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ABSTRACT

The geotechnical properties of the partly satu
rated soils affected by piping near the Benson area were 
investigated in order to determine the characteristics 
of collapse of these soils.

The study consisted of measuring the strength 
and consolidation characteristics of undisturbed soil 
samples at their "natural water content", and also mea
suring the strength and consolidation characteristics 
following inundation.

These partly saturated soils, when tested using 
two consolidation techniques, underwent an additional 
consolidation or collapse, even at the application of 
small loads. The cohesion of the soils at their "natural 
water content" underwent a large reduction after inunda
tion.

The low unit weight of these soils (range between 
80 and 100 pounds per cubic foot) is a characteristic that 
has been reported by other investigators of collapsible 
soils. These soils have shown to be dispersive within 
an elapsed time of 15 to 30 seconds. Within this period 
of time the soils experienced a complete dispersion.

viii



CHAPTER I

Introduction

1.1 General

Some partly saturated soils in the Tucson area 
have been shown to be collapsible (Anderson, 1967). 
These partly saturated soils, when inundated, undergo 
a spontaneous compression or collapse.

Hence, prediction of the behaviour of an en
gineering structure, which is built upon this type of 
soil, involves knowledge of the mechanical behaviour 
of the soil that results from the initial placement 
of the structure and the subsequent changes in soil 
moisture.

Most of the literature on collapsible soils 
is on loessial type of deposits, while in this case, 
the soils are from a flood-plain type of deposit.

1.2 Statement of the Problem

Previous studies in this area have shown that 
the moisture content of the soil is an important fac
tor governing its mechanical behaviour. The purpose
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of this study is to investigate the effect of wetting 
on shear strength and volume changes on these partly 
saturated soils.

1.3 Review of the Literature

Partly saturated soils have concerned engineers 
because of the different and difficult problems they 
present. Some of those problems have been listed by 
Jennings (1961). They include:

1. Rapid settlement due to consolidation;
2. Swelling of some soils which exist in a 

desiccated condition in nature;
3. Additional settlements due to collapse 

of the soil after wetting;
4. Shear strength of partly saturated soils 

and its variation with change in moisture 
content.

As we see, the collapse phenomenon is only one of the 
many problems associated with partly saturated soils.

A collapsible soil may be defined as one which 
undergoes excessive consolidation when the water con
tent is increased.

The problem of collapse has been treated by 
different investigators. Hilf (1 9 5 6) explained the



collapse effect only on the basis that saturation of 
the soil releases a certain amount of confining stress 
and the sample fails in shear, with the result that it 
undergoes additional settlement. In 1957> Jennings and 
Knight described a consolidation technique for use in 
predicting the collapse or heave in partly saturated 
soils. Knight (1961) substantiated the reliability of 
that method.

In i9 6 0. The Conference on Pore Pressure and 
Suction in Soils brought together all the workers' 
views concerning an expression for effective stress 
in partly saturated soils. The equation proposed by 
Bishop in 1959 has been generally accepted and can be 
written as:

<r' = f  + x (ua - uw) - ua

where denotes pressure in the pore water,
U denotes pressure in the pore air.Cl
X is a coefficient whose value, which must 

lie between 0 and 1, depends primarily 
on the degree of saturation and the soil 
type.



The tests performed by Bishop and Donald (1961) 
on a partly saturated silt show that equation (l) is 
correct. It follows that the applicability of the 
principle of effective stress can be extended to partly 
saturated - soils.

The results presented by Jennings and Burland 
(1962) show that there are limitations in the use of 
the principle of effective stress for prediction of 
volume changes in partly saturated soils. Bishop and 
Blight (1963) confirmed their limitations and show 
that the effective stress principle is applicable for 
the case of the shear strength of partly saturated 
soils. Blight (1965) confirmed that the collapse 
volume change constitutes a limitation to the prin
ciple of effective stress in the partly saturated 
range, but he pointed out that the collapse occurs as 
a consequence of the principle. Burland (1965) shows 
by a simple soil model that the application of the 
effective stress principle cannot be related to volume 
changes in partly saturated soils, because of the 
fundamental assumption upon which the effective stress 
principle is based is not applicable to volume changes 
in partly saturated soils.



