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have fixed, rigid lubricated plane strain faces, 
through which the Intermediate principal stress 
could be applied and treasured. Other equipment 
have flexible lateral faces and pressure on 
these faces Is monitored by maintaining Q 2 “

being the intermediate principal strain. It

An attempt is made in this panel report to 
present prediction of strength, deformation and 
stress-strain response of a granular material 
in fully drained condition under plane strain 
from the data obtained by conducting drained 
axisymmetric compression tests using enlarged 
lubricated end platens. Use o£ such end platens 
result in near uniform deformations over the 
entire specimen with slender ratio equal to one. 
The importance of obtaining data under plane 
strain conditions cannot be overemphasised 
since large number of problems correspond to 
plane strain or near plane strain conditions, 
such as in earth dams, earth retaining struc­
tures, foundations, etc. in order to predict 
the performance of these structures, behaviour 
of soils need to be examined under plane strain. 
In most laboratories plane strain equipment 
does not exist and therefore, if relationships 
are established linking the behavioural pattern 
in axisymmetric compression to plane strain 
compression, this difficulty could be overcome 
and the analysis could be carried out with 
required degree of sophistication.

Some of the plane strain equipment in vouge

^2
is interesting to note that these systems 
adopted in maintaining plane strain condition do 
not significantly influence the performance 
behaviour of the specimens. (Ramamurthy et al, 
1981).

At the Indian Institute of Technology, Delhi a 
Universal Triaxial Apparatus with flexible 
boundaries on the lateral faces has been in use 
for several years. (Ramamurthy, 1970, Rawat 
1976, Shankariah 1977, Rawat and Ramamurthy,
1978). Figure 1 shows the entire set up of the 
Universal Triaxial Apparatus which can produce 
general stress conditions including plane 
strain condition.

Various researchers working with plane strain 
apparatus have established relationship between 
intermediate principal stress and other data 
obtained from this test. Bishop (1966) gave 
the following relationship.

« V p ( 1)

The subscript p denotes values pertaining to 
plane strain condition and 0 ,̂ 0^, are the

major, intermediate and minor principal 
stresses.

Green (1971) found the following relationship 
valid for dense Ham River sand,

« V p  = A
( 2 )

Working with Kaolin, Hanfcy and Roscoe (1969) 
gave the following expression

Fig. 1 Set up of Universal Triaxial Apparatus

« V p  = s (
18 - H2 + 9n'2 ^ (3)

2(M + 9) 

where s = •j (0^ + °3 )p

t - ì ( 0i- < r 3)p
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n'  = t / s  

and  M a  6  s i n  j i c / (  3 - s i n  jtc )

Oh t a  an d  Ha t a  ( 1971)  h a v e  s u g g e s t e d  t h e  
f o l l o wi n g  s i mp l e  ex p r e s s i o n ,  f o r  t h e  c a s e  wh e n  
1 Q& e r r o r  i s  pe r mi t t ed .

Th i s  c a n  b e  s i mp l i f i e d  t o

« ^ p
( 4)

Pa r r y  ( 1971)  h a s  u s e d  a s i mi l a r  e x p r e s s i o n  
h a v i n g  t h e  s ame f o r m as  e q u a t i o n  ( 4) .

( <^ ) p  =  0 . 4  ( 0 i  + CJ3 5p ( 5)

Ba s e d  o n  a s t r e s s - d i l a t e n c y  t h e o r y  wh i c h  t a k e s  
i n t o  c o n s i d e r a t i o n  t h e  a n i s o t r o p y  of  s o i l ,  
Ta t s u o k a  ( 1976)  d e r i v e d  t h e  f o l l o wi n g  
e x p r e s s i o n .

- 1 / ( K+1 ) K/ ( K+1 )  1 / ( K+1 )
. a  ( 6 )

wh e r e  K = t a n 2 ( 45 + ■j <f>̂)

=  Me a n  a n g l e  of  i n t e r p a r t i c l e  f r i c t i o n

( O- i / Ô )  =  St r e s s  r a t i o  i n  p l a n e  s t r a i n

a  =  A f a c t o r  t a k i n g  a n i s o t r o p y  i n t o
c o n s i d e r a t i o n  = ( d e 2  / d  ^  3) <i i  ar * *  o b t a i n e d

f r o m a x i s y n me t r i c  t r l a x i a l  t es t .

F i n a l l y  f r o m e l e c t r o - p l a s t i c  t h e o r y  of  L a d e  and  
Du n c a n  ( 1975) ,  p u t t i n g  € 2 “  Ci c k i n  a r d  Br o wn

( 1977)  h a v e  d e r i v e d ,  f o r  t h e  p l a n e  s t r a i n  c as e ,  

^ p "  i ^ T T * f f l ) p  <7 >

wh e r e  D =  Di l a t a n c y  f a c t o r  

R =  St r e s s  r a t i o  

Cj  =  Ma j o r  p r i n c i p a l  s t r e s s

Al l  ab o v e  q u a n t i t i e s  r e f e r  t o  p l a n e  s t r a i n  
c o n d i t i o n «

As  s e e n  f r o m t h e  r e l a t i o n s h i p s  p r e s e n t e d  abov e  
t h e r e  i s  n o  r e l a t i o n s h i p  f r o m wh i c h  ( 0 j >) p Ca n

b e  c o mp u t e d  e x c l u s i v e l y  f r o m t h e  d a t a  of  
a x i s y mme t r i c  t es t «

F r o m t h e  l a r ge  a mo u n t  of  d a t a  a v a i l a b l e  i n  
l i t e r a t u r e  i n  a d d i t i o n  t o  d a t a  o b t a i n e d  f r o m 
Un i v e r s a l  T r l a x i a l  Ap p a r a t u s  i t  h a s  b e e n  n o t e d  
t h a t  t he  r a t i o  of  me a n  s t r e s s  t o  d e v i a t o r  
s t r es s ,  b o t h  at  f a i l u r e ,  i n  t r i a x i a l  c o mp r e ­
s s i o n  and p l a n e  s t r a i n  a r e  equa l ,  i . e.

