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SYNOPSIS: The c y c l i c  s t r e s s - s t r a i n  r e l a t i o n s h i p  o f  a  s a t u r a t e d  sa n d  h a s  b e e n  i n v e s t i g a t e d  b y  c y c l i c  

t r i a x i a l  t e s t s  on  c o n s o l i d a t e d  u n d r a in e d  s p e c im e n s  a c c o r d in g  t o  f i v e  d i f f e r e n t  t e s t i n g  c o n d i t i o n s  
and p r o c e s s e s .  The r e s u l t s  o f  t h e  t e s t s  a r e  r e p r e s e n t e d  b y  t h e  n o r m a l iz e d  s h e a r  s t r e s s  v e r s u s  
g e n e r a l i z e d  s h e a r  s t r a i n  p l o t s  a c c o m p a n ie d  w i t h  t h e  n o r m a l iz e d  p o r e  w a t e r  p r e s s u r e  v e r s u s  g e n e r a l ­

i z e d  s h e a r  s t r a i n  p l o t s  a n d  t h e  s t r e s s  p a th  p l o t s .  T hey  a r e  a l l  q u i t e  d i f f e r e n t  fro m  e a c h  o t h e r  
and c a n  n o t  b e  em b ra ced  b y  t h e  e q u i v a l e n t  l i n e a r  m o d e l .  T h e r e f o r e  i t  i s  c o n c lu d e d  t h a t  t h e  r e l i a -  
b i l i y  and  l i m i t a t i o n s  o f  t h e  e q u i v a l e n t  l i n e a r  m o d e l f o r  c y c l i c  s t r e s s - s t r a i n  r e l a t i o n s h i p  o f  s o i l s  
u s u a l l y  u s e d  i n  t h e  e a r t h q u a k e  r e s p o n s e  a n a l y s i s  o f  e a r t h  s t r u c t u r e s  an d  f o u n d a t i o n s  a r e  w o r t h w h i le  
t o  b e  f u r t h e r  i n v e s t i g a t e d .

INTRODUCTION NORMALIZATION OF TEST DATA

Now adays the equivalent linear m odel for cyclic s tre ss-s tra in  re­

lationship o f  soils is em ployed in the earthquake  response analy­

sis o f  earth  structures and foundations. H ow ever, it is noticed 

that in this m odel the qu an tity  o f  perm anent deform ation  or 

residual strain  has been d isregarded which m ay be significant to  

the earth  body un d er earthquake  action , and  the effects o f the 

num ber o f cycles o r cycling history  an d  the changing in pore w at­

er pressure on the s tress-s tra in  relationship  o f  the soil have no t 

been em phasized either. In o rder to  dem onstra te  these over­

looked factors, a series o f cyclic triaxial tests have been run on 

consolidated undrained  sa tu rated  sand specimens under both 

stress and strain  contro lled  conditions, which are to be described 

in the following.

EXPERIMENT

The tests have been run  in a m anually  operated  cyclic triaxial 

testing appara tus. In  each test, the cylindrical testing specimen, 

3.8 cm in diam eter and 10 cm in height, o f  sa tu rated  Fujian 

S tandard Sand o f preassigned density was first consolidated  u n ­

der preassigned lateral pressure <r}0 and  axial pressure <rw (the 

consolidation pressure ra tio  k0 =  <r10/  <t k ), then the cyclic axial 

stress o f  preassigned am plitude A  c ,  o r  cyclic^ strain  o f  

preassigned am plitude A c ,  (with stepped increasing perm anent 

strain in one o f  the cyclic stra in  tests) was applied m anually  to 

the testing specimen. T he values o f  axial stress tr,, axial strain  

£| and change in pore  w ater pressure A u  were read  and recorded 

for certain  specified po in ts in each cycle w ithin each test.

According to  the definitions o f  generalized shear stress q and 

generalized shear stra in  ?,

<7 =  < 7 , - < r 3 = < T , „ + A f f , - a *  = ( 3 / ' / T ) t i>(i (1)

y = e t = ( l / > f 2 b „ ,  (2)

where and yKl are octahedral shear stress and octahedral 

shear strain  respectively. T he m ean effective norm al pressure 

p can be w ritten as

P =  (<*, + 2 < 7 j ) / 3  = p o + A i ,  / 3 - A u = o ttt (3)

where p 0 = (ko+2)o-j0/  3 is the m ean effective consolidation  pres­

sure; <rocl is the effective octahedral norm al pressure. The 

norm alized shear stress is represented by the generalized shear 

stress ratio

V — Q /  P = ( 3  (4)

where >Joci=  Toci /  ffocr The norm alized pore w ater pressure is ex­

pressed in the usual way by

A u  /  =  (A u  /  Pc) ( k 0 +  2) /  3 (5)
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TEST RESULTS

The Fujian  S tandard  Sand possesses a  m ean grain  size o f  0.38 

mm with an uniform ity coefficient o f  1.5. T he relative density  o f 

each testing specimen has been contro lled  to  be D r = 65%  and  the 

corresponding efTective angle o f  in ternal friction has been deter­

m ined to  be ® =  37.5 ° . T he test results are presented in the 

form s o f  r j~ e „  A u /  a 10~ e l an d  q ~ p ’ g raphs as show n in F ig­

ures 1 to  5 which are the typical results ob tained  from  five tests 

m ade according to  five different testing conditions.

