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SUMMARY 

This thesis is concerned with various aspects of the shear 

strength of unsaturated soils. Early attempts by previous 

investigators to describe the behaviour of unsaturated soils 

used the principle of effective stress, modified to suit 

unsaturated soils. This line of reasoning has been superseded by 

an approach, developed from the principle of continuum 

mechanics, which describes the shear strength of unsaturated 

soils in terms of two independent stress state 

variables(Fredlund, 1973). The author has based his work on this 

approach, and in particular investigated unverified assumption 

made by Fredlund regarding a planar form of failure surface. 

The influence of soil suction, which is a stress state 

variable of unsaturated soils, is discussed with -respect to 

effective stress and shear strength. Detailed reviews of both 

these aspects of unsaturated soil are presented in Chapters 4 

and 5. 

Apparatus was constructed to carry out triaxial tests on 

unsaturated samples of Grangemouth clay. The unsaturated samples 

were obtained from saturated samples by applying a desaturation 

and consolidation process. The standard triaxial set-up was 

modified to allow for the measurement and control of the pore 

air and pore water pressures during testing. Other modifications 

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

indicator and an automatic volume change logging system. A 

series of tests was carried out specifically to establish' 

suitable strain rates which would allow the proper dissipation 
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and equalization of pore pressures during testing. This resulted 

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

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

The main test programme consisted of two series, which were 

distinguished by the initial stress state applied to the sample. 

In series I, drained, constant water-content and unconfined 

tests were carried out. Series II consisted of drained tests 

only. Four truly undrained tests were also carried out. 

The results of these tests and those of nine previous 

investigations were analysed using three methods. The first two 

of these, the numerical method and the 2-dimensional graphical 

method, are based on the theory of Fredlund et al(1978). This 

theory assumes that, when triaxial test results are recorded in 

terms of stress state variables and plotted in term, of three 

orthogonal axes, the resulting failure surface will be a plane. 
b 

For the angle .9 used in the shear strength equation, the 

numerical and 2-dimensional ge"aphical methods gave very similar 

results. However, due to the nature of the methods, the value of 

cohesion C', that they produced varied considerably. In general, 

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

value for C'. 

The value of the correlation coefficient obtained from the 

numerical or 2-dimensional graphical method was an indication of 

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

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

coefficient for angle 0 does not necessarily imply that the. 

failure surface is planar. Similarly, a low correlation 

coefficient does not necessarily imply that the failure surface 
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is not planar. Therefore, neither method could be used to 

confirm that the failure surface was planar. 

The author used a third method whereby the form of the 

failure surface was obtained by using a 3-dimensional graphical 

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

dimensional plot in verification of Fredlund assumption was 

essentially planar, irrespective of the combination of stress 

state variables used to describe it. Therefore, to verify that 

the shear strength equation for unsaturated soils proposed by 

Fredlund et al represents a planar failure surface, and to 

obtain the shear strength parameters for use in the equation, 

the numerical method and the 3-dimensional graphical method must 

be used together. 
b 

The effect of test type on C' and 0 is clearly demonstrated 

and so, in practical terms, the choice of parameters for use in 

the shear strength equation remains difficult. When dealing with 

unsaturated soils it is extremely important to assess how the 

degree of saturation will vary in the field and reproduce, as 

far as possible, the same conditions in the test set-up. For a 
4 

soil in which the degree of saturation decreases after loading, 

a drained test should be used, whereas if the degree of 

saturation' increases, a constant water-content test should be 

used. 
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CHAPTER 1: INTRODUCTION 
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Cbaelsr 1 IUIEDDUCIIQN 

The last three or four decades have witnessed a 

considerable increase in our knowledge of the behaviour of 

saturated soils. Problems encountered by practicing engineers 

however, are not; always in soils which are fully saturated. 

The construction of earthfill dams, highways and airport runways 

all use compacted soils which are unsaturated. Also, large 

portions of the earth's land surface are subjected to 

desiccating influences that leave the upper portion of the 

profile cracked and unsaturated. 

The concentration on fully saturated soil is not 

difficult to understand; the theoretical formulations are 

straightforward and the shear strength parameters can be 

obtained from triaxial tests with comparative ease. In many 

cases the initially unsaturated soil may be expected to become 

fu: ly saturated during the lifetime of the boil structure and, a 
sfiu. ýeýaoi 

design involving unsaturated soils based on soilA parameters 

obtained under fully saturated conditions is likely to be 

conservative. The strength of a partially saturated specimen 

usually lies somewhere between the drained and the undrained 

strength of the same specimen when fully saturated, and 

therefore the drained and undrained strengths of fully saturated 

specimens represent extremes (Poulos, 1981). If the partially 

saturated undrained strength is higher than the fully saturated 

undrained strength, then the specimen is contractive. In that 

case the fully saturated undrained strength should be used, 



unless it can be shown with certainty that the soil will never 

become fully saturated in-situ. If the partially saturated 

undrained strength is lower than the fully saturated undrained 

strength then the specimen is dilative, and in this case the 

partially saturated condition should be used because it yields a 

lower strength. 1+ However, the drained strength may be more 

critical, in which case the partially saturated condition need 

not be considered. 

The transition from testing dry soils to testing fully 

saturated soils involves a number of problems in the design of 

the apparatus and the interpretation of the results. The 

problems involved in coping with two separate pore fluids (air 

and water) are considerable and there has been an understandable 

reluctance on the part of research workers to enter this tricky 

field. 

Numerical modelling of the behaviour of fully 

saturated soils has not yet reached a stage where, even for one 

soil, the behaviour of that soil can be accurately predicted 

over the% complete range of possible stress and strain paths. 

For partially saturated soils, the problems involved are even 

more complex and it is not surprising that numerical analysts 

have tackled first the simpler case of fully saturated soils. 

2 

When the mechanical aspects of any multi-phase system 

are being investigated, one of three basic approaches can be 

made i. e. the continuum mechanics approach, the particulate 

mechanics approach or the empirical approach (D. Y. F. Ho, 1981). 
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Based on continuum mechanics, any representative 

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

stress state can be analysed by the concept of force 

equilibrium. Once the stress state variables are identified, 

the mechanical behaviour of the system can be related to the 

material properties in the form of constitutive equations. 

Assuming that the behaviour of a saturated soil is dependent on 

a number of factors such as applied stress (6), pore pressure 

(u), void ratio (e), particle orientation, stress or strain 

history, etc. (not all of which are necessarily independent) and 

using the fact that experimentally equal changes in applied 

stress (6) and pore pressure (u) produce no effect on the 

response of the soil, we can conclude that only the applied 

stress and pore pressure enter into the description of the soil 

response as their difference, which can be defined as the 

effective stress (6' =6- u). It then becomes instructive to 

attempt to study ano model the behaviour of saturated soil in 

terms of variations of effective stress. To some, this 

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

Wood, 1979). 

The particulate mechanics approach is basically a 

mechanics approach at a microscopic level. The stress state of 

the constituent particles in a system is examined. Forces and 

stresses acting at particle contacts and adjacent phases are 

considered and the mechanical behaviour of the system is then 

evaluated through constitutive equations of the particulate 

stress variables and material properties. In the past, this 



4 
. 

method has been called the mechanistic approach. It was 

typified by Bishop (1959) who strived to show, from 

considerations of the forces and pressures acting at particle 

contacts and in the pore fluid, that the stress controlling 

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

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

Theoretical mechanics or fundamental physics is 

ignored, in general, in the empirical approach. The mechanical 

behaviour of a system is simply related to its material 

properties through empirical or observed evidence. This 

approach has also been favoured by some researchers in 

describing the shear behaviour of unsaturated soils. Yong 

(1979) proposed an empirical three-dimensional relationship 

between water potential (i. e. soil suction), dry density and 

shear strength for unsaturated soils. The empirical nature of 

this approach severely limits its general applicability. 

The difference between the first two approaches 

becomes more important for unsaturated soils than for saturated 

soils. Although substitute effective stress equations have 

been produced for unsaturated soils using the particulate 

mechanics approach the nature of the interparticle forces 

considered is more complex than for saturated soils, and the 

description of the response indicates a much more elaborate 

dependence on the extra variables that have to be introduced. 

For this reason, the particulate mechanics approach to partly 

saturated soils has met with only limited success(Lambe, 1960). 
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Past research workers have directed their attention to 

the behaviour of partially saturated soils, and the initial 

attempts to describe their behaviour used the principle of 

effective stress, modified to"suit partially saturated soils. 

This line of reasoning has been largely superseded by an 

approach, developed from the principle of continuum mechanics, 

which describes the behaviour of partially saturated soils in 

terms of two independent stress state variables and the author 

has based his own theoretical work on this approach 

(Fredlund, 1973). Stress state variables are described in 

Chapter 4. 

An unsaturated soil may be considered as a four phase 

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

skin). It was considered however that, before describing the 

present investigation into the behaviour'of unsaturated soils, a 

brief exposition of some of the more fundamental physical 

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

water system was necessary and this is presented in Chapter 2. 
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CHAPTER 2 

THE NATURE OF UNSATURATED SOIL 
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Figure 2.1: Element of an unsaturated soil 
(after Fredlund, D. G., 1973) 
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with two phases that come to equilibrium under applied stress 

gradients (i. e soil particles and contractile skin) and two 

phases that flow under applied stress gradient (i. e. air and 

water). From the standpoint of the volume-weight conditions of 

an unsaturated soil, it is possible to consider the soil as a 

three-phase system, since the volume of the contractile skin is 

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

water. 

When air is mixed with water it is immiscible, except 

for approximately 2% (by volume) that dissolves in the water. 

Since there is no chemical reaction, the resulting solution is a 

simple mixture. In the presence of a foreign solid, such as 

soil particles, the air and water pressures can differ and 

' change at different rates during consolidation and shear 

processes. 

2.2 Ibe ztals of air water ebzvcz iD Partially zalucAlrJ 
2Qi1z 

If a soil is completely dry then only air pressures 

will occur within its pores. If the soil is completely 

saturated only water pressures can occur. Obviously the 

effects of the water and air phases in a soil depend upon the 

degree of saturation. 

Aitchison (1956) attempted to classify various 

categories of unsaturation in soils, and contributed some rather 

interesting definitions in terms of what he considered to be the 

parameters of unsaturation'. 

These parameters were: 

P' = pressure deficiency in the pore water. 
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Pg = pressure in adsorbed gas or occluded air bubbles. 

Sr = degree of pore space water saturation. 

ew = soil moisture deficit. 

n= relative compressibility of the pore fluid; 
f 

n= Cf/Cw where Cf = the coefficient of f 
compressibility of the pore fluid ; Cw = the 

compressibility of air free water. 

Aitchison outlined four categories of unsaturation: 

(1) Saturated 

(2) Quasi-saturated. 

(3) Partially saturated. 

(4) Unsaturated. 

The definitions were as follows: 

(1) Saturated soil 

Sr = 100: ;aw=0; n=1; p' <0 
f 

Pg does not exist 

(2) Quasi-saturated soil 

A quasi-saturated soil was one in which all pores were 

filled with water and in which a pressure deficiency existed in 

the pore water. A finite value of soil moisture deficit 

occurred in the quasi-saturated state. 

Thus Sr = 100% '; ow=0; 0< p' < p' 
d 

n=1 and Pg does not exist 
f 

p' is the critical pressure deficiency in the soil 
d 

water at which the largest pore will drain. 

(3) Partially saturated soil 

Sr < 100: ;ow=0; p' <0; nf>1; Pg >0 
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A partially saturated soil has some adsorbed or 

occluded air but will not absorb any water. 

(4) Unsaturated soil 

Sr < 100% ; p' >0; AU>0; n>1 
f 

These definitions covered all possibilities but they 

did not gain international acceptance. 

Sparks (1963) followed the same line of reasoning as 

Aitchison (1956) and classified the categories of the 

unsaturated state as follows: 

(i) quasi-unsaturated 

(ii) critically unsaturated 

(iii) unsaturated 
" 

(iv) partially undersaturated 

He introduced another 'parameter of unsaturation' the 

soil moisture deficit, e S2p, which was the amount of water added 

to the existing natural value of S2 , where f2 was defined as the 

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

at atmospheric pressure). The complexity of these categories 

discouraged their usage and they received little attention from 

research workers. 

In 1965, Barden discussed how moisture affects clays 

and how the two phases of air and water existed in various 

states. As a guide for comparison, Barden used Bishop's 

effective stress equation for unsaturated soil (i. e. 6' =(6 -Ua)+ 

X(Ua - Uw) and assumed that optimum moisture content gave a 
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degree of saturation(Sr) of 90%, but pointed out that, in 

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

Five states of partial saturation were given. These are listed 

below: 

(i) Exlc$m21Y drz. SC S ý% 
The air phase is continuous throughout the soil mass 

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

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

so small, the parameter X in Bishop's effective stress equation 

is also small, and the equation becomes 6'= 6- Ua, where 6= 

total applied stress and Ua = pore-air pressure. Water 

pressures cannot be measured and the suction term (Ua - Uw) is 

very high. (Uw = pore-water pressure). Bishop'$ effective 

stress equation for unsaturated soils is discussed in Chapter 4. 

(ii) QCY Qf optimums 5i S Sr SM 

As more water is added to a soi. there is a gredual 

transition from adsorbed to free water. The water tends to 

redistribute itself until the curvature of the air-water menisci 

are equal throughout the soil. At this stage both air and 

water pressures can be measured. The suction term (Ua -'Uw) 

can still be large and Uw will rarely exceed zero. 

(iii) 8t Qetimum. Sr = 2Q/ 

This seems to be a changeover point from a continuous 

air system to a discontinuous air system. 

(iv) W Qf QetimumA Q"/ S Sc S 25! 

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

occluded. There is no way of measuring Ua and the air exists 
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in the 'form of bubbles which can cause the pore fluid to be 

highly compressible but has little or no effect on the pressure 

of the pore fluid, which is now equal to Uw so that the 

effective stress equation is now' 6' =6- Uw. 

(v) Yecx wt Sc 2 25% 
It can ¢e, assumed that the small amount of air still 

present in the soil is trapped by the skeleton. Although the 

pore fluid will still tend to be highly compressible, any fluid 

that flows from the soil will be fairly incompressible. 

Gulhati (1978) tried to narrow the ranges of saturation 

such that in each range partially saturated soil behaved in a 

similar fashion, differing only in degree of saturation. Table 

2.1 identifies these narrower ranges as five states of 

partial saturation. 
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0 Ia41a 2. L1 

Statas of eactial natvcafiQU Laftac QU1hatiL 12Zfl1 

------- 
Serial 

--------------- 
Degree 

------------------------ 
Description 

------------------ 
Anticipated 

No. of of of behaviour 
State 

-- 
Saturation 

------- ------- 
State 

------------- ----- 
1 

- 
Very high 

----------- 
air in the form of 

------------------ 
similar to 

" occluded bubbles in saturated soil ý ý the pore water. No with a more 
1 continuity in air compressible 

phase fluid than 

-- ------ ------------------------ 
water 

------- ------- ----- 
2 

------- 

--------- 
High 

--------------- 
Transition-H 

------------------------ 

---- 
Complex 

------------------ 
3 Medium Water exists in A function of 

inter-connected two stress 
lenses around state variable= 
particle contacts. (i. e. (6 - Ua) 
Air exists in inter- and (Ua - Uw). 
connected channels. 
Both air and liquid 

-------- ----- ------ 
phase continuous 

------------------------- ----------------- 
4 

--- 
Low Transition-L 

----------- 
Complex 

----------------- -------- 
S 

-------------- 
Very low 

-------------- 
No continuity in Similar to dry 

-------- -------------- 
liquid phase 

------------------------- 
soil 

----------------- 

The second and fourth states of Table 2.1 are 

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

third to the fifth state respectively. These transition 

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

understanding. 

It is the third state of partial saturation that is 

often implied when engineers talk of partially saturated soil. 

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

phase. Research in recent years has been focussed on this 

state. 
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The research described in this thesis is concerned with 

the third state of partial saturation and the terms partly 

saturated, partially and unsaturated are ' considered as 

interchangeable, applying to all soils in which the degree of 

saturation is less than 100: and greater than O. 

a 
.4 

2.3 The diMCDZiQO1 and 2bYZiC21 cooditiQD Qf be Mir be it 
aQ WnzaXucated zQi1 

Air can exist in two distinct conditions within the 

voids of an unsaturated soil. 

(i) as occluded air bubbles 

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

Air filled voids can arise in a number of ways. For 

convenience, in this instance, it is useful to think of the 

water as saturated with air in solution and under a fairly high 

pressure. The first way considered is by the reduction of the 

pore water pressure (If back pressure is used to increase the 

degree of saturation of a specimen to 100% and then the back 

pressure is released, air will come out of solution). This air 

may appear in the form of many bubbles of varying size, 

depending on the local concentration of air in the pore water 

(Figure 2.2(b)). Equilibrium will be established between pore- 

water pressure, surface tension, bubble radii, and air pressure 

inside the bubble. These occluded bubbles will be attracted 

differently by different soil particles, possibly resulting in 

shapes other than spherical. It is assumed that they will also 

be separated from the soil particles by films of water, 

(Jennings, 1960). If the pressure in the water in Fig. 2.2(b) is 
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4 ." 

4IIiII: IJ. 
Figure 2.2: States of water-air in a soil (after Jennings, J. E. 1960) 

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

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

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

air-voids connected directly to the atmosphere; pore-water 
pressure is negative 

1s 
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now further reduced, perhaps even to a negative value, the air 

bubbles will grow until a stage is reached as shown in 

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

with air. The bubbles may still be viewed as occluded and 

separated by films of water from the grains. If the pore water 

pressure is now still further reduced, some of the air bubbles 

will become continjous voids, some of which will contact with 

the atmosphere as shown in Fig. 2.2(d). The pressure in the 

water of the water films will now almost always be negative and 

the gas pressures in the continuous voids will be atmospheric. 

The second way considered iss by the entrapment of air during 

compaction. Lastly, occluded air bubbles can form as a result 

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

water or due to reduction in the volume of voids during 

compression (Burland, 1961). 
" 

There is no doubt that air can exist in the above two 

conditions. The question is whether air can evist in occluded 

form for an indefinite period or whether such a condition is 

unstable. Hilf (1956) deduced that bubbles are inherently 

unstable in water from his consideration of the stability of a 

single bubble in relation to the physics of solution of air in 

water. Blight (1961) observed under a microscope the stability 

of a single bubble in air-saturated water. He found in every 

case that the bubble radius decreased with time until the bubble 

finally vanished. Poulos (1964) concluded that the pressure 

difference between all bubbles of different size caused 

diffusion of air through the water from the smaller bubbles to 

the larger bubbles. Diffusion would continue until either (i) 
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all bubbles reached the same size, or (ii), until the large 

bubbles expanded and formed air spaces. At equilibrium, the 

pressure in all such air spaces must be equal, so that the 

radius of curvature of all menisci also must be equal. The 

possibility that the air would achieve state (i) above is 
a '" 

extremely unlikelylsince such a condition could only develop if 

all bubbles achieve the same diameter simultaneously. Thus, it 

appears likely that the air in a partially saturated soil exists 

in the form of many connected or unconnected air spaces. 

2.4 Ibe zt bi1ity of air bubb1e5 in a 29i1 
Air is dissolved in water by a dynamic process in which 

it diffuses through the soil water from contact with air of 

higher pressure towards contact with the soil and air of low 

pressure. The soil air pressure, Ua is always greater than the 

pressure of neighbouring water, Uw. This difference is due to 

the surface tension of water and depends or the curvature of the 

air-water contact, which is determined by the dimensions of the 

soil pores. (i. e. Ua - Uw = 2T/r, one form of Kelvin's equation 

where T=surface tension and r=radius of soil pore). 

Therefore, for a bubble in a given pore the minimum air 

pressure is reached when the bubble has a spherical form (b in 
2 

Figure 2.3) touching the neighbouring soil particles. 

Considering a soil which is in contact with air at atmospheric 

pressure, the following conditions will apply: - 

(1) For a spherical air bubble in a soil Ua > Uatm (Uatm = 

the atmospheric pressure), air will migrate from the 

bubble to the surrounding water. As the bubble loses 
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FORMS OF AIR BUBBLES: 

b1 

b2 

b3 

ý, - 

ý 'ý 
, 

SOIL PARTICLES 

Figure 2.3: Forms of air bubbles in soils 

FILM OF ADSORBED WATER 



air to the water it becomes smaller, i. e. r decreases, the 

bubble will dissolve in water and the soil air pressure, 

Us will increase until the bubble disappears (i. e. Us = 

Uw + 2T/r ). 

(2) For a spherical bubble Us < Uatm, the dissolved air 

will separate out of the water and enter the bubble, which 

becomes larger. The ultimate size of the bubble will be 

controlled by the size of the pore in the soil. 

Therefore, the air pressure in the bubble must decrease 

until -i-# attains the form b (figure 2.3). 
3 

(3) For a spherical bubble Us = Uatm, there will be no 

tendency for air to migrate into or out of the bubble and 

the bubble size will not change. However, the system is 

in unstable equilibrium and the slightest fluctuation in 

atmospheric pressure or temperature will cause the bubble 

to become unstable. 

(4) For o bubble of the star form (b in Fig. 2.3) Us > Uatm, 
3 

the air dissolves and Us decreases until it reaches Uatm. 

(5) For the same case as (4) when Us < Uatm, Us will increase 

until it reaches Uatm. 

The theoretical discussion presented above indicates 

that, enclosed air bubbles in a soil are unstable and always 

either decreasing or increasing in size. The bubble of the form 

b in fig. 2.3 is stable when Us = Uatm. 
3 

18 
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2.5 Quit x and cQmecc: sibilitx cbacactecimticu of au aic_watac 

2.5.1 The dcozily Qf aD alc=wat c miziucri 

The density and compressibility of an air-water mixture 

are formulated on the basis of conservation of mass. The 

density of gas depends on three variables : pressure, 

temperature and the kind of gas under consideration. Boyle's 
12 

Law deals with thelcompressibility of free air and Henry's Law 

deals with the solubility of air in water. 

Fredlund (1976) considered a cubic element with 

impervious sides containing an air-water mixture. All sides 

are fixed with the exception of the top which is in the form of 

a sealed, frictionless piston. Taking the volume of water as 

Vw and the volume of free air as Va', and applying the principle 

of conservation of mass to the element gives " 

*(m V= tw Vw +) Va 

Y Ywvw+Yava' , 
Vw + Va' ... e.. (2.1) 

where V= total volume of the element (i. e. free air, 

Va' and water, Vw) 

Ym = density of the air water mixture 

iw = density of water 

and is = , density of air 

1 
Boyles Law: If the temperature of a given kind of gas is held 

constant, its density is proportional to the 

absolute pressure. 
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Henry's Law: The weight of pas dissolved in a fixed quantity of 

a liquid at constant temperature, is directly 

proportional to the pressure of gas above the 

solution. 

If the force on the piston is increased then, applying 
14 

Boyle's Law to the1free air and dissolved air and assuming that 

the volume of water and the total mass of air (i. e. free and 

dissolved air) remain constant gives: 

(Uai + dUa) (Va + dVa) = Uai Va 

i. e. Uai Va + Uai dVa + Va dUa + dUa dVa = Uai Va 

i. e. dVa (Uai + dUa) Va dUa 

-V dUa 
i. e. dVa = ----------- 

Uai + dUa ...... (2.2) 

where Uai = initial air pressure 
" 

dUa = change in air pressure 

Va = volume of free and dissolved air 

dVa = change in air volume 

Since Va = Vai' + Vdi' 

where Vai' = initial volume of free air 

Vdi = initial volume of dissolved air 

and the final air pressure, Ua = Uai + dUa. 

Therefore, equation (2.2) can be rewritten as: 

-(Vai' + Vdi) dUa 
dVa= ---------------- 

Ua ...... (2.3) 

In addition, dVa = dVa' + dVd 

where dVa' = change in free air volume 

dVd = change in dissolved air volume 

21 
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But, the volume of gas dissolved in a given volume of liquid 

is independent of pressure i. e. dVd =0 

-(Vai' + Vdi)dUa 
so that dVa = dVa' _ -------------- 

Ua ...... (2.3a) 

The new Volume of free air, Va' corresponding to a 

pressure Us, is : 

(Vai' + Vdi)dUa 
Va' = Vai' + dVa = Vai-- --------------- 

Ua 

Uai 
or Va' = Vai' - (Vai' + Vdi) (1 - ---) ...... (2.4) 

Us 

Substituting (2.4) into (2.1), writing the volumeE of 

air and water in terms of the initial degree of saturation and 

omitting the weight of air terms, gives: 

ým 
= ---------- --S----------- 

Uai Uai 
S+ (1-S) --- + S. H --- ...... (2.5) 

Ua Ua 

where S= initial degree of saturation =Vw/V 

and H= Henry's volumetric coefficient of solubility 
_ (Va-Va')/Vw 

For the case where the air has not had time to dissolve 

in the water, the S. H. (Uai/Ua) term can be omitted. It should 

be noted that the difference between the air and water pressures 

does not appear in the derivation. 



2.5.2 The cQmecczaibilitx Qf an aic=watcc mixtwcc 
the general definition for volume compressibility C is: 

-1 dV 
C= --- -- ...... (2.6) 

V dU 

in which V is the instantaneous volume, which is dependent or 

pressure U. 1.4 
1 

Bishop and Eldin (1950) and Skempton and Bishop (1954 ) 

based their approximate calculation of the compressibility of 

the air-water mixture on Boyle's Law and Henry's Law of 

solubility and derived the average compressibility of the air- 

water mixture for a change in pore pressure from Po to P 

(absolute) as 

Po 
Cm = (1 -S+S. H) -- ...... (2.7) 

2 
P 

where Cm = compressibility of air-water mixture 

The surface tension and therefore the difference 

between the air and water pressures was disregarded. 

Koning (1963) calculated the compressibility of an air- 

water mixture using Boyles Law. He only partly accounted for 

the influence of surface tension between air and water, and for 

practical purposes, where small pressure changes occur, his 

formulae is sufficient. The modulus of compressibility of an 

air-water mixture was given as: 

1 Kwo 
---------------- 

Kw Va Va Kwo 
(1 - --)+ --x--- ...... (2.8) 

VV Ka 

23 
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where Kw = modulus of compressibility of an air-water 

mixture. 

Kwo= modulus of compressibility of water without 
2 

air bubbles (assumed to be 20,000 kg/cm ) 

Ka = modulus of compressibility of air, bubbles 
'" 2 

(Ka values of from 1 to 5 kg/cm have been 
1 

introduced). 

Va = volume of air 

V= total volume (= volume of water 4 volume of 

air) 

Boyle's Law, Henry's Law of solubility and surface 

tension between air and water greatly influence the air-water 

mixture compressibility. One of the first attempts to take 

into account the influence of all these factors was made by 

Schuurman (1964). In 1966, Schuurman, enlarged and corrected 

his 1964 per using surface 

obtain a relationship between 

compressibility of an air-water 

1 (Vai'+ Vd)Uai 
Cm = 

2 
Va' + Vw (Va' + Vd) 

tension and the above laws to 

air and water pressures. The 

mixture was given as: 

2T5 1 Va i ßy3 -1 
- x-x 

3ro Vag Va" ...... (2.9) 

where Ts = surface tension (= 74 x 10 
-6 

kgf/cm) 

ro = initial radius of air bubbles 

His theory was correct only if the degree of saturation 

was in excess of 85%, when the air was assumed to be present in 

24 

the form of bubbles. To account for surface tension effects, 

it was necessary to assume the number and size of air bubbles 



and apply the Kelvin's equation (i. e. Ua - Uw = 2T/r). 

The final equation was unusable from an engineering standpoint. 

Fredlund (1976) derived the compressibility of an air- 

water mixture, Cm, using a direct proportioning of the air and 

water and in accordance with the compressibility definition 

(Eqn. 2.6) 
"ý 

1 
-1 dVw dVa' 

Cm = --------( --- + ---) ...... (2.10) 
Vw + Va' dU dU 

Note that the volume of dissolved air is within the 

volume of water, and U is a reference pressure for the mixture. 

Either the air or water pressure can be used as a 

reference pressure. By applying the chain rule of 

differentiation, " 

-1 dVw dUw dVa' dUa 
Cm = -------- ( --- --- + --- ---) 

Vw + Va' dUw dU dUa dU ...... (2.11) 

dUa dUw 
Fredlund defined Baw = --- and Bwa = --- 

dUw dUa 

The pore pressure parameters Baw and Bwa can also be 

written as the ratio of the Ba and Bw pore-pressure parameters 

proposed by Bishop and Henkel (1962). 

Q Ua a Uw 
Ba = --- ; Bw = --- 

463 463 

A 63 = an equal all-round stress increment in the 
undrained test 

Ba Bw 
Therefore, Baw = -- and Bwa =-- 

Bw Ba 

25 
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The Baw pore pressure parameter should always be less 

than 1.0 for undrained loading, becoming equal to 1.0 at 

saturation. 

The Bwa pore pressure parameter should always be 

greater than 1.01-for undrained loading, becoming equal to 1.0 

at saturation. I 

Using the water pressure as a reference pressure, 

-1 dVw dVa' 
Cm = --------(--- + --- x Baw) 

Vw + Vag dUw dUa 

Substituting equation (2.3a) in the above equation and 

-1 dVw 
since the compressibility of water Cw = --x --- 

Vw dUw 

and also writing the volumes of air and water. in tewms of the 

initial degree of saturation , S, we have 

(1 - S) S. H 
Cm = SCw + Baw ------ + Baw --- ...... (2.12) 

Lia tJa 

where H= Henry's volumetric coefficient of solubility 

Fredlund recommended that an experimentally measured 

pore pressure parameter Baw or Bwa should be used to take 

account of surface tension effects. 

It should be noted that when the degree of saturation 

is above 85%, the air is in the form of bubbles, so that the air 

pressure, Ua, cannot be measured but must be predicted. In 

other words, equations (2.5) and (2.12) are only suitable when 

the air phase can be considered as a continuous phase. 

26 
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2.6 6n4wa1iss in 3bs bebaviQLJr Qf Lnýýsýrt e ýQils 

Olson and Langfelder (1965) suggested three very 

interesting anomalies associated with unsaturated soil. 

(1) If water cavitates at a pressure of approximately -1 

atmosphere (gauge) then how can pore water pressures of 14 

-100 psi (or f bar) and lower be possible in unsaturated 

soils where the water films have ready access to air? 

(2) If the tensile strength of perfectly deaired water is 

approximately 2,800 psi (or 193 bar) (R. B. Green, 1951), 

then how is it possible to have tensile stresses greater 

than 100,000 psi (or 6897 bar) as suggested by theoretical 

calculations based on measurement of vapour pressure? 

(3) The third anomaly is suggested by the simple model shown 

in Fig. 2.4. In this model, it is assumed that the entire 

surface of each particle is hydrated. Capillary theory 

indicates that the pressure is always greater in fluid 

(gaseous or liquid) on the concave side of an interface 

between two immiscible fluids. Referring to Fig. 2.4 

and taking the ambient air pressure as zero (gauge), the 

pore water pressure is negative at A, positive at B and 

zero at C. The obvious question is : how is it possible 

for a continuous water film to have different pressures at 

different locations without undergoing flow? Or, more 

importantly, what pore water pressure is actually measured 

with the usual pore water pressure measuring equipment? 

To help explain these anomalies, Olson and Langfelder 
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1 
," 

Figure 2.4: Idealized section through an unsaturated cohesive 
soil 
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presented an equation for the total head in the pore water as 

follows: 
u 

h= --- +w+a+Z 
Yw 9 

in which u/ vW g= the pressure head 
C 

w =ý. the osmotic head' 
1 

a= the adsorptive head 

and z= the position head 

The explanations of the anomalies are as follows: 

Observations that water in free contact with air 

cavitates at a pressure of approximately -1 atmosphere probably 

apply to the pore water in an unsaturated soil i. e. the actual 

limiting negative pore water pressure in the 
0 soil! is 

approximately -1 atmosphere. If a probe records lower 

pressures (using the axis translation technique, see appendix 1) 

the water films are so thin that all the water is within the 

range of influence of osmotic and adsorptive fields. Thus the 

pore water at some point in the soil may have a pressure of -1 

atmosphere, but the total head at that point is further lowered 

by the presence of osmotic and adsorptive effects. A pressure 

lower (more negative) than -1 atmosphere must be applied to the 

water in the probe to reduce the total head of the water in the 

probe to the total head of water at the point under 

consideration in the soil. 

Similarly, calculated negative pore water pressures of 

lower than -100,000 psi (or 6897 bar) for nearly dry soils mean 

that such a negative pore water pressure would have to be 
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applied to the water in a probe in order to reduce the total 

head of the water in the probe to the total head of the water. 

The actual pressure in the water tightly adsorbed against 

the surface of the clay is likely to be positive, not 

negative, and therefore the anomaly of water having an actual 

tensile strength mf. only 2,800 psi (or 193 bar), whereas vapour 

pressure calculatibn suggest much more negative pore water 

pressures, is also resolved. 

The third anomaly is resolved by noting that in an 

unsaturated soil where the probe records a negative pore water 

pressure, the actual pore water pressure in the soil may be 

negative, zero or positive, depending on location. It does not 

make any difference where the probe is located in the soil 

because the probe does not measure the pore water pressure, but 

records the water pressure in the probe, which is the pressure 

that must be applied to that water to reduce its total head to 

the total held of the watrr jr. the soil. The axis-translation 

technique operates by raising the total head of the water in the 

soil rather than by lowering the total head of the water in the 

probe, but the end result is the same. 

Because the pore water pressure measured with a probe 

is not equal to the actual pore water pressure in the soil, 

except at certain locations, it would be more expressive to 

refer to the pore water pressure in the probe as the 'equivalent 

pore water pressure'. 

Fredlund (1976) pointed out another air-water mixture 

anomaly. Consider a sample of unsaturated soil contained in a 

sealed piston and cylinder arrangement. As the load on the 
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piston is increased (i. e. total stress), the free air is 

compressed in accordance with Boyle's Law (Fig. 2.5) under the 

new increased air pressure, air goes into solution in accordance 

with Henry's Law. This results in a further decrease in the 

size of the free air bubbles. At high degrees of' saturation, 

this volume decreäse may be a significant percentage of the 

total volume of free air. 

If the radius of curvature is decreasing during the 

decrease in free air volume, Kelvin's equation given by Ua - Uw 

= 2Ts/r indicates that the difference between the air and water 

pressures must increase. Since a positive total stress was 

initially applied, it is logical to assume that the water 

pressure has undergone a positive increase. Therefore the air 

phase must have undergone a positive increase. In fact, the air 

phase must have undergone a larger increase to satisfy Kelvin's 

equation. This increase in air pressure (due to surface 

tension: would result in a further decrease in volume in 

accordance with Henry's Law. Once again, Kelvin's equation must 

be satisfied and the air bubble moves faster and faster towards 

self destruction as the air pressure goes to infinity. 

The above description is the result of strictly 

applying Boyle's Law, Henry's Law and Kelvin's equation. It 

certainly does not appear feasible and compatible with observed 

behaviour. The above apparent anomaly is partly overcome by 

assuming that, although the free air volume is decreasing, the 

radius of curvature is increasing, as shown in zone I of Fig. 

2.5. 
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Figure 2.5: Pore air and pore water responses to a change in 
total pressure in a closed system 
(after Fredlund, D. G. 0976) 
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However. 
, 

increased compression of the sample will 

eventually result in the air bubbles being occluded (zone 2). 

At this time the self destruction mechanism takes over. 

2.7 Ibr. f1QW Qf Watec in an unsaturated zQiL. 
Fredlund (1981) pointed out some of the misconceptions 

concerned with the flow of water in an unsaturated soil. 

Firstly, water does not flow from a point of high water 

content to a point of low water content. Even in a homogeneous 

soil a difference in water content does not mean that a water 

content gradient exists, since there is the possibility of 

different stress history effects. Secondly, water does not 

flow as a result of a suction gradient ; flow occurs 

independently in the water and air phases due to gradients in 

each phase. Thirdly, the salts in a soil, as reflected by the 

osmotic or solute suction, affect flow in an unsaturated soil in 

the same manner as in a saturated soil. Suction in unsaturated 

soils will be discussed in detail in Chapter 3. 

Fredlund defined "fundamental driving potentials' to 

describe the flow of air and water in unsaturated soils. Under 

the influence of these driving potentials, fluid will always 

flow from a region of higher potential to a region of lower 

potential. The two main driving potentials are: 

(i) The driving potential for the water phase of an unsaturated 

soil (which is the same as a saturated soil). If the 

velocity head is neglected, the driving potential is a 

hydraulic head. 
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Uw 
hw = fl+ ---- .......... (2.14) 

ow 

where hw = total head in the water phase 

/3 = elevation head from an arbitrary datum 

Uw, = pore water pressure 
aa 

f density of water, and 
Ow 

g= acceleration due to gravity 

The driving potential is the same whether the degree of 

saturation is 100 percent or less. It is the same whether the 

pore water pressure is positive or negative. 

(ii) The driving potential for the air phase of an unsaturated 

soil is similar to the water phase except that the 

elevation head is neglected. 

Ua 
ha = ---- 

9y 
a 

where ha = total head in the air phase 

Ua = pore-air pressure, and 

= density of air 
Ga 

The flow of the air phase is actually in response to 

independent gradients in each of the components constituting 

air. However, in general, the driving potential can simply be 

used as the pore-air pressure, Ua. 

Another important driving potential is the thermal 

gradient as reflected by a change in temperature with space and 

time. Changes in temperature can significantly affect the 

pore-air phase and cause flow in the air phase. A change in 

temperature produces a less significant effect on the water 
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phase in'an unsaturated soil. However, the change in pore-air 

pressure produces a change in the pore-water pressure in 

accordance with the Baw pore-pressure parameter of the soil 

(Fredlund, 1976). Fredlund also indentified three secondary 

driving potentials which may have some influence on flow. 

(a) Diffusion ofbir through the water phase and the solution 
1 

of air in-water. These mechanisms are in response to the 

pore-air pressure. 

(b) A chemical gradient which could cause flow from a region 

of high concentration to a region of lower concentration, 

independent of other gradients. 

(c) An electrical gradient which could cause a flow of water 

from a point of high voltage to a point of lower voltage. 

Saturated soils are a special case of unsaturated 

soils. The analysis of the latter is complex and involves 

idealisation of the soils as three or four phase systems which 

are decisively influenced by the degree of saturation. The 

interaction of the air and water phases is not well understood 

and calculation of basic properties such as the density and the 

compressibility of air-water mixtures is extremely tentative. 

As mentioned earlier, soil suction is a very important parameter 

in unsaturated soils and the next chapter will deal with this 

parameter in detail. 



CHAPTER 3 

SOIL SUCTION 
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Soil SW t1QD 

3.1 InrQýýýýiQn 
The first group to recognize the important role played 

by the soil flui'd'in the behaviour of soils was probably Croney 
1 

et al at the Road Research Laboratory in London (1948). They 

borrowed their terminology from soil science and observed the 

effect of soil moisture deficiency (soil suction) on soil 

behaviour. 

When pore water pressures are positive, there is no 

conceptual difficulty in understanding the presence of water in 

soil. However, when the pore water pressures become negative 

i. e. below atmospheric pressure, such as in soil-aböve a water 

table, the problem of understanding the mechanisms becomes more 

difficult. In soil science, this problem is now treated 

thermod; namicslly, where the mechanisms of soil water retention 

need not be considered in developing a rational understanding of 

and theory for the behaviour. When an unsaturated soil comes 

in contact with a pool of free water, it absorbs water; the 

soil exerts a suction on the free water. (Fig. 3.1) 

F --------------------------------- 
unsaturated "-- pure water same elevation 

I soil same temperature 

Usoil< 0 f-- (Uwater=0) 
----------------------------------- 

se 

Flow ceases when U=U 
water soil 

Eis: 341: DiA9CMMM2tiQ c92CC2901 t1Qn Qf 2911 zuCliQD 
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Negative pore-water pressure is a term commonly used to 

refer to the suction in a soil sample. This is particularly 

true in a partly-saturated soil in which the pore spaces contain 

both air and water. Even at equilibrium (i. e. no flow), the 

pressures in each phase are different, the air pressure always 

being higher bv&ause of surface tension effects. The 

difference in thelpressures is expressed algebraically as (Ua- 

Uw) and this term is called the suction or pressure deficiency. 

In soil physics, the suction is represented by an 

equivalent column of water in a simple capillary tube, that is, 

(Ue - Uw) 2Ts 
h= ---------- = ------ 

r ...... (3.1) 
1w ow 

where Ts is the surface tension of water (gm/cm) 

r is the radius of capillary tube (cm) 
3 

Ov 
g is the unit weight of water (dynes/cm ) 

W 

For large value of suction, h becomes very large and 

for convenience Schofield (1935) expressed h (in cm) in terms of 

pF where pF = log h ...... (3.2) 
10 

Aitchison (1960) defined suction for a soil-water-air 

system as the pressure deficiency in the water phase of the pore 

fluid with respect to the soil air pressure under defined 

conditions of external stress and temperature for a specific 

soil. 

Croney and Coleman (1960) reserved the term suction to 

indicate the pressure deficiency in the specific case of a test 

specimen free from external stress. The term negative pore- 

water pressure was used for any pressure deficiency measured in 
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situ or in the laboratory with the soil subjected to a 

particular stress system. 

In these definitions, - it is implied that suction is a 

function of intcC alia water content and pore space saturation. 

Hence at a low decree of saturation, very high suction values 

are possible; the suction may exceed hundreds and even 

thousands of atmospheres which infers that the pore water must 

be capable of withstanding absolute tensions. This property of 

water has been discussed by Bolt and Miller (1958) and Marshall 

(1959), and they support the supposition that water can take 

absolute tensions. Blight (1961) and Donald (1961) succeeded 

in obtaining an absolute tension of 40 p. s. i. in tap water with 

a simple laboratory experiment. Aitchison (1960) reported that 

absolute tensions in water were possible, but he thought it 

unlikely that the soil water was ever subjected to absolute 

tensions exceeding 200 atms. He also postulated that the soil 

water could not exist in a state of tension in any soil pore if 

(a) the tension was sufficient to drain the pore or, 

(b) the tension or pressure deficiency in the soil water did 

not exceed the pressure of the soil air or, 

(c) the pore was of such small dimensions that the attraction 

of the water molecules to the soil surface produced a 

pressure which was greater than the pressure deficiency 

in the soil water. 

Conversely, the soil water in any pore might be 

considered to be in a state of tension if 

(d) the pressure deficiency in the soil water exceeded the 

38 
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pressure of the soil air, or 

(e) some of the water in the pore was sufficiently remote from 

the soil-water interface. to be substantially free of 

attractive forces or, 

(f) an increase of suction or moisture tension caused the pore 
t '" 

to drain in ac I cordance with capillary laws. 

3.2 tlattin, QmmQtic oid 

The suction present in a soil sample is made up of two 

main components which act together to produce the total suction. 

The review panel for the soil mechanics 

symposium, 'MQin1WCC E9wilibtia and MQiztWC Qb Dg iD zgilz_ 
(Aitchison et x1,1965) adopted the subdivision of soil suction 

and the definitions quoted by the International Society of Soil 

Science. 

(a) 021c; z Qr g@eillacY zwatiQD ibm2 wb c bm_SIJa = U. W1 
The negative gauge pressure relative to the external 

gas pressure on the soil water, to which a solution identical in 

composition with the soil water must be subjected in order to be 

in equilibrium, through a porous permeable wall, with the soil 

water. Note that this parameter may be identified with the 

definition of matrix or capillary potential given in section 

3.3. 

(b) QmQtir. and molu sw tiQn ib: 1 

The negative gauge preaaure to which a pool of pure 

water must be subjected in order to be in equilibrium through a 
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semi-permeable (i. e. permeable to water molecules only) 

membranet with a pool of water containing a solution identical 

in composition with the soil water. Note that this parameter 

may be identified with the definition of osmotic potential given 

in section 3.3. 

(c) IQta1 ssUatiQn S Z 
The negative gauge pressure relative to the external 

gas pressure on the soil water to which a pool of pure water 

must be subjected in order to be in equilibrium, through a semi- 

permeable membrane, with the soil water. Total suction is thus 

equal to the sum of matrix or soil water suction and osmotic 

suction. (This relationship has been experimentally verified 

by Krahn and Fredlund (1972)). Total suction may also be 

derived from the measurement of the partial pressure of water 

vapour in equilibrium with the soil water. Note that this 

parameter may be identified with the definition of total 

potential given in section 3.3, when gravitational and external 

gas pressure potentials can be neglected. 

----------------------- 
i. e. h= (Ua - Uw) + hs ...... (3.3) 
----------------------- 

Since the changes in the osmotic component with water 

content are relatively small (Krahn and Fredlund , 1972), it is 

possible to use matrix suction as a substitute for the total 

suction variable. In this case either the changes in osmotic 

suction must be assumed to be small or else simulated between 

the field and the laboratory. 
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It is difficult to measure matrix suction in the field 

due to cavitation of the measuring system at pore-water stresses 

approaching 100 KPa (1 atm. ) negative. In the laboratory these 

difficulties are circumvented by using the axis-translation 

technique (Hilf, 1956) (see appendix 1). 

+ '" 

3.3 $Qi1 Waitc eQtcatia1 
Soil suction can also be determined by the more 

flexible thermodynamic variable of potential, or in this 

particular case soil water potential. According to the 

International Society of Soil Science, soil water potential (0) 

is defined as the work done per unit quantity of pure water in 

order to transport reversibly and isothermally an infinitesimal 

quantity of water from a pool of pure water outside the 

adsorptive force fields at a specified elevation and 'at 

atmospheric pressure to the soil water (at the point under 

consideration). 

The components of soil water potential are: 

(a) matciz Qc capillary eQteQtia11Qw2 - This results from the 

interaction of water with the adsorptive force fields 

emanating from solid surfaces. . The equivalent soil 

suction component is the matrix suction (hm). 

(b) Q2mg. tig Qr 221WIg egicoli$1 1422 - This results from the 

interaction of water with force fields emanating from 

dissolved substances. The equivalent- soil suction 

component is the solute suction (hs). 

(c) ecamuct 2gicaiial LQ22 - This results from the 

difference in potential energy of water caused by an 
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external pressure other than that applied to the reference 

water. 

(d) QCAYiIAIiQD¢1 eQt oti 1 SQz1 - This results from the 

potential energy water has due to its position in 

gravitational field relative to that of the reference 

water. There is no equivalent soil suction component. 
1 

Bolt and Miller (1958) considered total suction as 

being the intersection of a number of components of suction 

including osmotic potential, adsorption potential �pressure 

potential and gravitational potential. Marshall (1959) 

subdivided total suction into only two components, matrix 

suction and solute suction and considered the matrix suction as 

the moisture stress measurable by tensiometer, pressure membrane 

or suction plate while total suction was the moisture stress 

measurable in terms of vapour pressure. Aitchison (1960) 

pointed oº: t that the difference between matrix suction and total 

suction was not significant within the 'range of moisture 

stresses commonly considered, and supported this argument with 

experimental evidence. 

Schofield (1960) found that with a swollen sodium 

montmorillonitic clay the hydrostatic pressure mid-way between 

the surfaces of two platelets was about 1 atmosphere greater 

than that of pure water in equilibrium through a pressure 

membrane. This observation therefore contradicted the 

assumption that matrix suction was equivalent to total suction 

but Schofield reasoned that the pressure measured through the 
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pressure membrane was the only pressure that interested the 

engineer and therefore this value could be used in problems of 

effective stress. 

Gardner (1960) also regarded the matrix potential 

(capillary potential) as being the suction measured through 

a pressure membran ,. 

Krahn andlFredlund (1972) experimentally verified that 

'the sum of matrix and osmotic suction was equal to total 

suction, and concluded that the matrix and total suction were 

dependent on the moulding water content but essentially 

independent of the dry density for remoulded, compacted soils. 

Soil suction has been given many different names 

during past investigations; soil pressure deficiency, soil 

moisture. deficiency, negative pore water pressure, - capillary 

suction, matrix suction, capillary potential, negative 

potential, pore water suction, pore water tension, soil moisture 

tension, etc. 

In this thesis, the term matrix suction will generally 

be adopted to represent the total suction, since the difference 

between total suction and matrix suction is very small and can 

be neglected. 

3.4 btabDoiE Qf zQil_watec cý ýntiQe 
Soil suction is dependent on, 1Dtcc slur the moisture 

content of a soil. The water present in a soil is retained by 

a combination of effects but mainly by surface tension, 

adsorption and osmotic imbibition. These mechanisms of soil- 

water retention will be described briefly in this section. 
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The phenomenon of surface tension is due to the 

existence of molecular forces. In a suspended drop of water, 

for example, the particles in'the interior of the liquid are 

attracted equally in all directions by other molecules of the 

liquid. The resultant attraction on any molecule in the 

interior is, therefore, zero. A molecule on the surface of the 

drop of water, on the contrary, is not attracted equally on all 

sides, since the molecules of the gas surrounding the drop exert 

less attraction upon the water molecule than is exerted by the 

other water molecules. The resultant attraction is, therefore, 

inward along a line perpendicular to the surface of the liquid 

at that point. It has been found that the behaviour of a drop 

of water under the action of these forces is identical to the 

behaviour of a simulated drop which is enclosed in a watertight 

membrane of a uniform tension. The tension that this 

watertight membrane would have to possess in order to produce 

the observed phenomena is defined as surface tension. 

(b) 6dýQC2tjQQ Qf water go clay wino&12 
In most natural soils and particularly in expansive 

clays, the soil particles consist of a significant fraction of 

clay mineral particles, which cannot be considered as inert. 

The clay particles have negatively charged surfaces which 

attract water, called adsorbed water which can form in the 

following ways: 

(i) aYýr49ýý ý4adla9 - The same bonds which form with the 

water can also form between the hydrogen ion (H+) and the 
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oxygen (0--) or. the hydroxyl (OH-) ions which normally 

compose the surface of clay minerals. 

(ii) EQ1@C $022C21ign - Since water molecules are not 

symmetrical this results in polarized charges and the 

positive side of water molecules can therefore be attracted 

and aligned 'töwards the surface of the clay particles. 
1 

(iii )C tjQn ddZ52CI21ign - The positively charged cations, 

e. g. Na+, Ca+, which also adsorb water around them, are 

themselves attracted to the negatively charged clay 

particles. 

(c) QWD91ir. ifbibilign: 
As mentioned above, cations are adsorbed onto clay 

particles and the adsorbed ions and water constitute the diffuse 

double layer. This adsorption of cations with the double layer 

can establish a solute concentration difference between the soil 

water beyond the double layer and that in the rouble layer. 

Therefore, the potential or soil suction of the water beyond the 

double layer must be such that this water is in equilibrium with 

the water within the double layer. 

It may be stated, in general, that two types of forces 

account for the soil-water retention in soils: 

(a) Surface tension (capillary) forces. 

(b) The attraction of soil particle surfaces 
for water molecules (adsorption). 

It appears that water held in a fairly coarse porous 

medium, in excess of a very thin adsorbed layer (about two 

molecules thick), is governed by capillary forces (Foster, 
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1948). The moisture contents of partly saturated soils 

encountered in practice are definitely in the capillary range 

(i. e. as high as 10,000 KN/sq. m). 

3.5 L?. 1IIiQnsbi2 b¬IW2¬n Ibc m2i1 sJQriQD ans WQ1 Jr¬ 9Q01eDI_ 
The quantity of water held in a soil at a given suction 

and the quantity that will be transferred by a given change of 

suction can be determined from a knowledge of the relationship 

between soil suction and moisture content. 

Although the suction of soil increases with decreasing 

moisture content, the relationshp for any material is not in 

general unique. A single method cannot be used for exploring 

the variation of suction with moisture content over the moisture 

range from saturation to oven-dryness, and in practice at least 

three methods have to be employed. Originally the suction- 

plate, centrifuge and vacuum-desiccator methods were used. 

(Croney and Coleman, 1960). The relationship is a function of 

the grading of the soil, its compressibility, its density and 

the mineral nature of the soil particles (see Fig. 3.2). 

Croney and Coleman (1954) noted that complete shearing 

in soil produced a suction condition that was found to depend 

solely on the moisture content of the soil and was independent 

of the initial suction prior to disturbance. Thus for each 

soil a unique relationship without hysteresis was found 

connecting suction in the fully sheared condition with the 

moisture content. 

Water content, for a given soil suction, is highly 

sensitive to soil material variability such as variations in 
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soil type, clay content, density, soil structure, etc.. For 

example, typical non-seasonal variations in water contents in 

clay soils occurring over only a few centimetres at depth can be 

as much as 20%(Richards, 1974). A good example of the 

comparison between soil suction and water content measurements 

in a practical si, t4ation is shown in Figure 3.3. 

Aitchisonl and Richards (1965) determined the 

relationship between clay content and water content at constant 

soil suction in the B-horizon of a Red-brown Earth. This soil 

was described as a moderately active clay with 

Liquid limit 70 - 80% 

-2M fraction 50 - 65% 

The results for three soil suctions controlled in a 

pressure membrane apparatus are shown in Figure 3.4. . Included 

on this figure are best-fit correlations, resulting from 

statistical analyses. 
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Figure 3.3: Water content and soil suction profiles in a 
basaltic clay (after Richards, B. G., 1974) 
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3.6 

Yong and Uarkentin (1975) explained the hysteresis that 

occurred due to drying and wetting, in the relationship between 

suction and moisture content. 

When a rbil made up of uniform spheres dries the water 

exists as rings ardund the points of contact of the spheres. On 

wetting, the rings increase in size until they touch to form 

connecting wedges of water. With further increases in water 

content, water fills the voids and excludes the air. This 

occurs when the pressure within the pores is low, i. e. a matrix 

suction of approximately zero. The final filling is very rapid 

and there is a large change in moisture content/matrix suction 

curve. On drying, emptying of the interconnecting. voids does 

not occur until the pressure is high enough to overcome the 

surface tension forces in the pore with the smallest diameter. 

Therefore, for the same matrix suction a drying soil has s. 

higher water content than a wetting soil. Muir-Wood (1979) 

reported Haines' (1930) conclusion that during exit (i. e. 

drying) fine pore spaces dominate, on entry(i. e. wetting), wider 

sections are more important. The effect is hysteresis--- the 

system is influenced by its previous history. 

Hysteresis in real soils and particularly in clays is 

more difficult to explain. After wetting, the first drying 

curve can be greatly different from the initial wetting curve 

and may not achieve the original moisture content at zero pore 

suction. If the soil is re-wet or dried from a new position on 

the retention curve a new path is followed which is called a 
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scanning curve (see Fig. 3.5). These scanning curves define the 

water content/matrix suction changes as the soil dries due to 

evaporation and moistens due to'irregularly spaced rain. Any 

calculations of water redistribution must use the scanning 

curves and this leads to considerable practical difficulties. 
1 '" 

Chapter indicated that soil suction was an extremely 

influential parameter in the behaviour of unsaturated soils, and 

this has been followed by a detailed description of the nature 

of suction in unsaturated soils, which highlighted the 

relationship between moisture content and suction, and the 

hysteresis phenomenon. Other fundamental soil properties which 

are effected by soil suction are effective stress and hence 

shear strength. The next two chapters describe how these two 

properties have evolved to take account of the suction present 

in unsaturated soils. 
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CHAPTER 4 

A REVIEW OF THE PRINCIPLE OF EFFECTIVE STRESS 

AND STRESS STATE VARIABLES 
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Cbnesac 4 

cciicw Of rbc 2cinci21 of effCQti ZICCZZ ood DICCZZ state 

Yaciablcz 
4.1. Qp-necal 

This chapter presents a review of effective stress in 

saturated and partially saturated soils. It discusses the 
1 

development of numerous so called 'effective stress' equations 

and the difficulties in applying them to practical problems. 

Common to all these equations is the incorporation of a 

parameter which is dependent on the soil behaviour. This means 

that the equations are constitutive relationships rather than 

descriptions of the stress state. This soil parameter has been 

proven essentially impossible to evaluate uniquely. More 

recently, there has been an increased tendency to uncouple the 

effective stress equations and use two independent stress state 

variables to describe the shear strength and volume change 

b)-a''iour of unsaturated soils. 

4.2 5tremr2 State Yaclable5 

Using the continuum mechanics approach, the mechanical 

process associated with engineering problems in soils is 

governed by: 

(i) the conservation of mass ; and 

(ii) the equations of motion. 

The variables associated with these fundamental 

equations are defined as 'state variables'. They are required 

for the fundamental characterization of the continuum and are 
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independent of the type of material involved. 

The procedure advocated by Fredlund (1974) for the 

prediction of 'stress state variables' is based on the equations 

of motion, (or indirectly the conservation of energy) and 

utilizes the principle of superposition of. coincident 

equilibrium strQs§ fields from which 'stress state variables' 

can be extracted. 1 It is assumed that each phase has an 

independent continuous stress field associated with it. 

Therefore, the number of independent equations is equal to the 

Cartesian coordinate directions multiplied by the number of 

phases in the continuum. An additional overall or total stress 

field can be written for the assembled element since the 

equilibrium equations associated with each phase are linear. 

