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PREFACE 

Th i s repor t deals wit h drained defor mations and 

drained shear strength in Swedish clays. 

The report includes results from a number of inter

related research and development projects at the 

Laboratory of the Swedish Geotechni cal Institute as 

well as experience gathered from the Laboratory's 

consulting activities. 

The research has been suppor ted by grants from the 

Swedish National Road Administration and internal 

research funds at the Swedish Ge otechnical Institute. 

Valuable assistance has been provided by a number of 

our colleagues and especially by Chalmers University 

in Gothenburg , the Norwegian Geotechnical Institute 

in Oslo and Laval University in Quebec. 

Linkoping July 1981 

Rolf Larsson 
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SUMMARY 

Compression characteristics of soft clays are gener

ally determined by oedometer tests. The oedometer, 

which usually contains the soil sample in a confined 

ring, has been used over a long period of time. In 

1918 Virgin explained the consolidation phenomena and 

the first oedometer in Sweden was constructed in 

1922. The fundamentals of the consolidation process 

were explained by Terzaghi in 1925 and since then 

the testing procedure proposed by Terzaghi has been 

widely used . 

This procedure involves loading of the sample in 

increments (duration 24 hours), each increment being 

equal to the previous consolidation load. In the 

late 60's this procedure was altered in many labora

tories and smaller increments were used to enable 

a more accurate evaluation of the preconsolidation 

pressure. At about the same time the first continuous 

oedometer tests where the sample was deformed by a 

constant rate of strain were carried out. Since then 

much research has been done on comparisons between 

different oedometer tests and between oedometer tests 

and field observations as regards the preconsolidation 

pressure. Strain rate effects have been evaluated 

and theories for evaluation of the tests have been 

presented. A number of new tests such as the constant 

rate of strain test (CRS-test), the constant gradient 

test (CGI- test) and the continuous consolidation test 

have been developed. 

In Sweden a large investigation was carried out in 

1971 - 1975 comparing the constant rate of strain test, 

the constant gradient test, incremental loading 

tests and large field tests for determination of the 

preconsolidation pressure (Sallfors, 1975). This 

investigation led to the recommendation of the con

stant rate of strain test as a routine test for soft 
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clays and recommendations for strain rates and 

methods fo r eval uation of preconsolidation pressure 

and coefficient of consolidation were given . 

The constant rate of strain test became a standard 

test at the Swedish Geotechnical Ins t itute in 1975 

and today many Swedish consulting firms use it . 

During the five years the CRS - test has been used at 

SGI much experience has been gathered . Related 

research concerning permeability , swelling , recom

pression and secondary deformation has been carried 

out . A new method for interpretation of the CRS - test 

and settlement calculation has been introduced. Part 

of this information has been supplied to t he Insti

tute ' s cl i ents , to the Swedish Universities and to 

our research colleagues . A paper briefly dascribing 

the interpretation and use of the CRS- test results 

has been published (Larsson & Sallfors , 1981) but 

this is the first attempt at summarizing all the 

resul ts . 

The oedometer results however represent only the 

special case of defor mations where there are no 

lateral deformations. Shear strains i ncrease with 

increasing shear stress level and compression strains 

are func t ions of effective pressure and shear stress. 

The stress- strain c urve in shear testing is highly 

dependent on the volume change of the soil during 

the t est and stress - dilatancy equations have been 

f ormul ated to account for this (Rowe, 1964 ). 

The first advanced genera l model for drained defor

mations i n soils was the concept of " Critical State 

Soil Mechanics" developed at Cambridge Universi t y 

by Roscoe and the Cambridge group (Scofield & Wroth, 

1968). This model however does not consider ani s otropy 

and later research has shown that also the suggested 

flow rules must be modified. 
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To obtain a picture of how the boundary conditions 

affect the compressibility and the shear strains in 

a Swedish clay tests have been run as triaxial tests 

using different methods , as plane strain compression 

tests on vertical and horizontal samples and as 

direct shear tests . 

The results have been compared with results from 

tests on similar clays available in literature. 

The shape of the yield curve is found to be deter

mined by the Mohr- Coulomb failure criteria and the 

previous stress history of the soil. 

The volumetric compressibility of the soil is found 

to be dependent on the shear stress level. The higher 

the shear stress level is the more compressible the 

soil becomes . 

The shear strains are governed by the dilatancy 

equations if the shear stress level is high enough . 

For more isotropic stresses the shear strains depend 

more on the variation in compressibility with direc 

tion due to stress history. 

The drained shear strength in the slightly overcon

solidated stress range is governed by the Mohr-Coulomb 

failure criteria and ~c v · In most Swedish clays ~c v 

is about 30 ° . The mobilizable angle of friction in

creases with the overconsolidation ratio. For normally 

consolidated clays the drained shear strength is sel

dom equal to the governing strength as the undrained 

shear strength is lower. To mobilize the drained 

shear strength in normally consolidated soft clays 

very large deformations are required. The practical 

drained problems in this case are therefore problems 

of deformation rather than strength. 
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NOTATIONS AND SYMBOLS 

a 

b 

c v 

CC- test 

CGT- tes t 

CRS-test 

Ev 
e . 
e 

g 

H 

T 

t 

u 
u 

Pressure defined in Fig . 22 

Load factor 

Swelling index 

Compression index &3/Mogo ' 

Secondary compression index &3/t:Jlog t 

Effective cohesion intercept 

Correction defined in Fig. 22 

Coefficient of consolidation 

Oedometer test, constant relation ~b/o 

Oedometer test, constant pore pressure 
gradient 

Oedometer test , constant rate of strain 

Modulus of volumetric compression 6o ' /6vy 
Void ratio 

Rate of void ratio change t'ie/Ot 

Initial void ratio 

Gravity (9 . 81 m/s 2 ) 

Height 

Coefficient of earth pressure oHiov 

Coefficient of earth pressure in normally 
consolidated stage ov = oJ 

Coefficient of permeability 

Oedometer modulus, Critical state parameter 

Oedometer modulus in linear range defined 
i n Fig. 22 

Initial oedometer modulus 

Modulus number 

Modulus number 

Mean effectiye normal stress 

Equival ent isotropic consolidation stress 

Deviatoric stress 

Swelling , Shear stress in shear box 

Shear stress component due to dilatancy 
in shear box 

Time factor 

Time 

Degree of consolidation 

Pore pressure 
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Ub Pore pressure at undrained end in oedometer 

Ub Rate of pore pressure change at undrained 
end in oedometer 6ub/6t 

V Volume 

V Volumetric compressive strain 

V Rate of volumetric compressive strain dv/dt 

r.;f Fr ictional work 

w Water content 

WF Cone liquid limit 

W£ Percussion liquid limit 

WN Natural water content 


Wp Plastic limit 


ws Shrinkage limit 


z Depth 


0: 	 Stress angle defined in Fig . 87 

o.s 	 Coe fficient of secondary consolidation 

6 	 Stress exponent , strain angle de f ined in 
Fig . 87 

e: 	 Compressive strain 

e: l Major principal compressive strain 

(.2 I ntermediate principal compressive str ain 

€: 3 Minor principal compressive strain 

Rate of major principal compressive strain 
de:ddt 

Axial compressive strain 

Straight portion of oedome ter curve 

Distortional strain 

Elastic distortional strain 

Plastic distortional strain 

Angular deformation 

\) 	 Poissons ratio 

Unit weight of solid particles 

Unit weight of water 

Total stress 

o ' 	 Effective stress 

Preconsolidation pressure 

Horizontal effective stress 

Reference stress 

Effective stress defined in Fig . 22 

Effec t ive vertical stress in shear box 

Initial effective vertical stress 
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0 ,u 

a{; 
0 , 

y 
0 

1 

9 ' 

<l>cv 

8 

SGI 

Effective stress to which unloading has 
been made 

Effective vertical stress 

Effective stress causing yield 

Rate of increase of vertical stress do/d t 

Shear stress 

Effective angle of friction 

Effective angle of friction at failure at 
constant volume 

Corrected angle of friction (Rowe) 

Effective angle of friction at failure 

Corrected angle of friction (Larsson) 

Corrected angle of friction (Bishop) 

Effective angle of friction between mineral 
surfaces 

Angle between shear stress and sliding 
direction 

Swedish Geotechnical Institute 





1 5 

1. OEDOMETER TESTS 

1 .1 Incremental test apparatus 

Oedometer tests on natural fine - grained soils are 

usually performed on "undisturbed" samples fitted 

into a confining ring . A test procedure with in

cremental loading, each increment being equal to 

the previous load and a new increment every 24 hours, 

was suggested by Terzaghi in 1925 and has been 

widely used since then. During the test the sample 

is drained from the ends and readings of the com

pression are taken in a time sequence enabling a 

plot of the time - settlement curve for each increment. 

Over the years a number of variants of the in

cremental oedometer and the test procedure have been 

developed but in essence they remain the same . 

The most simple and commonly used oedometer is the 

fixed ring oedometer with drainage from both ends, 

Fig . 1a. In this oedometer the piston on top of the 

sample is loaded and moves into the ring which is 

fixed in position . If there is friction between the 

sample and the ring this will cause an uneven stress 

distribution in the sampl e . It i s therefore very 

i mportant to minimize this friction, which is done 

by using a very smooth ring and grease . Swedish 

investigations (Kallstenius, 1963 , Sallfors, 1975) 

have shown that the ring material is less important 

than the smoothness of the ring and the most 

effective grease found so far is silicon grease . As 

pore water is often highly corrosive other materials 

than stainless steel , ceramics or plastics should 

be avoided. 
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Load 
Load 

a b 

Load 

d 

c 

Load 

e 

Fig. 1. Different types of oedometers. 
a. Oedometer with fixed ring 
b. Oedometer with floating ring 
c. Oedometer with measurement of ring friction 
d. Rowe oedometer 
e. Compressiometer 
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The use of oedometers with floating rings, where both 

the piston on top of the sample as well as the ped

estal on which the sample rests can move into the ring, 

is one way to reduce friction , Fig . 1b . 

For coarser materials side friction cannot be suf

ficiently reduced to be ignored. In this case the load 

transmitted through the sample can be measured, Fig . 

1c, and the average stress calculated. 

A way to obviate side friction is to use a Rowe con

solidation cell where the sample is loaded by a press

ure acting on a flexible rubber membrane and the 

settlement is measured in the centre of the membrane, 

Fig. 1d. This oedometer works excellently with stiff 

materials such as boulder clays and coarse materials 

but at least the commercial version has shown to be 

unsuitable for soft, highly compressible Swedish clays. 

In compressiometers, Fig. 1e, the confining ring is 

replaced by a rubber membrane and lateral defor

mations are prevented by a number of thin rings spaced 

so that no vertical load can be transferred between 

the rings. Compressiometers are often used for measure

ment of compressibility of sand and gravel . 

When simple oedometers are used it is generally 

assumed that the samples are fully saturated and that 

full pore pressure dissipation (100 % primary consoli

dation) can be det e r mined from the time - settlement 

curve f r om the load step. To check the validity of 

this assumption the oedometer can be a l tered so that 

drainage is allowed from one end only and the pore 

pressure is measured at the other end, Fig. 2 . 
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Loa d 

Fig. 2. Oedometer with measurement of pore pressure. 

To enable complete saturation of the sample the oedo

meter can be p l aced in a triaxial cell where the pore 

water can be subjected to pressure. Ver y sophis ticated 

oedometers of this type are now on the market. 

The Rowe consolidation cell can very easily be adapted 

to both back pressure and pore pressure measurement. 

Varved and layered soil s often have a higher per

meability in the horizontal than the vertical direction 

and time-settlement relations from tests with end 

drainage may therefore be misleading . In the Rowe con

solidation cell the end filters can be replaced by 

a peripheral filter or by a central drain so that the 

drainage path is horizontal , Fig. 3. 

Cent ra l Dr ain 

Fig. 3. Oedometer with horizontal drainage. 



1 9 

1.2 Evaluation of the test 

The results from incremental oedometer tests are 

usually presented in a diagram where the strain at 

the end of each step is plotted against the con

solidation pressure. In this plot the vertical effec

tive pressure is in log-scale. 

VERTICAL PRESSURE (LOG SCALE) 
From this diagram settle

ments may be calculated 

by reading off the rela

tive compression between 

the vertical in situ 

pressure in the ground 

a~ and the calculated 

final pressure a' and 

multiplying by the thick

ness of the soil layer. 

Fig. 4. 	Typical results from 
an oedometer test on 
clay. 

For determining the preconsolidation pressure a; the 

Casagrande method illustrated in Fig. 5 has been 

widely used (Casagrande, 1936). 
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In this method a horizontal 

line and a tangent to the 

oedometer curve at the point 

with the smallest radius of 

curvature are drawn. The 

angle between the horizontal 

line and the tangent is 

bisected. The straight 

portion of the oedometer 

Ul curve is extended and the 
> 
.... 
<( preconsolidation pressure 
~ 

Ul 

"' is evaluated as the press 

ure at the intersection of 

this line and the bisectrix. 

Fig. 5. 	The Casagrande method 
for evaluating the 
preconsolidation press
ure. 

As soil samples brought into the laboratory are seldom 

truly undisturbed the compressions up to and slightly 

past the preconsolidation pressure are often too large. 

Methods for evaluation of the preconsolidation press

ure taking the disturbance into account have been 

suggested by Burmeister (1951) and Schmertmann (1953). 

However , the sampling technique has been improved 

since then and studies of swelling and reloading 

have shown that much of this disturbance may occur 

in the laboratory if the sample is allowed to absorb 

water during the test set- up. 

Provided that the samples are of good quality and 

are properly handled the correction for disturbance 

should be small and there is no definite proof that 

the correction improves the correlation between lab

oratory and field data. 

In many cases though an arithmetic plot should be made 

in addition to the standard plot to check that there 
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really is a preconsolidation pressure and that the 

curvature of the oedometer curve is not due only to 

the 	log scale . There is a trend to abandon the log 

scale and present the oedometer curves in arithmetic 

plots. In this case the Terzaghi loading sequence is 

unsuited since the shape of the oedometer curve is 

difficult to determine as the distance between the 

points increases. 

As will be shown later the evaluated preconsolidation 

pressure is sensitive to the loading sequence and 

the duration of each load step . 

Apart from the preconsolidation pressure the com

pression index Cc or £2 is also evaluated from the 

oedometer curve. The presentation of the oedometer 

curve in a diagram with strain in linear scale and 

pressure in log scale was chosen as the curve then 

appeared to be a straight line after the preconsoli 

dation pressure. 

The 	compression index Cc is determined as 

6e o r z6 e , , Fig. 6a. To avoid the o '+6o ' 6 ogolog ,
0 

determination of the void ratio the compression 

index £ 2 is used in Sweden where £ 2 is the relative 

compre ssion of the sample at a doubling of the 

vertical pressure , Fig. 6b . 

The 	relation of these compression indexes is 

Unfortunately the assumption that the oedometer curve 

should be a straight line for stresses higher than 

the preconso lidation pressure in this plot is not 

valid in soft Swedish clays and t h i s method of de

scribing the compressib ility is the refore an approxi

mation va l id within a small stress range only. 
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VERTICAL PRESSURE ( L OG SCALE) VERTICAL PRESSURE ( L OG SCALE l 

~ ... ... 
"' 
0 
> 
~ 

"'> ... 
~ 
"' "' 

Fig. 6. a. Evaluation of Compression index Cc. 
b. Evaluation of Compression index £2. 

Soil compressibility is therefore often expressed by 

tangent modulus M Odhe (1951), Janbu (1967), Brinch

Hanssen (1966) and others 

where 

mj modulus number 

B stress exponent 

o' effective vertical stress 

o~ reference stress (usually 100 kPa)
J 
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The parameters are evalu

VERTICAL PRESSURE (LOG SCALE) 

2.7af 

~t.., 

"' 
~ I 
"' l_____ j 

ated by drawing a tangent 

to the curve at o~ and 
J 

extending it to 2. 7 o ~, 
J 

Fig. 7. If the oedometer 

curve had been a straight 

line the compression 

between o ~ and 2. 7 o ~ would 
J J 

have been ~ £ 1 =1/mj and 

8 =0 . But the real corn

pression is ~£ 2 ,1 and 8 

is evaluated from 

1 8 = m . 8 ( 2. 7 -1 ) . 
J 

Fig . 7. Evaluation o f mj and 8. 

