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SUMMARY

™

This thesis is concerned with various aspects of the shear

strength of unsaturated soils. Early attempts by previous
investigators to describe the behaviour of unsaturated soils
used the principle of effective stress, modified to suit
unsaturated soils. This line of reasoning has been superseded by
an approach, developed from the principle of continuum
mechanics, which describes the shear strength of unsaturated
soils 1n terms  of two independent stress state
variables(Fredlund,1973). The author has based his work on this

approach, and 1in particular i1nvestigated unverified assumption

made by Fredlund regarding a planar form of failure surface.

The influence of soil suction, which i1s a stress state
variable of unsaturated soils, 1s discussed with aespect to
effective stress and shear strength. Detailed reviews of both
these aspects of unsaturated soil are presented in Chapters 4
and 3.

Apparatus was constructed to carry out triaxial tests on
unsaturated samples of Grangemouth clay. The unsaturated samples
were obtained from saturated samples by applying a desaturation
and consolidation process. The standard triaxial set-up was
modified to allow for the measurement and control of the pore
air and pore water pressures during testing. Other modifications

included the use of a double-walled cell, a diffused air volume

indicator and an automatic volume change logging system. A

series of tests was carried out specifically to establish’

suitable strain rates which would allow the proper dissipation

viii




and equalization of pore pressures during testing. This resulted

in a strain rate of 0.003 mm/min. being adopted for drained

tests and 0.0041 mm/min. for all other test types used.

The main test programme consisted of two series, which were
distinguished by the initial stress state applied to the sample.

In series 1, drained, constant water—-content and unconfined

tests were carried out. Series Il consisted of drained tests

only. Four truly undrained tests were also carried out.

The results of these tests and those of nine previous

investigations were analysed using three methods. The first two
of these, thernumerical method and the 2-dimensional graphical
method, are based on the theory of Fredlund et al(1978). This
theory assumes that, when triaxial test results are recorded in

terms of stress state variables and plotted iq termg of three
orthogonal axes, the resulting failure surface will be a plane.
For the angle ﬂb used in the shear strength equation, the
numerical and 2-dimensional ag-aphical methods gave very similar
results. Houever, due to the nature of the methods, the value of
cohesion C°, that they produced varied considerably. In general,

the numerical method produced a more conservative(i.e. lower)

value for C’.

The wvalue of the correlation coefficient obtained from the

numerical or 2-dimensional graphical method was an indication of

how well the results compared to a straight line sloping at an

b
angle g to the matrix suction axis. A high correlation

b
coefficient for angle § does not necessarily imply that the
failure surface 1is planar. Similarly, a low correlation

coefficient does not necessarily imply that the failure surface



i1s not planar. Therefore, neither method could be used to

confirm that the failure surface was planar.,
The author used a third method whereby the form of the

failure surface was obtained by using a 3-dimensional graphical

program called GINOPLOT. In all but a few cases, the 3-

dimensional plot 1in wverification of Fredlund assumption was

essentially planar, 1irrespective of the combination of stress

state variables used to describe it. Therefore, to verify that
the shear strength equation for unsaturated soils proposed by
Fredlund et al represents a planar failure surface, and to
obtain the shear strength parameters for use in the equation,

the numerical method and the 3-dimensional graphical method must

be used together. .

The effect of test type on C” and # is clearly demonstrated
and so, 1in practical terms, the choice of parameters for use in
the shear strength equation remains difficult. WUhen dealing with
unsaturated soils 1t 1s extremely 1mportant to assess how the

degree of saturation will vary in the field and reproduce, as
far as possible, the same cqnditions in the test set-up. For s
soil in which the degree of saturation decreases after loading,
a drained test should be used, whereas 1if the degree of

saturation’ i1increases, a constant water—-content test should be

used.



CHAPTER 1: INTRODUCTION



Cbapter 1 INIBODUCIION

The last three or four decades have witnessed a
considerable increase in our knouledge of the behaviour of
saturated soils. Problems encountered by practicjng engineers
however, are not always in soils which are fully saturated.
The construction of earthfill dams, highways and airport runways
all use compacted soils which are unsaturated. Also, large

portions of the earth’s land surface are subjected to
desiccating i1nfluences that leave the upper portion of the

profile cracked and unsaturated.