Although equilibrium equations can be readily written 

for any number of phases, the extracted 'stress state variables' 

will be MCQniDgfw1 Qn1Y if 1b2Y DEC mco5ucab1e gwDDXijiccý and 

the 'stress state variables' are established in order to analyse 

the behaviour of a multiphase system. How stress state variables 

were first used to describe the behaviour of partly saturated 

soils will be discussed in section 4.5. 

k 
w 

ti 

4.3 Ib erier. i21e Qf effcatiyc stcczz INIR4DLICIIQN: 

The success of the effective stress equation in 

describing the behaviour of saturated soils has led research 

workers into a search for a similar statement for unsaturated 

soils. During the last two decades there have been numerous 

equations proposed in the literature ; however, none have 

proven satisfactory in practice. 



56 
6 

Before discussing effective stresses in soils it is 

advisable to have a clear understanding of what is meant by the 

effective stress principle. It is also of vital importance to 

appreciate why the effective stress concept is so useful in the 

study of the mechanical properties of soils. 
l 

'" 

4.4. the pciD idle Qf gffggtiva 21CCZZ i 9c cffsctiYc ZICCZZ 
low 

4.4.1 5otucalcd zgi1s, 

The discovery of the principle of effective stress and 

the realization of its basic importance in Soil Mechanics was 

due to Terzaghi (1923). 

Terzaghi states that all mechanical aspects of a 

saturated soil are governed by the difference between the total 

and pore water pressures. From a physical standpoint it refers 

to the equilibrium of the soil structure of a saturated soil but 

says nothing of a constitutive nature. IgtZQgbi rtDirmcol QD 

r. ffeQtiYe ztc¬az im cQnzimtent witb the dtfinitiQn Qf a stcc55 

state yaciablc as ustd in cQntinUUm mcabanias: 
The validity of the principle of effective stress for 

saturated soils has been adequately verified by the work of 

Rendulic (1936), Bishop and Eldin (1950), Henkel (1959 and 1960) 

and Skempton (1960). 

However, the general expression for effective stress 

in porous materials, even for saturated porous materials, has 

been shown to be more complex (Skempton, 1960), and Terzaghi's 

equation can be considered as a special case applicable to 

saturated soils only. 
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The development of a more general expression for 

effective stress began with Bishop and Eldin (1950), who 

suggested treating volume change and shear strength separately 

with respect to effective stress. They argued that the shear 

strength of a soil in compression was dependent on the area of 

contact between soil particles whereas the volume change was 
1 

independence of the contact area. Skempton (1960) reinforced 

Bishop's and Eldin"s statement and derived two separate 

expressions to predict the behaviour of saturated porous 

materials, one with respect to shear strength and one with 

respect to volume change. 

For shear strength 

a tan k 
- ------- ) Uw (4.1) 

tan0' 

where 6= effective and total applied stress 

JI, = angle of it ternal friction 

'Y' = angle of shearing resistance 

a= As/A = contact area ratio 

As = contact area between two particles on a 

statistical plane. 

A= gross area in a plane parallel to the 

contact. 

Uw = pore water pressure 

For volume change 

6' =6- (1 - Cs/C)Uw (4.2) 

where Cs = compressibility of the soil particles 

C= compressibility of the soil structure 
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In general, the above two equations can be written as 

6' =6- ku (4.3) 

The values of k for shear strength and volume change 

differ from each other and from unity, though in uncemented 

soils in the rande4of stress usually encountered in engineering 
1 

practice this difference is too small to be observed 

experimentally (as, for example, in tests by Rendulic, 1937; 

Taylor, 1944 and Bishop and Eldin, 1950). 

Jennings and Burland (1962) gave an interpretation of 

effective stress in saturated soils in the 'form of two 

propositions : 

(a) All measurable effects of a change of stress, such as 

compression, distortion and a change of shearing 

resistance of a soil are exclusively due to changes in 

effective stress. 

(b) the effective stress, 6', is defined as the excess of the 

total applied stress over the pore pressure, u 

i. e. 6' =6-u (4.4) 

These propositions are completely consistent with 

Terzaghi's proposition and allow the effective stress to be 

viewed as a stress state variable. 

Bishop and Blight (1963) reviewed Skempton's treatment 

of volume change and shear strength. They concluded that '... the 

effective stress is, by definition, that function of total 

stress and pore pressure which controls the mechanical effects 
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of a change in stress, such as volume change and a change in 

shear strength. The principle of effective stress is the 

assertion that such a function exists, with determinant factors 

under a given set of conditions. * They also stated that the 

principle of effective stress can only be applied to saturated 

soils if account iq taken of the effective stress path. 

Their definition has a subtle difference from 

Terzaghi'5 original statement. The incorporation of the word 

'function' in two places significantly changes the 

interpretation of effective stress, allowing the use of soil 

parameters to describe the state of stress. This effective 

stress statement is therefore a constitutive relationship, 

especially since it can only be applied when account is taken of 

the effective stress path. 
" 

Matyas and Radharishna (1.968) stated the principle of 

effective stress a5 follows: 

(a) the changes in volume and shear strength of a soil element 

caused by a change in its stress state are entirely due to 

the change in effective stress; in other words shear 

strength and void ratio are unique functions of effective 

stresses. 

(b) the effective stress which is responsible for the 

mechanical effects in soil element is uniquely determined 

by the total and pore pressure. 

The words 'unique function' refer to a constitutive 

relationship. 
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The research literature appears to reveal a 

progressive deviation from Terzaghi's original concept of 

effective stress. Originally, Terzaghi proposed that the 

difference between the total and pore pressure was a stress 

state variable that governed all deviations from' equilibrium 

conditions. Other definitions have allowed for the 
1 

incorporation of soil parameters to describe the state of 

stress, thus becoming constitutive relationship. 

4.4.2 UQ tucAtcd ýQils: 

In general the effective stress, 6', in unsaturated soil can 

be expressed as the following function: 

6' =f (6, Ua, Uw) (4.5) 

where Ua = the pore air pressure 

Uw = the pore water pressure 
" 

6= the total stress 

Any form of the effective stress equation should 

satisfy the following requirements: 

(a) the boundary cases for full saturation and for a 

completely dry state. 

(b) the behaviour (volume change and shear strength) of a soil 

element exposed to a change in stress should be 

predictable in terms of effective stresses and should be 

independent of the manner in which the total stresses and 

the pore pressure change. 

(c) the correctness of the form of such an effective stress 

equation should be verified experimentally. 
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In partially saturated soils it is practically 

impossible to satisfy all three requirements and therefore the 

use of any equation for the effective stress is necessarily 

limited to those cases which can be verified experimentally. 

In a lecture given by Bishop in Oslo in 1955, he 
" 

discussed variouslaspects of the applicability of the principle 

of effective stress to partly saturated soils. He proposed a 

tentative generalised expression for the effective stress in 

which a parameter, X, is introduced to account for the degree of 

saturation (published in 1959 in Teknisk Ukeblad, Oslo 39). 

6' _ (6 - Ua) +X (Ua - Uw) (4.6) 

where 6' = generalised effective stress 

6= total stress 
" 

Ua = pore air pressure 

Uw = pore water pressure 

X=a parameter which equals unity for 

saturated soils and decreases with 

decreasing degree of saturation. 

A number of research workers have attempted to extend 

the principle of effective stress to the case of partly 

saturated soils. Aitchison and Donald (1956) have shown that 

provided the soil remains fully saturated, the soil moisture 

suction or pressure deficiency, p', in the soil water 

contributes directly to the effective stress in the soil and 

equation (4.4) becomes: 

15' =+ P' (4.7) 
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As soon as air enters the pore space the pressure in 

the pore-water no longer acts over the whole cross-sectional 

area and equation (4.4) no longer applies. 

On the basis of a study of orderly packed uniform 

spheres, Aitchison (1956) developed a method of determining the 

contribution of the pore water tension to the intergranular 

stress. The transformation of negative pore water pressure to 

intergranular stress 6' (i. e. 6' _ (6 -Ua) + Aw(Ua - Uw) where 

Aw = the area of water per unit interparticle area), requires 

the multiplication of the former by the factor X given by the 

expression! 

uc 
X= 6'/Uc = Sr + (0.31/Uc)> Uc t Sr (4.8) 

0 

where Uc is (Ua - Uw) at which X and 6' are being computed. 

Sr is the degree of saturation. 

Uc is the average value of (Ua - Uw) during which the 

degree of saturation changes by o Sr. 

X is thus larger than the degree of saturation for all degrees 

of saturation except 100% when its value is 1.0. 

Jennings (1957), Croney et al (1958), Bishop (1959) 

and Aitchison (1960) all proposed modified forms of effective 

stress equation to account for the two-phase nature of the pore 

fluid in an unsaturated soil. 

6' =5+B P' (Jennings, 1957) (4.9) 
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where p' is the negative pressure in the pore water and 

B is a statistical factor based on the contact area 

and must be measured experimentally in each case. 

6' =6- B' Uw (Crones, Coleman and 

Black, 1958) (4.10) 
1 

where -Uw = soil moisture suction 

and B' = the holding or bonding factor which is a 

measure of the number of bonds under 

tension effective in contributing to the 

shear strength of the soil 

Aitchison (1960) gave: 

6' =6+j p' (4.11) 
" 

where p' denotes pressure deficiency in pore water 

= (-Uw) 

= 6'/p' has values between 0 and 1 

and 6' is the component of effective stress due to 

the pressure deficiency (p') in the pore 

water 

The gaseous phase was assumed to be at atmospheric 

pressure (Ua = 0). Howevert all the equations are equivalent 

when the pore air pressure is atmospheric. Under these 

conditions P=B= B' = X. 

Discussion at the Conference on Pore Pressure and 

Suction in soils (1960) showed that there was a substantial 
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measure' of agreement between the various expressions defining 

effective stress in partially saturated soils and that the one 

proposed by Bishop was the most general since it included a term 

for the pressure in the gas phase. In a written discussion to 

the conference, Aitchison and Bishop proposed that the effective 

stress equation or a partly saturated soil should take the 

form: 1 

6' _ (6 - Ua) + X(Ua - Uw) (4.12) 

=ö- Us + Xp" 

Equation (4.12) can be re-written in the form: 

6' =6- (XUw + (1 - X) Ua) (4.13) 

=6- U* 

The quantity (XUw + (1 - X) Ua) may be considered as 

an equivalent pore pressure, U*, i. e. that portion of the 

effective stress in a soil resulting from fluid pressures in the 

pores. This retains the present understanding of the effective 

stress law in which the effective stress is considered as being 

made up of two components - one resulting from total normal 

pressure and the other from pressures exerted by the fluid in 

the pores. If the soil is saturated X=1 and the equation 

reduces to Terzaghi's expression. 

In 1960, Bishop et al restated equation (4.12) and 

attempted to prove its validity by comparing the results of 

triaxial tests performed on saturated and unsaturated samples. 

Lambe (1960a) defined effective stress in terms of 

internal stresses in a particular soil system and related the 

force system at the micro level to the behaviour at the macro 

level. 
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Lambe showed that a new effective stress equation 

cculd be formed by considering: 

(il forces at mineral to mineral contact 

(ill) forces at air-mineral contact 

(iii) forces at water-mineral or water-water contact 
i4 

(iv) electrical lforces 

This leads to a generalised equation of the form: 

6=6 Am + Ua Aa + Uw Aw +R-A (4.14) 

where 6 = mineral to mineral contact stress 

Am = fraction of the total interparticle area that 

is mineral to mineral contact 

Ua = mineral-air contact stress 
Aa = fraction of total interparticle area that 

is mineral-air contact. 
Aw = fraction of total interparticle area th. -t 

is mineral-water or water-water contact. 
R= total interparticle electrical repulsion 

divided by total interparticle area. 
A= total interparticle electrical attraction 

divided by total interparticle area. 

Although the expression is reasonable, there is no way 

of obtaining quantitatively individual parameters such as 6 

Am, R end 
A for natural soil systems. 
Lambe (1960b) su99ested that the parameter X used by 

Bishop included structural effects (i. e. fabric) which would 

greatly 
Limit the use of measured X value. X was certainly not 
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a soil property dependent only on the degree of saturation, and 

he further compared his own equation with that of Bishop 

(equation 4.12) and stated that' 

6= 6Am+Us (1 - X) +UwX+R-"A 

or 64 6 Am +U+ (R - A) (4.15) 

where U the equivalent pore pressure 

(4.12) _ (4.15) if 5' =6 Am + (R - A) (4.16) 

Lambe's equation was regarded by Sridharan (1968) as 

the most general and fundamental one. Such an approach, using 

parameters that cannot be directly measured would be valuable if 

it actually led to simple correlations. Unfortunately this 

does not seem to be the case. 0 

Bishop and Donald (1961) performed a triaxial test on 

a partly saturated silt in order to verify equation (4.12). In 

this test the cell pressure 153, the pore-water pressure Uw, and 

the pore-air pressure Ua were varied during the shearing 

process, in such a way that both (G3 - Ua) and (Ua - Uw) 

remained constant throughout the test. It was found that these 

variations had no effect on the strength or stress/strain 

behaviour (Figure 4.1). However, a change in (63 - Ua) or (Ua 

- Uw) alone had "a marked effect on the shape of the 

stress/strain curve. It was therefore concluded that the form 

of equation (4.12) was correct and that the behaviour of the 

soil was independent of the absolute values ö, Uw and Ua. 

An extension of Terzaghi's effective stress expression 

to unsaturated soils was suggested by Skempton (1960). The 
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specific equation proposed for describing the shear behaviour of 

unsaturated soils was as follows: 

6- (1 -a tan V /tan, 
, 
Y' ) Sr Uw (4.17) 

where a= particle contact area 

P rngle of intrinsic friction 

0' = angle of shearing resistance 

Sr = degree of saturation 

Ua - Uw 
Sr =1+ (1 - X)(-------) (4.18) 

Uw 

Jennings and Burland (1962) were apparently the first 

research workers to seriously question the validity of Bishop's 

equation. They stated that it was necessary to show that the 

soil behaviour was unaffected by changes in (6 - Ua) and X (Ua - 

Uw) such that their sum, 6', was constant, in order to 

demonstrate the validity of the principle of effective stress. 

On the basis of tests on a number of soils, they argued that 

Bishop's equation did not uniquely define the relationship 

between void ratio and effective stress for most soils below a 

critical degree of saturation (Fig. 4.2). For silts and sands, 

the critical value of Sr was estimated as 20% and as high as 85 

to 90% for clays. Jennings and Burland as well as Coleman 

(1962) stated that the first step in the analysis of triaxial 

tests on unsaturated soils was to reduce the stress with the 

pore air pressure as the base pressure. The axial stress was 

therefore (91 - Ua), the lateral stress, (63 - Ua) and the pore 
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water stress (Uw - Ua).. Coleman went on to use these relative 

pressures as independent stress variables describing volumetric 

deformation i. e. in general, for a small change in some soil 

property Ei and for small changes of the stress parameters then, 

dEi =C (dUw-dUa)+C (dp-dUa)+C (d&1-d63) (4.19) 
il , i2 i3 

I" 
where p= (61 + 62 + 63)/3 

and C, C, C may be expected to be themselves dependent on 
il i2 i3 

degree of saturation, previous history, etc., and will not be 

definite soil properties. 

Sparks (1963) suggested that the derivation of 

equation (4.12) was incorrect because the effect of surface 

tension was ignored. Sparks considered the x-section through 

soil shown in Fig. 4.3., and noted that any section AA could cut 

interfaces between air and water on which surface tension forces 

acted. By summing interparticle forces, including repulsive 

forces (e. g. electrical) and attractive forces (e. g. Van der 

Waals) between particles, pore pressure forces and surface 

tension effects, he produced an equation for the effective 

normal stress (on the yz plane) as follows: 

15'x = Gx - dUa - BUw +öT (4.20) 

where T was the surface tension at the air water interface. If 

the pores were filled with water oL =e=0, and if filled 

with air B=Ö=0. As an alternative form, Sparks gave 

6'x = 6x +n (Ua - Uw) - Ua (1 - a) (4.21) 

where n=B+T e/ ( Ua - Uw) (4.22) 
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and he showed that oC +B=1-a (4.23) 

where a= the proportional projection of the particle contact 

areas to the yz plane. 

Donald (1963) introduced the surface tension into the 

X parameter, defij; ng X= Sr + f(Sr)/(Ua - Uw) (4.24) 

where Sr is the dJgree of saturation of the pores, and f(Sr) 

incorporates the surface tension effects. 

In 1963, Bishop and Blight re-evaluated the effective 

stress equation for unsaturated soils. They noted that 

variation in the suction term (Ua - Uw) caused problems because 

it did not result in a direct change in effective stress. This 

was attributed to the fact that the surface tension in the pore 

water acted over only a part of the surface area of. the soil 

particles. They expressed the law for unsaturated soils in a 

more general form, i. e. 

6' _ (6 - Ua) + f(Ua - Uw) (4.25) 

They also noted that the stress paths of each of the 

two components (i. e. (6 - Ua) and (Ua - Uw) must be considered 

in stress-volume change predictions. They suggested that shear 

strength was less sensitive to the stress path. Matyas (1963) 

and M. I. T. (1963) also have shown that the parameter X is 

largely stress path dependent and that anomalous values of X are 

frequently obtained. 
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Blight (1965) pointed out that the X parameter was 

dependent on the type of process to which the soil was subjected 
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and observed the collapse phenomenon as constituting a 

limitation to the effective stress equation. Burland (1965) 

further questioned Bishop's effective stress equation. He 

separated the forces on the soil particle in terms of internally 

applied water stress and externally applied loads (Fig. 4.4). 

The water stne9s always acts isotropically whereas the 

externally applies loads produce shear. He explained the 

collapse phenomenon in terms of shear due to a decrease in the 

normal stress (i. e. suction). 

During 1965, the Review Panel for the Symposium 

entitled 'Moisture Equilibria and Moisture changes in soils' 

adopted the subdivision of soil suction and the definitions 

quoted by the International Society of Soil Science. Total 

suction was acknowledged to be composed of two compdnents, the 

matrix suction and osmotic suction (Aitchison et al, 1965). 

Suction in soils was discussed in detail in Chapter 3. 

With the consideration of the components of total 

suction, more effective stress expressions for unsaturated soils 

were proposed (Newland, 1965) (Richard, 1966) (Sridharan, 1968). 

However, like Bishop's and the other proposals, soil properties 

like the X factor were involved in these expressions. 

Newland (1965) categorised stresses in unsaturated 

soils as endogenic and exogenic. Endogenic stresses were 

defined as stress components originating internally whereas 

exogenic stresses were resultants of externally applied 

stresses. An effective stress equation for unsaturated soils 

was proposed as follows: 

6' = 6i + X(Ua - Uw) + (6 - Ua) (4.26) 
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CL 

C. 

R 

CL 

Fig. 4.4: Model of a fine silt (a) initially loose and fully saturated; (b) 
grain slip due to large increment in isotropic applied stress: 
T/P .ºy (coefficient of friction at intergranular contact) = 
(c) small grain slip due to menisci at soil boundary: T/P f 
(d) menisci at grain contacts, no further slip: T/P -º 0. (Kurland 
1965). With menisci at soil boundary effect of increase in 
negative pore pressure will be identical. to that of an applied 
isotropic external pressure - both shear and normal forces at 
contacts will increase, some slip will occur, and average ratio T/P 

As likely to be close to U. Menisci at grain contacts produce 
essentially normal forces only. (after Burland, 1965) 
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where Gi and"(Ua - Uw) = endogenic stress 

(6 - Ua) = exogenic stress 

6i = intrinsic stress arising from interparticle forces 

(originating from electrical, osmotic and Van der 

Waals effects) 

Richard '(1966) considered solute suction (osmotic 
1 

suction) as playing an important role in the physical behaviour 

of unsaturated soil and postulated a further effective stress 

equation. 

5- Ua + Xm (hm + Ua) + Xs (hs + Ua) (4.27) 

where Xm = effective stress parameter for matrix 

suction 

hm = matrix suction. 

Xs = effective stress parameter for solute 

suction. 

hs = solute sk 'ct i on 

Unfortunately, he did not present data to substantiate 

the equation. 

A further complicating factor was noted by Blight 

(1966) for desiccated clays. Desiccation produces a 

significant and irreversible increase in shear strength. For 

the Orange Free State clay (a montmorillonite clay) and for 

Scott clay (a kaolinite clay), the variation of X was very 

dependent on the method of calculation (from shear strength data 

or from shrinkage tests) as well as stress history. (Fig. 4.5). 

The physical interpretation of the measured soil 
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suction. (Ua - Uw) was questioned by Blight (1967). In his 

previous article (Blight, 1966) he published suction values of 

tens of thousands of pounds per square inch measured by relative 

humidity methods, and concluded'... moisture tensions of this 

magnitude are incompatible with existing measurements of the 

tensile strength . of water and for this reason, suction, as 

measured, must be considered merely a convenient index of the 

affinity of the soil for free water'. 

Prior to this time the X parameter had been evaluated 

by comparing the strength of saturated soils with the same soil 

when it was not saturated. Blight (1967) suggested that X 

could be more reliably evaluated by comparing the shearing 

strength of two unsaturated samples in 'two closely similar 

conditions', thus eliminating the need for saturating the soils. 

He also presented calculations for determining the X parameter 

in a unit cube composed of single sized spheres. This was 

accomplished by summing furces across a plane through the 

contact points as shown in Fig. (4.6) and with p expressed in 

terms of the geometry of the pores and the surface tension T, 

the expression reduces to 

X= aw + cw. T/P (4.28) 

0 
According to the above expression, when 8= 45 

(i. e. the menisci of any two spheres in contact merge with the 

menisci of adjacent spheres), the value of X will be: 

X=0.27 +1.30 = 1.57 
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Assume pore air pressure-0 
P-p. aw -T. cw 

where Q= total stress " 

P- contact stress 

p= pore water pressure 
T= surface tension constant 

aw - . 4w/A = water area ratio; and A= total area 

cw = Cw/A where Cw - circumference of water 

cw has units of in/in2 

Then if Q-0 and P- o' 
(effective stress or more literally intergranular stress. ) 

P=p. aw+cw" T 

But P-X. p 
Therefore, *X= 

aw +cw. T/p 



70 
6 

The parameter X is (or at least was) usually 

considered to be approximately equal to aw (Skempton 1960) which 

in this case would give X=0.27. These calculations lend some 

credibility to experimental work which produced values of X 

greater than one (M. I. T., 1963). 
ra 

Blight(1967) performed various tests and presented 

excellent data that clearly pointed to the inadmissibility of 

the X parameter as a valid concept in the effective shear 

equation. His apparent refusal to recognize this fact is 

rather astonishing with his conclusion expressing considerable 

optimism that the behaviour of unsaturated soils could be 

predicted by the use of a single effective stress equation. 

In 1967, Aitchison expressed serious misgivings with 

regard to the separate rigorous evaluation of the X parameter 

and soil suction. He pointed out the complexity of X was such 

that a specific value may only relate to a single combination of 

6 and (Ua - Uw) and a particular stress path. His thinking 

appears to mark a new direction in the consideration of 

unsaturated soils. A direct quote of his reasoning states Its 

individuality (i. e. X) in relation to the other components of 

the equation means one thing only - that the effective stress 

law is no longer valid as a law, but is merely a statement of 

principle. In practice, this involves a second conclusion - 

that each parameter of effective stress 6 and (Ua - Uw), must be 

treated separately and made to follow the correct stress path if 

the correct value of X (which may not be known) is to function 

within a statement (as in G' = (6 - Ua) +X (Ua - Uw)), or, to 
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put the' point another way : because of the complexity of the X 

term we may be forced to accept the fact that we can only 

achieve a proper value of effective stress in the soil if we 

follow a unique stress path for each of the terms 6 and (Ua - 

Uw) ; having achieved it (i. e. a proper value of effective 

stress) by this means, we in fact no longer need to attempt to 

quantify the X tern. Thus the complexity of the X term ceases 

to signify as soon as we uncouple the two parameters in 

unsaturated soils'. Aitchison (1969) presented constitutive 

relationship data consistent with the above concepts. The 

tests were performed on a conventional but modified oedometer 

such that the air (chamber) pressure could be controlled. 

Further evidence in support of Aitchison's reasoning 

was given by Matyas and Radhakrishna (1968). -They confirmed 

the findings of Jennings and Burland (1962) that the principle 

of effective stress was inadequate to explain the volumetric 

hef. aviour of partially saturated soils subjected to different 

stress paths. The use of an effective stress equation for both 

compression and wetting processes gave rise to anomalous values 

of the parameter X. This confirmed that X was highly path 

dependent, a fact which was now well established (M. I. T. (1963), 

Bishop and Blight (1963)). 

4.5. 
. 
51r ¬22 21.412 YAriAb1= UP2CQlrb 

The first research workers to seriously consider 

stress state variables were Matyas and Radhakrishna '(1968). 

They used the concept of 'state' and 'state parameters' to 

express functional relationships between stress and deformation 
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gradient history. The equations used to express a unique 

relationship between different state parameters were termed 

8state functions%% and a physical quantity such as 6, associated 

with an element of material, 

state of the element and given 
5, =. f(Jl, J2, 

where J1, J2, etc. 
1were stres 

other state parameters. The 

'state point function'. 

was uniquely determined by the 

a unique function such as 

J3, Sl, 92,... ) (4.29) 

s parameters and Si, S2, etc. were 

quantity 6 was then defined as a 

They suggested that void ratio (e) and degree of 

saturation (Sr) could be expressed as stress dependent 

quantities. For a soil sample subjected to triaxial loading, 

void ratio and degree of saturation could be expressed by the 

equations: 

e= F(Pa, q, Uc, eo, Sro, )) (4.30) 

Sr = ßi (Pa, q, Uc, eo, Sro, )-) (4.31) 

where Pa = [(Cl +2 63)/3 - Ua) 

= mean normal stress 

q =61-63 

= major principal stress difference 

Uc = Ua - Uw = suction 

eo = initial void ratio 

Sro = initial degree of saturation 

X= parameter describing fabric or structure 

If the variability of the soil structure was reduced, 
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as in carefully prepared laboratory samples, then the 

parameter ). could be omitted. 

Thus the state of the soil could be represented by a 

point in three dimensional space whose axes represented the 

state parameters. Such a point was called a 'state point' and 

the path followed by this point as the element changed was 

called a 'state path'. Thus, the 'state history' could be 

represented by the three state parameters e, (6 - Ua), (Ua - 

Uw). If the void ratio was truly a state point function, as 

suggested by e= F(Pa, q, Uc, eo, Sro), then movement of the 

state point would generate a state surface as shown in Fig. 

(4.7). 

Point A(eo, Sro) in Fig. 4.7 represents the initial 

state of an element of soil. Line A'B'C' lies in the (e, 6- 

Ua) plane (i. e. saturated soil). AA', BB' and CC' are wetting 

paths for different constant (6 - Ua) conditions. Starting at 

initial state point A (eo, Sro), it i- possible to generate a 

surface as shown in the figure 4.7, by following different state 

paths. 

There are obviously non-unique aspects of such a 

surface. Consider two paths: 

(i) Desaturation at constant applied stress (6 - Ua). 

(2) Decreasing applied stress at constant suction. 

These paths cannot lie on the surface shown in figure 

4.7. Both paths will fall below this surface. (See Chapter 3 

section 3.6 ). Thus, such a surface is limited by two 

conditions. 

(1) The degree of saturation does not decrease. 
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(2) No positive volume changes (swelling) are permitted. 

It might therefore be possible to predict strains for 

a given stress path (subject to the above conditions) by 

deriving a theoretical expression for void ratio (e) as a state 

point function or by plotting void ratio contours on a (Pa, Uc) 

plane and superimposing a given stress path. An illustration 

of this procedure is shown in Figure 4.8. 

Matyas's and Radhakrishna's testing program consisted 

of two series of tests: 

(1) Test Series A- isotropic compression. 

(2) Test Series B- Ko compression. 

They concluded that the behaviour of unsaturated soils 

must be expressed as a function of two components (applied 

stress and suction). Such behaviour could not however be 

explained or predicted by any single equation without reference 

to the changing state of the soil. 

Barden, Madedor and Sides (1969) advocated the 

separate control of the components (6 - Ua) and (Ua - Uw) when 

predicting volume change in unsaturated soils. They used a 

modified Rowe consolidometer to obtain constitutive relationship 

data, and concluded that the compression behaviour was best 

treated in terms of the separate components of applied stress 

and suction pressure, rather than as a combined function (Fig. 

4.9). 

The equation that they used was 

dV/V =C d(6 - Ua) +C d(Ua - Uw) (4.32) 
12 
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Fig. 4.9 (b): Groups 2 to 11. (Samples with ten different initial water 
contents): paths ACH, ABGH, ADER, AFGH, AH, AFH. Paths ACE, 
ABGH, ADER, AFGH, were found to give similar volumetric strains 
A to H indicating an essential stress path independence. 
Significantly larger strains were found on paths AH and AFE 
apparently due to the extremely large increments of applied 
stress along these paths. (garden, Madedor and Sides, 1969) 
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as suggested by Coleman (1962), where dV = volumetric strain 

and C and C= compressibilities. 
12 

Their testing program was rather extensive and some of 

their conclusions were as follows: 

(1) Structure is important and is influenced by moulding water 

content and method of compaction. 

(2) Compression behaviour must be treated in terms of the 

separate components of applied stress and suction. 

(3) Stress-strain relations for one-dimensional consolidation 

can be stated by equation 4.32 where C and C are primarily 
12 

functions of current stresses (within certain limitation - 

i. e. collapse). 

(4) The main cause of stress path dependency appears to be a 

reversal in direction of wetting or drying possibly caused 

by hysteresis between the saturating and desaturating 

processes. 

Aitchison (1969) described a modified oedometer in 

which each component (6 - Ua), (Ua - Uw) governing effective 

stress was separately controlled. Such procedures were 

designed to simulate the field conditions as near as possible. 

Any variety of stress change could be imposed on the sample. 

Typical laboratory test data were supplied, which largely 

supported the conclusions made in the previous two papers. 

Brackley (1971) used two independent stress variables 

(i. e (E; - Ua) and (Ua - Uw)) in his study of partial collapse of 

unsaturated expansive clays. Difficulties were encountered in 

attempts to apply Bishop's effective equation. Subsequently, 
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the description of volume change behaviour was proposed as a 

function of the two independent stress variables. 

Fredlund (1973) and Fredlund and Morgenstern (1976) 

proposed two constitutive relations which describe the volume 

change behaviour of an unsaturated soil. 

For the soil of volume V, the volumetric strain is: 

oV i av i av 
E- --- =- ------- d(6-Ua) +- -------- d(Ua-Uw) (4.33) 

vv a(h-Ua) v a(Ua-Uw) 

For the change in volume of water in the element, aVw 

AVw 1 avw 1 avw 
8w = --- =- ------- d(6-Ua) +- -------- d(Ua-Uw) (4.34) 

Vv a(6-Ua) v a(Ua-Uw) 

where v= unit volume 

Vw = volume of water in the element 
1 av 
- -------- = compressibility of the soil structure when 
v d(6-Ua) 

d(Ua - Uw) is zero 

i av - -------- = compressibility of the soil structure when 
v J(Ua-Uw) 

d(6 - Ua) is zero 

1 aVw 
- -------- = slope of the water volume vs. (6 - Ua) plot 
v a(E-Ua) 

when d(Ua - Uw) is zero. 

1a Vw 
- -------- = slope of the water volume vs. (Ua - Uw) plot when 
v a(Ua-Uw) 

d(6- Ua) is zero. 

Each equation can be viewed as a three-dimensional 

surface with two independent stress state variables forming the 

abscissas (i. e. (5 - Us) and (Us - Uw)). 
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The above equations can be written using other 

combination of stress state variables ; (6 - Uw) and (Ua - Uw) 

or (6 - Ua) and (6 - Uw). 

Fredlund and Morgenstern (1977) described the stress state 

of an unsaturated soil within the context of multiphase 

continuum mechanics, constructing equilibrium equations for each 

phase of an unsaturated soil in terms of measurable variables. 

Special consideration was paid to the air-water interface 

(contractile skin) such that an unsaturated soil was viewed as a 

four-phase system. 

The stress state variables governing the behaviour of 

an unsaturated soil were extracted from the equilibrium 

equations to form independent stress tensors(see fig. 4.10), i. e. 

Ex - Uw yx zx 

xy Gy - Uw zy 

xz yz &z - Uw 

and Ua - Uw 00 

0 Ua - Uw 0 

00 Ua - Uw 

The analysis revealed that two of the three stress 

state variables could be chosen since any combination could, by 

mere algebraic manipulation, be converted to the other 

combination. The possible combinations are: 
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(Uo -Uw) (r- Uw) 

Irr= 
Tyx. 

NUo - Uw) 

( Or-u. ) 
NO -. uw) -r: x 

aritz 
tcxy 

1"=r 
(QT- Uw) 

Fig-4-10: Stresses in the soil structure at a point. 
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(1) (6 - Ua) and (Ua - Uw) 

(2) (6 - Uw) and (Ua - Uw) 

(3) (5 - Ua) and (6 - Uw) 

Null tests were performed to experimentally test the 

proposed stress-state variables. (i. e. The test could be stated 

as a 6x = o6y = a6z = aUw = eUa. If the change in overall 

volume was zero and the change in degree of saturation was zero, 

equilibrium of the soil particles and contractile skin had been 

maintained). 

Fredlund, Morgenstern and Widger (1978) proposed that 

the shear strength of an unsaturated soil could be written in 

terms of two independent stress state variables. 

One form of the shear strength equation was: 

C' + (6 - Uw) tan 0' + (Ua - Uw) tan 0' (4.35) 

A second form of the shear strength equation was 

b 
Z= C' + (6 - Ua) tan 0' + (Ua - Uw) tan 0 (4.36) 

where C' = effective cohesion parameter 
0' = the effective friction angle with respect 

to changes in (6'- Uw) when (Ua - Uw) held 

constant 

or the effective friction angle with respect 

to changes in (6 - Ua) when (Ua - Uw) held 

constant 

friction angle with respect to changes in 

(UQ- Uw)when (6 -UW) held constant 
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b 
0= friction angle with respect to changes in 

(Ua - Uw) when (& - Ua) held constant 

The stress circle corresponding to the failure 

conditions in the case of an unsaturated soil must be plotted on 

a three-dimensional diagram. The axes in the horizontal plane 

are the stress state variables and the ordinate is the shear 

strength. The three-dimensional diagram is reduced to a two- 

dimensional plot of effective normal stress versus shear 

strength for a saturated soil. 

Fredlund (1979) confirmed that two state variables 

were required to describe the stress state of an unsaturated 

soil (e. g. (6 - Ua) and (Ua - Uw). There was a smooth 

transition from the unsaturated case to the saturated case as 

the pore-air pressure became equal to the pore-water pressure 

and the degree of saturation approached 100:. Therefore, the 

matrix suction (i. e. (Ua -Uw)) reduced to zero and the pore- 

water pressure could be substituted for the pore-air pressure 

(i. e. (6 - Uw)). 

Lloret and Alonso (1980), following the line of 

reasoning of Matyas and Radhakrishna (1968), used state surfaces 

with two independent stress state variables (6 - Ua) and (Ua - 

Uw) to describe the consolidation and swelling behaviour of an 

unsaturated soil (i. e. void ratio and degree of saturation). 

Spline functions were used to approximate the three-dimensional 

constitutive surfaces. 
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4.6 summary 

The following table summarises all the effective 

stress equations for unsaturated soils. 

---------------------------------------------------------------- 
Equation Proposed by 

---------------------------------------------------------------- 

6' = (6 - Ua) +X (Ua - Uw) Bishop (1955) 
--- 

G' = 
---- 

6+ 
-------------- 

B p' 
-------------- ---------------------------- 

Jennings (1957) 
--- ý' ---- 

=6 
-------------- 
- B' Uw 

-------------- ---------------------------- Croney, Coleman and 
Black (1958) 

---- 
6' =----- 

---- ---- 
6 

-------------- -------------- -------------- -------------- ----------------------------- ---------------------------- 
Aitchison (1960) 

---- ý' _ 
--- 

---- 
(6 

-------------- 
- Ua) + Aw(Ua 

--- 

-------------- 
- Uw) 
-------------- 

---------------- ----------- 
Lambe (1960a) 

---- - ---- ----------- 
a tan) 

6=(1- ------- )Sr Uw (for shear strength)Skempton (1960) 

----- ---- 
tang' 

-------------- -------------- ----------------------------- fix' = 6x + n(Ua - Uw) - Ua(1 - a) Sparks (1963) 
---------------------- ---- 

6' 
---- 

(6 
-------------- 

- Ua) + f(Ua 
-------------- 
- Uw) 

------- 
Bishop and Blight 
(1963) 

-- ---- ----- ö' = 
------------------ 

Gi + X(Ua - Uw) + 
-------------- 

(6 - Ua) 
- --------- ------------- Newland (1965) 

6" = 6'- Ua + Xm(hm + Ua) + Xs (hs + Ua) Richards (1966) 
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4.7 CQnr1UziQn 

The approach of using two independent stress state 

variables (i. e. (6 - Ua) and (Ua - Uw)) marked the beginning of 

a new era. It was obviously time for engineers to stop pitting 

their wits, ingenuity and imagination against that highly 

controversial and elusive X parameter and to embark on the 

development of equipment and testing procedures that would allow 

evaluation of volume changes and shear strength in unsaturated 

soils. 

Great promise exists for using two independent stress 

state variables in solving foundation problems on expansive 

unsaturated soils. Unfortunately, field data is not yet 

available for comparison with laboratory results. It may be 

some time before these methods are proven to be of merit. 

In chapter 5, an examination of the validity of the 

principle of effective stress as applied to the shear strength 

if unsaturated soils has been carried out, making use of 

previous research workers' results. 



CHAPTER 5: SHEAR STRENGTH 
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C66EIEE 5l EUE6E EISENßIH 

5A Ib vbc r zlc D9lb Qf zoluralcd =i12 

The shear strength of a soil is its maximum resi*tance to 

shearing stresses. When this resistance is exceeded failure 

occurs, usually taking the form of surfaces of 'lip"Shear 

strength is usually assumed to be made up of: 

(i) Internal friction, or the resistance due to interlocking of 

the particles 

(ii)Cohesion, or the resistance due to the forces tpriding to 

hold the particles together in a solid mass 
Generally speaking, coarse-grained soils such as amnds derive 

their shear strength almost entirely from intrrgranular 

friction, but with other soils the strength is a combination of 

both forms of resistance. 

In 1776, Coulomb Fuggested that the shear strength 

characteristics of a soil could be represented by the 

expression: t=C+6 tan%---------------(5.1) 

where T denotes shear strength 
C denotes apparent cohesion 
5 denotes total pressure normal to shear plane 
0 denotes angle of shearing resistance 

a 

Eiaucc 5As The EQWIQmb cC1atiQQ bit 
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In a more fundamental form, first put forward by Hvorslev in 

1937, Coulomb's equation was rewritten as: 

T= Ce + (6- Uw)tanße--------------- (5.2) 

where Ce denotes true cohesion oe denotes true angle of internal friction 
Uw denotes the pore water pressure 

The cohesion and internal friction will, in general, depend 

upon the void ratio of the soil at the instant of shear failure. 

Taylor(1948) introduced an idealised form of Coulomb's 

equation, i. e. ti =5 tang-------------- (5.3) 

where again 0 is the angle of shearing resistance under the 

special conditions appertaining to a drained shear test. 

0 

Eire 5: 2_ Ib IQY14r cc1$tiQDzhie 
It is necessary, in considering these forms of the shear 

strength law, to emphasise the implicit assumptions involved in 

the selection of the cohesion and friction parameters. In the 

first place, the C and O of the Coulomb equation are merely 

empirical constants, determined experimentally, which depend on 

the stress conditions imposed on the soil element, and in 

particular, whether or not the soil is allowed to drain during 

the shearing process. 

Hvorslev, in his attempt to define shear strength in terms of 

fundamental cohesion and friction properties introduced the 

principle of effective stress. The development of this principle 
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was discussed in detail in Chapter 4 and, for saturated soils, 

there are ample grounds for its acceptance in the theories of 

shear strength behaviour. In general terms, however, Ce and Oe 

are not specific fundamental soil properties, but will depend on 

the void ratio of the soil at failure. They are therefore 

dependent on both the past history of the soil and the stress 

conditions which exist during the shearing process. This may be 

summarised in the statement that both the Hvorslev and the 

original Coulomb equation are applicable only to the over- 

consolidated region of the soil behaviour in shear. On the other 

hand, a similar analysis of what has been termed the Taylor 

equation(equation 5.3) leads to the conclusion that the angle of 

shearing resistance, 0, includes both cohesion and friction 

effects and that the equation holds over the normally 

consolidated range. 

It is evident therefore that for each of these shear strength 

relationships it is necessary to specific the past history of 

the sample, which in turn involves an a e=istl assumption, with 

respect to effective stresses. Hence the cohesion and friction 

parameters which are involved in the three expressions quoted 

above cannot be accurately described as fundamental soil 

characteristics. 

When dealing with shear strength equations, it is customary 

to designate extreme soil types as those when one of the 

components of shear strength tends to zero. 

In the case of coarse-grained soils such as sands and 

gravels, it has been well established(Bishop and Eldin, 1950) 

that the cohesion component is essentially zero and that the 
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shear strength is given by T= (C - Uw)tanOe, where Oe is mainly 

dependent on the initial density(void ratio) of the soil. 

For purely cohesive clays, Oe =0 and the shear strength 

depends on the cohesion component only, which in turn will be 

determined by the maximum consolidation pressure(p), so that the 

shear strength becomes a function of the cohesion term, i. e. Z= 

F(Ce). 

Intermediate soil types which can be called sand-clay soils 

involve both cohesion and friction. The shear strength in this 

case is represented by the general equation: 

I=F (Ce) +F (re)----------------- (5.4) 
12 

5-L2 the zb cc ztc ci tb Qf !Q tomcat d 5Qi1s " 

Previous studies of the shearing strength of partially 

saturated clays have dealt with the examination and/or 

modification of the effective stress equations as described in 

Chapter 4. This approach was considered promising because of the 

demonstrated success of the fundamental effective stress 

equation for fully saturated clays. However, the problems 

associated with the measurement of the pore air pressure, 

necessary for the modification of the effective stress equation 

for the case of partially saturated clays, are in most cases 

complex and thus render this approach difficult. Lewis and 

Ross(1955) investigated the relationship between the shear 

strength of remoulded clays and soil suction(soil-water 

potential). While the results of the studies showed that there 

was no simple relationship between the shear strength of 
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remoulded cohesive soils and soil suction, it was demonstrated 

that the shear strength of such soils was a function of soil 

type, dry density, and soil moisture suction. Along the same 

lines, Croney and Coleman(1960) showed that the unconfined 

compressive strength of clay soils varied linearly with the 

soil suction. This is supported in part by the work of 

Towner(1961) who showed that the shear strength of clay soils 

could be considered to vary linearly with initial suction, 

despite the fact that the values obtained showed some scatter. 

This was acceptable because of the difficult in duplicating the 

initial fabric of the samples. 

With these points in mind and with the understanding that the 

integrity and stability of a remoulded soil sample can be 

determined in terms of the soil water energy relationship(see 

Chapter 3), it would appear therefore that a relationship exists 

between the interacting internal energy components of the soil 

and the resultant shearing strength. Yong, Japp and How(1971) 

recognized that interactions occurred between soil particles 

through associated water layers, and experimentally observed 

shear strengths were examined in terms of intrinsic soil water 

energy relationships. The usefulness of such an approach is in 

assessing the influence of environmental moisture content 

changes on the shear strength of partially saturated clays. The 

theory shows that shear strength is dependent on the energy 

status of the material---all other test constraints remaining 

constant. 

Part of chapter 4 reviewed the development of independent 
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stress state variables to describe the behaviour of unsaturated 

soils. This approach has been used mainly to describe the volume 

change behaviour of unsaturated soils, but several 

investigations have also been made to apply it to the shear 

strength characterization of unsaturated soils(Bishop et 

al, 1960; Massachusetts Institution of Technology (MIT), 1963 ; 

Sridharan, 1968; Maranha das Neves, 1971; Gulhati, 1975); however, 

none has proven completely successful. 

Fredlund and Morgenstern(1977) showed from a stress field 

analysis that any two of three possible stress variables could 

be used to define the stress state in an unsaturated soil. 

Possible combinations were: 

(1) (6 - Ua) and (Ua - Uw), 
(2) (6 - Uw) and (Ua - Uw), 
(3) (6 - Ua) and (6- Uw) 

where &= total normal stress 
Ua = pore-air pressure 
Uw = pore-water pressure 

Null experiments (i. e. A 6=aUa=eUw) supported the proposed 

theoretical stress state variables(Fredlund et al, 1977). 

In 1978, Fredlund, Morgenstern and Widger proposed equations 

for the shear strength of an unsaturated soil in terms of two 

independent stress state variables. One form of the shear 

strength equation is: 

ti = C' + (5-Uw)tanj' + (Ua-Uw)tano'---------- (5.5) 

where C' = effective cohesion parameter 
= the friction angle with respect to changes in (6-Uw) 

when (Ua-Uw) is held constant, 
and 0' = friction angle with respect to changes in (Ua-Uw) 

when (5-Uw) is held constant 

The transition from an unsaturated soil to a saturated soil 

(i. e. Ua=Uw)'is obvious. A second form of the shearing equation 
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ab 
ti = C' + (6-Ua)tan% + (Ua-Uw)tanO -------(5.6) 

where C' = cohesion intercept when the two stress variables are 

zero; 
a 

0= the friction angle with respect to changes in (6-Ua) 

when (Ua-Uw) is held constant; 
b 

= friction angle with respect to changes in (Ua-Uw) 

when (ö-Ua) is held constant 

The stress state variables used in Eq. 5.5 are (6-Uw) and (Ua- 

Uw). The advantage of this combination of variables is that it 

provides a readily visualized transition from the unsaturated to 

the saturated case. The disadvantage arises in that, when the 

pore-water pressure is changed, two stress state variables are 

being affected. The relative significance of each variable must 

be borne in mind when considering the shear strength(This is 

also the disadvantage associated with utilizing the (6-Ua) and 

(6-Uw) combination of stress state variables). 

The combination of stress state variables used in Eq. 5.6 is 

(ö-Ua) and (Ua-Uw). The advantage of this combination is that 

only one stress variable is affected when the pore-water 

pressure is changed. Regardless of the combination of stress 

variables used to define the shear strength, the value of shear 

strength obtained for a particular soil with certain values of 

Ua and Uw must be the same. 

Examining equation 5.6 when the matrix suction (Ua-Uw) is jj 

zero, the (6-Ua) plane will have the same friction angle 

parameter as the (15-Uw) plane when using the first combination 

II 
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a 
of stress state variables(i. e. (6-Uw) and (Ua-Uw)). Therefore, ß 

is the same as 0". Also C0 is the same as C'. The shear strength 

equation is now: 
b 

T, = C' + (6-Ua) tangy'' + (Ua-Uw) tang! ---------- (5.7) 

Since equation 5.5 or 5.7 will give the same value for shear 

strength, it is possible to equate them and obtain the 

relationship between the various angles of friction, viz: 
b 

tann" = tanßl - tanO'---------------(5.8) 

Fredlund, Morgenstern and Widger suggested that the second 

form (i. e. Eq. 5.7) would prove to be the most useful in 

engineering practice. 

Graphically, the equation can be visualised on a three- 

dimensional plot (i. e. a modified Mohr-Coulomb envelope) using 

the stress state variable as abscissas(Fig. 5.3a). The equation 

can also be visualised as a two-dimensional graph with matrix 

suction contoured as the third variable(Fig. 5.3b). The ordinate 

intercepts of the various matrix suction contours can be plotted 
b 

versus matrix suction to give the friction angle, ß1 (Fig. 5.4). A 
b 

procedure for using these graphs to obtain values of 0 is 

discussed in chapter 9. The form of the equation assumes that 

the failure surface is a plane, an assumption discussed in 

chapter 10. 

It should be noted that there is a smooth transition from the 

unsaturated to the saturated soil condition. As saturation is 

approach, the pore-air pressure, Ua, becomes equal to the pore- 
water pressure, Uw. At this condition, the shear strength 
equation reverts back to the conventional equation for a 
saturated e0i1, iie. y_ C' f (E; -Uw)tar ' 



102, 

T 

Cs 

(c-U0) 

.ö 
vvýý ®ý lvo 

T ývýö ý, ý 

C, 

(r-U0) 

Fig. 5.3: Graphical representations of the shear strength of an 

unsaturated soil. (after Fredlund, 1980) 



1031 

I 
I- 
(9 
Z 
W 
ci: 
F- 
U) 

Q 
W 
S 
U, 

Fig. 5.4: Graphical representation of the increase in shear strength 

with matrix suction. (after Fredlund 
, 1980) 
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A three-dimensional plot of the stress state variables versus 

shear strength is difficult to analyse, and so a procedure was 

outlined by Ho(1981) to assist in obtaining the desired shear 

strength parameters. For convenience in handling the strength 

data from triaxial tests, the stress point at the top of each 

stress circle can be used, i. e. ((61 +63 )/2-Uw) and (Ua-Uw). the 

equation for the plane through the stress points is: 

(61 -63)/2 = d' + ((61+63)/2-Uw)tanY, '+(Ua-Uw)tanY ------ (5.9) 

where d' = the intercept when the two stress points are zero, 

= the angle between the stress point plane and the ((61 

+63)/2-Uw) axis when (Ua-Uw) is held constant, 

= the angle between the stress point plane and the (Ua- 

Uw) axis when ((61+E; 3)/2-Uw) is held constant 

The relationship between a plane through the stress points 

and the failure surface is discussed in Chapter 9, along with 

the corresponding soil Parameters. It is necessary to plot the 

data in a special manner in order to obtain the %' friction 

parameters. 

Satija(1978), Gulhati and Satija(1981) followed the same 

lines as Fredlund, and used two independent stress state 

variables (i. e. (15-Ua) and (Ua-Uw)) to describe the shear 

strength of partially saturated soils. They found that the 

strength generated by (6-Ua) was both greater and more stable 

than that contributed by (Ua-Uw), and the relationship between 

shear strength and the stress state variables, (C-Ua)f and (Ua- 

Uw)f, could be written in the form: 

(61-63)f/2 =a+ (63-Ua)ftanoL+ (Ua-Uw)ftanp ---(5.10) 
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where a denotes an intercept on the shear stress axis; 
oLdenotes a coefficient associated with the stress state 

variable (6 -Ua) which represents externally applied 
stress; 

and ß denotes a coefficient associated with the other stress 
state variable (Ua-Uw) which represents the internally 
generated stress 

As for Fredlund, the strength of partially saturated soil is 

related to the stress state variables in such a way that the 

surface depicting the failure condition on a three-dimensional 

stress plot is a planar surface(see Figure 5.5). 

Gulhati and Satija conclude that oL is both greater in 

magnitude than ß and more stable than In other words, the 

stresses originating internally are not as 'effective' as those 

applied externally in generating shear strength in partially 

saturated soil. Gulhati(1980) suggests there is no evidence to 

assume that C' and 0', which are parameters that express the 

behaviour of saturated soil, continue to remain relevant for 

soil n the partially saturated state. 

Ho and Fredlund(1982) suggested a multistage triaxial testing 

procedure for unsaturated soils, which could obtain the maximum 

amount of information from a limited number of tests and which 

would help to eliminate the effects of variability in the soil 

from one test to the next. The testing procedure involved the 

control of the air and water pressures during the entire test 

rather than their measurement in a closed system. Suction in the 

sample was maintained constant during the application of the 

deviator stress. Maintaining the pore-air and pore-water 

pressure was similar to performing a 'slow' or drained test on a 

saturated soil. The axis-translation technique was used to 
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impose suctions greater than 100 KPa(1 atm. ) (See appendix 1). 

The analysis of the multi-stage test results was based on 

Fredlund et al(1978) shear strength equation. The multistage 

triaxial testing procedure was used to evaluate the friction 
b 

angle, ß' from a single test(see chapter 9). 

The matrix suction term in the shear strength equation for an 

unsaturated soil can be considered as contributing to the 

cohesion of the soil: 
b 

C= C' + (Ua - Uw)tanßl --------------(5.11) 

where C is the total or apparent cohesion of the soil 

The relationship between cohesion due to suction, matrix suction 
b 

and friction angle 0 is shown in Figure 5.6, which illustrates 

that the suction in an unsaturated soil increases the cohesion 

of an unsaturated soil. In this way, conventional saturated soil 

shear strength concepts can be applied to practical problems 

involving unsaturated soils. 

In the lecture----'The shear strength of unsaturated soils and 

its relationship to slope stability problems in Hong Kong' 

delivered by Fredlund(1980) to the Hong Kong Geotechnical 

Society. He mentioned that unsaturated soils have not been 

commonly associated with slope stability problems since the 

negative pore-water pressure(or matrix suction) increases the 

soil's strength. This is mainly because there is reservation 

regarding the long-term reliability of matrix suction. As a 

result, limited laboratory shear strength testing has been 

performed on unsaturated soils and little attempt has been made 

to utilize the results for the computation of a factor of 

safety. 
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Slope stability analyser' are commonly performed on slopes in 

Hong Kong. Generally, the Janbu simplified method is used and 

effective shear strength parameters are used in the 

analysis(i. e. effective cohesion, C', and effective angle of 

friction, O'). The computed factor of safety often gives values 

that are below one(e. g. 0.9) even for slopes showing no sign of 

distress. The stability of the slope is commonly attributed to 

the effects of soil suction. He addressed the following 

question---'Could different limit equilibrium methods of slices 

yield different computed factors of safety V. The study of 

various methods of analysis demonstrated that the factor of 

safety computed by different methods is of secondary 

significance. However, an increase in cohesion significantly 

increases the computed factor of safety(see figure 5.7). This 

may justify the matrix suction increase in the cohesion of the 

soil. 
b 

i. e. C= C' + (Ua-Uw)tanßl 

5,3 DI &vviQD Qf zbcac atrcofltb r. QQ-Qre12 f2C U QXUcatsd sQi1Z 
Shear strength concepts proposed for unsaturated soil, can be 

classified into three groups; namely, the particulate mechanics 

approach, the empirical approach and continuum mechanics 

approach. 

In an attempt to follow Terzaghi's postulation of describing 

the shear behaviour of saturated soils by using effective 

stress, Bishop et al(1960), Skempton(1960), Newland(1965), 

Richard(1966) and Sridharan(1968) obtained expressions for the 

effective stress in unsaturated soils which were similar in form 
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to that derived for saturated soils. However, these expressions 

did not satisfy force equilibrium conditions as applied to an 

element of unsaturated soil. They all included at least one 

parameter which was dependent on the properties of the soil, and 

so the expressions became constitutive relationships. The 

particulate mechanics approach used to develop these expressions 

lead to questions regarding their credibility. Basically, the 

effective stress theories for unsaturated soils of 

Skempton(1960), Newland(1965) and Richards(1966) can all be 

viewed as variation of the Bishop et al(1960) X factor concept. 

Although Bishop et al, Bishop and Donald(1961), and Bishop and 

Blight(1963) claimed to have demonstrated the validity of an 

effective stress equation for unsaturated soils, and the 

uniqueness of the X-factor concept, the scatter in the research 

results which are in support of Bishop's effective stress theory 

for unsaturated soils cast doubt on the validity of the claims 

(see figure 5.8). Also convincingly presented counter arguments 

(Jennings and Burland, 1962)(M. I. T., 1963)(Gulhati, 1975)(Satija, 

1978) have been reported. 

The work of Jennings and Burland highlighted the shortcomings 

in Bishop's effective stress equation as well as the method 

suggested for determining X. The method was based on the 

assumption that soils in saturated and partially saturated 

states have the same value of a certain engineering property 

such as shear strength or void ratio and X was solved by 

comparison. Implicit in such a determination of X is the 

assumption that the strength parameter or the compressibility of 
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the soil are not functions of the degree of saturation. In other 

words, whenever two samples of a soil have the same strength or 

void ratio they must have the same effective stress. The two 

soil samples under consideration had, however, different degrees 

of saturation and consequently different stress histories. This 

method of determination of the X-factor is thus burdened with an 

untenable assumption. 

Gulhati(1975) also commented on the shortcomings of Bishop's 

effective stress equation and the manner of determining X. as 

follows. An increase in effective confining stress is known to 

increase the strength of saturated soil. An increase in (6-Ua) 

also increases the strength of partially saturated soil. This 

strength increase in partially saturated soil, however, appears 

to be not as much as in the saturated soil, possibly on account 

of the different response of the soil skeleton of partially 

saturated soil in relation to the response of the soil skeleton 

of saturated soil. This difference originates because the 

skeleton of the former is more rigid, due to the existence of 

tension in its pore water. This difference in response is 

ignored when X is computed by equating: 

6' = if -Uw = (5 -Ua) + X(Ua - Uw)----------(5.12) 

Since (6 Ua) does not in fact generate as much strength as a 

similar change in effective confining stress in saturated soil, 

(6-Ua) is not fully "effective', but mathematically it is 

assumed to be fully 'effective' and, therefore, the term X(Ua- 

Uw) is forced to become smaller in order to satisfy the 

mathematical equality of the above equation; this occurs by an 

artificial reduction in the value of X. Therefore as saturation 

I 
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increased, Gulhati found that X decreased and argued that this 

was because X was not only a function of saturation and in the 

equality X was being mathematically forced to manifest the 

phenomenon of different responses of saturated and partially 

saturated soil. 

