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ABSTRACT 

The more rigorous approach on the behavior of 

unsaturated soils using two independent stress state 

variables is increas_ingly gaining acceptance. The proposed 

shear strength equation based on this approach 

(i.e., T - c' + (u - u ) tan ~b + (a - u ) tan ~' a w a 
) , 

requires that the stress circle corresponding to the failure 

conditions be plotted on a three dimensional diagram. In 

this diagram, the axes in the horizontal plane are the 

stress state variables, (a - u ) a and (u - u ) , 
a w 

and the 

ordinate axis is the shear strength, T • The failure 

conditions define a surface. If one stress variable is 

maintained constant, say the variable (a - u ) a , then the 

relationship between T and (ua - '.l.) can be portrayed on a 

two dimensional plot. The resulting envelope in this plane 

of T versus (u - u ) will be called the suction envelope. a w 

The validity of the form of the proposed shear strength 

equation has been verified by results from laboratory 

testing of unsaturated soils where the stress state 

variables at failure are known. So far, these results 

indicated that the failure surface is planar, i.e, the 

suction envelope is linear. Results also showed that the 

b friction angle, ~ , associated with the suction envelope is 

always smaller than the angle of shearing resistance, <P' • 
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A completely constant ~b (i.e., a linear suction 

envelope) , however, is found to be inconsistent with pieces 

of experimental evidence obtained from tests on saturated 

soils under suction. The linear suction envelope also 

frequently results in an abrupt break in the failure surface 

when crossing from positive pore-water pressure over to 

negative pore-water pressure. The result is that there is 

not a smooth transition from soil with positive pore-water 

pressure to soil with negative pore-water pressure. 

A theoretical investigation of unsaturated soils from a 

phenomenological standpoint predicts a curved suction 

envelope comprising of two linear sections connected by a 

transition curve. The angle of the slope of the initial 

linear section is equal to ( while the angle of the slope 

f th 1 t t 1 . . llb . 11 th ll' o e a e r 1 near sect 1 on , "~~ , 1 s s rna e r an " • An 

experimental program of multistage direct shear tests on a 

Saskatchewan till was conducted. These tests were carried 

out over a suction range of 0 kPa to 500 kPa. Results 

confirmed that the suction envelope is nonlinear and that 

Ill:) -- ll •, the slope of this envelope varies from " " where ra• = 

2 5. 5 degre~s, to 0b = 7 degrees constant. 

For the investigation in this thesis, a direct shear 

box was modified, utilizing the axis translation technique, 

to render the equipment suitable for unsaturated soil 

testing. There are two reasons for wanting a direct shear 
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apparatus capable of testing unsaturated soils. First, 

unsaturated soil testing using the triaxial apparatus is 

complicated and takes a long time. Second, larger strain is 

possible in the direct shear which makes is more suitable 

for multistage testing. Multistage testing is desirable to 

reduce the number of variables involved. 
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CHAPTER 1. 

INTRODUCTION. 

1.1 GENERAL BACKGROUND. 

Most man-made earth structures involve unsaturated 

remolded soils. These earth structures include the 

constructions of i) earthfill dams, ii) embankments and iii) 

highways, runways, and others involving soils beneath 

covered areas. In nature, soils are not always saturated. 

Large portions of the earth's surface is unsaturated due to 

various desiccating influences. Man's need for energy has 

taken the oil exploration offshore in recent years. It is 

reported that gas bubbles that are considerably larger than 

the average grain sizes of the soil are frequently 

encountered in these offshore soils. It is to be expected 

that these soils that are heavily impregnated with gas 

bubbles will not conform to saturated soil mechanics theory 

(Wroth and Houlsby, 1985). 

The saturated state represents a less favourable 

foundation condition. It is also less complex to deal with 

and its behavior is already reasonably well understood. 

Hence, the assumption of saturation is frequently used in 

design, to be on the conservative side. Conservatism, 

notwithstanding, there is also the need to truly comprehend 

the behavior of unsaturated soil. This is so that the 

1 



performance of earth structures or any structures on soil 

can be assessed, and so that their reactions to various 

environmental factors may be predicted. For example, in 

many areas with dessiccated residual soils, the stability of 

natural slopes or of cut slopes is a genuine concern. The 

infiltration of water will render a steep slope which is 

held intact by negative pore water pressures unstable. 

There is a need to be able to assess the stability of these 

slopes with changes in the environment, especially in 

crowded hilly urban areas. Hong Kong is a prime example 

(Fredlund, 1981). 

The behavior of a two phase materials comprising of 

relatively incompressible solid and liquid as in saturated 

soil has proven sufficiently simple to handle. Air in the 

system renders the soil highly compressible. This together 

with the surface tension effects due to air water interfaces 

pose serious complexities. It is 

rationally sound unified approach 

unsaturated soils has emerged. 

only recently that a 

to the behavior of 

To date, there are found in the literature, basically 

two approaches on the behavior of unsaturated soils. These 

approaches will be labelled as the i) Bishop's (1959) 

approach and ii) Fredlund's (1977) approach, after the 

persons who proposed and promoted the ideas. Bishop's 

approach attempts to relate the behavior of unsaturated 
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soils to a single stress variable. His so called effective 

stress equation incorporates a soil parameter, X . This soil 

parameter, X, has been proven difficult to evaluate. The 

equation is thus difficult to apply in practice. The more 

rigorous approach by Fredlund (1977) is gaining acceptance. 

In the Proceedings of the most recent International 

Conference on Soil Mechanics and Foundation Engineering in 

San Francisco, Wroth and Houlsby (1985) states that, 

"the simple approach of Bishop (1959) and Skempton (1960) for 

dealing with unsaturated materials is now superseded, with 

this type of materials currently best understood by the 

approach of Matyas and Radhakrishna (1968) and Fredlund (1979)". 

On the aspect of the 

soils, previous published 

appproach concluded that 

shear strength of unsaturated 

information based on Fredlund's 

the relationship between shear 

strength and suction at constant total normal stress is 

linear (Satija, 1978; Fredlund et al, 1978; and Ho (1981). 

A closer critical examination of these previous conclusions 

reveal that the linear relationship between shear strength 

and suction is discordant with experimental evidence from 

tests on saturated soil under pore water tension, with the 

principle of effective stress and with certain theories 

which will be presented in Chapter 3. It was found that the 

linear interpretation does not result 

transition from the saturated state to 

J 

in a truly smooth 

the unsaturated 



state, and vice versa. This is because the linear 

interpretation often results in an abrupt break in the 

failure envelope when crossing over from positive pore-water 

pressure to negative pore-water pressure, and vice versa. 

It is the author's desire to investigate into these 

inconsistencies. 

A cursory examination of existing literature reveals 

that few attempts have been made to adapt the direct shear 

box for unsaturated soil strength testing. In view of the 

simplicity of the shear box apparatus, its popularity and 

the speed with which tests can be executed with it, the 

shear box apparatus appeals to the author as a desirable 

piece of apparatus for the testing of unsaturated soil. 

Unsaturated soil strength testing has been a highly 

complicated procedure using the triaxial apparatus. It is 

hoped that the use of the simple shear box will simplify 

matters. Hopefully, this will encourage the consideration 

of soil suctions in design. 

The axis translation technique has been successfully 

incorporated into various apparatuses. It is the author's 

aim to incorporate the axis translation technique into the 

traditional shear box apparatus currently available in the 

laboratory, without rendering the apparatus incapable of 

fulfilling its original purpose. The modified equipment 

will be used to conduct multistage shear tests on a common 
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Saskatchewan till in order to study the relationship between 

suction and shear strength. It is also hoped that the 

results of the investigation will resolve the 

inconsistencies associated with the linear relationship 

between shear strength and suction previuosly mentioned. Or 

in the least, provide some answers. 

1.2 SCOPE OF THESIS. 

The objectives of this thesis are twofold, namely, i) 

to adapt the direct shear box for the shear strength testing 

of unsaturated soils, and ii) to investigate the 

relationship of shear strength and suction, with the 

predetermined aim of resolving the inconsistencies 

associated with the previously established linear 

relationship between shear strength and suction. In 

conjunction with the modified direct shear box apparatus, 

two auxiliary apparatuses are required. These are the water 

volume change indicator and the diffused air volume 

indicator. 

The approach taken on the shear strength behavior of 

unsaturated soil is that of Fredlund et al (1978). For a 

complete description of the shear strength of the 

unsaturated soil, the effective saturated shear strength 

parameters c' and are also required. These effective 

saturated strength parameters will be established from 

direct shear tests on the saturated soils. A separate 
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machine will be used for these tests on the saturated soils. 

To reduce the number of variables involved, multistage 

direct shear tests will be used. This is so that soil 

variabilities such as void ratio and soil composition can be 

controlled. Single stage and mulitistage direct shear test 

on the saturated till will first be carried out to establish 

the acceptability of the multistage approach before it is 

applied to the shear tests on the unsaturated till. 

Measurement of suet ion, (i.e., of '13. and ~ ) , during 

shear is more difficult than it is to control it. Drained 

tests are, therefore, preferred. A pilot test program to 

determine the relevant shear rate for drained test was 

conducted. 
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CHAPTER 2 

LITERATURE REVIEW 

The review of literature is divided into two main 

sections, viz., the shear strength of unsaturated soils and 

multistage shear testing. The first section will include a 

review of the effective stress concept in saturated soils 

and its extension into unsaturated soils. 

2.1 Review of the effective stress concept in saturated 

soils. 

The principle of effective stress for saturated soil 

behaviour is well established. It was first proposed by 

Terzaghi in a paper to the First International Conference on 

Soil Mechanics and Foundation Engineering in 1936. Since 

then it had been confirmed by a number of investigators. 

For a saturated soil with incompressible solid particles the 

principle of effective stress is expressed as follows: 

a' - a - u (2.1) 

where a r ::: effective stress 

a = total stress 

u = pore water pressure 
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Fredlund (1981) from the equations of motion and 

utilizing the principle of the superposition of coincident 

equilibrium stress fields showed that for saturated soils, 

the complete stress state is properly described by two 

independent stress variables. 

these are: 

where 1 for 1 • j 

oiJ • { 
0 for 1 ~ j 

and 

Expressed in tensor form, 

(2.2) 

The second stress variable, u o .. , is inconsequential 
lJ 

when not dealing with extremely high pressures. Under 

normal engineering practice, the soil particles are 

comparatively incompressible. 

Skempton (1960) recounted Laughton's experiments on 

lead shot subjected to pressures of up to 7060 kPa (1024 

kg/cm2). The lead shot was so compressed and distorted 

that the ratio of the contact area to the total gross area 

was approaching unity. He found that Terzaghi's effective 

stress equation was still correct to within 5%. See Table 

2.1 
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TABLE 2.1 CONSOLIDATION TEST ON LEAD SHOT 
(FROM SKEMPTON, 1960). 

Total Pore Effective pressure 
pressure pressure Void p' kg/cm2 p-u a. 

p 11 ratio kg/cm2 Observed 
kg/cm2 kg/cm2 e Observed Deduced 

17 0 0·675 17 
27 8 0·670 - 19 19 
27 0 0·650 27 0·03 
60 16 0·601 - 42 44 
60 0 0·549 60 

128 32 0·452 - 94 96 
128 0 0·379 128 0·11 
256 64 0·262 - 195 192 
256 0 0·190 256 
512 128 0·105 - 385 384 
512 0 0·069 512 

1024 256 0·032 - 780 768 
1024 0 0·020 1024 0·95 

a- contact area ratio 
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Opinions appear to be still divided as to whether 

Terzaghi's effective stress equation is an approximation 

(granted an excellent one) or is it a perfectly accurate 

statement. Harza (1949) and Hubbert and Rubey (1959) 

maintain that Equation 2.1 is exact. Hubbert and Rubey 

(1959) arrived at the same conclusion by applying Archimedes 

principle. Soil mechanicians generally hold the opposing 

view. Nonetheless, experimental data have demonstrated 

convincingly enough that Equation 2.1 is invariably correct 

within practical limits. 

2.2 Extension of the principle of effective stress into 

unsaturated soils. 

The success of the application of the principle of 

effective stress 

soils, both in 

in assessing 

shear strength 

the behaviour of saturated 

and in volume change, 

naturally prompted a search for a similar expression 

relevant to the behaviour of unsaturated soils. A 

comprehensive review of the effective stress equations 

proposed so far is given by Fredlund (198B). Chantawarangul 

(1983) presented a summary table of these proposed 

equations. See Table 2.2. Of these equations the best 

known is that of Bishop (1959) which can be stated as 

follows: 
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TABLE 2.2 SUMMARY OF EFFECTIVE STRESS EQUATIONS 
FOR UNSATURATED SOILS (FROM CHANTAWARANGUL, 198J). 

Authority 

BISHOP (195~) 

CRO~EY et: al 
(1958) 

L\!'!!:3E (1960) 

LA1'1!3E & t.:"rliT~!A1-: 

(1969) 

,\ITCHISOX (1960) 

JE~!ii~GS (1960) 

1\lC!L',l-'.DS (l96G) 

Equ."ltion 

a' a - ua + x(ua - uw) 

a'= a-s·~ ... 
(atmospheric pressure) 

Description of 
Variables 

x = parameter related to 
the degree of satura
tion 

Ua a pressure in gas and 
vapor phase 

Uw = pressure in liquid 
phase 

B'= holding or bonding 
factor ~~,;hich is a 
measure of n~ber of 
bonds under tension 
effective in contri
buting to soil scr~ns:h 

a = cc:bined total stress 
between adjacent parti
cles 

a' ~ a-ua + aw(ua - uw) 0 = contact stress ~here 
the particles are in 
mineral-mineral contact 

a0 • ratio mineral-mineral 
contact to total-area 

aa = fraction of total area 
chat is air-oineral 
cone. 

a' = a + tlJ p" 
(atmospheric pressure!) 

a' = a + B p" 
(acmosp~ric pressure) 

a.,. .. " , water-oiner.al cone 
R-A • Repulsive minus attrac

tive pressures bet ... een 
part:icles .. 

~ a parameter with values 
ranging from ze=o to 
one 

p" = pore! t.:at:er pressl.Ore 
deficiency 

B = static~! factor of saoe 
type as contact arec 
should be measured expe
ri:entally in each case 

a' = a - Ua + Xm(hc + ua) x~ a effective stress para
meter for capillary/ 

; "1 
..L..;.. 

l!:atrix suction 
hm = c~pillary/cat=ix suc

tion 
~~ : eff. scr. param. for 

soluce suction 
h

5 
= ::.:~lute suctidn (os;;-:otic 

cffec· 



a'. • a - u + x<u - u ) a a w 
(2.3) 

where a' = effective stress 

a = total stress 

ua = pore air pressure 

uw = pore water pressure 

X= coefficient having values ranging from 

zero to one, and depending primarily 

on the degree of saturation 

and soil type 

Equation 2.3 has also been shown by Bishop(l959) to be 

equivalent to those proposed by Croney et al (1958), 

Aitchison (1960) and Jennings (1960). 

In saturated soils, the attractiveness of the effective 

stress principle lies in the fact that all measurable 

effects caused by a change of stress can be related to a single 

variable, a•. In like fashion, efforts in unsaturated soils 

were also directed in the search for this single variable. 

On the basis of continuum mechanics applied to 

multiphase systems, Fredlund and Morgenstern (1977) obtained the necessary 

stress variables to properly describe the stress state of 

unsaturated soils. He considered the equilibrium of a 

cubical element with unbiased boundaries and assumed that 

the solids are incompressible and chemically inert. The 

stress state associated with the equilibrium of the soil 

particles requires the combination of any two of the three 

stress variables given as follows: 
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crx - u -cyx 1'zx cr - u . r:yx -rzx a X W 

1'xy cry - ua Lzy -rxy cry - uw Lzy 

-rxz r:yz az-~ -rxz -ryz az - uw 

~a - u 0 0 w 

and 0 u - uw 0 

L 
a 

(2.4) 
0 0 u - u a w 

The shear strength equation proposed for unsaturated 

soil by Fredlund et al. {1978) based on the stress variables 

obtained above, is as follows: 

't = c' + (u - u ) tan ~b + (a - u ) tan ~' 
a w a ( 2. 5) 

where T = shear strength 

c' = cohesion intercept when both stress 

variables are zero 

~b= friction angle with respect to changes 

in (u - u ' when ( a - u ) is he 1 d constant a w a 

~' = friction angle with respect to changes 

in (a - u ) when (u - uw) is held constant a a 

(a - u ) and ~ - u ) is a a w the preferred combination in that 

changes in uw affects only one variable. The term 

(u - u ) tan ~b is regarded as a contribution to cohesion which 
a w 
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is due to suction (Fredlund, 1979). In other words, the 

insitu cohesion of an unsaturated soil has two major 

components. One related to the inherent physical, chemical 

and mineralogical characteristics and history of the soil, 

and the other to the prevailing moisture regime (Lloyd and 

Collis-George, 1982). 

2.3. Investigation of shear strength of unsaturated soils. 

Most of the shear strength tests on unsaturated soils 

carried out by researchers prior to 1980 have been reported 

by Ho (1981). These will not be repeated. Of the shear 

tests reported, only one was performed on the direct shear 

apparatus (Escario, 1980). The rest were performed on 

triaxial compression apparatus. 

Ho (1981) performed a series of multistage triaxial 

compression tests on undisturbed samples of decomposed 

rhyolite and decomposed granite. In these tests, the 

suction was induced and maintained throughout shear (i.e., 

the tests were performed drained). The method of suction 

control was an adaptation of Hilf's axis-translation 

technique. The modified triaxial cell that was used is shown in 

Figure 2.1. The pore-water pressure in the soil is 

controlled via the high air entry disc located at the bottom 

of the sample while the pore-air pressure is controlled via 

the coarse corundum stone placed on the top. The soil was 
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LUCITE 
CYLINDER 

TOP PORT 

TO PORE-WATER 
PRESSURE CONTROL 
AND VOUJME 
CHANGE INDICATOR 

LOADING RAM 

TOP 

!.--+-+--+-.,_LOAD CELL 

nr---..-m--+-+-+- 0 - RINGS 

COARSE 
~--"14-4--+---.,_ CORUNDUM 

STONE (1/8• THICK) 

HIGH AIR 
...#+--+-+-+-ENTRY DISC 

( 1/4 • THICK; 5 BAR) 

TO CELL PRESSURE CONTROL 
AND TRANSDUCER 

FIGURE 2.1 MODIFIED TRIAXIAL CELL FOR TESTING 
UNSATURATED SOILS (FROM HO, 1981). 
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initially saturated after it was mounted in place in the 

triaxial cell. The desired suction was then achieved by 

maintaining an air pressure ua to the top of sample and a 

water pressure uw to the base of the sample. The time for 

suction equilibration was monitored by the volume change 

measurements of the sample. Each sample was sheared in 

three stages. The net total confining pressure (a - u ) was a 

maintained constant throughout the test while the suction 

was progressively increased from stage to stage. 

Interpretation of the test results was based on the shear 

strength theory of unsaturated soils presented by Fredlund 

et al ( 1978). On this basis, it was found that· the relationship 

between 

stress (a 

shear 

- u ) a 

strength and suction at a constant net total 

is linear. 

In addition to studies reported by Ho (1981), other research 

studies are worthy of note. A series of undrained triaxial 

compression tests were reported by Aitchison (1959). Shear 

strength measurements were undertaken on clay soils whose 

suction values were measured in the field or in the 

laboratory. Field measurements were made b.Y means of gypsum 

block soil moisture meters. Laboratory measurements were 

obtained using pressure membrane apparatus or vapour 

sorption chambers. Figure 2.2a shows the relationship 

between compressive strength and the initial suction on a 

semi-logarithmic plot. It was reported that all the soils 

tested conformed statistically with the presumed test 
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condition of ~ =0. However, soil variability in the field u 

samples precluded any attempt at a direct measurement of 

~ , where ~ is the undrained friction angle. 
u u 

It was 

shown that the above obtained results can be closely 

approximated by an equation of the form 

C .. k (a' )m 
u 

where C = undrained strength 
u 

a' = estimated in-situ effective stress 

k= experimental constant 

m= experimental constant 

(2.6) 

An arithmetic plot of the above equation is shown in Figure 

2.2b. Similar equations were derived from consideration of 
1 ' 
·cohesion as a unique function of water content (Bjerrum, 

1954) and from a consideration of fundamental interparticle 

forces. Bjerrum(l954) found that all experimental data 

relating cohesion and water content approximate a series of 

straight lines on a semi-logarithmic plot, i.e.: 

IJ. log
10 

C 
---- = constant (2.7) 

e 

where c = cohesion 

e = void ratio 

The void ratio, e, is directly related to the water content 

in saturated soils. 
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It can also be shown that: 

6 log
10 

P 
= constant (2.8) 

e 

where p = effective consolidation pressure 

Equations 2.7 and 2.8 above combine to give: 

m 
c - k p (2.9) 

This is similar to equation 2.6. From interparticle forces 

consideration, the opposing forces of attraction and 

repulsion at the surface of clay particles are each 

exponential functions of particle spacing. At equilibrium 

with any effective stress a' there must be a net repulsive 

force which is also an exponential function of particle 

spacing. The cohesive shear strength c is related directly 

to the interparticle attractive forces. 

Aitchison (1959) derived the following equations: 

where 

a' = F = B e-bx 
rn 

c - A' F • A e -ax 
a 

F = interparticle 
a 

·F = rn net repulsion 

.X = interparticle 

attraction 

forces per 

spacing 

A, A', B, a, and b =constants 

On this basis , 

(2.10) 

(2.11) 

per unit area 

unit area 

From equations 2.10 and 2.11, it follows then that: 
C = k (a' )m (2 .12) 

Values of the coefficients k and m for the soils tested by 

Aitchison (1959) are given in Table 2.3. 
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TABLE 2.3 VALUES OF THE COEFFICIENTS K AND m OF SOME 
UNSATURATED SOILS FOR THE SHEAR STRENGTH 
EQUATION C = K(a')m 

u 
(FROM AITCHISON, 1959). 

Soil designation Y.l" 

.1\. nz 

~tBl 0·8 0·35 
DS9 0·87 0·43 
K~olin 

I 
1·14 0·43 

}{!33 I· 3-l 0·31 
DEI . I 1·34 0·31 
~IS2 2·0 0·42 
Rl:d clay 4·7 0·45 
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At the Research Conference on Shear Strength of 

Cohesive Soils held in Boulder, Gibbs et al (1960) reported 

on the shear tests on unsaturated soils that were carried 

out by the United States Bureau of Reclamation. 

Measurements of pore pressures were attempted in these 

triaxial tests. One measurement was taken at the top of 

the specimen using a perforated end plate (with drilled 

holes of 1/32 inch diameter) to contact the soilsand the 

other measurement was made at the bottom of the sample via a ceramic 

disc. It was initially thought that both measurements were 

of pore-water pressures. However, subsequent test results 

showed that the top measurements compared closely with the 

pore-air pressure computed using Hilf's equation. Though it 

was explicitly stated that the capillary pressure or the 

surface tension u was equal to the difference between 
c 

pore-air pressure and pore-water pressure, no attempt was 

made to relate this to the measured shear strength. 

Instead, two sets of Mohr circles were plotted, one with 

respect to 'effective' stress based on pore-air pressure 

and the other based on pore-water pressure (Figures 2.3a 

and 2.3b). In a subsequent development to the above testing 

procedure, Gibbs and Coffey (1969} reported on an innovation 

to evaluate the changes in capillary pressures with volume 

changes during undrained isotropic compression. A separate 

series of tests were conducted. Samples were subjected to 

undrained isotropic compression to eventual full saturation. 
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The suction changes during compression were determined using 

what was called the exposed end plate technique which was 

based on the axis-translation principle (Figure 2.4a). The 

results of these tests (Figure 2.4b) were then employed to 

predict the capillary pressure at failure in shear tests on 

samples with measured initial suction. This procedure, 

although providing a means of assessing the suction at 

failure, is however, unlikely to be of great accuracy. The 

change in capillary pressure during isotropic compression 

will differ from that in an axial compression test. Also, 

the development of shear zones with their 'local' volume 

changes will be quite different from the volume change 

deduced from the overall volume change. 

In the same Research Conference on Shear Strength in 

Boulder, Colorado, Bishop et al (1960) reported among other 

tests on unsaturated soils, a series of unconfined 

compression tests on a compacted Boulder clay of 4% clay 

fraction. Only the unconfined compression test results will 

be considered here. In these unconfined compression test~ a
3 

was equal to u , i.e., (o
3 

- u ), the total normal confining a a 

stress was equal to zero. The pore-air pressure was 

controlled and the pore-water pressure was measured during 

the test. The results of the unconfined compression tests 

are presented in Figure 2.5. The author has replotted these 

results in terms shear strength, T , versus suction, 

( ua - uw). The Mohr circles construction to obtain the shear 
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strength values is presented in Figure 2.6. The shear 

strength versus suction plot is shown in Figure 2.7. 

Edil et al (1981) conducted unconfined compression 

tests on laboratory consolidated samples of a kaolinitic 

clay. The tests specimens of varying fabric (i.e., 

microstructure) were brought to various suction 

equilibration using a pressure plate apparatus. On 

attaining suction equilibration in the pressure plate 

apparatus, the sample was removed and tested in unconfined 

compression. The pore-air and pore-\later pressure changes 

during test were not measured. The results of these 

unconfined compression tests in terms of the unconfined 

compressive strength versus the logarithm of the initial 

suction are presented in Figure 2.8. The same results 

plotted in arithmetic scale is shown in Figure 2.9. 

Workers in Soil Science have also been interested in 

the shear strength of unsaturated soils. An incomplete list 

of research would include Graecen (1960), McMurdie and Day 

(1969), Williams and Shaykewich (1970) and Towner and Childs 

(1972). 

Graecen (1960) carried out a ring type shear strength 

tests on unsaturated non compacted samples of two Australian 

soils. This will be described in greater detail in Section 

2.4. Suction controlled triaxial 

carried out by McMurdie and Day (1969) 
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effect of suction on the shear strength of unsaturated 

materials. The materials investigated were a Hanford loam 

and two sizes of glass beads. Suction was applied through a 

porous plate at the bottom of the sample. The upper end of 

the sample was open to the atmosphere. The technique 

employed limited the suction applied to less than a bar. 

Results of above tests are presented in Tables 2.4 and 2.5. 

The Mohr diagram for the Hanford loam is shown in Figure 

2.10. These Mohr circles were obtained based on Terzaghi's 

effective stress equation. The values of k in Tables 2.4 

and 2.5 is the coefficient that must be applied to the 

suctions measured, in accordance with their proposed 

equation a' = a - k u • This is in order that the Mohr 

circles will be tangent to the drained envelope obtained 

from tests on saturated samples. The proposed equation is 

similar to Croney et al (1958), Aitchison (1960), Jennings 

(1960) and also Bishop (1959) with.u =0. ,a 

Unconfined compression tests on samples equilibrated at 

different suctions by osmotic means (Figure 2.11a) were 

carried out by Williams and Shaykewich (1970) on Gretna clay 

and Wellwood loam. They made ·the assumption that there was 

no important changes to the suction during loading up to 

incipient failure. This assumption does not have a firm 

basis. For although tests carried out by Taylor and Box 

(1961) on Millville silt loam (Figure 2.12), as quoted by 

William and Shaykewich (1970) , shows that the matric 
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TABLE 2. It SUCTION CONTROLLED TRIAXIAL TSSTS ON 
HANFORD LOAM (McMURDIE AND DAY, 1969). 

