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SYNOPSIS A number of undrained cyclic load triaxial and simple shear tests were conducted on Norwegian Drammen 

clay each involving the introduction of drainage periods at suitable intervals. The behaviour of the clay 

following this precycling and drainage sequence was compared with that of samples which had not been precycled. 

Various overconsolidation ratios from 1 to 50 were involved. Normally consolidated samples were found to 

increase their undrained shear strength significantly, unless subjected to high cyclic strains, to offer better 

resistance to cyclic loading and to develop lower plastic strains as a result of precycling and drainage. 

Overconsolidated samples did not exhibit significant change in shear strength, neither did the effective stress 

failure envelope change but lower resistance to cyclic loading was noted. The relationship between cyclic 

stress and resilient strain in triaxial testing was significantly non-linear.

INTRODUCTION

Considerable interest in the behaviour of soils under 

cyclic loading has been stimulated by the foundation 

design problems associated with off-shore gravity 

structures for oil exploitation, particularly those 

in the European North Sea because of the severe 

weather experienced there. An insight into the 

short term effects of individual storms on the 

behaviour of clay can be obtained by suitable cyclic 

undrained triaxial or simple shear tests and many of 

these have been carried out. However, the long term 

behaviour of the structure will be influenced by the 

effects of drainage which can occur during quiet 

periods between storms.

Very little previous work has been reported on the 

effect of such drainage periods. However, Bishop 

and Henkel (1953) indicated, from a few slow repeated 

applications of load on Weald clay that this material 

(wL = 40%, Wp = 17%) certainly softened when heavily 

overconsolidated and strengthened when normally 

consolidated. This was caused by the moisture 

content changes resulting from the build up of nega­

tive and positive pore pressures respectively for the 

two stress histories. Brown et al (19 75) measured 

significant positive and negative pore pressures in a 

silty clay (wL = 32%, w = 18%) for overconsolidation 

ratios of 2 and 20 respictively when subjected to 10® 

cycles of deviator stress at 10 Hz. No drainage 

periods were allowed but clearly the potential for 

stiffening and softening existed.

The tests described herein formed part of a substan­

tial programme of cyclic loading on Norwegian Drammen 

clay (wL = 55%, Wp = 28%) the results of which have 

been summarised by Andersen (1976) and Andersen et al 

(1976). This material was chosen as having similar 

properties to many of the North Sea clays and because 

it was readily available in relatively homogenous 

deposits. Its properties have been described in 

detail by Bjerrum (1967).

TEST METHODS

The programme consisted of 14 cyclic load simple shear 

tests and the same number of cyclic triaxial com­

pression tests. The NGI simple shear apparatus 

described by Bierrum and Landva (1966) was modified to 

apply a cyclic shear stress. Undrained conditions 

were simulated by adjusting the effective vertical 

stress to maintain constant volume. Pore pressure 

changes were determined as changes in effective vert­

ical stress. A trapezoidal wave-form having a fre­

quency of 0.1 Hz was used for the shear stress (Fig. 

la). The test samples were 80mm dia. x 16mm thick.

The triaxial tests were carried out in the apparatus 

used by Brown et al (1975) although the sample size 

was reduced to 75 mm dia. x 150 mm long. A servo- 

-hydraulic system was used to apply the sinusoidal 

variation in deviator stress at 0.1 Hz (Fig. lb).

The soil samples were trimmed to size after extrusion 

from 100 mm dia. sample tubes. All samples were 

consolidated in the test apparatus to produce over­

consolidation ratios of 1, 4, 10, 25 and 50 based on 

the applied vertical stress. The stress paths 

during consolidation of the triaxial samples are 

shown in Fig. 2 in terms of mean normal effective 

stress, p' = -Jfoj + 2 0 3 ), deviator stress, q = 0 ^ - Og 

and specific volume, V = 1 + e where e = void ratio.

