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Chapter 1  

PURPOSP A TP SCOPP OF Ft79rARCH 

Available data on the strength characterisations of par- 

tially saturated soils is limited. 	A great deal of pioneer- 

ing work has been done in America as well as in this country 

and the field data, though scanty, have confirmed the valid-

ity of some theoretical concepts, as for example, the correl-

ation between settlements and pore pressures. 

The effect of the placement conditions on the pore pres-

sure set up inside a rolled fill dam has been studied by sev-

eral authors with respect to somewhat idealized conditions. 

Hamilton (1939) and Bjerrum (1951) gave results of pore pres-

sure measurements for samples tested in the triaxial machine 

under all round pressure; while Glynn (1948) considered as 

design values, the pore pressure at failure in an undrained 

triaxial compression test. 	These two types of test, indeed, 

represent two extreme conditions regarding the magnitude of 

the pore pressure ratio and of the pri7cipal stress 

Glynn considered failure to occur at maximum principal 

stress ratio. 



Fig. (1:1), (1:1), (the pore pressure ratio is that of the incre-

ment of pore pressure and the major total principal stress, 

and is maximum in the case of all round pressure). 

The effect of the principal stress ratio was previously 

studied only in connection with consolidation of saturated 

clays and sands. 	Bishop (1952) showed that for clay the 

major effective principal stress consolidation relationship 

does not vary greatly inith change in the principal stress 

ratio. 	.The Triaxial shear report, 1947, also confirms this 

in the case of normally consolidated saturated clay. 	It 

quotes that the consolidation of clay depends only on the 

magnitude of the effective major principal stress, irrespective 

of the type of loading.. 	For saturated sands, such relation-

ship depends entirely on the principal stress ratio 161 /3173. 

T.ro extreme cases are those for consolidation under an all 

round pressure (0-1/0-3 = 1) giving maximum consolidation and 

the case of a drained compression test (0-:/0-t 4.-  4.5 for 

compact sand) which gives minimum consolidation. 	The uni- 

axial consolidation (C-.1/01 	3) shows intermediate values. 

This type of consolidation is referred to as the Ko  condition 

as it makes possible an estimate of Ko  = 0-3/0 	the coeffic-

ient of earth pressure at rest and is performed in the tri-

axial machine by a special technique described later. 

There is no available data at present regarding the 

effect of intermediate values of 0-1 /03 on the pore pressure 
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and compressibility of partially saturated soils. 	Ko  un-

drained consolidation tests as yell as others with intermed-

iate CS-I /fit were therefore performed by the author and the 

results obtained show that pore pressures as well as con- 

solidation depended on this ratio. 	(A sealed, partially 

saturated soil element would undergo a certain amount of con-

solidation under pressure, Which corresponds to the change 

in the volume of free air it contains). 	The effective stress; 

consolidation relationship obtained by such undrained con- 

solidation tests should be almost identical 	to those 

obtained if drainage was allowed. 	But it was not possible to 

perform such tests with drainage successfully for reasons 

given later on in Chapter 4. 

Investigation into the effect of the placement conditions 

on the shear strength parameters (cohesion and angle of 

shearing resistance) has been carried out by performing tri-

axial compression tests under conditions simulating those in 

an actual earth structure and it vas possible to establish 

a relationship between the placement condition and those 

shear parameters. 

The problem of shear strength is, in fact, a two phase 

drainage leads to a lower moisture content at any 
particular effective stress during consolidation. 



one. 	These are the shear strength characteristics and the 

pore pressure. 	Although they are related to each other, 

they are treated separately in the following chapters. 



Chapter 2  

SHEAR STRENGTH CHARACTERISTICS OF SATURATED AND 

PARTIALLY SATURATED SOILS.  

A Brief Comparison and Main Differences• 

The study of the shear strength of saturated soils has 

shown that it depends solely on the effective stress. 	The 

principle of effective stress was established by Terz'ghi 

in 1936 and experimental evidence was given by the shear 

tests carried out by Rendulio (1937). 	Generally speaking, 

the effective stress is equal to the total stress, less the 

corresponding pressure in the pore water. 	Rendulic and 

Hvorslev, as well as subsequent workers, showed that the 

strength of a saturated soil element is a function of the 

effective stress at failure. 	In all cases it is assumed that 

the water in the pores of a saturated sample is incompressible 

and consequently any change in the external loads as taken 

in the absence of drainage, entirely by the pore water. 

It follows that a saturated soil sample will show equal 

strength if sheared under different external loads, provided 



no drainage is allowed. 	This is because all external loads 

are taken by the water and no changes take place in the 

existing effective stress before shear takes place, result— 

ing in a constant strength. 	In other words, the undrained 

Mohrtsenvelope touching the stress circles is a horizontal 

line and the angle of shearing resistance Ou  w.r.t. total 

stresses at failure is zero. 	Plotted in terms of effective 

stresses, all the circles will coincide, Fig. (2:1)a. 	This, 

however, is not the case for saturated silts and compact 

sands tested under low pressures where the dilatant nature 

of the soil structure causes the pore pressure to drop to 

negative values, causing cavitation, i.e., the formation of 

water vapour, and a departure from the conditions of complete 

saturation, together with a volume change.. Bishop and Eldin 

(1950), 	Skempton and Golder (1948) and Eldin (1951) showed 
onll, 4 

considerable values ofi.undrained shearing resistance for such 

soils. 	If the testing loads are adequately high, such that 

no cavitation takes place, these soils will behave like non—

dilatant saturated soils and the tendency to any volume change 

as a result of the dilatent nature of the structure is over—

come by a corresponding,  increase in the effective -tresses 

(i.e. a decrease in the pore pressure). 

Partially saturated soils contain free air together with 

water in its pores. 	This "pore fluid" cannot be considered 

incompressible, .Thich is the main difference from saturated 
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soils. 	Considering a series of undrained tests on iden-

tical samples under different loads we find that for each 

load the sample will undergo initially a certain amount of 

compression (equal to the change in volume of the free air 

content). 	Unlike saturated soils, only part, of the external 

load will be taken by the pore water while the rest goes to 

the soil structure as an effective stress, the intensity of 

which increases with increasing loads. 	It follows that the 

strength of the soil increases accordingly, so that the angle 

of shearing resistance is not zero. 

If the testing loads are high enough to force all the 

free air into solution in the pore water, the sample will sub-

sequently behave as saturated with an angle of shearing 

Ou  w.r.t.total stresses at failure equal to zero, Fig. 2:1 (b), 

while the angle 01  7.r.t. effective stresses is always greater 

than zero, and is very nearly equal to the true angle of 

internal friction, as will be shown later, Fig. 2:1 (c). 
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Chayter 3 

THEORETICAL CONSID_H..RATIONS 

A. The Shear Strength 

The first and most important contribution to the theorie6 

of strength of soils is Coulomb's empirical law (1776):- 

C + 6-n tan 0 	3:(1) 

Where 77 is the resistance to shear offered by the soil 

along the plane of incipient failure acted upon by tht total 

normal stress d-n. 	C is the cohesion and 0; according to 

Coulomb; is the angle of internal friction. 	Coulomb's law 

remained in use until the principle of effective stress was 

introduced. 

The effective stress d-4  for olays is: 

G-i d-  u 	 3:(2) 

where u is the pore pressure, 

This assumes a zero area of contact between the clay 

particles. This equation may be more accurately written 

as follows: 
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= 	G-- (1 - A) u 	3:(3) 

Where A is the effective contact area per unit area 

of any plane in the soil. 

Experimental evidence given by Terzaghi (1936) and 

Taylor (1944) proved that the value of A is almost negligible, 

and that for such soils the effective stress is 

= G-- u 

Bishop (1950) studied the value of A in relation to the 

contact pressure between the particles, which, as he asserts, 

is governed by the crushing strength of the particles. 	He 

obtained theoretically a value of 0.5 per cent for A. 	Further- 

more, he showed that the effect of A on the angle of undrained 

shearing resistance Ou  is small compared with that of the 

compressibility of water (the compressibility of water is here 

considered to be negligible, its value is 3.4 x 10-6  inches2/ 

pound as compared to 570 x 10-6  inches'/ pound for soil 

structure). 	For a well graded compacted soil it is justifi- 

able to assume that A is negligible. 

Now the validity of Co-ulambls law has had to be re- 

considered in the light of his principle . 	The result was 

provided by Hvorslev (1937) who showed that the law is valid 

for isotropic saturated clays only if modified as follows: 

= 	Ce 	C-n tan Oe 	3: (4) 

The parameters Ce  and Oe  are the true cohesion and the 

true angle of internal friction and are functions of the 
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moisture content at failure. 	The experimental evidenoe 

given by Hvorslev and by Gibson (1952) showed that the var-

iation of Oe  with water content is negligible, while Ce  is an 

exclusive function of.the water content. 

Hvorslev's procedure to determine the true shear par-

ameters of clay as modified by Skempton and Bishop (1950), (sew also  
Reiner (1954)) is to perform undrained triaxial N  compression 

tests on two samples having the same voids ratio (i.e. the 

same water content )butunder different effective stresses, 

Fig. 3:1). 	The Nbhi's envelope for effective stresses deter- 

mines the parameters Ce  and Ø. 	Drained compression tests 

will give the same values of Ce  and Oe, provided the two 

samples have the eame moisture content at failure, to which 

Ce  and Oe  are related. 

For saturated sands with no cohesion Ccumlets er;,uation 

takes the form; 

07'tan Oe  

Oe  is determined experimentally by a single undrained 

test. 	The tangent to its effective stress circle through 

the origin determines Oe  which can also be obtained by carry-

ing out a drained test and correcting the result for the 

energy spent by the soil structure to change its volume 

against the cell pressure as will be shown in Chapter 5. 

Hvorslev used drained direct shear tests 
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To determine the shear strength parameters for a par-

tially saturated soil at a given placement condition, at 

least two identical samples are tested under two different 

cell pressures. 	This provides two samples at the same 

moisture content consolidated under two different effective 

stresses and having two different porosities. 	Thus HvorsIevici 

conditions for determining Ce  and Oe  are only partly fulfilled 

in view of the difference of porosity which, in fact, is very 

small. 	It follows that the parameters C' and 0' obtained 

for effective stresses from undrained tests on a partially 

saturated soil are very close to Ce  and Abe. 	(They are anal-

ogous to C' and 0' obtained from consolidated undrained tests 

on clays). 

It was mentioned in Chapter 2 that the angle of un-

drained shearing resistance Ou  for total stresses decreases 

gradually until it reaches zero. 	Over a certain range of 

stress Ou  and 0' may be taken as constant with the result 

that the pore pressure (Uf) at failure is a linear function 

of the total major principal stress at failure 01 and it 

can be shown that, Bishop (1952), 
1 	cosec 0' 

Uf 	al (1 - Cot 0' - all OOt Ou 1 t cosec 	Ou  ) t C' 

( 1 t cosec 	) 	3:(5) 
1 t cosec Ot 

This relationship is valid within a certain range of - 

failure stresee, beyond which the sample approaches satur-

ation which is reached eventually at higher stresses Fig 3:2. 
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B. 	The Pore Water Pressure  

The pore pressure increment set up in a sealed partially 

saturated soil element is essentially less than the increment 

of load causing it. 	This means that part of the load is 

taken by the soil structure as an effective stress resulting 

in its consolidation. 	This consolidation, however, is equal 

to the change in volume of the free air content of the soil 

which is a function of the compressibility of the pore fluid 

as a whole. 	It follows that the relationship between the 

increments of load and pore pressure is a function of the 

compressibility of the soil structure as well as that of the 

pore fluid. 	It has been shown by Bishop (1950) that the 

increment 4k0-3 of the all round pressure required to 

produce an increment ,t,u of the pore pressure is given by 

the equation: 

u 	n 	) 	3: 6 

where n is the porosity 

Cu the compressibility of the pore fluid 

C3 the compressibility of the soil structure. 