)

The concentration on fully saturated soil 1s not

difficult to understand: the theoregtical formulations are

straightforward and the shear strength parameters can be
obtained from triaxial tests with comparstive ease. In many
cases the initially unsaturated soil may be expected to become
fui:ly saturated during the lifetime of the 01l structure and, a
sbrengh
design involuving unsaturated soils based on so1l, parameters
obtained under fully saturated conditions 1s likely to be
conservative. The strength of a partially saturated specimen
usually lies someuhere between the drained and the undrained
strength of the same specimen when fully saturated, and
therefore the drained and undrained strengths of fully saturated
specimens represent extr?mes (Poﬁlos. 1981). If the partially
saturated undrained strength is higher than the fully saturated

undrained strength, then the specimen i1s contractive. In that

case the fully saturated undrained strength should be used,




unless 1t can be shown with certainty that the so0il will never
become fully saturated in-situ. If the partially saturated
undrained strength is lower than the fully saturated undrained
strength then the specimen is dilative, and in this case the
partially saturated condition should be used becsasuse it yields a
lower strength. ! 3 However, the drained strength may be more

» & ¥ » ‘ ¥ ¥ ]
critical, 1in which case the partially saturated condition need

not be considered.

The transition from testing dry soils to testing fully
saturated soils involues a number of problems in the design of
the apparatus and the interpretation of the results. The
problems involved in coping with two separate pore fluids (air
and water) are considerable and there has been an uanrstandable

reluctance on the part of research workers to enter this tricky

field.

Numerical modelling of the behaviour of fully
saturated soils has not yet reached a stage where, even for one
soil, the behaviour of that soil can be accurately predicted
over the\ complete range of possible stress and strain paths.

For partially saturated soils, the problems i1nvolved are ewven

more complex and 1t 1s not surprising that numerical analysts

have tackled first the simpler case of fully saturated soils.

When the mechanical aspects of any multi-phase system
are being investigated, one of three basic approaches can be
made 1.e. the continuum mechanics approach, the particulate

’mechanics approach or the empirical approach (D.Y.F. Ho, 1981).




Based on continuum mechanics, any representative

element of a system can be considered as a2 free body and 1its

stress state can be analysed by the concept of force
equilibrium. Once the stress state variables are identified,
the mechanical behaviour of the system can be related to the
material properf&gs in the form of constitutive equations.
Assuming that the‘behauiour of a saturated soil is dependent on
a number of factors such as applied stress (6), pore pressure
(u), wvoid ratio (e), particle orientation, stress or strain
history, etc. (not all of which are necessarily independent) and
using the fact that experimentally equal changes in applied
stress (6) and pore pressure (u) produce no effect on the
response of the soil, we can conclude that only the applied
stress and pore pressure enter into the description of the soil
response as their difference, uwhich can be defined as the
effective stress (6" = 6 - u). It then becomes i1nstructive to
attempt to study anc model the behaviour of saturated soil in
terms of wvariations of effective stress. To some, this

approach has been regarded as the philosophical approach (D.M.

Wood, 1979).

The particulate mechanics approach is basically a
mechanics approach at a microscopic level. The stress state of
the constituent particles in a system is examined. Forces and
stresses acting at particle contacts and adjacent phases are
considered and the mechanical behaviour of the system 1is then
evaluated through constitutive equations of the particulate

stress variables and material properties. In the past, this



method has been called the mechanistic approach. It was
typi1fied by Bishop (1959) who strived to show, from
considerations of the forces and pressures acting at particle
contacts and 1n the pore fluid, that the stress controlling

volume change due to deformation of the soil structure was (6 -

' 3
u), whatever the area of contact between soil particles.

Theoretical mechanics or fundamental physics 1S
ignored, in general, in the empirical approach. The mechanical

behaviour of a system 1i1s simply related to 1its material

properties through empirical or observed evidence. This
approach has also been favoured by some researchers 1N
describing the shear behaviour of unsaturated soils. Yong

(1979) proposed an empirical three-dimensional relationship
between water potential (i.e. soil suction), dry density and
shear strength for unsaturated soils. The empirical nature of

this approach severely limits 1ts general applicability.