CHAPTER II

Geology

2.1 Topography

The area of study Is a segment of the San 
Pedro Valley, Cochise County, Arizona, 8 miles south 
of Benson (Pig. l). The soils studied are located on 
what is known as the Aravaipa surface (Byran, 1926).

The width of the valley in the area of study 
runs from 4 to 7 miles and consists of a combination 
of deposits of a flood-plain type and alluvium depo
sits (Jones, 1967).

The mountains exposed around the area are the 
Whetstone Mountains to the southwest of the area with 
elevations above 7>000 feet, in the northern part of 
the area, the Little Rincon Mountains west of the 
river and the Johnny Lyon Hills to the east of the 
river, both rise to more than 6 ,0 0 0 feet in elevation.

2.2 Stratigraphy

The exposed rocks in the area of study are 
Tertiary and Quaternary sediments with small outcrops
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of PreCambrian. The Precambrian rocks are coarse-grained 
gneiss and granite.

The Cenozoic units present in the area are dis
cussed by Gray (1965) and described as follows:

"l. St. David Formation, fluvio-lacustrine 
deposits of upper Pliocene to middle 
Pleistocene age, unconformably overlain 
by

2. 'Granite Wash', a widespread coarse
grained alluvium,

3. Gravel alluvium, deposited by an ances
tral San Pedro River,

4. Recent alluvium, flood-plain and Clenaga 
deposits, and

5. Modern alluvium, channel deposits since
1880."

2.3 Flood-Plain Deposits

The sediments of the Recent alluvium include 
the former flood-plain and Clenaga deposits of the San 
Pedro River. There the sediments form a depositional 
surface termed the Aravaipa surface by Bryan (1926). 
Gray (1956) suggests that these fine-grained sediments 
are similar in size and derived directly from the 
fine-grained St. David Formation.

The flood-plain and Clenaga deposits have 
been affected by piping erosion in the area of study.



The piping erosion has affected the recent alluvium 
and, in a weathered zone of the Plio-Pleistocene St. 
David Formation (Jones, 1 9 6 7).

The literature about flood-plain deposits 
describes two fundamental types of deposits which 
make up a flood plain (Melton, 1936). The types are:
1) The point bar is a deposit formed on the inside, 
or convex side, of a river bend by lateral accretion. 
Deposition is related to the existence of circulatory 
motion or helicoidal flow associated with the channel 
bend. Examples of active depositional environments 
illustrate the wide variety of materials constituting 
the point bar and indicate that, contrary to the com
mon supposition, the point bar is not necessarily 
composed of material coarser than that which is found 
in the overbank deposits (Walman and Leopold, 1956).
2) Overbank deposits are deposits formed above the 
bank by overbank flow. The material in overbank 
deposits is distributed in a vertical section of a 
stream of flowing water according to size or settling 
velocity, so one would expect the deposits to be 
necessarily finer from bottom to top. Practical 
examples indicate that such a gradation in size is 
virtually impossible to find,in an individual section 
(Walman and Leopold, 1956).



2.4 Climate

The climate of the area is arid to semi-arid. 
Most of the rainfall is received in July, August, and 
September. The mean annual precipitation for the 
period 1898 through 1957 was 11 inches of rain. During 
these years the mean maximum temperatures during the 
summer months was approximately 95°F.> and the mean 
minimum temperature during the winter months was 
approximately 470F. (Arizona Climate, Benson).

2.5 Surface Water

The San Pedro Valley is drained throughout by 
the San Pedro River. This river is of an intermittent 
stream. The only long-term runoff records for the 
area are the two U. S. Geological Survey gaging sta
tions at Charleston and Redington, south and north of 
the project area.

Heindl (1952), in a water budget study over 
the area, showed that the increased runoff was essen
tially balanced by evapotranspiration, and that run
off from the lower parts of the valley made negligible 
contribution to flow in the San Pedro River.



2.6 Ground Water

Heindl (1952), In his studies of the Upper 
San Pedro Valley, that includes the area of study, 
distinguishes a water-table aquifer in the recent 
alluvium near the river and a widespread artesian 
aquifer in the "older alluvium".