In all Swedish clays except the dry crusts and boulder 

clays 8 has a negative value. 

This method of describing compressibility of soft clays 

is not correct either but the approximation can be 

used for a larger stress inverval than the compression 

index. 

If readings of the settlements are taken in a time 

sequence during the load steps the oedometer test will 

provide information on the time required to reach 

different stages of consolidation. Terzaghi formulated 

the equation of the consolidation process 

where av is the coefficient of consolidation. 

There are two commonly used methods to determine av 

from incremental oedometer tests. The Casagrande 
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method involves plotting the deformation versus the 

logarithm of time, Fig. 8. 

TIME (LOG SCALE) .. lOts'" 

S CseUS4t------~ 
iii 
"'wa: 
n. 

~t,coO.oot--------""""""-
u 

~.. w 

~ 
w 
a: 

Fig. B. Casagrande construction of av. 

U =0 is constructed by assuming a parabolic shape of 

the first part of the curve. U =100% is constructed 

as the intersection between the tangent to the curve 

at its point of inflexion and the extension of the 

straight end part of the curve. £ 50 at U = 50% is 

then calculated, t 50 is constructed and av is calcu

lated from 

For oedometers with drainage from both ends h 50 = 
(1-£ 5 o)/2 where is initial sample height andH0 H0 

the time factor T 50 = 0.197. 

In the Taylor construction the deformation is plotted 

versus the square root of time, Fig. 9. 
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The straight portion of the 
TIME (SQUARE ROOT SCALE l 

t•o 
curve is extended. Line A 

is then drawn at a distance 
t, O, of 15% "outside" that line 

(see Fig. 9). U =90% is 

taken from the intersection 

between the curve and line 
-

A. E at U = 5 0% and U = 1 00% 

can now be calculated and 

t 90 constructed. av is 

evaluated from a 
V 

T • H 2 = 9 ° so 
tg o 

where the time factor t 9 o = 
0 . 84 8 . 

Fig. 9. Taylor construction of av. 

The Casagrande method seems to be used more often and 

is required if the rate of secondary compression is to 

be determined. 

The coefficient of secondary compression a is deter
8 

mined from the slope of the straight part of the time

settlement curve as ~E/~Log t . 

The av-value is dependent on permeability which varies 

with temperature. Ideally, oedometer tests should be 

performed at ground temperature but as the average 

ground temperature in Sweden is about 7 ° Centigrade 

this would be inconvenient. Care should be taken to 

keep the temperature constant during the tests though 

and permeability and av - values can then be corrected. 

1.3 Effect of loading sequence on test results 

The time-settlement curve is divided into three parts, 

Fig. 10. 
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. TrME (LOG SCALE) 

PRIMARY COMPRESS I ON 

SECONDARY COHPRESSIOH 

Fig. 10. The three parts of the time-settlement curve. 

1. 	The initial deformation £ .-£ which is immediate 
'1- 0 

and not time-dependent. 

2. 	The primary compression £0 -£ 100 where there is a 

hydrodynamic delay of the compression as it takes 

time for the pore water to flow out of the sample. 

3. 	The secondary compression which is due to creep 

deformations in the soil and is slow enough not 

to create pore pressures in the soil. 

The Terzaghi theory of consolidation assumes among 

other things that the soil is fully saturated, that 

pore water and minerals are incompressible and that 

compression is a function of effect~ve stress only. 

If these assumptions were fully valid there would 

be no initial deformation. The initial deformati on 

for "fully saturated " soils is very small though 

and consequently the error is small. 

A more serious error is caused by secondary com

pression which ideally should not occur either but 

in reality can be relatively large. It affects both 

the final settlement after a certain time and the 

pore pressure dissipation, since secondary compression 
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does not start at the end of primary consolidation 

but already from the start of the test and thus affects 

the primary consolidation . 

This means that the oedometer curve plotted as com

pression versus effective stress is not unique but is 

highly dependent on the loading sequence and the 

duration of each load step and somewhat dependent on 

temperature . 

The traditional loading sequence with doubling of the 

load for each load step and a duration of the load 

step of 24 hours has its drawbacks. It takes a long 

time and the spacing between the points on the stress

strain curve is such that it often gives a high degree 

of freedom for the individual interpreter in drawing 

the curve. 

Other loading sequences are therefore in use and conse

quently the results differ somewhat. 

To speed up the test the samples are often reloaded 

at the end of primary consolidation. As the duration 

of each load step then becomes shorter the settlements 

become smaller, which will give a somewhat higher pre

consolidation pressure, CURVE A Fig. 11. The size of 

the difference depends on c v and a and also on the
8 

height of the oedometer and the drainage conditions. 

Swedish oedometers for clays have a sample dimension 

of 20 cm 2 area and 20 mm height with drainage from 

both ends and most oedometers used for soft clays are 

of about the same size and t ype. 

To obtain more points on the stress- strain curve 

smaller load steps are often used. If they a r e given 

a duration of 24 hours the strains become larger than 

in the standard test and the evaluated preconsoli 

dation pressure dec r eases, CURVED Fig. 11 . 
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To speed up the test and to find more points on the 

stress- strain curve Bjerrum (1973) suggested a method 

where reduced load increments are used until the pre

consolidation pressure is reached . These increments 

have been given a duration long enough to give 100% 

primary consolidation. After the preconsolidation 

pressure is reached the test is continued with doubled 

load increments with 24 hours ' duration. Karlsson & 

Viberg (1978) found t hat this type of test on the 

average gives a preconsolidation pressure 15 % higher 

than the preconsolidation pressure evaluated from 

tests with the standard procedure. On the other hand 

it gives a higher compression index, CURVE B Fig . 11. 

Even for the standard test two curves can be obtained 

as the strain can be taken as the end of primary com

pression or as strain at 24 hours. The original stan

dard test uses the strains after 24 hours and this 

is Swedish practice . Many tests are also performed 

without any readings after a time sequence or for 

some load steps only. The 24 hour curve gives some

what larger strains and lower preconsolidation press 

ures than the end of the primary compression curve. 

VERTICAL PRESSURE (LOG SC ALE) 

I ' 
A Doubltd load t.t~ps ' I 

w 
> 

short dwrotiotl \ \ 

s· B e rrum mtt noC I \ 

C Stondord molrlod \ \ 

D Small loo<! t.Ups 
lon9 dunt•on 

\ 
\ 

\ 

\ 
\ \ 

\ \ 

Fig . 11 . Oedometer curves \Vith different loading procedures. 
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The bulk of experience is based on the standard test 

which has repeatedly shown to give reliable values 

of the preconsolidation pressure directly comparable 

to field measurements . If any other test procedure is 

used the results ought to be corrected to match the 

standard procedure. 

1.4 Oedometer tests with continuous loading 

Oedometer tests with continuous loading have been used 

for the last fifteen years. They have mainly been 

performed as constant rate of strain tests, CRS-tests, 

constant gradient tests, CGT-tests, or continuous 

consolidation tests, CC-tests. 

The main advantages of these tests are that they give 

continuous stress- strain relations as well as con

tinuous cv-stress relations and that they can be run 

automatically. 

Most research has been done on the CRS-test and this 

is the most common automatic test. 

In the CRS-test the oedometer is placed in a press 

which compresses the sample at a constant rate. The 

sample is drained at the upper end and sealed at the 

bottom where the pore pressure is measured. During 

compression the compressive force, the deformation, 

the pore pressure at the bottom and time are recorded 

continuously. 

Fig . 12 shows a simple set-up for CRS - tests used at 

SGI . 

The average effective stress in the sample during the 

test is calculated by the simple equation 

o ' = o - 2/3 ub (Smith & Wahls, 1969) 
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I 
DIS PLAC EMENT I 

PRESSURE TRANS~ 

COMPRESSION 

MACH INE 

Fig. 12 . Oedometer for tests with constant rate of strain. 
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where o 	 total pressure measured by the force 

transducer 

pore pressure at th~ bottom of the sample 

measured with the pressure transducer. 

This equation is not exact but the error is small pro 

vided that the pore pressure is low in relation to the 

vertical pressure. Considering the time dependency of 

the stress-strain curve the pore pressure should in 

any case be kept low and thus the formula can normally 

be used. 

Tokheim and Janbu ( 1976) give the equation 

4 sa -	 4ub o ' = 0 	 - 5 Ub 
6 0 - sub 

where 	 o = do/dt 

ub =dub/dt 

This equation gives the same results at low pore 

pressures as the simple equation. 

cv is calculated from the simple equation Smith & Wahls 

(1969), Lowe (1969) 

where H is the sample height . 

This equation is also valid for low pore pressures 

only. Sallfors (1975) recommends that the pore press 

ure should not exceed 15 % of the total pressure. 
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Tokheim and Janbu (1976) give the equation 

where 	 M = modulus (do/dE) 

0 = da/dt 

ub = dub/dt 

0 = dH/dt 

The theory is limited to ~b/o < 0 . 35 .*) The differ
- ~o H2 

ence between this equation and cv - dt ub is negli 2
gible for small pore pressures. 

From the CRS-test the coefficient of permeability can 

also be obtained continuously and is calculated by 

the equation 

H2dE 	 • g • Pw
k = - dt 	 • 2ub 

Evaluations of cv and k are based on the assumption 

of a parabolic pore pressure distribution in the 

sample. Leroueil et al (1 980 ) have shown that this 

assumption is not valid in a stress interval when t he 

preconsolidation pressure is passed. In this interval 

the upper part of the sample will have much lower 

modulus than the bottom part which has not yet reached 

the preconsolidation p r essure and the pore pressure 

distribution will differ from the assumed . To minimize 

the stress interval and the error the pore pressure 

should be kept l ow. 

The stress-strain curves from CRS-tests are dependent 

on test duration just as any other oedometer test. 

Thus different results are obtained with different 

rates of strain. This was first shown by Crawford 

*) 	 Tokheim and Janbu have later (1 981 ) given an exact 
solution and claim that the equations of 1976 are 
valid for ~b/O < 0 . ? . 
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1964 and has been confirmed many times since then, 

Fig. 13. 

EFFECTIVE 

VERTICAL PRESSURE (LOG SCALE) 


w 

3 
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Fig. 13. CRS~tests with different strain rates. 

Sallfors (1975) showed that for soft clays the in

fluence of strain rate was considerable down to very 

low strain rates but with a new method for evaluation 

o f the preconsolidation pressure the curves could be 

corrected for strain rates up to 0.0024 mm/min 

equalling 0.012 % relative compression per minute on 

samples with 20 mm height . This rate also normally 

gives pore pressures lower than 0.15o and is there

fore recommended as a standard rate. 

Sallfors also showed how the curve jumps from one 

stress-strain relation to another when the strain 

rate is increased during the test, Fig. 14 . 
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EFFECT I VE 


VERTICAL PRESSURE ( LOG SCALE ) 
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Fig . 14 . CRS-test with stepwise increase of strain rate. 

In the so called constant gradient test, CGT, the 

strain rate varies so that the pore pressure in the 

bottom of the sample is kept constant. This can be 

accomplished in many ways but always involves a more 

complicated set-up than the CRS-test. It is also a 

slower test as the gov e rning pore pressure· must b e 

low at the small loads on the sample when the test 

starts and is then not allowed to increase during 

the test. The results from this type of test are 

also rate-dependent. The higher the set pore pressure 

is the faster the test runs and consequently the 

higher the preconsolidation pressure seems to be, 

Fig. 15. 
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EFFECT IVE 

VERTICAL PRESSURE (LOG SCALE) 
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Fig. 15. CGT test with different set pore pressures. 

The continuous consolidation test, CC, has mainly 

been developed at the Norwegian Institute of Tech

nology. In this test the relation between the applied 

load and the pore pressure in the bottom of the 

sample i s kept constant. It is the most sophisticated 

type of test and requires the most complicated equip

ment. However this should not be too great a drawback 

for the test as electronics development is progress

ing very rapidly. On the basis of results from tests 

on low plastic Norwegian clays and mathematical con

siderations it has been claimed that this test could 

be performed much faster than the CRS-test. However 

this is in conflict with experience of rate effects 

for more plastic clays. The main advantage with the 

CC-test compared to the CRS-test from a Swedish point 

of view seems to be that the CC-test automatically 

adjusts the rate of strain to the tested material. 

The standard rate of 0.0024 mm/min used in CRS-tests 

usually gives a pore pressure in the order of 0.1o 

for medium to high plastic clays and in these materials 

the difference between CRS and CC would be very small. 

For silty clays however this rate is often too slow 

to give reliable pore pressures and for very soft 
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and low permeable soils the pore pressures become too 

high. Today the standard rate in the CRS-test is 

often adjusted somewhat accor ding to the operator's 

judgement but this method is far from foolproof . 

The CC- test can overcome this problem and , in a few 

years after being adjusted f or and tested out for 

softer 	soils, will probably be well worth the extra 

installation cost. The time to complete a test is 

however likely to increase just as often as decrease. 

1.5 	 Evaluation of oedomete r tests with continuous 

loading 

The oedometer curves from continuous loading have 

clearly shown that the relation between compression 

and log effective stress is not a constant and have 

accentuated the time dependency of stress- strain 

relationships. Already before the continuous tests 

there was a trend to abandon the semi-log plot and 

a rational evaluation of the continuous oedometer 

tests has necessitated this. 

From these tests continuous relations between effec 

tive stress and strain, modulus and effective stress, 

coefficient of consolidation and effective stress 

and permeability and s train are obtained . As the 

stress- strain relation is time-dependent so are the 

other relations except the permeability- s tra in rel a 

tion . Also this relation can be time - dependent around 

the preconsolidation pressure if there is a large 

decrease in modulus when passing 0~ . 

Sallfors (1 975 ) has shown the rate dependency for 

the different correlations for a soft clay, Figs. 16a , 

b and c . 
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Test Depth Rate of def. 
m mm/min 

C7-l 7 0,0006 
C7-2 7 0,0012 
C7-JA 7 0,0024 
C7 -4 7 0 ,0040 
C7-5 7 0,0090 
C7 -6 7 0,0200 

Fig. 16. 	Rate dependency of consolidation parameters in 

CRS tests. Backebol clay. (From Sallfors (1975) . ) 


From tests on Backebol clay (see 7.2), a varved clay 

and an organic clay Sallfors proposed a method for 

interpreting the preconsolidation pressure which 

eliminated most of the rate effects and gave a con

stant value for rates of deformation of 0.0024 mm 

per minute and below. This method has been compared 


with field tests and incremental standard tests and 


has been found to give a reliable value of the pre


consolidation pressure. 
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The constant rate of strain test has been in use at 

SGI since 1976 and well over one thousand tests have 

been run on materials ranging from silt and stiff 

clays to soft clays and gyttja. The test has become 

a standard test and a method for interpreting the 

test has been worked out. 

Except for silt, dry crust and boulder clays all 

stress-strain relations follow the same pattern in 

arithmetic plots, ~ig. 17. 

EFFECTIVE VER TICAL PRESSURE 

z 
0 
u; 
uJ "' 
Q. "' 
:0: 
0 

u 


uJ 
> ... 

"' 
.... 
uJ 
a: 

Fig . 17. Stress-strain relation for soft clays. 

Initially there is a small irregularity as it is 

impossible to achieve a perfect fit between the 

filters and the cut ends of the sample . The stress

strain curve then becomes a straight line, bends 

downwards, becomes a straight line again and finally 

slowly bends upwards. 

When the modulus M = da ' /d£ is plotted versus the 

effective stress the curve becomes as in Fig . 18. 
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L 
EFFECT IV£ VERT ICAL PRESSURE 

Fig. 18. 	Modulus-stress relation for a soft clay. 

Initially the modulus increases until perfect contact 

is achieved. The modulus then becomes constant, 

rapidly drops to a new, almost constant value and 

then increases linearly with increasing stress. 