/  ° 1 + ° 2 + ° 3\  i ° l  +  ° 2 + ° 3 ^

v  ° i - °3 0-3 p ) p
( 8 )

1 

8 l n  

wh e r e  b_

s i n  j i p  

"  a3 )
v °i - 0 3 '/

i s

p

( ol 2+ a ,  ) p  =  T  c o s V p

By  adop t i ng .

Me  ob t a i n ,

s i n  d + 3  ( ■, ^  j  ■ — —3—^ j  ) ™ 1
r P  s i n  <pQ s i n

Fu r t h e r ,  b y  a d o p t i n g

( 9)

<° 2 >p “ ° i  ‘V p

We  ob t a i n ,

3 s i n  f tp -  s i n  ( s i n  jtfp  + c o s  0 p ) =  2 s i n  pc

( 10)

Eq u a t i o n s  ( 9)  and  ( I O)  c o n n e c t  t h e  t r i a x i a l  
c o mp r e s s i o n  s t r e n g t h  t o  p l a n e  s t r a i n  s t r eng t h .  
I t  h a s  b e e n  f o u n d  t h a t  e q u a t i o n  ( 9)  i s  v a l i d  
f o r  l o o s e  s a n d s  wh i c h  s h o w s ma l l  o r  z e r o  d i l a ­
t i o n  wh i l e  e q u a t i o n  ( 9)  i s  v a l i d  f o r  d e n s e  
s o i l s  wh i c h  s h o w l a r g e  d i l a t i o n  at  f a i l u r e .  I n  
o r d e r  t o  c a l c u l a t e  t h e  p l a n e  s t r a i n  s t r e n g t h  at  
any  r e l a t i v e  d ens i t y ,  t h e  f o l l o wi n g  e q u a t i o n  
g i v e s  g o o d  ag r eemen t ,

h  = 1<42 ( ^P 1 0  -  ¿ P 9 ) ( I D -  0 * 2 5 )  +  * p 9  ( 1 1 )

wh e r e  j i  = p l a n e  s t r a i n  s t r e n g t h  at  t he  
p  d e s i r e d  r e l a t i v e  d e n s i t y

( I D e x p r e s s e d  as  f r a c t i o n )

and  r e f e r  t o  ^ p  c a l c u l a t e d  a c c o r d i n g

t o  e q u a t i o n s  ( 9)  and ( 10)  r e s p e c t i v e l y .

F r o m abov e ,  b y  u s e  of  e q u a t i o n  ( 11)  an d  ( 8 ) i t  
i s  p o s s i b l e  t o  c a l c u l a t e  t h e  ma j o r  an d  i n t e r ­
me d i a t e  p r i n c i p a l  s t r e s s e s  f o r  p l a n e  s t r a i n  
c o n d i t i o n  f r o m t h e  r e s u l t  of  o n l y  t r i a x i a l  
c o mj r e s s l o n  t e s t  ( Ra ma mu r t h y  and  To k h i ,  1981) .

I t  h a s  b e e n  o b s e r v e d  b y  t h e  e x a mi n a t i o n  of  
l a r g e  a mo u n t  of  a v a i l a b l e  d a t a  t h a t  t h e  r a t i o  
of  l a t e r a l  s t r a i n  t o  a x i a l  s t r a i n  i n  p l a n e  
s t r a i n  at  f a i l u r e  c a n  b e  c o n v e n i e n t l y  e x p r e s s e d  
b y  t h e  f o l l o wi n g  e mp i r i c a l  e x p r e s s i o n ,  ( To k h i  
and Ra ma mu r t h y  1980)

V i i  h
C O S /  -  1 . 71 ( 12)

F r o m t h e  c r i t i c a l  e x a mi n a t i o n  of  e x p e r i me n t a l  
r e s u l t s  o f  v a r i o u s  i n v e s t i g a t o r s  i t  h a s  b e e n  
f o u n d  t h a t  t h e  r a t i o  of  f a i l u r e  ax i a l  s t r a i n  
i n  t r i a x i a l  c o mp r e s s i o n  t o  t h a t  i n  p l a n e  s t r a i n  
i s  a f u n c t i o n  of  r a t i o  of  me a n  s t r e s s  and  
p r i n c i p a l  s t r e s s  r a t i o  at  f a i l u r e  i n  t h e  t wo
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t est  condi t i ons.  The f ol l owi ng expr essi on 
gi ves good agr eement  wi t h t he exper i ment al  
r esul t s,

• £ ( 13)

wher e

Rc = Pr i nci pal  st r ess r at i o ( Gj / 0^)  at  

f ai l ur e i n t r i axi al  compr essi on

R = Pr i nci pal  st r ess r at i o (Ô/CT-j ) at  

f ai l ur e i n pl ane st r ai n*

( Ô Je = Mean st r ess at  f ai l ur e i n t r i axi al

« V p

t est  =( i / a) ( o£ + 2 <r3 )c

Mean st r ess at  f ai l ur e i n pl ans 
st r ai n t est  cal cul at ed as equal  t o 
d/ 3)  ( c^ +J3[ ' 0 5  + cr3 )p

Al so i n pl ane st r ai n t he f ai l ur e r at i o ( Rf ) 
as def i ned by Duncan and Chai g ( 1970)  i n 
hyper bol i c st r ess st r ai n f or mul at i on suggest ed 
by Kondner  ai d zel asko i s gi ven by t he 
f ol l owi ng expr essi on,

<R£ >c 2 j
( 14)

AXIA L STRAIN d

Fi g.  2 Tr ansf or med pl ot  ver sus - Oj )
f or  pl ane st r ai n condi t i on

Fi gur e 3 shows t he pr edi ct ed st r ess st r ai n 
cur ves i n pl ane st r ai n usi ng t he dat a f r om 
axi symnet r i c compr essi on t est s.  The exper i ­
ment al  dat a ar e al so shown i n t hese f i gur es.  
Lar ge nunber  of  dat a i s avai l abl e,  but  onl y 
a f ew pr edi ct i ons f r om a wi de r ar ^e of  
r esear cher s ar e i ncl uded i n t hi s f i gur e t o 
emphaci se t he successf ul  appl i cat i on of  t he 
t heor y out l i ned above.