The relationship between the pore pressure and com-

pression-of partially saturated soil has been studied by 

several authors (Brahtz and co-workers, 1939 	Hamilton 1939, 

Hilf, 1948 and Bishop, 1950). 	The method used is based 
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on Boyle's law and Henry's law of solubility of gases. 

Suchamethod is approximate, as it neglects the effect of the 

water vapour pressure which is small at ordinary temperatures 

and the surface tension round the air voids, and also assumes 

that Henry's coefficient of solubility of air in water i6 

constant for all pressures. 	In fact, the change of Henry's 

coefficient with pressure is only 1% of its original value 

at 68°F and normal pressure forevery extra atmospheric pressure, 

Henry's law states that at a given temperature, the 

weight of gas that will dissolve in a given volume of liquid 

is directly proportional to the pressure, and thus, by Boyle's 

law, the volume occupied by this gas is the same at all 

pressures. 

Let 	V 	total volume of a soil element 

Vv  = nV = volume of voids 

porosity 

Po = 	initial pressure of the pore fluid (absolute) 

and is very nearly equal to atmospheric 

Henry's coefficient of solubility (.0205 of 

air per unit volume of water at ordinary 

pressures and temperatures) 

Degree of saturation 
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volume of free air = (1 - S) Vv  

volume of air in water = SVv, 

total volume of air 	= (1 - S) Vv  a SVv  X H 

At any pressure P (absolute) the volume of free a 	is 

- S) Vv  t SVv. H. 	Po 	- SVv. H 
P 

The change it the volume of the sample 	V is equal 

to the change in the volume of free air i.e. 

AV - ( (1 - S) Vv f  SVvH-( Po 	- SVv.H - (1-S) Iry  

or AV - o : ( P  p 	- 1) (1 - 	S. H) 	Vv 
V 	 IT 

if iP 	. 	(I' - Po) it follows that 

-AV . Po 
V  

	

AV 	Vv  (1 - S 	SH) 
	

3: (7) 

	

V 	V 

Where ./_P is the pore pressure (above atmospheric) 

If  AV 	is negative (i.e. compression) 
V 

A p 

p 
Po. 'V 
V (1 - S 	SH) -AV 

 

3: 	(8) 

 

Initial presure x deformation  
Total volume of air - deformation 

From this we obtain the compressibility of the pore 

fluid with respect to its initial volume Ia, -1 
,t_Np 

 

Vv  

It decreases with increasing loads and cease" to operate at 

saturation. 

This relationship shows that the change in the pore 

water pressure is a function of the initial pore pressure, the 
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degree of saturation and the porosity. The relationship 

however;  is valid only until all the free air has been 

dissolved in the water whereby the sample becomes fully 

saturated under external loads. No further volume change 

can occur without permitting drainage. Subsequent inorementth 

of load will be fully reflected on the pore pressure Fig.3:3 

The maximum deformation a soil element can undergo is 

equal to the volume of the free air i.e. 	- (1 - S) Vv  and 

the corresponding pore pressure is; from equation 3:8 

Po (1 - 6) 
7-17- 	 3: (9) 

the saturation pore pressure, 

To examine the theoretical relationships established 

above it is necessary to carry out tests on sealed specimens 

in which measurements are made both of volume change (from 

which pore pressure can be computed) and of the pore pressure 

directly, Hamilton (1939). 	In view of the fact that properly 

sealed conditions are difficult to achieve (except in the 

triaxial machine);  Hilf (1948) developed another approach to 

the problem. This consists of performing a drained 

consolidation test and determining a relation between the 

effective stress 6 1  and the deformation 	From the 

fundamental soil properties (S, n /lc Po) another relationship 

between the pore pressure u and the deformation can be nomputed 

(by using equation 3: (s)). it follows immediately that the two 
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above mentioned relationships could be combined together to 

give a total stress; pore pressure curve, Fig. 3:4. 

Hilf's tests were carried out in an oedometer, but the 

method is indeed valid for any type of consolidation, althoug:  

the pore pressure total load relationship will vary according 

to the system of stresses applied. 

The validity of any experimental procedure depends large 

on the accuracy by which the soil properties S, n and also 

the volume changes are determined, especially with a wet sample 

having a small air content. 	Furthermore, the discrepancy 

from the actual field conditions implied in using a certain 

grading of the material to suit the experimental equipment, 

and rejecting larger stones or cobb es, must be considered 

when applying the test results, but it is believed that the 

effect is small ana on the conservative side, Gibbs (1950). 

In designing an earth structure, due consideration must 

be given to the different phases of loading and their corresp- 

onding p.w.p. 	These are the construction conditions where 

the pore pressure is due to the consolidation of the soil 

under the overburden as already mentioned, the steady seep-

age condition where the pore pressure is estimated by a flow 

net and the case of a rapid draw down of the up-stream water.. 

The rapid draw down causes the total stresses above a soil 

element to decrease due to the removal of the weight of water. 

As a result, the soil will expand and since the expansibility 
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of soils is generally less than its compressibility it 

follows that upon unloading a soil element there will exist 

a certain amount of residual pore pressure, i.e. higher pore 

pressures under the same load during the unloading, Fig.3:3. 

This is expressed by the equation:- (Bishop, 1952). 

(.&u.)1 	1 	n1Cu1 	( c3 )1 	3:10 
UTT 

where (/',u)1 is the decrease in pore pressure due to 

expansion 

(A( 3)1is the decrement in the total all round 

pressure 

Cul 	is the expansibility of pore fluid its 

compressibility 

Csi 	is the expansibility of soil structure 

and is generally less than the 

compressibility. 

In general. the pore pressure change due to a change in 

the state of stress for a saturated soil was given by 

Skempton (1948) as follows: 

4, U 
	a(41 	A d-3 	3:11 

where 	change in the pore preSsure 

4_:01. and L“)-3 are the changes in the major and minor 

principal stress 

"a" is a parameter depending on the shear characteriStios 

of the soil. 	In triaxial tests where 03 is kept constant 
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throughout the test 
- 0-3) 

For saturated soils the value of "a" at failure (af) 

is independent of the cell pressure 03  as shown in Table 

and in Fig. 5:91 

For a partially saturated soil .;._su is given as follows: 

401  .7- a ( 	01  - 40-3) 	B 	0-3  3: (12) 

where B is. the Tore pressure ratio under an all round 

	

pressure equal to 0-3 and is less than one. 	Typical values 

of B shown in Table 2. 

It is a common practice for design purposes, to express 

the pore pressure ratio in terms of the change in the major 

principal stress a-, i.e. 
(a B) 	0?-1 - -4N 0-'3) 	3: 	(13) 

ZN 0-1  

Since B varies with the cell 17ressure, it follows that 

(af\for partially saturated soils is not constant for differ- 

ent values of 03, Skempton and Bishop (1954). 	An exper-

imental evidence in support of this criterion is given in 

Chapter 5, and in Fig. 5:90 and 5:91. 
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TABLE 1  

Values of Pore Pressure Parameter a for 

saturated Soils at Failure  

Material v.,,f , 

Formally consoli- Haslemere Clay 0.95 
dated clay (Imperial College) 

Weiner Tegel 
(Rendulic 1937) 0.64 

Boston Clay 
(Taylor 1944) 0.72 

(Remoulded) 

Over-consoli- Haslemere 	(Imperial 
dated clay College) - 0.62 

(Undisturbed) 

Sand Braeted Sand 	Loose 
(Imperial College) 0.08 

Dense - 0.32 



TABLE 2  

Values of B = 	u  for Partially Saturated Soils 

Opt. 	Opt.
Yom' 

l6 /641 

B Pressure; 
Range 
p.s.i 

Boulder Clay (1) 	13F 	7.8 134 8.8 94 0.8 0 - 10C 
L.L. 	= 	17 

P.L. 	= 	15 i 
136 7.8 89 0.23 

133 6.8 71 0.05 

Moraine Clay (2) 130 10.4 126 11.6 89 0.93 0- 100 
L.L. 	... 	24 

130 10.4 88 0.62 
P.L. 	= 	22 

129 	9.6 80 0.32 

Lateritic Clay 70 51 68 	55.0 98 0.78 0 - 40 
(3) 

L.L. 	= 	85 68 	53.1 95 0.40 

P.L. 	= 	55 	68 	51.0 90 	0.12 

(1) Used for present series of tests. 

(2) Hefli and Bjerrum - Private communication to Dr. 
A. T. Bishop 

(3) Tests at Imperial College. 
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Chapter 4 

FXFPRIMFYTAL WORK_. 

A. Properties of Material Used 

The material used is a boulder clay obtained from the 

site of an earth dam now under construction in the Daer 

district. 	It is formed of fragments of different sizes, 

mainly granite, together with ground up debris. 

The natural moisture content in the ground is about 8.5%. 

Fragments not passing through a i" B.S.S. were rejected 

and the rest of the material (about 80%) was used for testing. 

The particle size distribution is shown in Fig. 4:1 

for the material finer than an. 	It shows that the material 

is well graded and has a clay fraction of about3.5%. 

Fig. 4:2 shows the compacted dry density, placement 

moisture content relationship for the standard Proctor com-

paction in the 4" dia. by 4.59" mould, together with that 

for the compaction in a 4" dia. by 8" mould, which is used 

to prepare the samples for the series of tests presented in 

this thesis. 
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Results of of compaction in the 8" mould show that the 

optimum moisture content is 7.8% and the optimium dry density 

is 135.5 lb./cu. ft. 	Results of the standard compaction vary:  

only slightly on the wetter side of the optimum while a 

slightly larger variation occurs with dryer samples. 

Teets were carried out on samples with moisture content 

ranging from — 1% to 4. 1% of the optimum. 	Thc, correspond—

ing range of the degree of saturation is 63% to 93%proximatc4. 

The specific gravity is 2.697. 

The liquid limit for the material passing through Yu. 36 

B.S.S. is 17% and the plastic limit is 15%. 



B. Experimental Equipment and Sample Preparation 

The nature of most rolled fill materials in relation to 

their mechanical analysis make it necessary to use samples 

in the triaxial compression tests larger than those of clays 

or sands (li" dia. x 3"). 	By excluding the soil grains 

larger than a", it Tould be possible to perform triaxial 

tests on 4" dia. x 8" high samples, where the ratio of the 

size of the largest grain to the diameter of the sample is 

about 1:10. 	This ratio enables a proper compaction and a 

fairly smooth surface to be achieved with the size of equip- 

ment used. 

Compaction is carried out in a 4" x 8" specially designed 

split mould, consisting of three butt jointed segments 

clamped together 1)y a six piece belt tightened by a screw, 

and fitted on the base of the ordinary Proctor mould;  Plates 

2 and4 - 	The object of the split mould is to make possible 

the extraction of the sample without jacking (as with ord-

inary moulds), thus safeguarding against any possible changes 

in the density or the state of stress in the pore water 

before testing. 	The ordinary Proctor compaction was followed 

i.e., each layer receives 25 bumps from a 52 lb. hammer 

falling from a height of one foot. 	With 'the 8" high mould 
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compaction was carried out on six layers, each li" final 

height, thus allowing for an extra inch of height to be 

trimmed off. 	The compacting hammer is driven mechanically, 

as shown in Plate 2. 