The difference between the first two approaches
becomes more important for unsaturated soils than for saturated
soils. Although substitute effective stress equations have
been produced for unsaturated soils using the particulate
mechanics sapproach ,the nature of the interparticle forces
considered is more complex than for saturated soils, and the
description of the response indicates a8 much more elaborate
dependence on the extra variables that have to be 1i1ntroduced.
For this reason, the particulate mechanics approach to partly

saturated =soils has met with only limited success(Lambe,1960).
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v Past research workers have directed their attention to
the behaviour of partially saturated socils, and the initial
attempts to describe their behaviour used the principle of
effective stress, modified to suit partially saturated soils.
This 1line of reasoning has been largely superseded by an

approach, developed from the principle of continuum mechanics,

t 3 . . : .
which describes ?he behaviour of partially saturated soils 1in

terms of two independent stress state variables and the author

has based his own theoretical work on this approach
(Fredlund,1973). Stress state variables are described in
Chapter 4.

An unsaturated soi1l may be considered as a four phase

system: solid, air, water and air-water i1nterface (contractile

It was considered however that, before describing the

present investigation into the behaviour of unsaturated soils, a

skin).

brief exposition of some of the more fundamental physical

properties of the air and water phases and the combined air-

water system was necessary and this 1s presented in Chapter 2.



CHAPTER 2
THE NATURE OF UNSATURATED SOIL



AIR

soL. soLiDs - 1

Figure 2.1: Element of an unssturated soil
(after Fredlund,D.G.,1973)




with two phases that come to equilibrium under applied stress
gradients (i.e so1l particles and contractile skin) and two
phases that flow under applied stress gradient (i.e. air and

water). From the standpoint of the volume-weight conditions of
an unsaturated soil, 1t i1s possible to consider the soil as a

three-phase system, since the volume of the contractile skin 1s

small and i1ts weight can be considered as part of the weight of

water.

When air i1s mixed with water 1t i1s immiscible, except
tfor approximately 2% (by volume) that dissolves in the water.
Since there is no chemical reaction, the resulting solution 1s a
simple mixture. In the presence of a foreign solid, such as

so1l particles, the air and water pressures can differ and

change at different rates during consolidation and shear

pProcesses.,

2.2 Ibgl state of air 2nd water pbases in partially saturated
soils

If a so0i1l 1s completely dry then only ailr pressures
will occur within 1ts pores. If the soil 1s completely
saturated only  water pressures can occur. Obviously the
effects of the water and air phases in a soil depend upon the
degree of saturation.

AitcHison (1956) attempted to classify various
categories of unsaturation in soils, and contributed some rather
interesting definitions in terms of what he considered to be the
"parameters of unsaturation'.

These parameters were:®

P = pressure deficiency in the pore water.



Pg = pressure in adsorbed gas or occluded air bubbles.
Sr = degree of pore space water saturation.

Aw = so0il moisture deficit.

n.F = relative compressibility of the pore fluid;

n.F = Cf/Cuw where Cf = the coefficient of
compressibility of the pore fluid : Cw = the

compressibility of air free water.

Aitchison outlined four categories of unsaturation:

(1) Saturated

(2) Quasi—-saturated.
(3) Partially saturated.
(4) Unsaturated.

The definitions were as follows:

(1) Saturated soil
Sr = 100% s aw =0 :n =133 p" <O
.F

Pg does not exist
(2) Quasi-saturated soil

A quasi-saturated soil was one in which all pores were
filled with water and in which a pressure deficiency existed in

the pore water. A Ffinite value of soil moisture deficit

occurred i1n the quasi—-saturated state.

Thus Sr = 100% 3 aw =0 ¢ 0 ¢ p° < p°
d

1 and Pg does not exist

n
f

p° is the critical pressure deficiency in the soil

d
water at which the largest pore will drain.