I t  has al so been obser ved t hat  t he st r ess 
st r ai n r esponse i n pl ane st r ai n upt o f ai l ur e 
i s essent i al l y hyper bol i c i n nat ur e.

Fr om t he f or egoi ng,  by t he use a£ equat i ons 
11,  13 and 14,  and t he r esul t s of  t r i axi al  
compr essi on t est ,  i t  i s si mpl e t o cal cul at e 
( 0^ -  Ĉ ) £p , ( 61f )p and (Rf )p* Wi t h t hese i t

i s possi bl e t o pr edi ct  t he st r ess- st r ai n r es­
ponse i n pl ane st r ai n ( Tokhi  1981) .  Fi gur e 2 
shows t he t r ansf or med pl ot  of  £ ¡ ver sus €//

( 0^ “  0^)  i n pl ane st r ai n.  Si nce.  ( Ô  -  CT̂ )f p

and ( ^ ^ ) p & e pr edi ct ed,  t he f ai l ur e poi nt  A

can be l ocat ed.  Al so si nce ( R̂ ) p c an be

pr edi ct ed,  t he sl ope of  t he st r ai ght  l i ne 
passi ng t hr ough A ( = bO on t he t r ansf or med 
pl ot  i s gi ven by

b 1 = (R
f V ' i  -  V «P

( 15)

I 0}  - O 3 ) 

kN/ ni

.10'
12

10

e

6

4

2

0

l a )

n;  > 3 3 . 9  V. ID) 

r>| > 3 6 . 3 %  IM) 

n, « 38.6 %  ILI

RAWAT 1976 

CTj .201 kN/mz 
I S0T R 0.  PLANE STRAIN 

OTTAWA SA ND

2 3 4 

AXIAL STRAIN %

Fi g.  3( a) :  Pr edi ct ed cur ves f or  pl ane st r ai n 
condi t i on f r om dat a of  axl synmet r i c 
compr essi on t est ,  ( n^ = I ni t i al

por osi t y,  D = Dense,  M a Medi um 
dense,  L °  Loose)

Knowi ng b 1, t he i nt er cept  a ’ whi ch i s i nver se 
of  i ni t i al  t angent  modul us ( ■=> OB)  i s gi ven by 
f r om f i gur e 2 as

«'  3 1/ ( Ei )p = 61f p d  -  Rf p) / ( ° i  -  Oi ) f p <16>

The l i ne AB r epr esent s t he st r ess- st r ai n 
r el at i onshi p i n pl ane st r ai n on t he t r ansf or med 
pl ot .  The devi at er  st r ess ver sus axi al  st r ai n 
can t hen be comput ed f r om t he f ol l owi ng 
equat i on.

(CTi  ~ a3, = € i / ( a' + b ' £ 1) <17>

Exami nat i on of  l ar ge dat a publ i shed on axi sy-  
mmet r i c compr essi on ( b = O)  and ext ensi on 
( b = 1)  st r engt hs obt ai ned f r om speci mens 
t est ed wi t h usual  pr ecaut i ons t o pr oduce condi ­
t i on of  near  uni f or m def or mat i on i n t he ent i r e 
speci men and al so t he pl ane st r ai n st r engt h 
dat a,  i t  has been obser ved t hat

¿c <  J*P> ¿e

* * *  Pc 0  K

I j i  -  ^  1 i s essent i al l y due t o ani sot r opy,

i nt r oduced dur i ng deposi t i on,  par t i cl e shape 
and whet her  t he mean st r ess i s i ncr easi ng.
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Fig. 3(b): Predicted curves f ar  plane strain
condition from data o£ axisymmetric 
compression test. (Iso = Isotropi- 
cally consolidated speciman, 
n^ = Initial porosity.

Fig. 3(c): Predicted curves for plane strain
condition from data of axisymmetric 
compression test:
HPS Horizontal plane strain 
VPS Vertical plane 3train 
AC Axisymmetric compression 
PS Plane strain 
Iso Isotropically consolidated 

specimen

decreasing or remaining constant in extension 
compared to that in compression test. It has 
been clearly brought out by Tokhi and 
Ramamurthy (1981) that 0  obtained from axi- 
symmetric triaxlal tests using enlarged and 
lubricated end platens should be treated as 
reliable since the specimen deforms under least 
lateral constraints and that throughout the 
range 0 <b<l, ^p is the maximum strength.

This behaviour could be represented in two sta­
ges, one from b = 0 to b = bp (i.e. upto plane

strain) and another from b = b to b = 1.
P

Examination of large data of such behaviour 
enabled to represent this behaviour in the 
following forms (Tokhi, 1981). In the region 
0 < b <b p

si n -  si n + ( si n -  si n 0c )(5“ )n ( 18)

and i n t he r egi on bp <  b <  1,

si n 0b “ [ si n -  Cs± n f>p -  si n f e ) •

(19)

A representative value of n = 0.6 and n* *= 1. 4 
gives good agreement with experimental data of 
several researchers. An enpirical value of b 
as follows is used in above equations. P

b = 0.535 - 0.000625 «L 
p ' c

( 20 )

Out of large data interpreted according to 
above a few curves are shown in Figure 4 which 
show the plot of equations 18 and 19 indicated 
by solid lines. Experimental points are also 
shown and a good agreement is suggested.

Orn DECREASES

0 0.2 0.4 0.6 0.8 1.0 

b . (Oj -CTjl/KT,-̂ !

Fig. 4: Predicted relationship showing 
variation of versus b

In conclusion this report has attempted to 
highlight three points that by sinple proce­
dures it is possible to predict (i) the plane 
strain strength (ii) the stress-strain curve 
in plane strain from data of axisymmetric tests 
alone and (ill) a new approach is presented in 
defining a failure criteria in a manner that 
minimizes the deviation of strength at any 
value of b and the experimentally determined 
strength. The failure criteria is definable 
by experimentally determining fi c ,  fS& and

When proper equipment for determination of

is not available, its value can be predicted 
as explained earlier.