In order to determine accurately the moisture content 

of a sample it was found necessary to use larger specimens 

(about 130 gms.). 	Yon-consistent results were frequently 

obtained when using the ordinary sized moisture content 

bottles (about 50 gms. of material) where the results for 

the same batch varied considerably in some cases. 	With 

small specimens there is always the possibility of a vari-

ation in the quantity of larger sized soil grains in each; 

which becomes less relevant if larger specimens are used. 	It 

was necessary to investigate  whether the moisture content of 

the soil batch before compaction remained constant during 

compaction. 	A comparison was made on some trial samples 

and the results showed insignificant change. 

After compaction, the sample is trimmed level and the 

mould unlocked and its sides removed. 	The sample is then 

weighed, provided with two filter paper discs at its top and 

bottom and finally fitted on a• porous plate (made of sintered 

bronze or sintered tauxilite) resting on the 4" dia. base of 

the triaxial cell. 	Side filter paper drains are added and 

tucked under a top porous plate and the loading cap. 	Then 

a 4" rubber membrane (.009" thick) is fitted around and sealed 
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on top and bottom by Gaco sealing rings; (Plate 3). 

(See Plate 4 for different accessories). 

After testing, the sample is weighed and three moisture 

content specimens taken. 	The average moisture content of 	the 

specimens was found to be almost identical to that calculated 

from the difference of weight of the sample before and after 

testing (in drained and consolidated undrained tests, the 

moisture content of the sample changes. 	Such, however, is 

not the case for undrained tests). 

It was found with samples tested to considerable strains 

beyond failure that the moisture content varied widely along 

the sample, and was maximum at the centre (especially in 

undrained tests). 	This is due to the migration of water 

towards the centre where maximum shear strains occur N (i.e. 

maximum dilatency; according to Eldin (1951)). 	To mini- 

mise this effect, the test has to be stopped just after reach-

ing failure. 

After setting the sample, its bottom can be connected by 

a lead through the base of the triaxial cell to either the 

pore pressure measuring unit, to a source of water under 

pressure used to saturate the sample, or to a pipette for 

drainage. 	In each case the connection is controlled by a 

leak proof valve. 

N  Shear strain is equal to (el - ei3) where ea and e,3  
are the strains in the direction of the principal stresses 
0-1  and 0-3. 



PLATE 4 

1. Base of Compaction Mould 6. Proving Ring 

2. Segments forming Mould 7. Travelling Microscope 

3. Tightening Belt with End 8. Base of Triaxial Cell with 

Screw Top Cap 

4. Assembled Mould with Top 9. Porous Plates 

Cap 

5. Sleeve with Membrane,Seal- 

ing Rings and Split Ring 
used for Fitting Sealing 

Rings into bao. 
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The top of the sample is connected to a pipette by a flexible 

tube with a controlling valve running through the top loading 

cap sand through the cell base. 	This connection is used 

either to accelerate consolidation by allowing drainage from 

both ends or to act as an exit for the saturating water. 	In 

all undrained shear tests its valve is kept shut. 

The cell is a 7" I.D. perspex cylinder capable of stand- 

ing up to 150 p.s.i. of fluid pressure. 	The load is applied 

to the top cap by a i" stainless steel piston moving through 

a lZ" dia. gland which is part of the bronze casting forming 

the top of the cell. 	This gland is fitted with a push fit 

perspex sleeve into which castor oil is injected when the 

cell is full of water. 	The castor oil is used to prevent 

any possible leakage through the gland. 	The function of the 

is to effect a leak proof system using a minimum amount 

of oil. 

The cell pressure is applied either by an air compressor 

or by an adjustable column of mercury. 	The mercury column 

is provided by connecting a mercury pot resting on the floor 

level by a flexible tube to another movable pot. 	The latter 

is hung by a spring designed to keep the level of mercury in 

the potated after being set, thus providing for a means 

to run long duration tests at constant pressures without the 

possibility of pressure drops due to leakage or other reasons. 

Bishop 	Hen1el; Reotechnique, December 7:95. 
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The object of the apparatus is: 

1. To apply and measure the load on the sample and 

to measure the strain. 

2. To measure the pore pressure in the sample at any 

stage during the test. 

3. To measure the volume changes of the sample exter- 

nally. 

A general layout of the apparatus is given in Fig. 4:3.\ 
date 1 

1. The load is applied by a machine which gives a 

chosen constant rate of strain and is measured by a proving 

ring. 

2. The pore pressure is determined by maintaining at 

constant level a mercury column in a capillary tube connected 

at the top to the bottom of the sample and at the bottom to 

a cylinder and piston. 	The piston serves to adjust the 

mercury column. 	The pressure is measured by a Bourdon 

gauge or by a manometer in the case of negative pore pressures. 

3. The volume change measuring unit is composed of two 

1" I.D. perspex tubes each 20" long connected together at the 

bottom by a high pressure flexible tube. 	One tube is con-

nected through the top to the triaxial cell by a flexible 

tube, while the other is connected to the source of the cell 

pressure, which in this case should be the mercury column 

previously mentioned. 	The perspex tubes are half full of 

mercury, while the rest is full of water, Fig. 4:4, and a 



TRIAXIAL CELL PORE PRESSURE 

MEASUREMENT 

VOLUME CHANGE 

MEASUREMENTS 

High Pressu re 

B C 

NI* 

I 

Reducer 
calve 

Water 
Cu/hide 

TkT7i.\\SNONLNO.\\Weir,  

Water keervolr 
Air het

li 
	

iwerL1, 

Cell Pressure Gauge 

eQ  

1
0 

/) 

C B A 

Suction Device 

oil r 
a 

V 

U 

V 

(t 

Ca 
es 

mg 	 ei 

To Pipette 	  

B Mercur 
Monome r  

Adjustable Mercury Pots 

LAYOUT OF PRESSURE SYSTEM  

FOR TRIAXIAL COMPRESSION  

TESTS WITH PORE PRESSURE MEASUREMENTS 

Fixed copper tubing 

	  Ploetic tubing 

All valves are Klinger. 

Fined Mercury Pots 

Lou Pr 	 

Mercury 
...Manometer 

for low 
Cell Pressures 
Measurements 

fiy. 4:3 



• 
• 
• 
• 
• 
• 
• 

iiilliftiiiiiim//‘ 

7111  

il

,,— 5 prol.s 

ri A. 

SCALE  

WATER  

MERCURY 

           

           

           

           

        

        

        

  

2.1 

    

To L- --I 

     

PRESSURE 

     

         

         

           

COPPER L  TUESIN  

- _ - - - - FLEXIBLE TUBES oS SUFFICIENT LENGTH. _ 

A. g, B.:— PERSPEX TUBES I"  I.D. ao" LENGTH. 

VOLUME CHANGE MEASURING UNIT.  

ti 

FIG.4.4 



system of valves is provided to be used when re—setting the 

mercury level. 

Any change in the combined volume of the cell and sample 

would cause the quantity of water in (A) to change according 

to the magnitude of this volume change. 	It follows that 

the mercury level in (A) and also in (B) will change, relative 

to the tubes,with the result that the pressure in the cell 

changes, unless the relative positions of the tubes are 

Llateed: 	If, say, (B) is moved so that the two surfaces of 

mercury become level again, the change in the position of the 

mercury surface in either (A) or (B) would be a measure of the 

volume change. 
	(A) is pr,vided with a scale graduated to 

determine volume changes directly. 	It must be mentioned that 

the pressure on the surface of the mercury in (B) remains 

constant so long as it is connected to the adjustable mercury 

column pressure system. 	In fact, the volume changes will be 

reflected as changes in the amount of mercury in both pots of 

this system. 

It was found difficult to adjust (B) manually to keep the 

mercury surfaces in (A) and (B) level throughout the tests. 

An automatic adjustment was possible by hanging (A) and (B) by 

springs designed in such a way that their deformation is always 

equal to the variation in the mercury level in either tube. 

Thus the surface of mercury in (A) and (B) will be kept at the 

same horizontal level throughout the test while the tubes 
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move relatively. 

The volume changes recorded are the algebraic sum of the 

change in volume of cell, and that of the sample. A third 

term is introduced during shear tests due to the penetration 

of the loading piston into the cell, and has to be accounted 

for. 	Cell deformation is determined beforehand by calibrat- 

ing it Then full of 7zater. 
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C. Types and Purpose of Tests  

and Testing Procedure  

The purpose of this research is to study the strength 

characteristics of rolled earth fill materials in relation 

to the desiEn and construction of earth dams. 	Therefore a 

study of the shear parameters (cohesion and internal friction) 

together with a study of the pore pressures under different 

loading conditions, simulating those in an actual dam is needed. 

Consequently the types of tests fall under two main groups, 

i.e. tests to determine the shear strength characteristics at 

failure and others to study the pore pressure-stress 	rel- 

ationship without failure. 

1. Shear Tests  

Undrained Tests. 

This type of test represents the case of an incipient 

failure during construction when no appreciable dissipation 

of water has taken place. 	The sample is tested to failure 

with the pore pressure measured at the bottom and sides. 

Samples covering the range of moisture content from - 1% 

to 	1% from the optimum were tested under four cell pressures 

of 15, 40, 70 and 120 	The sample must be left under 

the cell pressure for sufficient time to enable the pore 

pressure set up to become stable before it is sheared. 
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The rate of strain during shear was chosen so that a 15% 

strain is achieved in two hours. 	Holtz (1947) and Bjerrum 

(1951) allowed only half an hour for a 15% strain. 	No 

volume change measurements were possible in these tests. 

(ii) Consolidated Undrained Tests  

In these tests the sample is initially allowed to con- 

solidate under the cell pressure. 	Then water under pressure 

(equal to a small proportion of the cell pressure) is intro-

duced through the bottom of the sample into the top pipette, 

in an attempt to saturate it. 	This represents the softening 

of the soil in an embankment due to the steady seepage of 

the reservoir water, or due to rain fall. 	Then the flow of 

water became regular (this normally takes about 24 hours) the 

bottom of the sample is disconnected from the source of flow 

and connected to the pore pressure measuring device. 	The 

connection from the top to the pipette remains open until all 

the residual pore pressure is dissipated and is then shut. 

The next step is to shear the sample without drainage, either: 

(a) under the same consolidation pressure. 	The results 

of such tests are used in terms of effective stresses in the 

stability analysis of the embankment after consolidation. 

Three cell pressures of 15, 40, 70 p.a.i. were used. 	The 

range of moisture content was within - 1% to + 1% from the 

optimum. 

(b) under various cell pressures. 	The results of these 
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tests are used to study, in terms of total stresses, the 

stability of an embankment after a rapid draw down of the 

reservoir water. 	This means that different values of the 

total stress shear parameters, C and 0, will have to be used 

for the different points on the slip circle as each point, 

in fact, has been consolidated under a different overbuden 

pressure.N 	In terms of effective stresses, these tests 

should give, theoretically, the same shear parameters as those 

of series (a), which can be used in the case of draw down in 

conjunction with the appropriate values of pore pressure. 

Volume changes were measured during all stages of the test. 