TABLE 2.5 

Mohr circle number II m IV v VI vn 
crs (cell pressure)• 0.20 0.20 0.20 0.20 0.20 0.20 o. 20 ,. -0.02 -0.07 -0.10 -0.16 -o. 21 -0.23 -0.29 w 
"'d (at faliiU'e) o. 79 0.88 0.92 0.94 0.97 o. 91 0.!!9 

s 0.95 0,60 0.49 0.45 0.43 o.u 0.43 

k <~~"l lcrs' • 4. osl 3.0 l. 29 l. 00 0.69 o. 57 0.44 o. 31 
l .. !!S 0.98 0.87 0.83 0.81 0.81 o. 81 0.81 
1 • e 

• All streuea, r, In the table, have unlta of q./cm•. 

SUCTION CONTROLLED TRIAXIAL TESTS ON GLASS BEADS 
(McMURDIE AND DAY, 1969). 

Mohr circle number II Ill IV v 
Glasa beads - 2031' dlaml!ter 

"'s (cell presaure) 0.40 0.40 0.40 0.40 0.40 

•w ·0. 03 -0.06 -0. tO -0.16 -o. 29 

"'d (at failure) o. 81 o. 89 0,92 o. 98 o. 95 

s o. 95 0.66 0,09 0.04 0.07 

k o. 23 o.so 0.40 o. 50 o. 21 

1 .. t'8 o. 97 0.84 0.61 0.61 0.61 
n:e-

Glass beada - 291' diameter 

"'s (cell pressure) 0.40 0.40 0.40 0.40 0.40 

"'w -0.06 -0.17 -o. 21 -0.27 -o. a. 

r d (at failure) o. 97 l. 24 1. 30 1. 59 0.92 

s 0,94 o. 93 0.92 0.80 o. 25 

k 2.3 1.8 l. 8 2.0 0.29 

1. e8 0,97 o. 97 0.97 o. 91 0.68 ne-
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suction is not greatly affected by confining pressures even 

as high as 5 bars, this behaviour cannot be generalized. 

The change in suction with confining pressure depends also 

on the type of soil, its structure and compressibility and 

its initial suction. Tests by Bishop and Blight (1963) on 

compacted Selset clay found that a sample at 11.7% water 

content with an initial suction of about 36 psi at zero 

confining pressure, gradually loses its suction under the 

influence of increasing confining pressure. At an isotropic 

compression of approximately 100 psi (6.8 bars), the suction 

had reduced to zero (Figure 2.13). Similar type of results 

were also obtained by the United States Bureau of 

Reclamation (Gibbs et al, 1969) (see Figure 2.4b). In 

addition, there is also changes in suction due to shear 

strain. Tests by Graecen (1960) showed that there was 

significant changes in suction during shearing (see Figures 

2.24 of Section 2.4 later). It is also expected that the 

change in suction due to shear is even more significant 

along the shear plane. In a localized region of greater 

shear deformation, this region will increase in volume and 

decrease in strength, thus becoming weaker than the rest of 

the sample. The sample will then be induced to failed in a 

localized pla~e (Roscoe et al, 1958), {i.e., the major 

portion of the total volume change will be concentrated in 

this localized region). The suction value along this plane 

will be significantly different from the remainder of the 
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sample and from that of the initial suction measured. In 

contrast, a sample which decreases in volume during shear 

will tend towards uniform deformation of the entire sample. 

If a localized region of greater shear deformation develops, 

this region will decrease in volume and increase in 

strength. This will transfer the load to a weaker region 

(Roscoe et al, 1958), resulting in a much more uniform 

volume change. As such, suction changes may more closely 

approximate that deduced from isotropic compression tests. 

The results of the unconfined compression tests by Williams 

and Shaykewich(l970) are given in Figure 2.11b. There was no 

mention of the volume changes or the mode of failure 

exhibited by the unconfined samples. It is therefore 

difficult to speculate how significant the suction changes 

may have been. 

Towner and Childs (1972) carried out a series of 

unconfined compression tests on a beach sand that were 

brought to different specified pore-water suction using a 

pressure membrane technique similar to McMurdie and Day 

(1969) (Figure 2.14a). It was realised that the strain 

imposed by compression test and the failure of the sample 

were accompanied by a change in the structure or packing of 

the material which in turn results in a change in suction. 

To accommodate this factor, a separate testing program was 

carried out to determine the magnitude of suction changes 

during unconfined axial compression testing. Samples were 
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setup on the tension plate at prescribed suctions and 

measured amounts of strain were imposed by the apparatus as 

shown in Figure 2.14d. The intake or loss of water due to 

each applied strain was measured in the horizontal capillary 

tube which forms the open limb of the manometer which 

imposes the suction. In this way, the total change in water 

content up to failure was determined. This was applied as a 

correction to the initial suction (Figure 2.15a). Figure 

2.15b presents the results that were obtained by Towner and 

Childs (1972). The trend of the curves shown is 

characteristic of non clay materials. Similar results were 

presented by Donald (1956). These are shown in Figure 2.19. 

This data will be presented later in Section 2.4. These 

results show a linear portion over which the soil is still 

probably saturated, followed by a concave portion where rate 

of increase in cohesion with increasing suction is 

decreasing. This portion probably corresponds to the 

unsaturated state with a continous water phase. This is 

followed by a portion where there is a decrease in cohesion 

with increased applied suction, indicating that the water is 

being completely drained out of certain pores. In the level 

portion, wetted or saturated pores are probably isolated. 

The water is no more in contact with that in the external 

source. The suction of the water in the external source is 

therefore ineffective in its influence over the water in the 

pores of the soil. Tests on clay materials do not show any 
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decrease in cohesion or shear strength with increasing 

suction (see results by Ho, 1981; Escario, 1980). Although 

it likely that the increase in cohesion due to increased 

suction may decrease at high suctions. One plausible 

explanation for these differences in behaviour may be linked 

to the soils affinity for water. It is well known that sand 

does not have any double layer water which is ubiquitous in 

clay. This is why sand does not shrink or swell with 

changes in water content as sand particle contacts are not 

affected by the presence of water. When a tension is 

exerted on the water in a sand, the water will begin to 

drain. At certain critical suction, some pores will be 

emptied of its water, beginning with the larger pores. The 

remaining pores will be saturated or partly saturated. As 

the pores begin to drain, the rate of increase in cohesion 

with suction will begin to decrease, as the suction is now 

effective over a decreasing area. As the suction is further 

increased another critical suction is reached when all 

possible pores that would drain would have already done so. 

The remaining pores are now isolated. They are still 

saturated or partly saturated. The water in these pores now 

exists at a certain 'threshold' suction and the water is no 

longer connected to the outside source. This explains why 

the cohesion remains constant with suction beyond a certain 

point. As the applied suction is increased, it does not 

affect the water in these pores. Its effect is being 
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confined only to the water that is immediately adjacent to 

the source, if water still exists in that region. 

Clay particles, on the other hand, exhibit an entirely 

different behaviour. It is held that clay particles 

generally are not in contact. Rather, they are held apart 

by repulsive forces arising from the character of the clay 

mineral, the exchangeable ions present and the electrolytic 

nature of the fluid environment (Scott, 1963). Clay 

particles are always hydrated. It .was reported that even 

kiln drying in the brick making process may not completely 

remove this water (Fearnsides et al, 1945). The properties 

of the water changes with its distance from the particle 

surface due to its surface electrical charges. The 

electrical charges are largely the result of imperfections 

at the surface and isomorphous substitutions (Scott, 1963; 

Wu, 1976). It is therefore not difficult to understand that 

the attached water close to the particle surface will have a 

very different chemistry from that of ordinary water. Sand 

on the other hand does not show such surface behaviour. It 

is for this reason that clay soils shrinks and swells with 

changes in water content and why suctions of magnitude far 

in excess of the cavitation pressure of ordinary water, is 

possible. 
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If large compressive stresses are applied (i.e., for 

instance by high suctions) the clay particles 

may be forced so close together that the 

van der Waals attractive forces may predominate over the 

electrostatic repulsions. The particles may effectively 

come into contact (Scott, 1963). This probably represents a 

limiting state at high suctions when the soil exhibits a 

relatively high cohesive strength which may or may not 

increase with a further increased in suction. 

It is likely that a cl~y soil will not exhibit any 

decrease in cohesive strength with an increase in suction 

(ie., even at high suctions). This is because the 

characteristics of clay minerals are such that in 

unsaturated soils, air-particle contacts are unlikely to 

occur due to the greater affinity of the free mineral 

surface for water. (Scott, 1963; Lambe, 1960) 

In 1980, Kormornik et al (1980) reported on a series of 

consolidated undrained triaxial compression tests on hollow 

cylindrical samples of compacted montmorillonite. The 

compacted sample was first brought to a specific suction 

inside a specially modified triaxial cell (Figure 2.16b) by 

an osmotic method, similar to that employed by Williams and 

Shaykewich (1970). The compacted sample, subjected to a 

given confining pressure was placed in contact with an 

osmotic solution of carbowax P.E.G. 20000 through a 
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semi-permeable membrane. The membrane was located at the 

walls of the clay in the inner space of the hollow specimen. 

The use of a hollow sample permitted a uniform and rapid 

development of suction. Different suction values were 

achieved by varying the concentrations of the osmotic 

solution. The schematic diagram showing the essential 

plumbing is shown in Figure 2.16a. To maintain the osmotic 

solution at a constant concentration, a continous supply of 

carbowax solution at its desired concentration was provided. 

The time to reach osmotic equilibrium between the solution 

and the specimen depended on the magnitude of the confining 

pressure and the concentration of the osmotic solution. The 

time required for equilibrium decreased with an increasing 

cell pressure and increasing concentration of the osmotic 

solution. On reaching equilibrium, the samples were sheared 

undrained at a rate of 0.03 em/sec, with no attempt to 

either measure or control the suction during shear. It was 

pointed out that the suction of the specimen changes during 

the shearing process but that the equipment could not 

measure this change. Results of these tests are shown in 

Figure 2.17. 
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2.4.Direct shear testing of unsaturated soils. 

The majority of shear tests carried out on unsaturated 

soils have been performed on the triaxial machine (Ho, 

1981). It appears that only two direct shear tests have 

been attempted. 

Donald (1956) performed direct shear tests on 

unsaturated fine sands and coarse silts. The tests were 

conducted in a modified shear box as shown in Figure 2.18. 

The tension plate technique was utilized to induce a tension 

in the pore water in the sample. A membrane consisting of 

10 colodion filters supported on a sintered bronze plate was 

built into the base of the shear box. The water space under 

the sintered bronze plate was connected to a suction control 

through a constant head overflow tube as shown Figure 2.18. 

The top of the box was open to the atmosphere and the air 

pressure could not be varied. With this arrangement, the 

suction range was limited to -1 atmosphere. Results of 

Donald's tests are presented in Figure 2.19. 

Escario (1980) utilized the axis translation technique 

and had the entire modified shear box device enclosed in a 

pressure chamber. In this way the air pressure to the top 

of the soil sample could be controlled (Figure 2.20). A 

high air entry disc supported on a coarse porous stone was 

built into the base of the shear box. This allowed the 

pore-water pressure to be controlled from the bottom of the 

sample and the air pressure to be controlled through the 
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FIGURE 2.18 DIRECT SHEAR BOX FOR TESTING SOILS UNDER 
LOW SUCTIONS. (DONALD, 1956) 
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top. Virtually any suction values could be applied. The 

only limitations being the capacity of the air chamber, 

availability of high air entry discs of desired range and 

the time contraints associated with reduced permeability of 

the air entry disc. As the bottom half of the shear box 

forms part of the base of the pressure chamber, shearing has 

to be applied through the top half of the box. This is a 

departure from conventional shear boxes. As a result, the 

box may be subjected to larger dilations than usual as the 

upper half of box may be more easily 1 i fted due to the direct 

load applied. Test results of a statically compacted Madrid 

clay obtained from such a setup are shown in Figure 2. 21. 

The parallel upward translation of the failure envelopes 

clearly indicates that the shear strength increases with 

suction. Fredlund (1981) replotted these results in an 

alternative form and showed that the relationship between 

shear strength and suction is indeed linear (Figure 2.22). 

Another test of interest is a ring shear test on 

unsaturated clayey soil which was conducted by Graecen 

(1960). In this tests, each soil sample was mixed to the 

desired water content and allowed to stand in a sealed 

bottle for a week. The soils were not compacted but were 

packed uniformly into the cylinder of the shear apparatus. 

It would appear that this mode of sample preparation 

resulted in a rather high permeability. It was reported 

that consolidation under the constant normal load was quite 

52 



..... 
C\1 

E 
' z 

0,5 

0,4 

MADRID GRAY CLAY (Compacted static) 

WL =81 Pl=43 

PROCTOR {MAX. DENS. 1,36or/cm
3 

OPT. MOIST. 29% 

INITIAL MOIST. 29o/o 
{

DENS. 1,335or/cm3 

COMPACT. SUCTION 0,75MN/m2 

6 0,3 
(/) 
(/) 
w 
a: .... 
(/) 

a: 
<X 
w 
J: 
(/) 

0,1 

0~----~------~----~~----~~----~----_.----~ 
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 

NORMAL STRESS(MN/m2) 

FIGURE 2.21 DIRECT SHEAR TEST RESULTS OF SIMILAR COMPACTED 
SAMPLES THAT WERE EQUILIBRATED TO DIFFERENT 
SUCTIONS. (ESCARIO, 1980) 

53 



"""' 
~ 
~ 
.......... 

:r: 
I-
(.!) 
z 
w 
a:: 

\...n I-
+="" U) 

0:: 
<( 
w 
:r: 
(/) 

600 

A USING AVERAGE ¢' = 22.5° 

o USING ¢' FOR EACH SUCTION LEVEL 
400 

.200 

o~-~~--~--~--~--~~~~--~--~--~--~---------
0 200 400 600 800 1000 1200 

MATRIC SUCTION ( k Po) 

FIGURE 2.22 SHEAR STRENGTH VERSUS MATRIC SUCTION FOR MADRID GRAY CLAY 
(ESCARIO, 1980) 



complete after only a period of 30 minutes. Suction was not 

controlled, but rather was measured throughout the duration 

of shearing. A linear shearing speed of 2.58 cm/hr was 

used. Measurement of the suction was done using a null 

point tensiometer which consisted of a ceramic cup with a 

wall thickness of 1/16 inch. The cup was machined to form 

the inside wall of the annular shear cylinder (Figure 2.23). 

From the limited experimental data presented, it was found 

that the suction increases with shear strain (Figure 2.24). 

It was reported that when straining ceased at the maximum 

shear strength that there was no significant changes in the 

tensiometer reading over a period of several days. This 

would indicates that the suction measurements were probably 

accurate. Figures 2.25 and 2.26 present the results that 

were reported by Graecen (1960). 

2.5 LITERATURE REVIEW OF MULTISTAGE SHEAR TESTING. 

Multistage shear testing in various forms have been 

performed in the attempt to curb the variability factor in 

testing soils. This is particular true in basic research 

where it is especially desirable to reduce as many variables 

as is possible. Multistage testing also offers the 

advantage of reducing the time for sample preparation and 

setting up. This is especially true when brittle or stony 

soils have to be trimmed to shape or when sampling is 
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FIGURE 2.23 RING SHEAR MACHINE FITTED WITH A NULL POINT 
TENSIOMETER FOR THE SHEAR STRENGTH TESTING OF 
UNSATURATED SOILS (GRAECEN, 1960). 
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difficult and expensive. The number of samples available 

may also be limited. 

Taylor (1950) performed a series of multistage constant 

water content triaxial compression tests. This was 

conducted on undisturbed samples of both saturated and 

unsaturated silty clay from the site of a model floodwall in 

Cincinnati, Ohio. Four stages of shear were carried out for 

each sample. In the first stage, the sample was subjected 

to a chamber pressure approximately equal to the estimated 

overburden pressure. Without stopping the test at any 

stage, the pressuresfor subsequent stages were successively 

applied after the sample had undergone adequate straining at 

each stage. The pressure applied was usually double that of 

the preceding stage. At the fourth and final stage, the 

chamber pressure was reduced to that of the first stage as a 

check. On the average, it was found that the strengths of 

the final stage were 4 percent smaller than that of the 

first stage. Also the first and last stages checked within 

7 percent in about two-thirds of the tests. This was 

assurance that changes in structure due to large shear 

strains were not appreciable enough to rendered the tests 

unacceptable. Results obtained are presented in Figure 

2.27. 
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Fleming (1952) carried out a series of undrained 

triaxial testing (i.e., constant water content) on compacted 

unsaturated decomposed phyllite. 
a ' 

A failure criterion of 

(---1 ) was picked as a guide to knowing how far the sample 
a3' max 

should be stressed before proceeding to subsequent stages. 
a ' 

After reaching (-
1
-) at each stage, the cell pressure was 

a
3

• max 
increased and shearing was continued with only a brief stop 

between stages. A set of test results from a single 

specimen with four stages of shear is presented in Figure 

2.28a. Figure 2.28b shows a comparison of Mohr envelopes 

obtained from the multistage and conventional shear tests. 

Agreement was good. 

In an investigation into the development of cohesion 

and friction with axial strain, Schmertmann and Osterberg 

(1960) devised a technique of multistage testing to minimize 

the soil structure changes between the two different stages. 

This came to be called the 'curve hopping' technique. The 

essential idea was to hop back and forth between two 

stress-strain curves pertaining to two different effective 

vertical pressures 0 • • The two effective vertical 
l 

pressures in a single test were altered by either raising or 

lowering the pore water pressure within the sample. This 

change in pore pressure is accomplished by using the screw 

control I, as shown in the schematic diagram of the setup of 

the triaxial apparatus (Figure 2.29a). This is a continous 

test without any stoppages when changing the pore-water 
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pressure. After each change of pore-water pressure the 

magnitude of a 1 (the major effective principal stress), was 
1 

closely monitored and maintained constant. (the minor 

~ principal stress) was kept constant at all times and so a' 
3 

was continually decreasing during compression. Some time 

after the change of pore-water pressure, usually about 15 

minutes, the deviator stress would begin to appear as if it 

is following the present a
1

• curve. It was assumed that the 

specimen has reached an adequate stage of pore pressure 

equilibrium and a data point is taken. After a lapse of 

another 15 minutes the next data point is taken. This 

second data point was assumed to be more accurately 

positioned than the previous one as more time has been 

allowed for ai equilibrium. If the two data points appear 

to be on the present ai curve, then the next hop was 

carried out. If not, an additional data point was taken 

after another 15 minutes and the first data point was 

disregarded as premature. Figure 2.29b shows a set of 

results from such a test. In a later innovation to the this 

technique, Schmertmann (1976) proposed that the early part 

of the rebound curve be utilised(Figure 2.30). This 

would further minimize changes in structure due to changes 

in effective stresses, 
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FIGURE 2.30 USING THE EARLY PART OF THE REBOUND CURVE 

FOR BEST CONSTANT STRUCTURE CONDITIONS. 
(SCHMERTMANN, ·1976) 
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Kenney and Watson (1961) in a paper on multistage 

testing on saturated soils, presented results from 

consolidated undrained tests with pore pressure measurements 

and from fully drained tests. In multistage testing, there 

is always the problem of knowing when one stage should be 

stopped and the uncertainty of whether the shearing had been 

carried out far enough. It was proposed that the exact 

point of failure during any particular test stage need not 

be known, only that the test be carried far enough to fully 

mobilize the shear parameters c' and~·· As a preliminary, 

tests to investigate the magnitude of axial strain required 

to mobilize c' and ~·to their combined effect were carried 

out. These results are shown in Figure 2.3la and the 

following conclusions were drawn. 

!.Drained tests required a much greater strain to failure 

than undrained ~ests. As such, it may not be feasible to carry 

out more than one or two stages for some of the soil to 

be tested. 

2.The strain required to fully mobilize c' and ~· in undrained 
I 

tests was between 8 to 12%. At least two to three 

stages of shear were possible. 

Undrained multistage tests were carried out in the following 

manner. After each undrained shear was completed, the load 

was removed. A condition of constant pore pressure was 

allowed to be achieved before the next consolidation load 

was applied. Results of the multistage undrained 
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compression tests compared closely to those from 

conventional tests (Figure 2.3lb). Limited tests of the 

drained type were performed and conclusions could not be 

made. 

Lumb (1964) presented some test results from multistage 

triaxial tests on two undisturbed, unsaturated, residual 

Hong Kong soils. The sequence of lateral pressures applied 

were 20,40,60 or 10,20,30 psi. Some were also tested 

following the 60,40,20 or 40,60,20 psi sequence. Results 

from these tests were compared with those of normal triaxial 

tests where the same values of lateral pressures were used. 

There was close agreement between results of multistage and 

normal triaxial tests as regards (o - 0 ) the deviator stress 
1 3 f 

at failure, c• and ~·. There was fair to poor agreement for 

the strain to failure €f' the compressibility and the 

dilatancy. These results are shown in Figure 2.32. Lumb 

(loc. cit.) mentioned that the main limitations on the 

multistage triaxial test is the maximum axial strain that 

can be applied to specimen in an ordinary cell. This 

limitation is not a serious one when testing undisturbed 

soils. For remoulded soils where failure strains are 

commonly greater, it may not be possible to conduct 

sufficient stages to obtain the failure envelope. 
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Ruddock (1966) made mention of a multistage triaxial 

test with free drainage permitted from the top of the sample 

and pore water measurement at the base. These tests were 

conducted on undisturbed unsaturated samples of decomposed 

schist. It was stressed that the c and ~ parameters so 

obtained cannot strictly be regarded as effective stress 

parameters. This was based on the argument that it was 

uncertain that full equalization of pore pressure did occur 

throughout the sample at failure. No theoretical treatment 

of the equalization of pore pressure due to shear in 

unsaturated soils was known then. The coefficient of 

consolation derived from the rate of volume change in the 

consolidation stage could not be accepted as a proper 

representation of the rate of pore pressure equalization 

during shear for an unsaturated soil. This is because a 

reduction in the degree of saturation is accompanied by a 

rapid fall in permeability. An empirical procedure was 

proposed for obtaining the effective stress parameters. 

This procedure was based on the assumption that failure to 

achieve complete equalization of pore water pressure will be 

reflected mainly in an increase in the measured cohesion. 

The effects on the angle of shearing resistance was 

considered to be negligible. From the above statement, the 

implicit assumption is being made that shear strain causes an 

increase in suction (Bishop and Blight, 1963 and Graecen, 

1960). This assumption was a consequence of Bishop's data 
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on boulder clay where it was shown that the change in m• is 

relatively small whereas the change in c' is large with 

changes in water content (Bishop, 1960). Figure 2.33 shows 

Bishop's results on compacted boulder clay. The values of 

c' and ~· shown plotted were obtained on the basis of 

Bishop's effective stress equation using estimated X 

values. It was suggested that by subjecting one shear stage 

in a multistage test to a strain rate about one-tenth to 

one-fifth of that used in the other two stages, the 

existence of any "spurious" cohesion could be detected. The 

effective stress envelope obtained frrnn the Mohr circles of 

the first two stages will give the correct ~·. The cohesion 

intercept, though, may not be the correct one. By putting a 

parallel envelope tangent to the Mohr circle of the third 

stage, another cohesion intercept will be obtained. The 

proximity of the two intercepts would be an indication of 

the degree of pore pressure equalization achieved (Figure 

2.34). 

Folque and Pinto (1969) described a one-specimen, two 

stage triaxial test on unsaturated soil. Each test set 

consisted of four specimens. Three of the specimens were 

tested according to the conventional method by submitting 

each one to a different mean stress a m 
The fourth 

specimen was tested in two stages (Figure 2.35a). First it 

was subjected to a mean stress am, and a deviator stress was 

then applied following branch AB. At a certain 
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strain rate1 = strain rate11 = 5 to 10 times strain rate
111 

normal stress 

FIGURE 2.34 THREE-STAGE TRIAXIAL TEST TO DETERMINE DEGREE OF 
PORE PRESSURE DISSIPATION. 
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predetermined strain, a ' m 
was increased to· higher and 

the deviator was again increased until failure along the 

branch CD. It was observed that lines joining points of 

equal derivatives of the various stress-strain curves 
de: 

(i.e., T vs e: } are approximately parallel (Figure 2. 3 Sb} • 

This observation enabled that fairly accurate extrapolations to 

be carried out for the curves shown in Figure 2.3Sa. Folque 

and Pinto (loc. cit.} carried out this extrapolation using 

a semi-logarithmic plot as shown in Figure 2.35c. The 

construction to obtain line PQ in Figure 2.35c is shown in 

Figure 2.35d. The results from tests employing this 

technique were in good agreement with those of conventional 

tests and in fact showed less spread (Figure 2.36}. 

Anderson (1974) described a multistage technique that 

was carried out to determined the unconsolidated undrained 

strength of stony boulder clays from the Glasgow area. The 

deviator stress at 20% axial strain was taken as the failure 

deviator stress. This arbitrary criterion was picked 

because it was found that the deviator stress rarely peaked 

during undrained shear on this material. The axial load was 

applied immediately following the application of the first 

stage cell pressure. At 16% axial strain the cell pressure 

was quickly raised to its second value. At 18% axial strain 

the cell pressure was raised to its third value and at 20% 

axial strain the cell pressure was reduced to that of the 

first stage to provide a check. The deviator stress at 20% 
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axial strain for 

extrapolation as shown 

all 

in 

stages 

Figure 

were then obtained by 

2.37 (inset). It is, 

however, not certain how this technique is of any use since 

the failure envelope for UU type test is a horizontal line. 

One Mohr circle would have been sufficient to completely 

define the failure envelope. In unsaturated soil, this may 

have some applications. 

Ho and Fredlund (1982) presented a multistage 

triaxial procedure for testing unsaturated soils. A 

modified triaxial cell with suction control capability, 

using the axis translation technique was used (Figure 2.1). 

The procedure involved the control of air and water pressure 

in the sample during the entire test. The sample to be 

tested was first saturated with water after it was placed in 

the triaxial cell. Upon complete saturation, the· stresses 

pertaining to the first stage were applied. The sample was 

allowed to consolidate to reach the desired suction (ua- uJ. 

On achieving consolidation, the sample was loaded until the 

deviator stress approached peak. This consolidation and 

loading procedure was repeated for stages 2 and 3 with the 

relevant stresses. The strain rate used for failing the 

sample was based on the coefficient of consolidation 

observed during the consolidation of the sample. A 95% 

degree of induced pore pressures dissipation was used. Two 

loading procedures were tried. The first and preferred one 

was to load each stage until it was apparent that the stress 
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was approaching its peak value and then to immediately remove the 

vertical load. In the third and last stage the loading was 

permitted to continue well beyond the peak point. This 

prevents creep of the soil structure under a sustained load 

and enables that part of the accumulated strain to be restored 

through elastic recovery. This helps to partly alleviate 

the problem of large accumulated strain over the three 

shearing stages. The alternative was to sustain the applied 

vertical load at each stage of shear once the deviator 

stress had reached a peak value. This was found to be 

inferior for the above reasons. From the results obtained 

from undisturbed samples of decomposed rhyolite and 

decomposed granite, it was inferred that there was a loss in 

strength in the sample resulting from structural disturbance 

due to accumulated strain from the previous stage or stages. 