The curve for the coefficient of consolidation re

sembles the modulus curve, Fig. 19. 
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EFFEC TIVE VERTICAL PRESSURE 

Fig. 19. 	Coefficient of consolidation versus stress for 
a soft clay. 
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Af ter the modulus has become constant the cv value is 

fairly high and decreases slowly as the sample is 

compressed and the permeability decreases. When the 

modulus drops the cv value drops too and when the 

modulus starts to increase the cv value also increases 

but very slowly as the relative compression in this 

stress region is high and the coefficient of per

meability is rapidly decreasing. 

In all tests the coefficient of permeability versus 

relative compression becomes, after some initial ir 

regularities, a straight line in a semi-log plot, 

Fig. 20. 
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Fig. 20. 	Coefficient of permeability ver~us relative 

compression . 


Fig. 21 shows results from an actual test. The modu

lus-stress curve is more rounded in the plot than in 

reality as the computer interpolates for several 

poi nts in the calculation of M. 
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The experience gained has led to the following evalu

ation of the CRS-test, Fig. 22. 

EFFECT IVE VERTICAL PRESSURE kPo 
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Fig. 22. Evaluation of the CRS-test. 

The preconsolidation pressure is evaluated according 

to Sallfors, 1975. The two straight parts of the 

stress-strain curve are extended and intersected . 

An isosceles triangle is inscribed between the lines 

and the stress-strain curve. The intersection point 
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between the base of the triangle and the upper line 

represents the preconsolidation pressure o~ . This 

construction is sensitive to scales and is therefore 

always made in a plot where 10 mm on the stress axis 

corresponds to 10 kPa and 10 mm on the strain axis 

corresponds to 1% relative compression . The stress

strain curve after passing o~ is now moved c kPa 

horizontally to the left to pass through a~ . It can 

be questioned if moving the curve parallel in a 

linear plot (or any other plot) is quite correct but 

with the low testing rates used the value of c is 

small and possible errors can be neglected. 

The modulus - stress plot is now modified. The initial 

constant modulus is extended to o~ . At o~ the modulus 

drops vertically to the second constant modulus ML . 

The part of the curve where the modulus increases 

linearly with effective stress is moved c kPa hori 

zontally to the left and extended to the base line 

where M = 0 . The intersection with the base line a 

and the intersection with the constant modulus ML is 

evaluated and the modulus number M' is evaluated as 

6M/6a ' for the part of the curve where M increases 

linearly with effective stress . 

The cv curve for str esses higher than a~ should now 

be moved c kPa to t he left. 

Thus the curve is divided into three parts : 

1 . 	 The part in the stress interval 00 -a~ where 

M = MO 

2 . 	 The part in the stress interval o~ - o[, where 

M = ML 

3 . 	 The part in the stress interval >a}, where 

M = M ' ( o '-a) . 

M
0 

from the first loading of soils in the oedometer 

is never used. It is always too low compar ed to field 
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modulus due to sample disturbance, swelling and imper

fect fit. In many settlement calculations the settle

ment for stresses below the preconsolidation pressure 

is disregarded or some empirical relation such as 

~ 250 T f u is used. cv for this part of the curveM0 
is calculated from 

140 • k 

g • Pw 

To obtain a useful value of M0 in the laboratory the 

sample must be unloaded when o~ is just exceeded to 

in situ effect i ve vertical stress o~ . It should then 

be allowed to swell before it is reloaded. M is0 

taken from this reloading curve . This procedure is 

always followed for boulder clays which are first 

loaded to about 1000 kPa (e stimated i ce pressure) and 

then unloaded to in situ vertical stress before the 

actual test starts. 

If it can be estimated that the in situ effective 

stress has been l ower than at present due to unl oading 

and that the soi l is in a reloading state the sample 

should be unloaded t o this estimated lowest unloading 

pressure. 

Calculation of compression thus becomes 

0 1 0 0 
£ = when o ' = o~ + 6o ' < a~ 
~ 

in situ effective vertical stresso0 


a ' - o ' o '- a ' 

£ =~ + ~ when o~ < o ' < a£ 

Mo 11L 

and 

o ' - o ' o ' - o ' L c + ]__ ~n ( o '-a) M ' £ = ~ + 

MO ~ M' Mr., 


when o ' > oL 
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Dry crusts can be described with the same parameters 

but the pattern differs, Fig. 23. 

EFFECT I VE VERTICAL PRESSURE 

Fig. 23. Modulus- stress relations from dry crusts. 

The test can as in curve A yield a constant M value 

throughout the tested stress range or as in curve B 

a constant M value for a part of the test and then 

a slowly increasing M value with increasing stress. 

None of these curves give a preconsolidation pressure. 

In curve C a preconsolidation pressure can be evalu

ated but exceeding the preconsolidation pressure does 

not involve a dramatic change of the modulus and the 

increase of the modulus with effective stress in the 

later stage of the test is moderate. 

CRS - tests on dry crusts generally give high modulus 

low values of modulus numbe r M' (unl ess the crust 

contains much silt) and negative values of a. 

The general pattern from tests on silt and silty 

clays is somewhat erratic as the samples are often 

more or less disturbed. Some of these soils, es

pecially those with a high clay content, follow the 

pattern from tests on clay , Fig. 24 CURVE A. In some 

tests it is possible to evaluate a preconsolidation 

pressure but this is not followed by a constant modu

lus. Instead, the modulus simply drops and then starts 
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to increase directly, Fig. 24 CURVE B. The value of a 

then becomes very s mall or zero. In very silty soils 

no preconsolidation pressure can be evaluated but 

the modulus increases almost f r om the start of the 

test and the value of a becomes zero or negative, 

Fig. 24 CURVE C and D. 

D 

A 

"' :: 
:::> 
0 

0 

:1: 

EFFECTIVE VERTICAL PRESSURE 

Fig. 24. Modulus versus effective stress for s ilty soils. 

1. 6 Factors affecting compressibility and the 

shape o f the pressure-compression curve 

Soil is composed of solid particles and voids. As 

the solid particles are relatively incompressible 

the total compressibility is governed mainly by the 

void ratio. For saturated soils the natural water 

content is a measure of the void ratio. 

p 
e = w ~ 

Pw 

For the most common minerals in Swedish clays and 

silt p
8 

varies very little from the average value 

of 2. 7 t/m 3 • 

Helenelund, 1951, p roposed the empirical relation 

between compression index C0 and natural water 

content wN . 
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Cc =0.85 .£;1 

Mesri (1974) has compiled data from literature and 

plotted Cc versus wN showing that there is a relation 

even though the spread is considerable, Fig. 25. 

IOO·c---,-~~-rrrn;----~-r-r~~~ 
I. Alnofpt'oA ord F1brous I (Goc:Onol'l, t964 ) 
2. Calcareous OrQOniC S•lt { Wohls, 1962) 
3. Soft to Med•um Cloy IRofoe h, 19nJ 
4 . ~••eo C•ty Cloy I Rokhsor , 1973 ) 
5. VICtor ia Manne Cloy (lnslty,l972) 
6. Orgon•e S1lty Cloy (Jonas , 1964) 
7. Pto ty Organic: Silt ( Kopp e t o l , 1966) 
8. Conochon Muskt9 {Adoms, 1965) 
9, K•ftCjlston Morsh Oepos1t (HothnQshead and Roym::n:l, 

IQ Soft Vorved Cloy {0u1Qity cn:t OQunbodeJO , 19n) 
11. Strollfled S•lty Cloy and Sand ( Somson ond 

10 Gorneou, 1973) 
12. Bonvkok Mor •ne Cloy CE•dt ond Helenelun d 

Holmbtrg, 1972) (1951)
u " 13. 	 Whot~Qomor~no Cloy ( Ntwlond and 


Alltly, 1960 ) 

14 

' r:ns;:rG~1~:eou, [ill 
1973) 

1000 

Natural Water Con!lnt , ptretnt 

Fig. 25. 	Compression index for natural soil deposits (from 

Mesri (1974) with addition of Helenelund (1951) 

relation). 


To study empirical relations for the compressibility 

factors cr~, a, o£ , ML and M' evaluated from the CRS

tests data from 562 tests was gathered. The test 

results came from consulting and research projects 

and represented a very wide range of soils. 

The data was subdivided into three groups: 1. organic 

soils, 2. inorganic clays and 3. silty clays and 

clays 	with layers of silt. 

Weathered dry crusts were left out of the study. 

In Swedish practice the only water contents measured 

are natural water content and liquid limit. 
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When studying the total compressibility therefore 

a numbe r of empirical relations had to be used . 

From the very comprehensive collations of consistency 

limits for Swedish soils made by Rudolf Karlsson at 

SGI the following empirical relations for plast i c 

limit wp and shrinkage limit w5 were taken. 

Inorganic clay 	 Wp = 0 . 14 WL + 0. 17 2 


ws = 0 . 9 Wp 


Organic soil 	 Wp = 0 .3 WL + 0. 14 


ws 0 . 6 Wp
= 
Silty clays 	 Wp = 0 . 67 WL 


ws = 0.9 Wp 


A rule of thumb for Swedish engineers is that the 

capillarity of clays is in the order of 200 m of 

water. This rul e seems to originate from air intrusion 

tests at the University of Agriculture in Sweden . 

When comparing the compressibility factors with each 

o t her one definite relation is found. The factor a 

is almost equal to the preconsolidation pressure oJ , 

Fig. 26. 
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Fig. 26 . Parameter a versus preconsolidation pressure oJ. 

The most marked exceptions are some silty c lays where 

a becomes l ower than o~ , in some cases zero. Figure 

26 shows 542 tests out of 562 . 

The modulus number M' is related to the natural 

water content and t he best simp l e re l ation found was 

M' = 4 . 5 + 6/WN , Fig . 27 . 
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Fig . 27. 	Simple equation for modulus number versus 

measured modulus number. 


In accordance with these two relations it can be 


seen that the straight portion of the oedometer curve 


where M = ML general l y remains straight for a higher 


amount of compression the higher the water content is . 


a '-a'
L a 	 1if a = a ' M ' (aJ:, - aJ a T.J7 

For the two fac t ors ML and a[, however no useful 

relation has been found except that a combination 

of them gives the straight portion of the curve EL . 

Of course ML generally increases wi th oJ but ver y 

low values of MLiaJ can be found in soils with h i gh 

liquidity indexes. Just as a high liquidity index 

may imply a high sensitivity but does not necess arily 
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do so, a high liquidity index may imply a relatively 

low value of NL but is no rule . 

To compare the total compressibility from the cede

meter test and other soil properties the following 

reasoning was made. The soil exists in situ with its 

preconsolidation pressure and its natural water con

tent. By definition the soil should decrease its 

water content to the shrinkage limit if it is exposed 

to an isotropic pressure equal to the capillarity of 

the soil. In the oedometer the soil is not compressed 

by isotropic stress but the stress level will be in 

the same orde r. 

The parameters o~, a , a £ , ML and M' were fed into the 

computer together with the natural water content wN. 
Relative compression up to the preconsolidation 

pressure was estimated to 3%. The natural water 

contents ranged between 30 and 230 per cent and the 

preconsolidation pressures from 10 to 275 kPa. Com

puted relative compression at o ' 2000 kPa varied 

between 13 and 81 %. The computed curves for water 

content ve rsus stress and relative compression versus 

stress we re then drawn, Figs. 28a and b. 
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Fig. 28a. 	Water content versus vertical effective pressure. 
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Fig . 28b . 	 Relative compression versus vertical effective 

pressure . 


The empirical relations for shrinkage limits were 

now used and the curves we r e normalized with the 

decrease in water content (wN-w) d i vided by (wN - w8 J 

and the increase in effective stress (a'-a~) divided 

by (2000-a~J. 

2000 
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The normalized curves are shown in Fig. 29. 

(J·-(J· 

2000-c(J~ 
ac: 
0 

w" - 0 

0,2 

0,1. 

0,6 

0,8 

Fig. 29. Normalized stress-strain curves. 

The curves in this figure represent 90 % of the total. 

The most uniform picture was obtained for organic 

clays which is not surprising as the initial water 

content and total compression were highest for these 

materials and errors in the empirical relations were 

not a strong influence. In the same way the curve 

from silty clays showed the most spread. 

At the same time the value of modulus number M' that 

wou l d give a curve passing through the point w = w8 
and a' = 2000 kPa was calculated and compared with 

the actual value of M' from the test, Fig. 30. 
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Fig . 30. Calculated versus measured modulus number. 

As can be seen the agreement is good except for some 

silty clays. Trials were made with other capillarities 

but the equivalent pressure of -2000 kPa gave the 

best fit. 

The spread in the curves in Fig. 29 is too great for 

an average to be of any practical use for the engineer 

beside a general understanding of soil compressibility. 

It is satisfactory though that different determi

nations of soil properties match and that the oedometer 

tests give reasonable results. 
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1.7 Oedometer tests in different directions 

Oedometer tests on samples in different directions 

are sometimes performed. One reason for these tests 

is to form a picture of how the preconsolidation 

pressure varies in different directions and also to 

see if the soil is more permeable in the horizontal 

than the vertical direction. Numerous such tests 

have also been performed lately on samples taken in 

a natural slope to find the direction of the prin

cipal consolidation stresses. 

To show the general picture some results from tests 

on Backebol clay 1 
) are shown . The samples are taken 

from an area with flat ground and no slopes in the 

vicinity. As has been found in many other investi

gations the preconsolidation pressure varies with 

direction in a sinusoidal relation, Fig. 31. 

Hori zontal Vertical Horizontal 

Fig . 3 1. Variation of o~ with orientation of sample. 

The preconsolidation pressure here has its maximum 

in the vertical direction and minimum in the hori

zontal direction. 

The parameter cr£ does not appear to be much affected 

by sample orientation. 

1 
) Data see 7.2. 
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The constant modulus ML on the other hand is very 

much affected by orientation and the relation is 

sinusoidal with a minimum for vertically oriented 

samples and a maximum for horizontal samples , Fig . 

32 . 
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Fig . 32 . Variation of ML with orientation of sample. 

The modulus number M' varies very little but a tend

ency for vertical samples to have a higher M' than 

horizontal samples can be noted. 

If the oedometer curves for samples cut in differ ent 

directions are p l otted together it can thus be seen 

that samples with a lower preconsolidation pressure 

than the vertical sample have a higher modulus and 

approach closer to the curve for vertical samples 

with increas i ng deformation. At aL they are very close 

and by then the sample seems to have lost its "memory " 

of previous consolidation stresses and the different 

curves run closely together, Fig . 33 . 
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EFFECTIVE VERTICAL PRESSURE 

Fig. 33. 	Oedometer curves for samples with different 

orientations. 


The coefficient of permeability measured in the 

tests on Backebol clay varies a little from test to 

test but there is no indication that it has anything 

to do with orientation, Fig. 34. 

COEFFICIENT OF 

PERMEABILITY 

m;s 

1
1,S·l!i

1,0·10.. 
0 0 0 

~------------~--------- --- - --

0 
0 

Horizontal Vertical Horizontal 

Fig. 34. 	 Initial coefficient of permeability in different 

directions. 


Numerous investigations have been performed on dif 

ferent clays at SGI and there is no indicatjon that 
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coefficient of permeability should vary with direc 

tion in homogeneous Swedish soft clays . That coef

ficient of permeability can vary with direction in 

varved and layered soils is obvious . The only 

"homogeneous " soil where the horizontal coefficient 

of permeability consistently has been higher than the 

vertical is peat with a low degree of humification . 

1. 8 Swe l ling 

If the effective stresses in a soil are decreased 

enough the soil starts to swell. If a clay has just 

consolidated for a load increase over the previous 

preconsolidation pressure secondary compression will 

proceed at a relatively high rate. A small reduction 

in load will halt this compression for a while or 

there may be a small swelling before compression 

starts again at a reduced rate. If the load reduction 

is large enough secondary compression stops completely 

and for even larger load reductions the clay will 

swell . Like compression, this swelling is time- depen

dent . At unloading the pore pressure in the clay 

drops . There is a time lag in the swelling while 

there is a gradient in the clay and water is absorbed 

as fast as the permeability and access to the water 

permits. After the gradient evens out there is 

secondary swelling at unloading similar to secondary 

compression at loadi ng. 