Gulhati summarised the limitations in evaluating the 

magnitude of X in tabular form and it is reproduced as Table 

5.1. He suggested that Blight's(1967) method of evaluating X(see 

figure 5.9) seemed more promising than Bishop et al(see figure 

5.10) because it was not burdened with the assumption that C' 

and O' of saturated and partially saturated soils are the same. 

It merely assumed that C' was negligible and the value of 0' for 

samples with very slightly different degrees of satyration was 

the same. However, the values of X determined by Gulhati(1972) 

using Blight's method were in fact less accurate than the values 

obta. ±ned using the method proposed by Bishop et al. He exp'oined 

this was because Blight's method involved the explicit use of 

the assumption that X was a function of the degree of saturation 

only. 

There are also shortcomings in the effective stress concept 

for unsaturated soils suggested by Sridharan(1968). The 

involvement of interparticle stresses in the proposed effective 

stress equation constituted a flaw; mixing continuum mechanics 

with particulate mechanics is not acceptable to fundamental 

physics. In addition, the ratio of area of water-mineral and 

water-water contact to the total area of the 0wavy-plane', aw, 

which is required in the proposed equation, makes the concept 

I 
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(Gulhati, 1975) Table 5.1 : The factor X 

Researchers Concept of X Techniques suggested to evaluate 
magnitude of X 

1. AITCHISON(1956) A factor that transforms tension On the basis of idealized models 
in pore water to its contribution using relation between (Va-Uw) 
to intergranular stress which is and degree of saturation S. 
believed to be effective stress. 

2. LMBE(1960) A factor that represents proport- 
ion of water to water contact per None 
unit area of a "wavy plane" through 
soil. 

3. SRIDHARAN(1968) On the basis of knowledge of soil 
Do type, surface area, pore size 

distribution, and water content., 

4. BISHOP(1959) A function of degree of saturation 
S. 
forS=0; X-0 None" 

S- 100 %; X= 1 
0 <S < 1; 0 <X <1 

5. BISiiOP ET AL(1960) By equating of saturated and 
Do partially saturated soil samples 

having the same magnitude of an 
engineering property. 

6. BLIGHT(1967) Do By equating ratios of in two 
partially saturated soils with 
slightly different degrees of 
saturation to the ratio of 
their observed strengths. 
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Run shear tests on 

Partially saturated sample Partially saturated sample 

atS=S1 atS=S2 
(measure strength, o, Ua, Uw) (measure strength, o, Ua, Uw) 

Si S2 
1 

ratio of strength ratio of of 

Strength at Si ((a-Ua) + X1(Ua-Uw))f at Si 

Strength at S2 j ((a-Ua) + X2(Ua-Uw))t at S2 

Since X= S(S) only and S1 '_ S2 

then X1 = X2 so let X1 = X2 =X in Eqn. (* 

I 
Solve for X 

Assumptions in such a determination of X 

Explicit: 

0 

(i) a- to-ta) +X(Ua-Uw) for partially saturated soil is correct. 
(ii). V' for samples at slightly different degrees of saturation is 

same and c' is negligible. 
(iii) X is a function of degree of saturation only. 

Since determination of X requires explicit use of assumption (iii), values 

so obtained do not lend themselves to interpretation. 

Fi9.5.9: Blight's(1967) X-factor. (Gulhati, 1975) 

t 
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Run 

shear tests 

on 
Saturated sample Partially saturated 
(measure strength, sample (measure 

a, Uw) strength, o, Ua, Uw) 

for same 

strength 

same of 

(o-Uw) 
f= 

(o-Ua)f + X(Ua - Uw)1,..... Egn. (*) 

1 
solve for X 

Assumr: ions in such a aeterm. ination of X 

Explicit: 
(i) (a - Ua) + X(Ua - Uw) for partially saturated soil is correct. 

(ii) c' and ¢' for saturated and partially saturated soils are same. 

Implicit: 
(iii) X- f(S) only. 

Since these assumptions are not necessarily valid X only empirical. It reflects 
influence of degree of saturation as well as of incorrectness of assumptions 
(i) and (ii). X lends itself to interpretation since left hand side of Eqn. (*) 

is correct. 

Fig-5-10: Bishop et al's (1960) X-factor. (Gulhati, 1975) 
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experimentally impractical. 

The empirical nature of the approach by Yong et al(1971) in 

describing the shear behaviour of unsaturated soils by a three- 

dimensional relationship between water potential, dry density 

and shear strength(see figure 5.11) leads to a problem-specific 

approach which cannot be applied in general. 

Although it was recognized that there might have been more 

than one stress state variable governing the behaviour of 

unsaturated soils as early as 1962(Jennings and Burland, 1962) 

(Coleman, 1962), there was no attempt to demonstrate these stress 

state variables theoretically or experimentally until the early 

1970's. Up to this time, the use of force equilibrium to study 

stress state variables, as in continuum mechanics, had been 

neglected. 

In 1978, shear strength equations for unsaturated soils were 

proposed by Fredlund et al and Satija based on independýrz 

stress state variables. These two equations were founded on the 

same postulation that (6 Ua), (5-Uw) and (Ua-Uw) were the only 

independent stress state variables governing the mechanical 

behaviour of unsaturated soils and that any two of these stress 

state variables could be used to define the stress state in an 

unsaturated soil. Nevertheless, these two proposed shear 

strength equations for unsaturated soils were derived and used 

in different ways by Fredlund et al(1978) and Satija(1978). 

Terzaghi's saturated soil shear strength theory stated that a 

stress circle corresponding to failure conditions could be 

plotted on a two-dimensional plot of (6-Uw) versus shear 
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Fig. 5.11: Soil-water potential: shear strength surface for Sainte 

Rosalie clay (Yong, Japp and Bow, 1971). This form of 

plotting incorporates the fabric or dry density component 

of soil structure which is seen to be influential in the 

development of shear strength. 
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strength. Fredlund et7al(1978) suggested that for unsaturated 

soils, the stress circle corresponding to the failure conditions 

could be plotted on a three-dimensional diagram with two stress 

state variables as the horizontal axes and the shear strength as 

the ordinate. Shear strength equations for unsaturated soils in 

terms of possible combinations of stress variables were then 

established. The original published equations were in terms of 

(6-Uw) and (Ua-Uw)(Fredlund et al, 1978), but subsequently the 

combination (6-Ua) and (Ua-Uw) has been used(Ho, 1981). If (6-Ua) 

and (Ua-Uw) are used, the proposed shear strength equations are 

as follows: 
ab 

C' + (6-Ua)tany + (Us-Uw)tanO -------(5.13) 

(see figure 5.12) 

or in stress point form, 
" 

ab 
(61-53)/2 = d'+((51+53)/2-Ua))tani'+(Ua-Uw)tan)O -----(5.14) 

(see figure 5.13) 
a 

where C' and O (=ý') are parameters for the soil in the 

saturated state which can be determined in the conventional 
b 

manner, and 0 can be determined from test data in which the two 

stress state variables have been varied by controlling the 

magnitude of ö, Ua and Uw. 

In an attempt to assess whether the shear strength of an 

unsaturated soil was a function of some combination of the 

stress state variables (i. e. (G-Ua), (6-Uw) and (Ua-Uw)), 

Satija(1978) performed statistical studies on experimental data 

from unsaturated soil shear tests. Three combinations of stress 

state variables and three stages of shear were considered(Table 

5.2). First, a graphical method was used to isolate the trends 
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c' 

Fig. 5.12: Three-dimensional failure surface using stress variables 
(o-IIa) and (Ua-üv). (after Ho, 1981) 
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Fig. 5.13: Fredlund et al (1978) three-dimensional failure surface 

using stress variables (a-IIa) and (Ua-Uw) in stress 

point form. (after Ho, 1981) 
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Table: 5.2 Combinations of stress state variables and stages of shear used 
(Satija, 1978). 

Combination Stress state variables (a) and (b) 

A (a - Ua) and (Ua - Uw) 

B (a - Ua) and (a - Uw) 

C (a - Uw) and (Ua - Uw) 

Stage Plane of which normal Normal stress 

stress is considered 

Pre-shear Any 

At failure Minor principal plane a3 

At failure Plane of maximum shear a1+03 

2 
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between shear strength and the chosen variables; then, the 

experimental data was subjected to linear regression analysis in 

54 paths(Table5.3). It was established that the relations 

between shear strength and the three combinations of stress 

state variables were all linear. Through algebraic manipulation, 

inter-relationships amongst the parameters of the linear 

relations between shear strength and the three combinations of 

stress state variables were also demonstrated. Not only the data 

of Satija(1978) but also the data of Donald(1961), Blight(1961), 

Gulhati(1972) and Kawakami and Abe(1975) satisfied the 

hypothesis that the shear strength was a function of (6-Ua) and 

(Ua-Uw), acting independently (see Table 5.4 and 5.5). As a 

result, a statistically valid shear strength equation for 

unsaturated soils was proposed as follows: 

(61-53)f/2= a+ (E; 3-Ua)ftanoL+ (Ua-Uw)ftanB ----(5.15) 

This equation represents a planar surface in three- 

dimensional space with (E -Ua) and (Ua-Uw) as abscissas and (61- 

63)f/2 as ordinate(see figure 5.14), similar to the surface 

proposed by Fredlund et al(1978). Satija's shear strength 

equation for unsaturated soil is presented in such a way that it 

is neither in accordance with the Mohr-Coulomb failure 

hypothesis nor the stress point method. Moreover, there is no 

smooth transition from Satija's shear strength equation for 

unsaturated soils to Terzaghi's shear strength equation for 

saturated soils. When saturation is approached(i. e. Ua=Uw), 

Satija's equation for saturated soils does not conform to either 
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Table 5.3: Paths used in the linear regression analyses (Satija, 1978). 

Combination Stage/plane Data from Manner of treating 
of stress different stress state 
state variables types of variables 

test 

Ara=(o-Ua) I. Pre-shear/ 1. CW (i)with stress state \b=(Ua-Uw) 
any plane variable designated(b) 

B =(a-Ua) II. At failure/ 2. CD in the 1st column as 
=(a-Uw) minor variable and that 

principal designated (a) as a 
plane constant. 

, a=(o-Uw) 
C` 

III. At failure/ 3. CW & CD (ii)with *stress 
state b=(Ua-Uw) plane of 

variable designated(a) 
1 

as variable and that 
shear designated (b) as 

constant. 



126 

Table 5.4: Satija's (1978) results 

Sample Intercept Are tan of Arc tan of Corr. 
designation & coeff. assoc. coeff. assoc. coeff. 
Type of test KPa with with 

(a3-Ua)f (Ua-Uw)f 

a a ß r 

A Cw 41 41.5° 32° 1.00 

A CD 57 42.5° 26° 1.00 

A cw & 56 42° 27° 1.00 
A CD 

B Fri 26 43° 25.5° 1.00 

B CD 29 44° 21° 0.99 

BC& 34 43° 21.5° 1.00 
B CD 
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Table 5.5: Results of Multiple Linear Regression Analysis on Published Data 

Type of test No. of tests aa Correlation 

KPa coefficient, r 

Donald, 1961: Braehead silt 
Sample prepared by desa turation from a slurry 

cw 10 16 49.50 27.50 
CW & 26 21 49.5° 21.8° 

CD 

Blight, 1961: Compacted Talybont clay 

cw 23 78 54° 6° 

Blight, 1961: Compacted Mangla Shale 

výwý 10 2 20° 30 

Cw 9 35 37.5° 36.5° 

Cw' 27 36 33° 23° 

Blight, 1961: Compacted Selset clay 

cw 11 85 32° 14.5° 

Gulhati , 1972: Compacted Dhanauri clay 

cw 6 23 35° 16.5° 

CD 5 20 36° 16° 

cw & 11 30 36° 13.5 

Kawakami and Abe, 1975: Compacted Sandy Silt 

cw 5 -14 52.7° 31.5° 

1.00 
0.99 

1.00 

1.00 

1.00 

0.99 

0.99 

1.00 

0.99 

0.99 

1.00 
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Fig. 5.14: Satija's (1978) shear strength equation in three-dimensional 

plot. (after Ro, 1981 
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the conventional or stress point equation. 

By comparing the equation of Fredlund et al and Satija, it 

can be demonstrated that Satija's equation predicts a higher 

value for shear strength(figure 5.15). It should be noted that 

the over-estimation of shear strength by Satija's equation will 

result in an over-estimation of the factor of safety in slope 

stability analyses involving unsaturated soils. Taking this 

together with the inability of the equation to be reduced to the 

conventional form when a soil is saturated means that Satija"s 

shear strength equation for unsaturated soils should not be 

regarded as a satisfactory form of equation and therefore the 

equation proposed by Fredlund et al(1978) will be used for the 

interpretation of data in this thesis. 

5L4 CQnQ1w iQn 
Among the three possible sets of stress state variables, 

there are preferences in choosing which set to use in the shear 

strength equation for unsaturated soils(Ho, 1981). 

The set, (6-Ua) and (6-Uw) can be regarded as the most 

undesirable of all. The disadvantages are two-fold. Firstly, the 

effect of (Ua-Uw) cannot be visualized if this combination of 

stress variables is used. Secondly, when the total normal 

stress, 6" is changed, both stress variables are affected and 

consequently, the relative sigificance of each variable must be 

borne in mind when considering the shear strength. As a result, 

this combination will not be considered in setting up the shear 

strength equations for unsaturated soils. 

The combination, (5-Uw) and (Ua-Uu) also has the disadvantage 
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FREDLUND ET AL (1978) SHEAR STRENGTH EQUATION 
CONVENTIONAL FORM 

---- 'STRESS POINT FORM 
SATIJA'S (1978) SHEAR STRENGTH EQUATION 
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Fig. 5.15: Comparison between unsaturated soil shear strength equations 

proposed by Fredlund et sl (1978) and Satija (1978). 

(after Ho, 1981) 
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that when the pore water pressure, Uw is changed, two stress 

state variables are affected. However, this combination does 

have a marked advantage in providing a readily visualized 

transition from the unsaturated to the saturated case. 

Similarly, this is the advantage associated with using the (6- 

Ua) and (Ua-Uw) combination of stress state variables. Moreover, 

in the (6=Ua) and (Ua-Uw) combination, only one stress variable 

is affected when the pore water pressure is changed. 

It is evident that both the (6' Uw), (Ua-Uw) and (6-Ua), (Ua- 

Uw) combinations are acceptable in setting up the unsaturated 

soil shear strength equations. In addition, the individual 

effect of each stress variable on the shear strength of an 

unsaturated soil can be easily visualized when these two shear 

strength equations are evaluated together. 

In general, under natural field conditions, the pore air 

pressure, Ua remains virtually constant. It is the change in the 

pore water pressure, Uw due to moisture infiltration or 

evaporation that alters the stress state of an unsaturated soil. 

As a result, it will be most desirable if the relative shear 

strength contributions of the total stress, 6 and the pore water 

pressure, Uw can be readily inspected from the established shear 

strength equation. Therefore, the (6 Ua) and (Ua-Uw) combination 

of stress state variables is considered to be the best 

combination used to analyse data obtained from unsaturated soil 

testings. 



CHAPTER 6 

TEST EQUIPMENT AND TECHNIQUES 
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Iemt c9uiemrnl and tb igu¬t 

6: 1 ýýnýrQ1 
Commercially available soil testing equipment is not 

sufficiently sophisticated to be used for the complete 

evaluation of unsaturated soil behaviour. The techniques used 

for testing partially saturated soils differ from those used for 

testing saturated soils principally because of the need to 

measure(and differentiate between) the pore air pressure and the 

pore water pressure. This chapter discusses some of the 

problems encountered when testing partially saturated soils and 

describes the equipment used by the author in his tests. 

6.2 Ieztin9 Icabni9. c: ft c partially 2aluc t mQi1Q 
Since both air and water are fluids some means must be found 

to separately measure them. Porous discs with various pore sizes ti 

are commonly used for this purpose(Bishop and Henkel, 1962) 

A porous stone(disc) with small pores(i. e. high air entry 

value) allows the slow passage of water but resists air flow. As 

long as the difference between the air and water pressure does 

not exceed the air entry value of the porous disc, there is a 

continuous column of water from the sample to the pressure 

transducer below the porous disc and the pressure measured is 

that of the water phase. Although the fine porous disc does not 

leak air, dissolved air diffuses through the. water in the disc 

and collects at the base of the disc in the form of free air 

bubbles. The net result is a gradual increase in the measured 
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water pressure until i. t approaches the air pressure. For long 

term(i. e. duration >1 day), undrained tests, this is a major 

problem that has not yet been completely overcome. 

The pore water in an unsaturated soil can exist in a highly 

negative state relative to atmospheric pressure conditions. 

However, it is impossible to measure directly absolute pressure 

less than one atmosphere below atmospheric because the water 

cavitates. Hilf(1956) employed an axis-translation technique 

whereby the air pressure surrounding the sample was elevated by 

an amount such that the water pressure became positive relative 

to atmospheric pressure. The axis-translation technique is 

acceptable since the equilibrium of the air-water menisci are 

solely dependent upon the difference between the air and water 

pressure, regardless of the absolute pressure values. ' 

Olson and Langfelder(1965) experimentally verified the axis- 

translation technique. They obtained a 1/1.018 ratio between the 

air and wate- pressure during translation (see appendix 1). 

A porous disc with relatively large pores will readily allow 

passage of air and thereby form a continuous column of air 

between the air in the sample and the air measuring system. In 

an undrained system, the air pressure can be measured using a 

transducer. The volume of air in the pressure measuring system 

must be kept to a minimum due to the compressive nature of air. 

Thin coarse porous discs or glass fibre cloth have proven to be 

a satisfactory air reservoir at the end of a sample. At higher 

degrees of saturation, when the air appears to be discontinuous 

and (Ua-Uw) is small, water tends to enter the air pressure 

measuring system. 
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The separation and measurement of the air and water pressures 

can be achieved only if two conditions are satified: 

(i) that the pressure does not drop below -1 atmosphere(or in 

practice, about -13 psi at sea level in long term tests), as 

cavitation then occurs in the measuring system and allows water 

to be drawn from it through the porous disc into the sample; 

(ii) that the value of the initial negative pore-water pressure 

does not exceed the air entry value of the saturated porous 

element, since air entering the porous element replaces water 

which is then drawn into the sample. 

If the above balance is not achieved, not only are the 

initial pore pressure readings missed or incorrectly recorded, 

but subsequent readings at higher cell pressures may be 

incorrect or subject to serious time lag, due to the wetting up 

of the sample near the porous element and to the air drawn into 

the system. 

The first condition places a lower limit on the values of 

pore-water pressure which can be directly measured; beyond this 

limit values can only be inferred from indirect tests(for 

example, Croney, Coleman and Bridge, 1952; Hilf, 1956). The second 

condition can readily be satisfied within this limit since 

porous ceramics having an air entry of 20-30 psi and adequate 

mechanical strength are available. 

Except for unjacketed, unconfined samples in which time has 

been allowed for equilibrium to be established, the air pressure 

in the pore space is not, in general, atmospheric. A third 

condition for a balance to be achieved is then that the 
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difference between air and water pressure in the sample (Ua-Uw) 

shall not exceed the air entry value of the saturated porous 

element. In undrained tests this difference does not usually 

exceed the value of the initial negative pore pressure, except 

during shear in a very dilatant soil, and this condition is thus 

readily satisfied. 

A final point concerns the rate of testing and diffusion of 

air. Partially saturated soil is generally less permeable than 

saturated soil and therefore when testing the former type of 

soil, very loan shear rates must be used. If an undrained test is 

to last for more than a few hours, air will diffuse from the 

soil sample, through the rubber membrane and into the water 

within the triaxial cell. This problem can be overcome by 

surrounding the sample with mercury. This is explained in detail 

in the following section. 

6.3 Egw t! _°ni 
Table 6.1 summarises the types of equipment used by previous 

research workers for testing unsaturated soils. The most 

significant shortcoming has been the inability to measure 

accurately the volume changes of the air and water phases. For 

example, it is not sufficient to simply measure water volume 

change without correcting for the volume of diffused air. 

The equipment used in this research is described under the 

following headings: 

(1) Constant pressure system 

(2) Design of the cell 

(3) Base plate design 
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(4) Measurement of total, air and water pressures 

(5) Measurement of total volume change 

(6) Measurement of water volume change 

(7) Measurement of diffused air volume change 

(8) Layout of plumbing 

A considerable amount of time and effort was spent on the 

development of the equipment and the testing procedures required 

to attain consistent and reliable results. A short test 

programme called 'Null test' was used to determine the 

reliability of the equipment(see appendix 3). 

S12 CQDslanl erazýwrc zx2tcm 
The pressures were maintained constant by means of Norgren 

compressed air precision controllers(11-818-110). The 

manufacturers maintain that the accuracy of the regulator is 

within 0.005 bar(O. 07 psi). Repeatability is claimed within 

0.00125 bar(O. 02 psi) for change in air flow; 0.00315 bar(n. 05 

psi) when turning supply on and off. Temperature compensation is 

designed to limit the change in pressure to 0.00315 bar(0.05 
00 

psi) for a 5.5 C(10 F) change in temperature. However, 

variations may be significantly larger due to variations in 

atmospheric pressure (The regulator operates as a differential 

pressure regulator with respect to atmospheric pressure). 

The pressure transducers used were made by Bell & Howell Ltd. 

and measured pressures with an accuracy of + 0.02 bar lt o 31 S. L. ). 

Since the same type of regulator was used to control all 

pressures(i. e. total, water and air), fluctuations in 

atmospheric pressure did not affect the difference between any 

two pressures in the system. I. ý 
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122 Qtsign Qf tht ct11 
Figure 6.1 shows the modified triaxial cell, as designed, for 

testing unsaturated soils. The main feature of the cell(for 1 

1/2inch diameter samples) was the addition of an inner lucite 

(or perspex) cylinder to contain mercury (internal diameter=2 

5/8inches) seated on a round Perspex cushion which in turn was 

held down onto the pedestal at the cell base by screws. The 0- 

ring on the outside surface of the Perspex cushion formed a good 

seal for the inner lucite cylinder. In order to avoid the metal 

part of the pedestal coming into contact with mercury, the top 

face of the cushion and upper part of the pedestal were covered 

with latex. The zone between the inner lucite cylinder and the 

soil sample was occupied by mercury which prevented the 

diffusion of air through the rubber membrane(0.01' thick) to the 

surrounding water, so that a truly undrained condition could be 

achieved. It was intended that fluctUa. ions in the level of 

mercury and the position of the loading cap would be measured by 

cathetometer, so that the sample volume change could be 

calculated. However, this method was not used by the author due 

to the inconsistent measurements achieved when using the 

cathetometer and its unsuitability for automatic data logging. 

Because of the high density of mercury, account must be 

taken of the difference between the lateral pressures at the top 

and bottom of the sample in tests in the low effective stress 

range. This is normally achieved by using the average lateral 

pressure. The air pressure was led from the cell base to the top 

cap through a 1/8 inch nylon tube and the low air entry disc was 
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a 3/16 inch thick coarse corundum stone placed below the top 

cap. 

Another modification to the triaxial cell was the addition of 

an outer cell. This modification was based on the principle 

that, if the pressure on both sides of a container is the same, 

the container itself will remain unstressed, and therefore 

should not change in volume. If the soil sample is placed in the 

internal cell which has a completely separate liquid circuit 

from that in the outer cell, and the same pressure is maintained 

in the two circuits, then any volume change measured on the 

internal circuit should be due only to the volume change of the 

sample. This behaviour will be independent of all effects in the 

external circuit(except pressure changes) including any 

variability due to the sealing torques(see appendix 4 ). 

132 BDZ2ý 21D19 dC. i9D 

The base was modified to accommodate the outer and inner 

Perspex cylinders. For the 1 1/2inch diameter sample, a1 

3/16inch diameter high air entry disc of 3/8inch thickness was 

bonded directly into the top of the pedestal with an epoxy 

resin'Twin-bond', as this arrangement gave the maximum contact 

area with the sample. A circular Perspex cushion with a soft 0- 

ring on the outside circle was seated on the pedestal, to give 

support to the inner cell. Another inlet hole was made at the 

cell base to lead a completely separate pressure system to the 

outer cell. 

142 M22ZWr¬MCDI Qf JQjD1. L Dic and WDICC 2CCZZWCCD 
The total, air and water pressures were measured both by the 

transducers and pressure gauge. One pressure gauge was used to 
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measure all three pressures, the advantage being that any error 

or uncertainty occurring with the gauge readings would cancel 

out when the pressures were subtracted. The range of the 

transducers was 0 to 7 bar(O-100 psi) and the digital voltmeter 

displayed the pressure to within 0.005 bar. 

Since de-aired water was used throughout the experiments, 

some means had to be used to separate the de-aired water and the 

air pressure supply which was used to control total and water 

pressures. Two pots, half-filled with mercury were employed for 

that purpose, since air has a negligible solubility in mercury. 

151 Qf tQta1 VQ1Umt Qhaegt 

The total volume change of the soil sample was calculated by 

measuring the volume of water entering or leaving the cell to 

compensate for changes in sample volume. 

Bishop and Henkel(1957) pointed out that there were three 

principal methods which could be used to measure the volume 

changes which occurred in a triaxial test sample. These were 

based on the measurement of: 

(a) the volume of water entering or leaving the cell to 
compensate for changes in sample volume 

(b) the volume of fluid entering or leaving the pore space of 
the sample 

(c) the linear changes in the principal dimensions of the 
sample 

Each of these methods has its associated advantages, 

disadvantages and practical problems; method(a) is relevant to 

the author's tests. 

To use method(a), it was necessary to calibrate the cell, as 

this was itself subject to volume change with changes of cell 
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pressure. The importance of entrapped air and the torque used in 

tightening the sealing nuts of the cell for the validity of the 

calibration correction was also emphasized. Hysteresis effects 

were due mainly to the elasto-plastic deformation of the plastic 

cylinder of the triaxial cell. To overcome the problem of cell 

calibration the double cell construction described in section(2) 

was adopted. The volume change was measured by a volume change 

indicator(paraffin-water type) and an automatic volume change 

logging device(after Darley, 1972). The calibration of the 

paraffin-water volume gauge was not pressure dependent, provided 

that the base of the graduated tube was always connected to the 

triaxial cell and not to the pressure supply. The automatic 

volume change logging device was based on the Bishop self- 

compensating mercury constant-pressure unit and incorporated a 

linear displacement transducer. Four T-pieces were required to 

" ever se the flow and reset the system sec appendix 5). 

L62 tikasurtwent Qf wahr YQ11wm2 Qbdasc 
The water leaving and entering the sample was also measured 

by a paraffin-water volume change indicator and an automatic 

volume change logging device which were the same type as used in 

the total volume change measurement. To measure the water volume 

change, the diffused air volume must be subtracted from the 

total water volume change. In order to measure the diffused air 

volume, a side nylon tube was used to by-pass the automatic 

volume change logging device, so that its operation was 

unaffected by the flushing procedure. 
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in tl-. 25Wr¬mr. nt Qf difiw2cd QiC YQ1umt Qhangc 
The diffused air volume was generally measured once a day by 

flushing water through the base plate and recovering the air 

bubbles in a burette inside the diffused air volume 

indicator(after Fredlund, 1973)(see appendix 6). 

M Layout of Plumbing 
A board of plumbing was required to support the operation of 

the triaxial cell(figure 6.2). The total and water pressures 

were controlled through air-mercury-water pots but the air 

pressure was regulated directly to the sample. Transducers 

measured the pore air, pore water and cell pressures and the 

pressure applied to the diffused air volume indicator. 

An automatic data logging system was used to collect the data 

accumulated during testing. All the equipment was in the same 

temperature-controlled room and the temperature and relative 

humidity were continuously recorded on a strip chart 

recorder(thermohydrograph). 

6: 4 E 2QC iQD Qf C9uiement 
Before the tests were performed, the equipment was checked to 

ensure that it was functioning properly. 

L22 Qt=aitie8 Qf the fief PQCQW di§Q 
The reliability of the pore pressure measurements depend, in 

the first place, on the properties of the fine-grained porous 

disc, sealed into the modified cell base. The reliability also 

depends on the disc being thoroughly de-aired and saturated. 

Since the properties of the disc have to be tested when it is 

saturated, the procedure for reaching saturation will be 
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discussed first. 

Several alternative techniques for de-airing are available. 

The detachable mounting may be de-aired and saturated under a 

vacuum before fixing(under water) to the pedestal. 

Alternatively, the cell can be assembled and filled with de- 

aired water at a pressure of about seven bar(100 psi). If the 

valves connecting the cell to the measuring system are closed, 

this pressure will build up in the disc and connecting passage 

beneath. After several hours have been allowed for the air 

bubbles to dissolve in this water, the valve is opened to flush 

this water through. For a new disc, the process may need to be 

repeated several times in order to ensure full saturation. The 

latter method was used by the author. 

To be at all suitable for its purpose, the porous disc should 

have a high retention capacity for water. The quantitative 

evaluation of this property is based on the concept of 'air 

entry value'. By definition, the air entry value of a porous 

material, fully saturated by a wetting phase(water), is that 

pressure at which a non-wetting phase(air), in contact with the 

material, starts to displace the wetting phase, thus initiating 

the process of desaturation. 

The base plate must not be boiled in water since the 

differing thermal properties of the materials composing the base 

plate can. result in a fine crack around the circumference of the 

high air entry disc. The disc performed satisfactorily without 

using the boiling technique. 

Sbl ECC@cabilitx It2t 
The permeability of the porous disc was calculated by 
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measuring the de-aired water volume seeping through the disc 

during the saturation process. The results of a subsequent test 

would reveal the presence of cracks in the porous disc since the 

permeability of a particular disc measured at a particular time 

should have a similar value at a later date. 

SQ1 Bic cntcy Qatck 
It was not necessary to check on the actual air entry value 

of the disc, but only to ensure that the disc could withstand 

air pressures greater than those encountered during a test. For 

example, a disc with an air entry value of 15 bar was used to 

measure suctions up to 7 bar. 

The highest pressure was applied to the porous disc for at 

least one day. During this time, the water volume change 

indicator showed a slow movement of diffused air out of the base 

plate. The base was periodically flushed and the diffused air 

measured, and the measured volume was essentially equal tc that 

registered on the water volume change indicator. 

A rapid increase in the amount of air collecting below the 

base means that either there is a leak in the high air entry 

disc or past the 0-ring sealing off the base plate. However, a 

properly designed 0-ring seal rarely allows leakage to occur. 

idl 5Y5t= ltakz 

Each section of the apparatus associated with the measurement 

of water pressure and water volume change was highly susceptible 

to leakage. An attempt was made to eliminate leakage in all 

parts of the system, since the water measuring section must be 

very precise. This section of the equipment consisted of the 
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water volume change indicator or automatic logging system and 

the base plate. 

(_ý) WDIer volJmg 0209t io is lQr 

A Bishop paraffin-water volume change indicator performs well 

when testing high water content soils over a short period of 

time. When testing low water content soils over long periods of 

time(one month or more) minute leaks accumulate to produce 

unacceptable errors in the analysis of the data. Table 6.2 shows 

the order of magnitude of leakage associated with the 

conventional water volume change indicator measured during 

proving tests. 

I1 6_2 . Lgakp9e fc4m LJA cbAm EAccAD 9@lcr Y4lsmc cbDD9t 
iodig, 214C with ztandsiCd Y, 21YcP 

--------- 
VCI No. 

----------- 
Applied 

--------- 
Elapsed 

---------------- 
leakage 

--------------------- 
Comments 

pressure time 
(bar) (min. ) 

- --------- 
1 

----------- 
5 

--------- 
1260 

------ --------- 
0.30 C. C. 

-------------------- 
Including tubing to 

or -4 AVCI 
2.381x10 

-- ---------- --------- 
C. C. /Min. 

---------------- 
(17-8-1982) 

-------------------- -------- 
2 5 728 0.15 c. c. just itself 

or -4 
2.060x10 

--- ---------- --------- 
c. c. /min. 

---------------- 
(13-8-1982) 

--------- ------- 
2 5 999 0.55 c. c. 

----------- 
including tubing 

or -4 to triaxial cell 
5.506x10 

- ----- - - -- 
c. c. /min. 

----- ----- 
(17-8-1982) 

- ------ --------- 
3 

- -- 
5 

- ------ 
5018 

-- - --- 
0.20 c. c. 

- ------------ 
itself and short 

or nylon tube from 
-5 pressure supply 

3.986x10 

---------- ---------- --------- 
c. c. /min. 

----------------- 
(13-8-1982) 
------------------- 

where VCI = volume change indicator 
AVCL = automatic volume change logging system 
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The nylon lines on the volume change indicator and the line 

to the base plate contributed some leakage in response to a 

pressure gradient. The amount of leakage was generally 

insignificant and was reduced by using copper tubing rather than 

nylon tubing. 

Most of the leakage was contributed by the valves, but this 

could overcome by tightening the valve packings. 

In addition, air in the volume change indicator undergoes a 

volume change when the back pressure is changed or when the 

temperature is changed. The water between the burette and the 

outer lucite tube can also slowly diffuse through the outer 

lucite. All of these are registered on the same burette. It 

should be noted that the pyrex glass burette did not-allow the 

diffusion of water. 

To ensure the proper functioning of the water volume change 

indicator, it was subjected to a back pressure 't 5 bar fc- 

several days. The observed volume change over a two days period 

did not exceed 0.1 c. c.. 

iii1 Ed. -2. e 21211 
There are three possible sources of leakage from the base 

plate: through the ceramic disc; past the O-ring seal between 

the base plate and the bottom of the chamber; through or around 

the valves connected to the base. Although water seeps through 

the high air entry disc, it must not allow the passage of free 

air at pressures below the air entry value. Air may diffuse 

through the water in the ceramic disc but this should not be 

considered as leakage; it is important to differentiate between 
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air diffusion and air leakage. 

If free air is passing through the disc as a result of a 

rupture in the air-water meniscus, the rate of air flow 

increases by several orders of magnitude. The rupture may be due 

to fine cracks in the ceramic disc. Diffusivity of air through 
-5 

water in a ceramic disc should always be less than 2x10 

sq. cm/sec. This is the diffusivity for pure water and the value 

when the water is in the high air entry ceramic disc should be 
-6 

approximately one order of magnitude less(i. e. 2x10 sq. cm/sec). 

Leakage through a valve on the base plate can be observed by 

placing a high water pressure above the ceramic disc and a 

somewhat lower back pressure below. A closed valve on the base 

is connected to the water volume change indicator. Water 

leakage from the closed valve is registered as a volume of water 

moving out from the chamber. 

jr. > Ib eg[: maAb111ix of rSjbb And IWCiIC 

QummAcy Qf lht cAlt Qf wgtcc 2t¬ea9c Ibcgugh cwbbrc1Afler 
Q. tQ: Eccd1und. L12Z. 2 

----------------------------------------------------------------- 
Description rate of permeability 

flow(c. c. /day) (cm/sec) 
----------------------------------------------------------------- 

Water vapour below the 
rubber membrane(water 
at bottom of disc) 

Water in contact with 
the membrane 

Water in contact with 
membrane(vacuum grease 
seal) 

-11 
0.093 5.84x10 

-11 
0.113 7.10x10 

-11 
0.094 5.90x10 

i 
ýý 

I 

f 

ýý 
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The rubber membrane in all three Fredlund tests was 0.040 cm 

thick. The values of permeability are approximately one order of 

magnitude lower than those presented by Poulos(1974) who showed 

thin' latex membrane(O. 005 cm) to have a permeability constant 
-10 

of 3.6x10 cm/sec. It should be noted that latex rubber 

deteriorates with time when subjected to water or water vapour 

on one side and air on the other. 

The lucite appears to impede the loss of water; however it 

does not stop it, so lucite cannot be considered as impermeable 

to water transmission and this must be kept in mind during 

equipment design. 

The international critical tables document three cases of 

measured transmission of moisture through Nitrocellulose 

('Pyroxylin') plastics. 

----------------------------------------------------------------- 
case Description Thickness Flow rate Permeability** 
No. (cm) (cc/sa. cm/ 

day) (cm/sec) 
----------------------------------------------------------------- 

-11 
la one surface dried by 0.0762 0.000288 8.29x10 

CaC1 and the other 
2 

b exposed to the summer 
atmosphere 

2 Air dried by CaC1 0.160 
2 

on one side and 
saturated air on 
the other 

3 same as 2 0.0117 

-10 
1.38x10 

-11 
0.00062 5.81x10 

-11 0.0117 3.08x10 

* Assumed a relative humidity of 100: for la and 25: for lb 
0 

A temperature of 63 F was assumed in all cases in order to 
compute the differential vapour pressure. 
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In the very long term, both the permeability of the rubber 

membrane and the permeability of the lucite could have an effect 

on volume change measurements. However, for the tests carried 

out in this research, the rubber membrane and the lucite were 

considered to be impermeable. 

Test equipment used for unsaturated soils has been developed 

from the basic triaxial testing rig through modifications by 

various researchers. The author considers the follow three 

modifications as essential for accurate testing: 

(i) QQUb1=w211Cd QC11 
Reduces the variability of the calibration factor and thus 

increases confidence in the volume change measurements. It also 

reduces the amount of time spent on calibration and 'simplifies 

the problem of studying creep effects in the Perspex. 

(ii) Qiffw d Dir Y41Umt IDtia$lQr 
The diffusi:, r. of air throug'n saturated high air entry discs 

can be a major source of error in volume change measurements. 

The use of a diffused air volume indicator allows corrections to 

be made to the volume change measurements. 

(iii) Qýcaucy laxac 

The mercury layer prevents diffusion of air through the 

rubber membrane and is necessary if truly undrained test 

conditions are required. 

A further modification incorporated in the present tests was 

the use of an automatic volume change logging system. This 

automatically recorded, at suitable intervals, the total and 

water volume change of a soil sample during a triaxial test. The 
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system was checked by using paraffin-water volume change 

indicators in parallel. The main attraction of the system was 

its suitability for automatic data logging and subsequent 

manipulation of the data by computer programmes. 

The following photographs illustrate the apparatus used by 

the author for testing unsaturated soils. Each photograph is 

accompanied by a brief description of the particular piece of 

apparatus shown. 

Before going on to describe the test program and test 

procedure, the next chapter, which is essentially self- 

contained, considers the effect of strain rate on pore water 

pressure dissipation and equalization during testing. This is an 

extremely important aspect of testing unsaturated soils and is 

discussed in some detail, together with the author's choice of 

strain rate for his own tests. 

19 
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JL 

rig. 6.13: Compressed air/water/mercury/de-aired water cylinders; 
used to separate the de-aired water from the compressed 
air pressure. 

Fig. 6.14: The temperature, relative humidity and atmospheric 
pressure were continuously recorded by the 
thermohydrograph and barometer recorders. 
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Fig. 6.15: The data logging equipment used to collect 
all the data from the unsaturated soil 
tests. 



CHAPTER 7 

SELECTION OF TEST DURATION 

.. x ý. 
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Cbne12r 7 sc1acliQO 2f 1221 dwratiQo 

7.1 Qenccal 

Pore pressure dissipation or equilization is an 

extremely important property in triaxial testing. This chapter 

considers some of the factors which affect that property in 

saturated and unsaturated soil tests, including the influence of 

high air entry discs, and describes how the required strain 

rates for triaxial tests on unsaturated Grangemouth clay 

specimens were determined. 

7.2 the effect Qf strain cats go gatUrat d zgil'ahecr tt 
For saturated soils, the presence of errors in the 

experimentally determined shear strength parameters due to an 

inappropriate choice of strain rate has long been recognised 

(Gibson and Henkel, 1954) (Bishop and Henkel, 1957 & 1962) 

(C-wford, 1960) (Blight, 1963). 

Two main types of laboratory tests are used to 

determine deformation and strength characteristics of saturated 

soils: the fully drained test, in which any excess pore-water 

pressure is supposed to be dissipated, and the undrained test, 

in which no volume change of the sample is permitted and no 

dissipation of excess pore water pressure is permitted. The 

conditions that obtain in an undrained test are not difficult to 

satisfy. Theory indicates, however, that the conditions of a 

fully drained test are strictly satisfied only if the rate of 

loading is infinitely slow, and in practice, a certain amount of 

pore water pressure is always left undissipated at the time 
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failure occurs. Consequently, the stresses applied to the sample 

are prevented from becoming fully effective and the measured 

strength differs from the fully drained strength by an amount 

dependent upon the magnitude of the undissipated pore-water 

pressure. The principal factors which control the pore-water 

pressure, and therefore the measured strength, in a drained test 

are: the permeability and compressibility of the soil, the 

location of the drainage surfaces around the sample, and the 

rate of testing. Therefore, prior to carrying out drained tests 

on a particular soil, a suitable rate of testing must be 

selected so that the effect of the undissipated pore-water 

pressure is negligible. A satisfactory rate of testing may be 

selected from a series of trials, by measuring the strength of 

samples which are free to drain in the same way but are tested 

at different rates. Alternatively a theoretical estimate may 

be made. 

Based on the aer. eral theory-of consolidation developed 

by Biot (1941), Gibson and Henkel (1954) derived an expression 

for estimating the test duration necessary to ensure a certain 

closeness of approximation to fully drained condition. 

The expression may be written in the form: 

2 
h 

t= --------- =--- (for drained test) ...... (7.1) 
f nCv 0- Uf ) 

where t= failure time 
f 

2h = height of cylindrical sample 

Cv = consolidation coefficient = K/C 

K= coefficient of permeability 
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C= compressibility parameter 

Uf = average degree of consolidation 

n=a numerical factor which depends upon the extent 

and location of the drainage surfaces which are 

assumed to be fully efficient 

The consolidation coefficient, Cv, depends not only on 

the permeability and deformation characteristics of the sample 

but also on the type of test carried out. If radial flow is 

permitted, no standard method is available for the determination 

of Cv but expressions have been derived, and numerical results 

plotted, by Silveira (1953), and Gibson and Lumb (1953) relating 

the average degree of consolidation Uf to " the time 

2 
factor, T= Cvt /a for radial flow only, and for 

radial plus end drainage, where a= radius of the sample. 

These curves may be used to determine Cv, the consolidation 

coefficient. 

Generally, strain rates are chosen in such a way as to 

avoid any non-uniformity in pore pressure distribution within a 

sample. In undrained tests, axial strain rates are selected 

to ensure at least 95 percent equalization of the induced pore 

pressure. In drained tests, 95 percent dissipation of the 

induced pore pressure produces a negligible error in the 

measured strength (Bishop and Henkel, 1957). 

Bishop and Henkel (1957) developed standard procedures 

for determining strain rates for triaxial testing on saturated 

soils. The requisite time to failure for a drained test may be 
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22 
h 20h 

written as t= ------- - ---- ...... (7.2) 
f nCvO. 05 nCv 

The consolidation stage of the test, may be used to 

find the coefficient of consolidation Cv. To calculate Cv, the 

initial straight line portion of the plot of volume change 

against 
/ is produced to cut the line representing 100% 

consolidation. The time intercept of this point (t ) may be 
100 

obtained for various drainage conditions. Using these values 

for t, Cv may be readily calculated. 
100 

For undrained shear tests, the rate of testing has a 

marked influence on the pore pressures observed during the test. 

This arises from three causes: 

(a) time lag in the pore pressure measuring device. 

(b) progressive equalization of non-uniformity in pore pressure 

resulting from end restraint or from a natural tendency to 

zone failure. 

(c) a modification in the behaviour of the soil structure as 

the rate of shear is reduced. 

In choosing a rate of testing it is necessary to 

determine the relative influence of these three factors on the 

observed values of pore pressure, so that the results obtained 

will lead to a true measure of the physical properties of the 

soil. Factor (a) is negligible provided the pore pressure 

measuring apparatus is well designed. For details refer to 

'The measurement of soil properties in the triaxial test' by 
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Bishop and Henkel(1962). 

Blight (1963) investigated the relationship between the 

equalization of pore pressure and the test duration for drained 

and undrained triaxial compression tests. He stated that the 

principal source of inaccuracy in the undrained triaxial test 

arose from differences in pore pressure between the central 

failure zone and the ends of the specimen. In the drained 

test, one of the main sources of error in measuring shear 

strength parameters in terms of effective stress, is the 

estimation of the minor principal effective stress, since it is 

assumed that it is equal to the difference between the triaxial 

cell pressure and the controlled drainage pressure. The 

simplest way to avoid errors due to pore pressure differences is 

to use a rate of strain which will allow the pore pressure to 

equalize by internal redistribution of moisture. Experimental 

and theoretical work by Blight (1961) indicated that, for most 

soils the pore pressure set up at the ends of a specimen 

exceeded that produced in the failure zone. It was only in 

tests on sedimented normally consolidated clays and sensitive 

clays that the reverse could apply. Also, the pore pressures 

which developed along the central axis of the specimen were 

greater than those at the perimeter (Blight, 1963). Therefore, 

undrained tests with pore pressure measurement should be 

conducted at a slow enough rate to allow the pore pressures to 

equalise throughout the specimen. If this is not done, the 

pore pressure measured at the base of the specimen may not be 

equal to the pore pressure in the zone of failure (Bishop and 

Henkel, 1962 ; Barden, 1965, Blight, 1963). Blight (1965) 
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concluded that the times proposed by Gibson and Henkel (1954) 

for pore pressure equalization in drained tests were 

considerably longer than those actually required to achieve a 

given degree of drainage. The equations used to calculate the 

test duration, t corresponding to a degree of drainage or pore 
f 

equalization of 95 percent were as follows: 

For tests without drains 
2 

h 
t=1.6 -- ...... (7.3) 

f Cv 

For tests with all-round drains 

2 
h 

t=0.07 -- ...... (7.4) 
f Cv 

The meaning of the term 'test duration' depend on the 

object of the test. If the object is only to measure the shear 

strength parameters-of a soil, the test duration of the test may 

be taken as the time to failure. If complete information on 

the stress path is required, the duration will be the period 

between the start of the test and the first significant stress 

measurement. 

Bishop and Gibson (1963) investigated the influence of 

boundary drainage on strength and consolidation characteristics 

of soils measured in the triaxial apparatus. They suggested 

that, in a drained test and after a certain time interval, the 

coefficient of consolidation and the degree of dissipation of 

pore pressure depended upon the relative permeabilities and 

dimensions of the specimen and of the drainage elements in 
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contact with it. Therefore, tests which use filter paper 

strips are not generally recommended as a way of determining the 

actual coefficient of consolidation. However, the apparent 

value of consolidation coefficient obtained provides an accurate 

and relevant basis for determining the duration of a subsequent 

drained shearing stage of the triaxial compression test. The 

use of even rather inefficient filter-paper drains greatly 

reduces the duration of testing. 

Bishop and Gibson also suggested that the requisite 

time to failure, t, for a given degree of dissipation at 
f 

failure could be expressed in a convenient form as follows: 
2 

h 
t= --------_ -- (drained test) ...... (7.5) 

f nCv(1 - Uf) " 

0.75 
where n= -------- (if drainage is from one end only) 

(1 + 3/A) ....... (7.6) 

3 
or n= --------- (if drainage is from both ends) 

(1 + 3//) ....... (7.7) 

KD x HS 
X= --------- ...... (7.8) 

KS x HO 

where KD = permeability of the drainage element to water 

KS = KU, the coefficient of permeability of the 

soil sample with respect to the water phase 

HS = length of drainage path 

HD = thickness of the drainage element 

x= impedance factor 

h= half of the actual length of the specimen 

Uf = average degree of dissipation of the induced 
pore-water pressure at failure 
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When the drains are completely effective, X=00, n=0.75 or 

3, and t is identical to that given earlier by Gibson and Henkel 
f 

for 95: dissipation (equation 7.2). 

7.3 Ibe effect of tin cote on uasatwratCd QQil sb¬ar tt 
To date, little has been published regarding the choice 

of strain rates for unsaturated soil testing. Before the 

1960's, conventional shear tests were conducted on unsaturated 

soils in the same way as saturated soils. No provision was 

made with respect to the choice of strain rate (Bishop and 

Henkel. 1957). In the early 1960's, with the increasing amount 

of publications on unsaturated soils research, understanding of 

the nature of unsaturated soils was broadened. A process of 

tailoring conventional shear testing apparatus to the nature of 

unsaturated soils was in progress. 

The first and most important modification was designed 

to prevent water from being introduced into the sample as a 

result of air entry into the porous stones. This resulted in a 

high air-entry ceramic disc being used as an intermediary 

between the sample and the pore-water pressure monitoring 

system. With this modification, unsaturated soil samples could 

be tested in the conventional way (Bishop et al, 1960) (Lumb, 

1966), (Ruddock, 1966). Several empirical procedures for 

determining strain rates to be used in the modified shear test 

were proposed. 

In the discussion session of the 1960 ASCE research 

conference on shear strength of cohesive soils, Bishop et al 

suggested that the standard procedures for selecting strain i 
i 
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rates for saturated soil shear tests could be used for the 

modified unsaturated soil tests with some adjustments. It was 

recommended that the coefficient of consolidation (Cv) should be 

determined from a dissipation test using a fine ceramic disc and 

the strain rate so determined should be halved for samples with 

low degrees of saturation. Based on the assumption that 

failure to achieve full equalization of pore-water pressure in 

the sample in a modified undrained test on unsaturated soil 

would cause an increase in the measured cohesion without 

changing the angle of shearing resistance, Ruddock (1966) 

produced an empirical method for determining the strain rate for 

testing unsaturated soils under undrained conditions. From 

modified undrained tests on residual soils, it was reported that 

strain rates which resulted in full equalization of pore-water 

pressure during shearing also produced an insignificant value of 

measured cohesion. It was proposed therefore that a strrir 

rate which produced a failure envelope without a cohesion 

intercept should be selected for testing unsaturated soils. 

Through a series of modified drained tests on unsaturated 

residual soils, Lumb (1966) reported that there was 

justification for choosing a strain rate for unsaturated soil 

shear tests using related theories for fully saturated soils 

(Bishop and Henkel, 1957). Experimentally determined shear 

strength parameters for a residual soil tested at various strain 

rates were presented to show that when the strain rate was equal 

to or smaller than that indicated by the theory for saturated 

soils, the measured shear strength parameters would be 
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relatively unaffected (Lumb, 1966 and 1968) (Table 7.1). 

Iab1a Shear stccnath eacamciccs ft diffeccnt failure 
timca Qbtaiacd frQm two Qc theca ztase tt go 
fQwc undistu hcd deQQm2QScd aranit¬ aeacimcazt 

------------------------- 
Theoretical pore pressure 
dissipation(i) 45 86 97 99 

Failure time(min. ) 
(based on the above degree 6.5 25 125 340 
of dissipation) 

---------------------------------------------------------------- 
Drained cohesion 
(lb. /sq. ft. ) 1720 800 330 460 
---------------------------------------------------------------- 
Drained angle of shearing 
resistance(degrees) 33.6 34.7 37.2 36.2 
---------------------------------------------------------------- 

* The mean voids ratio was 0.53 and the mean degree of 
saturation was 64:. The graph of volume change against square 
root of time during the consolidation stages gave a theoretical 
time for 95% dissipation of pore pressure of 70 minutes, for 3 
inch long specimens drained from both ends. Apart from the first 
two specimens, there was no great difference between the 
strength results, giving confirmation that a strain-rate 
corresponding to about 95: dissipation 

. 3f por-, - pressure was 
normally sufficiently slow. 

While the modified conventional tests were favoured by 

some in the 1960's, new techniques for testing unsaturated soils 

were gaining popularity. Shear tests with independent 

measurement and/or control of pore-water and pore-air pressures 

were accepted for testing unsaturated soils (Bishop et al 1960) 

(Bishop and Donald, 1961) (Donald, 1961) (M. I. T. 1963) (Gulhati, 

1972) (Kawakami et al, 1975) (Satija, 1978) (Escario, 1980). To 

some, these shear tests were regarded as modern tests for 

unsaturated soils (Satija, 1978). 
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It was realized that strain rates for the modern tests 

would have to be very slow in order to ensure equalization or 

dissipation of the induced pore-water and pore-air pressures 

(Donald, 1961) (Satija, 1978). However, no theoretical basis 

has so far been presented to determine appropriate strain rates 

when considering pore-air pressure dissipation. Using the 

effect of strain rate on deviator stress as a criterion, Donald 

(1961) suggested an empirical method to obtain an approximate 

strain rate for tests on unsaturated soils. Donald suggested 

that the coefficient of consolidation (Cv) be determined from 

tests on samples of approximately 50% saturation, by measuring 

the volume of water drained from the sample when it is subjected 

to an increase in suction. The consolidation curve obtained is 

compared with theoretical consolidation curves of saturated soil 

at 35,50,65 and 80 percent consolidation and therefore 

different Cv values are determined. Various times to failure 

can then be calculated and hence strain rates determined. 

Triaxial tests conducted using the strain rates resulted in a 

plot of maximum deviator stress against strain rate. The 

maximum deviator stress remained constant as the strain rate 

increased up to a certain value, after which the maximum 

deviator stress began to decrease. It was suggested that the 

strain rate at which this decrease began should be taken as 

appropriate for testing. In 1978, another empirical method was 

proposed by Satija. From the results of a series of constant 

water content and consolidated drained tests on compacted soil 

samples, it was concluded that the deviator stress was a 

relatively insensitive parameter to assess the influence of 
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Strain rate (Fig. 7.1) . Instead, it was suggested by Satija 

that the changes in (Ua - Uw) for constant water content tests 

(Fig. 7.2 & 7.3) and the changes in water content for the 

consolidated drained tests (Fig. 7.4) would be more illustrative 

for this purpose. Consequently, marked changes in the above 

indicators with respect to changes in strain rates were used as 

the criteria for selecting appropriate strain rates for modern 

tests. It was concluded that a rate of strain of 0.04: per 

minute would be adequate for constant water content tests 

whereas a strain rate of 1/5 this value (i. e. 0.008% per minute) 

would be necessary for consolidated drained tests (Satija, 1978) 

(Satija and Gulhati, 1979). It was also recognized that the 

appropriate rate of strain would be different for 
, samples at 

different degrees of saturation. For an experimental 

determination of the appropriate strain rate for any soil, it 

was recommended that samples at the relevant degree of 

saturation should be used. 

Ho (1981) recommended that the unsaturated soil 

consolidation theory (Hasan and Fredlund, 1977) (Fredlund and 

Hasan, 1979) should be used in solving the strain rate problem 

for unsaturated soil testing. This theory proposed that the 

consolidation equation for the water phase in an unsaturated 

soil could be written as: 

2 
2uu aua W2 uW 

--- = -Cw(---> + Cv (----)....... (7.9) 
2t 2t 2 

2y 

where Cw = the interactive constant associated with the water 
phase equation 
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KW 
Cv = ------- , the coefficient of consolidation 

w Ywg M with respect to the water phase 
2 

KU = coefficient of permeability of the soil with 

respect to the water phase 

ÖJw = density of water 
w 

M= slope of the (Ua - Uw) plot when d(6 - Ua) is 
2 

zero 

Generally, the pore-air pressure parameter of an 

unsaturated soil is smaller than the pore-water pressure 

parameter (Hasan and Fredlund, 1980). Under most conditions, 

the coefficient of permeability of the soil with respect to the 

water phase will be considerably smaller than the coefficient of 

permeability of the soil with respect to the air phase. 

Therefore i' is justifial-le to assume that the pressure gradient 

in the air phase in the above equation is negligible. As a 

result, the consolidation equation for the water phase in an 

2 
zUw w2 Uw 

unsaturated soil can be simplified to --- = Cv ( ----- ) 
2t 2 

äY .... (7.10) 

which is similar in form to the conventional consolidation 

equation for saturated soils (Terzaghi and Frohlich, 1936). 

The strain rate problem for drained shear tests on 

unsaturated soils can be subsequently solved by combining the 

simplified unsaturated soil consolidation theory with Bishop and 
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Gibson's postulation' (1963) for determining failure time 

required in drained triaxial compression tests for saturated 

soils. Ho replaced the conventional consolidation equation 

(Terzaghi and Frohlich, 1936) with equation (7.10), and used 

Bishop and Gibson's formula to calculate the required time for a 

desired degree of dissipation of the induced pore-water pressure 

at failure as: 

2 
h 

t= ----------- , the required failure time for drained 
fw 

nCv (1-Uf) tests ...... (7.11) 

0.75 
where n= --------- if drainage is from one end only 

(1+3/h) 

3" 
or = --------- if drainage is from both ends 

(1+3/). ) 

KDx(HS) w KS 
>1 _ ------- Cv = ----- 

KSx(HD) w ......... (7.12) 
wgM 

2 

h= half of the actual length of the specimen, whether 

drainage is from one or both ends 

A= impedance factor 

KD = permeability of the drainage element to water 

KS = KU , the coefficient of permeability of the soil 

sample with respect to the water phase 

HS = length of drainage path 

HD = thickness of the drainage element 

Uf = average degree of dissipation of the induced pore- 

pressure at failure water 
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The only modification of the original formula is the 

replacement of the saturated coefficient of consolidation by the 

coefficient of consolidation with respect to the water phase. 