This loss was especially pronounced when the measured stage 

3 strength was compared with that projected from stages 1 

and 2 {Figures 2.38a and 2.38b). Figures 2.39a and 2.39b 

show the general trend of the typical stress strain curves 

that was obtained. The interpretation of the test data was 

based on the unsaturated soil shear strength theory proposed 

by Fredlund et al {1978). 

Sridharan and Rao (1972) published results of 

multistage consolidated undrained triaxial tests on 

kaolinite and montmorillonite where each stage was only 

carried to 4% and 2% respectively. This is far below the 
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average failure strains of 16% and 10% obtained from 

conventional testing, for the two materials mentioned. This 

minimized the effects of excessive preshear strain in later 

stages. The peak deviator stress was predicted from the 

small strain test data using Kondner's hypothesis. Kondner 

(1963) found that the stress-strain curves of most soils can 

be approximated by rectangular hyperbolas, and arrived at 

the equation below: 

---=a+ be: 

where (a
1 

- a
3

) = the deviator stress 

a and b = constants 

e: = axial strain 
£ 

(2.13) 

A plot of versus e: yields a staight line of slope b 
a1 - a3 

and an intercept a on the ordinate. By taking the limit of 

the equation for £ + CD the asymptotic 

deviator stress is obtained. This is approximately the 

deviator stress at failure. A similar approach was also 

possible for the prediction of pore-water pressure. The 

corresponding equation is: 
£ 

- • a + be: 
u 

and Examples of plots of 
a
1 

- a
3 

u 

(2.14) 

versus from both 

conventional and multistage shear tests are given in Figures 

2.40a and 2.40b. The prequisite for using this method is 

the validity of Kondner's equation for the particular soil 

under consideration. This can be checked by conducting a 
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conventional consolidated undrained test to establish with 

certainty if and 
a1 - a

3 

€ 

u versus € yields a linear plot. 

This first stage may even be incorporated into the first 

stage of the multistage test. 

At each stage of the multistage test, the soil need 

only be strained to the extent that the linear portion on 

the plot 
E 

is established. At low strains, versus E 

01 - 03 
points may not lie on the transformed straight line plot as 

the stress- strain relation may be highly linear. Table 2.6 

gives the comparison of some results obtained by Sridharan 

and Rao (1972). Comparison of the multistage and 

conventional tests performed on kaolinite and 

montmorillonite are presented in Figures 2.4la and 2.4lb. 

Nambiar et al (1985) expanded on the method of 

Sridharan and Rao(l972). They maintain that for any 

multistage type test to truly provide satisfactory 

information, the procedure must 

i) yield accurate values of c and ~· ' and 

ii) yi~ld an effective stress path comparable 

to that obtained from conventional tests. 

This second criterion is usually not fulfilled in a typical 

multistage shear test (e.g., one following the method of 

Kenney et al, 1961) (Figure 2.42). They went on to 
0 cn + 1 

investigate in some degree the influence of 0 cn 
on the 

results of multistage shear test, where 0 cn is the 
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TABLE 2.6 COMPARISON OF RESULTS FROM CONVENTIONAL AND MULTISTAGE TESTS. 
(SRIDHARAN AND RAO, 1972) 

(Test Results, in Pounds per Square Inch) 

CONVENTIONAL TESTING MULTISTAGE TESTING 

Predicted hyperbolic Predicted hyperbolic 
Experimental asymptotic values asymptotic values 
peak values (Fig. 2) (Fig. 3) 

a,-aJ a 1 -a 3 

Oc a 1 -aJ u = 1/b u = 1/b .. = 1/b u = 1/b .. 
(I) (2) (3) (4) ~5) (6) (7) 

15.0 12.8 7.4 13.51 6.22 13.87 6.07 

30.0 36.0 10.5 37.03 12.35 41.80 12.14 

60.0 61.0 27.5 62.50 28.55 55.75 31.90 

90.0 86.0 35.0 88.50 33.30 85.15 34.47 
-
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effective consolidation pressure of the nth stage. They 

also analysed data from conventional consolidated undrained 

tests to establish the magnitude of strain to be used in 

Kondner•s equation. For it has been found that the 

asymptotic deviator stress obtained by taking the limit, 

always predict a deviator stress and a pore 

pressure that is higher than actual measured value (Kondner, 

1963; Sridharan and Rao, 1972). Their findings are that: 
(J 

1. ) b · t · · en + 1 2 h d · b y ma1n a1n1ng > , t e 1stur ance 
· acn 

effect of shearing-~train is better offset 

by the higher consolidation pressure, and 

ii) for their tests on kaolinite, the prediction 

of (a
1 

- a
3

> ~t 10% strain agrees better 
' -----~--·""''~ •• --.,_ •• ~,>co 

with experimental values from conventional 

tests. 

Nambiar et al (1985) found that in addition to 

accurate predictions of c' and ~·, their proposed multistage 

technique incorporating Kondner•s hypothesis also yielded 

stress paths that were closely comparable to those of 

conventional tests (Figure 2.44b). Both Nambiar et al 

(1985) and Sridharan and Rao(l972) recommended that the 

strain in each stage be limited to 2%-4%. Results on an 

undisturbed fine grained carbonate soil of submarine origin 

are shown in Figures 2.4Ja and 2.4Jb. 
I 

Sample CNRJ was tested in the conventional way to establish 

the validity of Kondner•s equation for this soil (Figure 
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2.43). Sample CNR
10 

was tested in multistages, according to 

their proposed technique, to provide complete information 

(Figure 2.44). Table 2.7 gives a summary of the physical 

properties and their test results. 
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TABLE 2.7 SUMMARY OF PHYSICAL PROPERTIES OF SOIL CNR AND OF THE RESULTS 
OF CONVENTIONAL AND MULTISTAGE TESTS. (Nambiar et al, 1985). 

Depth Below 
Sample Mud Line, m 

CNR1 24.4 
CNR. 29.0 
CNR. 30.8 
CNRIO 28.6 

Parameter (jn kPa 

(a 1 - a 1)1 162.0 u, 162.0 

In-situ J~tuils u11d physit·ulfJruperties of Soil CNR. 

Effective Overburden Calcium Carbonate Natural Warer 
Pressure, kPa Conrenl,% Content,% Liquid Limir,% Plastic Limit,% Plasticity Index, % Clay Comem,% 

127.0 52.0 73.2 84.0 45.0 39.0 } 
162.0 54.9 67.9 81.2 45.3 35.9 56.1 
175.0 58.8 67.7 76.0 40.0 36.0 
160.0 54.0 68.0 80.0 44.0 36.0 

Predicted und e.xperimemal ••a/ues of (a1 - al), and u,for Sample CNRJ. 

Predicred Value for an Axial Strain of 

Percenrage Percentage Percentage Percenla£e 
Experimental Value, kPa 2%, kPa Agreement 3%, kPa Agreement 4%, kPa Agreemenl 5'l, L:Pa A£n:ernent 

132.0 
312.0 

160.0 
320.0 
640.0 

127.2 96.4 132.6 100.5 135.4 102.6 
298.5 95.7 310.9 99.6 317.5 101.8 

AVERAGE PERCENTAGE OF AGRllMENT 
96.1 100.1 102.2 

Pr~dicttd \•a/Itt'S of (a 1 - a)), and urfor Sump/t' CNRm in tht' RMlD tnt. 

Predicted Value of (a, - a,), 
for an Axial Strain of 3~, kPa 

133.9 
239.0 
510.2 

Prcdicrcd Value of 111 fnr 
an Axial Strain of 3~. k.Pa 

317.5 
435.4 
675.7 

137.2 103.9 
321.5 103.0 

103.5 



CHAPTER 3. 

THEORY ASSOCIATED WITH SHEAR STRENGTH AND SHEAR STRENGTH 

TESTING. 

This chapter deals with the theory relevant to the 

following topics. These are; 

1. direct shear testing, 

2. shear strength and failure envelopes of soils, 

and 3. multistage shear strength testing. 

The theories cover both saturated and unsaturated soils. 

3.1 DIRECT SHEAR TESTING. 

The direct shear apparatus has had widespread use for 

several decades. The conventional version found in most 

soil laboratories was designed by A. Casagrande. Recent 

years has seen an increasing usage of the simple 

shear apparatus. This is a more complex piece of equipment 

and is mainly used in research laboratories. There has been 

skeptism expressed on the application of this apparatus. 

The most recent and critical being in the state-of-the-art 

report by Saada and Townsend (1981); and La Rochelle (1981) . 
. 

La Rochelle (1981) stated that the simple shear 

presents no real improvement over the direct shear. In his 

tests on the sensitive Saint-Jean-Vianney clay, he found 

that the results from the direct shear and simple 
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shear were comparable. These are shown in Figures 3.1a and 

3.1b. It is believed that the direct shear apparatus will 

remain active in practical use, due to its simplicity. 

The main objection to the shear box is that the stress 

conditions in the sample are somewhat ambigous. It is not 

suited to providing a meaningful stress-strain relationship. 

The stress distribution is highly nonhomogeneous. A direct 

indication of this nonhomogeneity is obvious from 

photographs by Morgenstern and Tchalenko (1967) of samples 

of kaolinite which were sheared to various stages. This is 

shown in Figure 3.2. The physical constraints of the box 

clearly give rise to stress concentration resulting in 

physical cutting at the front and rear edges (i.e. non 

uniform shear). This contributes to progressive failure. 

The effect of progressive failure is to lower the strength. 

This is due to failure not being simultaneous throughout the 

entire failure zone. Hvorslev (1960) found that the lateral 

pressure before shearing commences, corresponds to the earth 

pressure at-rest. Initially, the principal stresses are 

known. However,· once shearing commences, the principal 

stresses rotate and continue to do so. The stresses at 

every point will vary both in magnitude and direction. In 

addition to the above, the orientation and shape of the 

plane of rupture is not fully known. It is uncertain 

whether the horizontal plane is a plane of rupture or a 

plane of maximum stress (Bishop, 1957). Tests by 
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FIGURE 3.2 DEVELOPMENTS OF DISCONTINUITIES AT DIFFERENT 
STAGES OF SHEAR IN THE DIRECT SHEAR BOX TEST. 
THE DESIGNATIONS V.2 TO V.4 REFER TO THE 
SHEAR STAGES SHOWN IN FIGURE 3.6. 
(MORGENSTERN AND TCHALENKO, 1967) 



Morgenstern and Tchalenko (1967) showed that the 

progressive deformation of a soil in a direct shear box is 

complex. They found that as shear commences, shear 

discontinuities initiates at high angles to the horizontal. 

As shear displacement progresses, these discontinuities are 

impeded by the presence of the box. As these 

discontinuities are arrested, new ones begin to form at 

lower angles. This process persists until a continuous 

rupture plane is developed at residual strength (See Figure 

3.2). Similar phenomena in the development of slip surfaces 

in shear is reported by Skempton (1966). Five main stages 

were identified. The first stage is one of continuous, non 

homogenous strain. In the second stage, slip surfaces 

inclined at an angle to the direction of shear are developed 

as shown in Figure 3.3a. These are called Riedel shears. 

In simple shear, the Coulomb failure criteria predicts that 

these surfaces are inclined at an angle of ~/2 to the 

direction of shear, where 0 is the internal friction angle. 

At this stage, a conjugate set of surfaces, R', makes a 

dihedral angle of 90-~ with the Riedel shears. These are 

often observed under conditions of homogeneous strain (See 

Figure 3.4). With continued shear displacement, further 

slip along the Riedel shear surfaces is no longer 

kinematically possible. In the third stage, the soil is 

then compelled to develop shear surfaces at lower angles, 

parallel to the direction of shear (Figure J.Jb). Skempton 
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FIGURE J.J SKETCH SHOWING THREE SUCCESSIVE STAGES IN THE 
DEVELOPMENT OF SLIP SURFACES IN CLAY SUBJECTED 
TO SIMPLE SHEAR. (SKEMPTON, 1966) 
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(1966) called these displacements, D shears, as they are 

formed in direct response to the kinematics of the gross 

displacement imposed. The next stage results in the teaming 

up of these D shears to form a principal slip surface. This 

surface is undulating as the D shears were not originally 

all in line (Figure 3.3c). Residual strength is developed 

in the fifth or final stage after the slip surfaces have 

undergone appreciable flattening. 

A further difficulty associated with the determination 

of a meaningful stress-strain relationship from the direct shear box 

is the uncertainty in evaluating strain. This is because 

the thickness of the shear zone is extremely non uniform and 

is unknown. Hence, at best, only a sort of an 'average' 

shear stress-shear displacement relationship is obtainable. 

This is not a true stress-strain curve. 

In addition, while the shear box has excellent drainage 

facilities, it is not easily adaptable for pore pressure 

measurements. 

Despite its shortcomings, the attractiveness of the 

shear box lies mainly in the fact that: 

i) it is simple and inexpensive to operate, 

ii) it has good drainage facilities, 

iii) it provides a close simulation of certain field problems, 

iv) much experience and correlation had been acquired for 

comparative studies, 
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v) large strain can be imposed. 

That it is simple in operation is both intuitive and 

obvious. Unlike the triaxial and plain strain tests, no 

special technical skills are required. The thinness of the 

sample and the fact that it is sandwiched between two porous 

stones greatly reduces the time to achieve full 

consolidation. Much faster shearing rates 

are possible. 

than can be 

If nothing imposed on the triaxial test, 

else, this reduces costs. 

A great many field situations correspond closely to 

common field situation plane strain conditions. A 

corresponding to the ~lane strain type is the stability of 

an embankment. The mode of failure in this case is also of 

the direct shear type (See Figure 3.5a). The rigid 

confinement imposed by the box, parallel to the direction of 

shear, allows the direct shear test to closely approximate 

conditions of plane strain. Feda (1967) and Randolph and 

Wroth (1981) have respectively shown that the soil 

deformation around a cast-in-place pile and a driven pile is 

of the direct shear or 

3.5b). Wroth (1984) 

in most in-situ testing 

stress and/or strain 

simple shear mode (see Figure 

stated that 

devices, the principal axes of 

increment are free to rotate. These 

are frequently correlated with results from conventional 

triaxial and plane strain apparatuses where these axes are 
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FIGURE J.5 EXAMPLES OF FIELD SITUATIONS WHICH ARE OF THE 
DIRECT SHEAR OR SIMPLE SHEAR TYPE. 
a. SLIP FAILURE OF AN EMBANKMENT (WROTH, 1984) 
b. LOADING DUE TO DOWNWARD DISPLACEMENT OF A 

PILE (RANDOLPH AND WROTH, 1981) 
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fixed. Frequently, this difference is not appreciated. On 

the other hand, stress rotation is freely allowed in the 

direct shear. In the vane shear test, for example, 

Casbarian (1966) mentioned that the principal axes rotate 

through a similar angle as in the simple shear. He 

compared the results of 
su 

from simple shear .....--
p 

tests by Landva and Bjerrum (1966) with those of vane shear 

tests by Aas (1965) on a similar soil. He found good 

agreement. In most engineering situations, the individual 

soil elements experience stress and strain increments such 

that the principal axes rotate. This rotation is a function 

of the shear strength of the soil. 

In 1959, a slide of predominantly cohesionless mass on 

a thin layer of quick clay occurred at Furre, Norway 

(Hutchison, 1961). Triaxial tests conducted on this quick 

clay gave a ~· of 25 degrees. Back analysis showed that the 

internal friction angle could only have been 7 degrees, 

one-third of the triaxial value. Large in-situ and 

laboratory direct shear tests were subsequently conducted 

and these yielded B values of 8 degrees to 13 degrees. 

These are in far better agreement with the back-analysed 

values. The main reason cited by Bjerrum (1961) for this 

anomaly was that the shear deformations in the shear box 

test were accompanied by considerable vertical contraction 

of the quick clay. These vertical contractions were of the 

manner which occurred in the slide. The potential energy 
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released contributed to the overcoming of the shearing 

resistance of the clay. This is believed to have accounted 

for the low S angle. It was shown that when the g values 

obtained by the direct shear tests were corrected for the 

potential energy, the resulting values were in agreement 

with those of the triaxial tests. 

Point (iv) listed above will not be substantiated. 

Suffice it to say that the direct shear has been in use for 

a long time and is a standard piece of equipment found in 

most soil laboratories. 

Of great importance in this thesis is the ability of 

the direct shear box to subject a specimen to a large strain. 

This ability, coupled with the fact that failure in plain 

strain occurs at much smaller strains than in a triaxial 

condition (Bishop, 1957) means that the direct shear is most 

suited to multistage shear testing and residual strength 

testing. With respect to residual strength testing, the 

direct shear is versatile in that horizontal shearing in 

either direction can be carried out. This is based on the 

concept that at residual strength the shear zone is entirely 

remolded and the previous fabric totally obliterated (Saada 

and Townsend, 1981). It is generally agreed that the 

residual strength can be satisfactorily measured in the 

direct shear. 
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The interpretation and accurate analysis of results 

from the direct shear box test is quite difficult. Tests to 

examine the complex nature of direct shearing were conducted. 

by Morgenstern and Tchalenko (1967). In these tests, 

identical samples of kaolin were subjected to direct shear 

(See Figures 3.2 and 3.6). These samples were interrupted 

at various shear displacements and their structures were 

photographed and studied. 

summarized as follow: 

Their major findings can be 

i) during stable yielding to peak strength,displacement 

discontinuities occurred only at both edges, 

ii) at peak strength the central portion of specimen does not 

contain any displacement discontinuities and is in simple 

shear (Figure 3.7), 

iii) the major discontinuities which appeared were inclined at 

Hvorslev's true angle of shearing resistance, 

iv) due to the inclination of the discontinuities, the effects 

of kinematic restraints imposed by the presence of the box 

is of importance. 

Two alternative interpretations are shown in Figure 

3.8. The 'common' interpretation assumes that the shear 

strength is mobilized in the direction of shear. This 

direction is a slip line and its conjugate is inclined at 

90-0 to this direction. If it is assumed that there is no 

cohesion, then (see Figure 3.9a), 
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FIGURE 3.6 SHEAR STRESS VERSUS SHEAR DISPLACEMENT CURVES 
OF SHEAR BOX SAMPLES OF KAOLIN INTERRUPTED AT 
VARIOUS SHEAR DISPLACEMENTS FOR PHYSICAL 
EXAMINATION. (MORGENSTERN AND TCHALENKO, 1967) 
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~ROM MORGENSTERN AND TCHALENKO, 1967) 
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FIGURE J.8 INTERPRETATIONS OF DIRECT SHEAR TEST 
a. COMMON INTERPRETATION 
b. HILL OR HANSEN'S INTERPRETATION 
(FROM MORGENSTERN AND TCHALENKO, 1967) 
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(a) 

(b) 

FIGURE J.9 MOHR DIAGRAMS FOR THE DIFFERENT INTERPRETATIONS 
OF THE DIRECT SHEAR TEST 
a. COMMON INTERPRETATION 
b. HILL OR HANSEN'S INTERPRETATION 
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T/0 = tan ~-n (J.l) 
where T = shear stress 

(J = normal stress n 

B = angle of shearing resistance. 

This interpretation is based on Coulomb's assumption that 

the soil is able to slide along rupture lines only and that 

the friction angle between the two rigid moving bodies is 

~ • The interpretation of Hill (1950) and Hansen (1961) is 

based on the assumption that the direction of shear is the 

direction of maximum shear strain rate. If it is further 

assumed that the principal stress and strain direction 

coincide, then the shear stress T is the maximum value (see 

Figure 3.9b), 

(J.2) 

On the basis of his assumption, Hansen (1961) showed 

that the conjugate slip lines are inclined at ~/2 and 

90 -~/2 to the horizontal. This is shown in Figure 3.10. 

The results obtained by Morgenstern and Tchalenko (1967) 

on kaolin showed good agreement with the 

interpretation of Hansen (1961). They found that at 

peak stress the direct shear slip planes and its conjugate 

planes were inclined at 12 degrees and 78 degrees to the 

horizontal respectively. This value is in agreement with 

the e· of 24 degrees as measured from the inclination of the 

shear planes in the unconfined compression tests. Furthermore, the 

angle from the peak strength measurements, and 

from Hill and Hansen's interpretation was 24 degrees. The peak 
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FIGURE 3.10 INCLINATION OF SLIP LINES IN DIRECT SHEAR 
BOX SAMPLE ACCORDING TO HANSEN'S INTERPRETATION 
(HANSEN, 1961) 
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strength pertaining to the central portion of the sample was 

obtained by adjusting the apparent measured stress to 

account for the displacement discontinuities at both edges. 

The residual strength was assumed to act along the length of 

the discontinuities. The value of the residual strength was 

obtained by shearing a similar sample with a precut plane. 

The ~· angles obtained based on both the commom 

interpretation and the interpretation of Hill and Hansen are 

given in Table 3.1. 

Regardless of the interpretation used (i.e. common or 

Hill and Hansen) the difference between the S angles 

obtained is small for cohesive soil with 

(Feda, 1982). 

~ < 20 degrees 

Recent analysis by Wroth (1984) of results from simple 

shear tests showed that there is another possible 

interpretation. Figure 3.11 shows a set of results from an 

undrained simple shear test on normally consolidated Boston 

blue clay. It is seen that the stress path eventually 

reaches the failure envelope at point C after passing 

through a maximum shear stress defined by point B. This 

raises the question as to whether failure should be 

identified with state B or C. Wroth (1984) showed that 

state 

plane. 

should 

B does not represent the maximum shear stress on any 

He suggests that in frictional materials, failure 

be associated with the conditions of maximum stress 
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TABLE J.l INTERPRETATION OF ANGLES OF SHEARING RESISTANCE 
FROM RESULTS OF DIRECT SHEAR TESTS ON KAOLIN. 
(MORGENSTERN AND TCHALENKO, 1967) 

Position and method 

Peak, T/a,. =sin ~ -
Peak, T/a" =tan ~ - -
Pre-cut plane, T/a,. =tan ~, -

l l 5 ~ ........ 

Adjusted Unadjusted 

21·4° 
20° 
12·2° 
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FIGURE 3.11 STRESS PATH OF AN UNDRAINED SIMPLE SHEAR 
TEST ON BOSTON BLUE CLAY. 
(WROTH, 1984) 
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ratio {i.e., state C). Figure 3.12 shows Wroth's {loc. 

cit.) analysis of the same result presented in Figure 3.11. 

His analysis shows that the Mohr circle associated with the 

state B is tangent to the failure envelope. Tests performed 

by Borin (1973) at Cambridge University confirm 

that failure indeed was reached at point B •. In Borin's 

tests, the stresses were measured on all faces of the direct 

simple shear apparatus as shown in Figure 3.13. This mode 

of failure was first suggested by Josselin de Jong {1972). 

This is shown in Figure 3.14. However, T as defined in 
yx 

Figure 3.13 is not usually measured and the Mohr circle 

cannot be established. The failure condition should 

therefore be associated with the condition of maximum stress 

ratio as suggested by Wroth (1984). This, however, does not 

present problems in the conventional direct shear tests. In 

the O'Neil version of the direct shear (O'Neil,l962), 

similar difficulties as mentioned above may arise. 

The remainder of this section will be a discussion on 

the issue of dilatation. The corrections for dilatation 

will be examined. 

It was pointed out by Hvorslev (1960) that there are 

three components of shear strength T from a shear strength 

test. 

T = T~ + TC + Td 
I 

(J.J) 

where T~ = effective friction component 
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FIGURE 3.12 WROTH'S INTERPRETATION OF THE RESULTS OF 
UNDRAINED SIMPLE SHEAR TESTS ON NORMALLY 
CONSOLIDATED BOSTON BlUE CLAY PRESENTED 
IN FIGURE J.11. (WROTH, 1984) 
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Tc = effective cohesion component 

Td = surface energy component, often refer to as the 

dilatation component. 

Td is the surface energy that is expended due to a change in 

volume of the sample during shear. It has come to be called 

the dilatation component as it was first formulated to 

account for the effects of dilatation of dense sand during 

shear to explain the difference between the shear strength 

of dense and loose sand. Equation 3.3 can be rearranged in 

an alternate manner as: 

T - T = d (J.Jb) 

The left hand side of the equation represents the external 

energy which can be directly measured. The terms on the 

right hand side represents the internal energy which cannot 

be directly measured. Ideally the quantity desired from any 

shear test is That is, the energy 

consumed or supplied by volume changes should not be 

included with that from cohesion and internal friction 

(Gibson, 1953; Hvorslev, 1960). The surface energy 

component Td can be evaluated from measurements in a direct 

shear test as follows. Consider a time interval 'dt' during 

shear. Suppose that during this time interval 'dt', the 

change in thickness of a direct shear test specimen is 'dy' 

and the lateral shear displacement is 'dx'. The work 

expended to cause the change in 'dy' is (A o'dy), where A is 

the area of the test specimen and o' the effective normal 
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stress. Ignoring any internally available energy (e.g., 

swell potential, thixotropic collapse~, etc.), this work 

could only have come from the horizontal shear load applied. 

Let the shear stress involved be Td. Then the work done by Td 

is (ATddx). Therefore, if A o'dy = ATddx, then Td = 

o'(dy/dx). The expression for Td above was derived by 

Gibson (1953) and also Hvorslev (1960). The surface energy 

correction Td can be applied at all stages of shear (not 

just at failure) to obtain the corrected stress-displacement 

curve. 

Hvorslev (1960) expressed reservations about the 

surface energy correction, Td • He pointed out that the 

volume changes during shear are a combination of two 

effects, namely: 

i) interlocking and other interference to shear resulting 

from rolling and riding over high spotsp 

and ii) consolidation due to partial disturbance and thixotropic 

weakening of bonds in normally consolidated and silghtly 

overconsolidated clays, or a swelling due to a decrease 

of effective stresses between clay particles in 

overconsolidated clays. 

This issue has been studied by Poorooshash and Roscoe 

(1961). They emphasized that the energy associated with 

isotropic consolidation and swelling must be omitted when 

correlating shear test results by the energy methods. They 

considered the expression for the corrected deviator stress, 
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qB derived by Bishop (1954) which is, 

Ccri - cr3} 
0 

qB = + cr' v (J.4) 3 0£1 
where cS = volumetric strain v 

oe:,= increment of axial strain. 

They applied this expression to an isotropic consolidation 

test on a sample to show the absurdity that could result if 

the energy associated with consolidation was not omitted. 

Under isotropic consolidation, 0l = 02 = 03 . The applied 

deviator stress is zero and yet according to 

. .. 
equat1on 3.4 the corrected deviator stress is, 

o 3oe: 
qB = cr • v - a • __l = 3cr • 

3 0£1 - 3 0£1 3 
(3.5) 

Like Hvorslev (1960), Poorooshash and Roscoe (loc. cit.) 

asserted that the boundary energy oE is made up of two 

parts, viz., 

cSE = oU + cSW ( J. 6) 

where 

oE = the energy transmitted across the boundaries of the sample 

per unit volume by the movement of the external effectiv~ 

forces at that boundary during a small increment i~ =tr~in 

6U = the energy absorbed in volume changes such as Siri8ll i;:-.-:J anu 

consolidation during shear 

cSW = ene~gy absorbed in shear distortion, including dilatation. 

They pointed out that only cSW is the relevant quantity to be 

used for comparison. 6E is the external energy that is 

expended and can be directly evaluated from experimental 

measurements. cSU and cSW are internal energies and their 

magnitude can only be assessed from Equation 3.6 if either 
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one of the them is known. 

