was a 

falling head permeameter with a cylinder size of 6.3 centi­

meters in diameter and 9«0 centimeters in length. The air 

in the samples was removed by vacuum, and deaired water was 

used to saturate the sample and to provide the hydrostatic 

head required in the test. Coefficients of permeability of 

eight of the twelve samples were obtained and used in the 

construction of Fig. 8. The remaining four samples could 

not be deaired by vacuum. Therefore, coefficients of permea­

bility could not be obtained for these specimens. 

The shrink-swell tests consisted of placing the sample 

in a miniature consolidometer under a consolidating load of 

130 pounds per square foot and flooding the sample. The 
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sample was allowed to swell until additional swelling could 

not be perceived. The water was then removed and the sample 

was allowed to consolidate or shrink until equilibrium was 

reached. The per cent shrinkage or swelling was obtained by 

dividing the change in sample height from the original sample 

height by the original sample height and multiplying by 100. 
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- CHAPTER III 

DISCUSSION OF RESULTS 

The results of the investigation were analyzed as 

functions of the void ratio, the degree of saturation, and 

the moisture content. Monies envelopes of rupture were con­

structed from the results of the triaxial tests of identical 

samples at various lateral pressures* Table 1 lists the 

values of the apparent angle of internal friction and the ap­

parent cohesion as determined from the Mohr*s envelopes. 

The maximum deviator stress for each triaxial test was 

plotted as a function of the void ratio (Fig. 2). The maxi­

mum deviator stress is the difference between the compressive 

stress at failure and the lateral pressure. 

Figure 2 does not, at first, indicate any definite 

relationship between the void ratio and the maximum deviator 

stress. However, when the per cent saturation of each sample 

is taken into account and the samples are segregated into 

groups composed of ranges of degree of saturation, a relation­

ship becomes more apparent. The portion of Fig. 2 labeled 

Zone 1 is composed of all the samples having a saturation of 

from 82 per cent to 92 per cent. The portion labeled Zone 2 
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Pi*. 2. Relationship of Maximum Dayiator Stress to 
Void Ratio for Quick Triaxial Testa. 
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includes all samples having a saturation of from 33 per cent 

to /4.0 per cent. Such an analysis of the figure indicates 

that for samples of equal per cent saturation, the maximum 

deviator stress increases as the void ratio decreases. 

Fig. 3 represents the relation between void ratio and 

cohesion, as determined from the Mohr's envelopes from both 

the quick and the consolidated quick triaxial tests. It in­

dicates that, for each group of samples at a constant mois­

ture content, the cohesion increases as the void ratio de­

creases. This figure also shows that the results from sam-

pies subjected to consolidated quick triaxial tests do not 

differ greatly from those from the quick triaxial tests. 

Fig. k indicates that for unconfined compression tests of 

groups of samples at constant water content, an increase in 

void ratio results in a decrease in compressive strength. 

Fig. 5 indicates that there is a relationship between 

angle /' and the degree of saturation. The shape of this 

figure indicates a change in the mechanics of the shear pro­

cess at somewhere between 80 per cent and 90 per cent satura­

tion. This deduction is based on the fact that the change 

in angle ^' between saturation percentages of thirty to 

eighty per cent is very slight, whereas for saturation per-

centages greater than 80 per cent, angle /' changes rapidly 
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and appears to be approaching zero somewhere above 90 per cent 

saturation. It is also interesting to note that the differ­

ence in results between the consolidated quick and the quick 

triaxial tests is not great. 

The action of a soil sample when subjected to an un-

drained shear test is dependent upon the void ratio and the 

degree of saturation. A fully saturated sample resists the 

compressive load by pore pressure and the soil structure 

must resist the pore pressure in the lateral direction. A 

partially saturated sample resists the compressive load 

mainly by the soil structure, as the gaseous portion of the 

void volume compresses under load and can support only a 

small portion of the load. This action will take place un­

til the loads are so great as to cause the soil structure 

to fail, or until the gas in the voids is compressed suffi­

ciently for a pore pressure to develop. When the latter 

takes place, the soil will react somewhat like a saturated 

sample. Thus for a partially saturated soil, the mechanism 

of shear failure is dependent upon the void ratio, the de­

gree of saturation, and the volume change during shear. 

The laboratory procedure used did not provide for 

volume change measurements, and static compaction was the 

only type of compaetive effort used. Therefore, the effects 

• 
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of volume change and soil structure on the subject soil 

could not be evaluated, 

The stress-strain curves (see Fig. 16) for the dif­

ferent specimens were of great variety. The use of a con­

trolled strain testing machine resulted in very detailed and 

complete data. This type of equipment is especially well 

adapted to recording the stress-strain relationship after 

maximum stress has been attained. The types of failure var­

ied from well defined failure planes to plastic failures 

with no defined peak compressive loads. 
. 

The fact that the stress-strain curves varied so 

widely is another indication that mechanism of failure in a 

partially saturated soil varies with the void ratio and per 

cent saturation. 

It is concluded from the results of this investiga­

tion that the degree of saturation and the void ratio of a 

compacted cohesive soil are primary factors affecting the 

shear strength. However, it appears that there are other 

variables which were not revealed by this investigation. 