It will be noted that the normally consolidated 

samples were subjected to isotropic stress while the 

others were preconsolidated under K0 conditions and 

then brought to isotropic stress during swell-back.

For the simple shear samples the stress paths can 

only be expressed in terms of the fundamental para­

meters p* and q if the KQ values are known for all 

overconsolidation ratios. Berre (1975) obtained 

such values for OCR's up to 10 and his figures have 

been used in arriving at the stress path shown in 

Fig. 2. For OCR's of 25 and 50, KQ values were 

extrapolated. Fig. 2 shows that the initial stress
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s t a t e s  o f  o v e r c o n s o l i d a t e d  s a m p l e s  i n  t h e  t w o  t e s t  

m o d es w e r e  r a t h e r  s i m i l a r ,  b u t  t h a t  f o r  n o r m a l l y  

c o n s o l i d a t e d  s a m p l e s  t h e r e  w as  a  c o n s i d e r a b l e  

d i f f e r e n c e .

F i g .  3 sh o w s t h e  V  -  l n p *  p l o t  f o r  t h e  t r i a x i a l  

s a m p l e s  w i t h  t h e  r a t h e r  w i d e  s c a t t e r  o f  r e s u l t s  

i n d i c a t e d .  T h e  v i r g i n  c o n s o l i d a t i o n  c u r v e  f o r  a n i ­

s o t r o p i c  c o n d i t i o n s  d i f f e r e d  s l i g h t l y  f r o m  t h e  i s o ­

t r o p i c  o n e  t h o u g h  t h e y  w e r e  b o t h  e m b r a c e d  b y  t h e  

m u t u a l  s p r e a d  o f  s p e c i f i c  v o l u m e s .  T h e  s l o p e  o f  t h e  

v i r g i n  c u r v e s  ( X )  w as  0 . 1 7 7  an d  t h e  a v e r a g e  s l o p e  o f  

t h e  s w e l l - b a c k  l i n e  ( h )  w a s  0. 021.

T EST  PROGRAMME

P r e l i m i n a r y  s t a n d a r d  u n d r a i n e d  t e s t s  t o  f a i l u r e  w e r e  

c a r r i e d  o u t  i n  b o t h  t e s t  m o d es c o v e r i n g  t h e  r a n g e  o f  

s t r e s s  h i s t o r i e s  i n  o r d e r  t o  e s t a b l i s h  f a i l u r e  

e n v e l o p e s .  I n  t e r m s  o f  e f f e c t i v e  s t r e s s e s  t h e s e  

w e r e  d e f i n e d  b y  cp* = 3 0 . 7 °,  c 1 = 0  f o r  a l l  t h e  

n o r m a l l y  c o n s o l i d a t e d  s a m p l e s ,  an d  cp = 3 0 . 7  , c  =

1 . 4  t / m  f o r  a l l  t h e  o v e r c o n s o l i d a t e d  s a m p l e s .

T r i a x i a l  t e s t s

T h e s e  i n v o l v e d  t h e  c o m p r e s s i o n  m od e o n l y  an d  t h r e e  

t o t a l  s t r e s s  l e v e l s  w e r e  u s e d  f o r  O C R's  1 ,  4  an d  1 0 .  

T h e s e  w e r e  d e f i n e d  a s  q r / q .f  w h e r e  q  = r e p e a t e d  

d e v i a t o r  s t r e s s  ( F i g .  l b )  an d  = S e v i a t o r  s t r e s s  a t  

f a i l u r e  i n  t h e  s t a t i c  t e s t .  T h e  l e v e l s  u s e d  w e r e  

3 5 %,  5 0 % an d  6 5 %.  F o r  t h e  t w o  h i g h e s t  O C R's  o f  25

F i g .  2 S t r e s s  p a t h  f o r  a n i s o t r o p i c  c o n s o l i d a t i o n

F i g .  3 C o n s o l i d a t i o n  i n f o r m a t i o n  f o r  a i l  

t r i a x i a l  s a m p l e s
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and 50 only the 50% level was used. Most of the 

tests involved four periods of 1,000 cycles, each of 

which was followed by an overnight drainage period 

during which any accumulated pore pressures were able 

to dissipate. This process will be referred to as 

"precycling and drainage". None of the samples 

failed during cyclic loading and hence each was sub­

jected to a static undrained test to failure in 

conclusion.