In  Fig. 1 and  Fig.2 are the results o f  tw o co n stan t cyclic stress 

am plitude tests with kc =  1 and 2 respectively. T hey are quite  d if­

ferent in appearance. In the k̂ , =  l(F ig .l)  test, a t the beginning o f 

cycling the  strain  e, is very small and  som ew hat on  the 

com pressional side o f  the specimen (e, >  0), bu t the pore w ater 

pressure ra tio  A u  /  a K rises quite fast; a fte r 10 cycles (N >  10)

A  u /  <7j0 becom es over 0.4 and the strain  e, tu rn s to the 

extensional side o f  the specimen(e, < 0 ); after 20 cycles (N >  20) 

et becom es beneath -0 .1  % , A u  /  a x  becom es over 0.5, and the 

cyclical varia tions in e ,and  A u / < r J0 bo th  increase significantly; 

a t the  35th cycle (N =  35) «, =  -(1  — 2)% , the specimen first

100
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x  H a lf  C y c le
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Fig.l. Constant cyclic stress test with k„=  1 Fig.2. Constant cyclic stress test with k0 =  2.
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approaches the sta te  o f lim it equilibrium  on its extensional side 

(»;’= —1.012). H ow ever, on the o th er way, in the k j =  2 (Fig.2) 

test, after the starting  o f  cycling the stra in  «, increases only on  

the com pressional side o f  the specimen (c, >  0) and  A u / < t 30 in- 

creases with e , in a  relatively uniform  rate; w ithin N =  20 —30 the 

specimen first reaches the state  o f limit equilibrium  on its 

com pressional side (r/ =  1.528) while e, » 1 % ;  thereafter, for m ore 

num ber o f  cycles, the cyclical variations in e, and A u / ctm  be­

come larger and even erratic.

In Fig.3 and Fig.4 are the results o f  two constan t cyclic strain  

am plitude tests with k0= 1 and 2 respectively.They also show  dif­

ferences. In the case o f  k0 = 1 (Fig.3), under the action o f  constan t

cyclic strain  am plitude o f  ± 0.27%  the specimen first reaches the 

state  o f lim it equilibrium  on its extensional side (i) = -1 .0 1 2 )  only 

a t the th ird  q u arte r po in t in the first cycle; a t the end o f the first 

cycle A u  /  a M reaches 0.6; thereafter, in the m ore num ber o f  cy­

cles, A u  /  <rx  increases continuously  and  the cyclical variation  in 

t\ becom es chaotic  th a t may be due to  the inaccuracy in the 

com putation  o f rj when p approaches zero. In the case o f 

k0 =  2(Fig.4), as A u  /  <rx  increases gradually  with the num ber o f 

cycles, the cyclic am plitude o f  n also increases accordingly; at 

N =  60 the specimen reaches the state  o f  limit equilibrium  still on 

its extensional side (t\ ' = —1.012); thereafter the — e, loop be­

comes stationary .

Fig J .  Constant cyclic strain test with k0 = 1. Flg.4. C onstant cyclic strain test with k'0 =  2.
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In Fig.S is the results o f  a specially designed test, in which a con­

stant stepped perm anent axial strain  increm ent has been added to 

the specimen at the end o f each strain  cycle o f constan t am plitude 

for the case o f  k0 =  2. It can be seen th a t the configuration  shown 

in Fig. 5 approxim ates to  th a t as show n in F ig .2, b u t they are no t 

concordan t, because in Fig.2 the increase in perm anent strain  is 

no t constantly  stepped and  the cyclic strain  am plitude also varies 

with the increasing num ber o f  cycles. However, the specimen still 

approaches the state  o f  lim it equilibrium  on its com pressional

Flg.S.Stepped increasing cyclic strain test with k0 =  2.

side (rj = 1.528) sim ilar to  th a t as show n in Fig.2. 

FIN A L C O M M E N T S

Based on the results o f  cyclic triaxial tests by using different test­

ing conditions and processes, it can be seen th a t the cyclic 

s tre ss-s tra in  re lationship o f  a  sa tu rated  soil is determ ined by sev­

eral factors an d  is ra th e r complex, b u t there  are som e traceable 

rules. In  all cases, the pore w ater pressure rises with the in ­

creasing num ber o f  cycles, the absolu te peak value o f  r{ increases 

accordingly and approaches the b o u ndary  o f  its state  o f  limit 

equilibrium , i.e., rj = ± 6sin<t> /  (3Tsin<t>), where the upper and 

lower signs are for the com pressional and extensional phases o f 

the testing specimen respectively. In  the constan t cyclic stress 

am plitude tests (F ig .l and Fig.2), w hatever kj, =  1 o r 2, after 

| |>  1% , the  absolu te peak values o f r{ reach o r approach  to 

the boundaries o f  their state  o f lim it equilibrium  and the cyclic 

loops o f  tf ~  «, expand rapid ly  o r  even becom e eratic, th a t indi­

cates the oncom ing o f  failures o f  the specimens. In  the constan t 

cyclic stra in  am plitude tests (Fig.3 and Fig.4), the rj'~  e, curves 

are apparen tly  different from  those m entioned above, a lthough 

the strains e, have been limited w ithin certain  small values, such 

as, |« ,  | < 0 .2 7 %  show n in Fig.3 and  |* ,  | ^ 0.07%  show n 

in Fig.4, the absolu te peak values o f  t{ still can reach the b o u n d ­

aries o f their state  o f  lim it equilibrium .

In the "S tepped increasing cyclic stra in  te s t ' (Fig.5), the 

phenom ena comes ou t to be approxim ate to  th a t o f  the constan t 

cyclic stra in  am plitude test w ith k 0 =  2(Fig.2), bu t they are no t 

concordant.

In view o f  the wide varia tions in the  configurations o f  the 

norm alized cyclic s tre ss-s tra in  relationships represented by  r{~  

e, curves, it is felt th a t the reliability and  lim itations o f  the equi­

valent linear m odel fo r cyclic s tre ss-s tra in  relationship  o f  soils 

usually used in the earthquake  response analysis o f  earth  struc­

tures and  foundations are w orthw hile to  be fu rther investigated.
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