Most of the ground water used for irrigation 
is pumped from the recent alluvium. Water-level 
trends for the area are presented in annual reports 
on ground-water levels in Arizona. The changes in 
ground-water levels in the period 1 950 -66 have been 
small, less than five feet of lowering for almost all 
wells.



CHAPTER III

Soil Properties

The area of study lies in what Jones (1 9 6 7) 
refers to as "pipe system B" and more specifically 
as areas "Bl", "B2", and "B3".

Piping in this area varies in size from small 
to large. The area here is suitable for collecting 
undisturbed block samples from exposures in the nume
rous pipes.

3.1 Soil Profile

Since the soils of the area correspond to a 
non-uniform type of deposit, the soil profile varies 
within the area of study. The composite generalized 
section for the area is composed of three layers.
Their engineering descriptions are as follows:

First Layer: Light-brown, silty-sand with
some gravel (two to three feet 
in thickness).

Second Layer: Green-gray, very fissured silty-
sand (six to eight feet in 
thickness).

11



Third Layer: Light-brown, silty-sand with
erratic thin layers of gravel 
(three to five feet in thick
ness).

3.2 Particle Size Analysis

Particle size analyses were made on the three 
layers of the soil profile. Typical results are given 
in Figure 2.

A combination of both sieve and hydrometer 
analyses were run on each layer. The sieve analysis 
covered the range from 10 to 200 mesh (U. S. standard 
sieve). The soils that passed the 200 mesh screen 
were leached of salts and pre-treated to remove orga
nic matter and calcium carbonate. Hydrometer analyses 
were then conducted on the washed minus 200 mesh frac
tion.

3.3 Specific Gravity Determination

The specific gravity of the solid materials 
for each of the layers in the soil profile was deter
mined by the standard pycmometer method. The tests 
were performed using a volumetric bottle having a 
capacity of 250 milliliters. The results of the
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specific gravity determinations of the soil solids 
gave:

First Layer: Sp. Gr. = 2.73
(3 samples) avge

Range 2 .6 8  to 2.75
Second Layer: Sp. Gr._„_ = 2 .6 7
(3 samples) avs*

Range 2.63 to 2.70
Third Layer: Sp. Gr. r„ = 2.71
(3 samples) avs*

Range 2 .6 6 to 2.75

3.4 Density Determination

The dry density of the soil profile was deter
mined at one foot intervals. Dry density tests were 
run in the Harvard Miniature compaction apparatus. 
Individual 200 gram samples from one foot intervals 
were mixed with calculated quantities of distilled 
water. This mixture was later compacted in the Harvard 
Miniature compaction apparatus. Each soil sample was 
compacted in five layers, by twenty-five tamps per 
layer using a forty pound spring in the special tamper. 
The results of the density determinations are shown in 
Figure 3.

Field measurements of bulk density were run, 
but the results were unsatisfactory.
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One consistent feature of these tests is the
low dry densities similar to those that have been 
described in other collapsible soil areas (Jennings 
and Knight, 1957; Knight, 1961).

3.5 Atterberg Limits

Liquid limits were run on soil samples taken 
at one foot intervals across the soil profile. The 
tests were performed according to the standard method 
ASTM (Lambe, 1 9 5 1). Results of the liquid limit tests 
show a relationship to the dry density determinations. 
The lower the dry density, the higher the liquid limit 
of the particular soil. Conversely, the higher the 
dry density, the lower the liquid limit of the soils. 
Results of the liquid limit tests are shown in Figure 
4.

3.6 Water Content Determination

Water content was determined for every two 
foot interval of the soil profile. The samples were 
weighed in the field to 0.1 gram using a triple beam 
balance, and brought to the laboratory where they 
were dried in a gravity-convection electric oven at 
a temperature of 105°C for 24 hours.



Soil water content changes rapidly with changes 
in relative humidity, so the values presented in Figure 
5 correspond only to measurements taken during the 
month of June. Natural soil water content remained 
low despite the early summer rains which occurred during 
June.

Coleman cells, in numbers of four, were used in 
the field to determine the natural water content and 
the temperature in place. The natural water content 
was too low, throughout, to be recorded by these instru
ments. The recorded temperatures, as related to resist! 
vity, during the field test period are presented in 
Figure 6.