In addition to those outlined above, three special 

tests were conducted in order to establish the effect 

of large cyclic stresses following the usual sequence 

at the 35% stress level. Hence, for OCR's 1, 4 and 

10 one sample in each case was subjected to an 

additional 2,500 cycles at the 65% level. This was 

again followed by an undrained strength test but 

without allowing any drainage after the final cyclic 

load period.

Simple shear tests

The basic approach to the simple shear testing was 

similar to that used for triaxial testing. However, 

in view of the shorter drainage paths in this test 

configuration, fewer cycles of load were applied (100) 

with shorter drainage periods (15 min.). Most tests 

involved ten such periods of undrained cyclic loading 

and drainage followed by an undrained strength test. 

Several samples "failed" during cyclic loading, the 

definition of failure being a cyclic- shear strain of 

±3%. However, in all cases it was possible to carry 

out the final undrained strength test. The total 

stress levels were defined as Tc/Tf where T c  = ampli­

tude of cyclic shear stress (Fig. la) and Tf = shear 

stress at failure in the undrained static test.

Details of the actual stress levels are given in Table

I. Those tests which involved a final period of 

cyclic loading at an elevated stress level are ident­

ified; the precycling in each case was carried out 

at the same value of Tc = ±1 t/m2. Tc and refer 

to the horizontal stress applied to the sample.

Table I Cyclic stress levels for simple shear tests

* Thesp tests involved a final period of cyclic 

loading at the higher stress level.

TEST RESULTS

Pore pressures and volume changes

In general, the pore pressures generated during 

cyclic loading periods were low and the consequent 

volume changes low also. Qualitatively, the results 

were compatible; positive pore pressures leading to 

consolidation and vice versa.

The pore pressure data was used to predict volumetric 

strains in the triaxial tests on the assumption that 

during drainage the samples move on lines in Fig. 3

parallel with the mean swell-back line (Schofield and 

Wroth, 1968). This produced a good prediction for 

OCR = 50, indifferent ones for other overconsolidated 

samples and a very low value for OCR = 1 (0.07% volu­

metric strain compared with the measured value of

0.7%). Clearly in this latter case the soil is 

moving along a much steeper line than the swell-back; 

a line in fact almost parallel with that for virgin 

consolidation.

The maximum volumetric strain recorded during drain­

age was only 1.4% which would represent a change in 

specific volume of about 0.03 for the normally 

consolidated triaxial samples. Reference to Fig. 3 

indicates that this might be expected to result in a 

modest change in material response since it is equiv­

alent to producing an overconsolidation ratio of 

about 1.4. However, the majority of volumetric 

strains were very small and the potential for change 

in material behaviour was, therefore, low.

Shear strength

All tests were subjected to a conventional undrained 

test to failure following precycling and drainage 

although in some cases no drainage period was per­

mitted immediately prior to the static test. The 

results have been compared with the strengths deter­

mined on samples not having this loading history.

Table II shows the triaxial results indicating a sig­

nificant strengthening for normally consolidated 

samples and a decreasing effect with increasing OCR.