Hvorslev (1960) showed that the surface energy 

corrections may not be logical in view of the following: 

i) The external energy supplied during a volume decrease of the 

test sample may at least in part be absorbed internally by 

consolidation and produce an increase in the cohesion, and 

ii) the external energy expended during a volume increase may in 

part be supplied by internal swelling pressures and produce 

a decrease in cohesion. 

While the above phenomena affects mainly the cohesion 

component, he found that the inclusion of the surface energy 

correction mainly changes the friction angle. The effects 

of swelling pressures in unsaturated soil could be a 

significant factor. 

In view of the many possible factors contributing to 

volume changes and the uncertainties in accounting for them, 

Hvorslev (1960) commented that consideration of the surface 

energy corrections "may be said to be of academic rather 

than practical interest because the full surface energy 

corrections for shear tests on clays usually are relatively 

small at the moment of failure, although they may attain 

appreciable magnitudes before failure". 
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The foregoing discussion reveals the complex nature of 

dilatation. When the above is coupled with yet another 

system of forces, i.e. (u - u} , it is to be expected that 
a w 

the proper accounting of the various aspects of dilatation 

become even more formidable. 

Rowe (1966) expressed that it was undesirable to remove 

the structural strength of a soil that is due to volume 

changes by an energy correction. Rather, it is more proper 

to distinguish - this strength from the frictional and 

cohesive strengths and to handle these components separately 

during analysis. This approach will be adopted. 

That is, the measured strength will not be corrected. No 

attempt will be made to identify the material properties, 

except insofar as they are a result of the direct outcome of 

the application of the Mohr-Coulomb mathematical formulation 

relating the measured shear strength to the known applied 

stresses. 
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3.2 SHEAR STRENGTH THEORY AND MOHR-COULOMB FAILURE ENVELOPE 

OF UNSATURATED SOILS. 

Numerous shear strength equations for unsaturated soils 

have been proposed (Table 2.2 of section 2.2). Most of 

these eq~ations have found limited application. These 

attempts have attempted the correlation of the observed 

shear strengths with a single variable, a' , which is 

analogous to the effective stress variable that has been so 

successfully used in saturated soil mechanics. The result 

of these attempts is that independent stress variables are 

combined, with the incorporation of some material 

characteristics to yield that single variable, a•. Although 

these equations were called the effective stress equations 

for unsaturated soils, they are not strictly the same as 

(cr - uw) that is used in saturated soils. The term (a - u ) i s 
w 

a stress state variable that is relevant to the description 

of the behavior of the soil particles in a saturated 

environment, or any saturated particulate medium consisting 

of incompressible particles. The various observed behaviors 

of the material, such as shear strength or volume change, 

can be related to changes in this stress variable. These 

resulting equations are called the constitutive equations. 

They contain relevant material indices such as 

compressibility coefficients, and the angle of internal 

friction. The most widely accepted effective stress 
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equation for unsaturated soils is that proposed by Bishop 

(1959) and is expressed as a' = a - u + x ( u - u ) (Equation 
a a w 

2.3). In a sense, X reflects .the effective area over which 

(u - u } acts. a w •. This parameter X is related to the 

constitution of the soil (i.e., it is a function of the 

grading of the soil and its degree of saturation). This 

makes the proposed equation a constitutive equation rather 

than a stress variable (Fredlund and Morgenstern, 1977). 

Besides, the parameter X is not a readily measured quantity. 

This formulation is therefore difficult to apply. 

Fredlund (1974) proposed relevant stress state 

variables for the behavior of unsaturated soils. Two key 

features to his formulation are i) a macroscopic 

phenomenological continuum mechanics approach and ii) the 

recognition of the contractile skin as a important 

independent phase. The mathematical formulation of 

phenomenon observed macroscopically has found wide 

application in engineering. It is more convenient and 

simpler than the particulate approach. It has been 

successfully applied to a variety of problems. In this 

section, a closer phenomenological examination of the 

complex nature of unsaturated soils will be used. 
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In the past, an unsaturated soil has always been 

considered a three phase system of solids, air and water. 

Fredlund (1979) and Fredlund and Morgenstern, (1977) 

presented reasons for the rightful recognition of the 

contractile skin as a separate independent phase that must 

be reckoned with. The four phase system (Figure 3.15) thus 

proposed has two phases that deform and come to equilibrium 

under applied stress gradients (i.e., soil particles and 

contractile skin) and two phases that flow under applied 

stress gradients (i.e., air and water). 

The equilibrium condition associated with the soil 

particles and contractile skin are of particular interest 

in unsaturated soils. Fredlund (1973; 1974) showed that two 

independent stress variables can be extracted from the force 

equilibrium equations for the soil particles and contractile 

skin (Figure 3.16). Depending on the reference phase, 

different pairs of the stress variables can be used to 

define the stress state. There are three possibles stress 

variables. These are (cr- u ), 'cr- u land (u - u ) Any two a l! w - a w • 
of these three variables can be used. From experience and 

usage, Fredlund (1979) suggested that the pair of ~- u ) and a 
(u - u } -a w is the most convenient. These stress state 

variables consist only of measurable quantities. 
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Figure 3.15 , four phase sys tern of unsaturated soils 
(from Fredlund and Morgenstern, 1977) 
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Figure 3.16 Stress state variables for an unsaturated soil. 
{from Fredlund, 1979) 
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Having established the stress state variables required 

to define the stress state of an unsaturated soil, 

constitutive equations can now be proposed to relate the 

observed behavior with these stress state variables. These 

equations can either be proposed from a purely mathematical 

standpoint or else deduced from physical observations. 

Fredlund, Morgenstern and Widger (1978) propose a shear 

strength equation employing the above derived stress state 

variables, after the manner of the Mohr-Coulomb criterion. 

Experimental evidence supports this criterion (Wu et al, 

1963; Bishop, 1966; Pearce, 1972 and Feda, 1982) (Figure 

3.17). It is, therefore, convenient and logical to 

formulate the proposed shear strength equation for 

unsaturated soils after this proven criterion. Their 

proposed equation is given in Equation 2.5 and is reproduced 

here for clarity. 

T = c' + (u - u ) tan cpb + (cr - u ) tan ~· a w a o/ 
(2.5) 

This is a general equation, of which the shear strength 

equation for saturated soils is a special case. As the soil 

saturates, u approaches u , and Equation 2.5 will revert 
a w 

to, 

T = c• + (o - u 1 tan ~· w 
(J.?) 

There is therefore a smooth transition from unsaturated to 

saturated soils behavior and vice versa. 
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It should be pointed out that by representing the shear 

strength of unsaturated soils by Equation 2.5, does not 

mean that the soil has two different angles of internal 

friction. Just as in the Coulomb shear strength equation, 

the parameters c', 01 and ~b are not strictly material 

properties. Rather, they are the consequence of the 

mathematics applied. and 0b are but two different 

manifestations of the same property, of which neither one is 

strictly a true basic material physical constant. These 

parameters come about, possibly as a result of two factors. 

First, the stress variable (.a - u ) is an apparent external stress a· 
which acts over the gross area of the soil. It is the 

average stress resulting from the application of the 

external load. The actual contact stresses due to this 

external load are much higher than (a - u ) • a These contact 

stresses are, however, unknowns. The external load and the 

gross area of the sample are readily determined in any test. 

It is, therefore, convenient and logical to use the stress 

variable (a .. u ) • 
a 

Matric suction, (u - u ) on a w J 
the other 

hand, is not the average stress that is acting over the 

gross area. It is rather the representative value of the 

high curvature menisci at all contact points. The average 

stress due to suction over the gross area will be much 

lower. However, the average stress due to (u - u l cannot be a . w 
readily determined. The stress variable (u - u } has to be a w 
used instead. Hence, it is logical to assign a different 



friction angle 0b to Cu - u ). From the above discussion, it 
a w 

can be deduced that 0b will be equal to or smaller than e•. 
The second factor pertains to the differences in the 

mechanical behavior of the two stress variables. This will 

be discussed later. 

The graphical representation of equation 2.5 takes the 

form of an extended Mohr diagram plotted in three dimensions 

Cu - u } as abscissas a w (Figure 3.18) using (_cr - ua). and 

(Fredlund, 1979). The Mohr diagram can also be represented 

in two dimensions with suction contoured on a T versus 

(cr- u ) plot (Figure 3.19). 
a 

In this manner, the shear 

strength of unsaturated soils can be visualized as having 

two components of cohesion (Figures 3.19 and 3.20), 

c = c • + (u - u 1 tan 0fl ( J . 8 ) a w 
fl . 

The second component, (ua- uwl tan 0 ·, ,is related to the environment. 

This manner of treating the shear strength of unsaturated soils makes 

it particularly useful in slope stability analysis as the 

factor of safety equations used for saturated soil can also 

be used. It is merely necessary to make the cohesion a 

function of the suction (Fredlund, 1985) . 

The proposed shear strength Equation 2.5 has been 

verified experimentally (Fredlund et al, 1978; Escario, 

1980; Satija, 1978; and Ho, 1981). These available data 

show that the relationship between T and (u - u ) (henceforth 
a w 
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( cr-ua ) 

Figure J .18 Three dimensional extended Mohr diagram for unsaturated soils. 
(from Fredlund and Rahardjo, 1985) 
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Figure 3.19 Two dimensional representation of failure envelopes 
corresponding to different (ua-_uw) 
(from Fredlund and ·Raha rdjo, 1985) 
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Figure 3.20 Variation of total cohesion with suction. 
(from Fredlund and Rahardjo, 1985) 
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called the suction envelope) is essentially linear (i.e., ~b 

is a constant) (e.g., Figures 3.21 and 3.22). Tests by 

Satija ( 1978) where the variable (cr ... u ) is also a 
varied, indicates that the extended Mohr envelope in three 

dimensions is also planar. Data compiled by Fredlund (1985) 

from various sources indicate that the value of 0b is 

consistently lower than ~· and appears to hover around 15 

degrees (Table 3.2) 

A completely constant ~b is, however, at variance with 

experimental observations previously published for saturated 

soils with pore water tension (Bishop and Eldin, 1950; 

Bishop, 1959) • These previous results verify that the 

effective stress principle as expressed by Equation 2.1 

(i.e. ,a' • a-u ) , applies regardless of positive or negative 
w 

pore water pressures so long as the soil remains saturated. 
l) 

9 at saturation should therefore be equal to 0'. This will 

also ensure a truly smooth transition from the case of 

saturated soils to the case of unsaturated soils. Consider 

a saturated soil under a pore-water tension. The applied 

air pressure is zero. Under these conditions, the shear 

strength 

or 

'· 
Equation 2.5 for unsaturated soil becomes, 

T = c • + ( .. /J- u } tan 0b + {.cr - .rf.} tan 0 • ia . w 
T = c• + crtan0' - u tan0b w 

For saturated soils, the shear strength equation is 

T = c • + Co - uw 1 tan 0 ~ 

Equating Equations 3.9 and 3.7, we get, 
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Figure 3. 21 Shear strengths of two Hong Kong soi 1 s with different suctions. 
(from Ho and Fredlund, 1982) 
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Figure 3.22 Shear strength versus suction for Dhanauri clay (by Satija, 1978) 
(from Ho and Fredlund, 1982) 
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Table 3.2 Experimental values of ¢b by various investigators. 
{from Fredlund, 1985) 

SOU Type i' Test Procedure ~ference 
(Degrees) 

Compacted Shale; w • 18.6\ 18.1 Constant Water Content Bishop, Alpan, Donald and 
Triaxial Bli9ht, 1960 

Boulder Clay: w • u.n 21.7 Constant Water Content Bishop, Alpan, oonald and 
Triaxial Bli9ht, 1960 

Ohanauri Clay: w • 22.2\, 3 16.2 Consolidated Drained Satija, 1978 yd • 15.5 kN/nl 
Triaxial 

Ohanauri Clay; w • 22.2\, Y d • 14.5 kN/llll 12.6 Consolidated Drained Satija, 1978 
Triaxial 

Ohanauri Clay: w • 22.2\, Y d • 15.5 kN/m3 22.6 Constant Water Content Satija, 1978 
Triaxial 

Oharlauri Clay; w • 22.2\, Y d • 14.5 kN/m3 16.5 Constant Water Content Satija, 1978 
Triaxial 

Madrid Gray Clay: w • 29\, Y d • 13.1 kN/m3 
16.1 Consolidated Drained, Escario, 1980 

Direc:t Shear 

Undisturbed Oecatlposed Granite: Bong Koog 15.3 Consolidated Drained, Ho and Fredlund, 1982 
Multi-5ta<je Triaxial 

Undisturbed Deccxt1p:)sed Rhyolite: Bong Kc:niJ 13.8 Consolidated Drained, Ho and Fredlund, 1982 
Multi-Staqe Triaxial 

Cranbrook Silt 16.5 Consolidated Drained, FredlW'Id (unpublished) 
Multi-SI:a9e Triaxial 

141 



or 

tan fib= tan ~· 
b s = ~· 

This SUg,QeSt that the suction 

angle of fib= ~· and probably 

relatively constant value as 

Satija (1978). It 

(J.lO) 

envelope should emerge at an 

decreases with suction to some 

observed by Ho (1981) and 

is probable that this initial 

portion of the curved envelope extends over a fairly low 

suction range in the materials tested by Ho ( 1981) and 

Satija ( 1978). This maybe the reason why this curved 

portion of the suction envelope have eluded these 

investigators. 

The previous discussion deduced that the parameter ~b 
is not a constant. Rather, it is function of (ua- uw}. It 

has already been mentioned that 0b will have the same value 

as 01 when (ua - uwl is equal to zero. 0b will probably 

remain equal or close to 01 until the pores begin to drain 

or desaturate. From then on, 0b will decrease as (ua - uwl 

increases. The rate of decrease will diminish with 

increasing (ua - uw) such that beyond a certain high suction, 

~b will remain fairly constant. If this is indeed the case, 

b then the term (u - u ) tan~ in Equation 2. 5 will have to be 
a w 

treated in an incremental form, or in some other manner 

which will be considered later. 
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The above postulated behavior of 0b is attributable to 

two phenomena associated with (ua- luw). First, the net area 

across the sample on which (ua- uw) is effective does not 

remain a constant but decreases with increasing suction. 

At (ua- uw) equal to zero, the soil is fully saturated and 

the suction is effective over the entire gross area. At 

this stage, suction is no different from any external 

stress. The friction angle, 0b , associated with (ua- uw) is 

then the same as ~·. As suction increases, water is drawn 

from the soil and eventually, air will enter its pores. 

When this happens, the net area across which (ua- uw) is 

effective decreases. Hence, 0b will begin to deviate from 

~· and will decrease in magnitude. The rate of water loss 

with increases in suction decreases rapidly. This accounts 

partly for the diminishing rate of change of ~b • Finally, 

when the water around the particles has shrunk sufficiently, 

further increases in suction will withdraw only negligible 

amounts of water. At this stage and beyond, the effective· 

area over which (ua- uw) acts remains fairly constant. 0b 

will then attain a constant value. In sand, yet another 

stage is observed where the shear strength actually drops to 

-
a lower but fairly constant value (Figure 2.19). See 

Section 2.3 for plausible explanation. The suctions 

required to desaturate a soil depends on the grain size. 

Coarse granular material will drain at lower suctions than 

fine-grained clayey soils. This is due to two reasons. The 
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first reason being that the capillary stresses or the 

ability of pores to retain water is inversely proportional 

to the size of the pores. Coarse-grained soil will have on 

the average larger pores than a fine-grained soil. The 

other reason is that fine-grained materials such as clay 

particles are electrically charged and possess appreciable 

surface phenomena. Due to this, clay particles have a high 

affinity for water. The tension that this water can 

withstand is much greater than that of ordinary water. 

Hence, clayey soils can remained saturated up to fairly high 

suctions. Sand will usually desaturate below a suction of 

one atmosphere. 

The second phenomenon is that the tendency of suction 

to inhibit soil particle rearrangement may have a 

contribution to the curvilinear suction envelope of 

unsaturated soils. Schmertmann (1976) states that if 

different samples of a saturated soil under various applied 

stresses were tested to failure such that the structure of 

these soils at failure are identical, the shear strength 

obtained will describe a highly curved Mohr envelope 

(Figure 3.23). Although the effects of suction are not 

strictly maintained at a constant structure, except maybe in 

the high suction range, the resulting envelope will deviate 

from the conventional linear envelope and tend toward the 

constant structure envelope with increasing suction. 
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Figure 3.23 Conventional and constant structure Mohr envelopes 
showing effect of structure and particle dispersion 



In saturated soils, the conventional linear 

Mohr-Coulomb envelope is inherently the outcome of three 

factors. These are: i) changes in effective stress ii) 

structural changes in the soil in response to changes in 

effective stress (Schmertmann, 1981) and iii) structural 

changes of the soil due to shear displacement. It is rather 

difficult to evaluate the last two factors. Schmertmann 

(1976) suggested that with his curve hopping technique 

(see Section 2.5), he was able to maintain a reasonably 

constant structure between two closely spaced points on the 

failure envelope. However, it is not certain how a complete 

constant structure envelope can be established 

experimentally. It is also proposed that under constant 

structure conditions, equal proportions of strength will be 

mobilized at equal strains (Figure 3.24) (Schmertmann, (1976). 

Stresses and strains cause particle rearrangement 

(Lambe, 1960; Barden, 1972; Morgenstern and Tchalenko, 1967; 

Seed and Chan, 1959 and Schmertmann, 1976; 1981). Figures 

3.25 and 3.26 show the effect of consolidation and shear 

displacement on the soil structure. In a shear test, the 

soil particles will always tend to be more dispersed than in 

their initial state. The degree of dispersion is a function 

of both the applied stress and the shear displacement. It 

is conjectured that there is an 'optimum' structure 

corresponding to any applied stress. This structure 
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Figure 3.24 Constant structure Mohr envelopes showing equal 
proportion of strength mobilized at equal strain. 
(from Schmertmann, 1976) 

147 



PRESSURE, na~ural scale~ 

\c) LOW PF\ESSURE 
CONSOLIOATION 

PRESSURE, log scale__..,. 

(b) HIGH P~ESSURE 
CONSOLIDATION 

Figure 3. 25 Effect of consolidation on soil structure 
(from Lambe, 1960} 
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Effect of shear on soil structure. 
(from Barden, 1972) 
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produces the maximum shear resistance. This structure is 

more dispersed the higher the applied stress. At any given 

void ratio (or particle spacing), a flocculated structure is 

stronger than a dispersed structure (Lambe, 1960). However, 

strength is also a function of density which in turn is 

dependent on the soil structure. The greater the degree of 

dispersion, the 

another and the 

closer 

denser 

the 

the 

particles can 

soil becomes. 

approach one 

However, the 

proximity achievable between particles is a function of 

load. During drained shear, the resistance contributed by 

the structure will be overcome. The particles are dispersed 

and compressed into a denser state so as to further lend 

resistance against the applied shear force. Corresponding 

to any load, there is a maximum density. Once this maximum 

density is attained, further straining will induce 

dispersion without any further increase in density. 

Finally, when _the particles within the shear zone are fully 

aligned in the direction of shear, the soil has reached its 

residual strength. Therefore, along any conventional 

Mohr-Coulomb envelope, the degree of particle dispersion 

increases with the confining pressure (Figure 3.23). 

On the basis 

above, it is 

of the 

suggested 

particle 

that the 

dispersion hypothesis 

suction envelope is 

basically different from the conventional linear envelope 

which is the result of the total freedom allowed for 

particle dispersion. This is apart from the effect of 
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varying effective areas associated with (ua- uw) discussed 

previously. The shape of the suction envelope is due to i) 

the increasing water deficiency with desaturation and ii) 

the difference in the mechanical behavior of (ua- uw) from 

(a ~· ua} which was mentioned earlier. Lambe (1960), when 

discussing the colloidal behavior of clay particles stated 

that because water is mor·e polar than air, the water results 

in greater electrical repulsion between particles. This 

acts to lubricate the particles and enhances dispersion. 

The lack of water will therefore impede dispersion. (cr - u } a 
is an externally applied stress and will inevitably induce a 

shear component at the particle contacts, even when applied 

isotropically (Jennings and Burland, 1962). This shear 

component causes slipage and promotes reorientation and 

dispersion (Figure 3.27b). A similar but less pronounced 

effect may be caused by surface tension acting on the 

exterior of a saturated soil sample (Figure 3.27c). 

However, the presence of water and the relative 

incompressibility of water will reduce the amount of 

particle rearrangement. On the other hand, the high 

curvature meniscii at the grain contact points in an 

unsaturated soil, induces only normal forces between the 

particles. The particles will tend to become "glued" 

together, increasing the relative stabilty of the entire 

structure (Figure 3.27d). In addition, these contact normal 

forces are not transmitted through the grains and therefore 
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Figure 3. 27 

r i i i r i ·r 
(b) 

(a) 

Effect of different applied loads on structural changes in soil. 
a). soil particle arrangement before any load application 
b). displacement of particles due to an isotropic load 
c). small displacement of particles associated with exterior 

surface tens ion 
d). soil structure rigidity due to high curvature menisci 

at contacts 

(from Jennings and Burland, 1962) 
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do not cause significant grain distortion. This is well 

demonstrated in the cracking of a clay soil on drying. 

Grain distortion will likely induce a shear component. The 

phenomenon of 'micro-shattering' in dessiccated clay soils 

is attributed to this factor (Jennings and Burland, loc. 

cit.) Another phenomenon that can be attributed to this 

factor, and also illustrates a basic difference in the 

mechanical behavior of the two stress variables, is that a 

soil becomes increasingly more brittle with increasing 

suction. Tests by Satija (loc. cit.) show that the strain 

required to mobilize peak strength under a constant 

decreases with increasing (u - u ) (Figure 3.28). 
a w 

also true of saturated soils under a high water tension 

(El-Ruwayih, 1975). In contrast, a soil under increasing 

external confining pressure becomes increasingly more 

plastic (Bishop, Webb and Skinner, 1965;). The above 

observations can be explained on the basis of the particle 

dispersion phenomenon. From physics, it is known that 

slippage between two solid surfaces in contact occurs only 

when the limiting frictional force is exceeded. That is the 

full frictional resistance can be mobilized without any 

relative movement between the two surfaces. In soil, a 

different phenomenon is observed. Relative displacement of 

particles has to occur before the full frictional resistance 

can be mobilized. This is due to structural rearrangement 

of the. soil particles and the closing of some voids. Also, the 
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FIGURE 3.28 STRESS-STRAIN CHARACTERISTICS AT VARIOUS 
(ua- uw) FOR A SAMPLE OF DHANAURI CLAY 
AT (~- ua) = 0.98 kg/cm2 (SATIJA, 1978) 
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relative displacement required to mobilize the shear 

strength increases with confining pressures (Figures 3.29 

and 3.30). Earlier on, it was stated that there was an 

optimum density corresponding to each confining stress and 

that the degree of dispersion increases with increasing 

density. It was also stated that the degree of dispersion 

is proportional to shear displacement. Hence the 

displacement required to achieve peak strength will increase 

with the confining stress. This accounts for the increasing 

plasticity observed with increasing confining stress. In 

contrast, the increasing brittleness with increasing suction 

is due to the material becoming increasingly like that of two 

solid surfaces sliding over one another. Theoretically, 

when the soil is very dry and hard, its behavior may not be 

unlike that between two pieces of rock in contact. The 

decreasing displacement required to mobilize the peak shear 

strength would certainly result in a lower degree of 

particle rearrangement. By way of a corrollary, it can be 

said that the particles are held tighter with increasing 

suction, thus permitting less particle rearrangement. This 

suggests that under shear, an unsaturated soil would fail 

with little densification occurring within the shear zone. 

Therefore, (ua- u ) will tend to stiffen the soil structure . w 

and promote less particle movement than will (a - ual • This 

is why it is suggested that the suction envelope may 

approach the constant structure envelope with increasing 
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FIGURE 3.29 MODES OF FRICTION MOBILIZATION 
a. SOLID BOBY SLIDING ON A SURFACE 
b. SOIL IN DIRECT SHEAR AT VARIOUS NORMAL LOADS 
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BUT VARYING SUCTIONS 
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suction. 

Suction changes are always accompanied by water content 

changes. The bulk volume changes of the soil which cause 

changes in water content, will inevitably cause the soil 

particles to move to maintain contact and stability. It was 

mentioned in the previous chapter that clay particles are 

inadvertently hydrated and contact between particles could 

be in the water phase. There is likely a difference in 

behavior of an unsaturated soils above the shrinkage limit 

and below the shrinkage limit. Above the shrinkage limit, 

an increase in suction will cause considerable disturbance 

to the soil structure. This is due to water ·losses and 

shrinkage of the diffused double layer water. However, this 

disturbance may not necessarily give rise to a greater 

degree of dispersion. It will no doubt decrease the void 

ratio. Below the shrinkage limit, an increase in suction is 

accompanied by very small losses in water content. The 

volume changes are also small. In this case, an increase in 

suction may contribute significantly to preserving the soil 

structure as discussed earlier. 

On the basis of the preceding discussions, it appears 

that the suction envelope from a multistage shear test would 

be dependent on the suction path followed. For example, in 

a mutistage test where the first stage of suction is zero, 

the particles within the shear zone will undergo 
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'unrestricted' dispersion. At failure, the structure of 

these particles will be substantially different from its 

original state. The shear strengths measured in subsequent 

stages of increasing ( u - u ) wi 11 be 
a w 

correspondingly 

affected. If another separate test employing an identical 

sample is now tested commencing with a high suction, the 

degree of particles dispersion could be greatly reduced. 

Since, strength is a function of density (i.e., void ratio) 

and structure, the shear strengths at equal suctions from 

these two tests will be different (Figure 3.31). 

In view of the hypothesized behavior related to 

(u - u ), it is deduced that the Mohr circles in the T versus a w 

( 0 _ u ) p 1 an e at any ( u - u ) w i 11 con t in u e to serve i t s 
a a w 

analytical function of predicting the failure planes in 

unsaturated soils. That is, the orientation of these 

failure planes is oblivious to the effects of (ua- uw). 

~atric suction can be viewed essentially as contributing to 

the hardening of the soil. It is known from structural 

mechanics that the orientation of the failure planes is not 

affected by strength. The above postulation remains to be 

verified by experimental observations. In principal stress 

space, ( ua- uw) will contribute to extend the Mohr-Coulomb 

failure envelope outwards (Figure 3.32). Its contribution 

is similar to that of the combination of the stresses that 

lie along the hydrostatic axis. In conjunction with the 

conjectured behavior of 0b discussed earlier, it is 
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FIGURE 3.31 HYPOTHESIZED SUCTION ENVELOPES FROM 
MULTISTAGE SHEAR TEST OF SIMILAR SOIL 
SAMPLES WITH DIFFERENT INITIAL TEST 
SUCTIONS. 
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Figure 3.32. Mohr-Coulomb failure envelopes for unsaturated soils in 
principal stress space. 
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predicted that with equal increases the 

corresponding subsequent failure surfaces will initially 

become increasingly closer. This corresponds to the curved 

portion of the suction envelope. When 
b 

constant ~ is 

attained, their subsequent yield surfaces will then be 

equally spaced. 

In numerical computation, a nonlinear failure envelope 

is more difficult to handle than a linear failure envelope. 