Only one moisture content was used, that at optimum, 

while the consolidation pressures and cell pressures were as 

follows: 

Consolidation Pressure Cell Pressure 

15 p.s.i. 40, 70 p.s.i 

40 " 70, 120 " 

70 " 10 

Test results showed that it was not possible to saturate 

the sample fully. 	It is thought that considerable time would 

be needed for this purpose. 	Prolonged flow of de-aired 

water might eventually achieve this, but other experiments 

N i.e. for each consolidation pressure there will be a 
separate envelope for total stresses. 
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Casagrande (1951), Geuze (1948) have not succeeded even in 

sands. 

To determine the initial area of the sample before shear, 

the volume change due to consolidation and the axial deform- 

ation was determined. 	The latter was determined by using a 

travelling microscope. 	During shear, the average cross 

sectional area was calculated for the changes in height and 

volume, assuming the sample remains cylindrical. 	Eldin (1951) 

showed that this assumption is approximately accurate. 	He 

measured the actual area of the shear failure plane across a 

saturated sample of sand and compared it with that calculated 

according to the cylindrical assumption. 

(iii) Drained Tests. 

In these tests, the sample was allowed to consolidate 

under the cell pressure until the excess pore pressure had 

dissipated (usually in 24 hours). 	It was sheared under con- 

ditions of no excess pore pressure. 	Drainage during both 

phases of the test was allowed through either top or bottom 

of the sample, or through both. 	Side filter paper drains 

were also fitted 

The rate of strain during shear was chosen such that all 

Casagrande used a flow of ammonia vapour to replace the 
air in the sample. 	Evacuation then followed to remove most 
of the ammonia vapour. 	The 7ater was introduced to saturate 
the sample. 	Over-consolidating the sample is inevitable as 
a result of the evacuating pressure. 



the increments of load are fully effective throughout the 

test and the pore pressure is zero.N 	This rate was found 

to be 0.015% per minute. 	It is in conformity with the 

theory put forward by Gibson and Henkel (1954)NN  which relate;.; 

the rate of strain in drained tests on clays to the coefficient 

of consolidation Cv and the size of the sample. 	The aver- 

age time for failure was nearly six hours (at 5% strain). A 

teat on a wet sample was run such that failure occurred after 

30 hours. 	Results of this test are shown in Fig. 5:42, and 

prove to be in accordance with the other test results obtained 

by using the normal rate. 	The following table gives meas-

ured values of (071 - 07) for a sample tested under a cell 

pressure of 15 p.s.i. 	The rates of strains were: 0.015% 

% per minute, 0.015 x 5% per minute and 0.015 x 1  	per minute:- 

N  In the present series of tests the pore pressure at 
the start of shear was zero (as proved by allowing the drain-
age from the top and measuring the pore pressure at the bottom 
after consolidation); but the conditions of the test are 
also fulfilled if the pore pressure had any value other than 
zero, provided it is kept constant throughout. 

mm The cmpefficient of consolidation for the material 
used is.008 cm/sec and according to Gibson and Henkel, the 
rate of strain for failure to occur at 5% is throe hours. 
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Rate of strain /0 pex minute - 070 p.s.i. 

0.015 	(Normal) 78.4 

0.015 x 5 80.0 

0.015 x 1  76.4 
5 

This shows that the chosen rate represents an 	,te 

speed for the tests. 

The cross sectional area of the sample after consolidation 

and during shear was determined in the same way as for the 

consolidated undrained tests. 	It may be mentioned that as 

the sample is partially saturated, its volume change cannot 

be determined by the volume change of water in the pipette as 

in the case of saturated samples. 

The use of the results of this type of test is to analyse 

the condition of steady seepage of the down stream face of an 

embankment which has been fully consolidated under its own 

weight. 	The analysis is carried out in terms of effective 

stresses and the pore pressure is determined from a flow net. 

Samples covering the whole range of moisture content 

were tested under three cell pressures:- 15, 40, and 70 p.s.i. 

Final moisture contents were determined. 	The results are 

expressed in terms of initial and final moisture content3. 
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Pore Pressure Tests  

These tests, carried out on sealed samples, had a 

dual purpose; that of determining the pore pressure set up 

in a soil element under different conditions of loading com- 

parable to those met with in practice, and that of determining 

the compressibility of the soil under such conditions. 	The 

compressibility obtained, if expressed in terms of effective 

stresses, should be almost identical with that obtained for 

similar conditions, but -nith complete dissipation of pore 

pressures (i.e. drained tests). 

(i) 
	

Tests with All Round Pressure oriThe B Tests).  

The pressure is added in increments, each is left on 

until the pore pressure set up becomes stable, and after the 

final increment becomes fully operative the pressure is 

reduced in stages. 	The relation between the increment of 

cell pressure 4=0-3 and that of pore pressure 4.11 is 

expressed as follows: 

B 

where B is essentially less than unity. 

Tests were carried out for the whole range of moisture 

contents. 	The pore pressures and volume changes were meas- 

ured for the unloading as well as the loading stages. 	A 

value of the coefficient B is also obtainable from the results 

of each of the undrained tests before shearing the sample. 
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(ii) Samples tested under the Condition of no Lateral  

Yield (The Kn  tests). 

A soil element lying well within the inside of an embank-

ment deforms mainly in the direction of the overburden pressure. 

Lateral deformation is restricted. 	This condition was repro- 

duced in the triaxial machine, resulting among other data, in 

an estimation of Ko, the coefficient of earth pressure at rest, 

which is the ratio of the minor and major effective principal 

stresses for zero lateral yield; Bishop (1950), Bishop and 

Eldin (1953). 

The sample is set up under zero cell pressure. 	The test 

starts by increasing the axial load (at constant rate of strain) 

together with the cell pressure such that the volumetric de-

formation at any stage is equal to the initial cross sectional 

area of the sample times the vertical deformation, i.e. no 

lateral yield. 

The testing procedure is rather complicated. 	This is 

because the increments of cell pressure which are constantly 

added to effect the condition of no lateral. yield cause the 

cell to expand with the result that the volume changes recorded 

by the volume measuring unit will be the sum of the deform-

ations of the cell and of the sample (and also the volume of 

the part of the loading piston that penetrated into the cell). 

While at any axial strain, the deformation the sample has to 

undergo is known, the cell pressure and the corresponding cell 
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deformation are unknown. 	It was therefore necessary to 

perform a number of trial tests until it was possible to 

adjust the volume changes exactly or within a difference of 

_0.02 cubic inches throughout the test./t  

To keep the conditions of the test fulfilled throughout, 

the readings were taken every 	5th of an inch to secure 
1000 

a continuous adjustment. 	The rate of strain was as low as 

0.015 per minute to allow the pore pressure to adjust itself 

to the increments of stress. 

The cell pressure is applied manually by a cylinder and 

piston controlled by a screw, Fig. 4:3. 

The samples tested covered the whole range of moisture 

content. 

(iii) The 1  Tests 
F 

In these tests the sample is subjected to increases in 

the principal stresses applied in such a manner as to maintain 

a constant factor of safety throughout the test. 	For this 

purpose the factor of safety, F 	is used in the same sense as 

in the design of earth dame in terms of effective stresses, 

i.e. it is the factor by vhich 0' and tan 0' would have to 

5c  The procedure of testing becomes a simple one if the 

cell is rigid enough so as not to deform under pressure and 

the area of the loading piston is equal to that of the sample. 
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be reduced for failure to occur under the applied stresses. 

For a given sample the values of C' and 0' are taken from 

the undrained test results corresponding to this moisture 

content. 	The "allowable stress" envelope (Ci, 01) is then 

plotted by reducing C' and tan 0' by the factor x F , using 

a value of F = 1.5 as representing typical earth dam practice)  

Fig. 4:5(a). 	The pore pressure is measured during the test 

and the cell pressure adjuste,; to keep the effective stress 

circles tangential to this line i.e. to fulfil the relation-

ship between (071 - 0-3) and 01 shown in Fig. 4:5 (b) which 

is derived from the (C1, 01) envelope in Fig. 4:5 (a). 

To simulate these actual conditions, the axial load on 

the sample as well as the cell pressure is,increased gradually 

in such a way as to fulfil the graphical relationship in Fig. 

4:5 (b). 	This is extremely difficult to achieve experiment- 
/ 

ally since both 03  and (07.  - 07-3) are functions of the pore 

pressure which varies as the cell pressure is adjusted. 	A 

compromise solution is necessary and that is to add the cell 

pressure in small increments of 5 p.s.i. and to runt the test 

very slowly to allow for the adjustment of the pore pressure. 

During each increment the pore pressure, as well as the deviator 

stress is, constantly watched until the values of (01 - 0-3) 

and 0t3  fulfil the graphical relationship in Fig. 4:5 (b) 

before the next increment is added. 	Volume chances are 

measured throughout 	e'•eh earn -ole a separate relationship 
r 	Et.. 53  4:51.'0). 
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Testa were performed on samples covering the whole range 

of moisture content. 

The results of these tests show that for a given placement 

condition, the pore pressure set up in a bank with a factor 

of safety of 1.5 are higher than those corresponding to fail-

ure conditions. 

As already mentioned, the effective stress volume change 

relationship obtained from these tests run under conditions of 

no drainage should be almost identical to those under the same 

conditions of loading, but allowing for complete drainage. 

A comparison seemed necessary, and therefore some tests were 

carried out. 	Of these tests only those under the condition 

of an all round pressure are presented later. 	Due to certain 

difficulties in performing the Ko  tests with drainage, the 

results of some trial tests are not presented in this thesis. 

All the undrained cases represent a soil element loaded 

without the possibility of dissipation of pore pressure. 	They 

represent the construction condition in an earth dam where 

critical pore pressure may be expected during construction if 

the permeability of the fill material is less than 10-6  cu/sec. 

(1 ft./year), Terzaghi and Peck (1948), Hilt (1948). 

It may be north mentioning here that in the Dam now under 

construction on the Usk river in South Tales, some dissipation 

has occurred during construction, although the permeability of 
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the fill material is only 2 x 10-7  cu/sec. 	However, it was 

found necessary to accelerate the rate of dissipation by 

putting in drains. 
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Chapter 5 

INTFRPRrTATION A1TD DISCUSSION OF TFST RESULTS 

!A. 	The Shear Strength 

The available shear strength -Ca soil can exhibit along 

any plane is given by the modified CoOlonbts empirical law: 

c. = 
	C' * a—A x tan 0' 

where CI 	is the apparent cohesion 

0 	the angle of shearing resistance 

the normal effective stress along the plane. 

For any type of triaxial shear test, C' and 0' are 

obtained by plotting the Mohr's envelope to the effective 

stress circles at failure. 

A Failure Criterion.  

There is some evidence that both C' and 0' vary with 

the failure strain. 	Some data in relation - to cohesion- 

less sand is given by Bishop and Fldin (1953). 	For practical 

purposes it is convenient to base the failure criterion on 
e 

the state of stress corrsponding to maximum deviator stress 

(oy 	- ()). 	With the type of soil used for the present 

series of tests, the difference between the values of C' and 
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01  at maximum (U= - 	and at maximum 0- /0̂ 3  is not of 

practical significance. 

Several points made in justifying the maximum principal 

stress ratio  01 	as a failure criterion deserve some 
0-i 

comment. 

Tests by Holtz (1947) on a partially saturated compacted 

silty clay have shown that during an undrained triaxial com-

pression test, the maximum pore pressure (i.e. minimum lateral 

pressure 0-3) coincided very closely with the maximum volume 

decrease and the maximum principal stress ratio. 	He there-

fore concluded that the maximum strength will correspond to 

maximum compression as, once the sample starts to increase in 

volume, rupture will occur i.e. incipient failure, despite the 

fact that the samples tested were still able to sutain larger 

shearing stresses due to the subsequent drop in pore pressure. 