The author wishes to express his gratitude to 
Mr. Tokhi for his help at every stage in the 
preparation of this report.
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TW O C O M M E N T S  ON L A B O R A T O R Y  T E S T S

Triaxial tests are widely used to day and many of 
the contributions to this conference present the­
ories based on such tests. But interpretation of 
triaxial test results is problematic and use of 
other test types should be taken under considera­
tion .

The first comment deals with the inclined failure 
surface, which develops especially in firm soils, 
more seldom in weak soils. Let us consider a pre­
consolidated clay with well known properties, 
e<en before sampling (fig. 1). The drained
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strength is smaller than the undrained strength, 
so it is an unstable soil. For large strains 
critical states occur, q and ev get constant for 
constant value of p. (q is the deviation stress, 
ev the volumetric strain, and p the total, mean 
normal strength.)

This soil will now be investigated in an undrain­
ed triaxial test with the height of the specimen 
twice the diameter.Initially the test result 
follows the undrained performance curve. But when 
q increases the soil will try to expand. It should

6 65



be impossible since the drains are closed. But in­
side the sample water flows from some parts which 
get stiffer to some parts which get weaker. The 
test is not undrained any longer (fig. 2).

As the drained zone develops it dominates the 
performance curve. The strains should be calcu­
lated by using the unknown width of the zone in­
stead of the height of the sample, so becomes 
wrong too (fig. 3). Inside the drained zone the 
critical state develops in a narrow band as the 
test goes on. The wellknown failure surface ap­
pears at the surface of the sample, and the 
dominating stress state is now plane instead of 
triaxial (fig. 4).

The measured curve has very little to do with the 
real properties of the soil. Every time a distinct 
failure surface appears during the tests, the re­
sult should normally not be used to 'scientific 
purposes. So the main problem as illustrated in 
this example is tq ensure that t heor i es do not  
r ef l ect  t est  er r or s but  t he r eal  pr oper t i es  of  
t he soi l .

The second comment deals with the choice of lab­
oratory tests on soil elements. When using 
samples, which height equals the diameter, and 
observing homogeneously distributed strains, we 
got nearly correct results (fig. 1). But today 
we have realized that the axisymmetrical state is 
very special and does normally not occur in the 
nature. For practical purposes we therefore have 
to correct the triaxial results by means of com­
plicated theories.

It is, however, possible to avoid corrections of 
test results by analyzing the stress and strain 
states in the actual case and then choose a lab­
oratory equipment, which fulfils the stress and 
strain conditions. Some examples are shown in the 
table. The use of the triaxial apparatus will 
then be reduced essentially. It is still con­
venient for studying basic phenomena but the 
plane strain apparatus is proposed to replace it 
in most problems.

In stability problems failure often takes place 
in narrow bands and in that case tests with dis­
tinct failure surfaces should be used to measure 
the residual strength of the soil.

Table 1. Use of laboratory tests

1. Settlement calculations 
e.g. Oedometer tests

2. Study of basic phenomena 
e.g. Triaxial tests (h = D)

3. Stress-strain relationships 
Homogeneous specimens:
e.g. Plane strain tests (H = D)

True triaxial tests

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

4. Stability problems 
Narrow band tests
e.g. Triaxial tests (H = 2D) 

Shear box tests 
Plane strain tests (H = 2D)

5. Other practical problems
e.g. Plane strain tests (H = D)
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Mr .  Chai r maA,  Ladi es and Gent l emen,  at  t he ver y out set  
I woul d l i ke t o congr at ul at e t he Gener al  Repor t er ,
Mr .  P. V.  Soos and t he Co- Repor t er ,  Mr .  G.  Sal l f or s f or  
t hei r  excel l ent  r epor t  summar i zi ng t he 64 paper s 
pr esent ed i n t hi s sessi on and t o hi ghl i ght  t hem f r om 
ot her  r el at ed publ i cat i ons.  I t  i s i ndeed an enor mous 
t ask,  when one consi der s t he wi de r ange of  t opi cs 
t hat  ar e cover ed i n t hese paper s, when compar ed t o t he 
or i gi nal  i nt ent i on of  havi ng cont r i but i ons on r el e­
vance of  l abor at or y t est i ng;  st andar di zat i on of  
l abor at or y t est i ng f or  pr act i cal  appl i cat i ons,  new 
l abor at or y t est i ng met hods;  and,  model  t est s.