In the consolidation tests, the time required for the 

primary compression was so short that it was impossible to 

obtain data to determine the time rate of consolidation. 

Of the nineteen samples tested at five increments of load 
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each, only one increment of load for one sample resulted in 

a primary consolidation curve. This inability to record the 

time of zero per cent primary compression, and in some cases, 

the time of 100 per cent primary compression, made it neces­

sary to ignore the time rate of consolidation and concentrate 

on the total consolidation. 

Fig. 6 indicates that the total consolidation as 

measured by the per cent volume change is a function of the 

initial void ratio. The straight line interpretation of this 

figure may be represented by the equation 

% A Volume « eQ - .55 (2) 
.021* 

It is interesting to note that the Group A tests show the 

greatest variation from the indicated relationship. Group 

A has the lowest moisture content. Probably plastic resis-
• 

tance was a factor here. 

Fig. 7 suggests a relationship between the initial 

void ratio and the compression index. Even though this rela­

tionship is not a precise one, it is felt that it warrants 

presentation as support to the premise that the initial void 

ratio is a primary factor in the variation of the consolida­

tion characteristics of this soil. Nishida has stated that, 

for any soil, the compression index is a function of the 
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initial void ratio (7). This relationship may be expressed 

by the equation: 

Cc 4 o.ft. Uo-0.35) (3) 

Fig* 7 indicates that Eq. 3 closely approximates the upper 

limit of the experimental results of this investigation. 

One point that cannot be reconciled is the fail­

ure to obtain a primary consolidation curve for the samples 

in Groups C and D. These samples had an initial saturation 

of approximately 90 per cent. It was expected that at some 

point during the consolidation test, the gaseous portion of 

the void volume would either be forced into solution or be 

so highly compressed that it should react as a fluid. One 

explanation of this lack of a primary consolidation curve 

is that the initial compacting process instilled a struc­

tural strength into the soil such that only a small deflec-

tion of the sample was required to transfer the total load 

to the soil structure. The maximum compaction pressure was 

96000 pounds per square foot, and the minimum compacting 

pressure was 9600 pounds per square foot. The required de­

flection would take place in a very short time interval if 

there was a sufficient quantity of gas in the sample. 

Fig. 8 illustrates the results of the permeability 

tests. It is noted that the coefficient of permeability 
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Pig. 3. Variation of the Coafficiant of Permeability with Void Ratio. 



decreases with a decrease in void ratio. The shape of Fig. 8 

suggests that it is asymtotic to a void ratio of approxi­

mately 0.69. This conclusion is supported by sample C-3, 

which was impermeable and had a void ratio of 0.69. The pre­

mise that the coefficient of permeability is a function of 

the void ratio is logical, as the larger the void ratio, the 

larger the number of flow channels per area of cross section. 

As the void ratio of a compacted soil is a function 

of the moisture content during compaction, the compactive ef­

fort, the grain size and distribution, the grain shape and 

the grain strength, it is logical to assume that there should 

be an upper and a lower limit of void ratio for any one soil. 

Therefore, there is also an upper and lower limit for the 

coefficient of permeability for any one soil, and the rela­

tionship between the void ratio and the coefficient of per­

meability is asymptotic to a minimum void ratio. 

The results of the shrink-swell tests were plotted 

as functions of the void ratio and degree of saturation of 

the sample. For each group of samples with a constant mold­

ing moisture content, it appears that the per cent swell 
• • 

increases as the void ratio decreases. It is also apparent 

from the arrangement of the curves of constant moisture con­

tent that an increase in water content for a constant void 
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ratio results in a decrease in per cent swell. Group D 

(Fig. 10) has a zero per cent swell, which indicates that 

as the moisture content approaches that required for satura­

tion, the swell approaches zero. 

The results of the shrink portion of this phase of 

the investigation are meaningless. The scatter of points 

in Fig. 11 prevents analysis. The only conclusion drawn 

from this figure is that the maximum shrinkage was approxi-

mately k per cent. 

During the shrink portion of this phase, it was ob­

served that the samples fluctuated greatly in their rate of 

shrinkage. An attempt was made to increase the rate of 

shrinkage by blowing warm air over the samples. This re­

sulted in a thermal expansion of the consolidometer which 

was large enough to invalidate the micrometer dial reading. 

Future shrink swell measurements should be made in an atmos­

phere of constant temperature when testing a soil with a 

low shrinkage characteristic, since a small temperature 

change may greatly influence the test results. 
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CHAPTER IV 

CONCLUSIONS 

The void ratio and the degree of saturation are im­

portant factors influencing the shear strength of this soil, 

but there are other unknown factors which also influence the 

shear strength. 

There is no great difference between the results of 

consolidated quick and quick triaxial tests on this soil 

for identical samples. 

The variation of shear strength in identical samples 

is a function of the confining pressure. This relationship 

may be expressed by the equation: 

s = c' + n tan /' (1) 

The degree saturation and initial void ratio are 

major factors influencing the consolidation characteristics. 

Other unknown factors influence the consolidation character­

istics of the investigated soil to some degree. 

The void ratio is the fundamental factor influencing 

the permeability of this soil. 

There was little or no reaction to the shrink tests 