3.7 Soil Dispersion Determination

This soil dispersion test program was suggested 
by Dr. W. C. Lacy.

The soil dispersion test consisted of dropping 
a 2 gram soil sample block, at its natural moisture 
content, in a cup containing 125 milliliters of dis
tilled water and observing the dispersion effects as 
a function of time. This test has been run for each 
layer of the soil profile.
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Ten tests were performed on samples from the 
first layer of the soil profile; 2 samples were com
pletely dispersed after 20 seconds; the other 8 samples 
were completely dispersed after 30 seconds.

Of the ten samples from the second layer, 5 
samples were completely dispersed after 15 seconds.
The other 5 samples were completely dispersed after 
20 seconds.

Of the ten samples from the third layer, 2 
samples were completely dispersed after 15 seconds.
The other 8 samples were completely dispersed after 
20 seconds.

One explanation of this phenomenon can be made 
on the basis of the Borland (1965) concept of grain 
contacts in saturated and partly saturated soils.
This explanation postulates that at every point of 
contact of a single grain a normal force, n, and a 
shear force, s, can be transmitted to the soil grain 
(Figure 7 )• For the grain to be in equilibrium it must 
satisfy the relationship ^  #  at every contact point,
and where A  is the coefficient of friction. In a 
partly saturated soil high curvature menisci develop 
interparticle contact forces. These forces have the 
characteristic that their line of actions is essentially



Fig. 7. Grain contact forces.



normal to the plane of contact so that the shear com
ponent is very small, and as a result the soil struc
ture of a partly saturated soil inhibits intergranular 
slippage, because the relationship ^ is very low. When 
the sample is wetted the negative pore pressure is 
reduced, and therefore, so is the interparticle contact 
forces and the relationship ~  increases at a point 
where the shear forces become much larger than the 
normal forces in the plane of contact. This causes 
the instability of the soil structure and the grain 
slippage is a result.



CHAPTER IV

Experimental Work

The prediction of the behaviour of saturated 
soils was established by Terzaghi in 1936 and is gene
rally referred to as the principle of effective stress. 
This principle is believed to control all measurable 
effects resulting from a change of stress, effects 
such as compression and shearing resistance. This 
principle is based on the assumption that the total 
pressure in a soil is a function of the pore pressure, 
and mathematically is written as

(T ' =  (T  - (L

where (f' = Effective stress
(T = Total stress 
ft = Pore pressure.

An extension of the principle of effective stress to 
the partly saturated soils has been attempted by 
various investigators; the equation proposed by Bishop 
(1959) has been generally accepted and can be written 
as

23



where Effective stress
= Total stress

X = a coefficient whose value is between 
0 and 1

U = Pressure in the pore air 
Uw /= Pressure in the pore water.

Jennings and Burland (1 9 6 2) indicated that 
there are some limitations in the use of the effective 
stress for volume change predictions, such as collapse 
volume change on inundation. They explained this 
effect as being related to the soil structure, where 
the changes in the water phase of a partly saturated 
soil can cause changes in the soil behaviour which 
are not accounted for by the application of the prin
ciple of effective stress. Their hypothesis was ex
panded by Burland (1 9 6 5)> making use of the concept 
of grain contacts in saturated and partly saturated 
soils.

Bishop and Blight (1963) showed that though 
there are some limitations for the use of the principle 
of effective stress for volume change, it can be better 
applied if use is made of the effective stress path 
concept.



25
The actual state of predicting the behaviour 

of partly saturated soils cannot be predicted or ex
plained solely by the principle of the effective 
stress.

The experimental work done in this paper was 
not intended to prove or disprove the principle of 
effective stress for partly saturated soils, but was 
performed to develop some rational basis to explain 
the unusual characteristics of the soils of this area 
of collapsing soils.

The experimental work is presented in the 
following sections.

4.1 Consolidation

The experimental consolidation analysis per
formed on the soils of the area of study has consisted 
of two kinds of tests:

1) Wetting at constant pressure;
2) Double consolidometer tests.