It will be noted that the cyclic stress level did not 

have a consistent effect on strength. Table III 

summarises the influence of precycling and drainage 

for the simple shear tests which have been divided 

between those which nominally failed under cyclic 

loading (Y = ±3%) and those which did not. The lat­

ter were generally weakened by this high strain level, 

as noted by Andersen et ex (1976) for tests without 

drainage although the deterioration was generally less 

marked. The overall findings are the same as for the 

triaxial tests

Effective stress failure envelopes

Typical effective stress paths to failure for the 

final static undrained tests on triaxial samples are 

shown in Fig. 4 with the failure envelopes from 

standard tests on the soil superimposed. The failure 

points for all tests are shown and it is clear that 

there is no substantial departure from the basic fail­

ure conditions. The only significant factor is that 

the normally consolidated samples tend to be failing 

near the "overconsolidated" line. This is in keeping 

with the apparent overconsolidation they achieve 

during precycling and drainage. The simple shear 

tests showed similar behaviour.

Failure under cyclic loading

Failure during cyclic loading only occurred in some of 

the simple shear tests and not at all in the triaxial 

tests. It was defined as a cyclic shear strain of 

±3%.

In Fig. 5 the number of cycles to failure for samples 

previously subjected to the precycling (at £l t/m ) 

and drainage sequence is compared with lines

OCR Cycl ic stress level  : Tc/Tf

1 ±0.11 ±0.11 & ±0.64* ±o.se

4 ±0.14 ±0.14 & ±0.47- ±0.14 & ±0.57* ±0.4, ±0.5

10 ±0.18 ±0.18 & ¿0.37* ±0.4

25 ±0.35

50 ±0.35
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Tabl e I I  Ef f ect  of  pr ecycl i nq and dr ai nage on undr ai ned shear  st r engt h -  t r i axi al  t est i ng

OCR

Su  w i t h o u t  

c y c l i c  l o a d i n g  

(t / m 2 )

S a f t e r  
u

4 x 1 0 0 0  c y c l e s (t / m 2 )
M ean  S „  

(t / m 2 )

M ean  i n c r e a s e S a f t e r  4 x 1 0 0 0  c y c l e s  a t  

Uqr /q £ = 0 . 3 5  an d  2 5 0 0  

c y c l e s  a t  q /q ^  = 0 .6 5qr / qf  = 0 - 3 5 q r / q f  =  0,5
qr /q f  = 0 . 6 5

i n  o 

( % ) u

1 9 . 2 1 3 . 1 1 4 . 2 1 3 . 8 1 3 . 7 49 1 2 . 5

4 8 . 9 8.6 9 . 9 9 . 2 9 . 2 3 9 . 6

10 7 .5 7 .5 8.0 7 . 5 7 . 7 3 7 .6

25 6.6 - 6.0 - 6.0 - 9 F o r  t h e  a b o v e  r e s u l t s  n o  

d r a i n a g e  w as  a l l o w e d  b e ­

5 0 5 . 6 5 . 8 5 . 8 4 t w e e n  t h e  e n d  o f  c y c l i c  

l o a d i n g  an d  t h e  s t a t i c  

t e s t .

T a b l e  I I I  E f f e c t  o f  p r e c y c l i n q  an d  d r a i n a g e  

o n  u n d r a i n e d  s h e a r  s t r e n g t h  -  s i m p l e  s h e a r  t e s t s

OCR

V a l u e s  o f  S
u  ( t / r "2 ) I n c r e a s e  i n

s u
(%)

W i t h o u t  c y c l i c  

l o a d i n g

W i t h  c y c l i c  

l o a d i n g

1 8.6 10.1 1 7

4 7 . 0 7 .3 3

10 5 . 7 5 . 4 - 5

( a )  T e s t s  w i t h  d r a i n a g e  b e t w e e n  c y c l i c  l o a d i n g  an d  

t h e  s t a t i c  t e s t .

I n c r e a s e  i n s u  (%)

OCR
Sa m p l e s  " f a i l e d "  

i n  c y c l i c  l o a d i n g
O t h e r  s a m p l e s

1 - 7 25

4 -12 0

10 - 9 -

25 1 -

50 10 -

( b )  T e s t s  w i t h o u t  d r a i n a g e  b e t w e e n  c y c l i c  l o a d i n g  

an d  t h e  s t a t i c  t e s t .