The paper s pr esent ed her ei n i ncl ude al most  al l  t he 
aspect s of  soi l  mechani cs st ar t i ng f r om i ndex t est s,  
act i vi t y and soi l  cl assi f i cat i on;  seepage and per mea­
bi l i t y;  ef f ect i ve st r ess pr i nci pl e of  par t i al l y sat u­
r at ed soi l s;  i n- si t u st r ess and K0 det er mi nat i on;  
compact i on;  Cal i f or ni a Bear i ng Rat i o;  consol i dat i on;  
swel l ,  shr i nkage and soi l  f r eezi ng;  st r engt h and 
def or mat i on;  and cycl i c l oadi ng.  These pr oper t i es 
seem t o have been st udi ed on a wi de r ange of  mat er i al s 
such as sand wi t h di f f er ent  r el at i ve densi t y,  cl ays 
wi t h di f f er ent  consi st ency and sensi t i vi t y,  mi xed soi l  
wi t h gr ai n si ze di st r i but i on var yi ng f r om cl ay si ze t o 
cr ushed r ock.  Al so,  i ncl uded her ei n ar e soi l s of  
di f f er ent  geol ogi cal  or i gi n and char act er i st i cs such 
as r esi dual  soi l s,  expansi ve soi l s,  sof t  r ocks,  mud­
st ones,  t uf f ,  et c.  Wi t h t he except i on of  har d r ock,  
al l  ot her  mat er i al s seem t o have been ment i oned i n one 
way or  anot her .  Mor eover ,  i n car r yi ng out  t hi s st udy 
many t ypes of  appar at us new and ol d have been used and 
t hese i ncl ude Swedi sh f al l  cone,  r i ng shear  appar at us,  
pr essur emet er ,  oedomet er  st andar d and modi f i ed,  si mpl e 
shear ,  di r ect ,  shear ,  bi axi al ,  st andar d and t r uel y 
t r i axi al  appar at us,  and al so cent r i f uge,  among many 
ot her s.  Even i n a t ypi cal  appar at us such as t he 
st andar d t r i axi al ,  sampl es of  many si zes ar e bei ng 
t est ed i n a var i et y of  manner  under  UU,  CI U,  CAU,  CI D,  
and CAD condi t i ons.  An i mpr essi ve l i st  of  mat er i al  
behavi our  such as swel l ,  shr i nkage,  f r i ct i on,  f r act ur e,  
el ast i ci t y,  pl ast i ci t y,  cr eep,  r heol ogy,  i sot r opy,  
ani sot r opy and sever al  ot her s ar e di scussed at  var i ous 
l evel s of  sophi st i cat i on.  Ment i on shoul d al so be made 
of  t he t heor i es descr i bed,  such as t he f ai l ur e cr i t e­
r i a of  t he Ext ended Tr esca t ype,  cr i t i cal  st at e concept  
of  Roscoe Schof i el d and Wr ot h,  Cam Cl ay Theor y of  
Schof i el d and Wr ot h,  Hvor sl ev f ai l ur e cr i t er i on,  
Bar r on' s t heor y of  equal  st r ai n and al so Del ay Model s 
and Memor y concept s.  Thus I  am f or t unat e t o have r ead 
and l ear ned a l ot  f r om t he cont r i but ed paper s.

At  t he same t i me,  I  wonder  whet her  l abor at or y t est i ng 
has t o be consi der ed as an exer ci se whi ch pr ovi des 
r el evant  soi l  pr oper t i es or  par amet er s,  t o be det er ­
mi ned f r om ar t i f i ci al l y pr epar ed,  or ,  on undi st ur bed 
sampl es t aken f r om i n- si t u condi t i ons under  car ef ul  
sampl i ng.  Test s on ar t i f i ci al l y pr epar ed sampl es ar e 
of t en conduct ed under  cont r ol l ed condi t i ons,  even 
t hough,  t hey do not  r epr esent  many of  t he char act er i s­
t i cs exhi bi t ed by nat ur al  deposi t s.  Such t est s ar e 
of t en car r i ed out  t o devel op si mpl e t heor i es whi ch can 
be subsequent l y modi f i ed t o i ncor por at e many f i el d 
condi t i ons,  and,  ar e of  t he f or m t hat  most  engi neer s 
can under st and,  and,  use t hem i n t hei r  si t e i nvest i ga­
t i on and desi gn wor k,  t o r educe t he expenses i n 
car r yi ng out  an ext ensi ve ser i es of  t est s.  Thus,  we 
ar e f or t unat e i f  a par t i cul ar  t heor y can be used t o 
eval uat e a f ew soi l  par amet er s whi ch can descr i be a 
cer t ai n phenomenon t o a r easonabl e degr ee of  accur acy.  
Ter zaghi ' s t heor y of  consol i dat i on i s a cl assi cal

A. S.  Bal asubr amani am,  Panel i s t

exampl e,  wher e,  even t nough t he t heor y i s not  adequat e 
t o t ake car e of  many phenomena such as secondar y con­
sol i dat i on, agi ng,  ani sot r opy et c. ,  yet  t he t heor y i s 
used al most  i n al l  i nst ances t o est i mat e t he pr i mar y 
consol i dat i on set t l ement  f or  a f i r st  degr ee of  
appr oxi mat i on.  At  pr esent ,  our  conf i dence i n t aki ng 
good qual i t y undi st ur bed sampl es ext end onl y t o 
homogeneous cl ays and as such l abor at or y t est s t o 
eval uat e soi l  par amet er s need t o be sophi st i cat ed i n 
avoi di ng possi bl e exper i ment al  er r or s.  Si mi l ar l y,  
r ef i ned t heor i es can al so be appl i ed i n desi gn wor ks.
I t  i s t hus cl ear  t hat  t he degr ee of  sophi st i cat i on 
appl i ed shoul d have t he same wei ght age r el at ed t o 
sampl i ng,  t est i ng and i n usi ng t heor i es.

Soi l  mechani cs r el at ed t o sof t  and st i f f  cl ays ar e now 
wel l  advanced and i t  seems f r om t he wor k of  Bj er r um,  
Casagr ande,  Peck,  Skempt on and ot her s,  basi c pr oper t i es 
as der i ved f r om i ndex t est s and cl ay f r act i on ( act i vi t y)  
can never  be i magi ned t o di sappear  or  even be i mpr oved 
i n soi l  cl assi f i cat i on and i n est i mat i ng st r engt h and 
compr essi bi l i t y par amet er s.  Bj er r um i n par t i cul ar  has 
used i ndex pr oper t i es ext ensi vel y i n sof t  cl ays t o 
i dent i f y t he st r ess hi st or y,  undr ai ned st r engt h and 
even t o t he ext ent  of  cor r el at i ng saf et y f act or s wi t h 
pl ast i ci t y i ndex.  On t he ot her  hand t her e st i l l  
r emai ns and enor mous amount  of  soi l  deposi t s such as 
r esi dual  soi l s,  expansi ve soi l s,  di sper si ve soi l s,  
col l apsi bl e soi l s et c. ,  among ot her s f or  whi ch such 
empi r i cal  cor r el at i ons ar e not  yet  avai l abl e f or  
pr act i si ng engi neer s.  I am gl ad t o not e t hat  at  l east  
a f ew paper s i n t hi s sessi on ar e devot ed t o t he st udy 
of  soi l s ot her  t han cl ays and i n par t i cul ar  compact ed 
and par t i al l y sat ur at ed soi l s.  Our  abi l i t y t o t ake 
good qual i t y sampl es i n t hese mat er i al s and t o t est  
t hem i n t he l abor at or y t o eval uat e usef ul  par amet er s 
have a l ong way t o go bef or e i t  can r each t he same 
l evel  of  devel opment  as t hat  has been achi eved i n 
sof t  and st i f f  cl ays.  We ar e at  pr esent  di scussi ng 
t he cor r el at i on of  t he behavi our  of  sand sampl es as 
t est ed i n t he pl ane st r ai n appar at us,  t r uel y t r i axi al  
appar at us and i n st andar d t r i axi al  appar at us,  when 
t he onl y t est  t hat  seem t o be car r i ed out  i n sand 
deposi t s i n many par t s of  t he wor l d t oday i s t he 
St andar d Penet r at i on Test  or  t he cone penet r at i on t est  
whi ch ar e pur el y empi r i cal  i n nat ur e.  We ar e i ndeed 
even di scussi ng t he r ol e of  yi el d f unct i on,  pl ast i c 
pot ent i al  and nor mal i t y r ul e i n successf ul l y descr i b­
i ng t he st r ess- st r ai n behavi our  of  l abor at or y pr epar ed 
sand speci mens,  when undi st ur bed sampl e of  sand i s yet  
i n i t s ear l y st age i n many count r i es.