For both kinds of tests block samples were obtained 
in the field, and, during the first stages of the work, 
those samples were covered in the field with a protective 
wax coating. The wax coating was employed to preserve 
the natural water content of the sample. The samples



were brought to the soils laboratory where they were 
cut and trimmed in order to fit the consolidation 
ring. However, considering that the elapsed time in 
this operation was long and in view of the low natural 
water content, it was decided during the course of 
the investigation, not to continue covering the samples 
with protecting wax coating, and to run the tests on 
samples as received. This procedure was shown to 
result in a change of < one percent in the natural 
water content.

4.1.1 Wetting at constant pressure. For 
this kind of test, the soil at its "natural water con
tent" was first loaded up to a point where there was 
no compression change (see Figures 8, 9 , and 10). At 
this point the sample was inundated with distilled 
water and the specimen consolidation-time relationship 
recorded.

These tests were made on samples from the 
three layers of the soil profile. A fixed ring conso- 
lidometer (Soil Test Model 0-252) was used in this 
experiment.

Four tests were run in each layer of the soil 
profile with loading pressures of 1/8 , 1/4, 1/2 , and 1 

tons per square foot.
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The results of these constant pressure conso
lidation tests were plotted as the void ratio versus 
the time in minutes. Results of the tests for the 
first layer are shown in Figure 8 . As can be seen in 
this figure, the soil sample increased in volume 
(swelled) under the smallest applied load, (l/ 8  T/ft2). 
At all the other applied loading levels, the sample 
underwent consolidation. At the largest value of the 
applied load, (l T/ft2), the sample underwent a very 
large settlement, when inundated with distilled water, 
which was nearly complete during the first 25 minutes. 
This phenomenon is referred to in the literature as 
collapse.

Samples from the second layer underwent ini
tial consolidation or collapse at all values of the 
applied load. For loads of 1 /8  and 1/4 T/ft2, the 
samples underwent a reversal from compression to swell 
after a few minutes of inundation. At the largest 
value of the applied load the sample did not develop 
all its potential collapse within the first 25 minutes, 
as had been the case in the first layer; instead, the 
collapse was not completed until approximately 160 

minutes. This effect was apparently due to the larger 
content of clay in the second layer and its lower
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permeability as a consequence. The water took longer 
to thoroughly wet the sample. The experimental results 
for this layer are shown in Figure 9 .

The third layer of the soil profile demonstrated 
an initial collapse for all values of the applied load. 
Similar to the second layer for applied load values of 
1 /8  and 1/4 T/ft2, the samples underwent increase in 
volume (swelling) after the first 2 minutes of inunda
tion. This can be seen in Figure 10. At the larger 
value of applied load the sample underwent a large con
solidation or collapse after inundation. The collapse 
was effectively completed during the first 25 minutes 
of the test.

4.1.2 The double consolldometer tests. Those 
tests have consisted in running parallel tests on two 
consolidometers of samples of the three layers of the 
soil profile. In one of the consolidometers the sample 
was run at the "natural water content" and was not pro
tected against changes in water content because design 
limitations of the consolldometer did not permit moisture 
control. The other samples were run with the soil in a 
saturated state.

Fixed ring consolidometers (Soil Test Model 
C-2 52) were again used. The type of loading was the



normal geometric progression 1/8, 1/4, 1/4, 1, 2, 4,
8, and 16 tons per square foot, and the load was in
cremented every 24 hours.

Results are presented ad the void ratio changes 
versus the log-time curves, better known as the e-log p 
curves. The results of the individual tests were 
equated at the pass pressure.

Results for the first layer are shown in Figure 
11. The pass pressure calculated by the Casagrande 
method gave a larger value than the actual overburden 
pressure. This result was actually expected because 
the soils of the area have been overconsolidated by 
lowering of the water table. It can be seen by 
examining the results of Figure 11 that for small 
values of applied load the sample experienced swell
ing, while at larger values of applied load the sample 
experienced large settlements upon inundation, or what 
is referred to as collapse.

The pass pressure for the second layer cal
culated by the Casagrande method gave a lower value 
than the actual overburden pressure. This was contrary 
to what was expected since these soils have also been 
overconsolidated with the lowering of the water table. 
This result is probably due to interferences by
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Pig. 1 1. Double consolidometer test on samples
of the first layer of the soil profile.



external vibrations during this particular period of 
testing. The plot of this test can be seen in Figure 
12. Again, in this core, the sample experienced 
swelling at low pressures while it collapsed at larger 
pressures.