This is illustrated in Fig. 35 where two oedometer 

tests with stepwise loading and unloading are shown. 

The time-swell ing curves can be seen to show the 

same shape as the time - settlement curves . The swelling 

modulus i s high close to the preconsolidation press

ure but decreases as the effective stress decreases 

and is very low at low effective stresses . As the 

swelling modulus is of the same order as the com

pression modulus and permeability is not much altered 

the ev values are of the same order for swe l ling and 

compression . 
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Fig. 35. 	Oedometer tests with stepwise loading and 

unloading on Norsholm clay. 
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The same behaviour is illustrated by CRS-tests in 

Fig . 36. In these tests the deformation was stopped 

and the presses were geared down to the lowest poss

ible speed before the direction was reversed and the 

swelling started. In the test in Fig. 36c swelling 

was stopped after a time and the sample was then 

recompressed at the standard rate of strain. 
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Fig. 36. 	CRS- tests with loading and unloading on 
soft clays . 
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No study of the secondary swelling rates has been 

performed for Swedish clays but Mesri et al (1978) 

reports tests indicating that the secondary swelling 

indexes may be even higher in relation to the 

swelling index than the index of secondary com

press ion compared to the compression index . 

From tests on Swedish soils performed at SGI and 

Chalmers University a simple equation for swelling 

can be suggested for the first unloading from 

b • oJ to o ' 

where 

s total relative increase in sample height 

as swelling index 

oJ preconsolidation pressure 

b load factor when swelling overcomes secondary 

compression 

o~ effective pressure after pore pressure 

equalisation 

This equation ha s been used for a variety of soils 

and found to fi t the laboratory test r e sults satis

factory . 

For soft clays the swelling index a s has been found 

to vary between 0 . 007-0 . 012 and the load factor b is 

about 0.8 . a s decreases with increasing grain size 

and is about 0.001 for sand and gravel and b increases 

with increasing grain size to become 1 for gravel . 

as - values for a number of Swedish soils are plotted 

against ave rage grain size d 50 in Fig. 37 . 
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Fig. 37. Swelling index a versus average grain size. 

At the top of the figure ranges for approximate 

b-values are given. 

For clays there is probably some correlation between 

plasticity index, swelling index and the load factor. 

Possible correlations are sketched in Fig. 38 but 

as Ip has not been determined in most cases the 

points obtained so far are too few to give a definite 

relation . 
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Fig. 38. Swelling parameters versus plasticity index. 
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1 . 9 Recompression 

The modulus at recompression after swelling is depen

dent on the magnitude of the sw3lling. Samples that 

have only had a small load reduction have not swelled 

at all and have a relatively high recompression 

modulus. This modulus is not constant but decreases 

as the effective stress increases. 

A characteristic feature of samples that have under

gone swelling is that when they are reloaded they 

will show a constant compression modulus up to the 

effective pressure b· o~ and the compression at this 

pressure will be equal to the previous maximum com

pression. b is the same load factor as the factor b 

that determines at which pressure the sample starts 

to swell. After passing the pressure b · o0 the re

loading curve bends downwards and the reloading 

modulus decreases . 

This is illustrated in Fig. 39 where a number of 

tests on the same clay have been preconsolidated 

for the same effective stress and then unloaded to 

different loads. After swelling they have been re 

loaded with small load steps . The curves have been 

slightly adjusted along the ~ - axis to give the same 

compression at the end of the first loading. 
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Fig. 39. 	Effect of swelling on recompression. Curves 

slightly adjusted in the vertical direction. 


Fig. 40 shows results from a number of tests on the 

same clay where the samples have been consolidated 

to different effective stresses, unloaded to low 

stresses and reloaded after swelling. The curves 

have been slightly adjusted along the £-axis to fall 

on the same virgin compression curve. The tests all 

start to swell at the same b-value and the recom

pression curves all intersect the swelling curve at 

a ' = b•aJ. 
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Fig. 40. 	Swelling and recompression after different pre

consolidation. Curves slightly adjusted. 


The modulus at recompression Mrb in the stress inter

val a~ to b · a~ thus becomes 

= b •o& a8 ln (--,-)
au 

where a~ is the effective pressure to which the sample 

was unloaded and and b are the swelling parameters.a 8 

In the stress interval b · a~ to a~ the rebound modulus 

gradually decreases from Mrb to a modulus slightly 

higher than the modulus on the virgin compress ion 

line. The curve then asymptotically approaches the 

virgin compression line. 
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In Fig . 39 it can be seen how the drop in modulus 

when passing oJ become s smalle r the more the sample 

has been allowed to swell . If an oedometer curve for 

a soil which has undergone swe l ling is plotted with 

the effective stress in l og scale it wi l l appea r 

" distu r bed ". Before any attempt to correct an cede

meter curve for disturbance is made the whole stress 

history for the soil must be known or the correction 

may become a distort i on . 

Any other swelling and recompression than the first 

unloading and first reloading would be much more com

plicated to describe and would probably have to be 

investigated in triaxial apparatus to avoid all in

fluence from side friction . 

1. 1 0 Secondary compression and pore pressure 

dissipation 

Except for sett l ement calculations in peat where 

secondary compression is of main importance the in

fluence of secondary compression has unti l lately 

been much overlooked . Practical problems in estimat

ing settlements for small increases of effective 

stress close to the preconsolidation pressure where 

the primary compression is small but the rate of 

secondary compression high and observation on test 

fills when settlements occur at a much h i gher rate 

t han t he pore pressure dissipa t es have initiated 

closer studies of secondary compression . 

More t he o retica l aspec t s on t he development of a 

quasi preconsolidation pressure due to secondary 

compression and the time effects on preconsolidation 

pressure have also initiated investigations. 

Bjerrum (1967 , 1972) proposed that stress-deformation 

curves each valid for a certain duration of sustained 

l oad could be drawn , Fig . 41 . 
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Fig. 4 1. Effects of secondary c ompressi o n on void 
r a tio a nd p reconsolidatio n pre ssure . 
(Bjerrum (1967, 19 72).) 

If a clay is l e ft to consolidate under constant 

effective stress each curve represents the void 

ratio versus effective stress for a certain time 

after primary consolidation. If a clay has been under 

constant stress for a long time and has a reduced 

void ratio it can be loaded up to the pressure cor

responding to its reduce d void ratio on the primary 

compression line without any significant primary 

compression. If the clay is loaded further the pri

mary compressions will follow the original primary 

compression line and if the load is kept constant 

secondary compression will occur and the void ratio 

will be adjusted according to pressure and time. 

Suklje ( 1957 ) presented this in the way that each 

void ratio effective pressure relation after primary 

consolidation corresponded to a certain rate of sec

ondary deformation , Fig. 42. 
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Fig. 42. 	Equal strain rates versus vertical pressure 

and void ratio <from suklje (1957l l. e =rate 

of void ratio change de/dt. 


Mesri (1973) collected results from reported tests 

and showed that the coefficient of secondary com

pression similar to the compression index is mainly 

dependent on water content, Fig. 43. 
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Further comparisons of soil data (Mesri & Godlewski, 

1977) gave the average relation between secondary 

compression index Ca(6e/6log t) and compression 

index C0 : 

If Mesri & Godl ewski data are studied c l osely the 

average relation for inorganic clay and silt is 

Ca/C0 ~ 0 . 041 , for organic clays and silt 

Ca/C0 ~ 0 . 053 and for peat and muskeg Ca/C ~ 0 . 075 .
0 

The relative importance of secondary compression 

thus increases with increasing content of organic 

matter. 

The time-settlement relation f or a load increment is 

assumed to follow a standard pattern where the curve 
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in an £-log t plot becomes a reversed s-shape and 

then a straight line and where the end of primar y 

consolidation and the coefficient of secondary com

pression can be evaluated, Fig. 44. 
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Fig. 44. Ideal time-settlement curve. 

This type of curve is not always obtained. To obtain 

the inverted s-shape the load increment must be of a 

certain magnitude. Mesri has shown that this magni

tude depends on the relation Ca/C0 • It is usually 

obtained in the standard incremental test with a 

doubling of the load at each load step but in tests 

with smaller increments only sometimes. At load in

crements where the applied stress is slightly below, 

at or just over the preconsolidation pressure the 

load-settlement curves will deviate from the standard 

pattern. The assumption that is a constant isa 8 

also an oversimplification. In Fig. 45 type curves 

for time-settlement relations from a standard in

cremental test on soft clay are shown. 
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Fig. 45. 	Types of time-settlement curves from standard 

incremental test. 


In the first two curves the loads are well below the 

preconsolidation pressure and the curves follow the 

ideal pattern. The third curve represents a load 

slightly below the preconsolidation pressure. Here 

the reverse d s-shape comes out but as does not remain 

constant but increases with time . The fourth curve 

represents a load where the preconsolidation pressure 

is reached but not much exceeded . In this curve there 

is no s - shape but the curve bends downwards more and 

more . This load increment would have to be applied 

for weeks before the ideal shape came out. With stan

dard increments curves 3 and 4 never appear in t he 

same test and sometimes if the preconsolidation press 

ure happens to be in the middle between two loads 

neither of them will occur. The curves representing 

loads well over the preconsolidation pressure become 

the reversed s-shape but a s is not a constant and 

decreases with time. 
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The pore pressure dissipation-time curve for a load 

increment is assumed to correspond to the primary 

settlement-time curve. This is hardly ever quite true 

but for load increments not passing the preconsoli

dation pressure the curves resemble each other. The 

modulus and coefficient of permeability are not 

constants during the pore pressure dissipation but 

the changes partly even out each other. More sophis

ticated apparatus than standard oedometers and larger 

samples would often be required to study the differ

ences. If the load increment passes through the pre

consolidation pressure though there will be a marked 

deviation for the pore pressure dissipation-time curve 

from the settlement-time curve. The coefficient of 

consolidation and pore pressure equalization is 

When the preconsolidation pressure is passed there 

is a sudden decrease in modulus M while the coef

ficient of permeability k only changes slowly and 

consequently there is also a sudden change in cv. 

This change in cv makes the pore pressure dissipation 

halt for a while before it starts again, Fig. 46. 
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Fig. 46 . Pore pressure dissipation and settlement at load 
increment passing the preconsolidation pressure. 



73 

For a load step where the t ime - settlement curve re 

sembles curve 4 in Fig . 45 the pore pressure in the 

oedometer will have dissipated far before the time

settlement curve indicates the end of primary con

so l idation . 

This means that measured pore pressures beneath a 

structure in the field will never give an exact 

answer as to how much of the final settlement has 

occurred . If the final load is near the preconsoli 

dation pressure or if the applied load involves 

b r inging an overconsolidated clay into a normally 

consolidated state the correlation between pore press

ure dissipation and settlement may be very poor. 

These questions were treated theoretically by Mesri 

and Rokhsar (1974) and on the basis of the pore 

pressure dissipation curve in Fig. 46 Leroueil et al 

(1 980 ) propos ed a rapid test for determination of the 

preconsolidation pressure . In this test a large load 

step overlapping the preconsolidation pressure is 

applied o n the sample , the pore pressure dissipation 

curve is studied and the preconsolidation pressure 

is evaluated from the effective stress at 

uc (o~ = o~ + 6o- uc) . Leroueil (1981) has later 

found that this preconsolidation p r essure due to 

time effects must be divided by about 1.5 to corre

spond to the standard test . 

At SGI a number of tests have been run to study the 

rate of secondary compression . One series of tests 

was r un on s amp l es f r om 8 m depth at Backebo l . In 

this series the samples were first consolidated for 

a vertical stress of 60 kPa which is slightly above 

the precons o lidation pressure and then unloaded to 

10 kPa and allowed to swell . The average deformation 

fo r the 8 tests at 60 kPa was 3 . 60% and the settle

ment gauges were adjusted to this value . After 

swelling the samples were re l oaded with load in
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crements which almost doubled the load but gave a 

certain spread of the load increment. This enabled 

an almost continuous study of the way in which the 

secondary defor mation altered with load . 

The load-compression curve can be seen in Fig . 47 . 
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Fig. 47. 	Load-compres sion curve for special stepwise t e sts 

on Backebol clay. 


Secondary strain rates have been evaluated according 
V 

to Sukl je (1 957 ) and are plotted in Figs . 48a and b. 
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In Fig . 48 can be seen that the curves for equal 

strain ra t e resemble the virgin compression line 

although they are not quite parallel to it . Neither 

are the curves for equal strain rate quite parallel 

to each other. The most pronounced deviation f r om 

parallelity is where the curves converge near the 

preconsolidation pressure . This implies that the 

preconsolidation pressure is not merely a time effect 

t hat will "vanish " at an infinite l y low loading rate 

but a physical property although it becomes highly 

rate - dependent over a certain strain rate . 

The curves for equal strain rate also converge at 

high stresses . 

If the coefficient of secondary compression us is 

evaluated for each load step and plotted versus the 

effective stress a curve as in Figure 49 is obtained . 

As Us is not a constant the relation changes rapidly 

for stresses just below the preconsolidation press 

ure where u 8 increases and for high effective 

stresses where decreases with time . The shadedu 8 

areas in the figure show changes that occurred with

in 24 hours . 
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Fig. 49. Coefficient of secondary compression versus 
vertical pressure. 
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If the coefficient of secondary compression instead 

is plotted versus relative compression an almost 

unique curve is obtained, Fig. 50. 
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Fig. SO. 	 Coefficient of secondary compression versus 
relative compression. 

The coefficient of secondary compression is very 

low until a certain compression is reached after 

which it increases very rapidly up to a maximum 

value and then slowly decreases with further com

pression. The critical compression where startsa 8 

to increase is the same compression as the maximum 

previous precompression during preloading 3.60%. 

Other test series run afterwards on other materials 

give the same result, i.e. the coefficient of sec

ondary compression is low up to the previous pre

compression and then rapidly increases to a maximum 

value before decreasing with increasing compression. 

The precompression is reached at the load b•aJ. This 

means that the load b•aJ can be applied without 

causing any larger secondary settlement. At higher 
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loads secondary settlement must be considered. In 

the SGI laboratory tests the overconsolidation was 

due to 	loading and unloading. In the large study 

of settlement of buildings in Drammen (Bjerrum, 

1967) the overconsolidation was attributed to sec

ondary consolidation and ageing. Nevertheless it 

was concluded that 50% of the difference between o~ 

and o~ could be used without causing any larger 

secondary settlement. In Drammen the overconsoli 

dation ratio was 1.6 and the critical load thus 

0.8 a~. 

From studies of the time-dependency of the precon

solidation pressure Leonards (1975) stated that 

preconsolidation seemed to be a predeformation 

rather than a prestressing and that the change in 

compressibility occurred at a critical compression. 

The Swedish investigations on rate effects and sec

ondary compression seem to support this theory. 

Mesri (1977) proposed that the relation between the 

index of secondary compression ea and the compression 

index Cc was almost constant. If the results in 

Figs. 47 and 50 are plotted as ea versus Cc as in 

Fig. 51 the relation becomes a loop. 

ol-
o 

Fig. 51. 	 Index of secondary compression Ca versus 
compression index Cc . 
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This curve is typical for relations found in Swedish 

clays and also the data presented by Mesri showed 

some variance with stress level. As the influence 

of secondary compression is greatest at and just 

above the preconsolidation pressure the maximum 

coefficient of secondary compression should be the 

most interesti ng. 

The maximum coefficient of secondary compression 

as max measured for some Swedish clays is plotted 

in Fig. 52 together with estimated as max from curves 

reported by Lo (1963), Crawford (1965) and Bjerrum 

(1967). The clays (Fornebu clay, Leda clay and 

Drammen clay) are believed to be of the same type 

as the Swedish clays. 
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Fig . 52. 	Maximum coefficient of secondary consolidation 

versus natural water content. 