With the presence of the impedance factor, eqn. (7.11) can also 

be used to find the required time for full dissipation of the 

induced pore pressures within the sample when the internal 

drainage problem is the governing factor. 

Theoretically equation (7.11) is applicable to 

undrained tests as well. As an interval drainage problem, the 

equalization process should take less time than that required 

for the dissipation process. Consequently, the time required 

for full dissipation of the induced pore pressures within a 

sample under drained conditions should be a conservative 

estimate of the time required for full equalization of the 

induced pore pressures in a sample under undrained conditions. 

Accordingly, by setting the n value corresponding to a two end 

perfect drainage condition and a 95: degree of dissipation, eqn. 

(7.11) can be used to estimate the required time for a 95: pore 

pressure equalization in a sample under undrained conditions. 

Once the required failure time is determined and the 

peak strain chosen, an appropriate axial strain rate 

corresponding to either 95: of dissipation or equalization of 

the induced pore pressures can be calculated for any unsaturated 

soil shear test with independent pore-air and pore-water 

pressure measurements. 

To evaluate the permeability coefficient of an 

unsaturated soil with respect to the water phase, Corey's (1957) 
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theory can be applied (Fig. 7.5). It Was stated as : 

S- Sr 4 
KS =K C-------3 ...... (7.13) 

1- Sr 

where K= the water permeability of the soil at 
saturation 

S= degree of saturation of the soil 
Sr = the residual degree of saturation which is 

the degree of saturation at which the 
relative air permeability becomes 100% 

7.4 Qisr-usziQQ 

Basically, the strain rate problem is one of pore- 

pressure dissipation or equalization in the sample and the 

measuring system. The problem can be divided into two parts, 

internal and external. The internal problem is the question of 

dissipating or equalizing excess pore pressures within the soil 

sample whereas the external problem is the assurance of 

dissipating or equalizing excess pore pressures across or within 

the drainage elements in contact with the sample. In other 

words, the strain rate problem hinges on the ability of the 

sample and the measuring system to dissipate or equalize excess 

pore pressures. 

For conventional tests on saturated soils, highly 

permeable coarse porous stones or ceramic discs are used as 
Ei 

drainage elements, thus creating boundary conditions which can li 
li 

be regarded as free drains. As a result, the internal drainage 

problem becomes the governing factor in the choice of strain 

rate, and consolidation theory can be used to estimate the 

amount of time that a sample needs to dissipate or equalize the 

induced excess pore pressure. Standard procedures for 
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determining strain rates for conventional tests on saturated 

soils are now established. 

As far as shear tests for unsaturated soils are 

concerned, the nature of the strain rate problem is similar to 

that in saturated soils. In this case, it has to be determined 

whether the neutralization of excess pore pressures in the soil 

sample or the measuring system is the governing mechanism, i. e. 

the one that requires more time to dissipate or equalize the 

induced excess pore pressures. For all shear strength tests on 

unsaturated soils, high air entry discs which are impermeable to 

air are used as end drainage elements for water, whereas coarse 

porous discs which have no hindrance to air passing are used as 

end drainage elements for air. Thus, as far as the measuring 

system is concerned, the neutralization of excess pore-water 

pressure should dominate. Under normal circumstances, an 

unsaturated soil sample is more permeable +o air than to water, 

and therefore the neutralization of the excess pore-water 

pressure should dominate the internal drainage problem as well. 

Unless the soil sample is much less permeable to water than the 

high air entry disc, the strain rate problem is an impeded 

drainage problem for drained shear tests on unsaturated soils. 

Ho (1981) concluded that the impeded drainage due to 

the presence of the high air entry disc is the governing factor 

in determining the required failure time in unsaturated soil 
w 

shear testing, and since soil properties like KS and M cannot 
2 

be controlled, the choice of a high air entry disc for use in 

unsaturated soil shear testing is the only means of regulating 
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the strain rate. He presented a general plot for choosing 

strain rates for testing any type of unsaturated soil (Figure 

w 
7.6). The use of unsaturated soil properties (i. e. KS, M and 

w2 
Cv) is essential when using this graph. Otherwise, unsafe strain 

rates will result if saturated soil properties are used. 

In the author's tests, the effect of shear strain rate 

on unsaturated Grangemouth clay was studied both theoretically 

and experimentally. 

Theoretically, a method similar to that described by Ho 

(1981) was used. Instead of using Corey's theory to evaluate 

the permeability coefficient of an unsaturated soil with respect 

to the water phase, Darcy's law was used because the residual 

degree of saturation, which is the degree of saturation at which 

the relative air permeability becomes 100%, was difficult to 

measure. The water permeability of unsaturated soils was 

obtained in the following way: 

volua-e of water out of sample(c. c. ) x average drainage 
path (m) 

KS - --------------------------------------------------- m/sec 
average area of x head difference x time (sec. ) 
sample (sq. cm) (cm) 

where average drainage path 
=(initial length + length after desaturation)/2 

average area of sample 
=(initial area + area after desaturation)/2 
the head difference across the sample was assumed to be 
the applied matrix suction (Ua-Uw) across the sample 

The effect of the effective confining pressure (63-Ua) 

on the permeability of unsaturated soils was not studied. It 

was kept constant and equal to 150 KN/sq. m in each permeability 

test. 

The results of the permeability tests are summarized in 
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the following table and plotted in figure 7.7. 

Inb1r Zt2= BummerY Qf the etrmmobi1ily corfficireiz1K51 Qf 
wDzDlwcDIrd QcnD PJtb QlAY wirb rczeral IQ sbc 
wirr Pba= 

----------- 
Test No. 
----------- 

--------------------------------------- 
average degree of saturation(Sr) : 

--------------------------------------- 

------ 
- KS 

------ 

-- 

-- 

------ 
m/sec. 
------ 

-10 
P1 69.24 1.72 x 10 

-10 
P2 73.91 1.49 x 10 

-10 
P3 79.73 1.72 x 10 

-10 
P4 80.59 2.05 x 10 

-10 
P5 84.03 3.06 x 10 

-10 
P6 88.52 2.42 x 10 

-10 
P7 92.98 6.40 x 10 

-9 
P8 96.05 1.87 x 10 

" -9 
P9 

----------- 
100.00 

--------------------------------------- 
2.85 

------- 
x 
-- 

10 
----- 

From the curve in figure 7.7, the water permeabilities 

of unsaturated GrangemoL'th clay specimLn3 were interpolated as 

follows: 

------------------------------------- 
average degree of saturation(Sr) % 
------------------------------------- 

-------- 
KS 

-------- 

------------------- 
m/sec. 
------------------- 

-11 
65 8.0 x 10 

-10 
70 1.0 x 10 

-10 
75 1.2 x 10 

-10 
80 2.0 x 10 

-10 
85 3.4 x 10 

-10 
90 6.8 x 10 

-9 
95 1.34 x 10 

-9 
100 

-------------------------------------- 
2.85 

------- 
x 10 

------------------- 
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Before an appropriate testing time could be found the 
ww 

value of M had to be evaluated. In order to obtain M, 
22 

isotropic consolidation tests under applied suction (Ua-Uw) 

with (6- Ua) set to zero (i. e. unconfined test with air as cell 

pressure 153=Ua) were run in the modified triaxial cell. Four 

different matrix suctions were applied to the same specimen in 

sequential order 150.00 KN/sq. m, 300.00 KN/sq. m, 450.00 KN/sq. m 

and 578.37 KN/sq. m. The corresponding volumetric water 

changes were measured and are shown in figure 7.8. 

---------------------------------------------------------------- 
applied matrix suction KN/sq. m volumetric water drainage 
---------------------------------------------------------------- 

150.00 0.0441 

300.00 0.0557 " 

450.00 0.0712 

578.37 0.0809 
---------------------------------------------------------------- 

By linear regression, the slope Mw of the (Ua-Uw) plot 
2 -5 

(for d(6 - Ua) equal to zero) was calculated to be 8.78 x 10 
2 

m /KN. Knowing the thickness and permeability properties of the 

high air entry ceramic disc, the corresponding failure time for 

each degree of saturation of an unsaturated soil sample could be 

calculated. 

Assuming a maximum axial strain value of 20%, the 

strain rate corresponding to each degree of saturation is shown 

in Table 7.3. 
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Iabla LA. 3. I VaciatiQQ of timc to failucc and atcain cats with d cce of aatUcatiQn fQC 5 bar and 15 bac bigb nic 
¬atcx cccatic diaaa 

-------------- 
avera9e Sr 

---------- 
time to 

---------------- 
failure(mins. ) 

--------- 
strain 

--------------- 
'rate (mm/min. ) 

% 
---------- - 

5 bar 
- -------- 

15 bar 
--------------- 

5 bar 
--------- 

15 bar 
------------ --- 

65 
-- 

7055 7074 0.0022 
--- 

0.0021 
70 5638 5658 0.0027 0.0027 
75 4698 4720 0.0032 0.0032 
80 2827 2844 0.0054 0.0053 
85 1667 1686 0.0091 0.0090 
90 840 855 0.0181 0.0178 
95 431 447 0.0352 0.0340 

100 
-------------- 

209 
----------- 

225 
---------------- 

0.0727 
--------- 

0.0676 
-------------- 

The difference in strain rates when 5 bar and 15 bar 

high air entry ceramic discs were used was small and therefore 

could be ignored. Figures 7.9 to 7.12 were used to select 

the appropriate strain rate in this investigation. R different 

strain rate could be chosen for each degree of saturation, but 

it was considered more practical to select one strain rate for 

all tests rathcr than alter the strain rate for each : nd: vidual 

test. The degree of saturation of all unsaturated Grangemouth 

clay samples used in this research was greater than 75:, and 

therefore a strain rate of 0.003mm/min was adopted as an 

appropriate value for all drained tests. 

Experimentally, a series of constant-water content (CU) 

and unconfined (U) tests were conducted to determine the effect 

of different strain rates on the testing of Grangemouth clay. 

All the unsaturated soil specimens were prepared using the 

desaturation and consolidation process described in section 

8.5(a). The initial stress conditions for CU tests were 

identical, with cell pressure(63)= 350 KN/sq. m; pore air 
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pressure(Ua)= 200 KN/sq. m and pore water pressure (Uw)= 50 

KN/sq. m, so that the associated stress state variables were (63- 

Ua)=150 KN/sq. m and (Ua-Uw)= 150 KN/sq. m. Following Satija's 

approach, the change in matrix suction (Ua-Uw) was used as the 

parameter to study the effect of changing the shear strain rate, 

since changes in (Ua-Uw) were more sensitive than the deviator 

stress to the strain rate during shear. 

A total of 16 constant water-content tests, made up of 

three groups, were conducted on specimens of unsaturated 

Grangemouth clay. Figures 7.13,7.14 and 7.15 show plots of 

change in suction (Ua-Uw) against axial strain for the strain 

rates used in these tests. For each group of tests there was, 

in general, a plateau region which incorporated the majority of 

the strain rates. This plateau region was reached at an axial 

strain value between 5: and 10%. At the beginning of the tests, 

the tangents to the curves have a general relationship to the 

strain rate, i. e. the steeper the tangent, the slower the strain 

rate. Therefore, for the slowest strain rates, the matrix 

suction had more time to establish equalization and did so at a 

lower value of axial strain. 

Considering the results from these tests, a strain rate 

of 0.0041 mm/min was selected as the most suitable value from 

both the practical position and from considerations of pore- 

water pressure dissipation and equalization. 

Finally, five unconfined (U) tests conducted had a 

range of time to failure, t, from 0.5 hour to 312 hours (20: 
f 

strain) (i. e. strain rate from 0.50 mm/min. to 0.00081 mm/min. ). 

The initial stress conditions were identical with cell (air) 
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pressure = 200 KN/sq. mand pore water pressure = 50 KN/sq. m, so 

that the associated stress state variables were (63-Ua) =0 and 

(Ua-Uw) = 150 KN/sq. m. These tests were particular cases of 

constant water-content tests with effective confining pressure 

on the sample equal to zero, therefore any change in matrix 

suction under this investigation with different strain rates was 

excluding the effect of effective confining pressure(Fig. 7.16). 

7.5 CQnc1usiQn 

It is still difficult to assess accurately all the soil 

properties required to estimate the strain rate for testing 

unsaturated soils, but parameters such as soil compressibility, 

permeability and the test drainage conditions are certainly 

important. This chapter described a theoretical and an 

experimental method for estimating the time required to shear an 

unsaturated soil under different drainage conditions. In using 

Ho's theoretical method to obtain an approximate strain rate for 

drained tests, the author incorporated Darcy's law instead of 

Corey's theory to evaluate the permeability coefficient of an 

unsaturated soil with respect to the water phase. This was 

because the residual degree of saturation used in Corey's theory 

was difficult to measure. Experimentally, constant water-content 

tests and unconfined tests were carried out based on Satija's 

suggestion of monitoring the changes in (Ua - Uw) for various 

strain rates. The results of these tests indicated appropriate 

strain rates for testing unsaturated Grangemouth clay specimens. 

For triaxial tests on samples of unsaturated 
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Grangemouth clay, the theoretical analysis indicated that a 

strain rate of 0.003 mm/min. would be suitable for drained 

tests. Using the experimental technique, a series of constant 

water-content and unconfined tests indicated that. a strain rate 

of 0.0041mm/min would be suitable for undrained tests. The 

appropriate strain rate was used by the author in his triaxial 

testing programme. 



CHAPTER 8 

TEST PROGRAM, PROCEDURE AND DATA REDUCTION 
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C8EEIER 8 IESI. FSNEEtl. L PBQQEQQBE 6NQ 0616 BEQUQIIQN 

8.1 5cDJral 

The main purpose of the experimental programme was to 

collect more test data in order to investigate further the shear 

strength theory of unsaturated soil as proposed by Fredlund et 

al (1978) and to quantify the significance of soil suction in 

the shear strength of unsaturated soils. It was considered that 

the existing experimental verification of the theory, primarily 

undertaken by Satija(1978) and Ho(1981), was inadequate. Satija 

conducted two series of constant water-content tests and two 

series of drained tests on compacted samples of Dhanauri clay. 

Ho carried out an investigation of the shear strength of two 

unsaturated Hong Kong soils, decomposed granite and decomposed 

rhyolite. Ho used undisturbed samples but only drained multi- 

stage tests were carried out. It was the aim of the author's 

experimental programme to provide additional test data for use 

in Fredlund et al's theory, based on a wider variation of test 

parameters and using undisturbed soil samples. Within this 

programme, the effect of test type on the shear strength 

parameters and the effect of initial stress state on the stress 

conditions at failure have been investigated. The results of 

other investigations prior to 1978 have also been used and these 

are presented in chapter 9. 

In order to carry out the triaxial shear tests, considerable 

modifications were made to standard triaxial shear equipment, 

ý# 
ýt 

and these modifications were described at length in Chapter 6. 
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Two further aspects of testing unsaturated soil were 

investigated: 

(i) the influence of strain rate on the dissipation and 
equalization of pore water pressure (discussed in 
chapter 7). 

(ii) the variation of pore air and pore water pressures during 
isotropic compression. 

Investigation of the latter involved the use of truly 

undrained tests, which will be described in sections 8.3 and 

8.5. Unfortunately, the results from an initial series of four 

such tests were extremely poor, revealing substantial 

inconsistencies with established theory. No convincing reasons 

for these inconsistencies have yet been advanced to the author's 

satisfaction, but it is considered likely that the method used 

to obtain unsaturated samples was at least partly to blame. The 

unsaturated samples were formed from saturated samples using a 

denaturation and consolidation procedure which maintained 

certain values of pore air and pore water pressures within the 

sample. In order to perform an undrained test at the end of the 

denaturation process, the air and water pressure valves had to 

be closed. It may be that this simple step destabilised the 

equilibrium condition within the sample, resulting in erroneous 

results. In any event, no further investigation of the variation 

of pore air and pore water pressures took place, and the results 

of the four tests carried out have been omitted from the thesis. 
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8.2 Ibt zgi1 

The soil samples used in this research were taken from 

block samples of a late glacial marine clay from Grangemouth. 

Detailed information on these undisturbed block samples is 

given in the thesis "A study of layered clay from Grangemouth 

by B. M. A. OMER, 1978. 

The block samples have been properly treated and stored 

since being taken, and therefore it was assumed that the 

information on soil properties given in Omer's thesis was still 

applicable to the present investigation. The soil properties of 

the block sample used were as follows: 

ýQi1 Iyeft %rclaY %Zi1t %5and M. L LsL= E. L. E: I_ 

Grangemouth 15 65 20 2.73 29 15 14 
clay 

The clay is normally consolidated and has low undrained 

shear strength and high compressibility in its undisturbed 

state. From Omer's investigations, the average shear strength 

parameters for such samples taken from 10.7m depth were: 

effective cohesion (C') = 6.7 KN/sq. m 
0 

effective angle of shearing resistance (0') = 34.2 

8.3 IYec. Qf gb c g1Cn91h tczt 

It was pointed out in Chapter 4 that the stress state 

in an unsaturated soil depended primarily on two factors: 

(i) the-'effective' confining pressure, (63 - Us) and 



(ii) the matrix suction, (Ua - Uw) 
203 

The shear strength of unsaturated soil can thus be 

investigated from two points of view: 

(i) maintain the 'effective' confining pressure (63 - Ua) 

constant and investigate the effect of varying the matrix 

suction (Ua - Uw). 

(ii)maintain the matrix suction (Ua - Uw) constant and 

investigate the effect of varying the effective confining 

pressure (63 - Ua). 

It is also possible to compare a series of tests at one 

(Ua-Uw) value (varying (63-Ua)) with another such series at a 

second (Ua-Uw) value. The same can be done with two series of 

tests at different constant values of (g3-Ua) and varying (Ua- 
. 

Uw). 

There are basically six types of tests which can be 

performed on unsaturated soils: 

(a) true undrained tests with elevated pore-air pressure 

(b) constant water content, varying (63-Ua) 

(c) constant water content, constant (53-Ua) 

(d) constant water content, (63-Ua) =0 

i. e. unconfined tests with 63 = Ua 

(e) drained tests, constant (63-Ua) and (Ua-Uw) 

(f) 'overdrained' tests 

(a) Rut uo r&lncdi 1=1z wilb £I¬vot d eQrr Air 2CCZZWCe SIL 2 

A true undrained test on an unsaturated soil is defined 

as one in which the masses of air and water contained by the 

soil remain constant throughout the test and changes occur in 
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both pore air pressure and pore water pressure. 

This test has several limitations. The measurement of 

pore water pressure below one atmosphere over long periods leads 

to cavitation of the water in the measuring device. Since the 

equilibrium air pressure in the unstressed sample is in general 

also slightly negative, undrained tests can only be carried out 

on samples where the initial difference between pore air and 

water pressure is less than about 10 p. s. i.. This restriction 

can be overcome by using an elevated air pressure during the 

desaturation and consolidation stages. 

In addition, it is difficult to maintain a strictly 

'undrained' state when using a rubber membrane, since the air in 

the sample diffuses through the membrane into the water in the 

cell. This results in a significant reduction in the pore air 

pressure(see Table 8.1) and hence in the pore water pressure, so 

giving a misleading impression of the change in 'undrained' 

strength with time. Tests in whirh the rubber jacketed sample 

is surrounded by mercury in an intermediate cell are now used 

for unsaturated soil where strictly undrained conditions are 

necessary. This type of test has been successfully performed 

by Donald (1961) and the improvement in pore air pressure 

readings can be seen in Table 8.1. 

(b) Qgaztant water- r-QQteat, YecYin9 J62 =U al tt 

This type of test is really a 'partially undrained' 

test. An ordinary latex rubber membrane is used to enclose 

the sample and the cell fluid is water (without the intermediate 

mercury cell). After setting up the sample, the cell 
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pressure is applied and the pore pressures in the sample are 

allowed to come to equilibrium. The cell fluid dissolves as 

much of the pore air as it requires. 

Once equilibrium has been reached, axial loading is 

commenced. Changes in both pore air and pore water pressures 

then take place. As the cell fluid is now saturated at its 

pressure with dissolved air, little further loss of pore air 

occurs during the test. 

(c) CQQ Dl WaItc cQuIent. L QQD Q1i 5? = U0 lp-ýtz L W) 

This type of test is similar to the test described 

under (b), except that the air pressure in the pore space is 

controlled independently. It is either allowed to equilize with 

atmospheric pressure or is maintained at a suitably elevated 

value in order to raise the pore water pressure. This 

necessitates the use of a saturated porous disc to measure the 

pore wate- pressure, which has an air entry value greater than 

(Ua-Uw). The sample is sheared with the pore air pressure 

maintained at a constant value, so only changes in pore water 

pressure, Uw, take place. 

This type of test is simpler to perform than types (a) 

and (b) since only changes in pore water pressure need be 

measured. The cell fluid is free to take up as much diffused 

air as it requires, without affecting the pore air pressure. 

It is also a suitable test for soils which have a low 

water content and high clay fraction, where the difference 

between air and water pressures in the sample is of major 

importance. 



207 
(d) UD QDfiDtd Imtz wirb E73 _ La SL1 

This is a special case of the test (c); it is an 

unconfined test in which the pore air pressure (Ua) is made to 

equal the cell pressure (63). 

(e) Qcain¬d cgazIoat SE2_Qa1 acid SQa_Qw1 tastz IQ1 
This type of test involves the control or maintenance 

of the air and water pressures during the test rather than their 

measurement in a closed system. The suction (Ua-Uw) is 

maintained constant throughout the shearing process. The 

process is comparable to performing a 'slow' or drained test on 

a saturated soil. The axis-translation technique is used to 

impose suctions greater than 100 KPa(1 atm. ). 

(f) _Qýýýýr@1nýý_ to 

These tests are used to investigate the effect of 

drying-wetting hysteresis. The term 'overdrained' is similar to 

overconsolidated' but it is applied to the soil suction rather 

than to the confining pressure. When the desaturation of the 

test is virtually complete, the soil suction (Ua-Uw) is 

decreased to its test value, keeping 63 and Ua at their initial 

values, and water is allowed to re-enter the sample until 

equilibrium is reached. This generally takes 3-4 days. The 

remainder of the test is performed as for test (e). The values 

of (Ua-Uw) are chosen to give roughly equal spacing to the 

degree of saturation at failure. 

In the current test programme, four of these test types were 
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used, viz, true undrained test (TU), constant water-content, 

constant (63-Ua) test (CU), unconfined test (U), and drained 

test (D). 

The sample drainage conditions were altered by using the CU 

and D tests. In the CU tests with varying (63-Ua), air could 

diffuse from the sample and thus the measured air pressure was 

subject to error. Theoretically, when the cell water was 

saturated with dissolved air, little further loss of pore air 

should take place. It was not possible to judge when this 

situation had been established. This problem was overcome by 

using an elevated air pressure maintained independently, as in 

test (c). 

The test procedure was simplified by using the unconfined 

test (U), a special case of the CU test. The true undrained test 

was used when measuring variations in pore air and pore water 

pressures during isotropic compression. The overdrained test was 

not used. Details of the test programme will be given in the 

following section. 

8.4 It ecQ9r-&mTc 

The main programme of triaxial shear tests consisted of two 

series which were distinguished by the initial stress state 

applied to the sample. 

For series (I), 

(Ua - Uw) >, (63 - Ua) = Constant 

For series (II), 

(93 - Ua) > (Ua - Uw) = Constant 
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The particular values of Ua, Uw, (53 - Ua) and (Ua - Uw) 

used in each series are shown in Table 8.2. For each initial 

stress state, different drainage conditions could be applied to 

the sample. 

Th. ý I IYee 0e*.,; r12t1QD BIEDID C@IC* 

D Drained test under constant confining, 0.003mm/min. 
pore air and pore water pressures, 
with measurement of total and water 
volume changes. 

Cu Constant water-content test under 0.0041mm/min 

constant pore air pressure, with 
measurement of pore water pressure 
and sample volume changes. 

U Unconfined tests (63 = Ua), with 0.0041mm/min 

measurement of pore water pressure 
changes. 

* From chapter 7 

During the main testing programme, 38 tests were carried 

out. These consisted of 29 tests from series I (10 constant 

water-content, 12 drained and 7 unconfined) and 9 tests from 

series II, all drained. Details of the results are given in 

Appendix 8, ' Computations, Data Reduction and Results'. 
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Table 8.2: Initial stress conditions for test series I and 11 

Series 1: (Ua - Uw) ; (03 - Ua) 

Initial a3 Ua Uw (03 - Ua) (Ua - Uw) 

stress KN/m2 KN/m2 Kwm2 KNIm2 wm2 

state 
1 150 100 50 50 50 
2 200 150 50 50 100 
3 250 200 50 50 150 
4 300 250 50 50 200 
5 350 300 50 50 250 
5a 350 200 50 150 150 
6 400 350 50 5:, 300 
6a 400 250 50 150 200 
7 450 400 50 50 3 50 
6 500 450 50 50 400 
8a 500 350 50 150 300 
9 550 500 50 50 450 
10 600 550 50 50 500 
10a 600 450 50 150 400 
11 650 600 50 50 550 
11a 650 350 50 300 300 
12 700 650 50 50 600 

Series II: (03 - Ua) > (Ua - Uw) 

Initial 03 Ua Ux (03 - Ua Ua - Ux 

states Wm2 KNIm2 Y,, IM2 '/m2 KI; /m2 

13 150 100 50 50 50(NOT USED) 
14 200 100 50 100 50 
15 250 100 50 150 50 
16 300 100 50 200 50 
17 350 100 50 250 50(NOT USED) 
18 400 100 50 300 50 
19 450 100 50 350 50 
20 500 100 50 400 50 
21 550 100 50 450 50 
22 600 100 50 500 50 
23 650 100 50 550 50 
24 700 100 50 600 50(x0? USD) 
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8.5 I¬zt e1=Qccthre 

The test procedure was basically the same for each 

type of test, with obvious modifications to suit the particular 

test being undertaken. The procedure detailed here was carried 

out for a true undrained test with elevated pore air pressure. 

The modifications to suit the other types of tests were in 

accordance with the description of tests (c), (d) and (e) given 

in section 8.3. 

After thoroughly de-airing the pore water pressure 

measuring system in the manner described in section 7.4, the 

cell was emptied of water and removed. A pool of water was left 

lying on the surface of the ceramic disc to prevent it from 

Th t f th t t d l d i d d e res e wa er was moppe ry ng ou . o up an c eare 

from the air pressure measuring lead. 

Before each test was started, all the pressure 

transducers were checked. If necessary, a slight adjustment 

wa-z made to the digital voltmeter in order to read 0.00 m-, at 

0.0 bar. The initial readings of the automatic volume change 

logging systems (AVCL). and the paraffin-water volume change 

indicators (VCI) were adjusted to suitable values, so that the 

volume changes occurring during a test could be recorded without 

changing the direction of flow. For the automatic volume change 

logging systems, a value of about -500 was set on the digital 

voltmeter, and for the paraffin-water volume change indicators, 

a value of about 1 c. c. was found to be convenient. 

The sample was prepared from an undisturbed block of 

Grangemouth clay, which had been coated with paraffin wax 

directly after extraction and stored in a dampened room at 
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constant humidity and temperature until the time of testing. 

A small block approximately 3'x3'x6' (i. e. 

76.2x76.2x152.4mm) was cut to provide sufficient material for 

one 3'(i. e. 76.2mm) high by 1 1/2'(i. e. 38.1mm) diameter sample 

and enough trimmings for moisture content determination. 

In a trimming frame the final cylindrical shape of the 

sample was obtained by alternately rotating the block and 

shaving the extra soil off with a wire saw, finally smoothing 

the sides by using a sharp straight edge. This method, followed 

with care, was found to minimise disturbance during preparation 

and yielded satisfactory cylindrical samples 3' high and 1 1/2' 

diameter (76.2 mm high and 38.1 mm diameter) for triaxial 

compression testing. 

After trimming, the sample was weighed to the nearest 

0.1 g and the initial dimensions of the sample were measured 

using a vernier scale. The moisture content determined from the 

soil trimmings was used in conjunction with the weight and 

overall dimensions of the sample to calculate the initial soil 

properties (e. g. degree of saturation, void ratio, etc. ). 

Filter paper drains were used in all tests to 

accelerate consolidation and pore water pressure dissipation or 

equilization. The drains made from Uhatman's No. 54 filter 

paper, covered the entire vertical surface of the specimen. 

Vertical slits were cut at 1/4' intervals to prevent the 

development of tensile stresses in the paper. This 

configuration was recommended by Bishop and Gibson(1963). 

A circular piece of filter paper was soaked in water 
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and placed on the surface of the high entry ceramic disc. After 

wiping off the excess'water, the sample was lightly placed in 

position on the ceramic disc. Extreme care was exercised when 

placing the sample to ensure that intimate contact was obtained 

with the ceramic disc, and that the sample was located axially 

in such a way as to avoid tilting. Soaked side filter paper 

drains were then carefully pressed onto the sides of the sample. 

A weighed dry coarse porous disc was put on top of the sample 

with a dry piece of circular filter paper lying between them. 

A rubber membrane was now placed over the sample using 

a membrane stretcher. Before sealing the membrane to the 

sample, the top end cap with an air pressure lead was placed on 

the coarse porous disc. The membrane was then sealed to the 

pedestal and top end cap with two rubber 0-rings at each end. It 

was important to ensure that no air was trapped between the 

membrane and the sample and that the sample was in close contact 

with the end caps. 

The inner Perspex cylinder was seated on the round 

lucite cushion at the pedestal. The top face of the cushion 

and the upper part of the pedestal were covered with latex to 

prevent mercury from coming into contact with the metal of the 

pedestal. The air pressure lead was then connected through the 

base to the air pressure supply. The zone between the inner 

lucite cylinder and the soil sample was filled with mercury to a 

level just above the top of the rubber membrane surrounding the 

sample. 

The triaxial cell chamber was placed over the specimen 

and clamped to the base, making certain that the base sealing 
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ring was in position. - The cell pressure valve was opened to 

allow de-aired water into the cell. When the water level was 

about 1/2' below the top of the cell, the flow was decreased and 

the loading ram moved up and down in order to reduce, as much as 

possible, the volume of entrapped air inside the cell. The 

outer-cell pressure line was then connected to the pressure 

supply, and the cell was sealed with the ram in the raised 

position. At this time, all valves were closed. 

After the desired cell pressure, pore air and pore 

water pressures were set, the initial readings on the volume 

change indicators (i. e. AVCL or VCI) were taken. The cell 

pressure and outer-cell pressure were applied first then the 

pore air pressure and lastly the pore water pressure. Readings, 

including the temperature, were taken at one minute intervals 

until the total volume change of the sample calculated from two 

successive readings was less than or equal to the water volume 

change. This procedure usually took about half an hc.; r, at which 

time the readings were taken at 30 minute intervals. The ambient 

temperature was recorded because its value affected the readings 

taken from the AVCL systems. This temperature effect is 

presented in appendix 6. 

For a fully saturated soil, it was not possible for the 

total volume change to be larger than the water volume change. 

Any discrepancy between these two volumes was probably due to 

cell deformation (on application of cell pressure) and entrapped 

air bubbles still present in the cell (for details see appendix 

? 1' 

.ü 
tý 

H rb 

5). An unsaturated soil sample was formed from a saturated 
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sample by applying a de'saturation and consolidation process. By 

using this process, which was usually completed in 2 or 3 days. 

errors in volume change measurement were minimised. Volume 

change readings were taken at regular intervals(every 30 

minutes) by a computer controlled data logger, until equilibrium 

was reached. In order to obtain an accurate measurement of the 

water volume change, it was necessary to flush out and measure 

the volume of diffused air which had accumulated at the base of 

the ceramic disc. Flushing was performed once a day and the 

appropriate correction applied to the measured water volume 

change. 

When the sample pore pressures were in equilibrium, the 

air and water valves were closed and the loading stage of the 

undrained test could begin. The loading ram, incorporating the 

load cell, was brought into contact with the top cap. Care was 

taken to ensure that no load was applied to the sample at this 

point. The loading frame gears were set for an appropriate rate 

of strain (see Chapter 7). The strain LVDT rested on top of tl 

the triaxial cell and the initial load cell, strain LVDT, AVCL 

and pressures readings were noted. The motor was started and 

testing commenced. 

Throughout the test, the values of load, strain, 

temperature, cell pressure, pore air and pore water pressures 

were recorded every 30 minutes by a data logger. Failure was 

usually indicated by a progressive reduction in the magnitude of 

the axial load but, if no definite failure was obvious, the test 

was continued until the specimen had reached 20: strain. The 

loading stage of each undrained compression test took 2 to 3 
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days to complete. 

When dismantling the triaxial cell, the cell and outer- 

cell pressures were shut off and the water in the triaxial 

chamber allowed to drain. The outer-cell pressure line was 

disconnected and the triaxial cell chamber was removed from the 

base. A screw at the bottom surface of the inner cell was 

released and mercury was collected, via a funnel, into a beaker. 

When no more mercury could be collected from the funnel, the 

whole assembly(inner cylinder, sample, Perspex cushion and 

pedestal) was dismantled from the cell base, and separated in a 

tray where the remaining mercury droplets could be collected. 

After the rubber membrane was removed, the specimen and 

coarse porous stone were weighed. The difference in weight 

between the coarse porous stone before and after the test was 

used as a correction to the weight of specimen at the end of the 

test. The specimen was then placed in a drying oven and 

reweighed when dry, for moisture content determination. 

Finally, the pedestal was immersed in water to prevent the high 

air entry ceramic from drying out. 

8.6 EDi1_irv arlttriD fgr aod zgi1 

The failure criteria suggested by Blight(1961) were 

used in this research. They are: 

(1) Maximum (61-63)/(63-Uu) gives the maximum values of the 

shear strength parameters. 

(2) Maximum (151-63) corresponds to the maximum shear stress in 

the soil. 
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(3) A limiting axial strain (i. e. 20 %) in cases where a 

maximum deviator stress is not reached. 

All three criteria must be equally valid for both 

saturated and unsaturated soils. 

In drained tests no difficulty arises, since (63-Uw) is 

constant, the only variable is (61-63) and a maximum value of 

(61-63) denotes failure. In undrained tests, both (63-Uw) 

and (61-63) vary and the soil can be considered to have failed 

when maximum values of either (61-63)/(63-Uw) or (61-63) are 

reached. 

In saturated soils, shear strength along any plane can 

be expressed as follows (see Chapter 5): 

T= C' + (6 - Uw)tan%' 

Skempton and Bishop(1954) presented the above equation 

in terms of principal stresses, where it becomes: 

1 C'cosp' + (63 - Uw)sino' 
-(61 - 63) - ------------------------ 
21- sinn' 

If C' = 0, the above equation reduces to 

61 - 63 2 sin%' 

63 - Uw 1- sing 

From this it follows that a maximum value of 

(61-63)/(63-Uw) will correspond to a maximum value of f'. 

the application of criterion In an unsaturated soil, 

(2) above presents no difficulty since (61-63) is a direct 

measure of true effective stress. Considering Bishop's 
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effective stress equation, viz: 63'=(63-Ua)+X(Ua-Uw), criterion 

(1) becomes: 

61 - 63 61 - 63 

63' (63-Ua)+X(Ua-Uw) 

which cannot be calculated without knowledge of the value of X. 

The expression can be rewritten as: 

61 - 63 61 - 63 

63' (63-XUw)-Ua(1-X) 

As Ua usually does not vary as much as Uw, the approximate 

substitute for the failure criterion is therefore (61-63)/(63- 

Uw). This is analogous to the expression for a saturated soil. 

The third criterion can be applied to any test as a definition 

of failure. 

Appendix 8 entitled 'Computations, Data Reduction and 

Results' gives the details of the computations which were 

carried out on the triaxial test resu. tz; including strain, 

volume change, cross-sectional area during testing, etc.. Data 

reduction (and computation) was accomplished using simple 

computer programs which are listed in the Appendix 8, together 

with the test results, summarised in tabular form. 

Chapter 9 brings together triaxial test results from ten 

investigations, including. the author's, and subjects them to 

numerical and graphical analyses based on the theory developed 

by Fredlund et al(1978) for the shear strength of unsaturated 

soils. The results of these analyses, and the author's test 

results themselves, are discussed in chapter 10. 



CHAPTER 9 

TEST RESULTS 
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Cbaetoc 2 Isst E : u1ta 

9.1 Int Qthc iQn 

The objective of this research is to demonstrate, using test 

results from this and other investigations, the general 

applicability of the shear strength equation for unsaturated 

soils suggested by Fredlund et al(1978). The shear strength 

equation stated in terms of stress state variables is: 

b 
ti = C' + (ö-Ua) tan%' + (Ua-Uw) tang 

where C'= cohesion intercept when the two stress state 
variables are zero. 

= the friction angle with respect to changes in 
(6-Ua) when (Ua-Uw) is held constant. 

b= 
the friction angle with respect to changes in 
(Ua-Uw) when (6-Ua) is held constant. 

Conceptually, the equation can be visualized as a 3- 

dimensional plot with matrix suction plotted on the third axis. 

The validity and credibility of the form of this equation are 

based on the assumption that the Mohr-Coulomb failure envelope 

of an unsaturated soil is a planar failure surface in a 3- 

dimensional plot between two stress state variables and shear 

strength. For the particular form of the equation given above, 

as the soil approaches 100: saturation, Ua approaches Uw and the 

matrix suction component becomes 0. The remainder of the 

equation represents the shear strength of a saturated soil. In 

other words, the shear strength equation for saturated soils is 

a particular case of the more general shear strength equation 

for unsaturated soils. 

Test results from various investigations, including the 
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author's, are analysed on a common basis using a numerical 

method and a 2-dimensional graphical method. Both of these 

methods were presented by Ho(1981) as a means of evaluating the 
b 

friction angle with respect to matrix suction, ß! . They do not 

confirm that the failure surface is planar. In order to 

investigate the form of the failure surface, the same test 

results are used in a 3-dimensional graphics program which plots 

stress state variables as abscissas against shear strength as 

ordinate. The resulting plots give an immediate visual 

impression of the failure surface and assess the validity of 

Fredlund's suggestion of a planar failure surface. At present, 
b 

it is not possible to evaluate the angle O using the 3- 

dimensional graphical method. 

This chapter presents a brief description ofo the three 

methods used to analyse the results and lists each of the 

investigations in turn. Discussion of all the results presented 

follows in Chapter 10. 

9.2 detbQdi Qf giaalxsiý 
(i) the numccica1 me bQdIaf1cc Eced1wnd cl a1A14ZB! 84.. 14$11 

The numerical method is basically a geometrical 

interpretation of the three-dimensional plot between the shear 

strength and the stress state variables. The advantage of 

this method is that the entire numerical manipulation can be 

easily done through computer programming. 

In the following discussion, only the stress state variables 

11/2(G1+63)-Ua7 and (Ua-Uw) will be used as discussed in Chapter 
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5. The other combinations could be considered with a similar 

outcome. The corresponding equation for the plane through the 

stress points is: 

b 
1/2(61-63) = d'+11/2(61+63)-UaJtan x' + (Ua-Uw)tanl' (9.1) 

where d' = the intercept when the two stress points are zero 
= the angle between the stress point plane and the 

E1/2(61+63)-UaJ axis when (Ua-Uw) is held constant 

b 
= the angle between the stress point plane and the 

(Ua-Uw) axis when C1/2(61+63)-Ua3 is held constant 

The shear strength equation defining the Mohr-Coulomb 

planar failure surface using the stress state variables (ö - Ua) 

and (Ua-Uw) is: 
b 

ti = C' + (6 - Ua)tanO' + (Ua-Uw)tano (9.2) 

Figure 9.1 views the strength data parallel to the (Ua- 

Uw) axis. The conversions for the zero matrix suction plane 

(Bishop et al, 1960) are: 

sin 0' = tan P" (9.3) 

and C' = d'/coso' (9.4) 
bb 

From the definitions of ß1 and P 
b 

tan 0=d Tc/ A (Ua-Uw) (9.5) 
b 

and tan Y- =A Td/ A (Ua-Uw) (9.6) 

where 4 Tc = change in shear strength between the saturated 
soil failure envelope and the failure envelope 
corresponding to a particular (Ua-Uw) value 

Aid = change in shear strength between the saturated 
soil failure envelope through the stress points 
and the failure envelope through the stress 
points at a particular (Ua-Uw) value 

Combining equations 9.5 and 9.6 gives: 
bb 

tan JO 
/4Tc = tan 1' /4 Td (9.7) 
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Considering the shear strength axis in figure 9.1, gives: 

G Zc = Ca' - C' (9.8) 

A Td = da' - d' (9.9) 

where Ca' = the cohesion intercept of the failure envelope 
at a matrix suction (Ua-Uw) 

da' = the cohesion intercept at a matrix suction 
(Ua-Uw) using the stress point method 

Since ß' is constant for all matrix suction values. 

Aid = (Ca' - C' )cost ' (9.10) 

Substituting equations (9.8) and (9.10) into (9.7), gives: 
bb 

tan 0= tan 1' /cosfg' (9.11) 
bb 

In order to compute Jai , it is evident that lk has to be 

obtained first. Viewing along the saturated soil failure 

envelope(figure 9.2, plane ABEF), if the matrix suction variable 

does not contribute to the shear strength, the three-dimensional 

failure surface viewed along the (Ua-Uw) axis should appear as a 

line. However, the existence of (Ua-Uw) does increase the 

shear strength by A Td, though C1/2(61+153)-UaJ remains the same 
b 

(figure 9.2). From figures 9.2 and 9.3, it can be seen that J' 

can be related to J1, ' mathematically by using the angle oha as a 

medium. By geometry, the right angle triangle BCD in figure 9.3 

gives: 

CB = 1Td cost' (9.12) 

Similarly, the right angle triangle ABC provides 

tan c(a = CB/ G (Ua-Uw) (9.13) 

Combining equations (9.12) and (9.13) yields 

tan c{a Td cos Y' /A (Ua-Uw) (9.14) 

Substituting equation (9.6) into (9.14) gives 
b 

tan )= tan cta/cosfr' (9.15) 
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A 
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Fig. 9.2: Three-dimensional failure surface using the stress point 

method (after Ho, 1981). 
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Fig. 9.3: Failure surface showing projection of shear strength 

onto the saturated strength plane (after Ho, 1981). 
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Substituting equation (9.11) into (9.15) gives 
b 

tan ß= tan dpa/ (cosp' coso' ) (9.16) 

The saturated soil shear strength parameters, C' and J' 

can be readily obtained from conventional triaxial test data. 

With equations (9.3) and (9.4), the corresponding ,' and d' can 

be obtained. The values of 61,63, Ua and Uw of an unsaturated 

soil sample at shear failure can also be found by running an 

appropriate test. Consequently, 1/2(61-63), 11/2(61+63)-Ua] and 

(Ua-Uw) at failure can all be calculated. From equation 9.1, 

the projected shear strength, 1/2(61-63) at the saturation plane 

can be obtained. Subtracting the projected shear strength from 

1/2(61-63) at failure gives ATd. With several sets of triaxial 

test data, a plot between tTdcosl, ' and (Ua-Uw) can be made. From 

the plot, the angle oha can be obtained. Finally, with 

equations (9.16) and (5.8), the remaining shear strength 
b 

parameters, 2( and )' can be calculated. 

According to Fredlund, the a Tdcos , 
P' versus matrix 

suction plot should be a positively sloping straight line 

passing through the origin. When there is no matrix suction, a 

soil should not exhibit any extra shear resistance only that 

governed by Terzaghi's shear strength theory for saturated. 

soils. Consequently, the A Zd cos J4' intercept which appears in 

the A Td cos Y' versus matrix suction plot can be used as a 

refinement to the input of effective cohesion C' obtained from 

saturated soil testing. 

A short computer program, 'ANGLE' has been written for 

the numerical manipulations. The program listing is given in 

appendix 8. 

., 

.; 
j 



227 

(ii) Ids 2_dimtnsiQna1 gcapbiraa1 mctbQdIaft c bQA2 11 
The 2-dimensional graphical method which was mentioned 

in chapter 5, section 2, is an alternative to the numerical 

method and, in the absence of any computer facility, this method 

as described by Ho is recommended as a graphical alternative to 

the numerical method. 

When (6 - Ua) and (Ua-Uw) are used, the shear strength 

equation is as follows: 
b 

ti = C' + (6 - Ua) tan, O' + (Ua-Uw) tanßl (9.17) 

Graphically, the equation can be visualized as a planar 

failure envelope on a three-dimensional plot using the stress 

state variables, (6 - Ua) and (Ua-Uw) as abscissas (see figure 

5.3(a)). By viewing along the matrix suction axis, the equation 

can also be visualized as a two-dimensional graph with matrix 

suction contoured as the third variable (see figure 5.3(b)). 

Consequent',, the ordi-nate. intercepts of the various matrix 

suction contours can be plotted versus matrix suction to give 
b 

the friction angle )Y (see figure 5.4). 

From conventional triaxial tests on saturated soil 

samples, the saturated soil shear strength parameters, C' and %' 

can be readily obtained. With the values of 51,63, Ua and 

Uw at failure from triaxial tests on unsaturated soil samples, 

Mohr circles corresponding to various matrix suction values can 

be drawn on a (E - Ua) versus shear strength plot(figure 9.4). 

With the known angle of friction ji', the ordinate intercepts of' 

the various matrix suction contours can then be found. Either 

by plotting or by linear regression analysis on the ordinate 
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b 
intercepts versus matrix suction data, the friction angle ß1 of 

the unsaturated soil in question can be obtained(figure 9.5). 

The resulting cohesion intercept in the ordinate intercept 

versus matrix suction plot can also be regarded as a correcting 

factor to the known cohesion intercept obtained from 

conventional tests on saturated samples. If O' is required, 

equation 5.8 can be used to find the remaining unsaturated soil 

shear strength parameters. 

(iii) Ibc 2_dimsaziQaa1 acoebiaa1 matbQd 
Since the independent published research data on 

unsaturated soils are usually random and scattered, it is 

impossible to identify positively any warping of the three- 

dimensional plane by means of the two-dimensional analysis 

mentioned above. 

Recently, subroutine packages have been developed for 

drawing ý3-dimensional sufaces defined randomly in the (X, `I) 

plane (i. e. Z=f(x, y)). The GINOSURF subroutine can generate a 

regular rectangular grid of surface heights from random surface 

heights. It also interpolates from a set of random surface 

heights to produce a regular rectangular grid of surface heights 

over an area of the (X, Y) plane(for details, see appendix 2). 

All the test results available to the author have been used 

with this subroutine to produce three-dimensional plots of the 

failure surface. Fredlund et al (1978) stated that any 

combination of stress state variables as abscissas with the' 

shear strength as ordinate should result in a planar failure 

surface. In order to test this hypothesis, the three-dimensional 
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1 
plots are presented as follows(figure 9.6): 

Top plot: x-axis = (Ua - Uw)f 

Y-axis = C(51+63)/2 - UaJf 

z-axis = (Cl - 63)f/2 

Middle plot: x-axis = (Ua - Uw)f 

y-axis = C(61+63)/2 - Uw]f 

z-axis = (61 - 63)f/2 

Bottom plot: x-axis = 1(61+63)/2 - Ua]f 

y-axis = C(61+63)/2 - UwJf 

z-axis = (61 - 53)f/2 

Figure 9.6 shows the axes used in the three dimensional 

plots and the angles subtended by an ideally planar failure 

surface. To make comparisons easier, all three plots of test 

results for a particular soil are shown on the same page. Figure 

9.7 shows a typical set of 3-dimensional plots obtained using 

the subroutine. The number of grid lines is directly 

proportional to the number of data input points. Areas of 

insufficient data are associated with sharp peaks and troughs in 

the 3-dimensional plots. If no scale multiplier is shown for the 

X, Y or Z axes then it can be taken as unity. The units are 

shown on each set of plots. 

9.3 Ez2 iwr. n §jl cazuJIM 
This section presents, where available, details of the soil 

type(s) and the type of test(s) used in ten investigations, 

including the author's. The results of applying the numerical 



Y 

(a) Plot 1 

Y 

(b) Plot 2 

Y 

(c) Plot 3 

X 

Fig. 9.6: Three-dimensional plots and the angles subtended by an 
ideally planar failure surface. 
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method, the 2-dimensional graphical method and the 3-dimensional 

graphical method to the triaxial test results obtained in these 

investigations are presented in Appendix 8, beginning from page 

A133. Subsequently, frequent reference will be made to the 

results presented in Appendix B. Where specific points require 

clarification, brief comments are made at this stage on the 

results of some of the investigations, but the bulk of the 

discussion is presented in the next Chapter. 

" The first two methods (i. e. numerical and 2-dimensional) are 

very similar, so for most of the investigations only the results 

obtained using the numerical method are presented. In this 

method, the saturated soil parameters C' and 0' were used as 

input data and their values are shown first for each set of 
" z 

numerical method results(e. g. on page A133). Linear regression 
b 

was used to obtain the angle 0 from data points which included 41 

the value of C' for a fully saturated soil. From thr resulting f 

best straight line the new intercept(corrected C') and the 
a 

correlation coefficient, r, of the data could be found. The 

t of ith lt ti f i d 1 l b an a erna ve se or use w was a so o ta ne , angle f 

stress state variables to that used in equation 9.2. 

When the 2-dimensional graphical method was used, the 

results follow directly after those obtained using the numerical 

method. Lastly, the 3-dimensional plots are presented and, where 

available, the results of tests on saturated soil samples have 

been included in the plots. 

Table 9.1 at the end of this Chapter summarises all the 

results obtained using the numerical and 2-dimensional graphical 

methods. 

r 

1 
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9.3.1 BizbQe et a1S146Q2 
Bishop et al(1960) performed triaxial tests on 

compacted shale and Boulder clay. The soil properties were as 

follows: 

-------- 
soils 

----------------- 
type of shear 

--------------- 
compacted 

---------- 
clay 

-------------- 
*C' *01 

-------- 
test 

----------------- 
water content 

---------------- 
content 
---------- 

KPa 
------------- 

shale constant-water 18.6 % 22 % 15.8 24.8 
content 

= --------------- ----------- ------------- -------- 
Boulder 

---- ------------ 
constant-water 11.6 % 18 % 9.6 27.3 

clay 
-------- 

content 
----------------- ---------------- ---------- ------------- 

* obtained from saturated soil specimens 

The numerical method and the two-dimensional graphical 

method were applied to the results of Bishop et al. -It is clear 
b 

fiý that both methods give very similar results for angle 
boo 

Compacted shale: .0= 
18.6 (numerical); 18.1 (graphical) 

boo 
Bouldý clay: 0= 22.2 (numerical); 21.7 (graphical) 

The numerical method results, the 2-dimensional graphical 

method results and the 3-dimensional plots are shown on page 

A133-A140. For this investigation, the graphs associated with 

the 2-dimensional graphical method have been presented. 

9.3.2 QQna1d112611 

In 1961, Donald studied the mechanical properties of 

saturated and partly-saturated soils with special reference to 

the influence of negative pore water pressure. Truly undrained 

tests, constant water-content tests, drained tests and 

overdrained tests were carried out. The soil properties were as 
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follows: 

---------- 
soil 

--------- 
liquid 

-------------------- 
plastic S. G. 

------ 
*C. 

limit limit 
- ------- 

KPa 
------ ---------- 

London 
--------- 

66% 
---------- -- 

27: 2.75 0 
clay 

Braehead 29: 23% 2.76 0 
silt 
---------- --------- -------------------- ------ 

*obtained from saturated soil specimens 

---------------- 
*0(. 

-------------- 
20.3 

33.4 

The numerical method results and 3-dimensional plots are 

shown on page A141-A145. 

9.3.3 BlightIl2612 
In 1961, Blight presented several sets of triaxial test 

data for unsaturated soils from his study on strength and 

consolidation characteristics of compacted soils. 

The properties of the 500 5s we: "e. as follows: 

------------- 
soils 

------ 
S. G. 

------ 
L. L. 

------ 
P. L. 

--------- 
clay 

------------- 
compacted 

------ 
*C' 

----- 
*01 

fraction water psi 
% 

----- 
content % 

-------------- ----- ----- ------------- 
Mangla shale 

------ 
2.79 

------ 
38.2 

------ 
21.6 

---- 
21 16 to 18.5 1.5 24.1 

(silty clay) 
------------- ------ ------ ------ --------- -------------- ----- ----- 
Talybont clay 2.69 -- -- 4 6.7 to 7.67 0 36.3 
(sandy silt) 
------------- ------ -- --- ------ ---------- ------------- ----- ----- 
selset clay 

----------- 
2.70 

- 
33.1 16.6 

- 
20 

---------- 
11.5 

---------- - 
0 

-- - 
26.4 

- - - 
Vaich moraine 
-------------- 

------ 
2.65 
----- 

------ 
-- 

------ 

----- 
-- 

------ 
-- 

---------- 

- - 
1.9 to 8.0 
------------- 

- - 
0 

----- 

---- 
38 

----- - 

*obtained from saturated soil specimens 

Two types of tests were performed on the saturated 

specimens: consolidated undrained and consolidated drained. 
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All the tests on partly saturated soils were carried 

out at constant moisture content. The samples, at their 

compaction moisture contents, were allowed to come to 

equilibrium under the required confining pressure (63-Ua). They 

were then sheared with measured pore air and pore water 

pressures. Two different failure criteria were used by Blight; 

max. stress ratio and max. deviator stress. The numerical method 

results and the 3-dimensional plots are shown for both failure 

conditions on page A146-A155. 

9.3.4 Matxzm11263. 
In 1963, Matyas studied the compressibility and shear 

strength of compacted soils using Selset Boulder cloy and Red 

Sasumua clay under constant water-content conditions. 

The properties of the soils were as follows: 

-------- ------------- 
Compacted specimens 
---------------------- 

------ 
L. L. 

------ 

----- 
P. L. 

----- 

----- 
P. I. 

----- 

------ 
S. G. 

------ 

---"------ 
*C'psi 

---------- 

---------r- 
*0' 

--- - 
Selset Boulder clay 35: 17% 18% 2.71 1.3 

- ----- 
24.7 

Red Sasumua clay(1958) 93: 67: 26% 2.90 3.6 34.0 

Red Sasumua clay(1962) 
---------------------- 

107% 
------ 

70: 
------ 

37% 
---- 

2.94 
------- 

3.9 
--------- 

32.6 
---------- 

*obtained from saturated soil specimens. 

For the red Sasumua clay, the three-dimensional program was 

unable to execute the first two plots when the results from 

tests on saturated samples were included. This may have been due 

to a numerical problem related to the distribution of the 

results. For the unsaturated samples tested by Matyas, there was 

little variation in the value of matrix suction at failure, and 
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for the saturated samples the matrix suction was zero. Hence two 

'lines' of results would be plotted in the Z-Y plane with very 

few data points between them. This may have caused problems for 

the program. Due to the change in variables, the third plot was 

not affected by this problem. 

The numerical method results and 3-dimensional plots are 

shown on page A156-A160. 

9.3.5 : I: I: 112622 

A series of triaxial tests was run at M. I. T. in 1963 on 

an artificial mixture (by weight) of 80 : Potters flint and 20 % 

Peerless clay. The samples were compacted at a water content 
3 

of 17.5 :, 3: dry of optimum. The dry density was 1.6 Mg/m 

The specimens were tested at a constant water content. The 

saturated specimens gave an effective angle of internal 

frictirn,, o'=35.6 and cm effective cohesion C'=0.0 KPa. 

The numerical method results and 3-dimensional plots are 

shown on pages A161 and A162. 

9.3.6 Qu1b tiU 2221 
In 1972, Gulhati investigated the shear behaviour of 

compacted soils in the saturated and partially saturated states 

using three naturally occurring soils ranging from clayey silt 

to silty clay. The soils were Delhi silt, Ghagger clay and 

Dhanauri clay, which were tested under constant water-content 

and drained conditions. Classification data are tabulated below: 
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------------------- ---------- 
Delhi 

----------- 
Delhi 

---------- 
Ghagger 

-------------- 
Dhanauri 

------------------ - 
silt A 

---------- 
silt B 

----------- 
clay 
---------- 

clay 
-------------- 

L. L. : 32 33 50 51 

P. L. % 22 23 25 30 

P. I. : 10 10 25 21 

Sand size content: 15 29 4 1 

Silt size content% 70 57 58 64 

Clay size content: 15 14 38 35 

Activity 0.67 0.71 0.66 0.60 

S. G. Of soils 2.67 2.67 2.77 2.81 

*C' (KN/sq. m) 0 0 -- 11 

*O' (degrees) 38.4 38.4 -- 29.1 

----------------------------- 
*obtained from saturated soil 

----------- 
specimens. 

----------- ------------- 
0 

The numerical method results and 3-dimensional plots are 

shown on page x163-A169. 

No results wert : -"esented for tests on Ghagger clay and the 

Delhi silt results did not distinguish between silt A and silt 

B. The three-dimensional plots for Delhi silt are shown twice, 

the second incorporating a sample area correction factor. The 

correction factor has little effect on the nature of the failure 

surface. 

9.3.7 ýiatiica1l2Z$2 

Satija conducted four series of constant water content. ' 

and consolidated drained tests on compacted Dhanauri clay. 