Anot her  ar ea whi ch i s not  wel l  devel oped i s r el at ed t o 
const r uct i on mat er i al s.  An enor mous amount  of  soi l  
and cr ushed r ock ar e used i n const r uct i on r el at ed t o 
hi ghways,  r ai l  r oads,  embankment s,  and ot her  t ypes of  
dams.  Of  t he si xt y f our  paper s pr esent ed i n t hi s 
sessi on onl y a handf ul  deal  wi t h t hi s i mpor t ant  ar ea 
of  r esear ch i n whi ch,  af t er  al l ,  a l ar ge sum of  money 
i s cur r ent l y spent  i n devel opi ng count r i es. The 
di f f i cul t y seems t o l i e i n t he avai l abi l i t y of  l ar ge 
scal e t est i ng devi ces i n most  of  t he l abor at or i es.
Mor e l abor at or y t est i ng met hods are-  t o be devel oped t o 
t est  l ar ge si ze mat er i al s.

I n t he devel opment  of  t he st r eSs- st r ai n t heor i es,  t he 
cr i t i cal  st at e concept  devel oped by Roscoe,  Schof i el d 
and Wr ot h and t he associ at ed st r ess- st r ai n t heor i es 
have r ecent l y been used ext ensi vel y on many t pes of  
soi l s and has al so been modi f i ed t o t ake car e such 
aspect s as ani sot r opy,  r epeat ed l oadi ng,  et c.  Onl y a 
f ew paper s i n t hi s sessi on seems t o appl y t hese 
concept s f or  sof t  r ocks,  mudst ones et c.  and al so t o 
t he behavi our  under  cycl i c l oadi ng.  I  do agr ee wi t h 
t he r epor t er s when t hey ment i oned t hat  t hei r  comment s
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aTe at  t i mes cr i t i cal  i n t he hope t hey wi l l  st i mul at e 
di scussi on dur i ng t he conf er ence.  I  t hus di sagr ee 
wi t h t hei r  openi ng st at ement  i n Sect i on 5. 1. 3 whi ch 
says,  si nce cr i t i cal  st at e soi l  mechani cs was i nt r o­
duced i n t he ear l y 60' s much ef f or t  has been made t o 
pr ove or  di spr ove t he t heor y.  The cr i t i cal  st at e con­
cept  as devel oped i n 1958,  opened up a new l i ne of  
t hi nki ng t o soi l  engi neer s who have been l ong st ag­
nat ed wi t h Mohr  ci r cl e of  st r esses and st r engt h.  Much 
of  t he wor k done i n 60' s i s t o est abl i sh cr i t i cal l y 
t he pot ent i al  of  t he t heor y,  and,  met hods by whi ch i t  
can be appl i ed on undi st ur bed sampl es f or  engi neer i ng 
pr act i ce.  I n t he l ast  i nt er nat i onal  conf er ence hel d 
i n Tokyo i n 1977 mor e t han t wo- t hi r ds t he publ i shed 
paper s i n t he sessi on on st r ess def or mat i on of  soi l s 
r ef er  t o t he cr i t i cal  st at e concept  and i t s appl i ca­
t i on i n a wi de r ange of  mat er i al s. Cur r ent l y,  most  
i nst i t ut i ons i n many par t s of  t he wor l d ar e act i vel y 
engaged i n devel opi ng st r ess- st r ai n l aws f or  soi l s 
and r ocks.  I ndeed,  t he si mpl i f i ed yi el d l oci  pr e­
sent ed by Lar sson 5 Sal f or s f or  t he Swedi sh cl ay i s 
one such appl i cat i on.  On t he ot her  hand,  t he wor k of  
Wen- Xi - Huang,  Ji a Li n Pu and Yu Ji ong Chen i n Peopl es 
Republ i c of  Chi na ar e ext ensi ons of  t he f l ow r ul e and 
t he nor mal i t y concept  adopt ed by Schof i el d and Wr ot h.