For the third layer the pass pressure cal
culated by the Casagrande method gave the larger value 
as was expected due to overconsolidation of the soils 
by lowering of the water table. Results are shown in 
Figure 13, and as in the other two cases, at small 
values of the applied load the soil underwent swell 
while at larger values of the applied load the soil 
experienced large settlements or what is known as 
collapse.

4.2 Discussion of the Results

Results of all tests show that at small values 
of applied load the samples swelled, while at larger 
values they underwent an additional settlement or col
lapse.

According to the principle of effective stress 
the samples should swell on inundation instead of 
collapsing, because the volumetric strain is a func
tion of the effective stress and for partly saturated
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Fig. 12. Double consolidometer test on samples
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Fig. 13. Double consolidometer tcsb on samples
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soils can be written as

-A (^) = C A £ ( <T - Ua) + X (Ua - Uw)

where A (^-) = change in volumetric strain
C = volume compressibility.

Under the principle of effective stress when the 
samples were inundated the effective stress should 
be reduced for all cases and the compression too, 
according to the volumetric strain relationship; but 
most of the results obtained were contrary to this rea
soning.

As a final comment it can be said, based on 
the experimental results, that at small values of the 
applied load the behaviour of these soils was normal 
and the applicability of the principle of effective 
stress appears valid. As soon as the load was increased, 
above some critical value for each soil tested, the 
soil structure broke down by slippage between soil grains. 
This breakdown of the soil structure can be explained on 
the basis of Burland1s (1965) concept of the stability 
of soil grain contacts.

According to Burland1s concept, the equilibrium 
conditions at every contact point must satisfy the



relationship ^  <. A  where s is the shear force, n the 
normal forces and A  is the coefficient of friction.
The normal force, n, is made up of two components; one 
is the external applied stress and the other one is 
due to the negative pore pressure. The shear force, 
s, is made up mainly from the external applied stress. - 
When the moisture content of the soils exceeds a cri
tical value the normal forces, n, are reduced consi
derably due to the reduction of the negative pore 
pressure. At this critical value the pores become 
nearly filled with water. Inversely, the shear forces, 
s, are increased as the moisture content increases, so 
that the relationship ^ becomes larger than >C , there
by inducing the slippage and resulting in the reduction 
in soil sample volume measured.

4.3 Shear Strength

This portion of the experimental work was done 
to demonstrate by another type of test the loss of 
strength in these soils when their moisture content 
increases.

The soils in the field area evidence a high 
strength at their low natural moisture content. Verti
cal cliffs and natural bridges can be observed in the



field. Those characteristics which are most common 
during the dry season may even be observed during the 
rainy season. However, it is in the rainy season 
when the moisture content of these soils increases 
that these features of high strength soil fail. This 
apparently results from the moisture content exceed
ing some critical value which causes a sizeable loss 
of strength, and as a consequence, these soils fail 
easily and suddenly in shear.

The experimental shear strength testing was 
done on samples from the three layers of the soil pro
file. It consisted in running two types of tests:

1) Unconsolidated - undrained test;
2) Consolidated - undrained test.
For both types of tests, undistributed block 

samples were obtained in the field, and, as in the 
case of consolidation tests, the samples were first 
covered with a protective wax coating. The wax coat
ing was employed to preserve the natural moisture con
tent. As in the previous consolidometer tests it was 
decided in the course of the testing that the wax 
coating was unnecessary. The wax coating was dispensed 
with because the elapsed time between sampling and 
fitting the sample into the circular shear box was
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long and also the low natural water content of these 
soils resulted in insignificant proportional water 
loss.

The majority of the shear tests were run on 
samples as received. This procedure was shown to re
sult in a change of not more than one percent in the 
natural moisture content at the time of the test.

4.3.1 Unconsolidated - undrained test. These 
tests were run on samples at their "natural moisture 
content". A circular shear box (Soil Test Model D-114 B) 
of 2.5 inches in diameter by 1 inch in height was used. 
Three tests were run for each layer of the soil profile 
with normal loads of 1.64, 2 .1 9, and 2.73 tons per 
square foot, and a relatively constant strain rate of 
0.05 inches per minute.