It is obviously incorrect to extend this reasoning to 

saturated soils waich are known to sustain almost zero volume 

changes during undrained shear tests if the cell pressure is 

high enough (Bishop and Fldin 1950), (Skempton and Bishop 

1954). 	The criterion, however, is permissible for cohesion-

less soils where the maximum frictional resistance is mobil- 

ised at maximum principal stress ratio. 	For Bono with 

cohesion the criterion may be used in the case of standard 

drained tests where complete dissipation of pore pressure 

throughout the test is maintained and also for undrained tests, 

where 01 does not change appreciably during shear, as in 
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these cases the maximum principal stress ratio coincides with 

the maximum deviator stress and corresponds to the maximum 

mobilisation of the shear strength. 	(This represents the 

case of samples compacted at approximately 1% dry 	of the 

optimum in the present series of tests). 

Presentation of Test Results  

In all types of tests, the range of initial moisture 

content for the samples tested varied from about -1% to +1% 

of the optimum moisture content. 	Tests covering the whole of 

this range were carried out so that the average strength at 

any particular moisture content can be determined. 

All the results of shear tests are presented as a graph-

ical relationship between the moisture content and the corres-

ponding maximum deviator stress for a particular cell pressure. 

In undrained tests as well as consolidated undrained tests, 

in. Thich 0-3 varies during shear, a second relationship is 

also necessary giving the change of the principal stress ratio 

at failure with moisture content. 	The object of this second 

plot is to determine the minor effective principal stress at 

(TT - 0-3)f 
) f 	1  

and thus plotting the corresponding Mohr's circle. 

In tests in which the moisture content changes, i.e. 

drained and consolidated undrained tests, the data is present-

ed in terms of initial as well as final moisture contents,FiEs. 

failure (0-3) f 

where 



5:1 to 5:7. 	In these figures the axis representing the 

moisture content has its origin corresponding to the optimum. 

This is because of the chanF:,e in the optimum moisture content 

that inevitably took place during the time taken to complete 

the testing programme. 	At the start of the work, the 

optimum moisture content was 7.55% and finally it was 7.8%. 

No changes in the optimum dry density were observed. 

Typical shear test results are also presented for samples 

at approximately optimum - 1%, optimum and optimum +1%, for 

all types of tests Fig. 5:8 to Fig. 5:42. 	In view of the 

great variations with moisture content in the values of 

strength and pore pressure, the results are not all plotted 

to the same scale and in come figures different scales are 

used for the pore pressure and the deviator stress, in order 

to present the data accurately. 	To obtain a qualitative 

picture, these typical test results are plotted on a single 

figure with a uniform scale for each type of shear tests, 

Figs. 5:43, 5:44 and 5:45. 	In these figures the flat portion 

of some of the (14r1- 070 curves caused by bedding in the 

initial stages of the test, has been eliminated by correcting 

the origin of the curves. 

These figures are given at the end of this volume 
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The Principle of Energy Correction 

In triaxial tests in which the volume of the sample 

increases during shear a part of the measured deviator stress 

will be required to provide the energy required to cause the 

sample to expand against the cell pressure. This was demon-

strated by Taylor (1948) and A. W. Bishop (1950), who have 

shown in relation to shear box tests on sands that the meas- 

ured shear strength is composed of two parts 	the first part 

is that necessary to overcome the frictional resistance and 

the second part is that required to cause the sample to change 

its volume. 	In triaxial tests, this second part termed 

herein as (0-1 - 0-3)1  will be given at any stage of the test 

by the following equation: 

t% V 3), , 
Vo 

(), 

), 	2 
(Crl Cr3)1 	 ' 7  • 

is the corresponding incremental strain 

is the corresponding incremental 

is the energy correction factor 
Y e 

(6-1  - 0-3)
1 

will be subtracted from the measured 

( 0-1 0-3) if the sample is increasing in volume and vice 

versa. 

where 	be. 
A\ and 

volume change. 



-47- 

For saturated soils volume changes take place during 

drained shear tests only. 	In the case of partially saturated 

soils, however, volume changes during shear take place under 

undrained as well as under drained conditions. 	Unlike 

saturated soils, the triaxial test results under all conditions 

of drainage are to be corrected in order to obtain the best 

correlation between the frictional properties under different 

test conditions. 

Volume changes during undrained shear 	I were recorded 

only in the case of consolidated undrained tests and in the 

series of undrained tests under a cell pressure of 120 p.s.i. 

In order to correct the results of the earlier series of 

undrained tests which were carried out before the volume 

change measuring unit was developed, the same energy correction 

factors were used as for the consolidated undrained tests at 
k 

any particular final moisture content and cell pressure. 

Such factors are obtained by plotting from the consolidated 

undrained test results the relationship between final moisture 

content and the corresponding energy correction factor at 

failure for the cell pressures 15, 40 and 70 p.s.i. Fig. 5:46. 

The lowest moisture content on this plot is approximately 0.5% 

less than the optimum. 	However, for undrained tests on 

m This is the same as the initial moisture content for 
the undrained test. 
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samples at 1% lower of optimum, it is believed that the 

energy correction factor is negligible, and this is assumed 

in presenting the results. 	This seems justifiable when the 

corresponding CI and 0' are compared with those for the other 

moisture contents, Fig. 5:67. 	It must be mentioned here that 

the energy correction affects only the magnitude of the devi—

ator stress, while the effective minor principal stress at 

failure (1)f is the same whether or not the energy correct—

ion is applied. 

Effect of the Rubber Membrane on the Measured Shear  

Strength  

As shown in the Appendix, the effect of the rubber mem—

brane was found to be small and is therefore omitted in com— 

puting the strength of the soil in this thesis. 	This is 

due to the large size of the samples tested. 	Tests on the 

small conventional triaxial samples (12" d. x 3") should be 

corrected for this effect, especially if the strength is 

small,(Henkel and Gilbert 1952). 



Determination of the Shear Parameters CI and 01  

for the Various Types of Tests  

C1  and 01  for any type of shear test are determined from 

a Mohrts envelope touching the corresponding effective stress 

circles representing the maximum deviator stress. 	Typical 

results are given in Figs. 5t47 to 	5:66 (given at the end 

of this volumel 	For a partially saturated soil, C' and 0' 

are very close to the true shear parameters Ce  and 0e  as 

defined by Hvorslev (see Chapter 3 Page 9 	). 	An attempt 

to determine Ce  and Oe  was made E However, the experimental 

results did not permit a proper evaluation of Ce  and Oe. 

Due to the large percentage of air in the voids of such 

soils, they are nearly as compressible when sheared under un—

drained conditions as they are under drained conditbns (see 

also Taylor, 1948). 	It would be expected that the shear par— 

ameters 	and 04' will not vary considerably under these two 

conditions. 

5(  This is by plotting a relation between moisture content 
and dry density from consolidated undrained tests at two dif— 
ferent cell pressures. 	If such curves intersect, the inter— 
section will represent two samples at the same moisture content, 
the same dry density and, of course, the same porosity. 	The 
corresponding Mohr's circles will give Ce  and Oe. 	However, 
the relationship when plotted did not lead to any definite 
conclusion as the variation in the moisture content and the 
dry density were not large enough in comparison with the scatter 
of the results. 
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To study the strength of such soils in the absence of 

air in the voids, attempts were made to saturate the samples 

by allowing a steady flow of water to run through them, 

but were not successful in producing full saturation as shown 

by the table in Fig. 5:44, which gives typical results of con-

solidated undrained tests. 

A Study of the tables in Figs. 5:43, 5:44, and 5:45, shows 

that the dry density does not vary very much for any partic-

ular moisture content (for consolidated undrained as well as 

drained tests the relevant moisture content is that at failure). 

Therefore the study of the shear parameters will be carried out 

in terms of the moisture content with which the cohesion can 

be closely correlated. 

Figs. 5:67 and 5:68 show the values of 0' and 0' respect-

ively in relation to the moisture content at failure with and 

without the energy correction. 	Fig 	5:69 	. contains 

the results obtained by plotting the Mohr's circles at 

failure in terms of initial moisture content with energy 

correction. 

Fig. 5:67 (a) shows that the values of 0' with energy 

correction for any particular moisture content at failure 

does not vary much with the type of test except fcr a moisture 

content of optimum 	.41'.1c. 	Here the most reliable value is 

that obtained from undrained tests, as it is a result of ab 

envelope to four Rohr's circles while the consolidated un-

drained and the drained values are obtained from only two 



circles since at higher cell pressures such a high moisture 

content at failure was not achieved. 	An average curve for 

all types of tests can be plotted (shown in solid lines). 

Such a curve, however, is also very close to the curve rep—

resenting the results of the undrained tests alone (shown 

dashed). 	Fig. 5:67 (b) shows the results without energy 

correction. 	The scatter is large and shows that no average 

relationship can be established, which in fact is a justifi— 

cation for applying the energy correction. 	The curve rep— 

resenting the results of the undrained tests alone (shown 

dashed) differs only slightly from its counterpart in Fig. 

5:67 (a). 

Fig. 5:68 shows the values of the cohesion Ciplotted in 

terms of the moisture contents after applying the energy correc— 

tion. 	It is also evident that an average curve can be plotted 

which will show that the cohesion is a function of the moisture 

content at failure, irrespective of the type of shear. 	Fig. 

5:68 shows the results without energy correction. 	Here also 

the scatter permits no average relationship to be established. 

The shear strength envelopes plotted in terms of the 

initial moisture contents in the drained and consolidated un—

drained tests (in terms of effective stresses) are given in 

Fig. 5:69, together with the corresponding envelopes obtained 

from undrained tests. 	It will be seen that in terms of 

initial moisture content, samples compacted at optimum have 
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values of apparent cohesion and angle of shearing resistance 

very close to C' and 01  obtained from undrained tests (these 

are also close to C' and 0' obtained from other types of 

tests in terms of final moisture content). 	This shows that 

with respect to the shear strength, a soil compacted at 

optimum placement conditions is more stable and largely un- 

affedted by saturation. 	Samples compacted at 1% dryer of 

optimum show a considerable drop in both cohesion and angle of 

shearing resistance upon softening, while those compacted at 

1% higher show a gain in strength above the undrained condi- 

tions. 	This, however, does not recommend the use of a wet 

fill material in a dam unless adequate provisions are made 

to allow for the dissipation of the comparatively high excess 

pore pressures normally associated with such wet soils. 

From the foregoing analysis of the test results, we find 

that the type of shear test has only a slight effect on the 

angle of shearing resistance 0'. 	The results of the undrained 

tests can be used with a good deal of accuracy and thus avoid 

the elaborate procedures and time spent in other types of 

tests. 

The change in 0' with moisture content is small. 	The 

range of moisture contents investigated corresponds to a range 

of the degree of saturation from 65% to 93% approximately. 

It will, therefore, be expected that at full saturation the 

value of 01  will not be far off from those determined experi,- 
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mentally. 

The cohesion varies with moisture content, but is also 

largely unaffected by the type of test and the values obtained 

from undrained tests, in fact, represent the average values 

obtained from all types of tests. 

It is also concluded from the test results that if a 

fill is placed dry in a dam, the changes in its strength upon 

saturation are mainly changes in the cohesion which drops as 

the moisture content increases. The angle of shearing resist—

ance in terms of its final moisture content remains practically 

unchanged. 
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B. 	Pore Water Pressure and Compressibility  

The excess pore pressure set up in a soil element due 

to a system of applied stresses is essentially a function of 

the compressibility, the degree of saturation and the porosity. 