Many t ypes of  soi l  deposi t s ar e bei ng ext ensi vel y 
st udi ed and i n t he case of  Sof t  Cl ays,  especi al l y t he 
Bangkok Cl ay,  Scandi navi an Cl ays,  t he Sensi t i ve 
Canadi an Cl ays and t he Bost on Bl ue Cl ay ar e a f ew t o 
be ment i oned.  A l ar ge vol ume of  dat a col l ect ed f or  
near l y t wo decades,  has enabl ed t he anal ysi s t o be 
car r i ed out  usi ng var i ous t ypes of  st at i st i cal  
met hods i ncl udi ng t he hi gher  or der  r egr essi on anal ysi s 
such as t he f act or  anal ysi s.  Such anal ysi s seems t o 
i ndi cat e t hat  most  soi l  pr oper t i es such as undr ai ned 
st r engt h,  pr econsol i dat i on pr essur e,  compr essi on 
i ndex et c. ,  can be model l ed as pr obabi l i t y di st r i bu­
t i ons whi ch can be easi l y i ncor por at ed i n set t l ement  
and st abi l i t y anal ysi s t o yi el d t he l at t er  i n t he 
f or m of  pr obabi l i t y f unct i ons.  I t  i s t hus now 
possi bl e t o quant i f y t he uncer t ai nt i es i nvol ved i n 
t he set t l ement  and st abi l i t y anal ysi s.  Consi der abl e 
scat t er  i s not ed i n many of  t he exper i ment al  dat a 
pr esent ed i n t hi s sessi on and i t  appear ed even si mpl e 
r egr essi on anal ysi s i s not  car r i ed out  t o obt ai n 
t he best  f i t  cur ve t o t he t est  dat a.  Al so,  t he or der  
of  magni t ude of  t he scat t er  i n t he t est  dat a seems t o 
out wei gh t he r ef i nement  t hat  can be obt ai ned by 
i nvest i gat i ng such phenomena as ani sot r opy,  cr eep,  
et c.  St at i st i cal  concept  and dat a anal ysi s ar e now 
bei ng i ncr easi ngl y used i n al l  br anches of  ci vi l  
engi neer i ng.

An addi t i onal  poi nt  t o be emphasi zed i s t he er r or s 
and l i mi t at i ons of  t est i ng devi ces.  Many st andar d 
equi pment  such as t he t r i axi al  appar at us or  t he 
oedomet er  has been i n exi st ence f or  near l y t hr ee 
decades and t hei r  possi bl e er r or s and l i mi t at i ons ar e 
bei ng i nvest i gat ed ext ensi vel y.  Such i nvest i gat i ons

ar e al so t o be ext ended t o t he new equi pment  devel op­
ed i n t he r ecent  past  t o eval uat et he uni f or mi t y i n 
st r esses,  st r ai ns and ot her  pr oper t i es t hat  ar e bei ng 
measur ed.

Whi l e r eadi ng many of  t he paper s pr esent ed her e and 
el sewher e i t  appear s t hat  I SSMFE shoul d as f ar  as 
possi bl e st andar di ze not  onl y t he t est i ng devi ces and 
t est i ng pr ocedur es but  al so t he t ype of  not at i ons and 
t er mi nol ogy t hat  ar e used i n common pr act i ce.  Even 
t hough t her e ar e st andar d not at i ons,  i t  seems t hey 
ar e not  st r i ct l y adher ed t o i n t he publ i cat i ons.  When 
i t  comes t o t er mi nol ogy,  i t  i s st i l l  a wor se si t uat i on.  
A non- soi l  mechani cs engi neer  i s of t en conf used wi t h 
maxi mum past  pr essur e,  appar ent  maxi mum past  pr essur e,  
pr econsol i dat i on pr essur e,  cr i t i cal  pr essur e,  yi el d 
st r ess,  appar ent  pr econsol i dat i on pr essur e,  quasi ­
pr econsol i dat i on pr essur e,  geol ogi cal  pr econsol i dat i on 
pr essur e,  et c.  I  wonder  whet her  at  some st age t hese 
pr essur es and ot her  si mi l ar  quant i t i es be wel l  def i ned 
wi t hout  any ambi gui t y.

Si nce t he model  pi l e t est s car r i ed out  by Whi t t aker  
on pi l e gr oups at  t he Bui l di ng Resear ch Est abl i shment  
i n U. K.  i n 1963,  t he onl y ot her  model  t est  whi ch has 
opened up appl i cat i ons i n pr act i ce ver y wi del y i s t he 
cent r i f ugal  model  t est .  Pr of essor  Andr ew Schof i el d 
of  Cambr i dge Uni ver si t y must  be congr at ul at ed f or  
r evi t al i zi ng t hi s t echni que as ear l y as 1965.  The 
number  of  paper s pr esent ed i n t hi s sessi on on t he 
cent r i f uge cl ear l y i ndi cat es pot ent i al  use i n t he 
f ut ur e on a wor l dwi de basi s.

Fr om t he f or egoi ng di scussi ons,  I  woul d l i ke t o 
r ecommend t hat :

( i )  t her e i s an ur gent  need t o st andar di ze not at i ons 
and t er mi nol ogy.

( i i )  concept s such as cr i t i cal  st at e,  nor mal i t y et c.  
ar e t o be now t aught  at  under gr aduat e l evel s i n 
r egul ar  ci vi l  engi neer i ng pr ogr ams,

( i i i )  st udent s at  under gr aduat e l evel  ar e al so t o be 
t aught  i n st at i st i cal  concept s and dat a anal ysi s.

( i v)  f ut ur e emphasi s on r esear ch be di r ect ed on such 
mat er i al s as par t i al l y sat ur at ed soi l s,  r esi dual  
soi l s,  di sper si ve soi l s,  sof t  r ocks,  et c.

Cv) cent r i f ugal  model  t est s ar e t o be i ncl uded 
wher ever  possi bl e i n model l i ng f ul l  scal e 
behavi our ,  wher e t he expense and ef f or t  f or  
car r yi ng out  f ul l  scal e t est s ar e subst ant i al l y 
hi gh.

Fi nal l y,  st andar di zat i on of  l abor at or y t est s must  be 
encour aged wher ever  possi bl e and mor e cont r i but i ons 
ar e t o be i nvi t ed on t he r el evance of  l abor at or y 
t est i ng i n f ut ur e conf er ences.