An incremental treatment of the curved suction envelope was 

suggested earlier. The incremental treatment is both 

difficult and time consuming, although with today's easy 

access to computing facilities, this need not be a problem. 

For practical reasons, simplified methods of handling the 

nonlinear suction envelope in calculations is desirable. In 

Figures 3.33 to 3.35, three suggestions are presented. The 

method shown in Figure 3.33 requires the determination of 

the starting and end points of the curved portion of the 

suction envelope. If sufficient tests on a particular soil 

have been performed, these two points on the suction 

envelope may be quite accurately determined. A second 

method to simplify calculation would be to divide the 

suction envelope into two linear sections, using the limit 

suct-ion associated with the capabilty of the equipment or 

the limit of the suctions used in the test as the dividing 

criterion. In this method the beginning and end points of 

the suction envelope obtained from shear testing are joined 
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by a straight line, giving a constant 0b. Below the limit 

suction, this constant value of ~b will be assumed and 

beyond the suction limit, ~b will be assumed equal to zero. 

A third and preferred simplification is shown in Figure 

3.35. In this method, a constant 0b equal to the slope of 

the later linear portion of the actual suction envelope is 

assumed. This last method is the simplest and it also 

ensures prudent conservatism. 
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3.3 MULTISTAGE SHEAR STRENGTH TESTING. 

The literature review on the subject of multistage 

testing in the previous chapter affirms the reliability of 

this technique. The sophistication of the techniques 

employed varied substantially between investigators. It is 

evident that all demand a substantial measure of care and 

control. The results obtained show that the procedure works 

for both remolded and undisturbed soils. 

The investigation in this 

remolded glacial till. 

thesis deals 

For remolded 

only with a 

material, the 

multistage technique is more likely to succeed. Undisturbed 

soils have been in place for years and thus may have 

developed a cohesive strength due to cementation, 

metamorphism or other allied processes. This cohesive 

strength once destroyed is not readily restorable within the 

laboratory time frame. Laboratory compacted samples, on the 

other hand, being a thoroughly remolded material in which 

the cohesive contribution due to the processes just 

mentioned has been totally obliterated, is relatively 

insensitive to disturbance such as shearing. Shearing 

merely remolds an already remolded soil which has been 

compacted to a certain density. The condition of the soil 

in latter stages of a multistage test is therefore not 

entirely different from that before any shear is applied. 

The material within the shear zone will have undergone 
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drastic changes in terms of soil structure. This can be 

shown to present no great concern which would invalidate the 

multistage test. In fact, it was shown earlier in section 

3.2 that particle reorientation during shear and 

consolidation is a necessary process in establishing the 

conventional Mohr failure envelope. It is believed that the 

repeated shearing after each reconsolidation to higher 

subsequent normal stresses in a multistage direct shear test 

will not significantly affect the effective stress 

parameters c' and ~'· The effective cohesion, c' as stated 

earlier has an inherent time effect. However, with 

laboratory compacted samples, this contribution should be 

negligibly small. The effective cohesion, in this case is 

merely an indication of the bonding by virtue of the close 

contact of the soil particles wherein the electrical forces 

and/or viscosity of the attached water are brought into 

play. Shearing will destroy these bonds either partly of 

completely due to stretching or separation of the surfaces 

from such shearing. The separation of surfaces may not be a 

concern as studies made by Morgenstern and Tchalenko (1967) 

show that in a direct shear test, the main body of the soil 

remains intact at peak strength. Displacement 

discontinuities were present only at the edges. 

Nonetheless, as long as the surfaces or particles can be 

brought back into close contact as before, these bonds can 

be re-established. This will be enhanced by the increased 
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applied normal load associated with each subsequent stage in 

the multistage test. In the event that c' was initially 

small, as is usually the case with remolded soils, this 

matter becomes of even less consequence. Friction is 

basically a surface phenomenon and as long as good contact 

can be maintained or restored, it will not be greatly 

affected. 

From the works of Blondeau and 

(1982) reported that the cohesion 

obliterated at displacements of 5 to 10 

Pilot (1972), Feda 

is almost totally 

mm in the clayey 

soils investigated. In comparison, it requires at least 60 

mm displacement for the peak friction angle to reach its 

residual value. That is, the effect of shear on the peak 

friction angle will begin to show only after excessive 

strain. Investigations by Schmertmann (1960) show that it 

requires a much larger strain to fully mobilize the 

frictional component of strength than the cohesive 

component. As such, it is possible that by the time the 

frictional component (which is also the major component) is 

fully mobilized the actual or intrinsic cohesion present in 

the shear strength measured will be small. The cohesion 

intercept though may not be negligible. This is not to be 

confused with the intrinsic cohesion just mentioned. The 

measured peak strength in any shear test is almost totally 

attributable to the frictional properties. This does not 

include cemented soils. Rowe et al (1963) on the basis of 
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his dilatancy theory claimed that even in overconsolidated 

soils, the cohesion component in the measured peak shear 

strength is zero or small. From tes~on London clay in the 

torsional apparatus by Bishop (1974), Feda (1982) reported 

that it required approximately 1 m displacement for the peak 

value of g to reach its residual value. This is for sample 

sheared at a constant normal load. For a sample that is 

subjected to an increasing normal load each time it reaches 

peak value, the displacement required to reach the residual 

value will be successively extended. This is because 

dispersion of the soil particles corresponding to the peak 

strength increases with increasing consolidation load. To 

attain the increased corresponding dispersion would require 

an increase in strain. Figure 3.36 shows the stress-shear 

displacement curves pertaining to different consolidation 

loads. The probable stress-shear displacement curves of a 

multistage shear test subjected to the same consolidation 

loads is also shown. With reference to this figure, o will 
e 

be greater than ob as the dispersion due to shear 

displacement and consolidation under crnl is not as effective 

as it would have been under However, 

corresponding to the second stage under will be 

than the shear displacement required to fully mobilize 

the peak strength in the corresponding single test. On the 

basis of the above reasoning, it is likely that the value of 

from multistage test will be similar to that 
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established by the conventional single stage tests. 

It is postulated that at each normal consolidation load 

there is a 'optimum' structure that will yield the highest 

resistance to shear. It was also implied that this optimum 

structure tends toward increasing particle dispersion with 

increasing consolidation load. This is shown in Figure 

3.37. With reference to Figure 3.37, multistage shear 

strength tests can be shown to result in comparable or equal 

strengths as from the single stage test. Under normal 

consolidation, the individual samples will reach the end 

points A, C and F which lie on the virgin curve. These end 

points correspond to the normal loads P
1 

, P and p On 
2 J 

shearing, the particles within the shear zone of these 

samples will undergo particle disp(~rsion and further 

consolidation reaching peak strengths at points B, E and H. 

At B, E and H , the soil particles within the shear zone 

will have attained their optimum degree of dispersion. For 

a sample tested using the multistage procedure, subjected to 

the same 

follows. 

normal stresses P
1

, P
2 

and P
3

, the path will be as 

Under load p
1

, the sample will fail at B. On 

subjecting this sample at B to an increased normal stress, P
2 

, the sample will consolidate to point D which lies between 

C and E. The structure of the particles in the shear zone 

is now more dispersed than its single stage counterpart at 

C, but it has not exceeded that corresponding to its peak 

strength at E. The sample now has to undergo a lesser 
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degree of dispersion from D to E. The shear displacement 

required to achieve the necessary additional particle 

dispersion and hence failure is consequently much smaller 

than the shear displacement required to go from C to E. 

Since the optimum particle dispersion at E is the same in 

both the multistage and the conventional single stage test, 

their peak shear resistance will also be the same. 

In unsaturated soil, it was stated earlier that suction 

tends to tighten the particle contacts. Shear displacement 

and surface separation due to shearing will disrupt the 

contact forces. However, as long as these surfaces can be 

brought back into intimate contact, the water phase will be 

able to re-establish continuity. The continued 

application of a net total stress will aid in bringing the 

surfaces together. However, as stated before, separation of 

surfaces (or displacement discontinuities) may not occur in 

the main body of the soil at peak strength (Morgenstern and 

Tchalenko, 1967). In the scheme that will be employed in 

the testing, water has to be forced out of the soil to 

increase its suction at each stage of the test. In so 

doing, a certain amount of water from the top half of the 

sample has to cross the shear zone on its way out. This 

passage of water will enhance the re-establishment of these 

bonds. 
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CHAPTER 4. 

SOIL AND TEST PROGRAM. 

4.1 INTRODUCTION. 

The objectives of this thesis are 1) to adapt the 

direct shear test for shear strength testing of unsaturated 

soils and 2) to verify the proposed shear strength Equation 

2.5. The conventional direct shear apparatus is incapable 

of providing the required information for a complete 

analysis of the shear strength of unsaturated soils. For a 

rigorous analysis of shear strength, the stresses at failure 

must be known. In unsaturated soils, this means that in 

addition to the external applied stress, the pore-air and 

pore-water pressures must also be known. There are 

basically two ways to acquire this information. The first 

way would be to use some sort of measurement system which 

could provide a continous measurement of these pressures. 

The test could be carried out quite rapidly with no 

appreciable change in water content. This is commonly 

called the CW test or the constant water content test. This 

procedure is more difficult to follow than might first 

appear (Bishop and Henkel, 1962). The second and preferred 

method, which is adopted in this investigation, is to 

control the air and water pressures. This is similar to the 

consolidated drained test used for saturated soil testing. 
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The development of the direct shear apparatus to accommodate 

these features is described in the next chapter. 

Earlier in chapter 3, the results of previous 

investigators to verify the shear strength Equation 2.5 were 

reviewed. These results were shown not to be completely 

consistent with certain previous experimental observations 

on saturated soil. Tests on saturated soil under pore-water 

tension show that the friction angle is equal to ~'. 

Results by Satija, (1978) and Ho, (1981) conclude that the 

(Jb 0 0 

suction envelope is inclined at a constant value P wh1ch 1s 

smaller than ~·. This conclusion by Satija (1978) and 

Ho (19 81) is not consistent for saturated soils under 

suctions. It is the author's desire to conduct tests to 

determine the reasons behind this inconsistency. The shape 

of the T versus (u - u ) failure envelope for a complete 
a w 

range of suction from 0 to 500 kPa will be investigated. 

4.2 THE SOIL. 

The laboratory investigation is on the relationship of 

the shear strength to the proposed stress state variables, 

and not on the shear strength of the actual physical soil 

per se. It is decided, therefore, that a compacted remolded 

soil would be most suitable.This is based on the assumption 

that the shear strength of a remolded soil is not 

significantly affected by disturbance due to shear. This 
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makes multistage testing viable (See Section 3.3). 

The soil used in this investigation is a glacial till 

from the Indian Head area. Only material passing the No. 

10 sieve was used. The index properties of the processed 

soil is given in Table 4.1. The grain size distibution 

curve of the soil is shown in Figure 4.1. Figure 4.2 

presents the standard Proctor compaction characteristics of 

the soil. 

4.2.1 SOIL PREPARATION. 

The soil was air dried for a couple of days. It was then 

pulverized using a rubber mallet to break down the soil 

aggregates without pulverizing the coarser material (e.g. 

quartz grains). The reason for doing _this is so that the 

fine material gathered and tested would be representative of 

the real soil, and not of one that has been contaminated by 

the introduction of pulverized quartz. Only material 

passing the No. 10 sieve was collected. The reason for 

this particular selection of grain sizes is that the 

presence of larger grains may cause adverse nonhomogeneity 

in the 50 mm by 50 mm shear box sample. 

The soil was hand mixed with precalculated 

then placed in 

quantities 

a sealed of distilled water. It was 

polythene bag and left to cure 

moisture room. The soil was 
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TABLE 4.1 INDEX PROPERTIES OF THE PROCESSED 
GLACIAL TILL USED IN THE TESTING 
PROGRAM. 

LIQUID LIMIT ~ 35.5 % 

PLASTIC LIMIT = 16.8 % 

PLACTICITY INDEX = 18.7 % 

PERCENT SAND SIZES = 28.0 

PERCENT SILT SIZES = 42.0 

PERCENT CLAY SIZES = 30.0 

SPECIFIC GRAVITY OF 
SOLIDS = 2.734 
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Proctor compaction using an automatic trip hammer device. 

The compacted soil was wrapped in saran wrap and waxed. The 

waxed sample was stored in the moisture room until needed 

for testing. 

4.3 TEST PROGRAM. 

The testing program can be divided into three main 

sections. These are i) a pilot test program of direct shear 

tests to determine the shear rate to ensure drained 

conditions, 2) direct shear tests on saturated specimens and 

3) direct shear tests on unsaturated specimens (Figure 4.J). 

4.3.1 PILOT TEST PROGRAM (DIRECT SHEAR TESTS FOR SHEAR 
RATE DETERMINATION). 

The results of the pilot test program to determine the 

shear rate for drained tests are presented and interpreted 

in this section. 

The theoretical determination of shear rate required to 

perform drained tests on unsaturated soil is difficult (Ho 

and Fredlund, 1982). It was decided, therefore to determine 

the required shear rate experimentally. The upper limit for 

drained conditions can be assessed by subjecting identical 

samples to various shear rates. This was based on the 

assumption that under drained conditions, the effective 

stresses remained constant. At constant effective stresses, 
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the shear strengths should remain equal. 

Initially, it was intended to investigate the shear 

strength of glacial till. and Regina clay. The testing 

program on Regina clay was later dropped. However, this was 

not until after the tests to determine the required shear 

rate were completed. It was reasoned then that since Regina 

clay has a lower permeability than glacial till, a strain 

rate that is adequate for Regina clay will assuredly be 

adequate for glacial till. Since the permeability of an 

unsaturated soil decreases with desaturation, a slower rate of 

shear will be required. Therefore, a shear rate that 

ensures a drained condition in shear testing of unsaturated 

Regina clay will be adequate for tests on glacial till. 

Four specimens of Regina clay, all trimmed from a 

single compacted sample were subjected to direct shear 

testing in the modified direct shear equipment. The sample 

was compacted at 20% water content which is dry of optimum. 

The optimum water content at standard Proctor is 30.0% (See 

Figure 4.4). All four specimens have approximately the same 

void ratio of about 1.2. These specimens were sheared at 

various rates under applied stress conditions of ( a - u ) 
a 

approximately equal to 40.0 kPa and ( u - u ) a w equal to 

approximately 200.0 kPa. A summary of the soil volumetric 

measurements of the specimens tested and the shear rates 

used in the tests is presented in Table 4.2. 

183 



1.5~--1----· ,-T-- -------r-----~--- , 
~.4-+---1-----+----i-~-----+---+-, --+,,-...........: ---r--~--·--t---1 

I ' I 
I I I 

·~-----~----~----~----~------lr---~-~----+----~----~----~ 
maximum Proctor dry density = 1.42 Mg/m3 I. 

optimum water content = ~ % -+-----+--·---------~---_ 
I I I i 

~ 
Ol 2 1.3-+---

1 

__ L_--+--
1 I I I 
I I I ' I 

1.1 

1~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~r 

18 20 22 24 26 28 30 32 34 36 38 4 

moisture content % 

FIGURE 4.4 COMPACTION CHARACTERISTICS OF PROCESSED REGINA CLAY. 



TABLE 4.2 SUMMARY OF VOLUMETRIC PROPERTIES OF REGINA CLAY 
SAMPLES, OF APPLIED STRESSES AND PRESSURES, 
AND OF SHEAR RATES USED IN THE PILOT TESTING 
PROGRAM. 

SHEAR RATE DETERMINATION 

SINGLE STAGE DIRECT SHEAR TESTS 
ON UNSATURATED REGINA CLAY 

SAMPLE 
RC-2 

AS COMPACTED VOLUMETRIC MEASUREMENTS 

VOID RATIO, ei - 1.08 
DEGREE OF SATURATION, S. -0.54 

l 

WATER CONTENT, wi(%) - 21.10 
DATE COMPACTED - 14 MARCH, 1985' 

SPECIMEN NO. N1 N2 N3 N4 
e. 

l 1.17 1.04 1.18 1.11 
s. 

l 0.47 0.44 0.43 0.50 
w. ' ( %) 

l 19.85 17.03 18.37 19.93 
a - ua, kPa 40.27 40.27 39.63 40.16 
ua, kPa 248.30 246.30 256.67 249.70 
uw, kPa 52.59 52.23 52.64 53.33 
SHEAR RATE , mm/hr 0.29 ' 0. 076 1.2J 0.131 
DATE OF TEST(1985) 6 June 19 JUNE 9 JULY 24 JULY 
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The direct shear test results of the four specimens 

subjected to various shear rates are presented in Figures 

4.5 to 4.8. The effect of the shear rate on peak strength 

is shown in Figure 4.9. Figure 4.9 shows that the peak 

strength stays nearly constant until the shear rate was 

greater than about 0.8 rom/hr. On the basis of these 

results, a rate of 0.6 mm/hr was selected. This is 

considered conservative based on the reasons discussed 

earlier. Escario (1980) employed the same shear rate in his 

tests on unsaturated Madrid clay. He used a 15 bar high air 

entry disc in his modified direct shear apparatus. His 

results appear reasonable (Figure 2.21, Section 2.4). In 

this testing program, a 5 bar ceramic stone is used. A 5 

bar stone has a higher permeability than a 15 bar stone. 

Two of the four direct shear test results of the Regina 

clay samples show that the shear stress versus shear 

displacement curves level off and then take a steep jump to 

a higher constant shear stress at some larger displacement. 

Figure 4.6 shows that the shear resistance of sample RC2-N2 

reaches an initial constant value of approximately 55 kPa 

after about 0.5 mm shear displacement. The shear stress 

versus shear displacement curve continues at this 

approximately constant shear stress of 55 kPa to a shear 

displacement of about 1.2 mm shear displacement. The shear 

stress versus shear displacement curve then jumps to a higher 

constant shear stress value of approximately 65 kPa. A 
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similar trend is shown by the shear stress versus shear 

displacement curve of sample RC2-N4 (Figure 4.8). In sample 

RC2-N4, the shear stress versus shear displacement curve 

jump from the initial constant value of approximately 55 kPa 

to the higher constant value of approximately 67 kPa at 

shear displacement of about 2.4 mm. In these samples, 

RC2-N2 and RC2-N4, the first level portion of the shear 

stress versus shear displacement curve represents the actual 

the peak strength of the soil. The jump to a higher 

constant shear stress is likely due to the binding of the 

two halves of the shear box. The higher constant peak 

stress is, therefore, ignored. 

4.3.2 DIRECT SHEAR TEST ON SATURATED SAMPLES. 

The direct shear tests on the saturated till are 

preliminary in nature. They are intended i) for the 

determination of c' and ~· in shear strength Equation 2.5, 

ii) to compare tests performed in single stage with those in 

multistage to determine the applicability of multistage 

shear test for this soil and iii) as a study to arrive at a 

suitable failure criterion. 

192 



4.3.2.1 SINGLE STAGE DIRECT SHEAR TEST. 

In the single stage direct shear tests on the saturated 

till, three different compacted samples were used. Two of 

the samples were compacted wet of optimum. The remaining 

one was compacted dry of optimum. Samples GT-12 and GT-17 

were compacted at 19% and 18% water content, respectively, 

using standard Proctor compaction. However, for sample 

GT-17, the drop height of the hammer was wrongly set at 18 

inches (i.e., 458 mm) instead of the standard 12 inches 

(i.e., 305 mm). Sample GT-14 was compacted at 12% water 

content, which is of the same water content as GT-15 and 

GT-16. GT-15 was tested saturated while GT-16 was tested 

unsaturated, with tests on both samples conducted using the 

multistage testing procedure. In total, 12 single stage 

direct shear tests were performed, four from each compacted 

sample. Tables 4.3 to 4.5 present summaries of the 

volumetric measurements of the specimens from samples GT-12, 

GT-14 and GT-17. The stresses that were used in the direct 

shear tests are also shown in Tables 4.3 to 4.5. 

4.3.2.2 MULTISTAGE DIRECT SHEAR TEST ON SATURATED SAMPLES. 

In the multistage direct shear test on the saturated 

till, the specimens tested were all trimmed from a single 

compacted sample, GT-15. GT-15 was compacted at 12.7% water 

content. This is the same water content as the samples that 

were tested in the multistage direct shear test on the 
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TABLE 4.3 SUMMARY OF VOLUMETRIC PROPERTIES OF COMPACTED 
SAMPLE GT-12 AND OF APPLIED NORMAL STRESSES 
USED IN THE SINGLE STAGE DIRECT SHEAR TESTS. 

AS COMPACTED VOLUMETRIC MEASUREMENTS 
e. - 0. 60 
l 

s. 
l 

wi (%) 

DATE COMPACTED 

- 0.90 
- 19.61 
- 4 MARCH, 1985 

SPECIMEN NO. N1 N2 N3 N4 

e. 
l 0.60 0.63 0.58 0.60 

s. 
l 0.87 0.8J 0.93 0.88 

w. , 
l % 19.02 19.10 19.55 19.24 

O"'n, kPa 60.78 110.98 172.15 149.40 

DATE TESTED (1985) 5 JUNE 13 JUNE 20 JUNE 27 JUl'_lE 
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TABLE 4.4 SUMMARY OF VOLUMETRIC PROPERTIES OF COMPACTED 
SAMPLE GT-14 AND OF APPLIED NORMAL STRESSES 
USED IN THE SINGLE STAGE DIRECT SHEAR TESTS. 

AS COMPACTED VOLUMETRIC MEASUREMENTS 

e. 
l 

s. 
l 

w. ( %) 
l 

DATE COMPACTED 

SPECIMEN NO. N1 
e. 

l 
0 . .56 

s. 
l 

0 • .56 

w. f 
l 

% 11 . .5.5 

ern, kPa 28.08 

DATE TESTED 12 FEB 
(198.5) 

- 0.56 
- 0.61 
- 12.46 
- 14 MARCH, 1985 

N2 NJ 
0 . .51 0.6.5 

0.62 0.48 

11.6.5 11.42 

81.16 149.40 

18 FEB 20 FEB 

19.5 

N4 
0 . .52 

0.62 

11.77 

217.64 

27 FEB 



TABLE 4.5 SVMMARY OF VOLUMETRIC PROPERTIES OF COMPACTED 
SAMPLE GT-17 AND OF APPLIED NORMAL STRESSES 
USED IN THE SINGLE STAGE DIRECT SHEAR TESTS. 

AS COMPACTED VOLUMETRIC MEASUREMENTS 
e. 
l 

s. 
l 

~ (%) 

DATE COMPACTED 

SPECIMEN NO. N1 
e. 
l 

0.56 
s. 

l 
0.8J 

w. (%) 
l 

17.14 
<h_ (kPa) 222.14 

- 0.54 
- 0.92 
- 18.JO 
- 24 JAN. , . 198 5 

N2 NJ 
0.51 0.55 
0.92 0.8J 

17.11 16.85 

195-71 79.01 
DATE TESTED (1985) 2 JULY 15 JULY 22 JULY 
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N4 
0.58 
0.80 

16.44 
25.16 
31 JULY 



unsaturated samples. In total, 4 specimens were tested. 

Each specimen was sheared to 5 stages. At each stage, 

shearing was stopped when peak strength was approached. The 

shear load was then completely unloaded and the soil was 

allowed to recover elastically. A su~nary of the volumetric 

measurements of the specimens tested and the stresses used 

in the tests are presented in Table 4.6. 

4.3.3 MULTISTAGE DIRECT SHEAR TEST ON UNSATURATED SAMPLES. 

Multistage direct shear tests on unsaturated till were 

carried out on 5 specimens of the compacted sampl~ GT-16. 

GT -16 was compacted at 12.4% water content. In these multistage shear 

tests, (a - u ) was maintained constant at approximately 72 
a 

kPa for all tests. It was deliberately arranged such that 

the starting suctions for each specimen in the multistage 

shear test will cover a range of suction values. These 

starting suctions range from approximately 0 kPa to 

approximately 175 kPa. Specimen GT-16-Nl commences at a 

matric suction of 50.0 kPa. GT-16-N2 starts at a matric 

suction of approximately 175.0 kPa. GT-16-N3 and GT-16-N4 

both starts at a matric suction of approximately 25.0kPa and 

GT-16-N5 starts at approximately zero suction. Specimens 

GT-16-Nl to GT-16-N4 were tested at a shear rate of 0.6 

mm/hr. As a check to be sure that the tests were fully 

drained, the shear rate for GT-16-N5 was reduced to 0.3 
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TABLE 4.6 SUMMARY OF VOLUMETRIC PROPERTIES OF COMPACTED 
SAMPLE GT-15 AND OF APPLIED NORMAL STRESSES 
USED IN THE VARIOUS STAGES OF THE MULTISTAGE 
DIRECT SHEAR TESTS. 

AS COMPACTED VOLUMETRIC MEASUREMENTS 

~ 
s. 

1 
w. (%) 

1 
DATE COMPACTED 

- 0 . .58 
- 0.60 
- 12.72 
- 12 April, 1985 

SPECIMEN NO. N1 N2 N3 N4 

e. 
1 

0.53 0.69 0.68 

~ 0.63 0.46 0.47 
w. 

1 
12.14 11.84 11.75 11.70 

DATE TESTED STARTED 16 AUG 23 SEPT 3 DEC 11 DEc 

NORMAL STRESS LEVELS AT VARIOUS STAGES 
OF MULTISTAGE DIRECT SHEAR TEST 

STAGE 
~ NORMAL STRESS (kPa) 

NO. N1 N2 N3 N4 
1 2.5.16 6.5.99 124.01 33.02 
2 70.66 112 . .58 169 . .50 58.07 
3 117.47 143.60 219.50 83.20 
4 164.02 193.76 266.32 108.22 
5 21.5.48 2.51.20 311.82 13J.J6 



mm/hr. For the last stage of test on specimen GT-16-NS, 

(i.e. at stage 7 (87)), the shear rate was reduced to 0.07 

mm/hr as the peak was 

performed for each 

approached. The number 

specimen varied from 3 to 7. 

of stages 

Like the 

multistage test on the saturated samples, shearing was 

stopped at each stage when peak strength was imminent. The 

shear load was immediately removed and the soil was allowed 

to recover elastically. Loading for the subsequent stage 

was not carried out until -the next day. A summary of the 

volumetric measurements of the specimens tested, and of the stresses 

and pressures applied in the tests are presented in Table 4.6. 
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TABLE 4.7 SUMMARY OF VOLUMETRIC PROPERTIES OF COMPACTED 
SAMPLE GT-16 AND OF APPLIED STRESSES AND 
PRESSURES USED IN THE VARIOUS STAGES OF THE 
MULTISTAGE DIRECT SHEAR TESTS. 

AS COMPACTED VOLUMETRIC MEASUREMENTS SPECIMEN NO. Nl N2 N3 
e. 

l 

s. 
l 

w. (%) 
l 

DATE COMPACTED 

I 

l\) 
0 
0 

!STAGE 
NO. 

1 
2 

3 
4 

5 
6 

7 

Nl 
a--u a ua 

70.941 88.26 

71.29 227.54 
71.58 ~65.43 

- 0.58 e. 
l 

0.77 0.53 0.69 

- 0.58 s. 
l 

0.42 0.59 0.48 

- 12.35 w. 
l 

(%) 11.83 11.50 12.27 

- 12 April, 1985 DATE TEST STARTED 7 NOV 29 NOV 10 DEC 
1985 1985 1985 

TOTAL NORMAL STRESSES, AIR PRESSURES AND WATER PRESSURES 
AT VARIOUS STAGES OF MULTISTAGE DIRECT SHEAR TEST. 