If the relation from Fig. 52 is drawn in the diagram 

presented by Mesri (1973) this relation coincides 

with the maximum reported values of as and gives 

values for the coefficient of secondary compression 

2 . 6 times higher than the average values, Fig. 53. 
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relation for coefficient of secondary compression 

against water content (from Mesri (1973) (Fig. 43) 
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In Fig. 54 the maximum coefficient of secondary com

pression a s ma x is compared to the compression 

characteristics a ' /M at the corresponding verti cal 

pressure. This is similar to the comparison between 

ea and Cc and it can be seen how a s max increases 

relative to a ' /M with increasing natural water 

content. Further compa rsions with data from litera

ture has shown that this is not a unique trend for 

all clays but may be valid for the types of clay 

found in Sweden. If consideration is paid to the 

fact that Drammen clay, as well as normally con

solidated Swedish clays with low water content , is 

r ather silty and that Swedish clays with h i gh water 

content s are usuall y somewhat organic the relation 

is in gener al agr eement with Mes ri & Godlews k i 's 

(1977) findings. 
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Fig. 54. 	Relation between the maximum coefficient of 

secondary consolidation and compression 

characteristics a 1 /M versus natural water 
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Janbu (1970) proposed a new consolidation theory 

where consideration was paid to the fact that the 

modulus changes during consolidation. New theories 

for consolidation of clay taking secondary consoli 

dation and changes in modulus and coefficient of 

permeability during consolidation into account have 

been presented e.g. Mesri and Rokhsar (1 974) , 
V 

Magnan et al (1979) and Suklje ( 1979). Further 

theories are in development. 

Secondary consolidation has considerable influence 

on pore pressure dissipation, the shape of the 

time- settlement curve and the " final settlement" 

in cases where: 

1. 	The final effective stress becomes equal to or 

just below the preconsolidation pressure. 
I ( a I ( a I0 . 80 c - - c 

2. 	The final effective stress moderately exceeds 

the preconsolidation pressure and the value of 

a8 is high compared to a 1 /M . 
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This conclusion can be drawn from the theoretical 

studies mentioned and is in agreement with practi cal 

f i eld experience. 

2 . LIMITAT I ONS OF THE OEDOMETER TEST 

The oedometer test is used to determine the compress 

ibility of a soil. The boundary conditions of the test 

a r e such that no lateral deformation is allowed . The 

test corresponds fairly well to engineering cases where 

an evenly spread vertical load is applied to a large 

area or the groundwate r tabl e is lowered. If the test 

is examined more closely it is found that in the 

oedometer test the vertical compression c 1 for an 

effect i ve vertical load o { is measured for the special 

case where there are no lateral deformations . The 

volumetric strain v is generally given by the equation 

where c 1 , c 2 and c 3 are principal strains and as 

£2 = c 3 = 0 in the oedometer 

The distortional strains c are given by 

which for the oedomete r case becomes 

The horizontal stresses are normally not measured and 

therefore no further evaluation of the test is poss

ible . Research investigations have shown that at effec

ive vertical stresses we l l over the preconsolidation 

pre ssure the effective horizontal stresses can be 
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writte n as o~ = Konc ob where Konc is the coefficient 

of earth pressure in the normally consolidated state. 

The mean effective normal stress 	p is given by 

1 
p = 3 (a { + a ; + o ;J 

where a {, o; and o; are effective principal stresses 

and the deviatoric stress q by 

q = 

which in axisymmetric loading becomes q = a 1 - o 3 • 

Thus in the oedometer test the application of the 

vertical load results in both an 	increase in mean 
(1 +2KoJ deffective normal stress ~p = ~a { . an an in

3 
crease in deviatoric stress ~q = ~o {(l-K0 ) . 

The oedometer test is consequently a combined com

pression and shear test with the boundary conditions 

a{ = av and £2 = £3 = 0 and the results from the 

tests are directly applicable to cases with these 

boundary conditions only. 

3. 	 INFLUENCE OF DEFORMATION CHARACTERISTICS ON 

SHEAR STRENGTH . STRESS DILATANCY EQUATIONS. 

The drained shear stress which can be mobilized in 

a granular frictional material depends on the fric 

tion between the particles of the material, the 

stress level in the material and the deformation 

characteristics of the material. The shear stress 

is expressed as 

T = a ' ta n cJ> ' 

in direct shear testing or as 
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o{- 'J ; 
sino ' = a;+a; 

in triaxial and plane strain testing according to 

Mohr-Coulomb . 

T shear stress 
a , effective stress normal to the shear plane 
a, effective major principal stress 

1 
a, 

3 
effective minor principal stress 

4 , effective angle of friction 

The maximum friction between the particles depends 

on particle mineral, particle shape and also on 

whether the material is wet or dry . In clays the 

friction also depends to some extent on the compo

sition of the pore fluid . (Kenney, 1967) 

The deformations can be subdivided into elastic defor

mations in particles and contact points occurring 

when the stresses are changed , plastic deformations 

in terms of rearrangement of the particles as they 

are displaced in relation to each other and plastic 

deformations due to crushing of particles . The sum 

of these deformations determines whether the material 

will increase or decrease its volume during shear . 

The influence of dilatancy (volume increase during 

shear) has mainly been investigated for relatively 

dense materials which do increase their volume during 

shear or where the volume decrease is small . A number 

of investigators sta~ting with Reynolds 1886 have 

examined the effect of dilatancy . In soil mechanics 

the connection between dilatancy and shear strength 

was obser ved and demonstrated by A. Casagrande working 

with Terzaghi and Peck (1948) and by Taylor (1948), 

Fig. 55 . 
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Fig. 55. 	Plots o f direct shear tests on sand in a shear 

box (from Taylor (1948)). 


It was demonstrated that a dense sand had its peak 

strength (~~ax) when the rate of volume increase 

versus shear strain dV/d£ 1 was at its maximum . ~ ' 

then gradually decreased until the volume became 

constant at continued shear ~ ' = ~ov · Loose sand 

has no pronounced peak and a very low rate of volume 

increase , if any. Very loose sand reaches its maxi 

mum ~ ' after very lar ge strains where it becomes 

equal to ~ov · 

To separate the shear strength component due to 

friction from the component due to dilation of the 

material shear box tests were run on sand by Taylor 
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(1948) and later by Skempton and Bishop (1950). The 

work done by increasing the volume 6V per unit area 

against the vertical pressure oN was equated to an 

equivalent shear stress Sd acting horizontally through 

a distance 66 equal to the r e lat ive displacements of 

the halves of the shear box. The residual angle ~r 

could thus be calculated from the difference between 

appliad shear stress S and Sd at maximum shear stress 

and d ilatancy rate 6V/66 . 

6V 
tan <Pr = = tan cp~ax - 6b: 

Bishop (1 954) introduced a correction for the triaxial 

compression test in accordance with the same pr inciple 

where 

= d1·1f V 
. 

+ a ~ 
d£1 

where Wf is the work fequired to overcome friction in 

the material and o ; ~ is the portion of the strength 
. 

associated with the volume change. ~ is the relation 
£ 1 

between rate of relative volume change and rate of 

relative axial compression. 

Newland and Allely (1 957 ) considered the resultant 

direction of movement duri ng dilation and proposed 

the equation for corrected angle of friction ~~ 

8~~ax = <Pf 

where in the shear box 

V
tan 8 = 
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Rowe (1962) and Rowe et al (1964) went into further 

detail when studying dilatancy. They used ~ to 
jJ 

denote the friction angle obtained at no volume 

change when an assembly of grains was sheared against 

a block of the same material and surface roughness. 

~IJ is the true angle of friction between mineral sur

faces and is smaller than Of ' 6cv and ~r · 

In addition to the energy to overcome ~IJ further 

energy is required as sliding does not take place 

with all the particles moving parallel along a plane 

surface but in a number of directions (~~-~ IJ) . 

Energy is also required as the particles have to 

climb over each other during dilation before they 

can fall into the next void (~r - ~f) . 

When the soil dilates the external work is additional 

to ~r · There is also some stored and recoverable 

"elastic" energy. 

For direct shear tests Rowe et al (1 964 ) give the 

equat ions 

~~=~ '+ 8 

corresponding to Newland and Allely (1957) and 

+ dvtan ~r dy 

where 

T horizontal s hear stress 

aN vertical effective stress 

y shear strain. 
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For triaxial and plane strain tests 

in compression 

I 

tan2(45o +~t/2) = o~(1 -~~/dEaJ 

and extension 

= o{(1 -dv/dEaJ 
0~ 

where Ea is the axial strain. 

For triaxial compression the formula 

S!.J.. 
I _ dv J dv )- (1 o{-o ;(l 

sin ~1' 
0 

3
I dEl dE1= ol = 
1 dv J + dv J+ (1 + o{+o;(l01 dE1 dE1 

is given. Here all strains are considered as non

recoverable slip strains. 

Fig. 56. Variation of ~ax• ~~ and ~1' with porosity 
(from Rowe et al (1964) ). 
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Fi0. 56 shows how ~~a x ' ~ r and ~~ vary with porosity. 

When the porosity is high the dilatancy is small 

and ~~ax ' ~r and ~~ are all very close to ~cv · As the 

porosity decreases dilatancy increases and ~~ax in

creases. In a dense material the particles are forced 

to climb ove r rather than roll around each othe r so 

that ~r increases and ~~ decreases. 

Rowe (1969) shows differences betwe en different types 

of tests where ~cv for p lane strain tests is higher 

tha n ~cv for direct shear tests. Fo r a material with 

~cv ~ 30° the difference would be about 3 °-4 ° . Test 

results for triaxial compression tests vary between 

the two values . For loose materials where ~~ax ~ ~cv 

the results from triaxial and plane strain tests are 

equal but for dense materials the triaxial tests give 

values close t o those from direct she ar tests. 

Skinner (1969) presents data showing that ~~ is not 

directly r elate d to ~~ax and ~cv · Particle shape seems 

to have the greatest influe nce on the behaviour of 

granular materials. 

Studies of dilatancy have mostly aime d at d e scribing 

and explaining variations in friction angles with 

density and dilatancy. In most studie s ~~ax has been 

studied and the strength components ~r or ~~ evaluated 

and possibly compared with ~cv · 

The studies have been performed on sands, silts and 

on steel balls , glass balls etc , apart f r om soils. 

These materials have a l l been close to or denser than 

critical density. The evaluations of dilatancy effects 

have thus been made on materials which increase their 

volume dur ing shear . No similar study seems to have 

been made on materials similar to soft c l ays which 

decrease their volume as they consolidate for the 

stress inc r ease during she ar. 
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In the direct shear tests performed at SGI the angle 
dv 

~p = ~ ' + 6 where 6 = aratan dy has been evaluated 

continuously during the shear tests for the last five 

years. Later all drained triaxial tests were also 

evaluated in a similar manner (Larsson, 1977 ). For 

triaxial tests with symmetrical deformations in the 

two horizontal planes 

dv tanS 
6 = aratan 2 d£ dv

1 
a os 2 8 

where 13 = 45° + ~p/2 

The aim of this study has been to find a simple 

"flow rule" for prediction of stresses and strains 

rather than a correct physical explanation for the 

relation between shear strength and dilatancy. 

A ''flow rule" determines the relation between plastic 

volumetric strains and plastic shear strains. 

These studies have shown that with a very good approxi

mation these energy separations are good " flow rules". 

In all tests small shear strains are required to 

mobilize the friction. These strains are essent i ally 

elastic and in tests with increasing stresses they 

are associated with a volume decrease. Once the 

particles have started to slide in relation to each 

other stresses and strains are adjusted according to 

boundary conditions and the flow rule ~p = ~ ' + 6 , 

Fig. 57. Cl ay samples do not usually increase their 

volume but most are so compressible that an ultimate 

state is not reached during the test. In engineering 

practice the ultimate drained shear strength is not 

a design parameter for these clays but the question 

is rather what strength can be mobilized within a 

permissible deformation. For stiffer materials ~r can 

be an important parameter when progressive failure is 

considered . 
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Fig. 57. 	Variation of~', ~p and volume change during 

direct shear . Type curves. 


4 , CRITICAL STATE THEORY 

An advanced model for general behaviour of soils 

linking deformation characteristics and friction 

angle at constant volume into stress-strain relations 

was built up by the Cambridge group under Professor 

Roscoe. The complete model was presented by Scofield 

and Wroth (1968). The model differentiates between 

coarser granular materials (Granta gravel model) and 

clays (Cam clay model) owing to their different 

deformation characteristics. The Cam clay model has 

later been somewhat modified (Roscoe and Burland, 

1968) . The Cam clay model assumes that clay is an 

ideal elastic/plastic material without anisotropy. 

If continuously distorted until it flows at constant 

volume the clay will then have entered its critical 
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state. In the critical state the deviatoric stress 

q is a di r ect function of the mean normal stress p , 

q = 0 · p . M is calculated from the friction angle at 

constant volume ~cv · The void r atio of the material 

in critical state is a linear function of the 

logarithm for p . 

The range of stresses for which the material will 

behave elastically is determined by the yield curve. 

In the modified Cam clay model the yield curve has 
2 M2the equation q + M2 • p 2 = · p · p c where Pc is the 

equivalent isotropic consolidation pressure , Fig . 

58 . 
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Fig . 58 . Stress states in Critical State Theory. 

The part o f the elas t ic s tre ss r ange wher e the 

deviatoric stresses are higher than the c r itical 

state is cal l ed the s uper c ri tic al str ess range . In 

this stress range the material is strain- softening 

at yield . In the plastic s tress range with deviatoric 

stresses below the critical state the material i s 

strain- hardening . 

When the stresses in the material reach the yield 

curve the material flows and the deformat i ons become 
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plastic . The flow rule states that the direction of 

the strain vector created by plastic distortional 

strain £p and plastic volumetric strain Vp i s normal 

to the yie ld c u rve, Fig . 59. 

Fig . 59 . Plastic flow in the modif i ed Cam clay model . 

If t he yield curve is reached i n the s u pe rcritical 

range dvp becomes negative . This means that the volume 

increase s and the material become s loose r. At the 

critical state line the material flows at constant 

volume and at stresses below the critical state line 

the material decreases its volume and becomes denser . 

The volumetric strains are gove rned by the mean 

effective normal s tress p . When the isotropi c pre 

consolidation pressure is changed the void ratio 

changes acc ording to the virgin isotropic consoli

dation line, Fig . 60 . 
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Fig. 60 . 	 Vo id ratio cha nge at stress increase fro m P 1 

to P2 according to Critical State Theory. 


If p is lower than Pc the relation for the void ratio 

e versus p will be on the line for elastic volume 

changes during loading and unloading. This line is 

moved parallel up or down depending on the value 

for Pc · 

The use of the theory to predict stress- strain re

lations is exemplified for two triaxial tests . 

Example A: 

A material has been consolidated for the equivalent 

isotropic preconsolidation pressure Pc · The stresses 

at starting point D are q = 0 and p =Pc/4 . The test 

is performed at constant p , Fig . 61 . 
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Fig . 61 . 	 Predictions of strains according to Critical 

State Theory. Example A. 


Strains are predicted as follows: 

The mate rial remains elastic until the stresses reach 

point F which is on the yield curve . 

The shear strain ds becomes 6q(D- F)/3G (for v = 0 . 5) 

and b.e(D-FJ = 0 . 

At point F the material flows and as i t is in the 

supercritical state the void ratio increases and the 

deviatoric stress decreases until point I on the 

critical state line is reached. 

For calculation of the strains during this process 

points G and H between I and F are selected . 
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At point G the material has increased its void ratio 

to eG and the equivalent isotropic consolidation 

pressure is decreased to Pcc · 

Using p G a new yield curve passing through point G 
0 

is constructed . 

~e(F- GJ 
The volumetric strain v is obtained from 

1 +eD 

is calculated from the normality rule 

for plastic flow (strain vector normal to the yield 

curve at point F ). ~£(F- G) then becomes ~£P(F-GJ 
minus the elastic deformation ~q(F-G)/3G due to the 

de crease in deviatoric stress between F and G. 

In the same way the strains between G and H are 

calculated followed by the strains between H and I . 

At point I the critical state is reached and the 

mate rial continues to flow at constant volume. 

Example B: 

A material has been consolidated for the equivalent 

isotropic consolidation pressure Pc · The stresses are 

as at point D in Fig . 62 and a conventional triaxial 

compression test is performed with o ~ = o ~ = constant . 
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Fig. 62. 	Prediction of strains according to Critical 
State Theory. Example B. 