(3) Partially saturated soil

Sr < 100% 3 aw =0 3 p <0 3 n >1 ; Pg >
f ,

i~
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A partially saturated soi1l has some adsorbed or

occluded air but will not absorb any water.

(4) Unsaturated soil

Sr € 100% 3 p" >0 3 Aaw >0 ; n > 1

These definitions covered all possibilities but they
did not gain international acceptance.
Sparks (1963) followed the same line of reasoning as

Air1tchison (1956) and classified the categories of the

unsaturated state as follows:

(1) quasi—-unsaturated
(11) critically unsaturated

(111) unsaturated

(1v) partially undersaturated

He introduced another ‘parameter of unsaturation’' the
soll moisture deficit, AQ2y » which was the amount of water added

to the existing natural value of N , where 2 was defined as the

volume of pure water divided by the volume of soil grains (both

at atmospheric pressure). The complexity of these categories

discouraged their usage and they received little attention from

research workers.

In 1965, Barden discussed how moisture affects clays

and how the two phases of air and water existed 1in wvarious

states. As a guide for comparison, Barden used Bishop’s
effective stress equation for unsaturated soil (i1.e.6° =(6 -Ua)+

X(Ua = Uw) and assumed that optimum moisture content gave a



degree of saturation(Sr) of 90%, but pointed out that, in

reality, the wvalue of Sr optimum varied with the type of soil.

Five states of partial saturation were given. These are listed

below:

(i) Extremely dry. Sr £ 2%

The air phase is continuous throughout the soi1il mass

and the water is in the form of highly viscous adsorbed water

firmly attached to the skeleton by capillary forces. As Sr 1is

so small, the parameter X in Bishop s effective stress equation
is also small, and the equation becomes 6= 6 - Ua, where § =
total applied stress and Ua = pore—air pressure. Water
pressures cannot be measured and the suction term (Ua - Uw) 1is
very high. (Us = pore-water pressure). Bishop's effective
stress equation for unsaturated soils is discussed in Chapter 4,
(ii) Dey of optimums 2% £ Sc € 202

As more water is added to a soi!. there 1s a gredual

transition from adsorbed to free water. The water tends to

redistribute itself until the curvature of the air-water menisci
are equal throughout the soil. At this stage both air and
water pressures can be measured. The suction term (Ua - "Uw)

can still be large and Uw will rarely exceed zero.

(111) At optimums. Sr = 204

This seems to be a changeover point from a continuous

air system to a discontinuous ailr system.

(iv) Wet of optimum, 20% £ Sr £ 224

Air no longer exists in a free state and is said to be

occ luded. There 1is no way of measuring Ua and the air exists

11




in the 'form of bubbles which can cause the pore fluid to be
highly compressible but has little or no effect on the pressure
of the pore fluid, which is now equal to Uw so that the

effective stress equation is now 6° = 6 - Uu.

(v) Very wetr Sr 2 22%

It can ?e.assumed that the small amount of air still

present 1in the soil is trapped by the skeleton. Al though the
pore fluid will still tend to be highly compressible, any fluid

that flows from the soil will be fairly i1ncompressible.

Gulhati (1978) tried to narrow the ranges of saturation
such that in each range partially saturated soil behaved 1in =a
similar fashion, differing only in degree of saturation. Table

2o 1dentifies these narrower ranges as five states of

partial saturation. .




' Table 2.1
States of pactial saturation (aftec Gulbati., 1978)

Degree Description Anticipated
of of behaviour
Saturation State
Very high air i1in the form of similar to
' e occluded bubbles 1in saturated soil
the pore water. No with a more
] continuity 1in air compressible
phase fluid than
water
High Transition-H Complex
Medium Water exists in A function of
inter-connected two stress
lenses around state variable
particle contacts. (1.e.(6 - Ua)
Air exists i1n inter- and (Ua - Uw).

connected channels.
Both air and liquid
phase continuous

e . S S S SE WS W W S D e G e e s sl GED D S S ST G Wiy R Gl SN D W A e S P EED Gl L SIS T eSS S e G i e S G L SR A S S S S S G

L ow Transition-L Complex

Very low No continuity 1n Si@ilar to dry
liquid phace so1 |

The second and fourth states of Table 2.1 are

transition states from the first to the third state and from the

third to the fifth state respectively. These <transition

states, are highly complex and much beyond the realm of current

understanding.