JSTRESSES AND PRESSU~ES, (kPa) f 
~ -

N2 N3 N4 
uw p-- u a ua ~ r,y - ua ua ~ ~- ua ua ~ ()" - u a 

50.40 71.28 227.54 50.59 72.8~ 75.16 51.71 72.5~ 67. 5'7 50.95 73.7~ 

50.65 71.58 365.43 50.7~ 72.84 130.32 51.28 72.61 tl-11.0] 50.32 72.58 
50.18 71.99 504.20 50.67 72.68 498.51 50.46 72.59 ll7l.OC 50.70 72.59 

?2.68 498.51 50.46 72.56 ~90.97 51.14 72.57 
72.58 )99.22 51.52 72.5~ 
72.53 $46.08 51.58 72.57 
-....... _ .. __ ,.. ___ ..,..~ 

' ·---~--·-~ .... --- _?2. 20 

N4 N5 
0.51 0.54 
0.65 0.61 

12.~3 12.08 
3 JAN 7 JAN 
1986 1986 

N5 
··-

ua uw 

52.40 51.55 
84.81 50.92 

ll-28.94 50.87 
177.89 51.69 
~55.12 50.59 
lJ74.40 52.51 
557.12 52.78 



CHAPTER 5. 

EQUIPMENT DEVELOPMENT AND TESTING PROCEDURES FOR UNSATURATED 

SOILS. 

The testing of unsaturated soils with the intent· of 

establishing the strength behavior on the basis of the 

stress state variables (_cr - u ) and 
a (u - u } a w 

has been 

successfully executed using triaxial equipment (Bishop et 

al, 1960; Satija, 1978; Ho, 1981). The time required for 

these tests is long due to the length of the drainage path. 

This is made worse by the reduced permeability of the soil 

with desaturation. It is the intent of this study to 

utilize the direct shear box to reduce the testing time. A 

previously successful attempt by Escario (1980) is most 

encouraging. 

5.1 DESIGN CONSIDERATIONS. 

To define the variables (a - ua) and (ua- uw), it is 

necessary to be able to either measure the pore air and pore 

water pressures, or else to maintain them at known values. 

The axis-translation technique has been successfully adapted 

to this end in the triaxial equipment (Bishop et al, 1960; 

Satija, loc. cit • ; Ho , 1 oc • cit.). Recently, Escario 

(1980) has also achieved similar success in the direct shear 
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box. 

The modifications are for the purpose of rendering the 

equipment capable of the independent control of the air and 

water pressures in the soil. In in-situ soil, the air 

pressure is normally atmospheric and this would suggest that 

air pressure control is not necessary. However, water 

cavitates at pressures below -1 atinosphere and this will 

break the continuity of the water in the measuring or 

controlling system. This problem can be circumvented by use 

of the axis-translation technique. The essence of the 

technique is that the equal raising of both air and water 

pressures will not affect the air-water meniscus. 

The independent control of air and water pressures 

entails the utilisation of a high air entry disc. The high 

air entry disc allows the slow passage of water but does not 

allow the flow of free air as long as the difference between 

the air and water pressure do not exceed the air entry value 

of the disc. The flow of water through the disc ensures 

that there is a continous column of water from the soil 

specimen 

pressure 

to 

and 

the water below the disc. 

the water pressure can 

In this way the air 

be independently 

controlled. Although the high air entry disc does not allow 

the passage of free air, dissolved air will diffuse through 

the water (Fredlund, 1973}. This air can collect as air 

bubbles below the disc. 
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5.2 EQUIPMENT MODIFICATIONS. 

A direct shear apparatus manufactured by Clockhouse 

Engineering Limited of England was chosen to be modified. 

The modifications involve mainly the shear box assembly. 

The material for the modified parts is stainless steel. Two 

auxiliary apparatuses are also required. These are i) a 

water movement indicator and ii) a diffused air volume 

indicator. 

5.2.1 ADAPTATION OF THE AXIS-TRANSLATION TECHNIQUE TO THE 

EXISTING EQUIPMENT. 

Two major modifications are required, both related to 

the control of the air and water pressures. These are 

described under i) the shear box base design and ii) the air 

pressure chamber design. Figures 5.1, 5.2 and 5.3 show the 

layout of these parts. 

5.2.1.1 SHEAR BOX BASE DESIGN. 

A plan view of the shear box base is shown in Figure 

5.1. The high air entry disc is removed to show the details 

of the water chamber. The raised sections inside the water 

chamber serve both as supports for the high air entry disc 

and as guides for flow (Figure 5.2). The flow starts at one 

end and moves continously in one direction to exit from the 
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other end. 

channels 

diffusion. 

This is to ensure a thorough flushing 

to remove the collected air bubbles 

of the 

due to 

The high air entry dies is placed on the raised channel 

guides. It is tightly sealed into position with epoxy to 

ensure that air will not enter the water chamber by leakage. 

The permeability of the high air entry disc decreases with 

increasing thickness. This will affect the testing time as 

a decrease in permeability of the high air entry disc will 

increase the time required for suction equilibration. On 

the other hand, a thin disc may crack too easily, especially 

if care is not taken to ensure that the vertical load and 

the air pressure are applied before pressurizing the water 

chamber beneath the disc. It was decided to use a 6.4 mm 

(i.e., 1/4 inch) thick disc. The completed shear box base 

is shown in Plate 5.1. 

In the original equipment (i.e., before modification), 

shearing is carried out via the movement of the lower box. 

It is desirable to maintain this feature in the modified 

equipment. It is also desirable to maintain the alignment 

of the box separation with the axis of the shear load 

application and the shear load measurement (Figure 5.2). 

The shear box base is seated on a pair of rollers that run 

along a pair of grooved tracks on the chamber base. Because 

the shear box base moves, a pair of steel tubings rolled 
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PLATE 5.1 DETAILS OF SHEAR BOX BASE AND CHAMBER BASE. 
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into two flexible helical springs have to be utilized to 

connect the water chamber to its inlet and outlet in the 

chamber base (Figures 5.1 and 5.3). The resistance 

resulting from these helical steel tubings and the 

frictional resistance from the rollers do not introduce 

errors or inaccuracies to the measured shear resistance. In 

Escario's (1980) design, shear is applied through the upper 

box. This is because the shear box base is built into the 

chamber base (Figure 5.4). The shear box base is, 

therefore, immovable. This simplifies the plumbing to the 

water chamber and it can be done without the helical 

connectors previously described. However, the direct 

application of the shear load to the upper box in the 

Escario's design, will increase the tendency for uplifting 

of the box and eccentric loading. In Escario's design, the 

shear resistance has to be measured via the shear loading 

ram. Therefore, the registered readings will also include 

the frictional resistance of the roller bearings (See Figure 

2.20). 

5.2.1.2 AIR PRESSURE CHAMBER DESIGN. 

A pressure chamber is required to maintain any selected 

air pressure in and around the sample. The circular chamber 

is designed for pressures of up to 1050 kPa, which is the 

limit of the air pressure supply available in the 

laboratory. The investigations in this thesis will be 
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FIGURE 5.4 MODIFIED SHEAR BOX BASE OF DIRECT SHEAR 
APPARATUS FOR UNSATURATED SOILS TESTING 
(AFTER ESCARIO, 1980). 
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limited to suctions of 500 kPa. The reserve in the design 

is to cope with possible future needs for testing soils with 

high suctions. Safety is of high priority and this explains 

the robustness of the air pressure chamber. 

The chamber consists of three components. These are i) 

the chamber cap, ii) the chamber body and iii) the chamber 

base (Plate 5. 2) • The air-tightness of the entire chamber 

is ensured by two rubber 0-ring seals, one in the cap and 

the other in the base (Plate 5.1). The cap is held down to 

the body by six cap screws. Under normal operation, (i.e., 

that of mounting and dismounting sample), only the chamber 

cap needs to be removed. The cap is itself a heavy 

component. Its removal is made easier by two lifting holes 

into which a pair of cap screws can be fitted to act as 

handles (Plate 5.2). The chamber body will only need to be 

dismantled from the chamber base in the event that the shear 

box base needs to be removed (e.g., for replacing the high 

air disc). 

The chamber cap houses an air valve and has a circular 

hole through its center for the axial loading ram (Plate 5.2 

and Figure 5.3). The circular hole has a teflon ring seal 

to ensure air-tightness when the loading ram is in place. 

An ample quantity of vacuum grease is always used. An air 

supply is connected to the chamber via the air valve. The 

air pressure is controlled by a pressure regulator (Figure 
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PLATE 5.2 DISMANTLED DIRECT SHEAR APPARATUS 
SHOWING THE VARIOUS COMPONENTS. 
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5. 5). 

The chamber body is a 26.5 mm thick circular cylinder 

of 220 mm internal diameter. Two circular holes, 

diametrically opposite each other, provide the necessary 

housing for the pistons to the shear box assembly. These 

holes are lined on the inside with a teflon seal each to 

ensure air-tightness. 

A plan view of the chamber base with the shear box base 

in position is shown in Plate 5.1. Details of the chamber 

base can be seen in Figure 5.3. 

The entire apparatus, assembled and under operation, is 

shown in Plate 5.3. 

5.2.2 WATER MOVEMENT INDICATOR. 

The water movement indicator is similar to the volume 

change indicator used in the testing of saturated soil. In 

unsaturated soils, volume changes of the soil specimen are 

not the same as water volume changes. For this reason, the 

term water movement indicator is used. 

A schematic diagram of the water movement indicator can 

be seen in Figure 5.5. It consists of a graduated 6.25 mm 

diameter plastic tube connected to the water chamber beneath 

the high air entry. disc. Since the water pressure is kept 

constant and low, the water movement registered is reliable. 
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PLATE 5.J LAYOUT OF THE COMPlETE DIRECT SHEAR 
BOX APPARATUS. 
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This is because the errors due to expansion of the tube are 

minimized and are kept relatively constant. The water 

movement is used for the determination of suction 

equilibration. 

It was initially proposed to use the LVDT (linear 

variable displacement transducer) reading at the top of the 

sample as the deciding factor in dete~mining when 

equilibration was attained. This proved indecisive. The 

water movement indicator was then constructed. On attaining 

full equlibration of suction corresponding to the applied 

air and water pressures, there will be essentially zero net 

movement of water from the sample. This determination was 

found to be more reliable. The measurement of water 

movement from the sample inevitably required the measurement 

of diffused air. This was because the diffusion of air into 

the water chamber meant that the movement registered by the 

water movement indicator included both water and diffused 

air flow. The appropriate volume of diffused air has to be 

accounted for if the readings from the water movement indicator 

are to be accurate. The diffused air volume indicator 

provides this information and will be discussed in the next 

section. The water movement indicator is shown in 

Plate 5.4. 
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5.2.3 DIFFUSED AIR VOLUME INDICATOR. 

The diffused air volume indicator is shown in Plates 

5.4 and 5.5. A schematic of the diffused air volume 

indicator ~s shown in Figure 5.5. The diffused air volume 

indicator consists of two pieces of 6.25 mm diameter plastic 

tubings connected by two T-connectors. A fine bore plastic 

tubing of 3.12 mm diameter leads from the flush port and is 

built into the entry limb of the diffused air volume 

indicator (See Figure 5.5). It is allowed to protrude 

approximately 120 mm into the entry limb. This protrusion 

is to increase the flow path of the air bubbles that happen 

to go in the wrong direction. The longer flow path will 

ensure that the flow of air bubbles in the wrong direction 

can be arrested in time before they escape into the exit 

limb of the diffused air volume indicator. This precaution 

is necessary because the high velocity that is generated in 

such small diameter tubing will tend to drag the air bubbles 

along in the direction of flow rather than the air bubbles 

rising vertically into the entry limb of the diffused air 

volume indicator. This problem was partly alleviated by 

mixing the water in the diffused air volume indicator with a 

commercial cleaner called 'FANTASTIK'. The other end of the 

entry limb is fitted with a drain valve. The purpose of the 

drain valve is for replenishing the entry limb with de-aired 

water from the reservoir by letting out the collected air. 

An overflow control reservoir is connected parallel to the 

exit limb. The overflow reservoir is for collecting the 
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flushing water. Without the overflow reservoir, the exit 

limb will overflow each time flushing is performed. Boyle's 

law is applied to determine the actual volume that is 

occupied by the air bubbles in the water chamber beneath the 

high air entry disc. The calibration was obtained by 

allowing the water from the entry limb to drain into a 

burette. The current volume of .air flushed out of the water 

chamber is obtained by subtracting the present air volume in 

the entry limb from that of the immediate previous air 

volume in the entry limb. 

5.2.4 LAYOUT OF PLUMBING. 

The shear box equipment, the water movement indicator 

and the diffused air volume indicator are connected by the 

plumbing shown in Figure 5.5. The components to the right 

of valve W3 are mounted onto a single board. Those 

components to the left of valve A3 are mounted on a separate 

board. Three kinds of valves are designated to show their 

associations (Figure 5.5). The A valves are associated with 

the diffused air volume indicator. The W series are 

associated with the water movement indicator and the D 

valves are drain valves. 
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The flushing reservoir and the water movement indicator 

are connected in parallel to the inlet of the water chamber 

of the shear box base. By the control of the valves Wl and 

W2, the water chamber can be made to connect to the flushing 

reservoir or to the water movement indicator as desired. 

The top end of the water movement indicator is connected to 

the top of the flushing reservoir which is subsequently 

connected to the pressure source via a regulator. This 

closed system arrangement_minimizes the error of the water 

movement measurement due to evaporation. Also, the same 

pressure source serves both as a controlling pressure on the 

water phase of the soil and as an aid in flushing. 

The outlet of the water chamber is connected to a 

pressure transducer and a diffused air volume indicator via 

a flush port (see right hand side of Figure 5.5). The water 

pressure, though regulated, is also measured by a pressure 

transducer. The range of the transducer is from 0 to 690 

kPa. 

5.3 TESTING PROCEDURES. 

Before the sample is trimmed and mounted into the shear 

box, certain preliminary preparatory work has to be carried 

out on the shear box. 
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The first and foremost thing to do is to saturate the 

high air entry disc with de-aired water. This is done by 

flooding the shear box base with de-aired water and then 

pressurizing the air chamber to force the water through the 

ceramic disc. This is repeated several times. After each 

time, the water chamber is flushed to remove the water which 

will contain some.diffused air. When this has been carried 

out to satisfaction, the shear box base is again flooded 

with de-aired water. This time the chamber is covered with 

a plastic sheet to reduce evaporation and drying out of the 

ceramic disc until such time when testing will be performed. 

Next, the two halves of the shear box are sealed 

together with vacuum grease. Also, the outside of the 

bottom box has to be well greased with vacuum grease before 

it is mounted into the shear box base. This is to ensure 

water-tightness so that the water will flow only in the 

direction of the high air entry disc. Extreme care must be 

exercised when handling vacuum grease. It is extremely 

important not to smear any vacuum grease onto the surface 

of the high air entry disc. Otherwise the vacuum grease 

will result in the blockade of the pores and will cut off 

the flow of water through the disc. 

After the sample is mounted into 

porous stone and the loading cap 

quantity of de-aired water is applied 
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ensure adequate water for complete saturation of the sample, 

a rectangular frame is sealed onto the top of the box with 

vacuum grease to hold a reservior of water. An alternative 

method would be to flood the sample with de-aired water for 

a day before putting in the coarse porous stone and the 

loading cap in place. The chamber cap is then fitted. The 

predetermined axial load, air pressure and water pressure 

are then applied in this sequence. If the water pressure is 

applied first, there is-a possibility of damaging the high 

air entry disc or dislodging it from its position. It is 

important at this point to check that there are no 

detectable leaks. Leakage of air will render the 

determination of suction equilibration difficult due to the 

continous loss of water from the system. 

Readings are then taken in the same incremental manner 

normally employed in consolidation tests. At this stage, 

the relevant readings are i) time, ii) vertical deflection 

of the sample and iii) the water movement from the sample. 

The vertical deflection reading is taken by means of an LVDT 

(linear voltage displacement transducer). Suction 

equilibration corresponding to the applied air and water 

pressures is achieved when there is no further water volume 

change. 
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After achieving suction equilibration, the sample is 

sheared at a constant shear displacement of 0.06 em/hr. The 

shear resistance, which is measured by means of a load cell, 

is closely monitored to ensure that the soil is not sheared 

beyond its peak strength. In the meantime, the water 

movement is also observed and readings are taken. When the 

peak stress is imminent, movement of the shear box is 

stopped and the soil is completely unloaded of its shear 

load. The soil is then left in this condition overnight. 

The next day, readings of the vertical LVDT, the water 

movement and the diffused air are taken before a new suction 

is applied and the whole process is repeated in accordance 

with the number of stages desired. 

On the outset of a test, all valves are closed except 

for valves Al, W3 and Wl. This ensures that the water 

chamber is connected only to the pressure transducer and the 

water movement indicator. Any water and air movement from 

the soil is therefore registered by the water movement 

indicator. The system is flushed at least twice a day and 

the air bubbles collected to determine the volume of 

diffused air that has gathered in the water chamber. 

Flushing is carried out at least once in the morning and at 

least once in the late afternoon. When high air pressure is 

used, more frequent flushing is carried out. To carried out 

flushing, the valve Wl is closed and valve W2 is opened to 
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connect to the flushing reservoir. Valve A2 is next opened. 

Valve A3 is then turned on momentarily and is repeated until 

there are no more bubbles seen to emerge in the diffused air 

volume indicator. After having completed the flushing 

procedure, valves A3, A2 and W2 are then closed. Valve Al 

is opened for the continual monitoring of water movement. 

When the water in the water movement indicator has 

risen to the top of the indicator, the level is readjusted 

to a lower starting value. To do this, close valves W2 and 

W3. Open valve Wl. Then carefully and slowly open drain 

valve D2 and let the water drain out from the water movement 

indicator until the _required level is reached. If valve D2 

is opened too fast, air will be drawn into the water column. 

Similarly, when the volume of air in the diffused air volume 

indicator has sufficiently replaced the water in the 

indicator, the water in the indicator can be replenished by 

slowly opening drain valve D3 to let the air out. 

5.4 PROBLEMS ENCOUNTERED AND PROPOSED IMPROVEMENTS. 

Certain problems were encountered in the course of 

testing. Most of these problems had been eliminated or 

overcome. For others, proposed improvements are suggested. 

Deficiencies and flaws in the equipment are also discussed 

in this section. 
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One of the major problems encountered in the initial 

stage of testing was that of air leakage from the pressure 

chamber. This was not viewed as a problem in the beginning. 

It was assumed that as long as the air and water pressures 

are maintained that suction equilibration will be achieved 

regardless of air leakage. This assumption may or may not 

be correct. Air leakage, however, will render the 

determination of suction equilibration difficult. This is 

because air leakage will remove moisture continuously from 

within the pressure chamber. As a result of this moisture 

loss from the pressure chamber, the soil sample will dry to 

a lower water content than that which is consistent with the 

applied air and water pressures. The higher suction of the 

sample will draw water from the water chamber through the 

high air entry disc. Continuous water movement will, 

therefore, be registered by the water movement indicator and 

suction equilibration cannot be determined. With the use of 

ample quantity of vacuum grease and tightening the cap 

screws with the aid of a long arm plier, sufficient 

air-tightness was achieved. 

To provide sufficient water to saturate the sample 

poses a problem with the present apparatus. Once the 

sample, the coarse porous stone and the loading cap are in 

place, little space is left to hold water. To ensure that 

sufficient quantity of water is available, it was necessary 

to seal a rectangular frame (actually a 65 mm by 65 mm 
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square sample trimmer was used) onto the top of the box with 

vacuum grease to hold a reservoir of water. An alternative 

method would be to flood the sample for a day before putting 

the coarse porous stone and the loading cap in place. An 

improvement to the apparatus would be to extend the rim of 

the upper box so that adequate water can be contained 

(Figure 5.6). With this improvement, there still remains 

the problem of draining the excess water. In the present 

apparatus, water can only drain through the high air entry 

disc. It is difficult to estimate the right amount of water 

to be supplied. If more than sufficient water is provided, 

the excess water will take a long time to drain from the 

system. The suction equilibration time will appear to be 

greatly increased, in direct proportion to the amount of 

excess water supplied. 

The present apparatus has 

misconception at the design 

a design flaw due to a 

stage. The helical spring 

connectors to and from the water chamber are mounted in 

opposite directions such that shear displacement will result in 

compression in one spring connector and tension in the other 

spring connector. It was thought that this would result in 

a compensation of the forces contributed by these spring 

connectors due to shear displacement. Actually, the forces 

from these spring connectors do not contribute any errors to 

the shear force measurement. This is because the shear 

force is measured via the upper box whereas these spring 
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connectors are attached to the bottom box. In fact, these 

spring connectors mounted in opposing directions create a 

moment on the shear box base and this moment may cause 

uplifting of the shear box base at large shear displacement. 

As an improvement, it would be better to mount both spring 

connectors in the same direction and in opposition to the 

direction of shear displacement. 

The upper box is connected by a slip on connector (See 

Figures 5.1, 5.2 and 5.7) to the shaft on which is mounted 

the load transducer. A slip on connector was desired in 

case of reverse loading test. If reverse loading is not 

required, the slip on connector becomes a disadvantage for 

two reasons. One, it hampers the dismantling of the shear 

box and two, it causes a shear load in the opposite 

direction when the shear load piston is retracted to 

released the shear load in the multistage shear test. This 

is a problem especially since the box is enclosed and is not 

visible. It appears that the slip on connector is better 

replaced by the connection shown in Figure 5.7. 

In the existing equipment, the driving gears and chains 

have to be removed for them to be replaced by the 

appropriate gears when altering the shearing rate. There is 

always some slack in the gear system or in the various 

connecting system of the apparatus. At low shear rate, even 

a sma 11 amount of s 1 ack in the sys tern wi 11 easily require a few hours 
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FIGURE 5.7 SLIP ON CONNECTOR CONNECTING UPPER BOX TO 
LOAD-CELL AND THE PROPOSED MODIFIED 
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before the slack will be taken up. If a variable speed 

selector is available, shearing can initially be carried out 

at a fast speed until the slack is taken up before 

resetting to the desired rate of shear for the particular 

test. This will save testing time. 

To increase the efficiency of testing, it proposed that 

two additional shear box bases be fabricated. These 

additional shear box bases are to equipped with a 3 bar and 

a 15 bar ceramic stones respectively. With the availability 

of these shear box bases with ceramic stones of different 

air entry values, the excess air entry value can be reduced. 

This will reduce testing time as the permeability of the 

ceramic stone decreases 

value. 
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CHAPTER 6. 

PRESENTATION OF TEST RESULTS. 

6.1 GENERAL 

The results obtained from the laboratory testing are 

presented in this chapter. The results are reduced to 

graphical form. An interpretation of the results are 

presented in Chapter 7. Data shef~ts for the laboratory 

readings are contained in the Appendix. 

The results of the direct 

using the following type of 

shear tests are presented 

plots. These are 1} shear 

stress versus shear displacement, 2} vertical displacement 

versus shear displacement and 3} shear stress normalized 

with respect to normal stress or suction, versus shear 

displacement. 

6.2 RESULTS OF SINGLE STAGE DIRECT SHEAR TESTS ON THE 

SATURATED TILL. 

The test results of the single stage direct shear on 

the saturated glacial till are presented in Figures 6.1 to 

6.12. The results of sample GT-12 are shown in Figures 6.1 

to 6.4. The results of sample GT-14 are shown in Figures 

6.5 to 6.8 and those of sample GT-17 are shown in Figures 
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6.9 to 6.12. Samples GT-12 and GT-17 were compacted wet of 

optimum while sample GT-14 was compacted dry of optimum. 

The normal stresses used in these tests ranged from 25.2 kPa 

(sample GT-17-N4, Figure 6.12) to 222.1 kPa (sample 

GT-17-Nl, Figure 6.9). 

In the shear stress versus shear displacement plots, 

the peak strengths are indicated by small arrow heads. 

These plots show that the shear displacement, o , required 

to mobilize the peak strength increases with increasing 

normal stress. That is, the soil is becoming more plastic 

with increasing confining pressure. The peak shear 

displacements, op, versus normal stress are shown in Figure 

6.13. 

Generally, the vertical displacement versus shear 

displacement plots show a continuous decrease in volume with 

increasing shear displacement, except for those samples at 

low normal stress. This continuous decrease in volume is 

probably due to continuous consolidation of the material in 

the shear zone and also to soil being squeezed out of the 

shear box. 

Since the normal stress is constant during a test, the 

plots of shear stress normalized with respect to the normal 

stress versus shear displacement is of the same shape as the 

shear stress versus shear displacement curves. In the 

absence of any cohesion, the peak ratio would be the inverse 
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tangent of the angle of internal friction. The peak ratios 

range from a high of 1.6 at normal stress of 25.2 kPa 

(Figure 6.12) to a low of 0.50 at normal stresses of 149.4 

kPa, 217.6 kPa and 222.1 kPa (Figures 6.7 to 6.9). This 

would indicate that there is a cohesion value. 

of 0.5 corresponds to a friction angle of 26.5. 

normal stress, the effect of cohesion 

A peak ratio 

At higher 

will become 

increasingly less significant. The peak ratio of shear 

stress over normal stress will eventually approach the 

tangent of the effective friction angle of 25.5 degrees with 

increasing normal stress. 

The Mohr envelopes for the samples GT-12, GT-14 and 

GT-17 are presented in Figures 6.14 to 6.16. 

6.3 RESULTS OF THE MULTISTAGE DIRECT SHEAR TESTS ON THE 

SATURATED TILL. 

The multistage direct shear test results on saturated 

glacial till samples are presented in Figures 6.17 to 6.20. 

The specimens tested are all from the same compacted sample 

GT-15. Sample GT-15 was compacted dry of optimum at 12 % 

water content. 
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Unlike the single stage tests, the shear stress versus 

shear displacement curves of the multistage shear test are 

essentially parallel from one stage to the next. That is, 

the stiffness of the material (i.e., shear stress/shear 

displacement) at any stage remains relatively constant and 

in fact shows a slight increase with increasing normal 

stress. The curves are generally made up of two linear 

sections which are denoted as 1 and 3 in Figure 6.21. These 

linear sections are connected by a transition curve, 2, 

(Figure 6.21). 

With reference to Figure 6.21, the shear stress and 

shear displacement corresponding to the projected 

intersection of the two linear sections, 1 and 3, are 

designated as T. and o. respectively. Since the soil is not 
1 1 

sheared to or beyond the peak strength in the multistage 

shear test, the shear displacement required to mobilize the 

peak strength cannot be determined. Some other criterion 

such as the projected intersection of the linear sections of 

the shear stress versus shear displacement curves will have 

to be used for comparative study. The plot of T i versus 0· 1 

for all the test results on sample GT-15 is presented in 

Figure 6.22. 

Figure 6.22 shows that ~ increases from approximately 

0.02 em at a normal stress approaching zero to an 

approximately constant value of 0.07 em at a normal stress 

2.5.5 



~~-----------

I 
I 

0 

/1 
II 

I 
I 

I 
I 
I 
I 
I 

-+---2---\,--
1 I 

I l 
I 
I 
I 
I 
I 
I 
I 
I 

tJc, 
cf 

FIGURE 6.21 TYPICAL SHEAR STRESS - SHEAR DISPLACEMENT CURVE FROM 
A MULTISATGE DIRECT SHEAR TEST ON SATURATED GLACIAL 
TILL. 