For a given compaction, these properties are entirely a 

function of the moisture content. 	Thus the study of the 

excess pore pressure due to any stress system will be carried 

out in terms of the placement moisture content. 	The stress 

systems are expressed in terms of their respective principal 

stress ratio 01/01 

1. 	The All round Pressure System - (The "B" Tests); 07110-3 
. 1 

The excess pore pressure 41u caused by an increment 

/_!.a-g of the all round pressure is given by: 

Au = B x LS 03 
where B is essentially less than unity due to partial 

saturation. 	For a given compaction it is a function of the 

moisture content for any particular load. 

The relationship between All and z2%0" -  as gi7en by 

equation 3:6 is non-linear. 	It could, however, be approx-

imately considered as linear over a certain range of loads 

beyond which the soil element approaches saturation whereby 
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a linear relationship is established again and is repres-

ented by a straight line at 45° i.e. at saturation each 

increment of load will be reflected fully on the pore pressure. 

The excess pore pressure Ls Ps  at which a soil element 

becomes fully saturated under external loads is given by 

the equation: 

1 - S  n.ps 	Po 	S 	H 	3:9 
where Po is the initial pore pressure and is normally 

equal to atmospheric. 

H is Henry's coefficient of solubility of air in water 

and S is the degree of saturation. 

Knowing the compressibility of the soil, the external 

load that rill bring about saturation can be determined from 

equation 3:6. 	In the present series of test':, only samples 

about 1% wetter than optimum arc possible to saturate. 

Samples at lower moisture contents need, higher loads beyond 

the capacity of ,,he equipment used. 	Fig. 5:70 shows the 

results of several B teste carried out at different place-

ment conditions. 

The Variation. of'B irith Moisture Content 

Fig. 5:71 shows the values of B plotted against moist-

ure content for an increment of load „a_.0—  F. 100 p.e.i. 

together with correspondig values from other tyres of tests. 

It shurs that higher values of pore pressures are to be 
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expected if the moisture content is i% or more higher than 

optimum, while at the dry side of the optimum very low values 

of pore pressure will be set up. 	But the most important 

fact is that the transition from these low values of pore 

pressures to the higher values occurs steeply around the 

optimum. 	This shows that with inadequate moisture content 

control of rolled fills placed at optimum, excess pore 

pressures may be set up due to increasing overburden pressure 

that may be detrimental if not allowed for in design. 

Pore Pressure; Volume Change Relationship  

The change in volume of a partially saturated soil 

element is equal to the change in the volume of the free 

air it contains provided no drainage is permitted. 	It 

follows that the maximum volume change a sealed soil element 

can undergo is equal to the volume of free air where it becomes 

fully saturated. 	The excess pore pressure ( 4: P) correspond-

ing to a change in volume ( [,17) is given by the following 

equation 3:8. 

AP 

where Po = 

Po e2,V  
Vv  (1 - Si-SH) :2-77 

the initial pore pressure (normally 
atmospheric) 

Vv  = volume of voids 

S 	_ 	degree of saturation 

H 	= 	Henrys coefficient 
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Vv  (1 	S * SH) 	= the total volume of air 
VA 

= volume of free air. 

When applying the volume changes recorded experimentally 

into the above equation, very high values of pore pressures 

were obtained. 	This large variation is clearly not the 

result of the simplifying assumptions involved in deriving 

equation 3:8 (Page 14). 

A careful study of the test results showed that an extra 

volume of free air has been added through incomplete adhesion 

of the membrane eilpecially around the side filter paper drains 

or by incomplete contact of the porous plates and also due 

to the existence of crevices on the surface of the sample. 

Let the volume of this extra air equal to "v". 	The value 

of "v" is determined by calculation as will be seen later. 

It can, however, be obtained directly from the tests only 

for wet samples which become fully saturated within the range 

of external loads available. 	In such cases "v" is equal to-

observed volume change less the free air content of the sample 

Wv  (1 - 	. 

It was found necessary to repeat the tests with a view 

to eliminating this source of experimental error. 	The 

results were successful only in reducing the value of "v" 

to an average of 0.9 cubic inches (about 0.9% of the volume 

of the sample). 	Therefore the results of the "B" tests, 
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together with other pore pressure tests were corrected in 

the following way:- 

For each pressure increment insert in equation 3:8 

the corresponding observed values of i..•V and AP to obtain 

a value (VA].) for the total volume of air. 	This value is 

always higher than VA the actual  volume of air in the sample 

v = VA1 VA 

The value of "v" was not a constant at the earlier 

increments of pressure, but became almost so at higher press-

ures, thus permitting an average value to be considered over 

a certain range (not starting at zero). 	It is thought that 

at a oertain intensity of pressure this volumetric error is 

eliminated through complete adhesion of membrane and plates 

to the sample. 	This means that the actual volume changes 

after this stage are those observed less the average value of 

ilvfl ,  as shorn in Fir. 5:72, 5:73 and 5:74 for three samples 

compacted at optimum + 0.82%, optimum + 0.38% and optimum 

- 1.1%. 	It is noticed that the first sample became fully 

saturated at an all round pressure of 112 p.s.i. thus offer- 

ing an alternative means to estimate "v". 	Sheet I and II 

show typical calculations for two moisture contents. 

Now we proceed to investigate the effect of this volum- 

etric error on the value of E. 	Following the procedure 

suggested by Hilf (1948) we compute from the physical prop- 
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erties of the sample (S, n and WC) a relationship between 

the pore pressure (u) and the compression AV. 	If we combine 

such relationship with the corrected effective stress volume 

change relationship we can ultimately obtain a relation 

between the total stress and the corresponding pore pressure 

Figs. 5:72, 5:73, and 5:74. 	This showed that the value of 

B with no trapped air is less than the corresponding experi-

mental one which is influenced by an apparent increase in the 

compressibility of the soil due to the extra air trapped 

inside the membrane especially under small loads. 	The 

difference, however, is on the safe side. 	The comparison 

of the results of the pore pressure tests carried out herein 

is made in terms of the observed values. 	Mention must be 

made here to the fact that this discrepancy in the actual 

value of B has no effect on the values of the shear parameters 

CI and Ot obtained from undrained shear tests since the 

strength exhibited by a soil element at failure is a function 

of the effective stress i.e. any variation in the value of the 

initial pore pressure in a soil element results only in 

changing the size and position of the effective stress circle 

at failure due to subsequent shear. 	The position of the 

Mohr's envelope, however, renains unchanged. 
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SHEET  

Typical Calculation for Correcting fIBII test results 

Moisture content 

Dry density 	\(,/ 

Degree of satur- 
ation  

optimum f 0.82% 

135.0 lb/cu. inch 

95% 

Volume of Water 	. 18.77 cu. inch 

Volume of Air 

Free = 0.990 cu. inch 
Dissolved in 

Tater - 0.385 cu. inch 
Total 	1.375 cu. inch = VA* 

Cell 
Pressure 

Compr-
ession 

cu. inch, 
411,  

Pore 
Pressure 
(u) 
p.s.i. 

VA 
cu inch 

VA1 	(VAL -VA)=v 
cu inch cu 

0.3 

0.93 

1.40 

1.70 

1.80 

1.87 

1.94 

2.00 

	

4.4 	1.375 

	

12.1 
	

1.375 

	

30.6 
	

1.375 

	

41.8 
	

1.375 

	

54.2 	1.375 

	

71.7 
	

1.375 

	

89.7 	1.375 
Saturation 

	

99.6 	j 1.375 

1.3 	-0.075 

2.03 	0.655 

2.07 	0.695 

2.30 	0.95 

2.30 	0.95 

2.25 	0.875 

2.25 	0.875 

5 

15 

40 

55 

70 

90 

110 

120 



SHFET I (Cont.)  

As shown in Fig. 5:72, the average value of "v" was 

chosen as 0.92. 	The volume change 	at saturation as 

observed is 1.97 and the corrected volume is 1.97 — 0.92 = 

1.05 cu". 	This should be equEd to the volume of free air 

in the sample i.e. 0.99. 	The difference, however, is very 

small. 



Cell 
Pressure 

p.s.i 

Compr- 
ession 
ou.inch 
,,.:• 	, 

5 0.67 

15 1.13 

40 1.65 

55 1.80 

70 1.95 

90 2.14 

110 	2.24 

	

Pore 	VA 
Pressure t

c.
a 

inch I p.s.i. , 
! 	! 

t 

	

4.0 	1 2.604 

	

8.4 	12.604 

	

14.0 	12.604 

	

17.5 	12.604 , 

	

20.0 	2.604 

	

23.6 	2.604 

	

27.4 	2.604 

VAi 	(VA2.  -VA) 

cu inch cu enCcv  

	

2.92 	0.316 

	

3.11 	0.506 

	

3.39 	0.786 

	

3.32 	0.716 

	

3.39 	0.786 

	

3.47 	0.866 

	

3.45 	0.846 

SHEET II  

Typical Calculation for Correcting "B" Test Results  

Moisture Content 	= 	optimum -f- 0.38% 

, Dry density 	`,Li 	= 	134.55 lb/cu.inch 

Degree of Saturation 	= 	88.7% 

Volume of Water 	= 	17.7 cu. inch 

Volume of Air._ 

Free = 2.25 

Dissolved in Water 	= 	0.354 
Total 	2.604 cu.inch. = VA 

Average value of v = 0.8, Fig. 5:73 
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Com•ressibilit in Drained and Undrained Conditions 

Theoretically the consolidation is a function of the 

effective stress. 	It follows that a partially saturated 

soil element under identical systems of effective stresses 

will undergo almost the same amount of consolidation whether 

tested drained or sealed and that the effective stress, 

volume change relationship is almost identical (neglecting 

the effect of change of moisture in the drained conditions, 

which is small). 

To investigate this principle experimentally, a special 

set of consolidation tests was carefully carried out in the 

triaxial machine where the all round pressure was added in 

increments, while complete drainage was allowed. 	A further 

purpose for performing these tests was to determine the initial 

volume changes of samples in the drained and consolidated un- 

drained shear tests. 	The initial values of volume changes 

when added to those during shear gave in some cases high 

values of dry densities that exceeded those corresponding to 

100% saturation, which is physically impossible. 	It was then 

realised that there existed an experimental source of error 

due to trapped air in the membrane as found in the B" tests . 

(This error in the volume measured during initial consolidation 

for such tests rill not affect the volume changes measured 

during subsequent shear). 
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Comparison between the results of such tests and those 

of the "B" tests (in terms of effective stresses) showed a 

very good agreement, Figs 5:72, 5:73 and 5:74. 	Therefore 

it is justifiable to correct these particular tests in the 

same way as the "B" tests by taking from the latter the 

value of "v" for each moisture content and then following 

the same procedure. 	("v" is an experimental error, and as 

such can hardly be a constant for a particular moisture con— 

tent. 	It is applied to consolidation tests with drainage 

only if the observed volume changes agree with those obtained 

from the corresponding "B" test; a result that is achievable 

only with carefully performing the tests). 

To complete the corrected pressure, volume change rel—

ationship in the low load range where "v" is erratic an 

equation of the curve representing the corrected part will 

be necessary. 	When plotted logarithmically, a group of 

such curves gave btraight lines (also obtained by Gould, 

1953). 	This is in accordance with the equation suggested by 

Hi1f (1948): 

/1\ = 	K (a—l ) m 
	

5:1 

where -- is the consolidation in per cent of total volume 

K and m are constant. 