I+ is the third state of partial saturation that 1is

often implied when engineers talk of partially saturated soil.

In this state continuity exists both in the wvater and in the air

phase. Research 1in recent years has been focussed on this

state.

13



"The research d?scribed in this thesis is concerned with
the third state of partial saturation and the terms partly
saturated, partially and unsaturated are considered as
interchangeable, applying to a]l so1ls 1n which the degree of

saturation i1s less than 100% and greater than 0%.

2.3 Ibe dimepsiont and pbysicel condition of the air pbase in
an wnsaturated soil

Air can exist in two distinct conditions within the
voilds of an unsaturated soil.

(1) as occluded air bubbles

and (ii1) as a continuous air phase open to the atmosphere.

Air filled voids can arise in 8 number of ways. For
convenience, in this instance, 1t is useful to think of the
water as saturated with air in solution and under s ;airly hiéh
pressure. The first way considered is by the reduction of the
pore water pressure (1f back pressure is used to 1ncrease the
degree of saturation of a specimen to 100% and then the back
pressure is released, air will come out of solution). This air
may appear 1in the form of many bubbles of wvarying size,

depending on the locsl concentration of air in the pore water

(Figure 2.2(b)). Equilibrium will be established between pore-
water pressure, surface tension, bubble radii, and air pressure
inside the bubble. These occluded bubbles will be attracted
differently by different soil particles, possibly resulting in
shapes other than spherical. It 1s assumed that they will also
be separated from the =o0il particles by films of water,

(Jennings, 1960). If the pressure in the water in Fig.2.2(b) is
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Figure 2.2: States of water-air in a soil (after Jennings,J.E. 1960)

(a) Pore fluid is water only; pore-water pressure positive
(b) Pore fluid is water with occluded air bubbles; .pore-water

pressure 1s positive
(c) Pore fluid is water with occluded air bubbles; pore-water

pressure 1s negative
(d) Pore fluid 1s water with some occluded air bubbles and some

air-voids connected directly to the atmosphere; pore-water
pressure 1S negative
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now further reduced, perhaps even to a negative value, the air
bubbles will grow until a stage 1is reached as shown 1iIn

Fig.2.2(c) where some of the voids are almost fully occupied

with air. The bubbles may still b§ viewed as occluded and

separated by films of water from the grains. If the pore water
pressure 1s now still further reduced, some of the-air bubbles
will become cont;n;ous voids, some of which will contact with
the atmosphere as shown in Fig. 2.2(d). The pressure in the
water of the water films will now almost always be negative and
the gas pressures in the continuous voids will be atmospheric.
The second way considered 1's by the entrapment of air during
compaction. Lastly, occluded air bubbles can form as a result

of wetting up of the soil either due to an external supply of

water or due to reduction in the wvolume of wvoids during

compression (Burland, 1961).

There 1is no doubt that air can exist 1n the above two
conditions, ‘The question is whether air can evist i1n occluded
form for an indefinite period or whether such a condition is
unstable. Hilf (1956) deduced that bubbles are 1inherently
unstable in water from his consideration of the stability of a
single bubble in relation to the physics of solution of air in

water. Blight (1961) observed under a microscope the stability
of a single bubble in air-saturated water. He found in every
case that the bubble radius decreased with time until the bubble
finally wvanished. Poulos (1964) concluded that the pressure
difference between all bubbles of different size caused

diffusion of air through the water from the smaller bubbles to

the larger bubbles, Diffusion would continue until either (i)



all bubbles resched the same size, or (ii), until the large

bubbles expanded and formed air spaces. At equilibrium, the
pressure 1n all such air spaces must be equal, so that the
radius of curvature of all menisci also must be equal, The
possibility that _the air would achieve state ({) above 1s
extremely un]ike;y;since such a condition could only develop 1f
all b;bbles achieve the same diameter simultaneously. Thus, 1t

appears likely that the air in a partially saturated soil exists

in the form of many connected or unconnected air spa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>