256 



0.20 --
. 

. 

. 
0.15 

E 
. 
-u -

I -
~ --

r ........, . 
c 0~10 Q) 

E . 
I'\) 

(1) 
u 

V\ 0 - -J 

. 

. 
Q. 
en -
~ -. 
L 

0.05 0 
Q) 

...c . 
Ul . 

-. 
. 
. 
. 

0.00 
0 

I 

I 

. 

I 

I 
I 

0 0 ------- ~ A 
0 ~ ~ ~ 

........ ~ I 00 I 
0 

.~ 
~ I 

50 100 150 200 

~ • normal stress -- kPa L.~, 

250 

FIGURE 6.22 SHEAR DISPLACEMENT,~, TO MOBILIZE SHEAR STRENGTH, 
'rt , IN THE MULTISTAGE DIRECT SHEAR TEST ON 
SATURATED GLACIAL TILL- SAMPLE GT-15 

Legend 
0 sample N1 

sample N2-

fl. sample N3 

<> sample N4 

-- ~--

~ 

300 350 



of 150 kPa and beyond. This show a smaller increase in 

shear displacement to mobilize shear strength with 

increasing normal stress than that of the single stage test 

(Figure 6.13). The fairly constant value of 0· ' l 
especially 

at high normal· stresses (also meaning the later stages of 

the multistage shear test) suggests that approximately equal 

amounts of shear strengths are mobilized at equal shear 

displacements. A 'Schmertmann' type of analysis 

{Schmertmann, 1960) to determine the rate of shear strength 

mobilization with shear displacement was used. The 

resulting shear strength mobilization envelopes are shown in 

Figures 6.23 to 6.26. Figures 6.27 to 6.30 show the 

mobilization of the cohesion and friction components with 

shear displacement. The cohesion and friction values 

plotted in Figure 6.27 to 6.30 are the ordinate intercepts 

and the inclination angles of the envelopes of Figures 6.23 

to 6.26. 

From the 'Schmertmann' type analysis above, it was 

determined that a shear displacement of 0.12 em would be 

sufficient to mobilize the peak strength. A shear 

displacement of 0.12 em was therefore selected as the 

failure criterion for the multistage shear tests, both for 

the saturated and the unsaturated samples. The resulting 

Mohr failure envelopes for the different specimens of sample 

GT-15 tested in multi-stages are shown in Figures 6.31 to 

6.34. 
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FIGURE 6.28 MOBILIZATION OF FRICTION AND COHESION WITH SHEAR DISPLACEMENT 
SAMPLE GT-15-N2. 
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Except for the first stage of sample GT-15-Nl, the 

vertical displacement versus shear displacement plots show 

that the soil generally decreases continously in volume with 

shear displacement. Normally the vertical displacement 

versus shear displacement curves would dip and rise again. 

The reasons that the vertical displacement versus shear 

displacement curves show a continuous decrease were given 

earlier in Section 6.2. The reasons are i) the soil within 

the shear zone is continously consolidating and ii) that 

soil may be squeezed out from the box separation. 

The plots of shear stress normalized with respect to 

normal tress versus shear displacement show that the peak 

ratio tends towards a constant with increasing normal 

stress. That is, at high normal stresses, the peak ratio 

approaches the true value of the inverse tangent of the 

friction angle. 

6.4 SUMMARY OF RESULTS OF THE DIRECT SHEAR TESTS ON THE 

SATURATED TILL. 

The shear strength at peak strength versus normal 

stress plot for the single stage shear tests or at a shear 

displacement equal to 0.12 em for the multistage shear 

tests, on the saturated till are shown in Figure 6.35. 

There does not appear to be any appreciable differences 
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between the single stage and multistage shear test results. 

This attests to the acceptability of the multistage test for 

this soil and the suitability of the failure criterion of o 

equal to 0.12 em for the multistage direct shear tests. The 

results show that the average valuE~S of c' and ~· of the 

saturated till are 10.0 kPa and 25.5 degrees respectively. 

6.5 RESULTS OF THE MULTISTAGE DIRECT SHEAR TESTS ON THE 

UNSATURATED GLACIAL TILL 

In the multistage direct shear tests on the unsaturated 

glacial till, the total normal stress, (a - u ), was 
a 

maintained at an approximately constant value of 72 kPa. 

The suctions, (u - u ), from stage to stage varied from as a w 
low as 0.85 kPa to as high as 504.3 kPa. The number of 

shear stages varied from 3 (samples GT-16-N1 and GT-16-N2) 

to 7 (sample GT-16-N5). Two other samples, GT-16-N3 and 

GT-16-N4, were sheared to 4 and 6 stages respectively. 

Samples GT-16-N3, GT-16-N4 and GT-16-N5 were tested starting 

at low suctions. In the event that shear straining may have 

a significant effect on the shear strength of later stages 

of the tests (Ho, 1981), samples GT-16-Nl and GT-16-N2 were 

tested commencing at fairly high suctions and subjected to 

fewer test stages. This is to provide a check on the shape 

of the suction envelope at high suctions. For each sample 

tested, all the shear stages are shown in one figure. 

273 



The multistage direct shear test results of all five 

specimens from the same compacted block GT-16 are show~ in 

Figures 6.36 to 6.40. It is observed that the shear stress 

versus shear displacement curves consist of three linear 

sections denoted as 1, 2 and 3 in Figure 6.41. These linear 

sections are connected by two transition curves (Figure 

6.41). This characteristic shape is more distinct 

particularly in the later stages of shear. 

Samples GT-16-Nl to GT-16-N4 were tested at a shear 

displacement rate of 0.06 em/hr. The shear displacement 

rate for sample GT-16-NS was reduced by half to 0.03 em/hr. 

In the last stage, 87, of GT-16-NS, the shear displacement 

rate was further reduced to 0.007 em/hr. This was to 

determine if the chosen shear displacement rate of 0.06 

cm/hr was indeed adequate to ensure drained condition. The 

results from the shear test on GT-16-NS (Figure 6.40) with 

the reduced shear displacement rate does not suggest that 

there is any significant changes in the shear strength 

measured or the in resulting suction envelope. 

It is observed in the shear test on GT-16-NS (Figure 

6.40) that on reducing the shear displacement rate to 0.007 

cm/hr, the shear stress versus shear displacement curve does 

not show an appreciable change. The curve appears to 

continue monotonically. The small drop observed is due to 

the slack in the gear system when changing from one gear 
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ratio to another. 

The vertical displacement versus shear displacement 

plots generally show that the soil dilates during shear, 

except for those initial shear stages at low suctions. 

These curves generally have a horizontal section of zero 

volume change followed by an approximately constant increase 

in vertical displacement (see Figure 6.37, 6.39 and 6.40). 

The plots of shear stress normalized with respect to suction 

versus shear displacement show that the peak ratio decreases 

rapidly with increasing suction. ThesE~ peak values appear 

to approach a low constant value at high suctions. 

The drainage of water from the sample and the 

consolidation of the sample at the various stages of the 

multistage test are shown in Figures 6.42 to 6.64. In these 

figures, negative water movement means water is flowing out 

of the sample and negative deflection means sample is 

compressing. 

levelling off 

consolidation 

The water movement curves show a definite 

when 

curves, 

affirmative information. 

suction has equilibrated. The 

however, do 

It was for this 

not provide such 

reason that the 

water movement indicator was added. Also, it was initially 

thought that these water movement measurements would enable 

the evaluation of the degree of saturation corresponding to 

each stage of shear. Volumetric measaurements, however, 

proved difficult with this modified equipment where the 
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entire shear box in enclosed in a pressure chamber. Initial 

volume measurement of the sample after it was assembled in 

the box is difficult as the vertical dial gauge or LVDT 

(i.e., linear voltage displacement transducer) cannot be 

mounted until the chamber cap and the loading yoke are in 

place. Although the thickness of the sample before mounting 

can be measured, disturbance due to mounting and the volume 

changes due to saturation of the sample cannot be monitored. 

The final measurement of the sample at the end of the shear 

test is also not strictly correct. This is because the 

sample will rebound once the load are removed. 

Nevertheless, volumetric measurements were carried out, 

calculating backwards from the final measured thickness of 

the sample. These information is contained in the Appendix. 

The plots of water drainage with time show that suction 

equilibration is generally attained in about a day (i.e., 

1440 minutes). The consolidation curves indicate that the 

volume changes after a day is fairly small, affirming that 

suction equilibration was attained. 

The suction envelopes and the variation of ~b with 

suction are presented in Figures 6.65 to 6.69. The value of 

c 
0 

= c• + (cr u ) tan ~ • is a also indicated in each plots. 

From Figure 6.35, the value of c' and ~·are repectively 

10.0 kPa and 25.5~ The corresponding value of c
0 

at (cr- ual 

equal to 72 kPa is 44.3 kPa. If c' is negigible, then the 
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corresponding value of c is 34.4 kPa. The shear strengths 
0 

for plotting the suction envelopes are obtained based on the 

previously established criterion of shear displacement equal 

to 0.12 em (Section 6.3). The data points on the shear 

stress versus normal stress plot suggests that the suction 

envelope is curved (see especially Figures 6.37 to 6.39). A 

summary of all the data points is pres,~nted in Figure 6.70. 
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CHAPTER 7. 

INTERPRETATION OF RESULTS. 

7.1 GENERAL 

The results of the 

presented in Chapter 6. 

results. The discussions 

experimental investigation were 

This chapter will discuss the 

will be divided into three 

sections. The first section will deal with the results of 

both the single stage and multistage direct shear tests on 

the saturated glacial till. The results of the multistage 

direct shear tests on the unsaturated glacial till will be 

discussed in the second section. In the third section, some 

results of other investigators will be discussed and 

analysed to support the conclusions reached in the second 

section. 

7.2 DIRECT SHEAR TEST RESULTS OF THE SATURATED TILL. 

It was mentioned in Chapter 3 that the shear strength 

development of saturated soils is a function of 

three factors. 

effective stres~ 

These are i) the changes in 

ii) the soil structure changes 

associated with the changes in effective stress and iii) the 

soil structure changes due to shear displacements. These 

phenomena can be inferred from the shear stress versus shear 

displacement curves of the single stage direct shear tests 
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on the saturated samples GT-12, GT-14 and GT-17 (Figures 6.1 

to 6.12). These results show that the displacement required 

to mobilize the peak strength increases with increasing 

normal stress See also Figure 6.13). The associated 

phenomenon was explained in Chapter 3. The amount of soil 

structure change (i.e., particle dispersion and void ratio) 

that is achievable increases with increasing normal stress. 

Consolidation and the associated microshearing will result 

in a certain amount of soil structure changes. This, 

however, is not as efficient in changing the soil structure 

as direct shearing. 

Under the influence of a normal load, the entire mass 

is compressed and volume changes are fairly homogeneous. In 

a shear box, the shear zone is predetermined by the 

separation of the two halves of the box. Unlike 

consolidation, the soil structure changes due to the effect 

of shear is confined mainly within this shear zone. The 

soil in this zone will undergo considerable rearrangement. 

In other words, the vertical displacement observed during 

shear is mostly the result of densification that is 

occurring within this narrow shear zone. This 

characteristic of the shear box ·may be one reason why the 

shear displacement to achieve peak strength is smaller in 

the direct shear than in the triaxial apparatus. In the 

triaxial tests, two modes of failure are commonly observed. 

A sample which tends to dilate during shear will usually fail 
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in a localized plane while one that tends to decrease in 

volume will undergo more uniform deformation. In fine grained soils, 

the first mode is characteristic of overconsolidated soil behavior. The 

second mode is characteristic of normally consolidated soil. 

In a dilating soil, the occurrence of greater shear 

deformation in a localized zone will cause this zone to 

increase in volume and decrease in strength. This zone 

becomes weaker than the rest of the sample and failure will 

occur. The shear deformation in a contracting soil will 

cause densification and an increase in strength. This is 

propagated through the sample and results in more uniform 

deformation. In the direct shear test, the phenomenon of 

soil densification due to shear cannot propagate as the 

deformation is constrained. 

The confinement of shear straining within a narrow zone 

results in efficient dispersion of the soil particles in 

this zone. At peak strength, the particles within this 

shear zone in a shear box sample will have attained a higher 

degree of dispersio~ and densification than anywhere in its 

triaxial counterpart. This may account for 

(Table 7.1), where 0 is 
ps or ds 

the friction angle as 

determined from a plane strain or direct shear test and 0t 

is the friction angle as determined from a triaxial test. 

Finn and Mittal (1963) conducted triaxial compression tests 

on round and rectangular cross-sectional triaxial samples. 

They also carried out plane strain tests. Their tests show 
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TABLE 7.1 

Soil "'" - _, Plane strain apparatus 
and comments 

(1) (2) (3) 

Sand +80 Cube-vary all three 
stresses as desired 

Dense sand +40 Direct shear; critical void 
Loose sand -P ratio is higher in plane 

strain 
Sand +50 Direct shear 
Dense sand +40 Direct shear 
Loose sand -20 
Sand, gravel +2° to +7° Direct shear 

and lead shot 
Sand +80 Direct shear 
Sand +20 Hollow cylinder; failed by 

increasing internal radial 
pressure 

Compacted clay +2• to +4• 2 in. x 4 in. x 16 in. plane 
effective strain apparatus effective 
stress stress basis; plane strain 
basis gives lower strain at fail-

ure and higher modulus; 
plane strain gives higher 
pore pressures at failure 

Dense sand +4. Plane strain apparatus 
Loose sand +0• Drained tests 
Sand +4° to +5° Active earth pressure on 

model retaining wall 
Ottawa sand +2° to +5° Bearing capacity of model 

strip footings 
Sand +3° to +4° Vacuum compression on long 

rectangular specimens; 
modulus greater and strain 
to failure less in plane 
strain 

Ottawa sand +60 Hollow cylinders failed by 
increasing outside radial 
pressure 

Ottawa sand +50 Hollow cylinders failed by 
increasing outside or axial 
stress while measuring the 
other two stresses 

Ottawa sand -4° to -6• Torsion tests on very thin 
annular rings of soil at 
various rates of strain 

Compacted clay +2° to +4° Rectangular plane strain 
effective apparatus effective stress 
stress basis modulus greater and 
basis strain to failure less in 

plane strain 

COMPARISON OF RESULTS FROM PLANE STRAIN TESTS 
AND TRIAXIAL COMPRESSION TESTS. (LEE, 1970). 

Reference SoU r/lp - ;, Plane strain apparatus 
and comments 

(4) (1) (2) (3) 

Kjellman Q4), 1936 Glass spheres Pp > "'t Rectangular plane strain 
apparatus 

Taylor ~()), 1939 Dense sand +50 Bishop plane strain apparatus 
Loose sand +30 Plane strain gives lower 

Hennes (12.), 1952 
Nash OQ, 1953 

strain to failure and less 
dilatant volume change at 
failure 

Bishop (ll, 1954 
Saturated NC +3 1/2 ° Plane strain apparatus 
Silty clay effective : cu!P greater for plane 

stresses strain 
Peltier (17l, 1957 
Kirkpatrick <t~. 1957 

Saturated clay +1° effec- Bishop plane strain appara-
live stress tus ACU tests. Pore pres-
basis sure at failure approx. the 

same 
Bishop <1), 1957 and 

Ref.!, 1961 
Ottawa Vacuum plane strain and 
Dense +30 vacuum triaxial 
Loose +ID 
Monterey sand 
Dense +30 
Loose +1/2° 

Bishop (5}, 1961 
Cornforth<&, 1964 
Christensen (51, 1961 

Dense fine sand 
Low pressure +20 Direct shear 
Elevated pres- oo 

sure 
Selig and McKee 0&), 

1961 
Bjerrum and Kum-

meneje ~. 1961 

Whitman and Luscher 
a2J. 1962 

Wu, et al., Q5, 1963 

Healey to, 1963 

Finn & Mittal <9 ), 1964 

Reference 

(4) 

Leussink and Wittke 
(15), 1964 

Wade (2j), 1963 

Duncan and Seed (7,8) 
1965, 1966 

Henkel and Wade (I I), 
1966 

Sultan and Seed ()9) 

Le.&, 
unpublished 
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that the plane strain samples and the rectangular samples 

reach peak strength at lower axial strains than the round 

samples. (Figures 7.la and 7.lb). Also the peak 

strength is highest for the plane strain samples and lowest 

for the round triaxial samples. The probable explanation 

maybe that in a round triaxial sample, the stresses in the 

horizontal directions are equal and the soil aggregates can 

strain equally in the direction of equal stresses. In a 

rectangular (or plane strain sample), the direction along 

the length of the sample is partly constrained (or fully 

constrained in the plane strain case) and the movement of 

the soil aggregates in this direction becomes restricted. 

The soil is not free to strain in any direction. Failure is 

restricted to occur along particular planes. This 

restriction results in greater particle rearrangement within 

the shear zone. 

It has also been postulated that there is an optimum 

maximum density associated with each level of normal stress. 

Test results (Figures 6.1 to 6.12 and 6.17 to 6.20) show 

that the sample decreases in height with shear displacement, 

except for those samples under low normal stresses. This 

supports the theory that particles within the shear zone are 

undergoing restructuring and dispersion, accompanied by 

consolidation and densification of the shear zone. It is 

predicted that the sample will attain a maximum decrease in 

volume at peak strength. This, however, is not always the 
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case as shown by the test results. One reason for this may 

be that soil is being squeezed out of the separation of the 

box. Results from triaxial tests by Satija (1978) indicate 

that the peak strength occurs at or just after the sample 

shows a maximum decrease in volume (Figure 7.2). 

In the multistage direct shear test on the saturated 

till, it is observed that the shear displacement to mobilize 

peak strength increases initially at low normal stresses and 

then reaches an approximately constant value at high normal 

stresses (Figure 6.22). This is because the incremental 

amount of particle rearrangement (i.e.,dispersion) that is 

possible decreases with increasing normal stress. It may be 

that after a certain amount of shearing, the majority of the 

particles within the shear zone will have already been 

oriented parallel to the direction of shear. Further 

shearing under increasing normal stress will only cause the 

particles to come closer together with less further 

rearrangement taking place (Figure 7.3). When this occurs, 

the shear displacement to mobilize the peak strength becomes 

relatively constant. 

A 11 Schmertmann 11 type analysis (Schmertmann, 1960) to 

determine the shear strength mobilization with shear 

displacement is performed using the multistage direct shear 

test results from the saturated glacial till. Figures 6. 23 to 

6.26 present the resulting shear strength mobilization 
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FIGURE 7.3 
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TYPICAL MULTISTAGE DIRECT SHEAR TEST RESULTS FROM 
TEST ON SATURATED GLACIAL TILL TO ILLUSTRATE THE 
DECREASING EXTENT OF STRUCTURAL CHANGES IN THE SOIL 
AT LATER STAGES OF SHEAR. 
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envelopes. The cohesion and friction component from these 

envelopes are plotted versus shear displacement in Figures 

6.27 to 6.30. These plots show that i) cohesion is 

mobilized at small shear displacements, ii) considerably 

greater shear displacement is required to mobilize the 

friction component and iii) the peak strength of this soil 

is close to being fully ·mobilized at a shear displacement of 

0.12 em. Observations i) and ii) above are in agreement 

with results published by Schmertmann (1960). The full 

mobilization of the cohesion component at small shear 

displacement can also be deduced from the shear displacement 

to mobilize peak strength versus normal stress plot (Figure 

6.13) and the plot of o. versus normal stress (Figure 6.22). 
l 

Both Figures 6.13 and 6.22 show that the shear displacement 

to attain peak strength at zero normal stress is small 

(i.e., approximately 0.01 em to 0.04 em). It is likely that 

at a shear displacement of 0.12 em when the peak shear 

strength is mobilized that the cohesion component could be 

negligible (Figures 6.28 to 6.30). 

The basis for carrying out the "Schmertmann" type 

analysis was mentioned in Chapter 6. In summary, the shear 

stress versus shear displacement curves of the multistage 

direct shear test on the saturated till seem to suggest that 

equal proportions of shear strength are mobilized at equal 

shear displacements. Schmertmann (1976) states that at 

constant structure condition, equal proportions of strength 
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will be mobilized at equal strains (Figure 3.2.10). It is 

possible that the structural changes from stage to stage 

(except for the first stage) in the multistage test are 

small. Shear displacement is much more efficient than 

consolidation in producing particle rearrangement. Most of 

the particle rearrangement may have occurred in the first or 

second stage of shear. Structural changes in the subsequent 

stages will be mainly due to the closer packing of the 

particles and less of reorientation (see Figure 7.3). In 

the high normal stress range, even this change in void ratio 

from one stage to the next will be small, resulting in 

almost constant structure condition. The "Schmertmann" type 

analysis should strictly be limited to this high stress 

range where close to constant structure condition exists. 

However, as a rough approximation, it will be applied to the 

entire multistage test results. Although the magnitude of 

the components may not be strictly correct, especially that 

of cohesion, the trend showing the shear strength 

mobilization with shear displacement is useful information. 

The analysis shows that the peak strength is close to being 

fully mobilized at a shear displacement, o , of 0.12 em. This 

value of shear displacement, 0 equal to 0.12 c~was chosen 

as the failure criterion both for the multistage direct 

shear tests on saturated and unsaturated till. Such a 

criterion is desirable because the shear stress versus shear 

displacement curves often do not peak. Using this 
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criterion, overshearing can be prevented. The application 

of this criterion in the multistage direct shear test on the 

unsaturated soil has justification. As stated earlier in 

Chapter 3, suction tends to resist particle reorientation. 

If approximately constant structure condition can be assumed 

to exist in the multistage tests on the saturated soil, the 

condition of constant structure will be more strongly upheld 

in the multistage shear tests on the unsaturated soil. 

The incremental normal stress multistage direct shear 

tests is valid and viable for this soil. Apart from the 

reasons just discussed, this validity is attested to by the 

results shown in Figure 6.35. Figure 6.35 summarizes the 

peak strength and the corresponding normal stresses. It 

shows that the results from the multistage tests are 

indistinguishable from those of the single stage tests. The 

envelopes for sample GT-15-N3 and GT-15-N4 are seen to 

depart somewhat from the others and also to have negative 

cohesion intercepts on the T axis. This maybe due 

to the presence of entrapped air in the soil. These air 

bubbles may not have diffused or dissolved fast enough so 

that on shearing ·this air compresses and air 

generated. This pore-air pressure 

the effective stress. The actual lower 

pressure is 

will decrease 

corresponding 

effective normal streses, which is not measured, will move 

the failure point horizontally closer 

This will move the envelopes of 
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GT-l5-N4 closer to the rest of the envelopes. 

The small spread in the failure envelopes shown in 

Figure 6.35 suggests that the shear strength is not 

significantly affected by the initial void ratios or the 

initial conditions of compaction (i.e., wet or dry of 

optimum). This further supports the earlier statements that 

i) there is an optimum density corresponding to each level 

of normal stress and ii) the constraints imposed by the shear 

box restricts shearing in a narrow zone and that particle 

rearrangement due to shearing within this zone is most 

efficient. This may not be true of over-consolidated 

materials. 

7.3 MULTISTAGE DIRECT SHEAR TESTS ON UNSATURATED TILL. 

The results of the multistage direct shear test on the 

unsaturated till are presented in Figures 6.36 to 6.40. The 

shear stress versus shear displacement curves suggest that 

the soil behavior changes with increasing suction. At low 

suctions when the soil is saturated or close to saturation, 

the shear stress versus shear displacement curves are 

similar to those obtained from the multistage direct shear 

325 



tests on the saturated till. The characteristic shape of 

the shear stress versus shear displacement curves of the 

multistage test on the saturated soil is shown in Figure 

.6.21. At high suction, the shear stress-shear displacement 

curves take on the shape as shown in Figure 6.41. This is 

particularly evident in the later stages of shear (See 

Figures 6.38a and 6.39a). The initial linear portion, i.e., 

1, as shown in Figure 6.41 is very steep. This may be due 

to the rigidity contributed by the contractile skin in 

holding the mass of soil together such that the soil acts as a 

continuum. This linear portion, i.e., 1, is probably fully 

elastic. Straining in this range is probably similar to 

that in crystalline metals where straining distorts rather 

than causes relative motion. In this range, the frictional 

component may not have begun to be mobilized. It is to be 

noted that this linear portion, i.e., 1, terminates quite 

consistently at T equal to approximately 50 kPa. The 

results also show that there is little volume change 

associated with this linear portion 1. When the soil is 

stressed beyond region 1, the contractile skin is probably 

in a continous concurrent process of breaking and 

re-establishing. The soil particles are now in relative 

motion brought on by the effect of shear. The behavior of 

the soil in linear portions 2 and 3, probably corresponds to 

the characteristic behavior of a saturated soil whose 

typical shear stress versus shear displacement curve is 
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presented in Figure 6.21. In the linear sections 2 and 3, 

the frictional components of shear strength, both of 

tJ I ' ~ are gradually being mobilized. 

b 
~ and 

The vertical displacement versus shear displacement 

plots (Figure 6.36b to 6.40b) show that except for those 

stages at low suctions, the unsaturated soil always dilates 

with shear. At low suctions, the soil is saturated and the 

soil particles are not hampered by the contractile skin or 

the bonding effect of suction. The particles can rearrange 

themselves 'freely' during shear. Besides, the generation 

of positive pore-water pressure in a saturated soil will 

further contribute to particle rearrangement. It has been 

stated earlier that shear in a direct shear box is 

inadvertently confined to the separation of the two halves 

of the box. Dilation during shear suggests that the soil 

within this shear zone is not undergoing densification. 

This is in contrast to the behavior of the saturated soil. 

In Section 7.2, an explanation for the decrease of volume in 

the saturated till during shear has been given. In the 

unsaturated till, the suction is contributing to holding the 

particles tightly together and rearrangement of the soil 

particles is hampered. This phenomenon has been dealt with 

in greater detail previously in Chapter 3. 
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Figures 6.65.a to 6.70.a show the shear stress plotted 

against suction at constant total normal stress. The data 

points indicate curved envelopes. It is postulated 

that at saturation (i.e., at low suction) the slope of the 

envelope should be equal to 0'· The line corresponding to 

B' equal to 25.5 degrees is also plotted in Figures 6.65.a 

to 6.70.a. The value of fJI 
"" equal to 25.5 degrees is 

obtained from tests on the saturated till (Figure 6.35). 

The values of c equal to 43.4 kPa and 33.4 kPa are also 
0 

shown. These values are obtained as below, 

i) c' = 10 kpa, e•= 25.5 degrees (from Figure 6.35~ 

c
0 

= 4J.4 kPa 

ii) assuming c' = 0 

c
0 

= JJ.4 kPa 

These points act as a guide as to where the suction envelope 

should emerge. In tests where T values at low suctions are 

also obtained (i.e., as in Figures 6.67.a to 6.69.a), the 

degree of agreement of the value of the T intercept at 

(ua- uw) equal to zero with the above calculated values of 

is an indication of the validity of the assumption that 

equals 9' at saturation (i.e., low suctions). It should be 

mentioned that the direct shear tests on the saturated 

samples were carried out in a different piece of equipment. 