From this equation, the rest of the curve can be plotted 

after computing K and m. 

The following table gives values of m and K for different 
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moisture contents as computed for the "Be tests, and shows 

that while 11m11 can be considered to have an average value 

of 0.7, K varies considerably. 	More data is still needed 

to allow for a final conclusion to be drawn out. 

M/C 

Opt. - 	1.08'4  0.774 0.00021 

opt. 0.1% 0.700 0.00072 

Opt. 0.381 0.460 0.00186 

Opt. + 0.7% 0.860 0.0006 

Opt. 0.851 0.678 0.00135 

Opt. + 1.031 	0.740 0.0018 

Opt. + 1.221 	0.670 0.0013 

Fig. 5:75 shows the corrected volume changes for all 

"B" tests and consolidation tests. 

The validity of the above procedure has been i-roved 

by investigating the results of the consolidated undrained 

tests where the cell pressure during shear is higher than the 

consolidating pressure. 	The initial consolidation consisted 

of two terms; that before saturation and is obtained from 

the graphs in Fig. 5:75 and that during saturation is taken 

directly from the test in consideration. 	Since there is no 

moisture content change during subsequent shear, the degree 
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of saturation after consolidation can thus be determined. 

The volume change aT90 due to the increment of cell 

pressure was introduced into equation 3:8 and the pore 

pressure computed checked fairly well with the excess pore 

pressure measured, as shown in the following table:- 

Initial After Consolidation 

M/C M/0 51 0 

Opt. 	0.1 86.6 135.0 Opt.-0.5 86.75 136.9 

Opt. 89.8 136.1 Opt. 93.75 137.2 

Opt. 90.0 136.3 Opt.-0.5 93.0  138.4 

Opt.-0.2 86.5 135.5 Opt.-0.2 89.0  136.9 

Opt.+.35 93.0 13C.0 	Opt. 92.7 137.1 

'y 
'initial 
consoliaat 
ion 	(%' 	a" 

Consolid- 
ation 
Pressure 

p..5.1. 

Cell 
Pressure 

/--.\ VI,  

'p.s.i. lated. 

Pore 
Pressure 
Ekpt. 

Pore 
Pressure 
Calcu- 

. 1.27 40 70 0.21 1.5 1.2 

.0.8 15 40 0.26 2.86 3.15 

1.22 40 120 O. 338 7. 3 7. 6 

-. 	1.705, 70 120 0.36 5.2 6.5 

0.8 	, 15 70 0.97 7.2 17 



-64- 

Settlement due to Saturation 

The Compression of a partially saturated soil element 

upon saturation depends on its placement condition. 	This  

extra amount of compression is generally large with dry soils 

while with wet soils it is comparatively small. 

Gibbs, 1948; showed that with samples compacted at a 

moisture content which is slightly lower of optima; the 

amount of extra compression is almost negligible, which leads 

to the conclusion that such a placement condition is the 

lowest limit to be used for a fill material if settlement, 

because of saturation, is to be avoided. 

Fig. 5:75 shows that with the type of material used in 

the present series of tests, large volume changes will occur 

on saturation for dry samples. 	It is also noticed that a 

small amount of extra compression also takes place with 

wetter samples which may be attributed to secondary consoli-

dation effects on saturation. 

Pore Pressure under Decreasing Loads  

The expansibility of a soil element associate( with a 

decrease in the acting loads is generally less than its 

compressibility. 	This results in higher values of excess 

pore pressure during an unloading run as already discussed in 



Chapter 3 (equation 3:10); and consequently higher values 

of B. Fig. 5:70. 

This is generally the case during rapid draw down where 

the total stresses decrease due to the lowering of the reser-

voir water at a rate allowing no dissipation to take place. 

This may result in giving a factor of safety for the rolled 

fill dam that may be less than that at the end of construction 

which is regarded in most cases as the governing factor in 

the design. 

The test results can be corrected in the same way as 

those for the loading stage by using the average value of 

"v", already determined, to correct the effective stress 

volume change curve over a certain range of loads. 	The 

resulting curve does not represent a typical consolidation 

relationship and no attempt was made to complete its early 

part as for the loading stage. 	However, the corrected 

values of pore pressure are naturally higher than the correct- 

ed values under increasing load. 	Figs. 5:76 and 5:77 show 

typical results for two . moisture contents. 

Attempts were made to determine a value of "v" for 

decreasing loads in the same way outlined before, but were 

not successful due to large discrepancies in the values 

obtained that did not permit an average value to be considered. 

The solution presented in the preceding paragraph is only 

a tentative one and more study is thus needed. 
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It is believed that the rate at which the air is freed 

from solution is less than that at which it is forced into 

solution in water, resulting, probably, in erratic volume 

changes with decreasing loads. 

2. 	The Ko  System 	 1 
(K0•<1)  

Ko 

   

These tests represent a case of uniaxial consolidation 

(at constant moisture content) where lateral strains are 

prohibited, which is apy-roximately the case of a soil element 

well inside a dam. 	Such tests furnish a relationship between 

the applied loads as represented by the total major principal 

stress 0-37 , the pore pressure and the volume changes for this 

condition of loading. 	Furthermore they provide an estimate 

of Ko, the coefficient of earth pressure at rest. 

Ko  was found to change only slightly with moisture con-

tent after a certain range of loads (at 0-i = 100 p.s.i. 

approximately). 	Test results, however, have shown that the 

dryer the sample, the greater is the shear strength and we 

would anticipate a smaller value of Ko 	Fig. B:78. 	The 

difference is not large, since the angle of sheari...g resist-

ance 0' varies only slightly with moisture content and if 

H  In the case of water with no shear strength Ko  = 1. 
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the cohesion is neglected samples at different moisture con-

tents would have almost the same strength. 

Fig. 5:79 shows the results of Ko  tests for samples 

compacted at approximately - 1%, Opt. and 4- 1% of optimum. 

In determining the relationship between the volume change 

and the load, the test results were corrected for the extra 

free air "v" in the same way as for the"B" tests. 	The value 

of "v" was of almost the order of magnitude as for the "B" 

tests. 	Fig. 5:80 gives the relationship between volume 

change and effective stresoes for different moisture contents. 

It may be argued, however, that the existence of this 

entrapped air will make the adjustment of the volumes during 

the test in conformity with the Ko  condition (i.e. no lateral 

yield) rather inadequate. 	As already explained, this extra 

air will be incorporated into the sample under a small incre-

ment of cell pressure after which the Ko  condition will be 

adequately fulfilled. 	This may explain the large discrep-

ancies in the value of Ko  at low pressures. 

Regarding the value of the principal stress ratio, these 

tests represent an intermediate stage between the all round 

pressure and the failure conditions in an undrained test, 

either at maximum principal stress ratio or at maxiLaam devi-

ator stress, (principal stress ratio is 1 and about 5 res- 

pectively). 	The test results showed that the pore pressures 

and the volume changes followed this pattern for all moisture 
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contents investigated, Figs. 5:71, 5:81, 5:82, 5:83 and 5:84. 

The following table gives values of Ko  for saturated soil as 

determined by several authors and is included here for com-

parison together with one result for a dry sand. 

TABLE 3  

Soil 

[ (Clay 
Gersevanoff (1936) ( 

1 
1 (Sand 

Techebotarioff (1948) Plastic Clay 

Ko 

0.65 

0.41 

0.5 

Loose brasted sand 
(porosity 45%) 

(Dense brasted sand 
( (porosity 38%) 

Medium dense dry sand 
(porosity 42%) 

Eldin (1951) 

ElRamli (1949) 

0.471 

0.338 

0.50 

3. 	The 1,'F  Tests 

The object of these teats has already been outlined 

(Chapter 4). 	F is the factor of safety used in the design 

of an earth dam and is here chosen, in accordance with common 

practice as equal to 1.5. 	Experimentally, it is the factor 
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by which (C9 and (tan 0') obtained from failure conditions 

in undrained tests are reduced. 	Consequently, no incipient 

failure will occur during such tests. 	But the main value 

of these tests is in establishing a relationship between 

loads, pore pressures and volume changes comparable to that 

in an actual dam. 

The results of these tests show that the pore pressure 

for both failure criteria in undrained shear tests is an 

underestimate, while those under all round load conditions 

are on the conservative side. 	This means that, while in a 

stability analysis we use C' and 0' as obtained from failure 

conditions, the corresponding pore pressures will not corres-

pond to those in an actual dam. 

Fig. 5:85 shows the results of 1/F  tests for three mois- 

ture contents. 	Fig. 5:86 shows the corrected volume change, 

effective stress relationship. 

The principa.‘ stress ratio at a given load does not vary 

considerably from those obtained for the Ko  tests for F = 1.5. 

Comparison of results of the "B" tests,"Iq; tests and the "1/F" 

tests show clearly that the excess pore pressure, and the com-

pressibility are a function of the principal stress ratio for 

any moisture content. 	Fir. 5:84 and Figs. 5:81, ti:82 and 

1 5:83 shop- that the higher the value of 0-1/0
-
3 the lower is 

the excess pore pressure and the compressibility. 	(01/03 = 

1 in "B" tests, about 3 in Ko  and "1/F" tests and about 5 is 
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its maximum value in undrained tests). 

These findings, in fact, suggested the conclusion that, 

irrespective of the type of test, equal excess pore pressures 

or compressibility will correspond. to equal values of the 

principal stress ratio at a given load, i.e. that the pore 

pressure ratio is similarly related to the principal stress 

ratio irrespective of the sequence of loading. 

The results of the undrained tests offered a further obance 

of checking the validity of this conclusion, i.e. if at a 

certain load (0-1)1  the pricipal stress ratio a—i/oV is the 

same in both the undrained test and the Ko  test (or indeed any 

other test) the corresponding pore pressures will be approx-

imately the same. 

To determine (0-1)l, a graphical method was devised. 

This consists in plotting for both the undrained test at a 

particular cell pressure and the Ko  test at the same moisture 

content, the experimental relation between 071 and 0 1/0 3  

which results in two curves that intersect at a point corres- 

ponding to (0-1)1, Fig. 5:87. 	From the particular undrained 

test results the pore pressure corresponding to (01)1  can 

be obtained. 	Four values of pore pressures corresponding to 

the four cell pressures in the undrained tests series were 

determined in this way and are shown in Fig. 5:79 and Fig.5:85 
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for the Ko and 1/F 
tests which show a fairly good agreement 

Relationship between Pore Pressure Ratio and 
Effective Principal Stress Ratio  

It was shown that for a partially saturated soil element 

the excess pore pressure A.0 is given by the following equat-

ion: 

u = B z0-3 	a 	01 - 	0-" ) 

- B ( 	0-31 
	

i-  i u) 	a ( 	/N 0-31  ) 

Au 	- B) - B A0-3 	a ( /_\ 01. 	0-3) 

1 	1 .  
(1-B) 	t A  -a}"'BoO' -I- a (A 0-i-18 ai 

or 
CFI 

1  
1-B (B. 1 + a --a. 2) where r = r r 

0-1/0-3 
but 	4 01_ 

u 
1 t  

u 

• B - a) -far  
(B - a) •(1-r)--rr 5:2 

Therefore if we assume that B for a given pressure is 

constant, it follows that, since "a" is in fact a function 

of 	- 0-3) at any stage during shear, the pore pressure 

ratio is a function of the principal stress ratio as proved 

experimentally, Fig. 5:79 and 5:85. 