F i g .  4  S t r e s s  p a t h s  an d  t e r m i n a l  s t a t e s  f o r  

s a m p l e s  a f t e r  p r e c y c l i n q  an d  d r a i n a g e

N° of cycles

F i g .  5 C y c l e s  t o  f a i l u r e  ( y  =  ± 3 %) i n  s i m p l e  

s h e a r  a f t e r  p r e c y c l i n g  a n d  d r a i n a g e
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e s t a b l i s h e d  b y  A n d e r s e n  (1 9 7 6 ) i n  t e s t s  w i t h  n o  p r e ­

c y c l i n g .  T h e r e  i s  a  s u b s t a n t i a l  i n c r e a s e  i n  " l i f e "  

f o r  OCR = 1 an d  a  s i m i l a r  d e c r e a s e  i n  l i f e  f o r  t h e  

OCR = 10  s a m p l e ,  w i t h  t h e  i n t e r m e d i a t e  OCR o f  4 

s h o w i n g  a  s l i g h t  d e c r e a s e .

T h i s  d a t a  g i v e s  an  i n d i c a t i o n  o f  t h e  l i k e l y  b e h a v i o u r  

o f  c l a y  u n d e r  r e l a t i v e l y  h i g h  c y c l i c  s t r e s s  f o l l o w i n g  

p r e c y c l i n g  a t  a  l o w  s t r e s s .  I n  a d d i t i o n ,  t h e  r e s u l t s  

f o r  t w o  s a m p l e s  w h i c h  w e r e  p r e c y c l e d  a t  h i g h e r  c y c l i c  

s h e a r  s t r e s s e s  a r e  i n c l u d e d  i n  F i g .  5 .  F a i l u r e  i n  

t h e s e  c a s e s  o c c u r r e d  a t  t h e  sam e s t r e s s  l e v e l  a s  t h a t  

d u r i n g  p r e c y c l i n g .  I n  b o t h  c a s e s  t h e  e f f e c t  w as  

s i m i l a r  t o  t h a t  n o t e d  a b o v e  f o r  a  l o w e r  p r e c y c l i n g  

s t r e s s  l e v e l .

Sh e a r  s t r a i n s

F o r  t h e  c y c l i c  t r i a x i a l  c o m p r e s s i o n  t e s t  i t  i s  p o s s ­

i b l e  t o  d i s t i n g u i s h  b e t w e e n  t h e  p l a s t i c  s h e a r  s t r a i n ,  

w h i c h  g r a d u a l l y  a c c u m u l a t e s  d u r i n g  a  t e s t ,  an d  t h e  

r e s i l i e n t  o r  e l a s t i c  s t r a i n ,  w h i c h  i s  r e c o v e r e d  d u r i n g  

e a c h  c y c l e .  I n  t h e  s i m p l e  s h e a r  t e s t s ,  w h en  t h e  

s h e a r  s t r e s s  i s  r e v e r s e d ,  a s  i n  t h i s  p r o j e c t ,  s u c h  

d i s t i n c t i o n  i s  n o t  p o s s i b l e  a s  t h e  s a m p l e  i s  b e i n g  

s h e a r e d  i n  e a c h  d i r e c t i o n  a l t e r n a t e l y  an d  n o  e l a s t i c  

r e c o v e r y  c a n  b e  m e a s u r e d .  T h e  s h e a r  s t r a i n s  i n  t h e  

t w o  t e s t  c o n f i g u r a t i o n s  c a n n o t ,  t h e r e f o r e ,  b e  d i r e c t l y  

c o m p a r e d .

T h e  r e s i l i e n t  s t r a i n  i n  a  p a r t i c u l a r  t e s t  d i d  n o t  v a r y  

m u ch  w i t h  t h e  n u m b er  o f  c y c l e s ,  a  r e l a t i v e l y  c o n s t a n t  

v a l u e  b e i n g  o b t a i n e d  a f t e r  t h e  f i r s t  f e w .