The results of these tests were plotted as 
shear stress in T/ft2 versus shear displacement in 
inches. From these curves the values for the various 
peak points were obtained. Another set of curves were 
plotted using these peak values as the shear stress 
in T/ft versus the normal stress in T/ft . Another 
set of curves that were plotted were the values of the 
water content at the end of the tests versus the nor
mal stress in T/ft2.



Results of the test for the first layer can 
be seen in Figure 14. A cohesion of 1.12 T/ft2 and 
an angle of friction of 25 degrees. Although the 
sample was initially consolidated the rate of shear 
displacement was too rapid to allow pore air or pore 
water to escape. The values of cohesion and angle of 
internal friction are affected by the build up of 
pore air-water pressure within the pores. The curve 
for the water content versus the normal stress shows 
the normal relationship that has been reported by 
other investigators. The lower the normal stress the 
higher the water content.

Results of the second layer show a high cohe
sion of 2 .6 6 T/ft2 and an angle of internal friction 
of 17°151 degrees. The peak point value, obtained 
from the application of the normal load of 2.19 T/ft2, 
gave a higher value than for the application of the 
largest normal load of 2.73 T/ft2. This anomalously 
high value was probably due to soil grains that were 
held between the brass rings, which consequently in
creased the shear strength. One more test was run at 
the normal load of 2.19 T/ft2. This additional test 
gave a result that fits the straight line produced by 
the other tests run. Results of these tests can be
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NORMAL STRESS in t s f

Fig... 14.:■ -Shear strength characteristics of the 
first layer of the soil profile at its. 
."natural water content".



seen in Figure 15. The curve for the water content 
versus the normal loads for the second layer did not 
show the characteristic shape or correlation.

The results for the third layer did not produce 
as good a correlation as was obtained from the other 
two soil layers. The value of the cohesion obtained 
is equal to 0.9 T/ft2 with a maximum value of 1.00 T/ft2 

in case of fitting the line through the extreme values 
of the applied loads. These results obtained are not 
consistent but are irregular. Because lateral and 
vertical variations of the soils are common in this 
type of deposits, this was not completely unexpected.
The results of these tests are shown in Figure 16.
The curve for the water content versus the normal loads 
did not show the characteristic correlation.

4.3.2 Consolidated - undrained test. These 
tests were run on samples at a saturated state. The 
same circular shear box (Soil Test Model D-114 B) used 
in the previous tests was used.

Three tests were run in each layer of the soil 
profile with normal loads of 1.64, 2 .1 9, and 2.73 tons 
per square foot. The tests were run using successive 
increments and with a displacement rate of 0 .0 0 6 inches 
every 15 minutes. The results were again plotted as
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NORMAL STRESS in t s f

Fig. 15. Shear strength characteristics of the
second layer of the soil profile at its
"natural water content".
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NORMAL STRESS in t s f

Fig. 16. Shear strength characteristics of the
third layer of the soil profile at its
"natural.water content”.



the shear stress in T/ft2 versus the shear displace
ment in inches, and from this the values of the peak 
points were obtained and plotted in another set of

pcurves as the shear stress in T/ft versus the normal 
stress in T/ft2. The moisture content at the end of 
the tests was also determined and plotted in relation 
to the normal stress.

The results of the tests for the first layer 
of the soil profile show a low cohesion of 0.25 T/ft2 

and an angle of friction of 27° degrees. The curve 
for the water content versus the applied normal loads 
shows the characteristic correlation of lower normal 
stress with higher water content. Results for these 
tests are shown in Figure 17.

Results for the second layer of the soil pro
file show a zero value of cohesion and an angle of 
internal friction of 30° degrees. The curve of the 
water content versus the normal loads did not show 
the correlation normally anticipated. The results of 
these tests are shown in Figure 18.

The results of the tests for the third layer 
of the soil profile are shown in Figure 19. From these

phas been obtained the value of cohesion of 0 .2 0  T/ft 
and an angle of friction of 24°151 degrees. The curve
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Fig. 17. Shear strength characteristics of the
first layer of the. soil profile at its

/ saturated state.
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NORMAL STRESS in t s f

Pig. 18. Shear strength characteristics of the
second layer of the soil profile at its
saturated state.
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NORMAL ST R E SS in t s f

Pig. 19. Shear strength characteristics of the
third- layer of the soil profile at its
saturated state.



of water content versus normal loads again did not show 
the characteristic correlation.