The samples were divided into two types of high and low as- 

compacted densities. Both the constant water content and 



_ý _. . 

240 

consolidated drained tests were performed at each of the 

compaction conditions. Although the samples for a particular 

series of tests were compacted at the same density and water 

content, they were subjected to various initial stress states 

before being sheared. In an attempt to observe any warping of 

the failure surface, the initial stress states of the samples 

were set to form an equally spaced grid. 

The properties of the Dhanauri clay were as follows: 

L. L. =48.5%; P. L. =25%; sand=5:; silt=70:; clay=25% 

The saturated soil shear strength parameters were: 

For dry density = 14.5 KN/cu. m, 
0 

C' = 20 KN/sq. m and O'= 29 (drained tests) 
0 

C' = 11 KN/sq. m and 29 (constant water-content) 

For dry density = 15.5 KN/cu. m, 
0 

C' = 37 KN/sq. m and O'= 28.5 (drained tests) 
0 

C' = 16 KN/sq. m and '= 28.5 (consta, it water-content) 

The numerical method results, the 2-dimensional graphical 

method results and 3-dimensional plots are shown on page A170- 

A176. 

9.3.8 EsrrciQi12 Q1 
Escario(1980) presented the results of a series of 

direct shear tests performed on compacted samples of Madrid Gray 

clay. For these results, only the two-dimensional graphical 

method was applied, see page A177-A179. It was not possible to 

use the numerical method because the original test data was not 

available. The soil had a L. L. of 81: and P. L. of 38%. The 
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initial compaction conditions consisted of a dry unit weight of 3 
13.1 KN/m and a water content of 29%. The direct shear box was 

enclosed and had a high air entry disc sealed in the base to 

maintain a constant matrix suction during shear. 

The saturated soil shear strength parameters were: 
0 

C' =0 KN/sq. m and 0'= 22.5 

9.3.9 HQS12 11 

Ho carried out an investigation on the shear strength 

of two unsaturated Hong Kong soils, namely, decomposed granite 

and rhyolite. The mineral compositions of these two residual 

soils are essentially the same, including quartz, orthoclase, 

plagioclase and biotite. The main difference betJeen the two 

soils is their grain size distribution. In general, the 

decomposed granite has a sand size texture, whereas the 

decomposed rhyolite has a medium to fine uilt'size texture. Both 

residual soils are brittle and highly variable. Undisturbed 

samples were obtained from test drilling or open cuts at various 

sites on the Hong Kong island. 

The saturated soil shear strength parameters were: 

For decomposed granite: 
0 

C' = 28.9 KN/sq. m and O'= 33.4 

For decomposed rhyolite: 
0 

C' = 7.35 KN/aq. m and y'= 35.3 

I 

In order to obtain the maximum amount of information 

from a limited number of tests and eliminate the effect of 
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variability in residual soils, a drained multi-stage test 

procedure was used. 

The numerical method results and 3-dimensional plots are 

shown on page A180-A188. In Appendix 8, the numerical method was 

applied to the results of each individual sample and then to the 

results from all the samples of each soil type. The 3- 

dimensional plots are based on the results from all the samples. 

9.3.10 ButbQc_z rasultz 

The properties of the Grangemouth clay used by the author 

were given in section 8.2 of chapter 8. The saturated soil shear 

strength parameters were: 
0 

C' = 6.7 KN/sq. m And O'= 34.2 
a 

Three types of tests were conducted: constant water-content 

tests, drained tests and unconfined tests. The test programme 

was described in' detail in chapter 8. Tables A8.1 and A8.2 on 

pages A194 and A195, list the stress conditions at failure for 

series I and series II tests, respectively. 

The numerical method results and 3-dimensional plots are 

shown on page A189-A193. 
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9.4 bummacy 

The following table is a summary of all the results 

obtained from applying the numerical method and the two- 

dimensional graphical method. The column headings are explained 

below: 

clay content/PI = clay content and/or plastic index of soil 

Input C' = effective cohesion obtained from tests on saturated 
soil specimens 

Input 0' = effective angle of internal friction obtained from 
tests on saturated specimens 

corrected C' = value of intercept on shear strength axis 
obtained from linear regression in numerical 
method or 2-dimensional graphical method 

b 
fý = friction angle with respect to changes in (Ua-Uw) 

when (6-Ua) is held constant 

friction angle with respect to changes in (Ua-Uw) 
when (6-Uw) is held constant 

r= correlation coefficient with respect to the 

computation of gb(i. e. refers to the best-fit 

line for fib ) 

All the results were obtained using numerical method. If the 2- 

dimensional graphical method was used, the results are shown in 

brackets. 
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The next chapter presents a discussion of the results shown 

in appendix 8, with particular reference to Fredlund's theory 

and the hypothesis that the failure of an unsaturated soil can 

be represented on a three-dimensional plot, using stress state 

variables at failure, as a planar failure surface. 
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Chapter 10 Discussion 

10.1 Q=Cc 1 

The discussion of the results is broken down into various 

parts. First, for the author's tests, the values of parameters 

such as total and water volumes, deviator stress and matrix 

suction, degree of saturation and void ratio during testing are 

presented and discussed. Next, some general observations are 

made about the results of previous investigators and those of 

the author, particularly with respect to the numerical analysis 

and the 3-dimensional plots. This is followed by a more detailed 

discussion of particular aspects of all the test results. These 

include the significance of the correlation coefficient for 
bb 

angle ß, the influence of percentage clay fraction on angle ßl 

and the effect of test type on the test results. 
" 

10.2 QizaussiQn Qf tha autbQc_z tests 
The following pages contain typical graphs which illustrate 

a number of characteristics of the tests conducted by the 

author. Fig. 10.1 to 10.9 refer to series I tests and fig. 10.10 

to 10.13 refer to series II tests. 

The first four figures are for drained tests. Fig. 10.1 shows 

the change in total volume and water volume with respect to 

time, during the desaturation and consolidation stage. By 

definition, this stage must lead to a greater water volume 

change than total volume change. For the water volume change, 

the diffused air volume correction is indicated. In drained 

tests the suction should be maintained constant and Fig. 10.2 

.{ 
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verifies that this was, in fact, the case. For the test shown, 

the matrix suction was maintained at approximate 200 KN/sq. m. 

The deviator stress did not reach a peak value, so failure was 

assumed at 20% strain(see section 8.6). 

Figures 10.3 and 10.4 show that the degree of saturation and 

the void ratio decrease with strain, and therefore the total 

volume and the water volume continually decrease during the 

second stage of the test when the deviator stress is applied. 

Typical Constant water-content tests are shown in Figures 

10.5 to 10.7, Fig. 10.5 shows the total and water volume changes 

during desaturation and consolidation. These are very similar to 

Fig. 10.1, as they should be. When the deviator stress is 

applied, the pore water pressure increases fairly rapidly and, 

because the pore air pressure is maintained, the matrix suction 

decreases at a similar rate. Fig. 10.6 illustrates these features 

of a constant water-content test. The change in pore water 

pressure refle". ts the charge in deviator stress. Failure 

occurred at approximate 17: strain, after which the matrix 

suction increased slightly. The increase in degree of saturation 

during shear is shown in Fig. 10.7. 

During the denaturation and consolidation stage in 

unconfined tests, shown typically in Figs. 10.8 and 10.9, the air 

pressure surrounding the sample forces water out of the sample 

through the high air entry porous stone. It is assumed that the 

total volume change of the sample is zero. The water volume 

change is shown in Fig. 10.8. The variation of deviator stress, 

pore water pressure and matrix suction during an unconfined test 

is shown in Fig. 10.9. The general trend of the curves is similar 
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to that in Fig. 10.6 for a constant water-content test, but in 

the unconfined test, failure takes place at a much lower value 

of strain. 

The graphs for the drained tests of series II (Fig. 10.10 to 

10.13) consider the same variables as the graphs for the drained 

tests of series I(Fig. 10.1 to 10.4) and show the same trends. 

10.3 Vacificatign Qf Ec. d1u d ct al-'z tbcocx 
In order to investigate the validity of Fredlund et al's 

shear strength theory, the numerical method or the 2-dimensional 

graphical method must be used in conjunction with the 3- 

dimensional plot. The numerical method and the 2-dimensional 

graphical method indicate the correlation of the data points 

with respect to a straight line; they do not confirm that the 3- 

dimensional failure surface is planar. On the other hand, the 3- 

dimensional graphical method indicates the nature of the failure 

surface but at present, it is not possible to measure the angles 
b 

subtended by the best plane(i. e. Y' 
, Je). The necessary software 

would have to be developed for the 3-dimensional subroutine to 

accomplish this task. However, using either the numerical method 

or the 2-dimensional graphical method in conjunction with the 3- 

dimensional graphical method, any warping of the surface and 

scatter of data can be easily investigated. 

In the following sections, the information used in the 

discussion is contained in Table 9.1 and Appendix 8, unless 

otherwise indicated. 
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10.3.1 E 9iQuz inycslig tiQns 

Bizh4e ct @iu12. Q. their results produced 
b 

correlation coefficient for ', using either the 

a very high 

2-dimensional 

graphical or the numerical method. The application of the 2- 

dimensional graphical method is illustrated in pages A134-A137 

and the results are summarised in tabular form on page A138. 

Eight constant water-content tests were conducted in each soil. 

The percentage clay fraction was 22: and 18% for the compacted 

shale and the compacted boulder clay respectively. The 

correlation coefficient for the shale (0.98) is marginally 

greater than that for the boulder clay (0.97). 

The first set of 3-dimensional plots for the results on 

compacted shale show reasonable planar failure surfaces (page 

A139). The 3-dimensional plots for the compacted boulder clay 

are equally good, with no sharp peaks or troughs in any of the 

three different plots(page A140). 

QQQý1ýS14ý12 carried out 42 und+-wined tests cn -remoulded 
b 

London clay. The correlation coefficient for angle 0 is 0.71. 

The soil had a clay fraction of 55%. The drained (21), constant 

water-content (9) and over-drained (3) test results on remoulded 

Braehead silt give correlation coefficients of 0.92,0.64 and 

0.99, respectively. For this soil, the clay fraction was 53:. 

Ignoring the occasional sharp peak or trough, the first two 

3-dimensional plots for the London clay results are good 

representations of planar failure surfaces(page A143). It is 

therefore surprising that the third plot, using the stress state 

variables C(61+63)/2 - UwJf and C(51+63)/2 - Ua]f, should be so 

poor. This may be due to the distribution of data when using 
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these stress state variables or it may be that the combination 

of stress state variables used in the third plot is not the most 

suitable choice to describe the behaviour of unsaturated samples 

of London clay. Presently, no attempt has been made to 

distinguish between these two effects. 

The 3-dimensional plots for the Braehead silt constant 

water-content and drained tests also show reasonable planar 

failure surfaces, but again the third plot is the least 

satisfactory version(pages A144 and A145). 

It was not possible to reproduce 3-dimensional plots for the 

over-drained test results because too few results were available 

(see appendix 2). 

Bligb 112612 performed constant water-content to; ts on four 

soils: 30 tests on Talybont clay(% clay fraction=4i); 27 on 

Mangla shale(% clay fraction=21%); 15 on Selset clay(% clay 

fraction=20: ); 8 on Vaich moraine(% clay fractior-0%). As can be 

seen from Table 9.1, the type of failure condition applied 

altered the correlation coefficient for the shale from 0.92 to 

-0.93, for the Selset clay from 0.96 to 0.97 and for the Talybont 

clay from 0.61 to 0.48. The Vaich moraine results were reported 

with respect to only one failure condition (max. deviator 

stress) and yielded a correlation coefficient of 0.73. 

Considering both the failure criteria used, the Talybont 

clay 3-dimensional plots are all very good, with only the 

occasional sharp peak or trough(pages A149 and A150). The actual. 

physical representation of a plane is unaffected by the choice 

of failure criterion. The actual position of the plane in 3- 
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dimensional space, is, of course, dependent on the failure 

criterion used. A similar situation exists for the Mangla shale 

results, although in this case using the maximum deviator stress 

failure criterion provides a slightly better representation of a 

planar failure surface(pages A151-A152). 

Considering the Selset clay results, it is difficult to 

decide which failure criterion gives a better representation of 

a planar surface(pages A153 and A154). Using either criterion 

gives a reasonable representation, which is least satisfactory 

in the third plot version. 

The 3-dimensional plots for Vaich moraine were obtained 

using the maximum deviator stress failure criterion and show 

good representations of planar failure surfaces(page A155). 

MatyaZU2622 tested samples of Selset boulder clay 

(P. I. =18%, 8 tests) and red Sasumua clay (P. I. f 26%, 7 tests) 

under constant water-content condition. The results produced a 
b 

correlation coefficient for angle )K of 0.96, for both types of 

soils. 

The two sets of 3-dimensional plots shown for Selset clay 

differ in one respect only; the second set contains results from 

tests on saturated as well as unsaturated samples(pages A157 and 

A158). The inclusion of the results for the saturated samples 

provides more data points for the 3-dimensional plots, but the 

points are all in the Y-Z plane (i. e. (Ua-Uw)=0). This leads to 

a smoothing out of the kinks on the edge of the failure plane 

which intersects the Y-Z plane. Each version of the 3- 

dimensional plot provides a better representation of a planar 

failure surface when the saturated results are included. This 
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gives support tom Fredlund et al's contention that the shear 

strength equation for saturated soils is a special case of their 

more general shear strength equation for unsaturated soils. 

The planar representation obtained for unsaturated samples 

of red Sasumua clay are not good(page A159). As explained in 

section 9.3.4, when the results from tests on saturated samples 

were included, it was not possible to obtain the first two 3- 

dimensional plots. However, the third plot is a good 

representation of a planar failure surface. Large negative 

values of (61-53)f/2 are shown on the Z-axis but the failure 

surface itself does not, in general, break the horizontal plane 

denoted by (G1-63)f/2 = 0. 

M=I.. LU26.32 conducted five constant water-content tests on 

a mixture of Potters flint and Peerless clay which was compacted 

at a water content of 17.5%. The relative high value of 

compaction moisture content and the 20% Peerless clay in the 

mixture, suggests that the soil had a substantial clay fraction. 
b 

The correlation coefficient for angle O is 0.89. 

The 3-dimensional plots are not good representations of 

planar failure surfaces(page A162). Using the C' value from 

tests on saturated samples, only six data points were available, 

which is the absolute minimum necessary for the operation of the 

3-dimensional subroutine. The range of suction values was small 
2 

(82 to 133 KN/m ) and this also may have contributed to the poor 

planar failure surfaces. 

Qi1bzti112Z21 carried out nine drained tests and 10 constant 

water-content tests on samples of Delhi silt (: clay fraction= 
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15%). He also carried out a series of seven drained tests on 

samples of Dhanauri clay (: clay fraction =35%). The correlation 
b 

coefficients for angle 0 are: 0.72(Dhanauri, drained); 

0.80(Delhi, constant water-content); 0.45(Delhi, drained). The 

results of Gulhati's tests are peculiar for two reasons. b 
Firstly, the O angles are very large and the f' angles are all 
positive. Secondly, the corrected C' values are negative, which b 
is not possible in practice. The values of % and O' do not 

compare well with those of the next investigator, Satija, who 

also used Ghanauri clay and obtained what appear to be more 
b 

realistic values for 0 and 0' and a positive value for 
b 

corrected C'. The Gulhati values of O and 9' must therefore be 

viewed with some doubt. 

Despite the doubts cast on the results from the numerical 

method, the 3-dimensional plots for Dhanauri clay are reasonable 

representations of planar failure surfaces(page A165). The 

positive nature of angle '', and therefore'O') is confirmed by 

the orientation of the surface shown in the second plot. 

Considering the Delhi silt, the 3-dimensional plots for both 

drained and constant water-content tests results, are also 

reasonably planar(pages A166 to A169). 
_ 

The application of a 

correction to take account of the change in cross-sectional area 

that occurs during testing had little effect on the form of the 

failure surface, which is not surprising. 

Kati i12Z$Z conducted four series of tests on samples of 

compacted Dhanauri clay. Both constant water-content and drained 

tests were performed on samples at high and low as-compacted 

densities. The Dhanauri clay had a clay fraction of 35%. The 
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correlation coefficient for each of the four test series is 

high, ranging from 0.96 to 0.99. The 2-dimensional graphical 

method has also been used on these results and, with respect to 
b 

the values of 0 and correlation coefficient R, it shows very 

good agreement with the numerical method(page A172). 

Satija specifically chose values of initial stress state 

which provided an even distribution of data points when plotted 

in three dimensions. However, Satija used the stress state 

variable (63-Ua) instead of C(61+63)/2-UaJ, which was used by 

Fredlund et al. By, using the latter version, the shear strength 

equation for unsaturated soil reduced to the Terzaghi expression 

for saturated soil. This consistency is not maintained if the 

Satija version is used as explained in section 5.3. The 3- 

dimensional plots of Satija's results show extremely good planar 

surfaces with very few disturbance, even when using the third 

combination of stress state variables(oages A173-A176). 

EzgrriQS12 Q1 Performed a number of direct shear tests on 

compacted samples of Madrid gray clay. The clay had a plastic 
0 

index (P. I. ) of 43:. The value of 0' varied from 19 at a low 
o2 

suction value (zero) to 25 at a high suction value(850 KN/m ). 
0 

The average value of 0' was 22.5 . Only the 2-dimensional 

graphical method was applied to the test results and, for 
0bo 0'=22.5 

, the resulting value of 0 is 16.1 , with an extremely 

high correlation coefficient of 0.997(page A179). 

hQ112 11 reported the results of an investigation into the 

shear strength of two unsaturated Hong Kong soils; decomposed 

granite and decomposed rhyolite. Both soils had a low percent 
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clay fraction ( 14%). The results of eight drained, multi-stage 

tests on decomposed granite and seven drained, multi-stage tests 
b 

on decomposed rhyolite are reported in Table 9.1. Values of 0 

and 0* show very good agreement between the numerical method and 

the 2-dimensional graphical method. For each individual test, 
b 

the correlation coefficient for ßf is very high(j 0.94), whereas 

when all the results for each soil are used, the correlation 

coefficients fall to 0.51 and 0.72 for the granite and rhyolite, 

respectively. This reduction in correlation coefficient is 

explained in section 10.4. 

Ignoring the sharp peaks and troughs, the 3-dimensional 

plots for decomposed granite are good representation of planar 

failure surfaces, as are the 3-dimensional plots for the 

decomposed rhyolite(pages A187 and A188). 

10.3.2 6w%bQr_m Xszt cczwllý 
The -<<thor's tests were described in full in Chapter 8. The 

Grangemouth clay had a fairly low clay fraction of 15:. In 

series I, the 10 constant water-content tests, the 12 drained 

tests and the seven unconfined tests give correlation 
b 

coefficients for angle 0 of 0.69,0.53 and 0.99, respectively. 

The nine drained tests conducted in series II give a correlation 
b 

coefficient of 0.50. The values of corrected C', )i and 0' for 

the series II tests are extremely large(and ß* is also 

positive). This is a result of the small range of failure 

suction values in these tests. Referring to Table A8.2 in. ' 

Appendix 8(page A195), the suction value at failure ranges from 
222 

48 KN/m to 55 KN/m ,a difference of only 7 KN/m . This, of 
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course, is a consequence of the definition of series II tests, 

where (93-Ua) > (Ua-Uw)=constant. Time constraints in the 

testing programme allowed the use of only one constant value of 
2 

(Ua-Uw) (i. e. 50 KN/m ). Viewed in the Z-X plane (i. e. shear 

strength versus suction), the results would form a near vertical 
2 

straight line at a suction value of approximately 50 KN/m 
bo 

Consequently, the 0 and 0' angles are close to 90 and the C' 

intercept is very large and negative. In practice, it is 

impossible to have a negative cohesion value and for series II 

test results, it is invalid to use the numerical method, at 

least until results from tests using a greater range of suction 

values are available. 

The 3-dimensional plots for all types of tests in series I 

give very good representations of planar failure surfaces(pages 

A191-A193). Only the third plot for the constant water-content 

tests shows any significant deviation from a plane(page A192). 

The quality of the failure surfaces may be a reflection of the 

systematic way in which the initial stress state variables were 

applied during testing, which resulted in a good distribution of 

data points on each of the coordinate axes. It was not possible 

to obtain the 3-dimensional plots for the drained tests of 

series II. This was again due to the small range of suction at 

failure; the 3-dimensional subroutine could not extrapolate from 

such a restricted set of data. 
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10.3.3 CQmeacizgo bclwacn D mscie$1 mc1bQd and 2_diL=ziQna1 
9caebieal mtibQd 

The most significant difference between the numerical and 

graphical methods is in the values of corrected C' that they 

provide. Referring to Table 9.1, for the test results in which a 

comparison is made, the value of corrected C' obtained using the 

graphical method is almost invariably greater than that obtained 

using the numerical method; sample No. 22 of Ho(1981) is the 

exception. For Bishop's results, corrected C'(graphical) = 4.5 x 

corrected C'(numerical) whereas in Ho's results the difference 

between corrected C'(graphical) and corrected C'(numerical) 

ranges from x1.8 to x0.88. 

Therefore, in general, the numerical method gives a more 

conservative value of corrected C' than the 2--. dimensional 

graphical method. The difference between the values of corrected 

C' obtained from these two methods is entirely due to the nature 

of the methods themselves. The numerical method uses linear 

regression to obtain a best fit straight line and hence a 

corrected C' intercept, whereas in the 2-dimensional graphical 

method the best fit straight line is drawn by hand. The 

corrected C' intercept is therefore different from that obtained 

by linear regression. 

In addition to the difference between the numerical and 2- 

dimensional graphical values of corrected C', either of these 

corrected C' values can differ substantially from the input C' 

value obtained from tests on saturated. soil samples and used in- 

the numerical and 2-dimensional graphical methods. Referring to 

Table 9.1, the results of Matyas(Boulder clay), Satija and the 
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author's constant water-content tests are the only ones in which 

the input and corrected C' values are similar. For the other 

test results, the input C' is either greater or less than the 

corrected C', in some cases by a substantial amount. 

From a practical point of view, the choice of C' is 

extremely important, especially with respect to slope stability 

problems. The effect of increasing the cohesion value on the 

factor of safety in slope stability calculations was discussed 

in Chapter 5, section 2. In this section, figure 5.7(page 110) 

shows the factor of safety increasing with increasing cohesion. 

Therefore, in choosing a value of C' to be used in design 

calculations, the 2-dimensional graphical method should be 

discounted, as it provides not only the largest value of 

corrected C'(i. e. the least conservative) but also the least 

reliable value due to the nature of the method. 

For a particular soil and test type, the choice then reduces 

to one between the numr-rical C' value. and the input C' 

value(i. e. the value for a saturated soil). From the results 

shown in Table 9.1, neither of these values would give a 

consistently more or less safe design than the other. The choice 

of cohesion value would then be influenced by other 

considerations, e. g. the type of test used(i. e. the drainage 

conditions). The effect of test type on the shear strength 
b 

parameters C' and fY will be discussed in section 10.6. 
b 

Finally, considering the angles ff and 0', the 2-dimensional 

graphical and numerical methods gave very similar results in all 

cases. 
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b 

10.4 GQcc 1atiQn aQcf fiaicnt and aas1c J6 
b 

It should be clearly understood that the O correlation 

coefficient is merely an indication of how well the results 
b 

compare to a straight line sloping at an angle 0 to the matrix 

suction axis. Correlation coefficients are, of course, affected 

by the number of data points used. In the extreme, using only 

two data points leads to a correlation coefficient of one. For 

three data points, unless they are extremely scattered, a 

correlation coefficient close to unity is not difficult to 

obtain. This explains why the individual test results of Ho have 

such high correlation coefficients; only three data points were 

used. When. all the tests are included, the number of data points 

increases to 24 for the decomposed granite and 21 for the 

decomposed rhyolite, while the correlation coefficient drops to 

0.51 and 0.72, respectively. However, the idea that there is 

some relationship between number of tests and correlation 

coefficient is not sustained in practice. No sensible 

relationship was found for the results given in Table 9.1. 

A high correlation coefficient for the numerical or 2- 

dimensional graphical method does not necessary indicate that 

the 3-dimensional surface will be planar, or very nearly so. 

Blight's results for Talybont clay have a correlation 

coefficient of 0.48(max. deviator stress failure criterion) but 

good 3-dimensional plots, whereas for Selset clay, the 

correlation coefficient is 0.96 but the 3-dimensional plots are 

not particularly good. Similarly, for the red Sasumua clay of 

Matyas, and the M. I. T. results, the correlation coefficients are 

high but the 3-dimensional plots do not match this indication of 
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good experimental results. On the other hand, the results of 

Satija have high correlation coefficients and good 3-dimensional 

plots, while the author's results for series I, constant water- 

content and drained tests have good 3-dimensional plots and 

average correlation coefficients 

10.5 Effagt Qf clay aQnttnt 

Ho(1981) suggested that the percentage clay fraction of 
b 

samples may influence the value of 0 obtained during testing. 

He argued that the contribution of the suction term to the shear 

strength of an unsaturated soil would be greater in soils with a 

significant clay fraction. Figure 10.14 shows a scattergram 
b 

between percentage clay fraction(X-axis) and angle JO 
(Y-axis) 

for the results of Table 9.1. Where the percentage clay fraction 

was not available, estimated values were used based on the soil 

plasticity index. The statistics below the scattergram indicate 

that the correlation coefficient(R) is very low(0.2359) and also 

the significance is very low(11.81. ). However, discounting the 

results at the remote edges of the scattergram, there is a trend 
b 

shown of increasing 0 with increasing clay content. It would be 

difficult to assess the practical significance of this trend, 

but it does lend support to the suggestion by Ho that the 

contribution of the suction term to the shear strength of an 

unsaturated soil would be greater in soils with a significant 

clay fraction. 

To take account of clay mineralogy and the wider range of clay 
contents used by other investigators, a more relevant parameter 
may be the activity of the clay. The activity expresses the 

.. plasticity of the finest fraction, which is largely composed of. 
clay minerals. Activity is a measure of the water-holding ability 
of the clay minerals and also suggests whether the clay is a 
kaolinite(low activity, <1), a montmorillonite(high activity, >4), 
or illite(intermediate activity, 1-2). The influence of clay 
mineralogy and pore water composition on the angle jö is a topic 
for further investigation. 
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10.6 Effcat Qf ICZt IX22 
In Chapter 8 it was stated that, as part of the overall test 

programme, the effect of test type on the shear strength 

parameters of unsaturated soil would be investigated. The two 

most common tests used by the investigators reported in this 

thesis were the constant water-content(CU) and the drained 

test(D). Other test types, such as undrained and overdrained, 

have been used, but there is not enough data available to permit 

sensible comparisons between these test types and the more 

common CU and 0 tests. The author also carried out some 

unconfined tests. 

Of the ten investigators, only four have. performed different 

tests on the same soil. These are Donald(1961), Gulhati(1972), 

Satija(1978) and the author. The results supplied by Gulhati 

have already been discussed and queried in section 10.4 and are 

therefore omitted from the discussion in this section. The 

results of the remaining three investigators are presented in 

Table 10.1. 
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Iab1g 14: 1i Sumnacy Qf wo wcwt wi1 zhaac zictogtb b 
PaCAM. C. tsr2. t C0 QDd E_ 

------- --------------- ------------- 
KN/sq. m 

------- 
Deg 

------ 
rees 

---------------- 
Degrees 

b 
Investi gator Soil corrected C' 

------------- 
'0 

------ --- 
0' 

- 

------- --------------- 
D 

------ 
Cu 

------- 
D 

------- 

--- 
Cu 

------ 

- ------ ------- 
D CU 

---------------- 
Donald Braehead 3.38 8.55 16.93 8.72 -19.55 -26.84 

silt 

Satija Ohanauri 20 12 12.77 16.00 -18.15 -14.98 
clay 
(low Yd) 

Dhanauri 35 18 16.13 21.33 -14.24 -8.67 
clay 
(high Yd) 

Wong Grange- 18.69 6.42 5.88 22.49 -29.97 -14.87 
mouth 

------- 
clay 

---------------- ----- ------- ------- ------ ---------------- 

where Yd = dry density 

In addition, the shear strength parameters from the author's 

unconfined tests are: 
boo 

corrected C'= 14.89 KN/sq. m ;0= 12.05 and O'_ -24.99 

In the discussion which follows, the value of C' is the 

corrected C' obtained from the numerical method, unless 

otherwise indicated. 
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It is clear that the values of shear strength parameters C', 
b 

0 and 0' depend on the type of test used, which implies that 

the test drainage conditions affect the final form of the shear 

strength equation. It was shown in Chapter 5, section 2 that the 

suction in an unsaturated soil increases the cohesion 

unsaturated soil. In equation 5.11, the total or 

cohesion, C, was equal to the effective cohesion, C', 
b 

term involving the suction and the angle 0, i. e. 

b 
C= C' + (Ua-Uw)tang (Eqn. 5.11) 

of an 

apparent 

plus a 

This is part of the overall shear strength equation for 

unsaturated soils(Egn. 5.7 or Eqn. 9.2). 

Figure 10.15 shows graphs of total cohesion, C, versus 

matrix suction for the test results presented in Table 10.1. 

Using the results of Satija and of Wong, for a particular value 

of matrix suction, the total cohesion is greater for the drained 

tests than the constant water-content tests. The results of 

Donald give the opposite relationship, at least initially. 

The relative positions of the lines shown in Fig. 10.15 will be 

affected by the value of C' used. The C' shown is the corrected 

C' obtained from the numerical method. As discussed in section 

10.3.3, it may be equally valid to use the input C' on the 

graphs of Fig. 10.15. For saturated soils, the value of the shear 

strength parameters C' is dependent on the type of test used to 

obtain it. In unsaturated soils, this dependency is accentuated 

by the methods used to 'correct' the value of cohesion for a 

saturated soil to a value which is supposed to be appropriate to 

the same soil in an unsaturated condition. The assessment of 
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which value of C' to use is thus extremely difficult and the 

final choice will continue to be based largely on experience and 

considerations of factors of safety rather than any analytical 

techniques. 

For the author's tests, the difference in the shear strength 
b 

parameters C' and 0 arising from different test types may be 

related to how the degree of saturation varied during each test. 

All the tests began with a desaturation and consolidation stage 

which resulted in an unsaturated sample. During the shearing 

stage in drained tests, the degree of saturation continued to 

decrease, whereas in a constant water-content test, the degree 

of saturation increased from its value at the end of the 

desaturation and consolidation stage. Thus, in the drained test 

the sample was continually drying out, but in the constant 

water-content test the sample was subjected to a drying process 

and then a wetting process. In section 10.2, Figs-10.3 and 10.12 

for drained tests and fig. 10.7 for constant water-content tests, 

illustrated the change in degree of saturation during testing. 
b 

In terms of the cohesion C' and the angle )d , the results from 

the unconfined tests, shown below Table 10.1, lie between the 

values obtained in drained and constant water-content tests. The 

unconfined test is a special case of the constant water-content 

test and the samples were also subjected to drying and wetting, 

but on the wetting cycle failure occurred at a much lower value 

of strain than the drained or constant water-content tests. The 

drying and wetting of soils was referred to in section 3.6 with 

respect to the relationship between soil suction and moisture 
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content. A similar hysteresis may be taking place in the samples 

of the drained and constant water-content tests, which affects 
b 

the evaluation of the shear strength parameters C' and ý1 . This 

has important implications in practice, where field drainage 

characteristics will dictate which test results are most 

appropriate. For example, a desiccated soil can achieve a high 

value of saturation by the application of an external load which 

reduces the void ratio(or total volume). Full saturation by 

means of compression is unlikely to occur and a small suction 

will probably be maintained in the soil. This process can be 

simulated in the shearing stage of a constant water-content test 

and, provided. the degree of saturation at'the commencement of 

the shearing stage is similar to that in the field, the shear 

strength parameters obtained from a constant water-content test 

should be used in these circumstances. Conversely, if the degree 

of saturation of a soil in the field continually decreases after 

loading, the shear strength parameters obtained from drained 

tests should be used. 

It is extremely important therefore to acertain how the 

degree of saturation of a soil is likely to vary with time and 

hence use a test type which simulates the field conditions as 

closely as possible. 



CHAPTER 11 CONCLUSIONS 
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cb 2r 11 Cgocluzisnz 

11.1 CQnQIýsiQný 

This thesis was concerned with various aspects of the shear 

strength of unsaturated soils. The main objective was to 

demonstrate, using test results from this and other 

investigations, the general applicability of the shear strength 

equation for unsaturated soils suggested by Fredlund et 

al(1978). Early attempts by previous investigators to describe 

the behaviour of unsaturated soils used the principle of 

effective stress, modified to suit unsaturated soils. This line 

of reasoning has been superseded by an approach, developed from 

the principle of continuum mechanics, which describes the shear 

strength of unsaturated soils in terms of two independent stress 

state variables(Fredlund, 1973). The author has based his work on 

this approach, and in particular investigated unverified 

assumptions made by Fredlund regarding a planar form of failure 

surface. 

Apparatus was constructed to carry out triaxial tests on 

unsaturated samples of Grangemouth clay. The unsaturated samples 

were obtained from saturated samples by applying a desaturation 

and consolidation process. The standard triaxial set-up was 

modified to allow for the measurement and control of the pore 

air and pore water pressures during testing. Other modifications 

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

indicator and an automatic volume change logging system. A 

series of tests was carried out specifically to establish 

suitable strain rates which would allow the proper dissipation 
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and equalization of pore pressures during testing. This resulted 

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

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

The main test programme consisted of two series, which were 

distinguished by the initial stress state applied to the sample. 

In series I, drained, constant water-content and unconfined 

tests were carried out. Series II consisted of drained tests 

only. Four truly undrained tests were also carried out. 

The results of these tests änd those of nine previous 

investigations were analysed using three methods. The first two 

of these, the numerical method and the 2-dimensional graphical 

method, are based on the theory of Fredlund et al(1978). This 

theory assumes that, when triaxial test results are recorded in 

terms of stress state variables and plotted in terms of three 

orthogonal axes, the resulting failure surface will be a plane. 
b 

For the angle ß used in the shear strength equation, the 

numerical and 2-dimensional graphical methods gave very similar 

results. However, due to the nature of the methods, the value of 

cohesion, C', that they produced varied considerably. In 

general, the numerical method produced a more conservative(i. e. 

lower) value for C'. 

The value of the correlation coefficient obtained from the 

numerical or 2-dimensional graphical method was an indication of 

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

angle to the matrix suction axis. A high correlation 
b 

coefficient for angle 0 does not necessarily imply that the 

failure surface is planar. Similarly, a low correlation 
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coefficient does not necessarily imply that the failure surface 

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

confirm that the failure surface was planar. 

The author used a third method whereby the form of the 

failure surface was obtained by using a 3-dimensional graphical 

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

dimensional plot in verification of Fredlund assumption was 

essentially planar, irrespective of the combination of stress 

state variables used to describe it. Therefore, to verify that 

the shear strength equation for unsaturated soils proposed by 

Fredlund et al represents a planar failure surface, and to 

obtain the shear strength parameters for use in the equation, 

the numerical method and the 3-dimensional graphical method must 

be used together. 

The test results used in this thesis were obtained from 

different types of tests on different types of soil under 

different initial conditions(degree of saturation, moisture 

content, initial stress states). The application of the 

numerical method(or 2-dimensional graphical method) and the 3- 

dimensional graphical method to these results has, in most 

cases, confirmed that the failure surface, when plotted in terms 

of stress state variables, is a planar surface. The general 

applicability of the shear strength equation proposed by 

Fredlund et al is therefore also confirmed. 

In practical terms, the choice of parameters for use in the 

shear strength equation remains difficult. The effect of test 
b 

type on C' and was clearly demonstrated, as was the 

additional problem of 'correcting' the C' value in the numerical 
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and 2-dimensional graphical methods. The nature of the variation 

of degree of saturation may influence the values of shear 

strength parameters obtained from tests and when dealing with 

unsaturated soil it is extremely important to assess how the 

degree of saturation will vary in the field and reproduce, as 

closely as possible the same conditions in the test set up. For 

a soil in which the degree of saturation decreases after 

loading, a drained test should be used, whereas if the degree of 

saturation increases, a constant water-content test should be 

used. 

With respect to the test equipment and procedures, the 

following conclusions were reached: 

(1) Appropriate shear strain rates must be used to ensure proper 

dissipation or equalization of pore pressures. 

(2) The validity of the stress state variables was confirmed 

experimentally by using null tests. 

(3) The accuracy of volume measurement can be improved by: 

(i) using a diffused air volume indicator 

(ii) using a double-walled cell 

(iii) using a constant temperature room. If this is not 
possible, apply a temperature correction. 

(4) The automatic volume change logging system operated 

satisfactorily. 
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11.2 Sy99gý-tIQD fQ fu irce w4Ck 

The following recommendations are made for future work: 

(1) Develop improvements in the 3-dimensional graphical method 

so that the data points can be shown and the angles subtended by 

the best plane representing these data points can be determined. 
b 

The numerical method, used for calculating C', , P1 and 0' would 

then be redundant. 

(2) Investigate the effects of degree of saturation, dry density 

and structure on the shear strength of unsaturated soils, in 

order to identify the properties which have an overriding 
b 

influence on the shear strength parameters C' and, . This would 

be a major investigation and would have to be undertaken in 

parts. 

(3) Further 'in(e tigätion, of thelinflüence^öf perdentäge clay 
content on angle 0 

, 
', including other parameters such as activity 

and"the chemicAl "composition -of, 'the"-sgi 1 water: 'A" scattergräm` öf 
percentage clay content and gngle ß1 showed that there was a 
general Iýtrend-pof°increasing"IÖ --with increasing'percentage''clay 
content. It may be possible to develop a more practical 
rel ationshipr-for. ' acpar. ticul ar- soi 1 parameter. «: ý he c "-Y. ý' ý, 

'. c CJ? 'lP <', "ý ý-s (; flr"E' ý>. ", 3r- - fs 1 
... . 

I. - ? ". y? ýy ")Y .: p- -JJ i "' i 

(4) Investigate the variation of pore air and pore water 

pressures during isotropic compression. Initially, this will 

involve a thorough investigation of the test equipment and 

procedures, to identify the source of the problem described in 

section 8.1. 
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AXIS-TRANSLATION TECHNIQUE 
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A1.1 QP-acral 

The axis translation technique is commonly used to 

measure the matrix suction of undisturbed and remoulded soil 

samples. This technique was developed by Hilf (1956) as a 

means of avoiding the cavitation problem, but it has 

subsequently seen limited application in triaxial shear and 

volume change testing of unsaturated soils. According to Hilf, 

the technique simply translates the origin of reference for the 

pore water pressure measurement from standard atmospheric 

condition to the final air pressure value; hence the term 'axis 

translation'. 

A1.2 Limit tiQD. Qf the AZiP IraD 1121iQD'trcbD19SJs 

For the axis translation technique to be valid it must 

be possible to increase the ambient air pressure around and 

within a soil sample without produ, -. ng deformation. This 

implies that the value of stress state variables (6 - Ua) and 

(Ua - Uw) must be unchanged. In other words, 66, A Ua and a Uw 

must be equal. Clearly all pore-air must be interconnected to 

the surface of the sample for an increase in total stress (i. e. 

applied by increasing the air pressure around the sample) to 

induce an equal change in pore-air pressure throughout the 

sample. The experimental data presented by Hilf demonstrates 

the equal translation of all stress components (Fig. A1.1). Olson 

and Langfelder (1965) also concluded that the 'axis translation 

technique is valid provided all gas voids are interconnected'. 
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Pore-water containing occluded (i. e. non-interconnected) air 

bubbles renders the pore fluid highly compressible. 

Experimental evidence indicates that air does become 

occluded in the pore-water of a soil. Numerous researchers 

(Corey, 1954; Corey, 1957; Ladd, 1960; Matyas, 1966; Langfelder, 

Chen and Justice, 1968; Barden and Pavlakis, 1971) have shown 

that the air permeability of an unsaturated soil decreases to 

essentially zero as the degree of saturation is increased to 

about 85 percent. In the case of remoulded soils, this 

corresponds to approximately optimum water content. 

Bocking and Fredlund (1980) developed two versions of a 

mathematical model to study the following: 

(i) the effect of pressure measuring system flexibility on the 

results of axis translation tests. (All such devices require the 

flow of a small but finite amount of water out of the soil 

sample in order to register pressure changes. Therefore it 

follows that the soil sample must undergo some volume change 

during the test. Bishop and Henkel (1962) and Fredlund and 

Morgenstern (1973) showed that even slight flexibility in the 

pressure measuring system could greatly affect the response 

time). 

(ii) the effect of the presence of occluded air bubbles on the 

measurement of suction. 

(iii) possible errors in the interpretation of axis translation 

test results. 

In version I, it was assumed that the pore air was totally 
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interconnected; in version II, it was assumed that the pore air 

was totally occluded. 

The results indicated that the actual soil suction could be 

over-estimated if the sample contained significant amounts of 

occluded air. The use of the axis translation test to measure 

soil suction in totally interconnected pore-air soils was 

theoretically correct. Also, air diffusion through the high 

air entry disc could cause an under-estimation of the soil 

Suction. 
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THREE-DIMENSIONAL GRAPHICAL METHOD 
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A2.1 Q. C DCraI 5 9Y 

GINOSURF allows a user to specify a surface as heights 

at a series of randomly spaced points in the (X, Y) plane. In 

such a case the first step is to interpolate from the random 

points to get heights at the nodes of a sufficiently finely 

spaced regular rectangular grid of points in the (X, Y) plane. 

Of course, if the surface is already defined as values 

at the nodes of such a grid then no interpolation is necessary 

to obtain grid points. Again, if the surface is defined by a 

function which will yield the height of the surface at any given 

(X, Y) point, a regular grid of surface heights can be obtained 

directly by calling the function to evaluate the height at each 

node. The regular grid values obtained permit each contour to 

be traced simply through the specified region, or an isometric 

projection to be drawn. 

The strategy is illustrated by the flow diagram in 

figure A2.1. 

A2.2 IQjcre41_atiD9 frQm EaDdgm DQ EQiDI2 

The method GINOSURF uses to interpolate from randomly 

distributed points to obtain a regular grid of points is that 

described by Falconer (1971). Briefly, the algorithm is as 

follows. 

To obtain the height of the surface at a given point 
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only those data points which lie within a circle of radius S 

centred on the given point are used. The height values of the 

data points used are weighted by a factor U depending on their 

distance from the given points: 

2 
S-D 

D 
where D is the distance between the data point and the given 

point. 

The required height is then obtained by a least squares 

fit of a paraboloid surface to the weighted data points. Since 

four parameters are required to specify a paraboloid, it is 

essential that the circle contains at least four data points if 

the least squares equations are to be non-singular. Provided S 

is kept constant, the surface defined by this interpolating 

technique will be continuous and have continuous first 

derivatives. 

The algorithm chooses S so that, on average, there will 

be LP data points inside the circle. At the risk of introducing 

discontinuities in the surface, if any circular patch contains 

fewer than six data points then the radius of that patch only is 

increased until at least six points are included. The value 

six has been found desirable in order to avoid singularity 

problems when solving the least squares equations. 

LP is a parameter which can be changed by the user by 

calling routine CIRPTS before calling RANCON or RANGRO. Its 

default value is 24. A value of at least 24 should normally be 

used since near the corners of the data region the patches are 

effectively reduced to quarter circles. Values much less than 
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24 for LP would result in frequent changes of S and the 

consequent dangers of surface discontinuity. For the same 

reason, a higher value of LP may be desirable if the random data 

points have a very variable density of distribution. 

However, larger values of LP will tend to have an 

increased smoothing effect on the surface, and will result in a 

longer computation time (varying linearly with LP). Of course 

LP must never exceed NP, the total number of data points. 

A2.3 Imar-ia9 CQUtQIr5 Ib Qwsb tb RtgulaC Arid of SucfAQc Va1_jtz 

In GINOSURF Mark I the regular grid of surface values 

is used as the basis for contour tracing. The method of 

contour tracing is due to Heap and Pink (1969). With a given 

contour level the algorithm first locates segments between 

adjacent grid points on the boundary of the region and along 

hD": zontal mesh lir. es which the contour must cross. A'' open 

contours are traced from the boundary, through each elementary 

mesh square until the boundary is again reached. Closed 

contours are then detected and similarly traced by looking for 

crossed segments through which no contour of the desired level 

has yet been traced. The method of tracing through an 

elementary mesh square (figure A2.2) is roughly as follows: 

Assume the square is entered through OA (O, A, B, C being the mesh 

points). Locate the point R at which OA is crossed by linear 

interpolation using heights of 0 and A. Estimate height of 

centre of square 0 as average of those of 0, A, B and C. Decide 

whether the contour then crosses OD or AD and find the crossing 
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points of the diagonal by linear interpolation between 0 and D 

or A and D. Continue similarly across any further diagonals 

and/or sides until the point of exit from the square is 

determined. The technique is then repeated in the next square 

and so on. 

B 

0 

Figure A2.2 

C 

A 

It is essential, therefore, that the regular grid 

spacing should be sufficiently fine for linear interpolation to 

be adequate and for it to be assumed that, in general, a contour 

will not cross a mesh line more than once between adjacent grid 

points. 

Normally the contouring routines automatically annotate 

any contours produced at suitable points. The annotation can 

be cancelled and the type of line (continuous, broken etc) 

changed by calling the routine LABCON. 

The smooth curves algorithnm is that of McConalogue 

(1970) and in any section uses only the four nearest points 

determined by the tracing algorithm to define the curve. 

A2.4 1 Qmctcie e1Qtting 
An isometric projection of a surface is an orthogonal 

projection of the surface (i. e. a projection from infinity onto 
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a plane at right angles to the line of sight) in which the 
-1 

coordinate axes make equal angles of tan �2 with the line of 

sight. 

If the surface happens to be two adjacent vertical 

faces and the top of a cube, its projection will be as figure 

A2.3. AL 

Figure A2, 

In GINOSURF. the surface for isometric projection is 

defined by heights CZ) at the nodes of a regular rectangular 

grid in the X-Y plane. The algorithm of HALL (1973) is used to 

plot all visible points and to join adjacent visible points in 

both planes of constant X-value and of constant Y-value. To 

simplify the geometry the physical distances chosen for each X 

step and Y step are identical. A plane surface of constant 

height would thus be drawn as figure A2.4. the mesh appearing as 
00 

an array of 60 /120 rhombuses. 

Figure A2.4 
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For a non-flat surface, the projections of the surface 

points can be obtained by measuring a vertical distance 

corresponding to the height above the corresponding projected 

mesh points. 

The algorithm connects adjacent mesh points by line 

segments, working in slices of the surface from the front edges 

backwards. It keeps a record of visible points so that hidden 

points are not drawn, and contains a simple interpolation 

algorithm for drawing only the visible elements of each line 

segment (this can lead to slightly incomplete lines in very 

undulating surface areas in certain circumstances). 

To give a feeling of solidity to the drawing the 

default option is to draw, as a base, lines corresponding to the 

front X- and Y- edges of the mesh at the minimum height level of 

the surface and to draw in verticals linking these base lines to 

the projections of the front-edge mesh points. (See figure 

A2.5). Again the default option is to put scale information on 

the X- and Y- base lines, and to draw height scales up from the 

extreme left- and right-hand ends of the base (figure A2.5). 

To give the effect of altering the vertical angle of 

view of the surface, the user is provided with a facility for 

controlling the ratio of the physical scale chosen for 

representing the height to the scales used for representing X 

and Y displacements (routine HEIRAT). 

1ý 
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ANALYSIS OF THE NULL TESTS 

(NO VOLUME CHANGE TESTS) 
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MAW of Ibn Nu11 wis 1 YQ1. wc M$o9C M) 

A3.1 Nh11 tc51 ecQgrammc 
The Null Test programme involved a series of tests on 

saturated samples. The programme was divided into two 

sections, in which the ten tests in Section I were performed by 

changing simultaneously the total and water pressures and 

measuring the overall volume change with time. These tests 

were performed to check the procedure and equipment for a known 

case, thereby establishing the degree of reliability and 

accuracy that could be anticipated. In the triaxial apparatus, 

the change in the total volume of the sample, the change in the 

volume of water in the sample and the change in volume of water 

going into or out of the triaxial cell were measured. 

The six tests in Section II had an air pressure applied 

to the top of the saturated samples. The null tests involved 

changing simultaneously the total, air and water pressures by 

equal amounts. In this case, the air pressure reaction time 

was instantaneous and it was desirable to ascertain whether or 

not equilibrium could be maintained with an air-water interface 

(contractile skin) at the surface of the sample. The total and 

water volume changes were monitored for all tests. These tests 

(section II) were used to verify the proposed stress state 

variables. 

The basic data acquired and presented for all the null 

tests are the total and water volume changes with respect to 

time. In general, these volume changes are divided by the 
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total volume of the sample. That is, the data is presented as 

a percent volume change or as a porosity change. The volume 

change is defined as positive (+) when the sample volume 

decreases or when water or air come out of the sample. 

A3.2 Qiýgwz5iQD Qf null IC512A 
Although the main purpose of the null tests was to 

check the reliability of the procedure and equipment used in 

this research, the test results can also be used to prove or 

disprove the validity of the proposed stress state variables. 

Since the tests attempted to measure 'no volume 

change', the factors affecting volume change should be 

considered. 

(i) test procedure 

(ii) system leaks 

(iii) compressibility corrections 

(iv) air diffusion tF. '-ough the water 

(v) secondary consolidation 

(i) ltzl 2CQ dWt: ¬ 

For the tests in Section II, it Was difficult to apply 

all three pressures simultaneously. This meant that volume 

change could occur as a result of the changes in pressure. 

(ii) ZyZteM ledkZ(see preparation of equipment in chapter 6) 

acmecezzibilitx cQCCCatiQnz 
Since the total volume change was measured by water 

passing either into or out of the cell, it was necessary to 
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calibrate the cell for changes in volume with cell pressure. 

However, it was found that for a standard Perspex cell there was 

no simple, direct relationship between volume and pressure. 

Perspex suffers from large creep strain, and therefore at a 

particular pressure the cell volume varies with time and depends 

on its previous pressure history. For this reason, a double- 

walled cell was used in this research (see appendix 5). 

Entrapped air inside the cell and between the sample 

and the membrane may also affect the total and water volume 

change measurements. 

(iv) Aic diffUMiQD sbcQw b be wa-trc 
The diffusion of air through the water phase of the 

sample was measured as water leaving the sample. As a result, 

the water volume change could be misleading. This was 

corrected by flushing the diffused air to the diffused air 

vol -m= indicator rpparatus and subtracting the volur,: e of 

diffused air from the apparent water volume change. 

(v) 2cagodacx rg1I Q1idUtigD 
Long term volume changes are related to small amounts 

of secondary compression of the soil structure and compression 

of the pore fluid. 

A3.3 5jjtwrQ. tiD8 1QbQCQ 4cY zamelrZ b @Qr. k Ent=xs 

Conventionally, complete saturation is accomplished by 

increasing the back pressure to an amount equal to or greater 

than P (back pressure to produce 100 : saturation) and 
100 
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waiting until a simple pore pressure response or B-value test 

(Skempton, 1954) indicates that saturation has been achieved. 

However, it has been observed (Lowe and Johnson, 1960) that 

for soils known to be initially less than fully saturated, a 

period of time of up to several days is usually required to 

achieve complete saturation even with back pressures equal to or 

greater than P 
100 

It can be reasoned that the time delays in bringing a 

soil sample to complete saturation fall into two categories: 

(1) The time required for water to flow into the soil and 

compress the air under a given back pressure increase -a 

permeability problem and (2) the time required for the bubbles 

of pore air to dissolve into the surrounding pore water after 

they have been compressed -a diffusion problem. 

It is possible to calculate the degree of saturation 

which can be achieved almost immediately following application 

cf a certain back pressure, assuming no dela> due to 

permeability, but also assuming that none of the free air goes 

into solution in the pore water. From Boyle's Law it follows 

that the degree of saturation, S, resulting from any applied 

back pressure, P, is 

in which R= 

1 
S=1- ------------- 

1 
49R + (A3.1) 

1-Si 
P 

P 
100 

Application of P to any soil sample will immediately produce 
100 

98: saturation or more. However, to increase S to 99% requires 



AlS 

twice the back pressure, and to increase. S to 99.6% requires 10 

times P 
100 

Combining theoretical and experimental studies on 

the pore pressure response of fully and partially saturated 

soils led to the suggestion that for many soft and medium stiff 

soils it may be acceptable to use degrees of saturation of 99.5: 

to 99.0: rather than insisting on 100:. For stiff or very 

stiff soils a full 100% saturation is probably required to 

ensure adequate pore pressure response. 

Conventionally, both the cell pressure and the back 

pressure are maintained at the same magnitude when using back 

pressure to saturate a soil sample. 

A3.4 IQ IE5I EQB 56IUEAIIQU 

2 
1. Apply cell pressure of 50 kN/m 

2 
2. Apply back pressure of 50 kN/m 

With (A) closed ar: d (B) open ; pressure 
CELL transducer 

Close (B) and open (A). Allow time for 
AB 

equalisation (say 1 hr) and measure 

pore pressure. 
22 

3. Increase cell pressure to 100 kN/m (i. e. t P= 50 kN/m ) 

and after time for equalisation, measure pore pressure and 

calculate B. 

Change in pore pressure(U) 
i. e. (B= ------------------------------ 

Change in cell pressure 
2 

(Could increase cell pressure to 150 kN/m to check B value) 

4. If B acceptable (0.97) take cell pressure to required value. 
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5. If B too low set back pressure to value greater than measured 

pore pressure but less than cell pressure. Apply back 

pressure via burette to obtain volume of water entering 

sample. Equalise, shut valve (B), increase cell pressure. 

Allow time to measure B. If B still too low increase back 

pressure to value between pore pressure and cell pressure and 

repeat. 
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.. "- .. " - 

Pressul, r; kPa 11 Qa b. p. °3 250 b. p. 250 c'a b. p. 

_-_ _ 
Initial Final Diff. Initial Final Diff. 1 Initial FincI ý Diff. 

Time 
... --- --- -CLO 

58- 
--13 15 -- 

_ 

AVCL 
-A 

97 449 48 394 387 7 - 

c A _VCI-1 4c 20.9 5 18. Q0 2.05 1 6-05 0 15.6C 4 
_ 

.1 

fjm-s ,! ms kPa 1 100 b. p. 100 '-`4 b. p. Qa b. p. 

+ýi 
_. - --- - -- 

Initial 1 Finý. f Dirl Iniiial 
rFin: 

j! Di{i. Initi;. l t'in: l 
In 

19-9-82 10: 37 10: 52 j 
---- - ; - 

' 

AVCL 449 434 15 
- ---- jj 

VCI-1 (c. c. ) 18.90 18.15 0.75 r --. - 

VCI-2 

Fressures kPa 0,1 50 b. p. 150 

ö Initial Final Diff. 

l'me 19-9-82 10: 55 23: 07 

AVCL 434 405 29 
co 

_ 
VCI-1 (c"c. ) 18.15 16.70 1.45 

63 b p. 

Initial Fin; l Diff. 

r3 b. p. 
In;; ia? Final Dift. 

VCI-2 

CALCULATIOr; OF PORE P RESSURE PARAIA EIER B. 

Specimen/Stede Initi 1st 2nd 3rd 4th 5th 6th 
ý3 initial LPa 0 21 50 102 152 202 252 
4Ti final kPa 102 51 102 152 202 252 302 

kPa 102 30 52 
. 
50 50 50 50 

initial A' kPa -3 20 49 100 150 2ý 250 
final kPa 80 42 93 145 199 250 300 ý 

kPa 
_. _ 83 22 44 45 49 50 . 50 

'- 

B` ail 

A Q3 
cil1 0.73 0.85 490 

I0.98 _ 
100 1.00 
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A3.5 Iesi 6esilts 

The following table and figures summarizes all the null 

test s which have been carried out: 

---- ------ --------- ------- ------ ------ -------------- ------------ 

Null Press. Elapsed After press. change Sample vol. Water vol. 
test change time Total air water change as a change as No. 
---- 

(KPa) 
----- 

(Mina) 
--------- ------- 

(KPa) 
------- ------ 

percentage 
------------- 

a percentage 
------------ 

Ni + 10 184 310 - 310 + 0.74 + 0.68 

N2 + 10 275 320 - 320 - 0.06 + 0.06 

N3 + 10 49 330 - 330 - 0.06 0.00 

N4 + 20 763 350 - 350 0.00 + 0.40 ýi 

N5 + 50 145 400 - 400 - 0.11 - 0.06 

Cl consol. 1544 400 - 300 + 8.99 + 8.45 

N6 + 10 100 410 - 310 - 0.06 0.00 

N7 + 90 150 500 - 400 - 0.13 + 0.06 

N8 - 10 800 490 - 390 - 0.45 + 0.13 { 

N9 - 40 430 450 - 350 - 0.06 - 0.06 

N10 - 100 6710 350 - 250 - 1.46 - 0.19 

Desat+ 300 9807 350 300 250 - 0.57 + 5.41 

Nil + 10 1716 360 310 260 + 0.06 + 0.06 

N12 + 10 1156 370 320 270 - 0.38 + 0.13 

N13 + 10 1682 380 330 280 + 0.06 + 0.13 

N14 + 20 4012 400 350 300 + 0.06 + 0.06 

N15 + 20 3085 420 370 320 - 0.57 + 0.13 

N16 

------ 

- 20 

------ 

1435 

---------- 

400 

------ 

350 

------- 

300 

------ 

- 0.13 

------------- 

- 0.19 

----------- 

* All figures are rounded up to two decimal place. 
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In section I, on the first three null tests (Ni to N3), the 

total and water pressures were increased by 10 KPa. For null 

test N1, the general shape of the curves for total and water 

volume changes were almost identical (Fig. N1), the difference 

between the total and water volume changes was believed 

primarily related to the entrapped air inside the cell. For null 

tests N2 and N3 (Fig. N2 and N3), the total and water volume 

changes encountered were small about + 0.06: of the sample 

volume. For N4 and N5 null tests, the total and water pressures 

were increased by 20 and 50 KPa respectively. The volume changes 

measured were small. The funny paths happened at the beginning 

(Fig. N4 and N5) were thought to be associated with the changes 

in pressures. 