The material remains elastic until point F on the 

yield curve is reached. 

The elastic volume change v(D-F) is calculated from 

the curve for elastic deformations. The distortional 

strain £(D-F) becomes ~q(D-F)/3G. 

At point F the material flows and the volume will 

decrease until point I on the critical state line is 

reached. 

For prediction of the strains during this process 

points G and H are selected. 

At point G the material has reached a new equivalent 

isotropic preconsolidation pressure Pac· The void 
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ratio at point G is found on the curve for elastic 

volume changes for peG and the volumetric strain is 

calculated . The distortional strain [(F- G) is the 

sum of the plastic distortional strain [ P(F- GJ cal

culated from the flow rule at point F and the elastic 

distortional strain E - 6q /3Ge(F- GJ - (F - G) (F- G)" 

In the same way the strains from G to H and from H 

to I are calculated. 

At point I the critical state is reached and the 

material continues to flow at constant volume. 

5. LIMITATIONS OF THE CRITICAL STATE THEORY 

As has been shown the critical state theory models 

soil behaviour taking into account compressibility, 

effect of preconsolidation, swelling and recom

pression, dilatancy and friction angle at constant 

volume . The predicted stress- strain relations resemble 

those actually measured and the model can be con

sidered a very good tool for the general understand

ing of soil behaviour. 

However, later research at Cambridge (Wroth & Wood , 

1975) and elsewhere has shown that the model heavily 

overpredicts dilatancy for clays in the supercriti 

cal stress range. 

The failure criterion q = U •p is similar to extended 

von Mises criteria (Bishop , 1971) but the Mohr

Coulomb criterion is generally accepted as a fai l ure 

criterion for clays . The difference becomes great 

when the intermediate principal stress increases . 

The model assumes isotropic soil while almost all 

natural clays are anisotropic. 

The yie l d surface has the same shape independent of 

the combination of isotropic and deviatoric stresses 

which caused the preconsolidation effect . 
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These limitations seriously reduce t he practical 

u sefulness of the model . 

6 . YIELDING AND FLOVl IN NATURAL CLAYS 

In 1975 two reports were presented concerning yield 

stresses for plast i c Drammen clay in Norway . Berre 

(1975) presented results from d r ained t r iaxial tests 

along different stress paths and the stresses for 

which yield occurred. Ramanatha I yer (1975 ) reported 

drained triaxial tests on the same material but at 

very low effective stresses . These later tests were 

performed with stresses in the super critical range 

so that yield and fai l ure coincide . The yield stresses 

for Drammen clay are plotted in Fig . 63 . 
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Fig . 6 3 . 	 Yie ld stresses in Dramrnen clay (from Berre (1975) 
and Ramanatha Iyer (1975)) . 

Unfortunately there is no standardized definition for 

yield. Berre has pointed out difficulties as some 
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tests have a distinct breaking point between elastic 

and plastic behaviour while the transition is more 

gradual for other tests . 

The tests on Drammen clay show that t he superc r itical 

stress range is very small and that it is doubtful 

whether dilatancy can be used as an additional 

strength parameter for this clay. The yield surface 

is clearly anisotropic and Mohr- Coulomb's failu re 

criterion seems to apply . 

A Canadian Champ l ain sea c l ay from Ottawa was thorough

ly investigated by Wong & Mitchell (1975), Fig . 64. 
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Fig . 64 . Yield stresses for Ottawa clay (from Wong & 
Mitchell (1975)) . 
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They a lso found that the yield surface was anisotropic. 

The Mohr- Coulomb failure criterion seemed to be the 

criterion most in agreement with the failure stresses . 

In this investigation the plas t ic flow was also 

studied, Fig. 65 . 
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Fig . 65. 	Plastic flow in Ottawa clay compared to Lhe 

normality rule (from Wong & Mitchell (1975)) . 


It was found that the normality rule was not appli 

cable fo r this material and yield surface. Another 

result that neither dilatancy equations nor critical 

state theory accounts for is that shear deformations 

occur when the soil yields for an isotropic stress 

condition . 
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Tavenas & Leroueil (1977, 1979) have studied yield 

curves for clays from Quebec in triaxial compression 

testing. They suggested that the yield curve could 

be described as an e llipse centered around the 

K0 n0 - line , Fig. 66. 
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F ig. 66. Yield curve according t o Leroue i l & Tave nas ( 1981 ) . 

The top of the ellipse coincides with the line for 

vertical effective pressure equal to the vertical 

preconsol ida tion pressure . 

At SGI Swedish clays were investigated for determi

nation of the yield surface . A model where the y i eld 

surface was determined b y the Mohr-Coulomb failure 

criterion and the preconsolidation pressure in the 

vertical and horizontal directions was prese nted 

(Larsson , 1977) . 



2 

103 

av- aH 

0 

Fig. 67. Yield surface in the SGI model. 

Fig. 67 is valid for cases where the vertical and 

horizontal stresses are principal stresses. This is 

the case in most triaxial and plane strain testing . 

The model yield surface in Fig. 67 consists of four 

straight lines with sharp corners. The real yield 

surface is somewhat rounded but corresponds essen

tially to the simple model. The model has later been 

compared to results from a number of clays and has 

consistently given compatible results (Larsson & 

Sallfors, 1 98 1). A prediction on how the yield sur

face changes with stress rotation has .also been made. 

In Fig. 67 the q-p diagram has been abandoned as it 

is not suited for this y i eld criterion. 

Studies on plastic flow by Lewin (1972 , 1973) have 

shown that for clays which have been anisotropically 

consolidated and unloaded the normality rule is not 

applicable and the plastic flow is greatly dependent 

on the stress history. They also show that when a 

clay has been consolidated for an anisotropic stress 

condition shear deformations occur when the soil 

yields for an isotropic stress state. 
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Test results from triaxial compression tests on 

St Alban clay from Quebec confirm the results from 

Ottawa clay (Faveau-Brucy , 1977). 

7 . DRAINED TESTS ON BACKEBOL CLAY 

7.1 Scope of the study 

A comprehensive study has been carried out at SGI to 

investigate the yield surface and flow rules more 

closely and to compare and link the results from 

different tests. The study comprises the previously 

mentioned oedometer tests and triaxial tests , plane 

strain tests and direct shear tests. The bulk of the 

tests have been performed on Backebol clay. Test 

results from the Institute's consulting projects 

have been examined to check the general validity 

of the results on Backebol clay. 

7.2 Backebol clay 

The Backebol test field is situated in the Gota river 

valley on the western side of the river about 10 km 

north of Gothenburg. The ground surface is very flat 

in this area and the distance from the test field to 

the river is about 200 m. The area has been exten

sively investigated by the Geotechnical Department 

at Chalmers University and SGI and a number of research 

projects have been carried out here e . g . Fellenius 

(1971), Torstensson ( 1973) , Sallfors (1975 ), Larsson 

(1975) . 

The geology and the geotechnical properties of the 

test area used by Chalmers Univer sity where the 

samples for the present study were taken has been 

described by Torst ensson (1 973 ), Sallfors (1 975) and 

Larsson (1 975) . A brief summary is given here . 

The clay is a marine clay. The ground surface has an 

elevation of 5 m in reference to the river and the 
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clay deposit is some 40 m deep. The groundwater level 

varies a little with season but is about 0 . 5 m below 

the ground surface. The uppermost metre consists of 

a dry crust followed by a grey clay with some shells . 

Down to 3 m root threads may occur. The organic 

content is less than 1%. The clay content ranges from 

SS to 75%, Fig. 68. At the levels of particular 

interest, 3-6 m depth, it is 55 to 60 %. Particles 

2-20 ~m in size amount to 35- 40% and particles 

>20 ~m to 5% . The clay is a Quaternary post-glacial 

sedimentary clay with illite as the predominant clay 

mineral. Silt particles are mainly quartz and 

feldspars (Pusch, 1973). 
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Fig . 68 . Particle size distribution in Backebol clay . The 
figures in the graph indicate particle sizes in 
~m (from Sallfors (1975)) . 

water contents and Atterberg limits together with 

density are shown in Fig. 69 . 
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Fi g . 69 . 	 Water contents and density for Backebol clay 

down t o 10 m below ground surfa ce . 


The natural water content is almost equal to the 

l~quid limit. At levels between 3 and 6 m they are 

80-90 % and the plasticity index is about 55 %. From 

about 7 m depth the character of the clay differs 

slightly from the upper clay. 

The undrained shear strengths and rate effects of 

this clay have been extensively investigated 

(Torstensson , 1973 , Larsson, 1975). Vane tests and 

undrained triaxial compression tests and , more 

recently, undrained plane strain compression tests 

all show that a t a standard testing rate a fairly 

constant mean value of 17 kPa for the strength 

between 2 and 7 m depth is obtained, Fig . 70. 



107 

UNORAINED SHEAR STRENGTH kPa 
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Fig. 70. Undrained shear strength in Backebol clay. 

At about 7 m the undrained shear strength starts to 

increase with depth. The sensitivity of the upper 

clay is about 17. 

The preconsolidation pressure has been investigated 

in the laboratory and in full-scale field tests 

(Sallfors, 1975) , Fig. 71. 



108 

VERTICAL PRESSURE , in kPa 
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Fig . 71. Preconsolidation pressure in Backebol clay 
(from Sallfors (1975)) . 

• a~ determined from CRS-tests ; 0 0~ deter
mined from full - scale field tests. 

Solid curve : in situ vertical e ffective 
s tress . 

The investigation shows that the preconsolidation 

pressure is almost constant at 48 kPa in the upper 

clay down to about 6 m depth and then starts to 

increase . 

The in situ effective horizontal stress has also 

been measured in a number of ways and a Kona of 

about 0 . 7 was found (Larsson , 1975) , Fig . 72. At 

depths between 4 - 6 m Kona was found to be between 

0.65 and 0 . 7 . 
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Fig . 72 . 	 Distribut i o n of in situ effect1ve s tresses in 
Backebol clay. Solid curve: effective vertical 
pressure, broken curve: calculated horizontal 
pressure using Konc = 0 . 7. 

7 . 3 Test apparatus 

7.3.1 Direct shear apparatus 

In Sweden shear strength is often determined by direct 

shear tests in the SGI apparatus . The apparatus is a 

modified SGI oedometer with facilities for shearing 

the soil sample after consolidation. The sample has 

a diameter of 50 mm and the sample height after con 

solidation should be between 10 and 20 mm. Depending 

on the compression during consolidation the sample 

is consolidated in slightly different ways. The sample 

is placed on a fixed pedestal ~ 50 mm which has a 

filter stone on top and an internal drainage channel. 
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A top part which at this stage is fixed so that it 

can only move vertically is lowered onto the sample. 

This part also has a diameter of 50 mm , a filter 

stone and drainage channel. If the compression during 

consolidation is expected to be small the sample is 

surrounded by a rubber membrane. Thin metal rings are 

fitted outside the rubber membrane to keep the sample 

diameter constant during the test . There are small 

vertical clearances between the rings to prevent 

transmission of vertical forces by the rings. The 

rubber membrane is sealed against the pedestal and 

top part by clamps and drainage is provided by the 

filter stones and the drainage channels. 

If the compression during consolidation is expected 

to be large the sample first has to be consolidated 

inside a confining ring where most of the compression 

is allowed to take place. The confining ring is then 

replaced by the rubber membrane and the metal rings 

before the final load is applied . This operation is 

carried out with the samples in place in the shear 

apparatus. 

The apparatus is shown in Fig. 73. 

The test is performed by first applying the vertical 

load to the sample and allowing it to consolidate. 

After the consolidation the sample is sheared . 

The bolt s fixing the top part are removed and the ball 

bearing which transmits the vertical load allows the 

top part to move horizontally with a tolerable amount 

of friction . In shearing the top part is moved hori

zontally at a constant speed while the bottom pedestal 

is fixed. The sample thereby undergoes a fairly uniform 

angular distortion. During the test the horizontal 

shear stress , the horizontal displacement of the top 

part and the height of the sample are measured by 
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electronic transducers and automatically recorded . 

The vertical stress remains constant. Consolidation 

is usually allowed for 24 hours and the rate of shear 

is such that an angular distortion of the sample of 

0.15 radians is obtained in another 24 hours. 

Conso lidation stage Shearing stage 

Fi g . 73 . The SGI shear apparatus . 
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7.3 . 2 Triaxial apparatus 

Triaxial tests and apparatus are thoroughly described 

elsewhere e . g . Bishop and Henkel (1962), Andresen & 

Simons (1960), Berre (1979). Therefore only a brief 

description of some special equipment used at SGI 

will be described . 

The triaxial cells differ somewhat depending on the 

type of test for which they are used . 

The following types of tests were performed in the 

present study: 

1. 	Compression tests with constant cell pressure 

2 . 	 Extension tests with constant cell pressure 

3. 	Compression tests with "constant " vertical stress 

and decreasing cell pressure 

4 . 	 Extension tests with " constant " vert i cal stress 

and increasing cell pressure 

5. 	Stepwise compression tests with constant vertical 

stress and decreasing cell pressure . 

All the tests were performed on samples with a height 

of 100 mm and a diameter of 50 mm . 

There is now advanced computer - regulated triaxial 

equipment which can perform all these tests but in 

this case the tests were performed with r elatively 

simple equipment already o n hand at SGI. 

Compression and extension tests with constant cel l 

pressure were performed in a modi fied Geonor triaxial 

apparatus of an older model. The modification consists 

of replacing the old pressure system with air pressure 

regulators and replacing the old measuring system 

with electronic transducers . The load cell measuring 

deviator ic stress i s p laced inside the cell to avoid 

friction errors, Fig . 74 . 
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Connect ion for 
--~-"e"'xt,ension~t~ 

Back 

Sample 

e 

Fig. 74. Triaxial cell with internal load cell. 

The cell fluid in which the load cell is submerged 

must be non-conducting. In most tests castor oil 

has been used but for some paraffin oil was used. 

The top cap and the pedestal are made of polished 

perspex. To minimize end friction only the pedestal 

has a filter stone which covers half the cross

sectional area. In extension tests a top cap which 

can be connected to the load cell by a bayonet clutch 
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is used. In these tests a layer of insulating tape 

is applied at the joints between sample and top cap 

and sample and pedestal to prevent intrusion of the 

rubber membrane into the joints. Filter papers cut 

in spirals as recommended by Berre (1979) were used 

to provide drainage. The samples were allowed to 

consolidate for 1-2 days and were then deformed at 

a rate of 1% per day. 

In the tests with "constant" vertical stress and 

varying cell pressure special cells originally de

signed for creep tests (Larsson, 1977) were used. 

In these cells a piston with the same diameter as 

the sample (5 0 mm) passes vertically through the top 

of the cell, Fig. 75. 

Fig. 75. Triaxial cell for "constant" vertical stress . 
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The piston is slowly rotated with an oscillating 

movement to prevent friction. The bayonet clutch 

between the top cap and the piston contains a swivel 

head to prevent application of torque to the sample . 

The vertical load remains almost constant throughout 

the test. As the deformations in a drained test be

come very large the vertical stress will not be 

constant but changes with changing sample area and 

rubber stresses . This drawback has been considered 

acceptable in this study. The cell pressure has been 

regulated by a motorized air pressure regulator 

which has been set to increase or decrease the press

ure continuously at a rate of 1- 2 kPa per day . 

7.3.3 Plane strain apparatus 

An apparatus was built at SGI in order to study the 

relevance of results from triaxial tests in the case 

of plane strain, Fig. 76. 