The results obtained from the tests run on the 
layers of the soil profile demonstrate the anticipated 
loss of cohesion with increasing moisture content for 
these soils. The first layer had a cohesion of 1.12 
T/ft2 at its "natural water content" and a low value 
of cohesion of 0.25 T/ft2 when the moisture content 
was increased. The second layer, that showed the 
highest value of cohesion among the layers of the soil 
profile equal to 2 .6 6 T/ft2 at the "natural moisture 
content". When the moisture content was increased, 
the soil showed a complete loss of cohesion. The third 
layer, which at "natural water content" had a cohesion 
of 0 .9  T/ft2, underwent a loss of cohesion to a value 
of 0.20 T/ft2 when the water content was increased.



CHAPTER V

Conclusions

The results obtained from consolidation tests 
run on soils from the area of study have shown that 
for application of small loads and increase in moisture 
content these soils undergo an increase in volume, or 
swell. For large loads and increasing moisture con
tent these soils undergo an excessive consolidation or 
collapse.

The results obtained from shear tests run on 
the soil samples indicate a loss in shear strength 
when the moisture content was increased in the soil 
samples. This decrease of the soil strength can be 
correlated with a breakdown of the soil structure and 
subsequently collapse. Therefore, the applicability 
of the principle of effective stress is violated when 
this type of phenomena occurs.

Hence, the prediction of the engineering beha
viour of any structure founded in this type of soil 
can only be made after a study of the moisture content 
of the soil. This is imperative because placement of 
the structure and subsequent changes in moisture content

51



can seriously affect the structure. The prediction of 
these effects can be made by means of the tests employed 
in this study.

Other specific conclusions reached in the 
course of this study are as follows:

The results obtained from the laboratory dry 
density determinations made on these soils 
have shown a characteristic feature of low 
dry density, with a range of 80 to 100 pounds 
per cubic foot.

The soils have been shown to be dispersive 
when submerged in distilled water. The dis
persion of the soils was completed within 15 

to 30 seconds after submergence. This char
acteristic can be associated mainly with the 
phenomena of piping that have affected the 
soils in the area of study.

5.1 Areas of Further Study

It has become apparent to the course of this 
investigation that additional study is necessary on 
the aspects of the behaviour of these soils.



The effect of compaction on consolidation 
and shear strength of the soil should be 
investigated.
In view of the fact that the structure of 
this soil has been shown to play an im
portant role in the collapse phenomena, 
a study of the micro-structure will help 
in the understanding of this type of 
phenomena.
A long term period of study of change in 
moisture content and moisture tension in 
these partly saturated soils of semi-arid 
and arid regions is needed.
A quantitative and comparative study of 
dispersion in soils affected by this type 
of phenomena, and in soils that do not 
have these problems, may develop an easy 
and inexpensive technique of testing.



APPENDIX
SUPPLEMENTARY FIGURES
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0 1.64 t s f

SHEAR DISPLACEMENT in inches x 10

Fig. 20. Direct shear test on samples of the first
layer of the soil profile at their
"natural water content".
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2.19 t s f

SHEAR DISPLACEMENT in inches x 10

Fig. 21. Direct shear test on samples of the 
second layer of the soil profile at 
their ,lnatural water content”.
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1.73 tgf

1 6 4 t s f

SHEAR DISPLACEMENT in inches x 10

Pig. 22. Direct shear test on samples of the
third layer of the soil profile at their
"natural water content".



58

1*4 t S

SHEAR DISPLACEMENT in inches x 10

Fig. 23. Direct shear test on samples of the " 
first layer of the soil profile at 
their saturated state.
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SHEAR DISPLACEMENT in in ch es x 10

Fig. 24. .Direct shear test on samples of the
second layer of the soil profile at
their saturated state.
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SHEAR DISPLACEMENT in in ch es x 10

Pig. 25. Direct shear test on samples of the
.third layer of the soil profile at
their saturated state.
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