I n  F i g .  6 t h e  p l a s t i c  an d  r e s i l i e n t  s t r a i n s  a t  t h e  en d  

o f  t h e  f i n a l  p e r i o d  o f  c y c l i c  l o a d i n g  a r e  c o m p a r e d  

w i t h  t h o s e  a t  t h e  en d  o f  t h e  f i r s t  p e r i o d  t o  a s c e r t a i n  

t h e  e f f e c t  o f  t h e  p r e c y c l i n g  an d  d r a i n a g e  s e q u e n c e .

F o r  p l a s t i c  s t r a i n s  t h e r e  i s  n o  c o n s i s t e n t  p a t t e r n  

e x c e p t  t h a t  n o r m a l l y  c o n s o l i d a t e d  s a m p l e s  e x h i b i t  

l o w e r  s t r a i n s  a f t e r  p r e c y c l i n g ,  t h e  l e v e l  o f  p r e c y c ­

l i n g  s t r e s s  n o t  h a v i n g  m u ch  i n f l u e n c e .  R e s i l i e n t  

s t r a i n s  w e r e  r e l a t i v e l y  u n a f f e c t e d  b y  p r e c y c l i n g  an d  

d r a i n a g e ,  a l t h o u g h  t h e  5 0 % s t r e s s  l e v e l  c a u s e d  a 

s l i g h t  d e c r e a s e .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a l l  

s t r e s s  h i s t o r i e s  w e r e  a f f e c t e d  i n  t h e  sam e w a y .
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F i g .  6 E f f e c t  o f  p r e c y c l i n q  an d  d r a i n a g e  o n  p l a s t i c  

an d  r e s i l i e n t  s t r a i n s  a f t e r  1000 c y c l e s

-  t r i a x i a l  t e s t s

V a l u e s  o f  r e s i l i e n t  m o d u l u s  E r  d e f i n e d  a s

w h e r e  G = s h e a r  m o d u lu s

an d  e = r e s i l i e n t  s h e a r  s t r a i n  a f t e r  p r e c y c l i n g  an d  

d r a i n a g e

h a v e  b e e n  r e l a t e d  t o  s t r e s s  i n  F i g .  7 .  T h e  s t r e s s  

f u n c t i o n  u s e d  i s  q r /03 w h e r e  = i n i t i a l  e f f e c t i v e  

c o n f i n i n g  s t r e s s .  T h i s  w as  sh o w n  b y  Br o w n  e t  a l  

(1 9 7 5 ) t o  c o r r e l a t e  r e s i l i e n t  m o d u l u s  v a l u e s  o v e r  a  

r a n g e  o f  s t r e s s  h i s t o r i e s  an d  a p p l i e d  s t r e s s e s .

T h e  r e l a t i o n s h i p  o f  F i g .  7 i s  c h a r a c t e r i s t i c  o f  t h e  

e l a s t i c  n o n - l i n e a r i t y  o f  f i n e  g r a i n e d  s o i l s  d e r i v e d  

f r o m  t e s t s  w i t h o u t  d r a i n a g e  p e r i o d s  an d  a p p r o x i m a t e s  

t o  a  s t r a i g h t  l i n e  u s i n g  l o g a r i t h m i c  s c a l e s .  I n  t h i s  

c a s e  t h e r e  i s  a  d i f f e r e n c e  b e t w e e n  t h e  n o r m a l l y  c o n ­

s o l i d a t e d  s a m p l e s  an d  t h e  o t h e r s ,  p o s s i b l y  c a u s e d  b y  

t h e i r  d i f f e r e n t  c o n s o l i d a t i o n  c o n d i t i o n s .  T h e  i m p l i ­

c a t i o n  i s  t h a t  a n i s o t r o p i c  c o n s o l i d a t i o n  p r o d u c e s

F i g .  7 R e s i l i e n t  m o d u lu s  a s  a  f u n c t i o n  o f  s t r e s s
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s t i f f e r  s o i l  a t  a  g i v e n  s t r e s s  l e v e l .  T h e  s l o p e  o f  

t h e  l i n e  i s  s i m i l a r  t o  t h a t  o b t a i n e d  b y  Br o w n  e t  a l  

(1 9 7 5 ) f o r  a  s i l t y  c l a y .