The sample has a rectangular cross - section with a 

length of 126 mm and a width of 31 mm. The height of 

the sample is 6 5 mm . The dimensions were chosen to 

enable the use of ~ 100 mm rubbe r membranes. The top 

cap and the bottom pedestal have a gradual transition 

in cross-section from rectangular to circular with a 

constant circumfere nce. At the circular cross-section 

the rubber membrane is sealed with 0- rings. The end 

plates which prevent lateral deformation in the o 2
direction are fixed on steel spindles specially made 

by the manufacturer of the ball- bearings . The load 

pist on i s a similar spindle and the bottom pedestal 

is also fixed on a special spindle . Load cel l s are 

fixed in the outer ends of the spindles. The upper 

load cell measures the deviatoric load appl i ed to the 

sample . The two horizontal load cells measure the 

difference in 0 2 and o 3 required to prevent any de

format i on in the Oz direction and the bottom load 

cell me asures the r e action force to the applied force 

at the top to estimate frictional l osses. To mi nimize 



116 

___stopper 

...Filter 

Pedestal 

Dramoge channel 

_ 	Sp1ndle 

Load cell 

Spindle 

Top cop 

...;;om[11e 

Rubber 
membrane 

Filtgr 

_0 - riog 

Cross section 
of sample 

Fig. 76 . SGI plane strain apparatus . 
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deformations in the measuring system the load cells 

are of the piezo-electric type. The spindles are 

sealed at the cell walls by belloframs. The top cap 

and the bottom pedestal are made of polished perspex. 

Drainage is provided by strips of filter paper on 

the sides of the sample and a filter stone in the 

pedestal. The filter stone covers part of the contact 

area and underneath it a channel leads through the 

bottom spindle out to the measuring and pressure 

systems. To minimize friction the ends of the sample 

in contact with the horizontal plates are greased 

with silicon grease and an extra strip of thin greased 

rubber membrane is applied on these surfaces. The 

difference in readings from top and bottom load cells 

was always less than five per cent and in calculations 

the average value has been used. Consolidation of the 

sample is allowed for two days. During the first day 

o 2 equals o 3 and the plates are then moved in and a 

small pressure is applied to ensure contact. The sample 

is slightly longer than the top cap and bottom pede

stal to ensure that the plates come into contact with 

the sample and not with these parts. 

The plane strain apparatus is placed in an ordinary 

press and the pressure systems are the same as for 

triaxial tests. Only compression tests are run and 

so far the cell pressure has been kept constant . The 

rate of compression is 1% a day. Tests have been per

formed on samples cut in the vertical and horizontal 

directions. The samples used in this apparatus have 

been t aken with a ~ 200 mm sampler which was lent by 

the Norwegian Geotechnical Institute. 

7.4 The test series 

Direct shear tests were performed on samples which 

were consolidated for different vertical stresses. 

The consolida t ion stresses were chosen to enable a 

continuous study of how the strength and deformation 
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parameters vary with stress level. All the samples 

were taken at a depth of 4 m in Backebol. 

The triaxial samples were consolidated for isotropic 

stresses in the lower stress range and anisotropic 

in the higher. The first assumption was that the pre

consolidation pressure in the vertical direction was 

50 kPa and that the Konc value was 0 . 7 and thus the 

horizontal preconsolidation pressure 35 kPa . samples 

were consolidated isotropically for 5, 10, 15, 20, 25 

and 30 kPa and anisotropically for o ~ = oH equal to 

30 kPa and a { = o{, 35, 40 and 45 kPa. From these con

solidation stresses the four different types of test : 

1. oH constant, o{, increasing, 2. oH constant, o{, 
decreasing, 3. o{, "constant " , o~ increasing and 

4 . OV "constant " , OV decreasing were performed . 

The test results showed that the first assumption on 

preconsolidation stresses had overestimated them 

somewhat. The vertical preconsolidation pressure 

was in fact about 48 kPa and the horizontal pre 

consolidation pressure about 32 kPa. Those samples 

which had been consolidated close to any of these 

stresses showed higher yield stresses than the other 

samples. This was attributed to a quasi-preconsoli

dation pressure built up due to creep deformations 

during consolidation. These tests were remade at 

somewhat lower consolidation stresses. A few of the 

tests with lowering of the cell pressure were made 

stepwise to study creep effects . 

The plane strain tests were consolidated in a similar 

manner. Two test series were run; one with samples 

cut in the vertical direction and one with samples 

cut in the horizontal direction . The horizontal 

samples were cut so that in the test o 1 and 0 : were 

applied in previously horizontal directions and o 3 

in the previously vertical direction . The vertical 

samples were consolidated for the same stresses as 
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the triaxial tests and the horizontal samples for 

isotropic stresses up to 30 kPa only. 

Compression tests were then performed on all samples. 

In the triaxial and plane strain tests samples from 

3.5 m to 5.5 m depth in Backebol were used. 

7.5 Test results 

7.5.1 Stress-strain curves and yield 

Different types of stress-strain relations were ob

tained depending on whether the stresses in the samples 

were increasing or decreasing. When the stresses were 

increasing the shape of the stress-strain curve was 

dependent on the stress level and the relation between 

deviatoric and normal stresses. Typical stress-strain 

relations for tests with increasing major stress and 

constant minor stress are shown in Fig. 77. 

STRESS 	 STRESS 

_ --"c"-v _ a,_ $' · ~ __ •-

----v £, 

:r --- --V 
V 

Low stress level High stress level 

Fig . 77 . 	 Typical stress-strain relations in drained 

triaxial tests on clay from tests with in

creasing vertical stress. 


The curve for major effective principal stress o~ 

versus major principal strain £ 1 rises at low stress 

levels up to near failure following a ·hyperbolic 

function . As the minor effective stress o; is held 

constant the increase in major principal stress is 
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equal to the increase in deviatoric stress, 6o ; = 
6(a 1 - a 3 ) . The increase i n a ; in plane strain tests is 

very small at the beginning of the test. 

The strains increase rapidly just before failure and 

a; decreases after failure in tests at low stress 

level. The volume of the sample decreases at the 

start of the test . At failure it has a tendency to 

increase (at very low stresses ) or remain constant 

and at large shear strains it has a tendency to de

crease. 

At higher stress levels no failure is obtained. The 

o ;-c 1 curve rises rapidly until a certain effective 

stress is reached. At that stress the curve makes a 

fairly sharp break after which its rise is much 

slower . The stress at which the curve breaks corre

spends very well to the preconsolidation pressur e 

when a ' 1 
is in the vertical direct ion and to Ko nc a ' c 

when a ' 1 
is in the horizontal direction. 

In anisotropica l ly consolidated tests with increasing 

horizontal stress the break in the curve occurs at 

an effective horizontal stress of Konc a~ even if 

the vertical stress is still the major stress . 

If the test is continued the major stress increases 

and approaches the value corresponding to mobiliz

ation of ~cv · For soft clays this val ue is not reached 

within the limits of the standard test c 1 max ~ 0 . 15 . 

The volume of the sample decreases from the star t of 

the test . The volume decrease increases in relation 

to the major principal strain at the strain corre

sponding to the break in the a {- c 1 curve . The volume 

decrease in relation to c 1 thereafter slowly decreases 

with increasing c 1 • 

Fig . 78 shows the stress- strain relations obtained 

in the tests with increasing stresses . 
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Fig. 78 . 	 Stress-strain relations from the tests on 

Backebol clay with increasing stress. 


If the volume change is plotted against the major 

principal stress as in the oedometer test a curve 

with basically the same shape as the oedometer curve 

is obtained unl ess the sample fails . This is natural 

as the oedometer test is a special type of a drained 

triaxial test , Fig . 79 . 
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Fig. 79. 	Volume change versus major principal stress in tests 
on Backebol clay with increasing stresses. 

These curves can be evaluated in the same way as the 

oedometer curve from CRS-tests and the preconsoli 

dation pressure thus evaluated can be considered as 

the yield stress. 

For the tests where failure was obtained the evalu

ation of yield becomes more subjective. It could 

either be taken as the stress at a certain major 

principal strain or the stress at which this strain 

increases faster than the hyperbolic relation from 

the start of the test. The latter type of evaluation 

has been chosen here and the evaluated yield stresses 

are close to the failur e stresses. 

In tests with decreasing stresses failure is always 

obtained. In this case the curve for the minor prin

cipal stress versus the major principal strain starts 

with a hyperbolic shape. As the major principal stress 

is held 	constant the change in minor principal stress 

is equal to the change in deviatoric stress, Fig. 80. 
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Fig. 80 . Typical stress-stra in relation in stress 
controlled tests with decreasing stress 
level. 

£ 1 rapidly increases close to the failure stresses . 

The volume increases in these tests until failure is 

reached with the exception of tests where the constant 

stress is very close to the yield stress in this 

direction. In these tests a small volume decrease 

occurs as the deviatoric stress increases. The volume 

increase can be plotted against the decrease in minor 

stress and a swelling curve similar to the swelling 

curve from the oedometer is obtained. These tests 

could not be evaluated after failure. Most of them 

were stress-controlled so that the test was carried 

out as far as failure and in the strain-controlled 

extension tests the samples were compressed in the 

middle to an hour-glass shape. 

The creep deformations could be studied in the tests 

with stepwise decrease of the minor principal stress. 

They confirmed the evaluation of yield at the point 

where £ 1 starts to increase faster than the hyper

bolic relation for the first part. The creep rate 

increases at the same point and it is open to question 

whether the measured shear strength above this point 

can be considered as anything but a rate effect. 
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The stress-strain-volume relations have shown that 

yield occurs close to the failure stresses or at 

either of two limiting effective stresses depending 

on which stress is increased. The yield points are 

plotted in Fig. 81. 

Ov-OH 
2 

kPa • Yield Triaxial test 

20 • Yield Plane strain te• 
o Failure Triaxial test 

0.0 o Failure Plane strain te! 

10 

0~ • 48 kPa 

40 50 60 

er~ cr_;.o~ kPa 
2 

-10 

Fig. 81. Yield points for Backebol clay. 

In Fig. 81 the measured failure stresses are also 

plotted and it can be seen that the differences be

tween failure and yield in these tests is small. The 

yield surface suggested by Larsson 1977 is also in

serted in the figure. This yield surface is based on 

the Mohr-Coulomb failure criterion with ~ ' = 30° 

c' = 0 and a vertical preconsolidation pressure of 

48 kPa. This preconsolidation pressure can be compared 

with the laboratory and field values in Fig. 71. The 

Ko nc value is 0.65 and can be compared with the value 

of 0.65-0.7 from field and laboratory measurements, 

Fig. 72. The Mohr-Coulomb failure criterion with 

~ · = 30° c' = 0 gives a safe prediction of the yield 
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surface in the lower stress region. The parameters 

~, = 30 ° and a' = 2 k Pa correspond to the average of 

the results. In the investigation into rate effects 

on the strength parameters of Backebol clay (Larsson, 

1975) it was found that in undrained tests the 

parameters ~ , = 3 0 ° and a ' = 2 kPa correspond to a 

normal testing rate but the a ' parameter became 0 at 

a very low rate. 

The following studies of dilatancy will show that the 

apparent a ' value is a result of an increase in ~ , 

with decreasing stress level . 

7.5.2 Compressibility 

The compressibility of a soil is usually measured in 

oedometer tests. The oedometer test is a triaxial 

test with zero lateral strain which means that the 

minor principal stresses a ~ and a; are kept in the 

relation to a{ required to keep the sample diameter 

constant. As this relation is fairly constant during 

the test it closel y corresponds to a constant q/p 

test. According to critical state theory the plastic 

compressive strains are the result of exceeding the 

yield surface . The ratio q/p governs the increase in 

equivalent isotropic preconsolidation pressure and 

thereby the plastic volumetric strains. Few data from 

natural clays with varying ratio q /p have been found 

in literature and in those available the points are 

few and the scatter g r eat . Some data from constant 

q/p tests on two Canadian clays have been plotted in 

Fig. 82. The compressibility is expressed as a pseudo 

" Bulk modulus " (dp /dv ) evaluated at the straight part 

of the p- v curve just after yield . 
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Fig. 82 . 	 Pseudo "Bulk modulus" for Canadian clays in constant 
q/p tests. (Wong (1971), Faveau-Brucy (1977).) 

In Fig. 82 there seems to be a certain relation. In 

Fig. 83 however the results from the tests on Backe

bol clay are plotted, q/p is evaluated at the yield 

point. 
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Fig. 83 . Pseudo "Bulk modulus" for Backebol clay. 
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These results show a pronounced effect of the type 

of test on the results. The highest "bulk modulus " 

dp/dv is obtained in tests where yield is caused by 

exceeding the preconsolidation pressure in the 

horizontal direction. This corresponds to a higher 

oedometer modulus in tests on horizontal samples 

than on vertical samples. In tests where yield is 

caused b y a horizontal stress the " bulk modulus" 

is highest in tests where the horizontal stresses 

are increased equally . For all tests the "bulk 

modulus" decreases with increasing ratio q/p . 

In volumetric compression most of the deformations 

are sliding deformations between particles and a 

rearrangement of particles. The higher the shear 

stress is the easier this rearrangement is achieved 

while an isotropic stress increase hampers this 

process. A stress increase in two directions is also 

more restrictive for movements than a stress increase 

in a single direction . 

Considering both this and the fact that an aniso

tropically consolidated natural clay has to have a 

fairly high shear stress to yield for a vertical 

pressure the compressibility can be expressed in a 

simpler way. If the tests are evaluated in the same 

way as CRS oedometer tests with the constant modulus 

of volumetric compression Ev equal to 6oy/6v where 

o ' is the stress for which the clay yields and this y 
modulus is plotted against q/p the relation in Fig . 

84 is obtained . Ev in the CRS- test is equal to ML . 
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Fig. 84. 	Modulus of volumetric compression Ev for 
Backebol clay. 

From this plot it appears that the compressive strains 

in the stress region where the modulus remains con
6o' 

stant can be evaluated from 6v = _]f._ 
Ev 

where Ev = Evq=O • (1-q/1.2p) 

The tests on Canadian c l ays in F i g . 82 have been re

plotted in Fig . 85 as the modulus of volumetric com

pression versus q/p and show a similar relation . 

http:1-q/1.2p
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Fig. 85. 	Modulus of volumetric compression for two Canadian 

clays (from Wong (1972) and Faveau-Brucy (1977 )). 


7.5.3 Plastic flow 

The plastic deformations have been studied in an 

attempt to find a simple flow rule. Considering the 

shape of the yield surface there can be no "normalit y 

rule" as in the critical state theory. 

The dilatancy equations were used for the test results 

and instead of using them for a peak value they were 

used continuously thorughout the test. The equations 

used were: 

to determine ~f according to Rowe 

for compression tests and 

a ; (1 _ dv J 
tan 2 (45°+~f/2) = dsa 

a~ 

for e xtension tests 
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to determine ~r with the Bishop type of equation 

sin <Pr = dv J o {+ o ~ (l + -
d£1 

to dete rmine 9p 

o {- a ~ dv tan B 
<~>p =arccin + arctan

o {+ o ~ ~ - dv 
cos B 

where 

The plane strain tests do not quite fulfil the assump

tions for the last formula although this has also 

been used in these tests for purposes of comparison. 

The diffe rence should be small. 

An alte rnative formula suggested by Bishop & Eldin 

(1953) was also tested but the results were incon

sistent. 

In the tests <P r and <Pp became constants after a certai n 

deformation. In tests where yield occurred for vertical 

stresses the mobilized angle of friction at yield was 

12° or more and <Pr and <Pp became constants at yield . 

In the tests where ov was initially greater than oH 
and the horizontal stress was increased <Pr and <P p did 

not become constant until the shear stress direction 

was reversed . By then the volume could be reduced by 

as much as 12 %. In tests where yield was caused by a 

horizontal stress greater than the vertical stress <Pr 

and <Pp became constants at yield . 

In a highly compressible anisotropically consolidated 

material like natural soft clays a flow rule based on 

dilatancy equations cannot therefore be used for yield 

at fairly isotropic stresses. Nor can it be used 
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during the process of reversing the main principal 

stress direction from the direction it had during 

anisotropic consolidation to the opposite direction. 

For other cases however it seems applicable. 

Even if ~r and ~p are constants during a test they 

vary with stress level. 
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Fig. 86. ~f ' ~r and ~ at different yield stresses. 

In Fig. 86 the evaluated values of ~f ' ~r and ~p are 

plotted against the effective stress for which they 
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yielded. For ~r and Qp there are two distinct levels . 

If the soil yields at a stress l ower than the pre 

consolidation stress in the direction of the yield 

stress an almost constant value of 42 ° is obtained. 

If the soil yields because the preconsolidation 

pre ssure in the yield direction is exce eded ~ P and 

~p become an almost constant 30 ° . 