After five null tests, the sample was allowed to'consolidate 

and subjected to a different stress system. For N6 test, the 

total and water pressures were increased by 10 KPa. No water 

volume change, only. a small increase (0.061) of the total volume 

was noted (Fig. N6). For N7 test, an increase of 90 KPa was 

applied to the total and water pressures. The purpose was to 

examine whether the system could remain equilibrium under large 

stress changes. The results (Fig. N7) of volume changes were 

small. For null tests N8 to N10, the total and water pressures 

were decreased instead of increased. The volume changes were 

believed mainly due to the effect of hysteresis. 

In section II, the saturated sample had an air pressure 

applied to the top of the sample through a coarse corrundum 

disc. The testing technique was more difficult since three 

pressures had to be applied simultaneously. 
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Three null tests (N11 to N13) were performed with an 

increase in total, air and water pressures of 10 KPa. For null 

tests N14 and N15, pressures were increased by 20 KPa. All 

results (Fig. N11 to N15) showed a reasonable small total and 

water volume changes. For null test N16, a decrease in pressures 

of 10 KPa was used. The volume changes measured was still small. 

In general, the results are sufficiently accurate to 

prove that the equipment performs satisfactorily and verify the 

stress state variables for engineering purposes. 



24 

TRIAXIAL OO1'RESSION TEST 

SAMPLE DETAIIS 

Project Null Test Job No. 

Location of Project Borehole No. Sample No. i 

Description of Soil -G emouth clay Depth of Sample 

Date of Testing 18-9-82 

Sample Dinensions. 

Length Lo (av. ) 76.1 

Tested by C. K. Wong 

mm Di am. Do (av") 38.4 Area A0Lav. )1158.12mm2 

Volume Yo 88.13 cc 

Moisture Content 

Density 

Before test After test 

Tare No. 34L 2L 56L 

Tare Wt. (g) 7.97 7.66 8.02 

Wt of tare + wet soil (g) 
27.0 06 36.04 

Wt of tare + dry soil(g) 20.44 24.03 26.01 
Wt of water(g) 6.65 10.0 10.03 
Wt of dry soil(g) 2.47 ¶6.37 17.99 

well. 3.33 61.27 55.75 
(av. ) 56.78 % 

Wt of Wt of tare + Wt of sample ' od 
tare sample 3 k / 3 

kg/m (g) i 8) (g) m B 

Before test 4.58 150.78 146.20 1658.91 

ter test 4.56 138.21 133.65 

Consolidation Data 

Initial Burette Reading cc Final Burette Reading cc 

AY cc 

Length after consolidation - Lo (1 - &v) - mm 

Area after consolidation 
. AO (1 -i mm2 

(1-DY) 
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APPENDIX 4 

CALIBRATIONS AND CHECKS TO ENSURE 

PROPER FUNCTIONING OF THE EQUIPMENT 



A4 3 

Beeandiz 4 

CalibcatiQna and ebacka to cnauca ecQesc fwncTiQninfl of Ibc 
e9uiemCn1 

A4.1 QtDtt: 2 

The equipment used in the laboratory investigations was 

either of a new design or had been substantially modified from 

existing and proven designs. This appendix explains the many 

calibrations and checks performed to ensure that the equipment 

was functioning properly. Time consuming tests were conducted 

to examine possible sources of error, to assess their 

significance and either eliminate or control them. 

A4.2 6TmQzebt i eccroswrc-L ICM2tCAIWCt aed ctlaliytbumidity io 
Ibc 1 QratQCY_ 

All equipment was in the same temperatu'-e controlled 

room. The atmc, --rheric pressure, temperature and relative 

humidity were continuously recorded on a strip chart recorder. 

Figure A4.1 shows a typical atmospheric pressure, temperature and 

relative humidity trace for one week. The value of atmospheric 

pressure was used in an analysis to asses the volume of diffused 

air through the high air entry disc and the temperature value 

was used to calculate the temperature corrections for the 

automatic volume change logging systems. In order to estimate 

the diffusion rates of air and the permeabilities of water 

across rubber membrane and lucite, the value of relative 

humidity should be recorded, but no attempt was made in this 

research. 
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A4.3 Ca1ibcatiQn of ecaaawca tcanaductc and diselaQamnnt 

The pore pressure transducers were manufactured by Bell 

& Howell Ltd. with ranges of 0-100 p. s. i. ( 0-7 bar) and 0-150 

p. s. i. (0 - 10 bar). Each transducer was calibrated against a 

standard pressure gauge which had been verified on a pressure 

testing machine. Initially, the transducer was loaded to 7 bar 

for at least one hour. The pressure was reduced to 0 bar and 

the digital voltmeter was set to 0 mV. Then the transducer was 

calibrated up to 7 bar in 1 bar increments for both loading and 

unloading. All transducers showed negligible hysteresis upon 

loading and unloading. 

After each soil test using the equipment, the 0 bar 

pressure reading was checked and corrected, if necessary, so 

that 0 bar corresponded to 0 mV on the digital voltmeter. This 

procedure assumed that the slope of the calibration curve 

remained constant. It should be mentioned that the greatest 

degree of accuracy was required in the pressure range 

approaching zero. General checks of the entire calibration 

were made at later dates to ensure their constancy. Table A4.1 

summarises the calibration formula for each transducer. The 

calibration formulae were obtained by performing a least square, 

best fit regression analysis between the dependent variable 

(pressure in bar) and the independent variable (digital output, 

mV). The equation of the best fit line had the form, 

pressure = intercept + slope x digital output 

(bar) (bar) (bar/mV) (mV) 
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Iab1c 8413 Bwmmacx gf calibcaliQD focmular fgc 2CCZZWce 
lcaoadwQscs 

---------- 
Channel 

------ 
No. 

---------- 

-- 

------------ 
formula 

------------ 

------- 

------- 

-- 

-- 

-------- 

-------- 

---------- 

-------- ------- 
0 

--- 
(T 

------ 
- 1) 

-------- 
pressure =-0.0066 + 0.01 * digital 

-- 
reading 

1 (T - 1) pressure =-0.0029 + 0.01 * digital reading 

2 (T - 1) pressure = - 0.0033 + 0.005 * digital reading 

3 (T - 1) pressure =+0.0278 + 0.01 * digital reading 

13 (T - 2) pressure = - 1.1964 + 1.0017 * digital reading 

17 (T - 2) pressure = - 0.0354 + 1.0041 * digital reading 

18 

------- 

(T 

--- 

- 2) 

------ 

pressure = 

----------- 

- 0.3770 

---------- 

+ 

-- 

0.9998 

------- 

* 

-- 

digital 

-------- 

reading 

-------- 

LVDTs were used to measure vertical displacements 

during the soil tests. The transducers were manufactured by 

Electro Mechanisms Ltd. (model 4000") and had a range of 1 5/8 

inches. They were calibrated against a precise micrometer 

(0.001 mm/division) mounted on a rigid base. The transducers 

showed negligible hysteresis and were essentially linear over 

their entire range. The calibration formulae of the LVDTs are 

summarised in table A4.2. 
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Iab1c 64ý2. L 5ummacx of calibcatiQn f cmwlac fQc 
dim2lacamant tcanaductcm 

---------- 
Channel 

---------- 

------ 
No. 

------ 

-------------- 

-------------- 

------ 

------ 

-------- 
formula 

-------- 

------- 

------- 

------------- 

------------- 

5 (T - 1) displacement (mm) = 0.02 * change in digital 
output 

6 (AVCL - 2) displacement (mm) = 0.02 * change in digital 
output 

7 (AVCL - 1) displacement (mm) = 0.02 * change in digital 
output 

15 (T - 2) displacement (mm) = 0.02 * change in digital 

----- ------ ------ -------------- ----- --------- 

output 

------- ------------ 

A4.4 Cj11LrLgjgo Qf 14j2ß 
The load cells were calibrated using a load cell 

calibration press manufactured by Budenberg Gauge Co. Ltd.. It 

was important to e. sure that the load cell being calibrated was 

concentric with the piston in the press. 

Table A4.3 summarises the calibration formulae for the 

load cells. 

IQb1r @4: 3i 
, 
5&jmmmc- Qf r. -1_ibc. ti4D fQc 1&C fQr 1424 Cr11v 

---------------------------------------------------------------- 

Channel No. formulae 
---------------------------------------------------------------- 

4 (T - 1)(No. 664) Load (kN) = 0.0136 + 0.001 * digital 
reading 

12 (T - 2)(450 KGF/69) Load (kN) = 0.0503 + 0.001 * digital 
reading 

---------------------------------------------------------------- 
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A4.5 Icmerratur¬ affact go YQIUmc maazJCamaat 

Rowlands (1972) described a method for automatically 

recording volume changes of a soil sample during a triaxial 

test. The method was based on the Bishop self-compensating 

mercury constant pressure unit and used a linear displacement 

transducer to measure the spring extension, which was directly 

proportional to the volume of fluid passing to or from the soil 

sample. Darley (1973) proposed a similar method which increased 

the sensitivity of the apparatus by using a single spring 

system. 

The author has constructed a system based on Darley's method 

with only a small change in the positioning of the displacement 

transducer. The layout'of the system is shown in Fig. A4.2. The 

displacement transducer has been moved from the centre of the 

spring to the side of pot A, thus ensuring completely 

frictionless movement of the inner rod of the transducer. The 

drainage line from the triaxial cell was connected to Perspex 

pot A and the outlet from pot B was connected to a paraffin 

burette for calibration purposes. The outlet from the burette 

was connected to the back pressure system. Two systems were used 

during triaxial tests on samples of unsaturated soil; one to 

measure the total volume change and one to measure the water 

volume change. The details of the two systems are described in 

the following section. 

Automatic volume change logger-1 (AVCL-1) was used to 

measure the change in pore water volume occurring during a 

triaxial test. The spring stiffness was 222.4 N/m and the 
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SIDE TUBE USED 
TO BYPASS THE SYSTEM 

FLOW FROM 
TRIAXIAL CELL 

FIXED SUPPORT 

DISPLACEMENT 
TRANSDUCER 
ILVDTJ 

POT A- 
(SUSPENDED) 

TERRY CLIP 

KLINGER AB 10 VALVE 

so FLOW TO 
CONSTANT PRESSURE 

UNIT 

3-WAY TAP 

FLEXIBLE POLYTHENE TUBE 

POT B [FIXED) 

TERRY CLIP 

WOODEN SHELF 

FLEXIBLE POLYTHENE TUBE 

Fig. A4.2: AUTOMATIC VOLUME CHANGE APPARATUS 

LOADING CONDITION: MERCURY IS T: NSFERRED FRON FIXED(RIGHT) POT 

TO SUSPENDED(LEFT) POT. 

UNLOADING CONDITION: VICE VERSA. 

COPPER TUBE 
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internal diameter of the pots was 76.2 mm. This gave a 

theoretical sensitivity of 0.56 mm change in spring length per 

c. c. of volume change. The apparatus was calibrated against a 

paraffin-water volume change indicator at flow rates of 0.65 

c. c. /min., 0.90 c. c. /min. and 5.07 c. c. /min.. There was no 

significant change in the calibration for these values of flow, 

or if the direction of flow was reversed. These calibrations 

gave a sensitivity of 0.0377 c. c. /unit readout on a digital 

voltmeter. 

AVCL-2 was used to measure the change in total volume 

occurring during a triaxial test. The spring stiffness was 211.8 

N/m and the internal diameter of the pots was 76.2 mm, giving a 

theorectical sensitivity of 0.59 mm change in spring length per 

c. c. of volume change. Similar calibration procedures as used on 

AVCL-1 confirmed the independence of flow rate and flowdirection 

and gave a sensitivity of 0.0366 c. c. /unit readout. 

A4.5.1 Effect Qf 
During calibration tests on AVCL-1 and AVCL-2, a small 

volume change was continually recorded when conditions should 

have been stable. As Shown in Fig. A4.3(b), the digital voltmeter 

(d. v. m. ) reading fluctuated up and down within a day, indicating 

that leakage from the system was not the problem. When the 

laboratory temperature was plotted alongside the voltmeter 

reading CFig. A4.3(a)3, it was clear that the laboratory 

temperature was affecting the volume change reading. 
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Four possible reasons for the fluctuations were identified: 

1. Drift of the displacement transducer readout due to 
temperature variations. 

2. Elongation or contraction of the spring due to 
temperature variations. 

3. Entrapped air in the apparatus. 

4. Thermal expansion of water/apparatus. 

Figure A4.4 shows typical graphs of change in d. v. m. 

readout, (R2-R1) versus change in ambient temperature, (T2-T1) 

for AVCL-1 and AVCL-2. Using regression analysis the results can 

be represented by an equation of the form: 

(R2 - R1) =A+B (T2 - Ti) .......... (A4.1) 

where A= intercept on (R2 - R1) axis 

and B= slope of line 

The coefficients of correlation for the results shown in 

Fig. A4.4(a) and (b) are 0.926 and 0.935 respectively. Equation 

A4.1 indicates that the-value of A should be zero, but using the 

data illustrated in Fig. A4.4, A=1.01; B= -2.43 for AVCL-1 and 

A=0.75; B= -2.43 for AVCL-2 and the resulting equations are: 

For AVCL-1, (R2 - R1) = 1.01 - 2.43 (T2 - T1)..... (A4.2(a)) 

for AVCL-2, (R2 - R1) = 0.75 - 2.43 (T2 - T1)..... (A4.2(b)) 

The high value of the correlation coefficients indicates 

that a close mathematical relationship exists between (R2 - R1) 
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and (T2 - Ti); it does not necessarily follow that a change in 

digital readout is caused by a change in temperature. Fig. A4.3 

shows that it is not unreasonable to assumed that changes in 

temperature affect the readings given by AVCL-1 and AVCL-2. 

Qcif-% Qf diZ21DQ. CD1 1r1n5-dWCCr 
This was quickly eliminated as a problem by setting the 

transducer at a particular value and monitoring the readout over 

several days. It soon became obvious that, within the 

temperature range prevailing in the laboratory, the transducer 

was not sensitive to variations in temperature. 

E1QagatiQe Qc QQatrartiQS Qf zecia9 
The springs used were approximately 200 mm long. Using a 

-6 'o 
coefficient of linear expansion for steel of 10 x 10 per C, 

0 
the change in length per C was 0.0022 mm. The maximum 

0 
temperature change in the laboratory was about 5 C, giving a 

maximum change in length of the spring of 0.011 mm. From the 

calibration of spring displacement (measured by displacement 

transducer) versus volume change (measured by a burette), 0.011 

mm corresponded to a volume change of 0.0196 c. c. or a d. v. m. 

change of only 1 unit, which was a negligible variation in 

reading. 

En-tCQ22 DiC 
In any air/water system, it is extremely difficult to flush 

out all the free air volume present in the system. 

Despite thorough flushing of AVCL-1 and AVCL-2, it is 

probable that a small volume of air remained trapped in the 
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apparatus. In addition, although de-aired water was used 

throughout the apparatus, it is again probable that the water 

contained in AVCL-1 and AVCL-2 had some dissolved air present. 

The presence of these small amounts of free air and dissolved 

air will not make a significant contribution to the overall 

temperature effect. 

Ibecma1 awaasiQa Qf Wa NCAeMratus 
The total volume of water in each of the two measuring 

systems was approximately 750 c. c. (including the triaxial cell, 

tubing, etc. ). Taking the coefficient of volumetric expansion of 
-4 0 

water as 2.1 x 10 per C and a typical temperature difference 
0 

during testing as 5 C, then the change in volume due to 

temperature is 0.79 c. c.. This compares with a value of 0.42 

c. c. found by using equation A4.2(b) with the same temperature 

difference and incorporating the sensitivity of AVCL-2 (0.0366 

c. c. /unit readout). The difference between these two values is 

caused by the thermal expansion of the apparatus, which would 

certainly restrict the volume change caused by the thermal 

expansion of the water. The magnitude of this reduction would be 

difficult to calculate accurately, as it would involve the 

calculation of the thermal expansion of all the components 

containing water. 

II 

The maximum total volume change in any of the tests 

completed to date was not greater than 5 c. c.. Using equation 

A4.2(b), the volume change due to a temperature difference of 5 
O 

C was 0.42 c. c., which represents nearly 10 % of the measured 
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value and the percentage would increase for smaller values of 

the total volume change. 

The most accurate measurement of volume change is obtained 

under constant temperature conditions. If this is not possible, 

the effect of temperature change on the whole measuring system, 

including entrapped air, triaxial cell, tubing, etc. can be 

taken into account by using equations similar to those presented 

for the automatic volume change measuring system. 
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APPENDIX 5 

ERRORS IN THE ACTUAL MEASUREMENT OF TOTAL VOLUME CHANGE 

OF SOIL SAMPLE USING A DOUBLE-WALLED CELL TECHNIQUE 
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6eeaDd1 5 

ErcQra iD The actwal mrazuctmcDl Of sQra1 vo1umc cbaofls Of 
agil zow2la iniofl a dQWbla_Wa11cd ca11 fc; bDi9JS 

The following factors may lead to errors, and are 

discussed below. 

(a) Differential pressure build up between two circuits 

(b) The solubility of air in water 

(c) Volume change due to the compression of water in the 

system 

(d) Linear change in dimension of perspex under all round 

pressure 

(e) Entrapped air in the cell 

(f) Leakage from inner cell to outer cell 

(a) plffeL-Po1iaj er: m-ý-9siCe build sje batwgea twg glcgwlt2 

To test the hypothesis, a differential pressure was 

established between the inner and outer cells, which allowed the 

inner cell to expand slightly before steady state conditions 

were achieved. Then the inner circuit was sealed off at the 

lower pressure before the next increment was applied to the 

external circuit. In this way the inner cell could not develop 

pressure faster than the outer circuit. However, no 

significant difference in the size of the calibration correction 

was observed. 

The author has used the same pressure gauge for 

measuring the pressures in both circuits in an attempt to 

eliminate this problem. 
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(b) Ibe sQ1Ubi1ity of nic in wahr 
It should be noted that, although the weight of a gas 

is proportional to the pressure(Henry's law), the volume 

occupied by a gas is inversely proportional to the pressure 

(i. e. Gas law). In other words, the volume of a gas decreases 

with increasing pressure, just as rapidly as the solubility 

increases. Therefore, the volume of gas dissolved in a 

given volume of liquid is independent of pressure. 

This can be proven as follows: 

From Gas law, Uao. Vdo = Wdo. R. T. ...... (1) 

and Ua. Vd = Ud. R. T. ...... (2) 

where Uao, Ua are initial and final pressure(absolute) in KN/sq. m 

Wdo, Wd are initial and final weight of dissolved gas in Mg 
0 

R is universal molar gas constant(8313.5 KN/Mg/ K) 
0 

and T is temperature ( K) 

In addition, Henry's Law states that 

Udo Uao 

Wd Ua ....... (3) 

Udo. R. T 
From (1) Vdo = --------- 

Uao 

Substituting (3) into (2), we have 

Wd. R. T. Ua. Wdo R. T 
Vd = -------- = C------- JC----- 3 

Ua Uao Ua 

Udo. R. T 
Therefore, Vd = ---------- = Vdo 

Uao 

Since the volume of dissolved air remains constant, it is 
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also possible to combine the free and dissolved air, and apply 

Boyles Law to the entire volume. To separate the air into its 

dissolved and free phases at any point, the volume of dissolved 

air can be subtracted from the total volume of air. This is the 

procedure used by Hilf (1956) Bishop (1957) and Fredlund(1976). 

Therefore, the solubility of air in water does affect the total 

volume change at the beginning of pressure applied, but not when 

the water is saturated with air. 

(c) YQlJmt abn)ge de to Ibe QQLD9CC5ZiQn Qf WaIec in the zxzIrM 

The volume change can be calculated from the 
-6 

compressibility of water (3.4 x 10 c. c. /c. c. /p. s. i) and the 

volume of water in the inner circuit. 

Details of inner cell: Height = 22 9m 

Internal diameter =2 QT 

External diameter = 1Qs2 QM 

Wall thickness = Q: ý gm 
2 

9 *22 
Volume inside the inner cell = ----------- = 14QQc. c. (approx. ) 

4 

Volume occupied by load cell and pedestal = 25Q C: C, (approx. ) 

Actual volume of water inside inner cell 

= 1400 - 250 

= 1154c. c. 

(It should be noted that when there is a sample in the 

cell, the volume of water present is reduced and the 

calibration correction would have to be adjusted accordingly) 
-6 

Taking the compressibility of water as 3.4x10 c. c. 

I 

h 
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-5 
/c. c. /psi(i. e. 4.93xlO c. c. /c. c. /bar) and the volume of water as 

1150 c. c. p then at 7 bar pressure there should be a volume 

change of the order of 0.4 c. c.. This is considerably smaller 

than the measured mean value of cell volume change (3.38 c. c. ). 

(d) LiDrac cbQD9 iD dIMCDZiQD Of _ECCýPCX_ 1JDdtC 0 WDifQCi 
erCsz, uct QD 1DDCC and QWICC 2wrfac¬zs 

From the 'Introduction to the Theoretical and Experimental 

Analysis of stress and strain' by Durelli, Phillips and Tsao 

(1958). The radial displacement, Ur: 

1 
Ur = -- (v - 1) p. r 

E 

where E= Young's modulus = 2.75 * 10 
6 

KN/sq. m 

v= Poisson's ratio = 0.38 

p= applied pressure 

and r= internal radius 

As the cell pressure is increased, the inner cell will 

thus grow smaller, although there is no pressure difference 

across its surface. 

1 
At 7 bar: Ur = ---------(0.38 - 1) * 700 * 4.5 cm 

6 
2.75E10 

= -0.00071 cm 

Therefore, r=4.49929 cm 

2 
Tr* 92 

V= ---- * 22 - �(4.49929) * 22 = 0.4416 c. c. 
4 

,ý 

., 

.l 
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This largely cancelled out the volume change due to 

compression of water in the inner cell(i. e. 0.4c. c. from (c)). 

(e) Entcaeeed aic in the rae11 
If the volume change is due to air in the cell assuming 

constant temperature conditions, the volume change should 

obey Boyle's Law. 

Let initial total air volume be V1 

and V1 = V1' + hVw 

Final total air volume be V2 

and V2 = V2' + hVw 

where V1' and V2' are free air volume 

hVw = volume of dissolved air = constant(from (b)) 

Therefore, V2 - V1 = V2' - V1' 

From Boyle's law: P1*V1' = P2*V2' =K 

P2-P1 
i. e. V1 - V2 = V1' ( -------> 

P2 

Taking the initial absolute pressure to be mean atmospheric 

1.01 bar), then at any cell pressure. 

Cell Pressure 
Cell volume'change = ------------------- * (Initial volume of 

Cel pressure + 1.01 air in the cell) 

If the cell volume change is due to air, then if the calibration 

results are plotted in accordance with this equation, they 

should give a straight line graph. Fig. A5.1 shows that the 

curves are straight at the initial portion and then start to 

curve up. It indicates that the error due to entrapped air is 

significant. 
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(f) Lcalsaga fccm inocc cC11 SQ Qut¬c cC11 

This was checked by applying an air pressure in the 

inner cell (before the outer cell was installed). By means of 

this, any leakage from the inner cell could be easily detected 

and stopped. 

As a conclusion, the errors in the actual measurement of the 

total volume change of soil sample are mainly due to the 

entrapped air inside the cell. 

In general, the double-walled cell modification of the 

triaxial system for measuring volume change of soil samples is 

an improvement on the existing single-walled (see figure A5.2 

and A5.3), as it: 

(1) reduces the variability of the calibration correction and 

thus increases confidence in the measurement of sample 

volume change. 

(2) It saves time in making the calibrations and helps to take 

account of creep effects. 
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APPENDIX 6 

A DIFFUSED AIR VOLUME INDICATOR FOR UNSATURATED SOILS 
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AQ2 Qdix 6 

A6.1 6 diffuaad nic volume indiQatQC fQC unoatucatcd 29i1m 
The diffusion of air through saturated high air entry 

discs presents a serious problem in the testing of unsaturated 

soils. When determining either the strength (drained) or volume 

change characteristics of unsaturated soils, a technique must 

be available to measure the amount of diffused air in order that 

the appropriate corrections can be applied to the volume-weight 

relationships. 

Unsaturated soils contain a relatively small amount of 

water and require lengthy periods of time for testing. In order 

to obtain accurate measurements of the water in the soil at any 

time, it is necessary to measure the amount of air that diffuses 

through the high air entry disc and apply a correction to the 

measured water volume change. 

Undrained strength or volume change tests on- 

unsaturated soils are performed with the water phase controlled 

as a closed system. As air diffuses through the high air entry 

disc, it comes out of solution in the compartment below the disc 

(Fig. A6.1). Therefore, the water is forced upward through the 

disc, back into the soil. Slowly the measured pressure changes 

from the original water pressure to the applied air pressure. 

In other words, the difference between the air and water 

pressures should tend towards a constant value but instead it 

continuously decreases. The reason for this is at present 

unknown. 

Drained strength and volume change tests can be 



A81 

C wD t ý'' " 

än ý5': ̂i 'yy ä s, 77 Q'F 6. '. '6 j 

mv 

"Wsý p. vv Il" 

own 
abofto Air 

lsý 

r run cewwno- -. w 
an r wM 44 

(A ASSEMB, ý 

near 

S#K1w TNf COMPºATkNI K: Ow TW 
CFRAMK DISC 

car.. sc 

ý 
MIYýG uý 

ýý/ý &N .Z 

(S AIR plssus TNIQ/W SATWATW RAMK DISC 

Fig. A6.1: Removal of water by air diffusion 

from below the ceraric disc. 
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performed by controlling the air and water pressures. In this 

case, the water volume change measured is a combination of the 

flow of water to and from the sample plus the flow of diffused 

air through the water in the high air entry disc. In order to 

assess accurately the water volume change only, it is necessary 

to measure the diffused air volume and subtract it from the 

measured volume change. 

The amount of air diffusing through a high entry disc 

over a period of several days can exceed the total volume of 

water in the sample (Fredlund, 1973). In other words, the 

computed final water content would be negative. Based on 

observations from numerous tests performed by Fredlund, (1975), 

it appears that any drained test lasting in excess of 1 day 

should take account of the diffused air volume, if it is 

desirous to monitor changes in the water content or degree of 

saturation. The above time period is primarily dependent on 

the thickness of the high air entry disc and the magnitude of 

the matrix suction. Initially, attempts were made to predict 

theorectically the diffused air volume, but there appear to be 

many factors affecting the rate of diffusion, rendering a 

strictly theoretical approach unreliable. 

The diffused air volume indicator described by 

Fredlund(1975) is relatively simple to build and can be operated 
2 

under a back pressure of up to 70 p. s. i. (or 4 82 kN/m ) applied 

to the water phase(see Fig. A6.2). The following description of a 

diffused air volume indicator is based on that given in 

Fredlund's paper and used by the author. 
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Fig. A6.2: Diffused air volume indicator 

(after Fredlund, 1,75). 
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A6.2 Qc2crie. tiQD Qf Ibc QiffWZ9d Eir YQlWMC 1QdiCDIQr 

Basically, the diffused air volume indicator consisted 

of a standard 10 cc graduated burette that was inverted and 

placed inside a3 in. (7.6 cm) diameter lucite cylinder 

(Fig. A6.2). The valve at the end of the burette was removed. 

Two rolling 0-rings were placed around the top of the burette to 

form a seal with the lucite. A vent on the top could be opened 

when filling the burette and remained closed when the indicator 

was in operation. The seal at the base of the burette 

consisted of a threaded brass sleeve tightened down against an 

0-ring. The brass sleeve was machined with a hexagonal top and 

an inside diameter slightly larger than the burette. The lower 

part of the brass sleeve was threaded into the lucite block at 

the base. The exit tube maintained a constant pressure head on 

the air in the burette. 

By momentarily creating a pressure gradient of 1 to 10 
2 

p. s. i. (6.9 to 69 kN/m ) across the-base plate (i. e. below the 

high air entry disc in the triaxial or oedometer apparatus), air 

bubbles were flushed out and their volume measured by 

displacement of the water in the burette. The pressure inside 

the lucite cylinder could be controlled by an air pressure 

regulator, at a value that maintained the desired gradient 

across the base plate. For example, if the water pressure 

below the high air entry was controlled at 30 p. s. i. (207 
2 

kN/m the lucite cylinder was pressurized to approximately 25 
2 

P. s. i. (172 kN/m ). The volume of diffused air was recorded in 

either of two ways: 
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(i) The initial burette reading was taken after the diffused 

air indicator chamber was pressurized (e. g. to 25 p. s. i. ) (172 
2 

kN/m ). The base plate was flushed out and the final burette 

reading was recorded. The indicator chamber pressure was 

measured on a pressure transducer to the nearest 1/100th of a 

p. s. i.. 

(ii) The initial burette reading was taken when the diffused 

air indicator chamber was at atmospheric pressure. The chamber 
2 

was then pressurized (e. g. to 25 p. s. i. or 172 kN/m ) and the 

air flushed from the base plate. The chamber was depressurized 

and the final burettereading was recorded. It is possible to 

take into account slight fluctuations in atmospheric pressure if 

a barometer is located in the laboratory. 

In either of the above cases, the volume occupied by 

the diffused air at the base of the ceramic disc was computed by 

applying Boyles law to the measured volume of diffused air 

(Fredlund 1973). Both of the above procedures produced 

satisfactory results: however, the second procedure was 

generally used by the author. Applying the first of the above 

procedures, the drop in pressure from the base plate to the 

indicator was small and the amount of air that came out of 

solution due to this pressure drop was negligible. Even when 

the second procedure was used, the amount of air immediately 

coming out of solution was negligible. 

Provided the temperature of the diffused air volume 

indicator and the base plate of the triaxial or oedometer 

apparatus were the same, there was no need to apply a 
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temperature correction. All tests on the indicator were 

performed in a temperature-controlled laboratory. 

When the burette in the diffused air volume indicator 

became empty, the vent at the top was opened and the burette was 

filled with water. Initially there was some difficulty in 

getting the bubbles of diffused air to move up freely in the 

burette. This problem was overcome by filling the burette with 

a commerical cleaner which had a low surface tension. 

The diffused air volume indicator has been used with triaxial 

test apparatus. Figure A6.2 shows how the indicator was used in 

conjunction with a modified triaxial cell. It should be noted 

that the water volume change indicator was bypassed when the 

diffused air was flushed from the base plate. 

A6.3 CQ 2W I QD PC4ýýýýCý 

The accuracy of the diffused air volume indicator could be 

readily checked by allowing the diffusion of air through a 

saturated ceramic disc and monitoring the volume change on a 

water volume change indicator. By turning off the water volume 

change indicator and flushing the base plate, the volume of 

diffused air could be measured directly. The two results should 

be essentially the same if the diffused air volume indicator is 

performed satisfactorily. 

The diffused air can always be visualized as a fictitious 

volume of water flowing out of the sample. The water volume 

change indicator has recorded it as such and therefore the 

correction for diffused air must always be subtracted from 
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recorded water flow. 

The determination of the correction for the diffused air 

depends on a precise evaluation of the pressure in the diffused 

air volume indicator es well as the base plate. The pressure on 

the diffused air in the indicator is equal to the applied 

backpressure plus the head difference between the exit tube and 

the air-water interface in the burette. The pressure in the 

base plate was measured by a pressure transducer mounted in the 

base plate. Figure A6.3 shows the detailed calculation of the 

air pressure and volume. The volume of diffused air is reduced 

to an equivalent volume in the base of the cell by means of 

Boyles law. 

A V1 . U1 
Vd = ---------- 

Ub 

where Vd = volume of diffused air, i V1 = difference between the 

initial and final readings on the diffused air volume indicator, 

U1 = absolute pressure in the indicator, and Ub = absolute 

pressure in the base plate of the apparatus. 

The base plate generally needs to be flushed about once 

each day. Corrections to intermediate water volume change 

readings can be made on the basis of a linear interpolation with 

respect to time. 
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Fig . A6.3: Computations for the diffused air volume correction under isothermal conditions. 
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A6.4 cQM29l@l14E for tb diffw2rd @1C YQ1hne QQCCc; i14D 
(Refer to Fig. A6.4) 

Calib = 1.4 cm/c. c. 
ELEX 

10 
ELEX - 

(DIFO t DI FF) /2 
9 

s DIFO 
745 

6.90 7 
DIFF 

6 

5 

EXIT TUBE I -14 

3 

2 

Assume 1 Atmospheric Pressure 

= 1.01325 bar 

= 1: Q1 Lac(approx. ) 

Air back pressure to indicator 

ATM = DIFPR + 1.01 bar 

where DIFPR = air back pressure(gauge) 

Head on air in tube in cm of water 

(DIFO + DIFF) 
EXHEAD = CELEX - -------------J * CALIB cm 

2 

(DIFO + DIFF) 
= C17 - -------------J * 1.4 cm 

BURETTE 2 

The Air Volume Change in Indicator 

ADIF = DIFO - DIFF c. c. 

The Corresponding Change in the base of the Cel' 

(ADIF) * (EXHEAD * CONVER + ATM 

PORE + 1.01 

where CONVER = 0.001 bar/cm of Water 

and PORE = back water pressure 

(ADIF) * (EXHEAD * 0.001 + ATM: 
ADIFF = ------------------------------- 

(PORE + 1.01) 

Fig. A6.4: Computation for the 

diffused air volume 

correction. 
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A6.5 IQ tcz- Ibc PEQ22C fWDQIi9Dio9 of Ibc diffi2cd mir Y41iar iodiQDIQC 
Three different tests were performed on the modified 

triaxial cell using an applied air pressure equal to 5 bar and a 

back water pressure equal to 3 bar. The following calculations 

and figures showed the measured diffusion of air through a 

saturated, ceramic disc with an air entry value of approximately 

3 bar. 

(1) Date : 27/8/82 Time (Starting) : 17 : 24 p. m. 

From AVCL : change in digital voltmeter 
= 526 - 103 
= 423 

From calibration curve, volume change = 16 alas 

From DAVI : volume change = 16.40 c. c. 
under air back pressure 2.5 bar 

CalQuJafiQn: ATM = 2.5 + 1.01 = 3.51 bar 
take atm. pressure = 1.01 bar 

(24.20 + 7.80) 
EXHEAD = [17 - --------------3 * 1.4 

2 

= 1.4 cm 

PORE =3 bar ADIF = 24.20 - 7.80 = 16.40 

16.40 * (1.4 * 0.001 + 3.51) 
ADIFF = --------------------------- 

(3 + 1.01) 

= 14A6 r.: r. ß 

(2) Date : 28/8/82 Starting time: 11: 03 a. m. 

From AVCL: change in digital voltmeter = 464 - 245 = 219 

From calibration curve, volume change = Q_6 g2g= 
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From DAVI: Volume change = 24.60 - 14.90 = 9.7 c. c. 

under air back pressure 2.5 bar 

CQ1cw1$tiQD: ATM = 2.5 + 1.01 = 3.51 bar 

EXHEAD = (17 - 19.75) x 1.4 =-3.85 cm 

ADIF = 9.70 

9.70 * (3.51 - 3.85 * 0.001) 
ADIFF = ---------------------------- 

4.01 

(3) Date: 28/8/82 Starting time: 13 : 18 p. m. 
From AVCL: change in digital voltmeter 

= 509 - (- 72) 

= 581 

From calibration curve, volume change = 22s4Q c. *a. * 

From DAVI: volume change = 25.60 c. c. 

under air back pressure 2.5 bar 

C 1cilatiQn: ATM = 2.5 + 1.01 = 3.51 bar 

(24.60 - 1.00) 
EXHEAD = [17 - --------------3 * 1.4 

2 

= 7.28 cm 

PORE =3 bar ADIF = 24.60 - (-1.00) = 25.60 c. c. 

25.60 * (7.28 * 0.001 + 3.51) 
ADIFF = ---------------------------- 

4.01 

= 22 : 45 r.: r.: 

Both the automatic water volume change logging system and 

the diffused air volume indicator registered essentially the 

same volumes of diffused air, therefore, the diffused air volume 

indicator functioned satisfactorily. 
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APPENDIX 7 

POROUS CERAMIC FOR SOIL RESEARCH WORK 
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6eesodiz 7 

CQBQUB EE6611CS EDE BOIL BEBEBBEH WOES 

A7.1 E Qerrlirz? Qf bigb air cDlcx ceramic dizag, 

The high air entry discs on which the soil samples are 

placed act as a semi-permeable membrane to separate the air and 

water pressures. The ceramic disc must have an air entry value 

in excess of the maximum differential air-water pressure. At 

the same time, it is desirable to have the largest possible pore 

size in the disc to obtain rapid equilization and to prevent 

impeded drainage. 

The different types of porous ceramics are designated 

by their bubbling pressure or air entry value, measured in bars 

of pressure. All types have considerable mechanical strength 

and may be shaped by conventional grinding and machining 

techniques. 

In the soils research field the unit of pressure, the 

bar, has come into general use and has also been selected as the 

standard unit for the expression of soil suction. The bar is an 

international unit of pressure in the metric system. According 
62 

to definition 1 bar equals 10 dynes/cm . This is the 

equivalent of 0.987 atmospheres, 14.5 psi or 750 mm of mercury. 

It is also equivalent to 1020 cm, or 401.6 in., or 33.5 ft. of 

water. 

The bubbling pressure or, as it is also termed, the air 

entry value, for a porous ceramic plate is the pressure required 

to force air through the plate after the plate has been 
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thoroughly wetted with water. It i5 defined by the capillary 

model equation 
2T5 

(Ua - Uw) = --- 
max r 

where T5 = surface tension of water with respect to air 

= (72 dynes/cm) 

r= radius of the largest pore 

The smaller the pores in the plate, the higher this 

pressure will be. The relationship between pore size and 

bubbling pressure is defined by the equation D= 30 Ts/P where D 

is the pore diameter measured in microns, P is the bubbling 

pressure measured in millimeters of mercury, and Is is the 

surface tension of water measured in dynes/cm. Using this 

formula, a porous ceramic plate that has a bubbling pressure of 

1 bar or 14.5 psi or 750 mm of mercury, would have a pore 

diameter of 2.9 microns. 

For soil moisture extraction work it is essential that 

the porous ceramic plates are used at pressures below the 

bubbling pressure of the plate. Manufacturer's designation of, 

for example, a1 bar ceramic means that the bubbling pressure 

is in excess of 1 bar, or in excess of 14.5 psi, and that the 

plate is suitable for use in the range of 0 to 1 bar of soil 

suction. Similarly a 15 bar ceramic has a bubbling pressure in 

excess of 15 bars or 218 psi and is suitable for use in the 

range of 0 to 15 bars of soil suction. 

The pore diameter in the 15 bar ceramic is, of course, 

much smaller than in the 1 bar ceramic. Consequently, for 

plates of equal thickness the flow of water through the 15 bar 
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ceramic is much slower than through the 1 bar ceramic for any 

given pressure differential across the plate. In studies 

involving moisture equilibrium, such as between a soil sample in 

contact with the porous plate and an applied gas pressure, the 

time required to reach equilibrium is dependent on the 

permeability of the porous plate. In order to obtain 

equilibrium in the shortest possible time, it is desirable to 

use a porous plate with the largest pore size possible that will 

still have a bubbling pressure higher than the maximum 

equilibrium pressure to be used. 

The coefficient of permeability of the ceramic disc 

mounted in the base plate can be readily measured by placing 

water above the disc, increasing the chamber pressure and 

measuring the flow in the water volume change indicator. For 

the ceramic discs used in this research, numerous permeability 

tests were performed and the results are summarized in Table 

A7.1. 

In general, the permeability decreases as the pressure 

difference across the ceramic disc increases (Fig. A7.1). 

Minute cracks in the discs caused an increase in the 

coefficient of permeability. However, the increase in 

permeability was generally small while the decrease in the air ý" 

entry value was substantial. 
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Iab1e Ztl 

--------------------- 
Disc No. Pressures 

------- 
applied 

---- -------------- 
Permeability 

---------- 
Av. flow 

-------- 
No. of 

(bar) 
--------------------- ------- ---- 

(cm/sec) 
-------------- 

(cc/min) 
---------- 

tests 
-- ---- 

-6 
-- 

c. p. =1 bar ; b. p. =0 bar 1.76 x 10 0.875 2 
-6 

c. p. =2 bar ; b. p. =0 bar 1.71 x 10 1.705 2 
-6 

c. p. =3 bar ; b. p. =0 bar 1.70 x 10 2.54 1 
-6 

c. p. =4 bar ; b. p. =0 bar 1.59 x 10 3.17 1 
-6 

c. p. =5 bar ; b. p. =0 bar 1.48 x 10 3.68 1 
-6 

c. p. =6 bar ; b. p. =0 bar 1.40 x 10 4.18 1 
-6 

c. p. =7 bar ; b. p. =0 bar 1.32 x 10 4.60 1 

-6 2 c. p. =2 bar ; b. p. = 1 bar 1.87 x 10 

-6 3 c. p. =2 bar ; b. p. = 1 bar 1.63 x 10 

-6 4 c. p. =2 bar ; b. p. = 1 bar 2.81 x 10 

0.93 1 

0.815 2 

0.14 2 

-6 
5 c. p. =2 bar ; b. p. = 1 bar 2.00 x 10 0.995 2 

-6 
c. p. =3 bar ; b. p. = 1 bar 1.92 x 10 1.913 

-6 
c. p. =4 bar ; b. p. = 1 bar 1.97 x 10 2.95 

-6 

-------- 
c. p. =5 

-------- 
bar 
---- 

; b. p. = 
-------- 

1 
-- 

bar 
---- 

1.96 
----- 

x 10 
---------- 

3.91 
-------- ------- 

-------- 
Disc N 

-------- 
o. 

---- 
bubb 

-------------- 
ling pressure 

----- 
(i. e. 

---------- 
air entry 

-------- 
value) 

-------- 

(bar) 
-------- 

1 
-------- ---- -------- 

2.95 
-- ---- ----- ---------- -------- -------- 

2 3.03 

3 3.10 

4 3.20 

5 
-------- -------- ---- 

3.10 
-------- -- ---- ----- ---------- -------- ------- 
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A7.2 IxecD Qf 2QCQW QerawiQ wzcd iQ tbis cczeaccb 

The high air entry discs 5 bar and 15 bar used in this 

thesis were manufactured by Soilmoisture Equipment Corporation, 

Santa Barbara, California*. The manufacturer's disc properties 

are given in Table A7.2. 

Iob1c 8Zs2 

2CQ2 . 22 QC bi9h DIE 2DICY -d129 

---------------------------------------------------------------- 
air entry value porosity permeability Bubbling 

(bar) (i) (cm/sec) pressure(bar) 
---------------------------------------------------------------- 

-7 
5 34 *1.21 x 10 > 5.51 

-8 
**1.33 x 10 

-9 
15 32 *2.59 x 10 > 15.17 

-9 
**5.47 x 10 

---------------------------------------------------------------- 

given by manufacturer 

** measured by the author 

The weight and volumes of high air entry discs were 

measured. The results were summarized in Table A7.3. 

(*Soilmoisture equipment Corporation, 

Barbara, California 93105 or 801 S0. 

CA. 93117) 

P. O. Box 30025, Santa 

Kellogg Ave. Coleta, 
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Iablc 8Z: ß 

W igbt_2Q1UMC c¬latiQQQbieý Qf twQ Qecamic di*Qs 

---------------------------------------------------------------- 
air entry value diameter thickness density (air dried)pore size 

(approx) 
(bar) (cm) (cm) (g/c. c. ) (microns) 

---------------------------------------------------------------- 

5 3.02 0.642 1.820 0.5 

15 3.01 0.649 1.715 0.16 

The density of the 5 bar disc was unexpectedly greater 

than that of the 15 bar disc. However, Soilmoisture Co. 

reported that 1 bar discs can be purchased that have a low flow 

rate and a porosity of 25 percent, or a high flow with a 

porosity of 42 percent. It appears that the sintering process 

is controlled to produce the desired air entry-value rather than 

have the porosity controlling the air entry value. 

The average coefficient of permeability of the 5 bar 

-8 -9 
disc was 1.33 x 10 cm per second and 5.47 x 10 cm per second 

for the 15 bar disc. These values compare closely with the 

manufacturers results. 



APPENDIX 8 
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62 adix 8 CQm2UtatiQna. L Data RadUctiQn and Reaultz 

A8.1 Q$t ceductiQa 

A8.1.1 Qaaccal 

A considerable amount of data is 

testing unsaturated soils. This data is 

analysed by using simple computer programs. 

accummulated when 

most efficiently 

This section presents the computer programs written to 

analyse the data from the triaxial tests. A program was 

developed for each particular type of test and all the programs 

were written in commodore BASIC. 

The tests were carried out on two triaxial setups which 

differed only in the type of volume change indicators used. 

Setup 1 used an automatic volume change logging system, whereas 

setup 2 used paraffin-water volume change indicators. This was 

taken into account in the programming. 

A8.1.2 CQTT4d4C¬ B 6.51C IQUCce zjjjtsment liztin9z 

The following pages present the BASIC source statement 

listings for triaxial apparatus 1 and 2 respectively. Each 

program is self-explanatory with an appropriate heading and 

description of variable names. 
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jtIESFITURATIOU AND CONSOLIDATION PROCESS 

INPUT''O ITPLrT DEVICE'-' 3 FOR Sr_: F: EEN, 4 FOR PRINTER"; F 
HL=LI 
DEF FtaACX>=r: C: tai:: X)+'INT<ABS<: >; >*IE2+0. >: /1E2 
INPUT"INITIAL LENGTH OF SAMPLE BEFORE CONSOLIDATION MN" ; LO 
I NP! iT"INITIAL DIAMETER OF SAMPLE BEFORE CONSOLIDATION tiN" ; D0 
Ao=n*C0*D0/4 
'.; C, =Lr_+4HO41E-3 
OF'ENF, F 
PRINT#F, "* ### +++#+##*#+? ##ýF#'##+? F### ? ktf## '# +# ##? F# ##*+##ýIý#'#: "" 
PRINT#F, "*: THIS IS THE STAGE OF CONSOLIDATION ti< C'E'SATUFRTICAN *1 
PF: It4T#F, "#+ #. '#+ýF.. F. #4# f*##+##+:. F#'#; +: #+*4, +++4: #*+ : #+: ##i#++!: *#'. 4'4ý+# " 
PRINT#F, " " 
PRINT#F, "INITIAL LENGTH OF '_HtIFLE E: EFOF: E CONSOLIDATION IS"; LO; "MM" 
F'F: I NT#F, "INITIAL DIAMETER: OF SAMPLE BEFORE CGNSOL I DAT I OhH' I S" , DC+; "MMM" 
PRINT#F, "INITIAL AREA OF SAMPLE BEFORE CONSOLIDATION IS" ; FHA(A0) ; "MMt2" 
PRINT#F, "INITIAL VOLUME BEFORE CON'SOLIDFTION="; FNA(VCl): "CC" 
CLO=; EF 
INPUT"INITIAL WEIGHT OF SRMPLE<GRAMS>"; WO 
INPUT"INITIAL t1OISTUFE OF SAMPLE %"; W 
MS =t.. lo.. 1 +0.01 tN::: V'3_MS/2 . 75: WW=WO-F13 
vv'=,, it-v. 

_ : 
EGA=., ., -v; }*iCtC- 

Sß=1=W*2.75/E0# 1i±0 
CPENF, F 
F'F: INT#F, "WEIrHT OF SOLIDE: ="; FNA(N_: >; "GRAMS" 
PRIUT#F, "'V'OLUME OF SOLIDS="; FNH(V$); "CC" 
FRINT#F, "INITIAL VOLUME OF VOIDS="; FNA(VV): "CC" 
PRINT#F, "INITIAL VOLUME OF WATER IN SAMPLE" : FNA'; Wb1: ' 
PRINT#F, "INITIAL MOISTURE CONTENT="; FNA(W?; "u" 
FEINT#F, "INITIAL. VOID RATIO="; FNA(EO); "u" 
PRINT#F, "INITIAL DEGREE OF SATURFiTIOtH="JFNA(S 0, ); "%" 
PF.: I NT#F, "" 
PRINT#F, " ºýýºIMMMMMMMYýIaiýMýMýi+ºMºM1ýrºVýIMýFýºMIýýMýºWýºýMý1ýºýriºrºýuVýýMrºMºýh+ýMiriMirýMMluiMýPMMMý" 
PRINT#F, "*+: *: +VE VOLUME CHANGE VALUE MEAN= SAMPLE VOLUME DECREASES *#+" 
PRINT#F, "yºýI#MMMMir+iýiýºirYMiýM ºrº1ºiº1ºMý11ýiºMYIFMMýýkýFýI V 4ºrº1iýºMM iýýYýýFAýýMMiMiý1MM4ºM4 AýiºýM*ºM " 
PF.: I NT#F, " 

A. 1=" E. T. SQR(E. T. ) VT VW VA SR EWG. A. 
B$="(MIN. > Sr. 'R(tiIN. ) (C. C.: ) (C. C. ) (C. C. ) C:: ) (C. C. ) 
PF: I NT#F, 2$ 
PRINT#F, A$ 
PRINT#F, E4 
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I. IC0 F'RItNT#F, Z: $ 
520 CLOBEF 
C_30 INPUT"c: OP. RECTIOON FOR AIR TRAPPED .: SAMPLE t': MEMBRANE a CELL IN C. C. "; T 
540 INPUT"HOUR AT START IS"; H1 
550 INPUT"t'1It'1. AT START IS" t11 
560 REM DOUE: LE-WALL CELL WITH GLASS-FIBRE WAS UT--*ED 
5 70 INPUTWOLut"1E CHANGE OF CELL DUE 70 APPLIED PRESSURE C. C. "; M 
sso INPUT"TEt"1F'EF. ATUF; E AT START IS", -TI 
590 INPUT"A''rCL-1 READING AT START IS"; A1 
600 INPUT"AVCL-t READING AT START I3 "; A2 
610 REM DAY STARTE11=0 DAY ONE=1 
f; <oi REM DAY TWO=2 DAY THREE=3 ETC. 

r'. ; i.: i I NEUT"DAY NON" : D2 
k"40 I NP'i iT"HOUR NOId" ; H2 
. 55E_1 INPUT"t1IN. týON"; M2 
G. 0 ET=:: 24+60-':: H1#-6o+M1: ) +( (D2-1>*: 24+601; '+': H +r. O+t'12 
670 IF D2=0 THEN ET -rH2 ' . iý+t'1' :; -; H1ýFý1Ei+t'11 :: " 
6: 51 Et? =SQQF: (ET) 

INPUT"TEMF'ERATUR; E NOW I'::: " . T2 
1'4_141 INPUT"A'"1CL-i READING, ta! : A' 
r iD ItdPUT"A''r'CL-c: F: EADIN NON"; A4 
715 REM TAKING THE EFFECT OF TEMP. INTO ACCOUNT 
720 A5=FC: +1.4 1-2.43*(T2-T1 
725 IF T2=T1 THEN A5=A ý 
7730 A6=A4+0.75-2.43+(T '-T1) " 
725 IF T2=T1 THEN A6=A4 
740 ItNF'UT"Iý= THERE ANY DIFFUSED AIR VOLUME CORRECTION 1--YEE". C1=. N O'5K 
750 IF K=1 OCIT0910 
760 VT=! A6-A2: )+O. '3356-M-T 
*, 0 VW= ': AS-A 1) #O. CI S7 7-AC 

-: º VA=FNA('v'T)-F' `VW, 
f. _: o L1_Lo : -: 1_-*'"; C, 
S'_1E1 

110 'Y 1= AI*L1W1E-3 
820 
__ 

E. 9. ti _ i. vi -VS) .1 Dr; '1 -VS) i L_ O :, ý"º; _: _ý=CGJCi-t'1_ß-"rlJ: r't "1 + 
C-30 W9=E9#'= 9+[i . 01 /2.75 
540 OF'EtNF, F. ' 
850 CF'ENF+1. F, 1 
8,6, C1 -n99 54 r 9934. rrr r"r. r- .rr, a _ _: ar 99 

8 7ri PRINT#F., C$ 
880 PRINT#F+1 . ET,. FNA, Eil: ), Ft4At: VTFNA(VW`), 'VA, FNA(S9? . Ft4A, E9: ).. FNFI(W9) . FNA(AC` 
890 CLOSEF : CLCISEF+1 
900 C"OT06 30 
'10 INPUT"INITIAL WATER LEVEL OF BUFETTE IN DAVI CC"; F1 
920 INPUT"FINAL WATER LEVEL OF BURETTE IN DAVI CC"; F2 
930 INPUT"ATM. PRE, '=; UF: E IS (EAR)"; AM 
94CI INPUT"AIR BACKPRESSURE TO DAVI CE: AF: )". AEA 
9501 INPUT"PORE WATEF: PRESSURE READING".; WR 
9E0 WF'=-O. 0029+0. E+1 *: WR 
970 IF WR=Ei THEN WP=0 
98Ci AT=(A6+AM) 
990 EX=(17 -(F1+F2)/2)*1.4 
1000 AD=F1-F2 
1010 AC=CAD*(E, <*0.0E+1+AT))/(WP/100+Atl)+AC 
1090 GOT0760 
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F 
1 

Iý 

DRAINED TEST (TRIA IAL CELL--1:: ' 

1 
1DQ INPUT"OUTPUT DEVICE? 3 FOR SCREEN, 4 FOR PRILATER";. r 
110 DEF FNA{r<: )= . t_t4(;: )*: It4T(HBs(x)+F1E '+fj, 5 )r''1E2 
120 DEF F'hlE. ':: Y)=_, CGNr'r' i"t'I14T'; RE: S(y)*1E"1+F1,5). - 1E4 
1 cl INPUT"INITIAL LENGTH OF SAMPLE BEFORE CON'3OL I DAT I ON t'1M" ; LCi 
140 INPUT"ItoITIFIL DIAMETER OF SAMPLE BEFORE CONSOLIDATION MM"; OO 

" 15O R0= rr*DCi*DFO//'4 
rä41 Sr'ý. 1=LO#fO+IE- 3 

OFENt,: r 
1so F'F: ItIT#t,.. i' ýF'+ý #+k: #.;: #: #: # ++'ýF ++t# i.. t: 
1 0 F'F: INT4#: r. TF: IR ; IFIL CELL taý_ý. 7 h' 
20C+ PF: INT# : r, " +*4: 144 ýF 
-1 ED PRINT# T, " 

FRINT#: r, "INITIAL AREA EEFORE CCOtar: OLIDRTIoN-" ; Ft4tie. Fiº_i? ; "1ttlt2" 
rt ýDt+ PRINT#{J, "INITIAL 'VOLUME BEFORE COI4'S: OLIDATIOt4 "; FtNR: V0); "CC" 

240 FEINT#J, "": CLOSE. J 

"iý 250 I NPLUT"INITIAL WEIGHT OF ti= HhiF'LE':: ORRt'1'c:. '"' "; W0 
260 INPUT" INITIAL MCI _. TI UF'. E CONTENT 
270 1+0. D 1444) : 'v'S=t'1r"i'c'.. 75 " 

In ý=r '' 'výý'r" : G1=Vr: ý': _,! ý'VV-.. 
, ý: "_r_, 

ý ýrvý1-l0l_7 

290 S0=14+2.75 E0+ 100 

300 OPEUJ, J 
C: 10 F'RINT# T, "#4'++. +'#'+F*: 'F+*A*+44++++*##+# +if '+º+#f#-F- '"FýF320 

PRIt4T#T, "WEIGHT OF SOLIDS=" FINR"f'RAtIS f 330 F'RINT#J, "VCOLUME OF S'JLI1lS=°F'- V ); "CC"' 
:: 40 FR It4T# T. "'vCIL! U'1E OF '? CHID -"; FMA!: , ""' ,s "ý=i. " 
350 PRINT#J.. "INITIAL MOISTURE 
3611 PRIt4T# T, "It#ITIAL VOID 
3:; 0 PR I NIT# t, "INITIAL DEGREE OF SAT! IF.: AT I ON=" ; FtIH r'S03:,; "e""' 
3='C1 FEINT#J, " " : CLD_; EJ 
390 INPUT"CHAD E IN TOTAL Vi BLUME CC: IN CONSOLIDATION STAGE". 'M 4C+C1 INP! iT"CHANCE IN WATER VOLUME CC IN CONSOLIDATION : STAGE"; F 
410 L1=LD+(1-: ti*'S'0 ) 
420 R1=Ar-l+ 11ý 
430 '"r'1=R1#L1*IE-3 L 
440 E9=! 'v'1-1.1,, ': 'r"v_+. Il_o: s9, '; t. JCi-t'1r-F . i('"11-v: 3) +1001 
450 W9=E97: S9**0.01 /2.5 