D ISC U SSIO N

T h e  e v i d e n c e  f r o m  t h e s e  t e s t s  s u g g e s t s  t h a t  h i g h l y  

o v e r c o n s o l i d a t e d  s a m p l e s  d o  n o t  s o f t e n  s i g n i f i c a n t l y  

a s  a  r e s u l t  o f  p r e c y c l i n g  an d  d r a i n a g e  an d  t h e  e f f e c ­

t i v e  s t r e s s  f a i l u r e  e n v e l o p e s  e s t a b l i s h e d  b y  s t a n d a r d  

s t a t i c  t e s t s  a r e  r e l e v a n t  t o  s o i l  t h a t  h a s  b e e n  c y c l e d  

a n d  d r a i n e d .  N o r m a l l y  c o n s o l i d a t e d  s a m p l e s  d i d ,  h o w ­

e v e r ,  i n c r e a s e  t h e i r  u n d r a i n e d  s h e a r  s t r e n g t h s  s i g n i ­

f i c a n t l y .  T h i s  l a t t e r  f i n d i n g  a g r e e s  w i t h  t h e  

r e s u l t s  o f  B i s h o p  an d  H e n k e l  (1 9 5 3 ) f o r  W e a l d  c l a y .

A p o s s i b l e  e x p l a n a t i o n  f o r  t h e  a b s e n c e  o f  s o f t e n i n g  i n  

t h e  h e a v i l y  o v e r c o n s o l i d a t e d  s a m p l e s  m ay b e  f o u n d  i n  

t h e  s l o p e  o f  t h e  s w e l l b a c k  c o n s o l i d a t i o n  l i n e  f o r  

D ram m en  c l a y  (0 . 0 2 1 )  w h i c h  i s  l o w e r  t h a n  t h a t  f o r  

W e a l d  c l a y  ( 0 . 0 3 5 ) .  T h e  p o t e n t i a l  f o r  s o f t e n i n g  

c e r t a i n l y  e x i s t s  an d  c o u l d  o c c u r . u n d e r  h i g h e r  c y c l i c  

s t r e s s e s  an d  o n  o t h e r  s o i l s .

O f  so m e i m p o r t a n c e  i n  d e s i g n  i s  t h e  s o i l  b e h a v i o u r  

u n d e r  h i g h  c y c l i c  s t r e s s e s  f o l l o w i n g  l o w e r  s t r e s s e s  

an d  d r a i n a g e  p e r i o d s  s i n c e  t h i s  s i m u l a t e s  t h e  i n c i d ­

e n c e  o f  l a r g e  w a v e s  f o l l o w i n g  a  s e r i e s  o f  a v e r a g e  

s t o r m s .  U n d e r  r e v e r s e d  s i m p l e  s h e a r ,  f a i l u r e  w as  

a c h i e v e d  e a r l i e r  f o r  o v e r c o n s o l i d a t e d  s a m p l e s  b u t  

n o r m a l l y  c o n s o l i d a t e d  o n e s  i n c r e a s e d  t h e i r  " l i v e s " .  

U n d e r  t r i a x i a l  c o m p r e s s i o n ,  h o w e v e r ,  n o  f a i l u r e s  w e r e  

e x p e r i e n c e d .

T h e  n o n l i n e a r i t y  o f  s t r e s s - r e s i l i e n t  s t r a i n  r e s p o n s e  

f o r  t h e  s o i l  w as  a p p a r e n t  an d  o f  t h e  sam e p a t t e r n  a s  

r e p o r t e d  b y  Br o w n  e t  a l  (1 9 7 5 ) f o r  a  s i l t y  c l a y .