The evaluated value of ~~ is not a constant during 

the test. As can be seen in the figure the trend is 

consistent with ~f increasing with the yield stress 

but the variation within one test is such that no 

flow rule can be based on it. 

The sudden drop in ~p and ~r when the preconsolidation 

pressure is exceeded may be due to two interacting 

phe nome na. As shown in Fig. 56 ~r decreases with in

creasing porosity for a sand. In a sand an increasing 

porosity means an interacting compressibility. In a 

soft clay the exceeding of the preconsolidation press

ure directly changes its character from a material 

close to critical density to a highly compressible 

mate rial. If the structure of the clay is examined i t 

will be found to be built up of particles and particle 

aggregates of very irregular shape. As long as the 

normal stresses are kept below the stresses for which 

the clay has consolidated these aggregates can be 

assumed to act as units. When the preconsolidation 

pressure is exceeded the aggregates start to crush 

and break down and the friction will be based on the 

shape of the single particles rather than the aggre

gates. 

The trend of the v.alue of ~~ also corresponds to the 

trend in Fig. 56 . 

An alte rnative flow rule has been suggested by Lewin, 

1973. From a comprehensive study on triaxial tests he 

suggested that the test results should be plotted in 
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a triaxial stress plane (Henkel , 1960 ) where ov is 

12-" ' F · 8 7p 1o tte d versus • _H , ~g . . 

._.6v 
6V 

Fig. 87 . Plot for evaluation of a and S. 

The stress angle a is evaluat ed in this plot as the 

angle between the stress relation o?!lioh and the 

line for isotropic str esses . 

a:; 1 
a = arctan 12a' - arctan /2 

H 

a is r oughly equa l to the mobilized angle of friction 

$ ' . The strain ang l e B is evaluated in the same way 

as 

d£v 1 
S = arc tcn - arctan 

/2 d£H 12 

I f S = 0 the strains are isotropic and there is no 

shear strain . If S = 90 ° the volume remains constan t 

and failure occu r s. 

The resul ts from four drained t r iaxial test series 

are plotted in Fig. 88. 
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Fig. 88. a- 8 relationship from Lewin (1 9 73). 

The line D- D corresponds to a test series where the 

samples were not preconsolidated but the whole test 

was performed at the same stress ratio. The curve 

A-A corresponds to a test series where the samples 

were first consolidated isotropically and then brought 

to the stress relation a at constant isotropic stress. 

In the tests a was then kept constant. The curve B-B 

corresponds to a test series where the samples were 

first consolidated anisotropically under K0 conditions 

( £H =0 ) and then brought to the stress condition a 

under constant isotropic stress. During the tests a 

was kept constant. Curve C- C finally corresponds to 

a test series where during the first stage of con

solidation the horizontal stresses were increased and 

the vertical pressure adjusted to keep the sample 
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height constant . The samples were then brought to the 

stress rate a under constant isotropic stress and 

this was kept constant throughout the test. 

As the second stage of consolidation with stress 

changes under constant isotropic stress involves con

solidation and reshaping of the yield surface none of 

these lines corresponds to the most common field case. 

Curve B- B is closest to a clay which has consolidated 

under K0 -conditions and line C- C corresponds to an 

opposite e xtreme . 

In Fig. 88 two lines corresponding to the dilatancy 

equation for ~r have been inserted . It can be seen 

that for a greater than 10 °-14 ° the plastic flow 

closely follows that equation regardless of the pre 

vious type of consolidation . For lower shear stresses 

the plastic flow depends on the previous consolidation 

history . In this range however, Lewin has pointed out 

that the B r e lation changes and the soil loses its 

"memory" of previous stress history with increasing 

deformation . 

The result s f rom Backe bol clay have been plotted in 

the same way and the curve is similar to curve B- B 

in Lewin ' s (1 97 3) plot , Fig. 89 . 
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Fig. 89. a-B relation for Backebol clay. 

The a- B relation predicted using dilatancy and ~r is 

inserted in Fig. 89. The prediction is very good and 

seems to be valid for most of the passive side and 

for a values higher than 12° on the active side. 12° 

corresponds to the mobilized friction during previous 

consolidation with Konc = 0 . 65. 

I t should be noted that in passive, plane strain tests 

the anisotropically consolidated clay flows as if it 

was more isotropically consolidated. In this special 

case the soil is isotropically consolidated in the 

01 and o 2 directions and anisotropically in the o 1 

and o 3 directions. The plane strain tests differ 

slightly from the triaxial tests and should strictly 

not be plotted in the same plane, although the error 

in this case is very small. 

Looking back at Lewin's (19 73) test results it appears 

that: 
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PZastic fZ ow can be predicted using diZatancy equations and ~; 

for anisotropicaZZy consoZidated soiZs in active tests when the 

s hear s t r ess is equaZ t o or greater than the s hear stres s during 

consoUdation and in passive tests . Here "active " s tands for 

t ests wher e t he major pr incipaZ s t ress i s in the same d1:rection 

as the major consoZidation s tress . "Passive " stands for tests 

with t he major str ess in the opposite directi on from the maj or 

consoZidation stress . DiZatancy equations and ~r can aZso be 

us ed for isotr opicaZZy consoZidated soi Zs if the mobiZized 

angZe of friction is greater than 10° , Fig. 90. 

O'v-<1H 1 
Yi eld c u r v e Yield cur ve 27 / 

Fi g . 90. Restr icti ons for t he sole use of dilatancy equa t i on s 
and ~r for predictions of s trains i n soft clay . In 
s haded areas the variation of compre ssibilit y with 
direction has t o be consider e d. 

In the stress regions where dilata ncy equa tions are 

not valid the plastic strains are governe d more by 

dire ctional differenc es in compressibility due t o the 

stre ss history . 

7.5.4 Results from direct shear tests 

The d rained shear tests gave results following the 

standard pattern described by Larsson (1977). Some 

of the stress- strain curves are plotted in Fig . 91. 



138 

1: 

kPo 

100 

8 · 

V I 

9'o 


Fig. 91. 	Shear stress, angular distortion and volume change 

in drained direct shear tests on Backebol clay . 


Shear fai lure is obtained only at very low vertical 

stresses. I n Swedish practice failure is evaluated 

at the peak or at an angular distortion of 0.15 

radians if no peak is obtained. The "shear strengths" 

thus evaluated are plotted in F ig. 92. 
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Fig. 92. 	"Shear strength" versus vertical stress in drained 

direct shear tests on Backebol clay. 


The shear stress at 0.15 radians angular distortion 

is by no means a failure stress but should rather be 

seen as the shear stress that can be mobilized at 

"tolerable" deformations. As real failure at higher 

stresses occurs only after very large deformations in 

these clays some sort of limiting deformation cri 

terion usually has to be applied for practical engin

eering cases. Real shear failures at moderate strains 

in direct shear only occur at vertical stresses well 

below the preconsolidation pressure, (ov ~ 0 . 5 oJ 
is used as a rule of thumb) • 

When the tests are evaluated with respect to dilat

ancy it is found that after a smal l angular distortion 

of about 2 radians the shear process is entirely 

governed by the compressibility of the sample. The 

evaluated angles of friction ~f' ~r or ~p become 

almost constant. 

These angles are plotted in Fig. 93. 
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Fig. 93. ~f' ~r and ~p from direct shear tests on Backebol clay. 

The values for ~p follow the same trend as for triaxial 

and plane strain tests with a $pmax of 38.5° and a 

~pmin of 30°. The drop at the preconsolidation press

ure is not as direct as in the other types of tests. 

$r has the same maximum 38.5° as ~p at very low 

stresses where the soil does not change its volume. 

$r then gradually decreases and the break in the curve 

at the preconsolidation pressure is less pronounced 

than for other tests . ~rmin becomes about 28 ° . 

In direct shear tests a consolidation of the samples 

for stresses close to the preconsolidation pressure 

will create a quasi-preconsolidation pressure. The 

effects of repeated loading and secondary compression 

will cause an excess settlement corresponding to a 

higher preconsolidation pressure. The breaks in the 

~p and ~r versus Oy relations thus occur at pressures 

somewhat higher than the preconsolidation pressure. 
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Direct 	shear tests at vertical stresses close to the 

preconsolidation pressure are normally avoided for 

soft clays. 

The ~r - crv relation probably shows best what happens 

in the sample. The vertical effective stress is the 

major principal stress only at the start of the test. 

As the 	shear stress is applied the principal stresses 

are rotated. An effective normal stress greater than 

av then acts in a direction where the preconsolidation 

pressure is less than in the vertical direction. The 

breakdown of the soil structure thus starts at a 

vertical pressure much lower than the preconsolidation 

pressure and is more gradual. An indication of this 

is also found in the volume changes during the tests. 

The volume changes at an angular distortion of 0.15 

radians are plotted in Fig. 94 . 

EFFECTIVE VERTICAL STRESS kPo 

(J~ 	 100 3~0__L_ ------"

• 
• 

• 

Fig. 94 . 	 Volume decrease at an angular distortion of 0 . 15 

radians in drained direct shear tests on Backebol 

clay . 


In Fig . 94 it can be seen how the volumetric com

pressions start at very low stresses and gradually 

increase to a maximum close to the preconsolidation 

pressure . At higher stresses the compressibility de

creases in a way similar to that of the compressibility 

measured in the oedometer . 
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The ''shear strength " curve in Fig. 92 is the net 

result of the changes of ~r and compressibility with 

ve rtical pressure in this type of test. ~r from 

direct shear tests is slightly less than ~r from 

plane strain and triaxial tests. The difference is 

in the order of 2 ° - 3 ° which is in good agree me nt 

with the values presented by Rowe (1969). 

8. RESIDUAL FRICTION IN CLAYS 

The pattern with a value of ~r in the orde r of 40 ° at 

very low stresses reducing to 30 ° for higher stresses 

has been found to be a rule for Swedish clays. As ~r 

is assumed to be the friction at constant volume it 

should correspond to the effective angle of friction 

measured in undrained tests. Due to the pore pressure 

changes failure in undrained tests will occur at 

stresses close to the preconsolidation stress in the 

major stress direction . This angle has been measured 

for a great number of Scandinavian clays and has been 

found to be a fairly constant 30 ° (e.g. Berre & 

Bjerrum 1973 , Larsson 1977, Borgesson 1981). A compre

hensive study of the residual angle of resistance 

for a number of minerals and natural clays was reported 

by Kenney (1967). These studies showed that micaceous 

and illitic clays and natural Norwegian clays of this 

type have a residual friction angle of about 30 ° , 

Fig . 95 . 
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Fig. 95. Residual angle of friction. From Kenney (1967). 

Most Swedish soft clays are of the same type. Kenney's 

(1967) results show that clays with different clay 

minerals may have considerably lower residual friction 

angles. Lower ~r values have been noticed in the SGI 

laboratory in tests on clays from some other parts of 

the world. 

9 . DRAINED SHEAR STRENGTH IN SOFT CLAYS 

Shear failure in soft clays occurs according to the 

Mohr- Coulomb criter i a . Shear failure occurs at stresses 

close to the yield stresses in cases where previous 

consolidation stresses are not exceeded. In cases 

where the preconsolidation stresses are exceeded shear 

failure occurs only when the residual angle of fric

tion is mobilized . Due to the compressibility of the 

soil this state is not reached until after very large 

deformations. For practical purposes some criterion 
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for permissible deformations has to be used. However, 

in this stress region the undrained shear strength 

is lower than the drained shear strength and is 

usually the governing factor . The drained parameters 

determine the volumetric strains and the associated 

shear strains. 

The yield stresses at low effective stresses are found 

to be s l ightly above the stresses corresponding to 

$ ' = 30 ° . 

Close to the preconsolidation stresses yield occurs 

at $ ' = 30 ° . The yield stresses are time-dependent. 

At effective normal stresses higher than 80 % of the 

preconsolidation pressure in this direction there is 

secondary consolidation according to the oedometer 

tests. This level has been confirmed by undrained 

creep tests (Larsson, 1977). This secondary deformation 

is made easier and mor e pronounced by an increased 

shear stress level. The definition of yield thereby 

becomes a question of definition similar to the defi

nition of the preconsolidation pressure if the volu

metric strains are used as yield criterion. If axial 

strain is used as yield criterion the axial strains 

increase as the creep effects increase. The yield 

surfaces are often rounded off at the upper and lower 

corners which can partly be attributed to the secondary 

deformation . The radius of these "rounding-offs" de

pends on how much the shear stress levels affect the 

rate of s econdary deformation , Fig. 96 . 
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Fig. 96. Yield curves. Solid curve: yield at the pre
consolidation stresses and normal testing rate. 
Broken curve: yield if secondary consolidation 
and creep are considered. 

At normal stresses lower than 0 . 8 a~ and high shear 

stresses there may be a slow creep and breakdown in 

the soil structure. In a large stress region the 

shear stresses are higher than the shear stresses 

during consolidation. Such a process at a mobilized 

angle of friction higher than 30 ° would with time 

lead to failure. The secondary consolidation effects 

at angles of mobilized friction lower than 30° lead 

only to somewhat larger deformations, not to shear 

failure. A friction angle of 30° can thus safely be 

used in calculations with drained shear strength in 

cases where previous maximum effective normal stresses 

are not exceeded in any direction. 

When the previous maximum effective normal stresses 

are exceeded the limiting criterion usually becomes 

a deformation criterion. If the stress path in the 

field can be predicted the deformations may be pre

dicted with knowledge of the yield surface, the soil 

compressibility and dilatancy equations using ~r· If 

tests are performed to measure the deformations 

directly they must simulate the stress paths in the 

field as closely as possible. The method of running 
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drained triaxial compression tests consolidated iso

tropically for stresses higher than the preconsoli

dation pressure is not an appropriate method for 

tests on soft clays . From such tests a mobilized 

angle of friction $ ' in the order of 16 °- 20 ° has often 

been evaluated at an axial deformation of 10- 15 %. 

Conside ring that a natural normally consolidated clay 

with a typical Kona value of 0 . 5 has a mobilized 

angle of friction of 20 ° in its natural state such 

test values have no pratical application . 

In less compressible soils where a peak stress or 

residual state is reached during the test the method 

is useful in determining these parameters but not in 

determining deformations . 

10 . C0~1ENTS ON THE TESTS AND THE TEST RESULTS 

The aim of the tests was to study yield and plastic 

drained deformations. The measuring system was there

fore designed to have capacity for large strains 

rather than sensitivity for measuring minute changes . 

The starting points of the tests were selected to 

obtain an even spacing of the points on the yield 

surface using the simple test methods described. The 

deformations within the yield surface have therefore 

not been studied in detail and the test procedure 

during consolidation would have to be altered to 

a c hieve practically useful results . A few observations 

could be made however. In tests with increasing 

stresses the volumetric compression at stresses well 

below yield followed a fairly linear relation 6v =M6a { 

as in the oedometer . In tests wi t h decreasing s tresses 

the samples swelled similar to swelling in the oedo

meter . 

The deformation in the principal strain direction £ 1 

followed a hyperbolic function up to yield . 
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In the plane strain tests the intermediate stress a~ 

increased slowly up to yield. The stress state at 

yield was thus not very far from the triaxial case. 

At yield a~ started to change and after some further 

deformation it stabilized to a constant relation 

to a{; a~/a{ =0 .57. 

The tests which later proved to have been consoli 

dated for stresses too close to the yield stresses 

showed that yielding for one principal stress expands 

the yield surface in that direction but not in the 

other direction, Fig. 97. 

av-aH · Expansion of Yield surface 

2 • Consol idot ion stress 

• Yield siress 

Fig. 97 . 	 Increase in yield surface due to yield for a 

horizontal stress increase. 


The shaded area in Fig. 97 shows the increase in yield 

surface which resulted from the too high horizontal 

consolidation stresses. The preconsolidation pressures 

are the soil's "memory" of previous stress history 

which is changed and modified with new plastic strains. 

Large plastic strains will therefore destroy the old 

memory and impose a new structure adapted to the new 

stress situation. The yield surface may shrink in one 

direction or even both, although the material decreases 

in volume. 
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