460 OFEN r, T 
470 F'RIt#T# T, ""##°# }: : F#+#-*+ # +#-+#+ ++ - . ++f'++++ ++++ +* 
400 PF; IHT#J. "LEtNl_TH OF SAMPLE AFTER CON SOLIDFiTIC'NNN=" ; Ft4A(L1); "t'1t'1" 
490 PRINT#J, "AREA OF SAMPLE AFTER COtaCSOL I DAT I ON=" ; FNF (Fi l) "t'itMMI 2" 
500 FEINT#J, "'VOLUME OF SAMPLE AFTER CONSOLIDATION" ; Ft4R('v'1) ; "CC" 
510 PRINT41: J, "1101STURE CONTENT AFTEF: COt4 OLIDATIOta" ; FHA(W9 ; ",: " 
520 PRIHT# 1, "VOID RATIO AFTER CONSOLIDATION"; FNR(E9)e "r: " 
530 PF: I t4T# t, "DEGREE OF SATURATION AFTER CON , OL I DAT I CAN" ; FhNH (99 **' ; "r', " 
540 FF: ItIT#1 T, ýF + : ##: *}: ##+F'ýF+#. #: i: ++ ýFýFýi t+#**+++}#. #'>}* +# **++ 
550 PRINT#. r, " ": CLO'=EJ 

Al. O5 
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550 
570 

1 

5V 0 

590 

t. 0 0 

610 

620 
r. 30 
640 

660 
r. 0 

0i 
690 

700 
710 
7,22 4=1 
7317 
740 
750 
760 

770 
70 
7901 

*0i 

8000 

. 910 
_ ̂ 0 

340 
ri50 

89D 

900 

91Ci 
920 

930 

94CA 

950 

9r, 0 

9701 

980 

990 

1000 
1010 
1020 
1030 
11-7140 
1050 
10x. 0 
1070 
1080 
1090 
1100 

AC=0 
REt4 ENTER DAY AS FOLLOWS: 
REM DAY STARTED=O DAY ONE=1 
REM DAY TWO=2 ETC. 
INPUT"HOUP FIT START Imo: " ;H1 
INPUT"PlIN. AT START IS" 

. 
0-11 

INPUT"STF: AIN CORRECT ZERO"; ZC+ 
INPUT"IUITIAL TEMF:. EF: ATUFr: E"; T? 
INPUT" INITIAL A'V'CL-1 READING". -R1 
INPUT"INITIAL A'VCL-2 F? EADINC4" ; F; 2 
CiPENJ. J 
FF: I FAT#J . "CORRECTION FOR STRENGTH OF 1: F::. r1EtiE F: t; NE 

.. 
ý: DF: tý I to .=: HG LAYER" 

F'F: INT#?, " : ==1_-+ Fý:: N; 'P1t"t FÜR 1,2 & 3" 
PR I t4T#J ,": 14 KN/MT-2 FOR 1 , ý- 2" 
CLOSE? 
I HPPUT" STRENGTH CORRECT I CAN VALUE 
REM DF: FII1 THE TABLE 
C'F'Et4J?. J 
F'F: I tNT# T. " 
PR INT#. 7. �#++# ++: +#+ ##+t+#++++#+++: ##: + +++: i i+#+##: +: +: +#+ :+ 
PR I NT# .T. "+ VE VOLUME CHAN13E VALUE MEANS A DECREASE IN SAMPLE VOLUME "" 
PRINT#. T, 11.... + ++ +'+4: ++'+"##'+++++#++ 4.4, + ++++++4'##ýk+: + #"++#" F+, " 
FEINT#J, " 
Z$="* ##. +4+r ýh #aF##F+1+k+++F"+4: 4 + #+. +#iý#+ý+#.. #t .... #+. #hF FF+#++++ 

A$=" E. T. STR. VT Vtd VA S'R E 
r-1-t_ ,,, -t-1Ita='. ) t;;: `, ý%' :,,: f'. 1) 1, %. ", r%') f, 1: "I 
PP I taT#"?. Z: t 
PF: I t4T# _T, Fi. t 
PRINT4?, E- 
PF: I NT## T. Z. - 
CLCPSEJ 
INPUT"GAY NOW"; 102 
INPUT"HOUR NOW". -H2 
I HF'LIT"MIN. Ni_iW" ; Mt 
REM CALCULATE THE ELAPSED TIME 
ET={24? FE. ̂ ý-rH1*''SO+t11))+((G '-1 ? #24*6O)y ß: H2* O+P12: ß 
IF D2=O THEN ET=(H2*E"Ci+ti2)-(H1+6O4M1) 
I HPUT"TEP1F'EF: ATUF: E NOW", -T8 
INPI IT"c; TPAIN L'"; 'CT READING" ; S1 
INPUT"LOAD CELL READING", -52 
INPUT"CELL PRESSURE F: EADING_; "; C: R 
INPUT"PCJREA IR PRESSURE READING" ; AF: 
INPUT"PORENATER PRESSURE READING" ; WR 
INPUT"RVCL-1 READING"; R3 

INPUT"A'V'CL-2 READ I tHG" ; R4 
REM TAKING THE EFFECT OF TEMP. INTO ACCOUNT 
R5=R3-(1.01-2.43+(TS-T7) ) 
IF (TG-T7)=0 THEN R5=R3 
R5= R'4-{0.75-2.4 #(T8-T? ) ) 
IF (TG-T? )=G THEN R6=R4 
CL=ABS(G1- G)*O+. 02 
U=CLr'L 1: UU=10O+U 
CP=C@. 0273+0.0100+CR)*100 
IFCR=Q THEN CP=D 
AP=-o. 0033+ +. 0050+AR) *100 

M. S. 
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1110 
1120 
11 30 
1140 
11501 
1160 
11. "0 
11 SO 
11E'0 

122,0 
123 
1 40 
1 äc 0 
1260 
12I 
1280 
1290 
13041 

1;: 10 
1320 
1; :0 

1340 
1350 
13 E Ci 

1,3 C, 

1400 
1410 
14241 

1430 
1440 
1450- 
14 E, Cl 
14"71 
1430 
1490] 
1500 
1510 

IFAR=0 THEN AP=O 
WF'= r -C1. ESC 29: Ct. Eý 1 OO+GJF' ý1 OO 
I FWR=0 THEN WF'=E1 
INPUT" IS THERE ANY DIFFUSED RIP VOLUME CORRECTION 1=', 'E'. , ß=1=HO" ;< 
IFK=1 GOOT01380 
REM SUBTRACT DIFFUSED AIR VOLUME FROM 4JATER VOLUME CHANGE 
Vw=': R5-F 1) ** O. 03 7-AC 
'v'T=(R5-R2)*0.0: 66+', (1.59t'2)ß: 3.1416x'4)*(CL/1O) 

REM VT HAS INCLUDED THE VOLUME CHANGE DUE TO LOADING PAN PENETRATION 
s'v'= ß: 1 Eiýýý_''r G. l ? r"' 1. ; 1- v T- . S: - + 100 
Pe'=(V1-%. 'T-V'7, ': ); "''v':, 4'1410 

01 e-"2.75 
''r F=FNA (V'T)-Ftdti : VW 

1=41-VT, ""vi 
F12=Z14: Al 
Ctz= (: Ci . 0136+0.001 S2:: i ' at ýF 1 E-Fes :'-, , 
IF DZ(0 OR CL= 0 THEN GE=E1 
VF=V'T; -'V 1# 100 
V5=''ll'a/ 1 *1 OCI 
VG=Ft-NR ('V'F' :ý -FHA (V5) 
OF'Eta 7, T, 2 
OPEta T+1 ., T, 1 
C$: ="999 99: _+ 99.99 S99.99 5C49.99 c: _-! ' . _-ý9 9_-49.9_ 9_+ 99.9 

PF.: I tIT#J, C$ 
PR ItNT#T+1, ET. t_tU. FHA (tirP), FI4A(V5) . 'V'6, ''?., E''r, GW'v', 0_, (RF'-WP) 
C'LOSEJ : C: LOSEJ+ 1 
OOUTO_tr 0 
I'iPUT" I t4I TI AL WATER LEVEL OF E: UF: ETTE IN 1-C CC", -Fl 
I HF'L. IT"F I HAL WATET: LEVEL OF E: UF-, ETTE IH DA', -' l CC"., -F2 
INPUT"RTtl. PRESSURE IS E: AF'"; AN 
I NF't_UT "AlF: BACKF'F: ESSUF; E TO DAV I EBAAF: " ; AE: 
FIT=f. HB+Rr'1 
EX= '' 17- -, F1 +F2 %, -'ß: ?+1.4 
AEI=F 1-F2 
Hf_`. =ltiL1'k; Er<+WC_9. C1º`_"i1+AT) (1.1'r"'1º t_i+Ný'J. "+H r_: 
OPENJ, J 
FF: INT44 T, +. ++. -. +4+ : ++#ýF +#f: ++ ++#+#, " 
PRINT#J, "CDIFFUSECD AIR VOLUME CORRECTION IS" ; FNH(AC= ); "CC" 
PRINT#J, "++#+: +4++ ++*#'+ ++*+'#t. ##. +: ++*4. +CLO 

EJ 
00101170 

i 
'; 71ý 9999 

. 
99 99 

. 
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CONSTANT WATER-CONTENT TEST(TRIFieXIAL CELL-I) 

INPUT"OUTPLT DE'-., 'ICE? 3 FOR DCR'EEH, 4 FOR PRINTER" , -F 
DEF FNA'.:? =CGta`::: ýa It1T; AE=:; r<)* 1E2+G=1. ß;.. '1E 
INPUT" INITIAL LENGTH OF SAMPLE BEFORE CONSOLIDATION t'iM" LO 
INPUT"INITIAL DIAMETER' OF SAMPLE BEFORE CONSOLIDATION MM" eDC+ 
A0=1T D0+Da. -4 
V O=L0 A0+1E-_, 
OF'EHF, F 
PI NT#F, " : ýh: #'*ýF'af ýf* +4 +#+ýh: ý'ýt'#ýF 'ýF# aý ý: # #ýF: # 
PR I NT11 F, " 04 C-ON TEST (TF: I A: >: I AL CELL-1) # #' 
F'F: It4T#F, It ###+:: + ++++4++##+ . +t##: #Aq+#*. 4 4' 
PRINT#F, " " 
F'RIt1T#F, "INITIAL AREA BEFORE CONSOLIDATION=" ; FNA<A i ; "tltlt' " 
PRINT#F, "INITIAL VOLUME BEFORE CC't-4SOLIDATION="; FtNA": VO: a ; "CC" 
CLOSEF 
INPUT"INITIAL WEIGHT OF : At1FLEfiýFý: Af'1'_ý? " ; 140 
INPUT"INITIAL MOISTURE CONTENT 
C'1'. =GJCi, 1+U. 014W) : 'V'S=t1'=. f 2.75 
VY='YO-YS : ECI =ti1V, -'V'_+100 
SO=W+2.75, -lEU '100 

QF'ENF .F 
FF: II4T#iF, "*#: *'+4++#++#'+#+4+4++4+4.... ++++4*4'#fi '*"*++" 
PF: INTO#F, "WEIGHT OF SOLICý'ý=" "FNA'11':; >; "GRAt1_-" 
F'F: INT F. "'yr, Li priE OF : =flLID"_h' FNA : \. ' :?; "ý_C" 
F'RI, `, "VOLUME OF 
PRINT#F, "INITIAL MOISTURE C: 01-4TEt4T". -Ft4Fi,: W''. -",. " 
F'RIHT#F, "INITIAL VOID RATIO=" ; Ft4A(EU ); "%" 
PRINT#F, "INITIAL DEGREE OF SATURATION=" ; Ft4Fi . 'SO, *,.,, ", ". ', 
CLC'SEF 
I NF'UT"CHANGE IN TOTAL VOLUME CC IN ' CONSOL I DAT I OH STAGE" ;M 
I NFLUT"CHANGE IN WATER VOLUME CC: IN CONSOLIDATION STAGE" :G 
L 1=LO+ ý. 1-t'1, ' 4 34 VC0: 
A1=AC1T.. 1-t'1. - VCI): ''. 1-t'1 

r'":: ''"l ý'1} } 

'v1=A1#L1#1E-3 
E9=CV1-'rS) -'ti 3#1Cýý_, , _:. =+_, -l. Jº_, -ti$-C'': (V1-'y''_ }*100 
W9=E! §+-Z39+0 . C11/2.75 
OPENF, F 
FF I NT#F, "#+* #*#*+**4'+4+*++#t +#+*+ #'#: #+*: + : f: +*+#+*++++*++*+++" 
PRINT#F, "LENGTH OF SAMPLE AFTER CON'SOLIDATIOt4="; FNA(L1); "Mt"1" 
F'E'INT#F, "AREA OF SAMPLE AFTER COI4SCLIDATION=" ; FtNA(. A17; "t'1M12" 
PF: INT#F, "'VOLUME OF SAMPLE AFTER CON OLIDATION"; FNA(Vl ); "CC" 

CON' r_ýLIDATIr_ýN"; FNA, W ;"" P'R'INT#F, "MOISTURE CONTENT AFTER 
PRINT#F, "VOID RATIO AFTER CONSOLIDATION"; FNA(E9); 
PRINT#F, "DEGREE OF SATURATION AFTER: CONSOLIDATION"; Ft4A(; _9); ". " 
PRINT#F, "W. #: ##*4'#++#* t: #++4. #+FýF'#ýF**# **# +# *++ýF#+ '#. : #+++# #'.. 
PRINT#F, " " 

"t' :: #ýF##i+ #+*+# +*+#+ýFt#f*+++ýY. +#'+ }#++ #+++ #: +ýI# +: +: #s *+" PRINT#F, 
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PRINT44F, "**f: +'%E VOLUME CHANGE VALUE MEAN_ SAMPLE VOLUME DECREASES *+t" 
FEINT#F, "#: '#i +**4 ýF#: *+44,41.14: +4444 # ++ ++ *: 4: + +F#*#'#: + ++ +*#: *##'+ 
PPINT#F, " 
CLOSEF 
REM ENTEF: DAY AS FOLLOWS : 
F: EM DAY STARTED=E1 DAY LINE=1 
REM DAY T1,10=2 ETC. 
INF'tIT"HGUF: AT START IS"; H1 
INPUT"MItl. AT START IS" ; t91 
INPUT"IUITIAL TEMPEF: ATUF: E"; T7 
INPUT"STF. AIN CORRECT ZERO" s20 
INPUT"INITIAL AVCL-2 R'EADIHO=" ; R2 
INPUT" INITIAL POREWATER PF: ESSUF: E READING" ; O1 
OF'ENF, F, 
PF.: I HT#F , "COR, 'F:: ECT I ON FOR STRENGTH OF 1: F:. t"1Et"1E: F: AtNE, 2: DPA INE;, 3: HG LAYER" 
FF: ItIT1#F, "ý; =1_+ }: N:, 1it2 FOP 1,2 & 3" 
PRINT#F, " <; =14 K N, 11-12 FOR 1 . 5.2" 
CLOSEF 
INPUT" STF: ENGTH CORRECTION VALUE X"; X 
02= (-0.00X9+0.01+Cl1)+100 
IF01=0 THEN 02=0 
REM DRAW THE TABLE 
OPENF, F 

F# #FýF*#+i #i +ýF+ttýh : #'+ ++#ýkýl+## #'ýF #Ji F+ '# iý '} ............ 
A#="' E. T. 5TF:. VT SR E DI_I F: b1 6A D. r. t'1. ". 

; W:. t: W? KN t^"' ` }:; ta; 'h1? --,; 
F'F: IHT#F, tp 
F'F: INT#F, AT 
PRINT#F, E:: $ 
F'RIt4T*IF, Zs 
CLCO_EF 
ItaPUT"DA'r' NOW" ; 02 
INPUT" HOUR NOW" ; H2 
IHF'UT"t'1IN. NOW"; P12 
REM CALCULATE THE ELAF"=ED TIME 
ET=x. 24*'0-(H1*60+M1))+(i02-1)*24#G0)+(H2* . 4i+M) 
IF D2=0 THEN ET=(H2*6C++fý12)-rH1*6o+t'11i 
INPUT"TEMPEPATURE NOW" ; TS 
I NF'UT"STFAi IH LVDT F: EAD I NG" ;S1 
INPUT"LOAD CELL READING", -S2 
It4PUT"CELL PRESSURE READING" ; CF: 
INPUT"F'OREA IR PRESSURE READING" ; AR 
INPUT"POF: EWATEE' PRESSURE READING", -WR 
IUPUT"A'VCL-2 READING"; R4 
REM TAKING ACCOUNT TEMP. EFFECT ON AVCL READINGS 
R6=R4-(0.75-2.43+(T8-T7)) 
IF (TD-T7) =0 THEN RG=R4 
CL=ABG(GI-Z0)*0.02 
U=CLý'L1 : ULI=100*U 

CP=(0.0278+0. @100#CR)*100 
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IFCR=O THEN CF=0 
AP=(-0. O0: 3+Ci. CiCi. 5, C1 ̀ AF: )W1OO 
I FAR=O THEN HF'=G 
WF'=(-0.0[129+0.0100+14R) 100 
I FWF: =C+ THEN WP=0 
T1=(R'G-F; ' )'O. 0i36G 
REM ', 'T HAS INCLUDED THE VOLUME CHANGE DUE TO LOADING F: AM PENETRATION 
vi=: <1.59t'2) cr 'a )#: r; C: L/1O)+T1 
DU=NF'-02 
: '. r=('lS+L, J9r''1Cil`i 

e',. '. * '1-v'T-'rrS! t"100 
EV= ( VI ', r VS>e-'VS100 

Z 1= r:: 1-VT,. '. / 1 1-V: r 
F12=Z1*A1 
CAE=. 'Ci. F1136+0. f1014S2)/(A2+1E-6)'r 
IF DI(0 OF: CL= O THEN DE=Ci 
V F'=VT /V 14: 100 
IF CIZ<=O THEN Eli=O: GOT011 0 
BFi=DU/DZ 
RW=DZV (CP'-14P) 
C'PEtNF.. F, 2 
OPENF+1, F, 1 
CT="999999 'j r 

ýýI 
rlrl_-'1 

,r 
; Vr ý. Q9 ''ý9.. ^iý 2499. g9 99I 

. 
9ý1 9_-19.4ý: ý 

r--t-. t ry i ff r. L: 4- 
PR'INT4 F+1 

, 
ET.. I II I., F11Aý V'Fi, FUA(SV ) , FF"4A(EV) . FNA(OU) 

, 
RW, PA., DZ, (HF'-WP) 

CLO_: EF: CLCI EF+1 
r_ OTOSGOi 
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IFRULY UNDRAINED TEST(TRIA., IRL CELL-1 

0=1 
INPUT"OUTPUT DEVICE? 3 FOR SGREEN, 4 FOR PRINTER" ;F 
DEF Ft4AC: <; 7=EýGN(X)4'INT(AE'_; ( <)*1E2+E1.5) IE2 
INPUT"INITIAL LENGTH OF SAMPLE BEFORE CONSOLIDATION hltMl" ; L0 
INPUT"INITIAL DIAMETER OF SAMPLE EEFORE CONSOLIDATION MM". -Do 
FiG=rt* D0 4: D0: "'4 
'.; 'r_i=LC'i*A041 E-C: 
OF'ENF, F 
PRINT#F, ". h'#+4ýF+ýk*: #s#'###''hýF #f +t'#+ : #: ##+ tt: # 
PF: INT#F, "4: *:: f' TU TEST(TF: IAXIAL CELL-1) 444. 
PRIt4T#F, " ###+#'## +#+ ++h: ##ýi'+#f'-'++ #: 4: t 
PENNT#F, " " 
PRINT#F, "INITIAL AREA BEFORE CON'SOLIDATION="; FtNNA(A4+>; "P1r'1t2" 
PRINT#F, "INITIAL VOLUME BEFORE CON OLIDATION=" ; FNFi(VCO. ".,. Ifr'C: " 
CLOSEF 
INPUT" INITIAL WEIGHT OF SAtIPLE(GRAt1S)", 1,10 
INPUT" INITIAL MOISTURE CONTENT %",. -W 
r1 .: =Glß,: 'ý 1+0.01*W) : '"1S=r VS=rlS 
V'6, ='Y O-V3 : ECl='4' V 'v' *1 00 

ý: Ei=W+. ='. 75r- EEi# 1 k. +0 
JO =. P1_ß, V0*: 100CI 
C'F'ENF, F 

PRINT#F, "WEIGHT OF SOLID==" ; FNA(t1'= "GRAMS" 
PRINT#F, "VOLUME OF SflLIG: _=" ; FtaHý: 'YG: '; "CC" 
PRIt-iT#F, "'Y'CILUPlE OF VOIDS=" ; FNA( V ); "CC" 
PPINT#: F, "INITIAL MOISTURE COHTEf4T". -Fl4R(W)., '", -. 1' 
F'F: INT#F, "INITIAL VOID 
PRINT41F, "INITIAL DEGREE OF SATURATIOU=" ; FHA(SO?; ".: " 
PF: INT#F, "INITIAL DF: 'r' DEN: ITY _" ; Ft1A(JO); "Kc, /CU. r'1" 
CLOSEF 
I HPUT"CHANGE IN TOTAL VOLUME CC IN CONSOLIDATION STAGE" ; r'1 
INPUT"CHANGE IN WATER VOLUME CC IN CONSOLIDATION STAGE" ;G 
L 1=LC1+ ý 1-rl, 'C 3*', r'O') > 
Al=ACI+(1-hM. "VO>, 'f 
ßr1=Al*L1*1E-3 
E9=(Vl-VS>e*VS+100: 9'? =(WO-t'1 -G)/(V'1-VS)+100 
W9=E9*G9: I: O. 01 /2.7 
J1 = M3/V 1* 10DD 
OF'ENF, F 
PRINT#F, "#'+4'++*##'+*+*: + +*: #+: **++**#*#+. #: *+**+++*#*+*+. **'*#: " ' 
PRIUT#F, "LENGTH OF SAMPLE AFTER CONSOLIDATION=" ; FNA(LI) ; "r'1r"1" 
PRINT#F, "AREA OF SAMPLE AFTER COta'=ýCIL I OAT I ON=" ; FNA (A 1) ; "MM t"2" 
PF: INT#F, "VOLUME OF SAMPLE AFTEP CONSOLIDATION"; FNA(V1 ); "CC" 
PRINT#F, "MOISTURE CONTENT AFTER CC't4SOL I DAT I ON" ; FtNNA (. W9> ; ".: " 
PRINT#F, "VOID RATIO AFTER COtNSOLIDATION" : FNA(E9); ".: " 
PRINT#F, "DEGREE OF SATURATION AFTER CONSOLIDATION"; FNA(99); ". " 
PRINT#F, "DF: Y DENSITY AFTER CONSOLIDATION ="; FNA': JI ); "KG/CU. r'1" 
PF: INT4IF, "+** "+**. . ++ f*+'F+#** i+ °+*##ýF**+ 1ý## # 't#*ýF* ý4*}'PRINT#F, 

" " 
PRINT#F". "*+#+f ?º #t*t *** A: ##ýF'FtýF++#* ***** ýkti; 4## *i'*+# # +*#** #*.. 
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PRIMT#1F. -"*'*'K +'"1E VOLUME CHAt1GE VALUE MEANS SAMPLE VOLUME DECREASES #'##" 
FF INTO#F. " ýM#ýF ýF: #ýI +++ *##'#: +++#;... #f** *: # : *'*: #+ +? "++ +++ +4:: 4: *: #: #: f'*** : *" 
PF.: INT#F.. " 
CLOSEF 
REM DRAW THE TAE: LE 
OF'ENF, F 
zs=}h+## Fýk#ýF *F #ýh+F*####'#+F+ #'t +Yý=ýF: + # #'##'ýF#*t#* +f: ++ *+*# #'ýh# ++*+ ##+###+ 
A$'= " E. T. UAC UA CSF: E C. P. EFI BW M. S. 
E: _E'="(tlIIIS.: ' KI4. 'Nt2 F: a"a; 'Y112 c ") C::? Ia"a/M12 KNr'Mt2 
FF: I tNT4#F . `$ 
F'RINT44 F, A. $ 
FT: I t4T#F, E, 'PRINT#F, 

2$ 
CLO'c. EF 
REM ENTER DAY AS FOLLOWS: 
REt1 DAY START EGA=O DAY O1--HE=1 
REM DAY TW0=2 ETC. 
INPUT"HOUR AT START IS", -Hl 
INPUT"MIN. AT START IS"-, Ml 
I NPUT" IHITI AL TEMF'EF: ATUF: E" ; T7 
INIF'CIT" INITIAL A'V'CL-2 READING" : R2 
INPUT" INITIAL F'OREWATEF: F'F: ESSURE READING", -01 
I NPUT "INITI AL PORE-AIR PRESSURE READING"; I0 
INPUT"INITIAL CELL PRESSURE READING", -Cl 
C_=+=c: o. 027G: +o. 0ii"C1 7#: ioC, R 
IF Ci=O THEN C9=0 
INPUT"DA', ' tai w"; D2 
INF'UT"HO' "", `4OOWW" rH2 
INFO tT"MIN. NOW" 
REM CALCULATE THE ELAF": ED TIME 
ET=(24 G0-(H1* . O+M177+((02-17ýº . ý=F+h1ý'IF 

D2=0 THEN ET=(H2**Cci+tM12)-(H1*6Oý Ml ) i 
INPUT "TEMPERATURE NOW", -TO 
I NF'CIT"POREWATEF: FRESSURE READING", -WR 
I NFUT"FC, FEA I F: PRESSURE READ I NCB" ; AR 
INPUT"CELL PRESSURE READINC-s", -CR 
INPUT"FI'V; CL-'2 READ I NO" ; P4 
REM TAKING ACCOUNT TEh1P. EFFECT ON A'U'CL READINGS' 
F: _ F: 4-(0 75-' 

IF (T8-T7)=O THEN F'. -=R4 
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PA = t-E1,4_ilý :: y+ýi. E14i°"*RF".:: t1ý_ýýi 
PW = (-C1. E1E129+C1. O1*WR)W1OCi 

CS(0.0278+0 
. Ei 1* CF: )# 100 

IF CF: =01 THEN C8=0 
CP=CE: -C9 
IF 0=0 GOT O 1110 
C'F'EtNF, F: F='F. 'It1T#F,., ' "" 
PRI IT##F, "INITIAL CELL 
PRINT#F, "II"4CF'EA'=E IN CELL P'PESE=; 1IRE".. FNA(C: F'?; "Kt4r"P11'2" 
PRINT#F, " "üCLOS: EF 
FiF'=. 

-0.4_14_1 
_: 3+11.411_1 ri4<F1R-I'3):: '+loo 

WP=-. (-4_i. 10ß'9+0.0110O u34P-CO1 : '',. 41(10 
VT= ("'. PG-R2:, : 4: 0.02-: 6 6 

ý- F_141 iS ýtiý-ý. r'ý:: 
." r'ý". 5 ý; 1-Y -4.. ý, " +F 11E1 

EV= (VI. -'Y'T--V'_ 
`)t"Y'. _": + 100 

VF'='/1 
iJ'Y1 

REM (PA+ 101) IN ABSOLUTE FRE^ :i IF'E UNIT 
P1 "; . -=1. C1E1=v+E1. E1ý=1ýýI`Iý_i! ýF14_1ýi+: Lý11 ý+I'ýF' 

REM P2 = V'OLUlt'1E OF WATER 
F'2 _ S9+E9*'VS, -' 1 /100001 

P3 = 1-%P , r'V' 1-F': '+0. Eil+F2-VF. 
P4 = 

BA = Fir-'/CF. EW = t. JP C: P 

RW = FA-F'W 
OF'ENF, F, 2 
OPE1IF+ 1, F, 1 

C4 S: 4 C: $-"q`'-70 9rß 99: =i9.9_1 : 'ýý '4 .9 
_'I9 1. 'D 9 9': 4 _1 }'4. r" " ý. Grp .. 'ý. ýrd. -ý. ýFEINT#F-, 

C 
PR ItIT#F+-1 ET. iý- NAo, P4) . Ft-0ti *PA.!, Ft4Fi,: '="Y'. '", FIaNFNA-ti S FNA(P. A. ), FhdH: E: iJ?, F: td 
r_: LOr3EF : C: LO_. EF+1 

NO" ;Q I NPUT" I S_: CELL PRESSURE I idr"F: EFi QED, 1 FOR YE-"-'o FOR 
IF Q=1 THEN V'i = Vi - VT: GCOTO 780 
GOTT x870 
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LUM_ONFINED TEST (TR'IAXIAL CELL-2) 

REM TF: I AXIAL I AL CELL-2 
REM TEST: DESATLIRATED WITH ELEVATED AIF: FR'Ev SURE, THEN SHEAF: UNDER CW 
INPUT"OUTPUT DEVICE? Z: FOR SCREEH, 4 FOR PRINTER" ,F CHEF FNA0; '=CGtJ(:;; )#INT(FDS041)#1E2+0.5)r'lE2 
INPUT"INITIAL LENGTH OF SAMPLE BEFORE CONSOLIDATION h1M"; LO 
INPUT"INITIAL DIAMETER OF SAMPLE BEFORE CONSOLIDATION PM"; CDcl 
Art=tf?! 'CIC7'ý'Cý11/4 
'. O =LO+'AO* 1 E-3 
OFENF, F 
FPINT#F, + : #: + : +4': -+ 4: +: ##+4'+i'+++++ #ýF: #+++ 
F'F: It"IT#F . "**+ C: U-CW TE=: TTRIA: <: IAL CELL-2) f: *" 
PR I tNT#F, "#.... ýh ah 'FýF# ý: + ý1'ßi ### #'ýi'##+°ý * : +ýY: #: #. ý: FF: I tJT#F, .. " 
PRINT#F, "INITIAL AREA BEFORE CON', OLIOFiTIOtN="; FNA(, AC+:: '. "fl1r1t2" 
PRINT#F, "INITIAL VOLUME BEFORE CONSOLICDATIOFN="; FtNA('4CO? 

": 
"CC" 

CLOSEF 
INPUT" INITIAL WEIGHT OF SIRMPLE{GRAt1'_)"; WW4O 
INPUT"INITIAL MOISTURE CONTENT :: "; W 
MS=1NlOi: i(1+A. 01#'W) : ',! _=M'S%. '2.75 
VV=VEt-'VC' : EO= V. j. " ' �YS' 1týG=t ý 
SUt=W+2.75,, 'E0+ 100 

iF'ENF, F 
PRINT#F f *'##+F# ++++; '#+F#+#+#+#t4: iß ++h: +++ + 
PRINT#F"WEIGHT OF SOLIDS=" ; FIJA: r'1 '; "Cýr".: Ar1'=" 
PRINT#F. "VOLUME OF 
F'P'ItHT#F, "VOLI_It1E OF 
F'RIIIT#F". "INITIAL MOISTURE =ýýtaT'Et"! T"; FtJt1ý: tJ3; ".:. " 
FEINT#F, "INITIAL VOID F: ATIý=="; FUA"ECt? : "rý" 
F'F: IHT#F, "INITIAL DEGREE OF SATUF'ATICItJ="; FNA(. SO); "': " 
CLOSEF 
REM ASSUME NO CHANGE IN TOTAL VOLUME DURING DF: A I tIA+_ E UNDER CONT. SUCT I ON 
INPUT"CHANGE IN WATER VOLUME CC IN CONSOLIDATION ., TAGE"; H 
S9=(W0-M -H)r'CVCt-vs)+100 
WWW9=E0+S9* 0.01 /2. ' 

OPENF, F 
PRINT#F, "##ýF ýh#'+# #++#+* #++ý*+#'#'ýh#'t++#ýk+##: #'#: ++#ýF#++ýFýF+ : ++ 
F'F: INT#F, "MOISTUFE CONTENT AFTER CON: -. 'OL IDATIOta"; Ft4AfW9: ); "': " 
PRINT#F, "DEGREE OF SATURATION AFTER CON4SOLIDATION"; Ft4A(59); ",; " 
F'F: I NT#F, "# # f'ýi+' 4 #+*ý. +++++#: # #'ýFýF*#'+#*#ýýFt+'# ?F.. 
CLOSEF 
REM ENTER CAA', " AS FOLLOWS : 
REM DAY STARTED=O DAY ONE=1 
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PEN DH'T T1,4O=2 ETC. 
I t4F'L IT"Hi I iR.: AT START IS" 

,: 
H1 

INPUT"MIN. HT START IS"; Ml 
I NF'LUT"STF: A IH CORRECT ZEPO", -ZO 
INPUT"INITIAL POREWATER F'RE_: 3LIR: E READING: ". -O1 
C'2=-O. 03544-1.0041 *: C i1 
IF 01=0 THEN 02=0 
REM DRAW THE TABLE 
OF'ENF, F 
Z_ #' # +F # ?w4: ý' ýF ýM' *. #: ý# ýF # #: ýF: ##a#+# ýF ýF # ý1 #*# ýý <# # i' # ýF ýF ýF iM' #F ýh ýF 6. ## ýh # ýF ýF ýF': # ýM ýF' iý ### 

A4=" E. T. STR. CL 21 HP tJP Pw DU D. S. t"1. S. 
E. 1'="(tlINE. " (. %) Pt h1 k:: ta, 'r1fi4 I': Farrlfý 'w t`ta; 'P1fý t: ta, r't1t f; ta. 'r1? 
PF: It1T*IF Z 
FEINT#F, R4' 
PRINT#F, E: $ 
PRINT#F, 2 
GLOSEF 
INPUT"DA'r NOW"; G2 
I NF"UtT"HOI IR 140W", -H2 
INP! IT"f"1IN. HON" rr"1 ' 
REM CALCULATE THE ELAPSED TIME 
ET=(24»h. C1-(H]. *60+h11 

. 
`' )+(. (C0. -1) 24+EO? +(H2. +t Ci+r'Me2.? 

IF D2=0 THEN ET= (H2: +t. O+t12: )-c1-11-FGo+P11 ? 
INNUT"STRAIN LYCST READING"; =1 
INPUT"LORD CELL RENDING"; S ' 
INPUT"CELL-AIR PRE'=: SURE F: EAD I NG" : HF' 
I! aF'Lº1 "POF. ENR1T EF: REACH I Far_; " . I4i.. 
CL=AB5'rs1--: ýi`" 0.02 
1U=C'L: 'LG=1 :U I=1 Cit2: +U 
RF=-O. 377+0.9? 9 :. }HF: 
I FAR=G THEN AF"=O 
WP=-0.01354+1 . C1E141*bJF: 
IFWR=41 THEN WP=i1 

A2=21+H0 
CiU=WP-C'2 
DZ= (G. 0503+C1.001 1E-E"'' 
IF S2=0 THEN DZ=C1 

GPEHF, F, 2 
r'PENF+ 1, F, 1 
C$="999999 9.99 999.99 S99.99 999.99 999.99 999.99 S999.9-1: 4 999.99s999.99! 

PF: I NT#F, C$ 
PRINT#F+ 1F ET . UU.. CL . 21 , FNA (AF'') . FtHAA (WP y, FNA (F: W) . Ft4R (DU) 

,. 
FtAA (D. ) , FNA (AP-WP) 

C'LGSEF: CLOSEF+1 
GOT06: 30 
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OSTAMT WATER-CONTENT TEST' TP I A: ý, I AL CELL-2 

INPUT"O1_ITFUT DEVICE? 3 FOR SCREEN, 4 FOR PRINTER" ;F 
ClEF FNAý: X)=SON': X: "* INT<ABSO)*: 1E2+O. 5)/1E2 
I NF"UT"INITIAL LENGTH OF SAMPLE BEFORE CONSOLIDATION Mt"1" ; L0 
INPUT"INITIAL DIAMETER OF SAMPLE BEFORE CCIN: SOL I DAT I OH MM ; D0 
Aß =n#DO4 O.. 14 
'.; 'O=L04-: AG#' 1 C-3, 
OF'ENF, F 
F'F: INTitF, #+#. 4. '. ++4 +-++ 
PRINT#F, "*: + C-CG"J TEST,. TRIA,: IAL CELL-2) +++ 
PRINT#F,.. #: 4: #4: 4'4: * '. +'+ 4' 
F'1=: I h-IT#F, "" 
PRINT#F, "INITIAL AREA BEFORE CCitNBCLIDATIOta=" ; FtHA(A'J) ; "tlrlT-2" 
FEINT#F, "INITIAL VOLUME BEFORE CONSOLIDATIOt4="; FNA(YC0); "CC" 
CLOSEF 
INPUT" INITIAL WEIGHT OF C: AMF'LE(+_F? Ah1S:: ' ; b]C=1 
INPUT"INITIAL MC'ISTURE CONTENT "; W 
MS=W /( 1+0, o1+w) :V =MS/2.75 
VV=V0-VS O__VVe-'VS*lC0 

S0=W*: 2.75, 'ECi+ 100 
OF'ENF, F 
PRItNT#F,., *##'#f#*#####'# 
FF. INNT#F, "WEIGHT OF SOLIDS= "GRAMS" 
F'PIt4T#F, "'VOLUME OF r: ClLIQ_"=" ; Ft4A':: V: _;? : "C 
PF "INT#F , "',. 'OLI it'1E OF VQIO, __"; FNA<V': ); "C'C: " 
PRIt4T41"F. "INITIAL MCI _: TURE CONTENT" ; FtNA'. 14) 
PRINT#F,. "INITIAL VOID PATIO="; FNAf: EEI); ";: " 
PRINT#F, "INITIAL DEGREE OF SATURATION=" ; FNA(SO) ; 'W' 
CLOSE F 
INPUT"CHANGE IN TOTAL VOLUME CC IN CONSOLIDATION STAGE" ; F1 
INPUT"CHANGE IN WATER VOLUME CC IN CONSOLIDATION STAGE" ;G 
L1=LCD+1-t1r'(' _+VO) ) 
Al=AC M(1-t1; ' 
I=Al#L1*: 1E-3 
E4=(V1-YS)/'vS*: 100: S9=(WO-MS-G )/-'(Y 1-V=)*100 
67' ±=E9+S9* 0.01 /2.75 
OPENF, F 
F'RIt4T#F, " #*#+####: +rýf'# ++. 4'##>F++#4: +# '#.. ik##'##* +##ýF: ##'ýF*ýF+#:.. 
PRINT#F, "LENGTH OF SAMPLE AFTER COh4'_CALIDATIOt-4="; FNACL1); "tM1t"1" 
PRINT#F, "AREA OF SAMPLE AFTER CONSOLIGATIONJ=" ; FtNACA1) ; "tMit"1-t2" 
PRIMT#F, "'V'OLUME OF SAMPLE AFTER CONSOLICHATION"; FNA('%'l) ; "CC" 
PRINT#F, "MOISTURE CONTENT AFTER CCItI_OLIDATION"; FNA(W9'); ";. " 
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510 PRINT#F, "VOID RATIO AFTER CONSOLIDATION" ; FNF(E9) ; "%'' 
520 PRINT#F. "DEO REE OF SATURATION AFTER Cº]NSOL I CºAT I OºN" ; FNH (S9) ; ": "o" 

F'F, 'INT#r,.. #'##: #ýM##ýF###ýFýFýF##'#' ' : ##ýF# 4' +F' '#'+f'f'#++ ### #+Fiýý##t .. 530 
540 PRINT#F, " 
550 PRINT#a'F.. "+°++#MýF++4 #' #ýFý : ýh #+ýF# 4#'#4ýM#ýhýF# f'+ýh: +#*#+ ýh #'fi#ýF#: #ýF###+ 
560 PRINT#F, "#'+. +: +VE VOLUME CHANGE VALUE MEANS SAMPLE VOLUME DECREASES 
570 PRINT#F, "*, +: #+*: +*+*#+*+*..: +! M°# 
50 0 PPINTCF, " 
590 CLOSEF 
Goo P: Et'l ENTER DAY AS FOLLOWS: 
C18 REM DAY STARTED=C1 DAY ONE=1 
620 REM CºA'r' TW0=2 ETC. 
c:. IHEUT"HOUR AT '_, THF: T IS"., -Hl 
C40 INPUT"MIN. AT START IS" ; M1 
650 INPUT"-TEEI I Nf CORRECT ZERO" ZO 
660 INPUT"INITIAL 'v'f: I-2 FEACºIH0110^. '. 
670 INPUT"INITIAL F'OºR'EWATER PRESSURE REHDING" ; Cº1 
600 CºP'ENF, F 
690 F'F: I NT#F, "C'C ºRRECT I CºN FOR STRENGTH OF 1: R. MEME: BANE ,2: CºR'H I HS, 3: HC LAYER'' 
700 PRINT#F, ":: <<; =: 19 KN, -'MT2 FOR 1,2 , r, 3" 
710 PRINT#F. ":: <=14 k: N t41 t FOP I& 2" " 

720 CLOSEF 
r 730 I NF'UT"'STR'ENGTH CORRECTION VALUE X" A 

740 02=-0.0354+1.0041+01 
750 I FO1=0 THEN 02=0 
760 REM DRAW THE TAE: LE 
770 OF'ENF, F 
80 : 1: 2= "+#+++ *4+*++*+F.... #+# : +M'4 +Fý! 4... + ++h'+t+ 4 F+Fýt+I +F+F'* k+k: ###'? k+ +F+k 4++++....... *+: y:: 
790 H4=" E. T. STR. VT FE CºU RW EF G. t1. S. 
SOO EST="(MJNS. ) <tL1'1'7'2 (N) (N) fit'ir`M1' ' KN/r'1'1'2 

810 F'RINT#f-.. 2: ß 
820 F'F: INT#F, A. 
830 F'F: INT#F, E-£ 
640 PF. 'It1T#F, Z. # 
850 CLOSEF 
860 INFUT"DRY Ni ºW"; 02 
870 I NF'I_IT"HOUR NOW" ; H2 
880 INPUT"MIN. NOW" ; M2 

890 

REM CALCULATE THE ELAPSED TIME 
900 ET=(24#60-tH1+E0+M1 ))+(. (D2-1)+24+GEl)+(H2*60+M2) 
910 IF D2=0 THEN ET=(: H2+60+M2>-(H1*E, 0+M1 
920 INPUT"STRAIN LY'CT REHDING" ; 31 
930 I UPUT"LOAD CELL READING", -S2 
940 INPUT"CELL PRESSURE READING" ; CF' 
950 INPUT"PCºF: EHIR PRESSURE READING".. -AR 
960 INPUT"FoF: EWATER PRESSURE REHDING" ; WR 
970 INPUT" VC 1-2 READING" ; P4 
980 CL=AE5(s1- of )+co. Cie 
990 U=CL/L 1: ULI=10i0+: U 
1000 r_. p=-1.1964+1.001 r *CR 
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I FCR'=0 THEN CF'=C+ 
AP=-Ct. 37 i" 0+O. 99 9c-,. 4'HF: 

IFAR; '=C, THEN AF=0 
WP=-0.0354+ 1.0041 *'WF: 
IFWR=0 THEN L"4P'=O 
T1=R4-R2 
REM VT HAS INCLUDED THE VOLUME CHANGE DUE TO LOADING RAM PENETF: ATIOI. '4. 
VT=( i' l . 59"t'2) »! tr/4 CL/10)+T1 
DU=WP-r_ß. 2 

E''. '='. '. \5' 1T r. "%, -r. *100 
21 z(1-VT: 'V1 :. r'41-I_I) 
A2= 1 *H 1 

IF 02<0 THEN 02=C0 
'V'F'=''1T/V1*1000 
IF 02=0 THEN E: A=0: 00T01190 
E, ß=1=QLý/D 
RW=G2r'CC F'-WP) 
C'F'EtNF. F, '2 

" CIF'ENF+1, F, 1 
C$='194: ý99 99.99 S': )9.99 999.99 91-49.99 99'x. 99 999.9'=' S9_=+. 9' ': +_; 

F'F: ItHHT#F, Cs 
PF'ItIT#F+1ET, LILI, Ft Fi VP. s. Ft-4FI(S :,, Ft4R<E', '>, FNA(O ), Rl-. ), E+H, D-. (AF'-WP) 
GLO' EF: CLOSEF+1 
GO T0860 
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RAINED TEST (TF: IFie. IAL TEST. ) 

INPUT"OUTPUT DEVICE ?3 FOR SCREEN. 4 FOR PRINTEP"; J 
DEF FHFI,. IX )=SO1'#'INT , ABS (X'+1E2+C'. 5 )/l E2 
DEF FNE44')=S: '_N(Y>+INT(AE. S('r )+i E4+Cy . 5). '1E4 
INPUT" INITIAL LENGTH OF SAMPLE BEFORE CONSOLIDATION MllI',. -L0 
INPUT"INITIAL DIAMETER OF SAMPLE BEFORE CONSOLIDATION týr1"; CIO 
A13=-it+DO+D0/4 
'V'Ü=L0+AO+ 1 E- 3 

OF'EN J, J 
PF. I NTI" 

_r , 
"+++ +: -+ +:: + 4: + aw+:, +++++++4 " 

F'RIHT#J, ". TRIAXIAL CELL HO. 2 
PRINT#. T, "*+#".: k4: #: a1,4 + 444 -++ #++ aE'� 
PRINT# J, "" 
PRINT#J, "INITIAL AREA EEFOF: E CONS OLIDAT'IEJhd=" ; Ft4A(AO), ; "t"1t"1t"2" 
PPINTIIJ.. "INITIAL VOLUME BEFORE CCýha': CýLIDATIC+h"a=" ; FhIA: 'M 1y "CC" 
F'RINT# T, " ": CLOSEJ 
INPUT"INITIAL WEIGHT OF SAMF'LE(; GF: At"1ý=: '"; I4O 
INPUT"INITIAL MO I'_ TUF: E CONTENT 

11+41 0 lý,: w::, , .. _r"1.., ý.... 
V'v'='Y Ci-"'y'S : EO1=%'' y /VS+ 1130   

S0=W+2.75/EC1+ 100 
OF'ENJ, J 
PR 1 NT#J, "# +# # +4 -+ i:. ++, +#++. t.. l+#++E++*#: 
PRINT#J,, "WEIGHT OF SOOLI11S= " (MS ); "GRAMS" 
PF: IHT# J, "VOLUr"1E. OF SOLIDS=" -FNAi'Y .. ); 

"CC" 
: INT# 7, ýý',. 'OLI_It1E "Ci_.. PF 

PFINT4 J. "INITIAL MOISTURE --. CI14TEt4T"., -Ft4FA-*. tJ',., -", "-; 'I 
PPINT# J, "INITIAL VOID 
PRIHT#J, "INITIAL DEGREE OF SATUF: ATIOha=" ; F[4Fi(; 0 ); "': " 
PF: I NT# J, "": CLCISE r 
INPUT "CHANCE IN TOTAL VOLUME CC IN CONSOLIDATION ETAGE" ; t"i 

E: TRi_ E" ;F INPUT"CHANGGE IN WATER VOLUME CC IN CONSOLIDATION 
L 1=L0* (1-t'1/ (. 3 F'0: ' ;i 
A1=AO*(1-h1r V0); '':. 1-t'1. ''ß; 3*'v'Ei)'. " 
V1=A1*L1+1E- 3 
E9=i'V'1-'ti'S)/4VE: *100 : E; 9=(WO-t"13-F)r'4. r 1-'V'_ )+. 1047 
9=E9 : S9+0.01/2.75 
OPENJ_ J 
PRINT##J, "#. t* ; iii#ýk +F: #i'#+? k+kýF## . +*##: *: #"4: *ýF'k+W : ## f: #####: #*#ýF+i 
PF: I HT#J, "LENGTH OF SAMPLE AFTER CON SC'L I DAT I ON=" ; FNMA (: L 1) ; "t"1r1" 
PRINT#J, "AREA OF SAMPLE AFTER CODS OL I DAT I ON=" ; FNA (A 1) ; "11tl1 t. 2" 
PF: I NT#J, "VOLUME OF SAMPLE AFTER CON'S OL I DAT I ON" 

.: 
F[4A (. V1) ; "CC" 
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F'PINT#J,, "P1CISTI IRE CONTENT AFTEF.: COt" ; fLIDATIO[4"; FHFii W_. 7; 
PRINT#J, "'V'OID RATIO AFTER CONSOLIDATION"; FtNNACE9); ":: " 
PRINT#J. "DEGREE OF %BATURATION AFTER CONSOLICDATION". Ff4FIrS9: y; ";.. " 
F'F: INT#J, "ýh: ýh: ý4ýM'#ýVýF + '#+## ý#+*'##+###ýM##*#iýf'#ýi ý'##: #: +ýI? M: iý# #+###... 
PP. INT#1J, " ": CLOSE 1' 
REM ENTER DAY AS FOLLOWS: 
REM DA'r' STARTED=C1 DAY OHE=1 
PEN DAY TNO=2 ETC:, 
INPUT"HOUF: AT START IS"0H1 
INPUT"MIN. FIT START IS"; FN11 
I NF'UT"STPA INC: OF: F:: I-7: i=: T ZERO" ". Zfj 
INF'sIT"INITIAL ", 'CL-1 F. EADINi_"; P1 
INPUT"INITIAL V'CL- ' READINCG"; R2 
OFEN r, r 
FIRINT# T, "r_: OF. 'F, ': Ef-'T ICON FOR STRENGTH OF 1 R. MEME: F: ANE, 2: DRAIRS, _' : Hi , LAYER" 
PRINT#: T, 1_ý k; ta; 'r'1t2 FOR 1 
FEINT#. T, ";:.. =14 I: h1T' FOR 1 "c. 2" 
CLO ET 
INPUT"STRENGTH CORRECTION VALUE 
REM DRAW THE TABLE 
OPEN3,. T 
PRINT#J, " " 
FF: INT#I". T, "i# iý 4: #=##+#+#f'* #'##ti: ++ #: ý: f: #: #:: ýi++' ###+*ýF' ýF F. #'FýFýh'tý4'#: {� 
PR I F#T## T, " +VE VOLUt1E CHANGE VALUE MEANS A DECREA'=, E IN SAMPLE VOLUME 
PR; INT#7, "+#++++#+##'#++++? #'+#++#+F+ #f: ýF#++++t'+*. ++++++: +: #, +. *+++ 44. 
PF: I NT# T. "" 
I: -t="*44 '. +I.. .... #-++F'º#'}+w+ *ik+ +: 44: 4+444+ + *4+#+#'"F#**4#++++++ ±+! k+#*+4: 4+#'#' +* 
Al#=" E. T. STR. VW v fi CF: EW Ci. =. N. '_ . 
E<#=":: P1Ita'I;.. ' Kt4,111: F34,111 ._ 
P'F: ItNT#J, E ' 
F'F: INT#t 3, A1" 
FFz'ItIT#J, E: $ 
PR I NT#J, Z$ 
CLOSE J 
INFI_IT"DA'r N01,1"., 1: 12 
INPI_IT"HCii IF: ta! iW" ; H2 
IHFUT"MIN. NOW".: F1 ' 
REN CALCULATE THE ELAPSED TIME 
ET=(24: E0-ß'H1*6.0+h11 :) ? +((`D2-1)4'24*6. C0. '>+(H2'+60+NN12: ') 
IF D2=0 THEN ET=ß, H2+, 6O+C-1 )-(H1*'5O+N1 
INPUT"STRAIN LVDT READ ING" :1 
INFUT"LOAD CELL READIha G"; S2 
INPUT"CELL FRESSURE READ It G" ; CR 
INPUT"FOREAIR PRESSURE READINO"; AR 
INPUT"POREWATER PRESSURE READING" ; WR 
INPUT"V'CL-1 READING"; R3 
INPUT"; 1CL-2 READ I t-41--i" -R4 
CL=AE: S(CS1-ZO +0.02 

U=CL/L 1: ULF=100*U 
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1010 CP=-1 I. 1964+1 . 001 7*"CR' 
1020 I FCR=Ei THEN CP=0 
1030 AP=-0.3f f 0+41.95'±_#HF' 
1640 IFAR'=r-1 THEN AP=0 
1050 WF'=-O. 0354+1.01041 *WR 

1060 I FPJR=E1 THEN NP=0 
1070 VW=R3-RI 

1E180 VT=C. R4-r2)+.: ' 1.5 ±1''2)+3.14 <. CL/10,1 
logo F: EFI VT HAS INCLUDED THE VOLUME CHANGE DUE TO LOADING RAN PENETRATION 
1100 S'": '=( t1=+F"l'"I-'ýY1. '(: 'V'1-VT-V'S. -+100 
] 111 Eti -: r'1-V - t".... ),, ,t . _. 

#"14.10 

1 120 WV=r. ',: '+E'V'* 0.01.2.75 

11 _; 0 VA=FNFI(', t'T)-FNAß; 't W) 
1144_1 Z1=: 1-'YT/V1 

. ': ''( 
1-U 

1150 A2=Z1*: A1 
1160 DZ=(0.050: 1+0.001#82)? A2+1E-r'., -X 
1 170 I FDZ<c1 OR CL=O THEN Dom: =0 
1180 VP=VT? 'V 1 +100 
11901 V5=VW? V 1 *100 
1200 V'6=FNH (VF')-FNA (; V5:? 
1210 CPENJ. J. 
1220 OPENJ+ I. J .1 1230 C$="999999 99.99 S99.99 r" S99.9? 999.99 99 99-99 9999.99 999.99'' 

1240 F'F: I NT#J, C: 
1250 PRINT#_T+1, ET,!! J, FNA(VF': -, Ft4Fiý: V5',, VE., SV . EV.. N'. t'. CD" < AF'-iJF'; ) 
1260 CLOSEJ : C: LOE; EJ+1 
1270 GOTC1_, 5C1 
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A8.1.3 QczacietiQn of Quteut 

Typical printouts are shown on the following pages. The 

variables used in the printouts are listed below: 

E. T. = elapsed time in minutes 
SQR(E. T. ) = square root of elapsed time 

VT = total volume change in c. c. or percentage 
VW = water volume change in c. c. or percentage 
VA = air volume change in c. c. or percentage 
SR = degree of saturation in percentage 
E = void ratio in percentage 
U = moisture content in percentage 

D. A. = diffused air correction in c. c. 
STR. = axial strain in percentage 
D. S. = deviator stress in KN/sq. m 
M. S. = matrix suction in KN/sq. m 

Finally, the stress state variables associated with the 

failure condition are calculated. These are : 

11/2(61+63)-UaJf; 11/2(61+63)-UwJf; (Ua-Uw)f; 1/2(61-63)f 

where 61 = axial stress in KN/sq. m 
63 = equal all-round pressure in KN/sq. m 
Ua = pore air pressure in KN/sq. m 
Uw = pore water pressure in KN/sq. m 

(61-63) = deviator stress in KN/sq. m 

The subscript f represents the stresses corresponding 

to failure. In Chapter 9, these stress state variables are 

used to plot three-dimensional failure surfaces. 
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NNNNNN. NN********. NNNNNý1'NýIN'NN ºNNNýF4***NN'NN'MNN'NN****N'NN 
» THIS IS THE STAGE OF CONSOLIDATION S. DESATURATICAN N 

NNNNN+N? iMN! INNýFýFNýFNý1'Ný1N'N'ýFNNANNN'NNýkN'NNýINNNN'AANNýFN'NýýºNNNN 

INITIAL LENGTH OF SAMPLE BEFORE CONSOLIDATION IS 75.7 MM 

INITIAL DIAMETER OF SAMPLE BEFORE CONSOLIDATION IS 38.1 Mr-l 

INITIAL AREA OF SAMPLE BEFORE CONSOLIDATION IS 1140.09 MM?; ' 

INITIAL VOLUME BEFORE CONSOLIDATION= 86.3 CC 
WEIGHT OF SOLIDS= 133.13 GRAMS 
VOLUME OF SOLIDS= 48.41 CC 
INITIAL VOLUME OF VOIDS= 37.89 CC 

INITIAL VOLUME OF WATET: IN SAMPLE 37.84 
INITIAL MOISTURE CONTENT= 28.42 r 
INITIAL VOID RATIO= 7S. 27 % 

INITIAL DEGREE OF SATURATION= 99.55 <: 

rrrrrrrrrrrrrrrrrrrrrrrr*rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
+'VE VOLUME CHANGE VALUE MEANS SAMPLE VOLUME DECREASES *** 

rrrrrr+ºrrýrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 

****?. *'*"+4**** '+4: **'*****+#*******t**ýF**+**ý1 ** +**'*ýF***t********** 

E. T. 9CF; (E. T. ) VT VW VA SR E W D. A. 
(MItl. ) 3QFa1IN.: C. C. ) (C. C. ) (C. C.: > C. > C, ";: ý Cý } (C. C. 

ýF#1ý1t##ýF'ºýFýFýFýF##'1# #ý1 ýFN ý1#ýF #ýF####: #ýiýl#*##ýi+ýF#ýFf't#ý1yý1#'ýF# ? 1ý1ýF? I**#+ý1ý1#*+ 
E0 . 00 + . 00 + . 00 + . 0c, 99.85 

7.,, 
=-:. 