To complete the picture experimentally, the results of 

two sets of undrained shear tests, each corresponding to a 
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particular moisture content under four different cell press—

ures are plotted as - a relationship between the pore pressure 

ratio and the principal stress ratio, fig. 5:88 and 5:89. 

In these figures points obtained from Ko  and 1/F  teats are 

also shown. 

Fig. 5:88 shows the relationship between Liu and 
0—, 

0-1/ 30-1  from four undrained testa on samples compacted at 1  

approximately 1% above the optimum. 	Fxcept for the cell 

pressure of 120 p.s.i. where the sample tAcame fully satur—

ated under loads, points corresponding to the other three 

cell pressures followed more or less the same course as long 

as the pore pressure was increasing. 	Afterwards each group 

of points followed a separate course. 	It is also noticed 

that points corresponding to the cell pressure of 120 p.s.i. 

joined the same pattern at this stage as the sample became 

no longer fully saturated due to dilatency. 

Fig. 5:89 gives the results for a sample compacted at 

optimum. 	At the initial stage where the pore pressure is 

increasing we notice that there is a larger scatter of the 

points. 	The greatest deviation is for the points corres— 

ponding to a cell pressure of 15 p.s.i., where, with this 

moisture content, larger values of "B" are associated with 

low cell pressures, Fig. 5:70. 	If we consider the other 

cell pressures (especially 40 and 70 p.s.i.) as representing 
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the average loads for practical purposes, it will follow 

that w.r.t. to the compression part of the 	v 	 (Si .  
4\0-i 	OM /  

relationship (i.e. increasing pore pressure) both samples 

possess similar characteristics. 

Although equation 5:2 is not linear, the test results 

in Figs. 5:88 and 5;89, showed that within the range of 

loads used in practice, it can be approximated to an average 

straight line as long as the pore pressure increases. 	This 

provides for an approximate method to determine the pore 

pressure ratio for any value of 45-y01 (provided the sample 

does not become saturated) by only performing the series of 

undrained tests necessary to determine 0 1  and 0' and avoid-

ing the elaborate procedure followed in the Ko  and 1/F  tests. 

The value of a-1/01-3  for the 1/F  condition is a function 

of that at failure, while that corresponding to the Ko  con-

dition is approximately the mean of unity (the B condition) 

and maximum 0-1/01 in the undrained shear test for the range 

of loads me-t w-ith in practice. 

5. 	Pore Pressure at Failure in Undrained Shear Tests. 

The relationship between the pore pressure at failure 

and the corresponding major principal stress has been studied 

w.r.t. the two failure criteria, i.e. the maximum principal 

stress ratio criterion and the maximum deviator stress, Fig. 

5:81, 5:82, ,find 5:83. 
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For a certain range, this relationship was found to be 

approximately linear, which in fact is a direct evidence 

that over this range Ou  and 0' are constants. 	The excess 

pore pressure at failure( r a uf)can thus be determined in terms 

of Ou and 0' by equation 3:6. 

In terms of the pore pressure parameters B and a:- 

f\ of 	= 	B A0-3 -1-(4 ( /.\0-1 

(af)for triaxial tests is equal to 4,$ 1f -  
( A 0-1 -ACrgf 

It is a constant for all cell pressures in the case of 

saturated soils where B = 1. 	For partially saturated soils 

af)varies with cell pressure since B also is not constant 

(S.and B.1954). 	To prove this experimentally let us put 

equation 3:12 in the form: 

U 1 	4- 

 

1) ( /0--1 
 0-

0-3)  

1) (1 - 	0-3 
 ) 	

5:3 
a-1  

B.A0 -1 

 

 

1 ± ( a  
B 

is unity before shearing the sample. 

If we plot /-" 	vs 	61  	from the results of 
B4 0-"1 0-3 

undrained shear tests on samples compacted at the same mois- 

ture content but under different cell pressures we find that 

the resulting curves start at the same points (where 	= 1) 
BzN0-1 

and then proceed independently which shows that 11.," varies 

with cell pressure at failure. 	Fig. 5:90 shows the results 

of four samples at approximately optimum moisture content and 

€ Skempton 	Bishop (1954) 

u 
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tested in undrained shear under folvr cell pressures of 15, 

40, 70 and 120 p.s.i. 	Fig. 5:91 gives typical values of 

of for different saturated and partially saturated soils, 

together with the results obtained from the present series 

of tests for the dry, optimum and wet samples. 

In conclusion we note that the excess pore pressure is 

a direct function of the volume change a sealed partially 

saturated soil element undergoes. 	The pore pressure ratio— 

can also be expressed as a funct.L.,11 of the principal 

stress ratio corresponding to the system of loads causing 

them. 	It was shown that the greater the principal stress 

ratio the lower is the value of 	for a particular mole— 

ture content. 	The pore pressure ratio and the principal 

stress ratio can be considered approximately to possess a 

linear relationship. 



O - SATURATED BOSTON 
BLUE. CLAY (TAYLOR 044) 

LI. 48. P.L 28 

n- PARTIALLY SATURATED 
COMPACT-ED SILTY CLAY 
L.L.27 P.L 19 (HOLTZ. 1947) 

O - SATURATED LOOSE 
SAND n = 45 X, 

BISHOP ec ELDIN (1950) 

✓ - OPTIMUM 

O - OPTIMUM 4- 170 

• - OPTIMUM - t 73  

0 

FIG. 5 : 

PORE PRESSURE PARAMETER '0: AT FAILURE.  
8 

• G 

-•2 

- •4 

- - - -AV - - - - - - _,6- --- - - 
_ 

/ 

/ 2 

/ 

40 

/ 

GO 80 
(C33) P 51   

100 I • 0 

12 
/

7 
 
0 

--i- _ __e ,4____il _ 	_ _ _ _ 
e 



-7C- 

Chapter 6 

SUMMARY AND GEYFRAL CONCLUSIONS 

A. 	The Shear Str(th 

The angle of shearing resistance pt varies only slightly 

with moisture content and the degree of saturation. 	It 

is also slightly affected by the type of shear test provided 

the test results are corrected for the energy necessary to 

change the volume of the sample during shear. 	The results 

of undrained shear tests represent to a good deal of accuracy 

the average results obtained under different conditions of 

shear provided these results are in terms of the moisture 

content at failure. 

The apparent cohesion C' varies only slightly with the 

type of tests, but is closely related to the moisture content 

at failure. 

For a given initial moisture content we find that soils 

compacted at optimum show only little change in strength on 

saturation (as compared with the results of undrained tests) 
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while dry soils show a large decrease in strength. 	Soils 

placed on the wet side of the optimum show a gain in strength. 

From the point of view of earth dam construction, the 

drop in strength on saturation of dry soils can be allowed 

for in the design, but the accompanying decrease in volume 

has in practice led to dangerous settlement cracks and even 

complete failure (Shererd, 1953). 	On the other hand, soils 

placed on the wet side of the optimum moisture content will 

be subject to very large pore pressures at the endof con- 

struction. 	Provided that these pore pressures are allowed 

for in the design (either by using a wider cross section or 

drainage layers), the settlement which occurs during the dis-

sipation of such high pore pressures does not appear to affect 

the watertightness of the dam. 

If field control of the moisture content is possible 

(climatic conditions and technical organisation favourable) it 

will 'oe seen from the test results that the moisture content 

close to the optimum will to a large extent avoid the disad-

vantages of the two . extremes. 

E. 	The Pore Pressure and Compressibility 

For any particular moisture content, the highest excess 

pore pressure occurs when an all round system of loads is 

applied. 	The minimum excess pore pressure occurs at undrain- 

ed shear failure. 	The loading condition in which no lateral 
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yield is allowed (the Ko  condition) together with the con-

dition corresponding to a factor of safety F (the 1/F  con-

dition) represent two intermediate values of the pore pressure. 

Thus, while in a limit desin stability calculation we use 

CI and 0'  obtained from failure conditions, the pore pressure 

corresponding to undrained failure conditions would be much 

less than that measured in the actual dE.m. 

The pore pressure ratio i.e. the ratio between the excess 

pore pressure zvu and the major principal stress G.O 1 was 

found to be a function of the effective principal stress 

ratio 0`1/0-3. This ratio varies from 1 for the all round 

system to an average maximum value of 5 in undrained tests 

-1 . (i.e. the maximum crajo 3  in undrained shear tests) while for 

the Ko  and 3/F  conditions 0-i/0-  has intermediate values and 

are both close to the mean of 1 and 5 for practical purposes 

(if F = 1.5). 	The relationship between -f'-11 	and 071/0 

can be approximated to a straight line for all types of tests 

as long as the pore pressure is increasing. 	This permits the 

use of an approximate method of detesming the excess pore 

pressure for any value of the principal stress ratio, by. 

only performing the series of undrained tests necessary in 

any case to obtain CI and 0 1  (initial pore pressure corres-

ponds to 0--1/0-3 . 1 and the other values are obtained as 

0-i/01 increases during the shear test). 
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The rate of variation of the excess pore pressure with 

moisture content is largest around the optimum. 	Therefore, 

fill materials placed at optimum will he sensitive to the 

slight changes in moisture contents w.r.t. pore pressure. 

This effect must be allowed for both in design and in field 

control during construction. 

The volume change, which is a function of the effective 

stress, was also found to be controlled by the principal 

stress ratio in the same way as the excess pore pressure. 
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APPENDIX 

EFFECT OF RUBBER MEMBRANE OF THE MEASURED  

STRENGTH OF 4" DI A. SAMPLES 

Henkel and Gilbert (1952) showed that in the undrained 

triaxial tests on saturated clay samples (11" Dia. x 3") 

the rubber membrane gives rise to an apparent increase in 

strength. 	Tests on identical saturated clay samples indic-

ated that the unconfined compression test gives the lowest 

strength while a higher strength was obtained when the uncon- 

fined sample was surrounded by a membrane. 	Still a higher 

strength was obta',ned in the triaxial compression test. 

This experimental evidence gave rise to an approximate theore-

tical investigation into the effect of the rubber membrane. 

By assuming that the membrance and the triaxial speci-

men deform as a unit, the rubber membrane acts as a compress-

ion shell and the total compression load P at any axial 

strain "e" will be given by the equation: 

P 	(071 - 0-3)1  • A e 	11-. Do  • M e 
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where 	(0-1 - 0-3)1  denotes deviator stress in specimen 

Ae 	denotes corrected area of the sample 

at strain e 

Do 	denotes initial diameter of the sample 

AEI 	denotes compression modulous of rubber 

member lb/inch 

and the measured compression stress will be equal to: 

(0  - 0-3)1 	TT 
•Ao  

Do . e(1-e) . M  

where Ao is the initial area of the sample, and the 

second term is the rubber correction. 

To determine the compression modulous M of the rubber 

membrane (9 x 10 ' inch thick)and 4 inch dia.) a load, strain 

relationship was established by performing extension tests 

on a one inch strip of the membrane as shown in Fig. A:l. 

The following table gives the rubber corrections in 

lbs/square inch at four different strains for a 4inch dia- 

meter sample: 

Strain % M lb/inch Rubber Correction 
p.s.i. 

5 2.4 0.12 

10 2.0 0.20 

15 1.8 0.23 

20 1.75 0.29 
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It is noticed that the rubber correction is so small 

as compared with the strength of the samples. 	In the 

series of tests presented in this thesis, the effect of the 

rubber membrane was neglected. 
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