The actual cohesion intercepts could be slightly different 

due to different frictional factors inherent in the 

equipment. 
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Figures 6.65b to 6.70b show the variation of "b with 

suctions. It is seen that "b begins to deviate from 0' 

equal to 25.5 degrees at suctions of 50 kPa to 120 kPa. At 

b 
suctions of 225 kPa to 300 kPa, " reaches an approximately 

constant value. The "b constant ranges from 6 to 10 

degrees. Figure 6.70b summarizes the results of Figure 6.65 

to 6.69. The average envelope obtained shows that 0b is 

a• ~b equal to P for suctions of 0 to 125 kPa. The ~ angle 

begi~s to decrease from 0' at suction of 125 kPa and reaches 

a relatively constant value of 7 degrees at suction of 225 

kPa. The theory pertaining to this characteristic of the 

suction envelope has been dealt with in detail in Chapter 3. 

To recap, this characteristic of the suction envelope is the 

result of two phenomena. These are i) the effective area 

over which(Ua- uw)is effective decreases from 100 per cent 

with desaturation and reaches a low and approximately 

constant value at high suctions where further increases in 

suction are accompanied by a minimal change in water content 

and ii) suction hampers soil particle rearrangement in the 

unsaturated soil which is in contrast to the saturated soil 

behavior whose linear envelope is the result of 

'unrestricted' particle rearrangement. 

Over the linear portion of the suction envelope where 

is equal to 0' , the soil is saturated. The negative 

pore-water pressure within the sample acts hydrostatically 

and the suction is effective over the gross cross-sectional 

329 



area of the sample. The contractile skin is present only on 

the exterior of the sample. The effect of this exterior 

contractile skin is similar to that of an externally applied 

load. The stresses on the soil as a result of this external 

contractile skin produces a similar type of effect on the 

soil structure as would an external load. That is, in 

additional to increasing the normal stresses at the particle 

contacts, the stresses due to the contractile skin will also 

produce a shear component at these contacts. The 

hydrostaitc negative pore-water pressure within the soil 

sample will also produce a shear component when it acts to 

draw the particles closer together. The external 

contractile skin and the negative pore-water pressure will 

result in soil particle rearrangement similar to that which 

occurs in saturated soil subjected to positive pore-water 

pressure. Tests results in Figures 6.65 to 6.70 show that 

the till can remain saturated up to suctions of 50 kPa to 

120 kPa, i.e., the suction envelope remains at a slope of 0b 

equal to ~· up to these suctions. This shows that as long 

as the soil remains saturated, Terzaghi's (1936) effective 

stress equation holds, regardless of the sign of the pore 

water pressure. 

At the instance when the soil commences to desaturate, 

the suction envelope will begin to deviate such that 0b will 

become increasingly smaller than 0' . This is because when 

air enters into the pores of the soil, the area over which 
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suction is effective will decrease. Also, the introduction 

of air into the pores will cause the contractile skin to be 

formed within the soil. With the formation of the internal 

contractile skin, the loading mechanism will begin to shift 

from one that is like an external load that induces shear at 

the contacts to one that is like tension connectors at these 

contacts. As the area over which suction is effective 

decreases, the rigidity of the soil structural system 

increases. 

therefore, the 

The nonlinearity-of the suction envelope 

result of these two factors, i.e., 

i~ 

i ) 

decreasing effective area over which the suction acts, and 

ii) increasing restriction on particle movement due to 

increasing rigidity of the soil structure. Although the 

actual frictional properties at the particle contacts are 

unchanged, the average total effective force due to the 

internal suction is increasing at a decreasing rate. This 

is reflected in a decreasing rate of shear strength 

increment with increasing suction once the soil is 

unsaturated. From Figures 6.65 to 6.70, it can be inferred 

that the till began to desaturate at suctions of 50 kPa to 

120 kPa. 

With increasing suctions, the rate of decrease of the 

effective area over which suction acts will become 

increasingly smaller. This is because as the soil 

desaturates, it becomes increasingly harder to draw 

additional water out from the pores of the soil. 
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Eventually, the amount of water loss with increasing suction 

will become negligible. Beyond this stage, the area over 

which suction is effective becomes relatively constant. 

When this occurs, the shear strength will appear to increase 

linearly with suction. In the till tested, the suction 

envelopes show that the water loss with increasing suctions 

become negligible at suctions of about 225 kPa to 300 kPa 

(See Figures 6.65 to 6.70). 

The spread of the suction envelopes shown in Figure 

6.70 may be due to several reasons. Two of these reasons 

are i) different initial density, and ii) different suction 

paths followed in the multistage shear test. These two 

factors are actually related. 

The shear strength of a soil is proportional to its 

density at failure. It was mentioned in Section 7.2 that in 

the saturated state, the shear strength of a soil is 

relatively unique, regardless of its initial void ratios 

(this does not include over-consolidated materials). This 

uniqueness in the shear strength is due to the total 

'freedom' of the soil particles to rearrange themselves when 

subjected to shear. As the soil becomes drier, i.e., as 

suction increases, the particles movement becomes 

increasingly restricted and the shear strength will be 

dependent on the initial void ratio (or density) of the 

soil. Thus, in the multistage shear test, a sample which 
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starts in a saturated condition will attain a denser 

packing of material within its failure zone than one which 

starts unsaturated at higher suctions (See Figure J.Jl ). 

Hence, even for different samples of exactly the same soil 

at the the same initial density, different suction envelopes 

can be obtained depending on the suction paths followed. It 

is postulated that a sample that starts at lower suctions in 

the multistage shear test will produce a suction envelope of 

higher strengths. This postulation is not shown 

conclusively 

to determine 

difficult in 

by the test results as volumetric measurements 

void ratios and degree of saturation is 

the modified direct shear box. These 

difficulties were discussed in Section 6.5 of Chapter 6. 

Nevertheless, measurements were carried out. These grossly 

approximate volumetric measurements of void ratios and 

degrees of saturation are presented in the Appendix. 

Figures 6.42 to 6.64 show the water movement and 

consolidation characteristic of the material at various 

suctions. The water movement measurements indicate that the 

suction in the soil generally reaches equilibration within a 

day (i.e., 1440 min.). This rate of suction equlibration is 

slower but comparable to the rate of consolidation of the 

saturated soil. The results of Figure 6.35 suggest that the 

shear rate is 

shear test on 

suggests that 

adequate to' ensure drained conditio~ in the 

the saturated samples. Likewise, this 

the same rate is probably adequate also for 
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the shear test on the unsaturated till. In the event that 

this rate is not slow enough to ensure drained condition in 

the shear test on the unsaturated till, the actual envelopes 

will be as shown in Figure 7.4. A shear rate that is too 

fast will increase the actual suction (Figure 7.5). That is 

the actual suction envelope will deviate even more from the 

linear envelope. 

7.4 CONSIDERATION OF TEST RESULTS OF OTHER INVESTIGATORS. 

Results of three investigators will be considered in 

this section. Satija (1978) investigated the shear 

strength of unsaturated compacted Dhanauri clay in a 

triaxial apparatus. Graecen (1960) performed ring shear 

tes~on two unsaturated loamy Australian soils that were 

loosely placed into the ring shear apparatus. Towner and 

Childs (1972) conducted unconfined compression tests on a 

beach sand subjected to pore-water tension. 

described in varied detail in Chapter 

These tests are 

2. These are 

selected because there is sufficient information provided to 

enable replotting of the suction envelopes. They also 

represent a wide range of soils, from clay to sand, and were 

tested by various methods. 
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FIGURE 7.4 EFFECT OF SHEAR RATE ON SUCTION ENVELOPE. 
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Satija (1978) conducted triaxial compression tests on 

unsaturated compacted Dhanauri clay. The index properties 

of this clay are presented in Table 7.2. Consolidated 

undrained triaxial tests were also conducted on saturated 

samples of Dhanauri clay to determine the shear strength 

parameters, ~· and c'. These results in the form of p-q 

plots, are shown in Figures 7.6 and 7.7. The values of ~· 

and c' (i.e., in conventional Mohr-Coulomb formulation) are 

as follow, 

i) samples A compacted at high density, 

~· P = 28.5 degrees 

c' = 7.8 kPa 

ii) samples B compacted at low density, 

~· = 29.0 degrees 

c' = 7.8 kPa. 

On the unsaturated Dhanauri clay, two'types of tests were 

performed. These are i) CW or constant water content test 

and ii) CD or consolidated drained test. The results of 

these tests are presented in Figures 7.8a to 7.lla. 

The interpretation of these results by Ho (1981) are 

denoted by the best-fit straight lines shown. The line 

through c' equal to 7.8 kPa and slopes at ~· are shown in 

broken lines. It is the author's opinion that the shear 

strength parameters of the compacted Dhanauri clay should be 

quite constant and will not vary much from sample to sample. 
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TABLE 7.2 INDEX PROPERTIES OF DHANAURI CLAY 
{SATIJA, 1978) 

LIQUID LIMIT = 48.5 % 
PLASTIC LIMIT = 25.0 % 
PLASTICITY INDEX = 23.5 % 
PERCENT SAND SIZES = 5.0 % 
PERCENT SILT SIZES = 70.0 % 
PERCENT CLAY SIZES = 25.0% 
ACTIVITY = 0.94 
SPECIFIC GRAVITY OF SOLIDS = 2.75 
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In addition, Figures 7.6 and 7.7 show virtually no spread in 

the results of the triaxial tests on the saturated samples. 

Therefore, the values of c' and S' given earlier can be 

confidently taken to be correct. On this premise, the 

linear interpretation is discordant with the experimental 

results and with the theory as presented in Chapter 3. The 

line~r interpretation yields c' values of 15.5 kPa and 27.3 

kPa for the A samples, and 20.3 kPa and 11.3 kPa for the B 

samples. Most of these c' values are considerable higher 

than the estabished c' value of 7.8 kPa. Thus, the linear 

suction envelope results in an abrupt .break in the Mohr 

envelope (Figure 7.12). It was stated earlier that tests on 

saturated soils subjected to pore-water tension show that 

the internal friction angle remains as ~·. Tests by the 

author as presented in Section 6.5 and discussion in Section 

7.3 indicate that at saturation, 0b is equal to ~·. 

Another difficulty resulting from the linear i-nterpretation 
b 

by Ho (1981) is that widely different values of 0 are 

obtained for the same soil tested under CW and CD 

conditions. This is at variance with the effective stress 

principle. On the effective stress principle, Terzaghi ( 1936) 

states that "all measurable effects of a change of stress 

such as compression, distortion and a change of shearing 

resistance, are exclusively due to changes in the effective 

stress 11
• In other words, different samples of exactly the 

same soil subjected to the same effective stresses will have 



~-~---,.,r---15. 5 kPa 

r-~c'=·7. 8 kPa 

FIGURE 7.12 THREE DIMENSIONAL MOHR ENVELOPE OF THE DHANAURI CLAY 
SHOWING THE ABRUPT BREAK IN THE ENVELOPE AS A RESULT 
OF THE LINEARIZATION OF THE SUCTiON ENVELOPE 
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the same 

Although 

shearing resistance, all things being equal. 
b 

the ~ values are not expected to be exactly equal 

due to different stress paths followed, the difference 

obtained from the linear interpetation is too large to be 

reconcilable. 

The author has reconsidered these results of Satija 

(1978) in the light of the theory presented in Section 3.2. 

and the conclusions reached in Section 7.3. That is, the 

suction envelope should emerge from c' at an angle of (/Jb 

equal to ~· at zero suction. This value of 
b 0 equal to ~· 

is maintained at low suctions when the soil is saturated. 

With increasing suctions, the soil will desaturate and 0b 

will likewise decrease in magnitude. Eventually, 0b will 

reach an approximately constant value when a further 

increase in suction is accompanied by a minimal change in 

water content. The test data of Satija (1978) seem to fit 

well into curved envelopes as shown in Figures 7.8a to 

7.lla. 

The variation of (/Jb with suction is shown in Figures 

7.8b to 7.llb. The values of 0b of the A samples vary from 

0' equal to 28.5 degrees to a 0b constant of 9 degrees and 

that of the B samples vary from 29.0 degrees to a 0b 

constant of 11 degrees, for both sets of data from CW and CD 

tests. The exact agreement between the values from CW tests 

and those from CD tests may be merely fortuitous. There is 



considerable scatter in the data. Nevertheless, the 

curvilinear interpretation will result in smaller 

differences in the 0b values. This interpretation would 

appear to be more compatible with the effective stress 

principle. 

From Figures 7.8b to 7.llb, it is seen that the high 

density A samples begin to desaturate at suctions of 75 kPa 

to 100 kPa. This is suggested by the point of deviation of 

0b from 0'. The low density B samples commence to drain at 

suctions of less than 50 kPa. This observation is 

reasonable. A low density compacted sample will have larger 

voids and will drain under lower suctions. 

Nonetheless, within the suction range considered, the 

disparity between the linear envelope and the 'actual' 

curved envelope is not serious. In fact, the linear 

envelope is a good and practical approximation which is much 

easier to handle in numerical computation. It is important, 

however, to be aware that the actual envelope is curved and 

not linear. This is because the direct extrapolation of the 

linear envelope to high suctions will greatly overestimate 

the shear strength of the soil. In addition, the use of a 

larger cohesion than the actual is not recommended as true 

cohesion is not usually present to any significant degree, 

except in highly over-consolidated or cemented soils. In 

practice, it maybe better to use a linear suction envelope 
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. h h . . ~b w1t t e fr1ct1on angle P equal to the lower constant value 

of the curved envelope at high suctions, with this linear 

envelope emerging from c' actual (Figure 7.13). In view of 

the spread in the data obtained by the author as presented 

in Figure 6.70 (also Figure 7.13) , this linear envelope 

emerging from c' actual with a lower constant friction angle 

will ensure prudent conservatism. 

Graecen (1960) conducted ring shear tests on two 

unsaturated Australian soils. They are the Urrbrae loam 

which will be referred to as the plastic clay and the 

Wollongbar loam which will be refHrred to as the stable 

clay. The index properties of these soils are given in 

Table 7.3. It is uncertain if the grain sizes 

classification used is similar to that commonly employed in 

engineering. It is inferred from the description that the 

soil was not pulverized. Rather they were left as 

aggregates. These aggregates were mixed with the desired 

amount of water and were loosely placed into the ring shear 

apparatus. The sample was allowed to consolidate under the 

constant normal load. Consolidation is usually completed in 

about 30 minutes. This suggest that the soil aggregates 

were quite coarse. 

Ring shear tests on the saturated materials gave ~· 

equal to 34.5 degrees, c' equal to 0 kPa for the plastic 

clay and ~· equal to 35.5 degrees, c' equal to 0 kPa for the 
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TABLE 7.3 INDEX PROPERTIES OF THE PLASTIC CLAY AND THE STABLE CLAY. 
( GRAECEN, 1960). 

M~clulniazl GfUilysU- A.ttel'berg limits 

% .o/o 
Ltn.uer phutie limit 

I Soil 
Coaru Fine % % wl.liquid Liquid linUt 
IIITIIl SQ111J Sill Clay %dry tllt. vol. solid %dry lOt. 

Pbstic clay . I 7 23 72 241-"1 o·66 78 
Stable clay . 3 12 51 38 41"8 1"12 83 

• Mechanical analysis without organic-matter digeation. The atable clay pve 
higher clay content with increaaed mechanical atirring. 
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stable clay. These results were presented earlier in Figure 

2.4.8. The results of the tests on the unsaturated 

materials are replotted in Figures 7.14 and 7.15. The lines 

corresponding to g• are shown as broken lines. The test 

results conform to curved envelopes. It is observed that as 

b 
the normal stress increases, the linear portion of ~ equal 

to ~· increases in extent. This is because the soil 

compresses and the voids reduce in size. The smaller voids 

can therefore remain saturated under higher suctions. From 

this observation, it is postulated that the suction 

envelopes at different values of (a - u } for the till 
a 

discussed in Section 7.3 would be as shown in Figure 7.16. 

At high suctions, the shear strengths of both the stable 

clay and the plastic clay drop off slightly. This behavior 

is similar to that observed in sand, and suggests, that the 

aggregates behave as granular material. An explanation for 

this peculiar behavior can be found in Section 2.3. This 

behavior will also be discussed shortly. 

Results of an unconfined compression test on sand under 

pore-water tension were presented by Towner and Childs 

(1972). Their tests show that suction is equivalent to the 

effective stress variable, a• , when the soil is saturated 

(Figures 7.17.a and 7.17.b). The shear strength versus 

suction for this sand as a function of suction of the 

wetting curve is shown in Figure 7.18. The analysis to 

determine these shear strength values are presented in 
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Figure 7.19. Results show definitely that under saturated 

condition, 0° is equal to 01 and that the value of (/Jb 

decreases as the pores begin to drain. 

Figure 7.18 show that the shear strength of the sand 

actually decreases beyond suctions of about 2.5 kPa. This 

behavior is characteristic of granular material (See also 

Figure 2.4.2) and was discussed in section 2.3 of Cha~ter 2. 

Over the linear portion of the suction envelope in Figure 

7.18, the soil is saturated. As suction is increased, in 

this case to about 1.5 kPa, the soil begins to desaturate. 

Desaturation will begin with the larger pores. As the soil 

desaturates, the area over which suction is effective 

decreases. When this occurs, the shear strength will 

continue to increase with suctions, but at a decreasing 

rate. Eventually, the larger pores which can drain will 

have done so, leaving the smaller wetted or saturated pores 

isolated. This occurs at about 2.5 kPa suction for the sand 

tested by Towner and Childs (1972). The water phase is now 

discontinous. In fact the water in the smaller pores may 

not be contact with the water in the external suction 

controlling source. So although the suction in the external 

source is increased, the actual suctions of the water in the 

isolated pores will not be affected. It appears that once 

discontinuity occurs in the water phase that the suctions in 

the isolated pores actually drops slightly to a lower 

constant value. This is shown by the drop in the suction 
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SUCTION DEVIATOR STRESS G}-ua 0"3-ua L(O'•tlt)•O 

em H2o kPa kg/m2 kPa kPa kPa kPa 

3.90 0.38 182.0 1.78 1.78 0.0 0.37 
7.10 0.69 340.0 3.33 3.33 0.0 0.67 

14.70 1.44 710.0 6.96 6.96 0.0 1.44 
16.89 1.65 770.0 7.55 7.55 0.0 1.55 
20.60 2.02 924.0 9.06 9.06 0.0 1.85 
22.60 2.21 882.0 8.65 8.65 0.0 1. 77 
23.46 2.35 977.0 9.58 9.58 0.0 1.98 
27.70 2.71 957.0 9.38 9.38 0.0 1.95 
30.80 3.01 1002.0 9.83 9.83 0.0 2.02 
33.20 3.25 884.0 8.67 8.67 0.0 1.77 
33.20 3.25 800.0 7.85 7.85 0.0 1.63 
38.50 3.77 746.0 7.32 7 .32· 0.0 1.50 
43.20 4.23 712.0 6.98 6.98 0.0 1.44 
47.90 4.69 705.0 6.91 6.91 0.0 1.42 
53.40 5.27 705.0 6.91 6.91 0.0 1.42 

5 ~·<i' 

Sohtmtad 
Sor.cl 

~ 
~ 

... 
~ 

FIGURE 7.19 MOHR CIRCLE CONSTRUCTION TO OBTAIN 't VALUES AT 
VARIOUS SUCTIONS FOF THE BEACH SAND. 
( TOWNER AND CHILDS, 1972). 
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envelope to a relatively constant value (Figures 7.18 and 

2.19). 

This decrease in shear strength was not observed in the 

results of the till tested. This difference in the suction 

envelopes of coarse grained soils and fine grained soils is 

due to two factors. These are i) the smaller pore sizes 

associated with fine grained soils, and ii) the high 

affinity of clay minerals for water. From capillary theory, 

it is known that the capillary stresses are inversely 

proportional to the size of the capillaries. Hence, the 

smaller pores of fine grained soils can withstand higher 

suctions before desaturation occurs and that much higher 

suctions are required to drain additional water out from the 

unsaturated pores. This is well illustrated by the results 

discussed in the preceding sections. Figure 7.18 shows that 

the sand will begin to desaturate at suctions as low as 1.5 

kPa while that of till and Dhanauri clay can remain 

saturated at suctions of as high as 50 kPa to 120 kPa 

(Figures 6.65 to 6.70 and Figures 7.8 to 7.11). In fine 

grained soils, the affinity of the clay minerals for water 

is such that air-particle contacts are unlikely to occur 

even in the highly unsaturated state (Scott, 1963; Lambe, 

1960). Water discontinuity is therefore, not likely to 

occur in clayey soils, at least not bt~fore cracking occurs. 

Also the decrease of water content with increasing suctions 

decreases very rapidly, such that in the high suction range, 
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it requires a large increase in suction to draw out a 

minimal amount of water. The above explains why the suction 

envelopes of till and Dhanauri clay do not show any drop in 

shear strength at high suctions as did the suction envelope 

of sand. 
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CHAPTER 8. 

CONCLUSIONS AND RECOMMENDATIONS. 

Conclusions from the results of the investigation of 

this thesis and some recommendations for future 

investigations are presented in this chapter. Some of the 

conclusions listed are only tentative. For these tentative 

conclusions, further investigations are required to confirm 

them. 

8.1 CONCLUSIONS. 

1. The literature review presented in Chapter 2 reveals 

that there is considerable interest among geotechnical 

engineers and workers in Soil Science on the shear strength 

of unsaturated soil. It can be said that in general, the 

shear strength behavior of unsaturated soils is not well 

understood, at least not to a compatible degree as that of 

the shear strength of saturated soils. There has been 

doubts expressed on the principle of effective stress in 

regard to its application to unsaturated soil behavior. 

2. The direct shear box is still a popular apparatus for 

the determination of the shear strength of soils. This is 

due mainly to its simplicity. There remains differences in 

opinions with respect to the interpretation of the failure 
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condition in the shear box sample. 

3. Soils generally conform to the Mohr-Coulomb failure 

criterion. 

4. The modified shear box incorporating the axis 

translation technique to control the pore-air and pore-water 

pressures has been shown to be a viable apparatus for the 

determination of the shear strength of unsaturated soils. 

Tests using the modified direct shear box proved faster than 

that using the more common triaxial apparatus. The modified 

shear box is also better suited to multistage shear testing 

as considerably more stages of shear are possible. 

5. The multistage shear test is a viable technique for the 

till tested. 

6. Two stress state variables are required to describe the 

behavior of unsaturated soils. This is consistent with 

basic continuum mechanics principles. These stress state 

variables were also shown to have basic differences (See 

point 7). These differences further support the separation 

of the stress state variables, rather than coupling them 

together. 

7. There are basic differences between the stress state 

variables (_a - u ) and ( u - u ) • a - a w 
These differences are 

presented as follow. 
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(cr - u } a 

an external stress 

effective area over 
which variable acts 
is constant 

produces normal 
stresses as well as 
shearing stresses 
at the particle 
contacts 

increases the 
plasticity of soil 

(u - u ) -a w 

an internal stress 

effective area over 
which variable acts 
decreases with 
desaturation 

produces mainly normal 
stresses at the particle 
contacts 

increases the 
brittleness of soil 

8. Published information to date concludes that the suction 

envelope is linear. The linear envelope was shown to be 

inconsistent with certain experimental observations and with 

the principle of effective stress. It also does not ensure 

a truly smooth transition since it often resul~ in an abrupt 

break in the failure envelope. A curvilinear suction 

envelope consisting of two linear sections connected by a 

transition curve was shown to be more compatible with 

experimental results and with theory. Results show that ~b 

is equal to 0' when the soil is saturated, regardless of the 

sign of the pore water pressure. Once the soil begins to 
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desaturate 41b becomes increasingly smaller than cp'. Beyond 

a certain high suction value when increasing suction will 

only remove a negligible amount of water from the soil, '/Jb 

attains a relatively: constant value. The curvilinear 

envelope results in a truly smooth transition from saturated 

soil behavior to unsaturated soil behavior, and vice versa. 

9. In sand the suction envelope shows a drop at as low a 

suction as 2.5 kPa. Beyond this drop, the suction envelope 

remains relatively level. This relatively horizontal 

section of the suction envelope suggest that the suctions 

remain constant. This indicates that the pores in the sand 

cannot maintain water to considerable suctions. That at 

suctions as low as 2.5 kPa, a large proportion of the pores 

have completely drained of water, leaving wetted and 

saturated pores isolated. 

10. Till shows a much more extended suction envelope. The 

suction envelope does not show any drop in strength even at 

suctions as high as 500 kPa. This is attributed to the 

small sizes of the pores and the great affinity of the 

particle surface for water. It is postulated that the 

initial linear 
b 0 

section of the suction envelope where 41 1s 

equal to cp' increases in extent with increasing total normal 

stress, (a - u ) . 
a 
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11. There is a basic difference between the shear strength 

behavio~ of saturated soils and that of unsaturated soils. 

In saturated soils, the failure envelope is the result of 

the total freedom allowed toward particle movement. In 

unsaturated soils, particles movements become increasingly 

restricted with desaturation. 

12. In multistage shear test, the suction envelope is 

suction path dependent. Tes~ commencing with lower suctions 

will tend to produce envelopes with higher strengths. 

15. Shearing is more efficient in causing particle 

rearrangement than increasing normal stresses. 

16. Within a limited narrow range of suctions (depending on 

the materials), say from 0 to 300 kPa in Dhanauri clay, the 

suction envelope of fine grained soils may be 

reasonably represented by a straight line. This is the 

reason why previous investigators mistakenly concluded that the suction 

envelope is linear. 

8.2 RECOMMENDATIONS. 

1. To conduct similar shear strength tests on unsaturated 

till in the triaxial apparatus with accurate volumetric 
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measurements to confirm some of the tentative conclusions 

such as, i) that the suction envelopes in multistage test 

are suction path dependent, ii) that suction envelopes are 

dependent on initial void ratios, and iii) that the 

commencement of desaturation coincide with the point of 

departure of ~b from ~· • 

2. The changes in the volumetric properties along each 

suction envelope can also be determined with the above 

volumetric measurements. It will then be possible to 

determine the degree of saturation when 0b will be constant 

for a particular soil. 

3. With accurate volumetric measurements it will also be 

possible to determine the relationship between suction, 

water content, void ratio and degree of saturation. 

4. Conduct tests to determine thf~ suction envelopes 

corresponding to different values of (a - u ) to confirm the a 

postulation presented in Figure 7.16, which is that the 

initial linear section of the suction envelope increases in 

extent with increasing (a - u ). a 

5. Conduct tests to higher suctions to determine if the 

suction envelope continues to stay at constant slope at high 

suctions, or level out, or drops slightly like in the case 

of sands. 

6. Attempts be made to specifically applied the increase in 
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shear strength with suction to practical problems. This has 

been carried out previously in slope stability (Fredlund, 

1981). It is the author's opinion that this shear strength 

theory on unsaturated soil can be most suitably applied to 

highways, runways and other constructions where the soils 

are covered. 

7. Microscopic examination be carried out on the materials 

within the shear zone of the unsaturated soil to determine 

the extent of structural changes of the soil due to shear. 

This is to confirm the postulation that suction hampers 

particles rearrangement. 

8. Two additional shear boxes be bases built. One to be 

equipped with a 3 bar ceramic stone and the other with a 15 

bar ceramic stone. These additional bases together with the 

existing one with a 5 bar ceramic stone will ensure 

efficient testing by using the stone with the appropriate 

air entry value so that the air entry value reserve can be 

minimized. This is because the permeability of the ceramic 

stone increases rapidly with air entry value. 
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