27 28.42 

. 00 
1 1.010 + . 

00 + . 
00 + . 

00 99.85 78.27 2. =-. 4. 
C' . 

CIO 

4 2.00 + . 00 +. 00 +. 00 959.85i 78.27 28.42 . 0tß 
9 3.000 + . 04 + . 04 + . 0C0 99.85 78.20 28.39 . 0000 

15 4.000 + . 05 + . 10 - . 05 99.72 76.18 28.35 . 00 
3E 6.00 + . 04 + . 16 - . 12 99.52 78.19 23.30 . ooo 
54 r_"_ 

. 
0rl + .0+ + . 

31 - . 
24 ý! _"ý. 22 7ý 

. 
12 r. 

cß. 19 
. 

011 

5 _' . OF. 6. + . 12 +. 40 -" 28 99.12 78.02 28.12 . 00 
99 9.95 + . 12 + . 51 - . 39 9$. 62 78.02 28.04 . 00 

120 10.95 + . 12 + . 62 -. 50 98.52 7S. 02 27.95 . CAE, 
13: 4 11.53 + . 16 + . 66. - . 50 98.51 77.95 27.92 . EICH 
188 13.71 + . 

22 
. 

22 +. -549 - . 77 77 97. 9tý 81 77.82 27.68 . C4Cý 
221 14.87 14.87 + . 

26 + 1.19 
- . 

93 97.40 77.72 27.5::: 

. 00 
1072 - 32.74 + . 70 + 5.22 - 4.52 87.70 76.82 24.50 . 0Ci 
1151 33.93 + . 71 + 5.61 - 4.90 86.69 76.80 24.21 . 00 

1173 34.25 + . 69 + 5.70 - 5.01 86.39 76.84 24.14 00 

2350 43.48 + 1.25 +11.33 -10.08 72.35 75.68 19.91 . 00 
2835 53.24 + 1.39 +13.32 -11.93 67.17 75.40 16.42 . OCR 

365; 60.48 + . 85 +13.97 -13.12 64.43 76.51 17.93 . 00 

3'44 61.19 + 1.21 +14.68 -13.47 63.13 75.77 17.39 . OCR 

3860 62.13 + 1.39 +14.94 -13.55 62.73 75.40 17.20 . 00 

3g2ä 62.65 + 1.19 +14.65 -13.46 63.16 75.82 17.41 . 00 

39$$ 63.15 + 1.19 +14.73 -13.54 62.95 75.82 17.36 . 00 

4100 64.03 + 1.15 +14.77 -13.62 62.79 75.90 17.33 . 00 

4163 64.52 + 1.10 +14.83 -13.73 62.53 75.99 17.28 . C00 

4335 65. E4 + 1.26 +15.14 -13.88 61.95 75.67 17.05 . 00 

4448 66.6.9 + 1.34 +15.34 -14.00 61.55 75.50 16.90 . 00 

4559 67.52 + 1.40 +15.48 -14.08 61.27 75.37 16.79 . 00 

5150 71.76 + 1.13 +15.47 -14.34 60.86 75.93 16.80 . 00 

5`56 72.50 + 1.233 +15.68 -14.45 60.44 75.73 16.64 . 0r0 

5256 72.50 + 1.23 +15.68 -14.45 60.44 75.73 16.64 . 080 
. 

5280 72.66 + 1.22 +15.71 -14.49 60.34 75.74 16.62 . 0E0 
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ý/ TRIR ; IRL CELL ISO. 1 ýF 

INITIAL AREA BEFORE CONSOLIDATION= 1140. t19 Mt112 
INITIAL VOLUME BEFORE CONSOLIDATION= 86.1 CC 

WEIGHT OF SOLIDS= 133.13 GF: AF1S 
VOLUME OF SOLIDS= 48.41 CC 
VOLUME OF VOIDS= 37.89 CC. 
INITIAL MOISTURE CONTENT 28.42 
INITIAL VOID F: ATIO= 78.27 7 
INITIAL DEGREE OF SATURATION= 99.85 :s 

LENGTH OF SAMPLE AFTEF: CONSOLIDATION= 75.34 MM 
AREA OF SAMPLE AFTER CONSOLIDATION= 1129.3 MMt2 
VOLUME OF SAMPLE AFTEF: CONSOLIDATION S5 . CE: CC 
MOISTURE CONTENT AFTER CONSOLIDATION 16.62 . ': 
VOID RATIO AFTER CONSOLIDATION 75.75 
DEGREE OF SATUF: ATION AFTER CONSOLIDATION 60.34 
* 1ý1A3Fý1ýFýF31ýF***+**. **ýFýF3º'i131i1****t****4ý1ýFýF***+*. * * ºý}*** 

CORRECTION FOR STRENGTH OF 1: F.. MENE: RANE, 2: DRAINE:, 3: HO LAYER 
X=19 KN/M t2 FOR 1,2 .3 
X=14 KN/M12 FOR 112 

+'VE VOLUME CHANGE VALUE MEANS A DECREASE IN SAMPLE VOLUME 
ýFý1ý1Aý1ý1+ý: ýý1: f *ý1ýºý1ýFA*#ý+ýF+ýýýý1+ýýiý+ýýF+ýýF*ýý+ýýF*ýFAý1ý1ýýFýF#+ýý1týýF* 



ýNýýM*ýýýýýýýNýýýMNMMýýMMMMýý»*MýýýNNýýMMMM*Ný*ý*ýNMMýMýMýMMýMýký'fiýMM 
E. T. STR. VT VW VA SR E W D. S. M. S. 

(MINS. C:: ) C:: > <I%> <:: ) t:: ) W <'t> KN/M12 KN, Mt2 
MýNýºNWNýIýN'ýF*Mý/ MýNýFMýkýiýFýFNýFMNý1ýFý1ý1'»MMMMýiýFý1ýFMýFý1ýFýiý1ýiN'N MM'ýýFM+IýF? iNýýiMNýº ýFýRý1ºRýRý*M*: 

0 . 00 + . 00 + . 00 + . 00 60.33 75.75 16.61 . 00 54.96 
355 . ©2 + . 05 + . 04 + . 01 60.29 75.66 16.59 1.58 54.95 
42 . 05 + . 05 + . 04 + . 01 60.30 75.65 16.59 3.35 54.46 
62 . 10 + . 00 + . 05 - . 05 60.20 75.75 16.58 7.75 54.46 

217 . 71 + . 20 + . 24 - . 04 60.05 75.39 16.46 104.57 54.46 
260 . 87 + . 2-1 + . 29 - . 02 60.04 75.27 16.43 137.03ý 54.46 
285 . 95 + . 33 + . 33 + 00 60.02 75.17 7 16.40 151.07 7 4.4E 5 
641 2.33 + 1.29 + 1.07 + . 22 59.62 73.43 15.93 343.97 55.96 
.ý01 1 4.96 + 7t 2.; ' ý + 2.29 + . 43 58.72 7! ý"9 ý. 5 1c '. 1ý' 63,. 6C1 ý 

53.46 

1336 5.12 + 2.74 + 2.41 +" 33 58.44 70.93 15.07 646.47 53.46 
13 

i 
7 E. ` 

'. t'8 + 
2.80 
L + 2.45 ' 

n5 
+ "0ý' 

53"4c 
'ýý 70"82 15.05 661.30 53.46 

1411 5.41 + 2.8, + 2.54 + . 33 5e. 34-* 70.71 14.99 673.75 53.46 
1451 5.62 + 2.94 + 2.6":: + . 32 58.23 70.53 14.94 690.78 53.46 
1481 5.70 + 2.95 + 2.66 + . 29 58.14 70.56 14.92 698.03 53.46 
150 5.81 + 3.01 + 2.70 +" 31 52.12 70.45 14.89 705.4'2 54.46 
156: 1 6.10 + 3.161 + 2.78 + .3 58.05 70.30 14.84 731.27 54.46 
1653 6.39 + 3.19 + 2.91 + . 28 57.85 70.14 14.75 753.64 54.46 
117218 6.71 + 3.29 + ... E+Ci + . 29 -. 5. ' .7. 69.96 14.70 776.59 54.46 
1758 6.82 + 3.32 + 3.06 + . 26 57.68 69.91 14.66 785.31 54.46 
1925 7.51 + 3.50 + 3.34 + . 16 57.23 69.60 14.48 830.92 54.46 
1973 7.69 + 3.54 + 3.39 + . 15 57.15 69.52 14.45 844.01 54.46 

2128 8.33 + 3.69 + 3.61 + . 08 56.82 69.26 14.31 881.53 56.46 
2742 10.83 + 4.14 + 4.21 - . 06" 55.94 68.47 13.92 991.42 53.96 
2769 10.93 + 4.05 + 4.18 - . 12 55.911 68.62 13.94 994.25 54.46 
2835 11.22 + 4.09 + 4.25 - . 16 55.76 68.55 13.90 1001.19 54.46 
2914 11.54 + 4.10 + 4 33 - . 28 55.45 63.55 13.82 1011.45 54.46 
2940 11.65 + 4.10 + 4.41 - . 31 55.3 7 68.53 13.80 1015.20 54.46 
3019 11 99 + 4.12 + 4.45 - 33 cc 23 850 13.77 1023.5_ 5^"" 96 
3 084=1 12.23 + 4.13 + 4.55 - . 41 55.04 68.49 13.71 1029.76 53.96 
3136 12.47 + 4.17 + 4.65 - . 48 54.85 68.41 13.64 1034.65 53.96 
3163 12.53 + 4.15 + 4.65 - . 50 54.81 68.46 13.64 1037.15 53.96 
3190 12.63 + 4.14 + 4.66 - . 51 54.78 68.46 13.63 1039.07 53.96 
3329 13.27 + 4.10 + 4.73 - . 63 54.54 68.54 13.59 1049.15 53.96 
3372 13.45 4 4.16 + 4.81 - . 64 54.43 63.43 13.54 1053.98 54.96 
3608 
4172 

14.44 + 
+ 

4.17 
4.20 

+ 
+ 

5.03 
5.36. 

- . 86 

- 1.16 
53.86 
53.07 

68.42 
68.36 

13.40 
13.19 

1i' 9 
1©33.7 

« 96 
52. 

4191 T :2 + 4.16 + 5.44 - 1.28 52.82 68.43 13.14 1083.05 52.96 
4216 16.93 + 4.14 + 5.48 - 1.34 52.67 68.48 13.11 1082.13 52.96 
4256 17.12 + 4.20 + 5.56 - 1.36 52.56 68.36 13.06 1083.46 52.46 
4293 17.25 + 4.13 + 5.55 - 1.42 52.49 68.49 13.07 1082.41 52.46 
4318 17.36 + 4.1E + 5.55 - 1.45 52.46 68.53 13.07 1081.49 52.46 
4340 17.46 + 4.0E + 5.59 - 1.51 52.31 68.58 13.04 1081.33 52.46 
4376 17.59 + 4.08 + 5.66 - 1.58 52.14 68.57 13.00 1081.86 52.46 
4397 17.70 + 4.09 + 5.65 - 1.56 52.18 68.56 13.01 1082.06 52.46 
4436 17.86 + 4.05 + 5.71 - 1.66 51.96 68.62 12.96 1081.05 52.96 
4462 17.97 + 4.06 + 5.70 - 1.64 52.00 68.61 12.97 1080.48 53.46 
4498 18.13 + 4.05 + 5.75 - 1.70 51.87 68.64 12.94 1079.70 53.46 
4518 18.20 + 4.02 + 5.75 - 1.73 51.83 68.69 12.94 1079.06 53.46 
4535 18.26 + 4.03 + 5.79 - 1.76 51.73 68.67 12.91 1079.97 53.46 
4565 18.39 + 4.01 + 5.79 - 1.78 51.70 68.70 12.91 1079.51 52.96 
4608 18.55 + 4.03 + 5.84 - 1.81 51.62 68.66 12.89 1078.41 52.96 
4637 18.68 + 4.03 + 5.85 - 1.82 '51.59 68.67 12.88 1078.02 53.46 
4664 18.79 + 4.03 + 5.88 - 1.85 51.51 68.66 12.86 1078.19 53.46 
4777 19.27 + 3.96 + 5.94 - 1.98 51.26 68.79 12.82 1073.16 53.46 
4794 19.32 + 3.98 + 5.95 - 1.97 51.26 68.75 12.81 1072.67 53.96 
4820 19.43 + 4.00 + 5.99 - 1.99 51.17 68.72 12.78 1072.19 54.46 
4874 19.66 + 3.94 + 6.03 - 2.09 51.01 68.81 12.76 1069.11 54.46 
5017 20.25 + 3.95 + 6.11 - 2.16 50.82 68.80 12.71 1062.80 55.46 
5819 23.54 + 3.87 + 6.58 - 2.71 49.51 68.94 12.41 1018.90 54.46 
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A8.1.4 CQm2UtatiQnm 

(1) Strain is calculated, using the strain LVDT readings, as 

follows: 
n1 

lo 

where &1 = change in axial length 
lo = initial length of the specimen 
E= axial strain 

(2) The volume changes during denaturation and consolidation (o 

Vc) and during shear (oVs) together with the axial strain 

(E), are used to calculate the length and cross-sectional 

area of the sample during shear. 

The formulae used in this respect are (Akroyd, 1957): 

(i) For the length after desaturation and consolidation: 

AVc 
Lc = Lo(1 - ---) 

3Vo 

(ii) For the area after desaturation and consolidation: 

AVc 

(1 - ---) 
Vo 

Ac = Ao ----------- 
AVc 

(1 - ---> 
3Vo 

(iii) For the area during shear: 

AVs 

Vc 
As = Ac ----------- 

(1 - E) 

where Lo, Ao = initial length and cross-sectional area 
of sample 

Vo = initial volume of sample 
Lc, Ac = length and cross-sectional area of 

sample after desaturation and consolidation 
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Vc = volume of sample after desaturation and 
consolidation 

As = cross-sectional area of sample during 
shear 

QVc = change in volume of sample during 
denaturation and consolidation 

&Vs = change in volume of sample from the 
moment at which shear begins 

and = the measured axial strain from the same 
moment as above 

The first and second equations consider the influence 

of the volume change as a result of the triaxial consolidation, 

whereas the third equation takes into account both the volume 

change during shear and the applied axial strain. In all cases, 

the approximation is made that the sample remains cylindrical. 

(3) Deviator stress at any strain is calculated from 

(61 - 63) = 
P 

As 

where P= deviator load 

For other soil properties, the calculations are set out 

in each individual computer program described in the data 

reduction section. 
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A8.2 Program for numerical method ___ "ANGLE" 

THE DETERMINATION OF SUCTION ANGLE 

100 DIM Sr1CIO), YC1001) 
41--Cý: 

TE; 
r=Cýr. O 110 1=1 : Srti : a<Y=41:. 

r. 
'"=_ý: 

Y'T'"-- 
120 INPUT"OUTPUT DEVICE? 3 FOR SCREEN, 4 FOR PF: I NTER" ;F 
130 DEF FNA(r`<)=SGE"J{ :? *: INT(AE: S x)#: 1E2+o. 5)/1E2 
140 INPUT"COHE'SION, C' IN KN/Mt-2" ; CI 
150 INPUT"ANGLE OF INTERNAL FRICTION IN DEGREES"; FI 
1 IF-0 INPUT" (MEAN STRESS - PAP) IN KN/t'1t2 IS" ;M 
170 IF t-t = 1EEE GOTO 310 
180 INPUT" (DEtii IATOR STRESS AT FAILURE). --'2 IN F: Nr't'T2 1S" :P 
190 INPLUT"MATRI.; SUCTION AT FAILURE IN KN. 'Mt2 IS" ; 8(I) 
200 FO=F I /S?. 2957 E: 
210 D=CI*COS(FO) 
«0 FR=FCC 

) 2: 30 C'H=ATN (; SIN (FA) 
240 TP=TANCQR)tt'l+D 
250 TD=P-TP 
260 Y(I)=TD+4CO'G(QA ) 
270 SX=SX+S ( I) : S'T'= SY+'Y (I) 
2, : 

_: 4± 
! r=rz. "rrr+_ý -':: I rrlL, t, 

:rr 
rY=rr'rr+r ýi I )*y'( I) 

290 I=I+1 
300 COTO 160 
310 NN=I-1 
320 MX=S<<: /t4t4: M'T=SSY/NN 
233C1 E: 1=CNN*. lY-S: "<, *SY?: CNN+ X-_X*'_ ;? 
340 E*=MY-B 1» r'1:. { 

"r r r" -r r erta 'r ur -r r "r r ýº1 F: 1 =Ntý#: . 'r-ti"rý#': t : R2='=G! F. r: Ctlta? Fr, r1. -Sr3FS .? fi IaF(ý14 r-'ý r" : T) i 
360 R=R1/R2 
370 AU=ATN(81 ) 
380 FB=AThNCTAN(AU)r'COS(QA) /CO5(FA) ) 
390 FT=ATN(TAN CFE)-TAN (FG) ) 
400 FT=FT*57.29578 
410 FA=FA*57 9578 
420 F8=FE: *: 57.29578 
430 OPENF, F 

440 PRINT#F, "ýF # *+1#+ ýF*+*4 : 4**++ ýF#*# + #+##*4*#*+ +#+ýF# ý1 ý}*ýF#* " 
450 PRINT#F, " 
46.0 PRIt1T#F, "INPUT COHESIOH, C' IN KN/'M? -2 IS"; FUA(CI) 
470 PRINT#F, " 
480 PRINT# F, "INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, 0' I 5" ; FNA (F I) 
490 PRINT#F, " " 
500 PRINT#F, "**#***4****.. 4*4#+## **##* . *ýF4*44*. ##*#+ýF+#ýF ýF:: F*t#ý? M: *# * :*r, 
510 PRINT#F, " " 
520 PRINT#F, "SUCTION ANGLE IN DEGREES WA) IS" "FNA(FF) 
530 PRINT#F, " 
540 PRINT#F, "SUCTION ANGLE IN DEGREES CUW) IS"; FNA(FT) 
550 PRINT#F, " 
560 PF: I NT#F, "CORRECTED COHES I CIN, C' IN KN/MI-2 IS" ; FNR C BO+C I) 
570 PRINT#F, " " 
580 PRINT#F, "CORRELATION FACTOR FOR SUCTION ANGLECUR), R IS"; FNACR) 
590 PRINT#F, " 
600 CLOSEF 
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Description of variable names for the computer program---"ANGLE" 

VARIABLE WE DESCRIPTION 

CI C' 

FI Os 

N ((al+a3)/2-Ua) 

P (al-a3)/2 

S(I) (Ua-Uw) 

D . d' 

QA 14 ' 

AU as 

FB ob 

FT o,. 
R correlation coefficient 



A8.3 Programs for three-dimensional graphical method Al 30 

C 

C 
C GRAPHICAL REPRESENTATION OF THE SHEAR STRENGTH DATA FOR 
C 
C UNSATURATED SOIL 
C 

C 
C THIS IS "SHEARLIP,. SHEARIH" D:, TA=DATALIb OR DLIB SERIES 
C 

C 
REAL X(100), XX(100)+Y(100), Z(100), AZ(100,100), W(10000) 
INTEGER ITITLE(30) 
DATA NMMAX/100/ 
PEAD(8,100) (ITITLL-(I), I=1,30) 

100 FORMAT(30A4) 
READ(R, *) X(1), Xx(1)9Y(1), Z(] ) 
XMAX=X(1) 
XMIN=X(1) 
XX"'AX=XX (1) 
XXMIN=XX(1) 
YMAX=Y(1) 
Yt IN=Y(1) 
Zr'AX=Z (1) 
ZMIN=Z (1) 
I=2 " 

10 PEAD(8, *, END=20) X(I), XX(I), Y(I), Z(I) 
XMAX=MAX(X(I), XMAX) 
XMIN=MIN (X (I) , XMIN) 
XXMAX=r1AX(XX(1), XXMAX) 
XXMIri=r-1IN(xx (I) , XI-1-11"j) 
YMAX=NAX(Y(I), YMAX) 
YMIN=MIN(Y(I)9YM1N) 
ZMAX=MAX(Z(I), 7MAX) 
ZMIN=MIN(Z(I)9ZMIN) 
I=I*) 
IF (I. LE. r4MAX) GOTO 10 
PRINT 600 

6UV FORMAT('*** TOO MANY LINES OF DATA 'ý## ) 
20 R+=I-1 

CALL HP747 
CALL WINDOW(3) 
CALL TITLE(4,30, ITITLE) 
CALL RANGRD(N, Y, x9Z, N, YMIr', YF'AX, N, XMIrJ, XMAX, AZ, 2*rJ*PJ"4*rJ, w) 
CALL ISOPRJ(N, 0., YMAX, U, O., XV. AX, AZ, 0,2*IJ*N+4*N, w) 
CALL MOVT02(25.945. ) 
CALL CHAHOL('((Pl*P3)/2-U*LA)F*. s) 
CALL MOVT02(160., 45. ) 
CALL CHAHOL('(U*LA-*UU*LW)F*. ') 
CALL MOVTO2(10., 150. ) 
CALL CHAHOL('(P1-P3)*LF/2+ß. I)' 
CALL MOVT02(195., 150. ) 
CALL CHAHOL(, (P1-P3)*LF/2#. l) 
CALL DEVEND 
WRITF(6, *)N, XMI(J, XMAX, XXMIIJ, XXMAX, YMIN, YMAX, ZMIN, ZMAX 
STOP 
END 
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C 

C 
C GRAPHICAL REPPESEtJTATIOt4 OF THE SHEAR STRENGTH DATA FOR 
C 
C UNSATURATED SOIL 
C 

C 
C THIS IS "SHEARLIB9SHEAF'2H" DATA=DATALIB OR DLIB * 
C 

C 
REAL X(100), Xx(100)+Y(100), Z(100), AZ(100,100),, r(10000) 
INTEGER ITITLE(30) 
DATA NrIAX/100/ 
PEAD(8,100)(ITITLE(I), I=1930) 

l0() FORMAT (30A4) 
READ(8, *) X(1), XX(1), Y(1), Z(1) 
XMAX=X(1) 
XMIN=X(1) 
XXMAX=XX(1) 
XXI'I"N=XX (1) 
YMAX=Y(1) 
YMIN=Y(1) 
ZMAX=Z(1) 
ZMIN=Z(1) 
I=2 

10 READ(8, *, END=20) X(I), XX(I)+Y(I), Z(I) 
XMAX=MAX(X(I), XMAX) 
XMIN=MIN(X(I), Xt4IW 
XXMAX=NAX (XX (I) , XXt1AX) 
XXMl"'=MIN(XX(I) 9XA MIN) 
YM:. ", =MAX (Y (I) , Yt'AA ) 
YMIN=MIN (Y (I) , YMIt4) 
ZMAX=MAX(Z(I), ZVAX) 
ZMIN=MIN(Z(I)+ZMIN) 
I=I+1 
IF (I. LE. NMAX) G010 10 
PRINT 600 

600 FORMT (t*** TOO MANY LINES OF DATA #"+*$ ) 
O N=1-1 

CALL HP747 
CALL WINDOW(3) 
CALL TITLE(4,30, ITITLE) 
CALL RANGRD(N. Y, XX, Z, N, YMIN, YMAX, N, XXMIN, XXMAX, AZ , 2*N*S44*N, 0) 
CALL ISOPRJ(N, 0., YMAX, 14, O., XXMAX, AZ, 0,2*N#N+4*ti, W) 
CALL MOVT02(25.945. ) 
CALL CHAHOL("((P1*P3)/2-U*LW)F*. ) 
CALL MOVT02(160., 45. ) 
CALL CHAHOL('(U*LA-*UU*LW)F*. I) 
CALL MOVT02(10., 150. ) 
CALL CHAHOL(9(Pl-P3)*LF/2*. $) 
CALL MOVT02(195., 150. ) 
CALL CHAHOL('(P1-P3)*LF/2*. ') 
CALL DEVEND 
WRITE (6, *) N, XMIN. XMAX, XXMIN, XXMAX, YNItJ, YMAX, ZMIN, ZMAX 
STOP 
END 
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C 

C 
C GRAPHICAL REPRESENTATION OF THE SHEAR STREM, TH DATA FOR 
C 
C UNSATURATED SOIL 
C 

C 
C THIS IS PROGRAM "SHEARLIB. SHEAP3H" DATA=DAT, LIB. S-SERIES 
C 
Cýaýýý. týaýraerýýýýýtýýaa"traýý+ýa"ýtrýtrýýaý. ýýýýýýýýýý#ýýýýýý#trýsrýaýýaaýrýýýýaaýer 
C 

PEAL X(100), XX(100), Y(100), Z(100), AZ(100,100), W(10000) 
INTEGER ITITLE(30) 
DATA Nt4AX/100/ 
READ(8,100)(ITITLL(I)9I=1,30) 

100 FORMAT(30A4) 
READ(8, *) X(1), XX(1)9Y(1), Z(1) 
XN. AX=X (1) 
XMIN=X(1) 
XXMAX=XX(1) 
XXMIMI=XX (1 ) 
YMAX=Y(1) 
YMIN=Y(1) 
7MAX=Z(1) 
ZMIN=Z(1) " 
1=2 

10 READ(8, *, ENU=20) x(I), XX(I), Y(I), Z(I) 
XMAX=MAX(X(I), X'"AX) 
XMIN=MIN (X (I) 9Xt4I11) 
XXMAX=MAX(XX (I) , xXMAX) 

(I +Xx"IN) 
YMAX=MAX(Y(I), YMAX) 
YMIN="1INN(Y(I), YMIt+) 
ZMAX=MAX(Z(I), ZMAX) 
ZMIN=MIN(Z(I ), Zt1It+) 
I=I. 1 
IF (I. LE. NMAX) GOTO 10 
PRINT 600 

600 FORMAT 0*** TOO HANY LINES OF DATA *** ) 
G0 N=I-1 

CALL HP747 
CALL TITLE(4,30, ITITLE) 
CALL RAS'1GRD(Nl, X, XX, Z, tJ, XMIPJ, XMAX, N, XXP1Il,, XXMAX, AZ"2*N*N"4*N, W) 
CALL ISOPRJ(N, 0., AMAX , N, 0., XXMAX, AZ , 0,2*N*N*4*N, W) 
CALL MOVT02(25.945. ) 
CALL CHAHOL(, ((P1`P3)/2-U*LW)F*"l) 
CALL MOVT02(160", 45. ) 
CALL CHAHOL('((P1'P3)/2-U*LA)F*"') 
CALL MOVT02(10., 150. ) 
CALL CHAHOL('(P1-P3)*LF/2*, I) 
CALL MOVT02(195., 150. ) 
CALL CHAHOL (' (P1-P3) *LF/2* "' ) 
CALL DEVEND 
WRITF (6, *)N, XMINJ, XHAX, XXMIP)"XXMAX, YMIIJ, YMAX, ZMIt49ZMAX 
STOP 
END 



A8.4 R : u1t 

A8.4.1 BizbQe at a1UU26Q2 

(i) dumcrical metbQd 

CQme291sd Zbale1r9ajlt2 from 12212 QQ UDZMIWraXa. 2.911 
52CQimana QDIY1 

INPUT COHESION C' IN KN/SQ. M IS 15.8 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, %' IS 24.8 

b 
SUCTION ANGLE IN DEGREES, O IS 18.61 

SUCTION ANGLE IN DEGREES, O' IS -7.15 

CORRECTED COHESION, C' IN KN/SQ. M IS 4.99 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(, 9 ), R IS 0.98 

CQmegaratp-d aQU1dec clay 

INPUT COHESION, C' IN KN/SQ. M IS 9.6 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES,, ' IS 27.3 

b 
SUCTION ANGLE IN DEGREES, O IS 22.19 

SUCTION ANGLE IN OEGREES, O' IS -6.18 

CORRECTED COHESION, C' IN KN/SQ. M IS 3.29 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.97 

ii 33 
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f 
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Data analysed by 2-dimensional graphical tc od : 

INPUT Soil 
Type c'(kPa) #0 4b Correlation* 

Compacted 
Shale 15.8 24.8 18.1 0.970 

w= 18.6% 

Boulder 
Clay 9.6 27.3 21.7 0.974 

w= 11.6% 

* Correlation coefficient is for the computation of +b 



(iii) 

m 

'7 

r-I 

0 

*M NITS IN 0/SQ. 1-S 

SHEAR STRENGTH DATA FOR C0I"2ACTED SHALE (BISHOP ET AL, 1960) 

(DATA FROI' FREDLUN , 1978) . 

A139 
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4 

P02 

(UNITS IN KN/SQ. M) 

SIkr. M STriENGTH DATA FOR COýZýACTED BOULDER CLAY(BISBOP ET AL, I960) 

(DATA FROM FREDLrn L, 1978). 



A8.4.2 QQnaldSi2612 

(i) dumacical matbQd 

6emQJ1dr-d LQadQa Q1aY LUadcaiaed to t 

INPUT COHESION, C' IN P. S. I. IS 0 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 20.3 

b 
SUCTION ANGLE IN DEGREES, O IS 10.44 

SUCTION ANGLE IN DEGREES, O' IS -10.52 

CORRECTED COHESION, C' IN P. S. I. IS 2.37 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(, d ), R IS 0.71 

Bcaabrzad silt £CQamtaat Water-_r-gate-at to t1 

INPUT COHESION, C' IN P. S. I. IS 0 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 33.4 

b 
SUCTION ANGLE IN DEGREES, O IS 8.72 

SUCTION ANGLE IN DEGREES, O' IS -26.84 

CORRECTED COHESION, C' IN P. S. I. IS 1.24 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R, IS 0.64 

A141 

.. rý ., _ 
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Bcar. bead silt idcaincd to t1 

INPUT COHESION, C' IN P. S. I. IS 0 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, ßl' IS 33.4 

b 
SUCTION ANGLE IN DEGREES, O IS 16.93 

SUCTION ANGLE IN DEGREES, )6' IS -19.55 

CORRECTED COHESION, C' IN P. S. I. IS 0.49 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.92 

Brartb d tilt iQvtc_dcdiQ dttl 

INPUT COHESION, C' IN P. S. I. IS 0 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 33.4 
**************E*********** ********************** *********%**** 

b 
SUCTION ANGLE IN DEGREES,, IS 18.58 

SUCTION ANGLE IN DEGREES, O' IS -17.92 

CORRECTED COHESION, C' IN P. S. I. IS 0.64 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.99 
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(iii) ; -dimensional graphical method 

P1 

cnwsa 

r, a fa 

J 

i. 3 

ra 

(I; IýITS IN PD-n-DS FE--i Sq. INCHES) 
TIE SH: EAii ST . i; GTH DATA FOR IUDOI; CLAY(I. B. DOTALD, 1961,. 
(ur Dmu1ED TESTS) 
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2.3 
2.3 
2., 
la 
1.7 
1.3 
1.3 

1 

a 
a 

I. 

(UNITS IN FoIMNDs PER s.. INCHES) 

lE Sta FT TH WL Fa BAIF*W skl FIM Co TESTS (IJ. OO ia. ISI) 

ac KA s1 Th DATA ra rI*" SUI wm Cl TESTS (»mwaT% ) 

lE l( SI ON IMU fO WHEJD SILT For Co TESTS (I. S. &wD, I%I) 



A145 

m 

LE 2" tvBIM OLN FE 610M SILT Ra vºiO UM (Iijo Alsu 

rZ 

ra 

(u1I: 3 I: ý POUNDS S. II. c 3) 

lE 66r 120M oºu w MAN" Sat FIM PUBS IBIS (I J. 1161) 

INE S&r meM au we WNA Oat wa &u® ion (! L . Isn 
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A8.4.3 BligbtU2612 

The following summarises all the results of tests on 

saturated compacted soils and partly saturated compacted soils 

by Blight(1961). 

(i) Nhmscica1 matbQd 

Ia1YbQDt clux imaximU3 stcazz catiQ1 

INPUT COHESION, C' IN P. S. I. IS 0 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 36.3 

b 
SUCTION ANGLE IN DEGREES, O IS 5.98 

SUCTION ANGLE IN DEGREES, O' IS -32.2 

CORRECTED COHESION, C' IN P. S. I. IS 2.12 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.61 

Ia1xbQQt aliaYsmmsimum deYidtQr- st e1 

INPUT COHESION, C' IN P. S. I. IS 0 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 36.3 

b 
SUCTION ANGLE IN DEGREES, JY IS 4.23 

SUCTION ANGLE IN DEGREES, O' IS -33.45 

CORRECTED COHESION, C' IN P. S. I. IS 2.95 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.48 
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tlanala ob ltimaximum stce catiQZ 

INPUT COHESION, C' IN P. S. I. IS 1.5 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, ßi' IS 24.1 

b 
SUCTION ANGLE IN DEGREES, O IS 14.89 

SUCTION ANGLE IN DEGREES, O' IS -10.28 

CORRECTED COHESION, C' IN P. S. I. IS 3.07 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.92 

Mansla 5baleimaximum deviatQc gtce5Z1 

INPUT COHESION, C' IN P. S. I. IS 1.5 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES , )6' IS 24.1 

b 
SUCTION ANGLE IN DEGREES, O IS 16.27 

SUCTION ANGLE IN DEGREES, O' IS -8.84 

CORRECTED COHESION, C' IN P. S. I. IS 2.44 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(, ), R IS 0.93 
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Sc1aat claximaximwm atcamm catiQl 

INPUT COHESION, C' IN P. S. I. IS 0 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES. O' IS 26.4 

b 
SUCTION ANGLE IN DEGREES, 6 IS 20.54 

SUCTION ANGLE IN DEGREES, O' IS -6.94 

CORRECTED COHESION, C' IN P. S. I. IS 1.49 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.96 

S 1sr. t claYSmaximum dýýia QC s cýsýZ 

INPUT COHESION, C' IN P. S. I. IS 0 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 26.4 

b 
SUCTION ANGLE IN DEGREES, O IS 21.15 

SUCTION ANGLE IN DEGREES . 0" IS -6.25 

CORRECTED COHESION, C' IN P. S. I. IS 0.74 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.97 

Vaicb mQCciatSc-Qastaat watet=CQatcat tt 1Stlax: d iatQC stctzzl 

INPUT COHESION, C' IN P. S. I. IS 0 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, f' IS 38 

b 
SUCTION ANGLE IN DEGREES, O IS 1.17 

SUCTION ANGLE IN DEGREES, O' IS -37.26 

CORRECTED COHESION, C' IN P. S. I. IS 1.33 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(ßi ), R IS 0.73 
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(iii) 3-dimensional graphical method 

I 

4301 

is 

a 
a 

a 
a 

: 

n 

lie 

ttMInY? Nf fin ((P 11 Yrri 

I AlK $II 

.. 'N 2 WI W 

(UNITS IN POUNDS PER SQ. INCHES) 
SHEAR STRENGTH DATA FOE TALYBONT CLAY UNDEic CW CONDITION 

(BLIGHT, 1961) (FAILUrAE CRITERION: MAX. STRESS RATIO 
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. 4J 
-21 
of 
4.1 

a 

94 

("nn 

ran n, ' s 1ýnwýt 

(UNITS IN POUNDS PER SQ. INOHES) 
SHEAR STitENGTH DATA FOR TALYBOWP CLAY UNDER CW COi ITiC`.. 
(BLIGHT, 1961)TFAILURE CRITERION: MAX. DEVIATOR STRESS 

i. e. c1-c3:;. 
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VI 

r* 

(PI-PM/2 

A 

U$ $II 

, on .u2 

(UNITS IN POUNDS PER SQ. INCHES) 
SHEAR STRENGTH DATA FOR NiANGLA SHALE UNDER Cw' CONDITION 

(BLIGHT , 1961) (FAILAri. E CRITERION: NtI. STRESS RATIO 

i. e. (Q1-o3)/(o3-UW))" 
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rn 

w. 

(UNITS IN POUNDS PER SQ. INCHES) 
SI EAR S RENGTH DATA FOR N, ANGLF SHALE UNDER Cpl CONDITION 
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rq 

(UNITS IN POUNDS PER SQ. INcFiS) 

-: R CW CONDITION SHr. L STRENGTH DATA FOR SELSE. CLAY UND - 

(BLIGHT, 1961) (FAILURE ChITERION: MAX. STRESS RATIO 

i. e. (o1-a3}/(o3-Uw)). 
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F12 

0 

(UNITS iN POUNDS PER SQ. INCHES) 
SHEAR STRENGTH DATA FOR SELSET CLAY ULMER CW CONDITION 

(BLIGHT, 1961)(FAILURE CRITERION: MAX. DEVIATOR STRESS 

i. e. (a1-03)). 
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. nJ I. II. 

Q 

4. n 
.. a 

an 
Lb 

lA 

Ii 

v 

I 

(UNITS IN POUNDS PER SQ. INCHES) 
SHEAR STRENGTH DATA FO1t VAICH ý.: ý: ý HATE UNDER CW CONDITION 

(BLIGHT, 1961). 
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A8.4.4 M t. cigs 12632 

(i) dumecica1 metbQd 

5e122t BQQ1dcr CIDY1±2212 QD woz$lsirg-trd ZQil ZescilDsDZ1 

INPUT COHESION, C' IN P. S. I. IS 1.3 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES ,, 6' IS 24.7 

b 
SUCTION ANGLE IN DEGREES, O IS 24.22 

SUCTION ANGLE IN DEGREES, O' IS -0.57 

CORRECTED COHESION, C' IN P. S. I. IS 1.02 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.96 

Bid ad5wmwo CIO xite t Qa ýnsý ýrý ýd ýQi1 geýnimýas2 

INPUT COHESION, C' IN P. S. I. IS 3.6 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 34 

b 
SUCTION ANGLE IN DEGREES, O IS 31.94 

SUCTION ANGLE IN DEGREES, 0' IS -2.92 

CORRECTED COHESION, C' IN P. S. I. IS 0.79 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.96 



(ii 

At 57 

rI 

Wo 

(UNITS IN POUNDS PER SQ. INCHES) 
THE S. t. AR STREI GI TH DATA FOR S-: SET BOULDER CLAY 
(I. LTYASº1ýý3ý( Lr; Sf TLt. F: TID SC°-- ONLY). 
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A" 

Ii 
U 

13 

Id 

IA 

Ja 

r"9 

PI 

(UNITS IN POUNDS PER SQ. INCHES) 
THE SHEAR STREI%GTH DATA FOR SELSET BGULDErt CLAY 

(I": AT: YAS, 1963)(UýSATLTRATED & SATLrxATED SGiLS). 
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A8.4.5 tlI. LIJI2631 

(i) Uumccir-a1 mrtbQd 

E011CEZ flint Dad ECsc1CZ. 5 C1 1ttZt2 QD UDZD±WCAICd 22i1Z1 

INPUT COHESION, C' IN KG/SQ. CM IS 0 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 35.6 

b 
SUCTION ANGLE IN DEGREES, O IS 32.49 

SUCTION ANGLE IN DEGREES, O' IS -4.5 

CORRECTED COHESION, C' IN KG/SQ. CM IS 0.13 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.89 



(uteri 
SIEAl 
(M.? 

.3 

12 

A162 
(iii) 3-dimensional graphical method 
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A8.4.6 G. 1batii1QZ22 

(i) djmecical mctbQd 

QbQnawci r. 1.0Y1te Qn SJnZD±WrD s! d 2411 ZPCriM. CoZ Q01Y1 

(Drained tests) 

INPUT COHESION, C' IN KG/SQ. CM IS 0.11 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES , )6' IS 29.1 

b 
SUCTION ANGLE IN DEGREES, O IS 41.99 

SUCTION ANGLE IN DEGREES, 0' IS 18.95 

CORRECTED COHESION, C' IN KG/SQ. CM IS -0.34 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.72 
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Qc1bi Mi1t1ltIVtZ QD WDZaIWC d ZQi1 Z2CQiMCDS QD1Y1 
(drained tests) 

INPUT COHESION, C' IN KG/SQ. CM IS 0 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 38.4 

b 
SUCTION ANGLE IN DEGREES, O IS 46.21 

SUCTION ANGLE IN DEGREES. ' IS 14.07 

CORRECTED COHESION, C' IN KG/SQ. CM IS 0.06 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.45 

Qelbi siltit t Qa U asatU td soil meeeiWcnm QQ1Y2 
(constant water-content tests) 

INPUT COHESION, C' IN KG/SQ. CM IS 0 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 38.4 

b 
SUCTION ANGLE IN DEGREES, O IS 47.98 

SUCTION ANGLE IN DEGREES, O' IS 17.61 

CORRECTED COHESION, C' IN KG/SQ. CM IS -0.19 
b 

CORRELATION FACTOR FOR SUCTION ANGLE($ ), R IS 0.80 

Y 

`'. 

t t 
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(PI-no4 

3. r 
un. nvtur t. ý .6 

DATA w0 JESTS macTB ON "&S *C1E sus OF owr n: aUaiMI. n> 

(UNITS IN KG/SQ. CM) 

(PI43$'2 

2.0 

2.4 

V, 2 

,2 

DIA wo o TWs cuoc1W ON 'AS- *C1 WS of uw. JI QAnuMri. n) 

A .1 
DI Fa 0 TESTS C CT IN "45tofA: WRIS OF : c. uuM1I, fl 
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rq 

(UNITS IN KG/SQ. CM) 
DATA FOR 'D TESTS CONDUCTED ON "AS-COIMACTED" Sý. = Lr 

OF DEIy-i3 S1LT:, G;. i -: 4 10972. 



Al 67 

ss 
u 

LID 

F12 

4 

(UNITS IN KG/SQ. CM) 
DATA FOR D TESTS CONDUCTED ON "AS-COMPACTED" SANTLES 

GF LEIH= SILT(GL'L ATI, 1972) (CCr2:; CTION). 
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(UNITS IN KG/SQ. CM) 

ru ru 0 Tars odonm ON '4S-CPK1@' MILS OF O&NI SILTS (WMT1.72) 

UTA is Cl ]EST$ fDOC1®a "ISt7PK1®' WRFS IF WJ sun (J. MTl. T ) 

rn Aa a kss CDUM v ", S. m, f,, Ciý" WPJ3 OF Wi�I sun Cu, Nn. n> 
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r7 

1DWI 

sie 

4.9 

l. i 

2.58 

(UNIAS IN XG/S . CM) 

au FOR a ks, s Weih 00 -AS C3Pe7Er IPJS OF mm 1110 cu, «T1. flX CTIDN) 

OTS FO Cl IBIS cant1 01 'AS mº srrJ3 of Mu SILT (Sb* T1. n«COMM ION) 

OITA FS TV TF11S f8OCT®ft 'AS CD+P1[TEV 16VLO OF MI SILT (WNT1.72KCNECT10w) 
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A8.4.7 S tilail2Z$1 

(i) Numecicia1 mctbQd 

(CD test, Yd = 14.5 KN/cu. m, w= 22.2%) 

INPUT COHESION, C' IN KG/SQ. CM IS 0.20 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, %' IS 29 

b 
SUCTION ANGLE IN DEGREES,, IS 12.77 

SUCTION ANGLE IN DEGREES, O' IS -18.15 

CORRECTED COHESION, C' IN KG/SQ. CM IS 0.20 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.96 

(CU test, Yd = 14.5 KN/cu. m, w= 22.2%) 

INPUT COHESION, C' IN KG/SQ. CM IS 0.11 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 29 

b 
SUCTION ANGLE IN DEGREES, O IS 16 

SUCTION ANGLE IN DEGREES, 0' IS -14.98 

CORRECTED COHESION, C' IN KG/SQ. CM IS 0.12 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(, ), R IS 0.98 
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(CU test, Yd = 15.5 KN/cu; m, w= 22.2%) 

INPUT COHESION, C' IN KG/SQ. CM IS 0.16 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 28.5 

b 
SUCTION ANGLE IN DEGREES, O IS 21.33 

SUCTION ANGLE IN DEGREES, 0' IS -8.67 

CORRECTED COHESION, C' IN KG/SQ. CM IS 0.18 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.99 

(CD test, Yd = 15.5 KN/cu. m, w= 22.2%) 

INPUT COHESION, C' IN KG/SQ. CM IS 0.37 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 28.5 

b 
SUCTION ANGLE IN DEGREES, $ IS 16.13 

SUCTION ANGLE IN DEGREES, O' IS -14.24 

CORRECTED COHESION, C' IN KG/SQ. CM IS 0.35 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.98 
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(ii) 2=dimensional anaebiral mrtbQd 

Qbanauci clay 

-------------- -------------- 
INPUT 

--------- ---------- 
b 

----------------- 

Soil C" '' ß1 Correlation 
type 

-------------- 
KG/SQ. CM 

-------------- --------- ---------- 
coefficient 

----------------- 
CD test 

3 0 0 
Yd=14.5 KN/m 0.20 29.0 12.6 0.96 

w=22.2% 
-------------- -------------- --------- ---------- ----------------- 

CU test 
3 0 0 

Yd=14.5 KN/m 0.11 29.0 16.5 0.97 

w=22.2% 
-------------- -------------- --------- ---------- ----------------- 

CU test 
3 0 0 

Yd=15.5 KN/m 0.16 28.5 22.6 0.99 

w=22.21 
--------------- ------------- --------- ---------- ----------------- 

CD test 
3 0 0 

Yd=15.5 KN/m 0.37 28.5 16.2 0.97 

w=22.2% 
- ------ ---------- ---------- ---------------- -------------- ------- 

b 
*Refers to the best-fit line for 0 



(iii) 3-dimensional graphical method A 17 3 

1º1f 

5 10 
1.10 

it 

.s 
). r 

1.9 

.r 

(. S 

S. S 
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M 

/i 

(UNITS IN RG/SQ. CM) 
SHEAR ST INGTH DATA FOR LOW AS-COMPACTED DENSITY 

DRAItiAURI CLAY UNDER D CCI; DITIOI; kSATIJA, 1978) . 
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41 
SAN 

Is 
4.0 

4.31 
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V. 

(UNITS IN KG/SQ. CM) 
SHEAR STRENGTH DATA FOR LOw' AS-COI-L ACTEED DENSITY DHAP: ALTt: 

CLAY UIDER CW CC! DIT; ON(SrTIJA, 197b). 
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5. a 
.. n 
ý. a 
IM 
3X 
IM 
i. n 

1Y 

I 

4 

(UNITS IN KG/SQ. CM) 
SHEAR STnENGTH DATA FOR HIGH LS-MMACTED D%i%S=T'Y 

DEA! AURI CLAY IJI'DER C4 CO`I: IO:: (SATIJA, 1978). 
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(º 
', 
ca 

4.8 

: a, 

.u 

H 

04 

ll/ý 

(UNITS IN KG/SQ. CM) 
SHEAR STRENGTH DATA FOR HIGH AS-COMPACTED DEIys_TY 

DHANAU 1 CLAY UNDER D COI71, ITION(SATIJA, 1978). 
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A8.4.8 EzaaciQUMI 
Figure A8.5 shows the failure surfaces for various suction 

0 
values. The failure conditions show a 0' varying from 19 at low 

00 
suction to 25 at high suctions and an average of 22.5 

Figure A8.6 shows the matrix suction versus shear strength for 
boo 

the Madrid Gray clay. The 
.0 value is 16.1 when 22.5 is used 

for 0' in the analysis. 
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6 00 
INITIAL COMPACTION MATRIX SUCTION 
DRY UNIT WT. " 13.1 kN/m3 
WATER CONTENT = 29 % 850 k P!. 

r, 500 

O 
CL 

400 400 k Pa 

200 k Pa 

0.0 k Pa 

F- 

300 
F- 
U) 

Q 200 
w 
s 
U) 

l00 

Oý 
0 100 200 300 400 500 

- NORMAL STRESS (k Pa ) 

600 700 

Fig. A8.5: Shear strength of Madrid gray clay at various suction levels 
(after Escario, 1980). 
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A8.4.9 HQL12 12 

(1) dumecir-a1 mctbQd 

QtQQW2Qr2ed aconite S M2 1t dQ: 52 

INPUT COHESION, C' IN KN/SQ. M IS 28.9 

INPUT ANGLE OF INTERNAL FRICTION IN OEGREES, O' IS 33.4 

b 
SUCTION ANGLE IN DEGREES, O IS 12.59 

SUCTION ANGLE IN DEGREES, O' IS -23.56 

CORRECTED COHESION, C' IN KN/SQ. M IS 24.4 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(% ), R IS 0.99 

QQr. QmQQ5ed 9Coaite Smamel-- dQ: 61 

INPUT COHESION, C' IN KN/SQ. M IS 28.9 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 33.4 

b 
SUCTION ANGLE IN DEGREES, O IS 36.77 

SUCTION ANGLE IN DEGREES, 0' IS 5.03 

CORRECTED COHESION, C' IN KN/SQ. M IS 20.46 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.95 
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D QmeQScd scnnite imamele. NQ: $2 

INPUT COHESION, C' IN KN/SQ. M IS 28.9 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 33.4 

b 
SUCTION ANGLE IN DEGREES, IS 15.77 

SUCTION ANGLE IN DEGREES, O' IS -20.65 

CORRECTED COHESION, C' IN KN/SQ. M IS 78.33 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 1 

QcraQT2Q5ed 9aiaite i2amla NQ: 1Q1 

INPUT COHESION, C' IN KN/SQ. M IS 28.9 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 33.4 

b 
SUCTION ANGLE IN DEGREES, O IS 15.37 

SUCTION ANGLE IN OEGREESX IS -20.03 

CORRECTED COHESION, C' IN KN/SQ. M IS 30.89 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.99 
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D QmeQzad gconita imamele NQ. L2Q2 

INPUT COHESION, C' IN KN/SQ. M IS 28.9 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES. 0' IS 33.4 

b 
SUCTION ANGLE IN DEGREES, O IS 12.74 

SUCTION ANGLE IN DEGREES, O' IS -23.43 

CORRECTED COHESION, C' IN KN/SQ. M IS 43.63 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.98 

QercQmeQSr. d scanne s zamele NQ-L211 

INPUT COHESION, C' IN KN/SQ. M IS 28.9 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 33.4 

b 
SUCTION ANGLE IN DEGREES, O IS 12.74 

SUCTION ANGLE IN DEGREES, O' IS -23.42 

CORRECTED COHESION, C' IN KN/SQ. M IS 43.8 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(, O ), R IS 0.99 



D QW2Qzed flcanit £w1 NQ1 221 

INPUT COHESION, C' IN KN/SQ. M IS 28.9 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 33.4 

b 
SUCTION ANGLE IN DEGREES, O IS 22.45 

SUCTION ANGLE IN DEGREES, O' IS -13.83 

CORRECTED COHESION, C' IN KN/SQ. M IS 22.05 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 1 

QsQ-QP2Q2td Q Qit £n 1e dQ: 222 

INPUT COHESION, C' IN KN/SQ. M IS 28.9 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 33.4 

b 
SUCTION ANGLE IN DEGREES, O IS 7.98 

SUCTION ANGLE IN DEGREES, O' IS -27.44 

CORRECTED COHESION, C' IN KN/SQ. M IS 108.07 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.99 

Qr. r-QmeQzcd cbxQli%cimame1e dQ: 1182 

INPUT COHESION, C' IN KN/SQ. M IS 7.35 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 35.3 

b 
SUCTION ANGLE IN DEGREES, O IS 11.65 

SUCTION ANGLE IN DEGREES, O' IS -26.65 

CORRECTED COHESION, C' IN KN/SQ. M IS 21.5 
b 

CORRELATION FACTOR FOR SUCTION ANGLE($ ), R IS 1 

1183 
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O QmeQzcd cbYQlittimamelt NQ. L11B2 

INPUT COHESION, C' IN KN/SQ. M IS 7.35 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 35.3 

b 
SUCTION ANGLE IN DEGREES, O IS 9.88 

SUCTION ANGLE IN DEGREES, O' IS -28.1 

CORRECTED COHESION, C' IN KN/SQ. M IS 46.82 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(4 ), R IS 0.96 

QtcQmeQ=d cbYQlitt melt dQ: 11Q1 

INPUT COHESION, C' IN KN/SQ. M IS 7.35 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 35.3 

b 
SUCTION ANGLE IN DEGREES, O IS 14.84 

SUCTION ANGLE IN DEGREES, o' IS -23.9 

CORRECTED COHESION, C' IN KN/SQ. M IS 28.37 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.99 

O QWPQSed CbxQlite fle1c- HQ-1102 

INPUT COHESION, C' IN KN/SQ. M IS 7.35 

INPUT ANGLE OF INTERNAL FRICTION IN OEGREES, o' IS 35.3 

b 
SUCTION ANGLE IN DEGREES, O IS 16.41 

SUCTION ANGLE IN DEGREES, O' IS -22.47 

CORRECTED COHESION, C' IN KN/SQ. M IS 38.47 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 1 



Al 85 
D Qm2QSr. d cbYQlittimam21c dQ: 121 

INPUT COHESION, C' IN KN/SQ. M IS 7.35 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES. O' IS 35.3 

b 
SUCTION ANGLE IN DEGREES �$ IS 13.02 

SUCTION ANGLE IN DEGREES. JY' IS -25.49 

CORRECTED COHESION, C' IN KN/SQ. M IS 9.63 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.96 

QecQW QStd cbxQlitrzisaiD21 NQ-L142 

INPUT COHESION, C' IN KN/SQ. M IS 7.35 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 35.3 

b 
SUCTION ANGLE IN DEGREES, O IS 11.4 

SUCTION ANGLE IN DEGREES, O' IS -26.86 

CORRECTED COHESION, C' IN KN/SQ. M IS 14.81 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.95 

QeaQWeQSad cbYQlitaclmamel-a IQ. -152 

INPUT COHESION, C' IN KN/SQ. M IS 7.35 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 35.3 

b 
SUCTION ANGLE IN DEGREES, O IS 17.72 

SUCTION ANGLE IN DEGREES, o' IS -21.24 

CORRECTED COHESION, C' IN KN/SQ. M IS 10.45 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.94 
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D Qm2Q5ed aaaaitciiacludiaa all ce5u1t 

INPUT COHESION, C' IN KN/SQ. M IS 28.9 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 33.4 

b 
SUCTION ANGLE IN DEGREES, $ IS 12.67 

SUCTION ANGLE IN DEGREES, O' IS -23.49 

CORRECTED COHESION, C' IN KN/SQ. M IS 55.15 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.51 

D Qm2Q5r. d thYQlittiiGQludiQS o11 cr-sult5l 

INPUT COHESION, C' IN KN/SQ. M IS 7.35 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, I' IS 35.3 

b 
SUCTION ANGLE IN DEGREES, O IS 13.59 

SUCTION ANGLE IN DEGREES ,V' IS -25 

CORRECTED COHESION, C' IN KN/SQ. M IS 24.29 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.72 
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(iii) 3-dimensional graphical method 
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A8.4.10 eutbQr_3 c ou1t: 

Series I: Constant water-content tests 

INPUT COHESION, C' IN KN/SQ. M IS 6.7 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 34.2 
*************************************************** ********** 

b 
SUCTION ANGLE IN DEGREES, O IS 22.49 

SUCTION ANGLE IN DEGREES, O' IS -14.87 
CORRECTED COHESION, C' IN KN/SQ. M IS 6.42 

b 
CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.69 

Series I: Drained tests 

INPUT COHESION, C' IN KN/SQ. M IS 6.7 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, p' IS 34.2 

b 
SUCTION ANGLE IN DEGREES, O IS 5.88 

SUCTION ANGLE IN DEGREES. O' IS -29.97 

CORRECTED COHESION, C' IN KN/SQ. M IS 18.69 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.53 

Series I: Unconfined tests 

INPUT COHESION, C' IN KN/SQ. M IS 6.7 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 34.2 

b 
SUCTION ANGLE IN DEGREES. O IS 12.05 

SUCTION ANGLE IN DEGREES, O' IS -24.99 

Ala9 

CORRECTED COHESION, C' IN KN/SQ. M IS 14.89 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ). R IS 0.99 
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Series II: Drained tests 

INPUT COHESION, C' IN KN/SQ. M IS 6.7 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 34.2 

b 
SUCTION ANGLE IN DEGREES, O IS 86.16 

SUCTION ANGLE IN DEGREES, O' IS 85.97 

CORRECTED COHESION, C' IN KN/SQ. M IS -545.05 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.50 
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A8.4.5 MLhIA12632 

(i) Numccir-a1 mctbQd 

EQ. tisc. 9 f1iol 'Iad Fccc1cvv c1axilczlz Qn Sio2,51ucolcd sQi1 

INPUT COHESION, C' IN KG/SQ. CM IS 0 

INPUT ANGLE OF INTERNAL FRICTION IN DEGREES, O' IS 35.6 

b 
SUCTION ANGLE IN DEGREES, O IS 32.49 

SUCTION ANGLE IN DEGREES, O' IS -4.5 

CORRECTED COHESION, C' IN KG/SQ. CM IS 0.13 
b 

CORRELATION FACTOR FOR SUCTION ANGLE(O ), R IS 0.89 