T h e  f a c t  t h a t  r e s i l i e n t  s t r a i n  d i d  n o t  c h a n g e  s i g n i f ­

i c a n t l y  w i t h  t h e  n u m b er  o f  s t r e s s  c y c l e s  i s  a  u s e f u l  

f i n d i n g  f o r  t h e  p u r p o s e s  o f  a n a l y s i s  e v e n  i f  n o n -  

l i n e a r i t y  h a s  t o  b e  t a k e n  i n t o  a c c o u n t .

CO N CLUSIO N S

1 .  P r e c y c l i n g  an d  d r a i n a g e  c a u s e d  a n  i n c r e a s e  i n  t h e  

r e s i s t a n c e  o f  n o r m a l l y  c o n s o l i d a t e d  s a m p l e s  t o  

s u b s e q u e n t  c y c l i c  l o a d i n g  a t  a  h i g h  s t r e s s  l e v e l  

an d  a  d e c r e a s e  f o r  o v e r c o n s o l i d a t e d  s a m p l e s .

2 .  P r e c y c l i n g  an d  d r a i n a g e  i n c r e a s e d  t h e  u n d r a i n e d  

s h e a r  s t r e n g t h  o f  n o r m a l l y  c o n s o l i d a t e d  s a m p l e s ,  

b u t  h ad  l i t t l e  o r  n o  e f f e c t  o n  o v e r c o n s o l i d a t e d  

o n e s  f o r  t h e  s t r e s s  l e v e l s  w h i c h  w e r e  u s e d .

3 .  T h e  d e c r e a s e  i n  s h e a r  s t r e n g t h  f o l l o w i n g  h i g h  

c y c l i c  s t r a i n s  w as  s i m i l a r  t o  t h a t  o b s e r v e d  i n  

t e s t s  w i t h o u t  d r a i n a g e  p e r i o d s .

4 .  T h e  sam e e f f e c t i v e  s t r e s s  f a i l u r e  e n v e l o p e  ( c 7 =

1 . 4  t / m 2 , cp ' = 3 0 . 7 °)  f o r  o v e r c o n s o l i d a t e d  s a m p l e s  

a p p l i e d  b o t h  w i t h  an d  w i t h o u t  p r e c y c l i n g  an d  

d r a i n a g e .  N o r m a l l y  c o n s o l i d a t e d  s a m p l e s  w h i c h  

h ad  b e e n  p r e c y c l e d  t e n d e d  t o  f a i l  o n  t h e  sam e 

e n v e l o p e  a s  f o r  o v e r c o n s o l i d a t e d  s a m p l e s .

5 .  T h e  m ean  p o r e  p r e s s u r e s  g e n e r a t e d  d u r i n g  c y c l i c  

l o a d i n g  p e r i o d s  w e r e  g e n e r a l l y  s m a l l  b u t  g a v e  r i s e

to  volume changes during  subsequent drainage  

which were q u a l i ta t iv e ly  com patib le  w ith  them.

6 . P recyc lin g  and d rainage caused a decrease in  

p la s t ic  s tr a in  f o r  norm ally  con so lid ated  samples 

in  the t r i a x i a l  te s ts .

7 .  R e s il ie n t  s tra in s  were not s ig n i f ic a n t ly  a ffe c te d  

by p re c y c lin g  and d ra inag e .

8 . The r e s i l i e n t  modulus values from  t r i a x i a l  te s ts  

on overconso lidated  samples were re la te d  to  the  

s tress  fu n c tio n  qr /5g .  Norm ally conso lidated  

samples were r e la t iv e ly  less  s t i f f  due p os s ib ly  

to  is o tro p ic  s tress  c on d ition s  during  conso lida ­

t io n .
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