P . W .  T a y l o r ,  P a n e l i s t  

D Y N A M I C  S O I L  T E S T I N G

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

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

M y  f i r s t  p o i n t  i s  c o n c e r n e d  w i t h  t h e  c h a n g e s  i n  p o r e  w a t e r  

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

a x i a l  t e s t s .  I  a m  n o t  c o n c e r n e d  h e r e  w i t h  t h e  d i f f i c u l ­

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

I n  h a r m o n i c  s t r a i n - c o n t r o l l e d  t r i a x i a l  t e s t s  a t  a m p l i ­

t u d e s  a b o v e  1 1 / 2 % s t r a i n ,  w i t h  n o  d r a i n a g e ,  h y s t e r e s i s  

s t r e s s / s t r a i n  d i a g r a m s  a r e  t y p i c a l l y  a s  s h o w n  i n  F i g .  1 

( f r o m  R e f .  1 ) .  A s  t h e  t e s t  p r o g r e s s e s ,  t h e  m a x i m u m  s t r e s s  

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

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

m o d u l u s  i n c r e a s i n g  w i t h  i n c r e a s e  i n  s t r a i n .  ( T h i s  d o e s  

n o t  o c c u r  a t  a m p l i t u d e s  b e l o w  a b o u t  1 % ) .  T h e  p o r e  p r e s ­

s u r e s  v a r y  c y c l i c a l l y  w i t h  s t r a i n  a s  s h o w n  i n  F i g .  2 .  T h e  

c o n c e p t  I  w i s h  t o  p r e s e n t ,  i s  t h a t  t h e s e  p o r e  p r e s s u r e
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T h e  s a m p l e  a c t s  a s  a  t o r s i o n  s p r i n g  f o r  t h e  i n e r t i a  m a s s  

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

e l i m i n a t e d  b y  t h e  u s e  o f  a  p a i r  o f  a i r  b e a r i n g s .  T h e  m a s ­

s e s  a r e  s u c h  t h a t  t h e  f r e q u e n c y  i s  a b o u t  2  c y c l e s / s e c o n d ,  

w h i c h  i s  w i t h i n  t h e  r a n g e  f o r  e a r t h q u a k e s .  I t s  o p e r a t i o n  

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

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

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

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

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

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

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

t h e  r a n g e  1 x  1 0 " 6  t o  0 . 5  x  1 0 “ 2  ( o n e  m i c r o s t r a i n  t o  

1/ 2%).

DEVIATOR STRESS

d i a g r a m s .

AXI AL STRAI N 7.

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

1 .  A  s t a t i c  c o m p o n e n t  w h i c h  c o n t i n u a l l y  i n c r e a s e s  t h r o u g h -  

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

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

s e r v e d .

2 .  A  d y n a m i c  c o m p o n e n t ,  p r o p o r t i o n a l  t o  t h e  c y c l i c  d e v i a ­

t o r  s t r e s s .  O u r  r e s e a r c h  h a s  s h o w n  t h e  a m p l i t u d e  t o  

c o r r e s p o n d  t o  a  v a l u e  o f  S k e m p t o n ' s  p o r e  p r e s s u r e  p a ­

r a m e t e r  A  =  -- j  . T h i s  i s  t h e  t h e o r e t i c a l  v a l u e  o b ­

t a i n e d  f o r  a  p u r e l y  e l a s t i c  s o i l  s k e l e t o n .

3 .  A  d i l a t a n c y  c o m p o n e n t  w h i c h  i n c r e a s e s  t o  a  m a x i m u m  

n e g a t i v e  v a l u e  a t  p e a k  s t r a i n  ( p o s i t i v e  o r  n e g a t i v e )  

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

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

t o r s i o n  t e s t .  A  f o r m  o f  t h i s  a p p a r a t u s  ( f i r s t  d e v i s e d  b y  

Z e e v a e r t  i n  1 9 6 7 ) ,  h a s  b e e n  d e v e l o p e d  a t  t h e  U n i v e r s i t y  

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

' c o n f e r e n c e  ( R e f .  2 )  a n d ,  m o r e  r e c e n t l y  b y  T a y l o r  a n d  

L a r k i n  ( R e f .  3 )  f r o m  w h i c h  F i g .  3  i s  t a k e n .

F i g .  1 .  T y p i c a l  s t r e s s / s t r a i n

S t a t i c  c o m p o n e n t  

D y n a m i c  c o m p o n e n '

Dilatancy component

RESULTANT PORE 

WATER PRESSURE

F i g .  2 .  C o m p o n e n t s  o f  p o r e  w a t e r  p r e s s u r e .

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

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

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

n u m e r o u s  o t h e r  a d v a n t a g e s .  I t  i s  s u r p r i s i n g ,  t h e r e f o r e ,  

t h a t  t h e  f r e e  v i b r a t i o n  t o r s i o n  t e s t  h a s  n o t  b e e n  m o r e  

w i d e l y  a d o p t e d .

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

f i e l d  a n d  l a b o r a t o r y  m e a s u r e m e n t s .  I t  i s  b e i n g  i n c r e a s ­

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

m e n t s  a r e  t o  b e  p r e f e r r e d  t o  l a b o r a t o r y  t e s t s .  A s  o n e  

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

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

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

s i v e )  t o  d e t e r m i n e  t h e  s h e a r  m o d u l u s  o f  a  s o i l  i n  t h e  

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

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

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

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

o f  1 0 “ 5  o r  l e s s .  P r o v i d e d  h i g h  q u a l i t y  s a m p l i n g  m e t h o d s  

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

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

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

h o l e  t e c h n i q u e s .

R e f e r e n c e s :

1 .  T a y l o r ,  P . W .  a n d  B a c c h u s ,  D . R . ,  " D y n a m i c  c y c l i c  s t r a i n  

t e s t s  o n  a  c l a y " ,  P r o c .  7 .  I n t .  C o n f .  S o i l  M e c h s .  a n d  

V o l .

Fi g.  3.  Appar at us  f or  f r ee v i br at i on t or s i on t est .

I ,  p .  4 0 1  ( 1 9 6 9 ) .

I . M . ,  " D y n a m i c  t o r s i o n  

8 . I n t .  C o n f .  S o i l  M e c h s .  a n d  

I ,  p .  4 2 5  ( 1 9 7 3 ) .

3 .  T a y l o r ,  P . W .  a n d  L a r k i n ,  T . J . ,  " S e i s m i c  s i t e  r e s p o n s e  

o f  n o n - l i n e a r  s o i l  m e d i a " ,  J o u r .  G e o t e c h n i c a l  E n g .  
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P .  W r o t h ,  P a n e l i s t  

INTRODUCTION

My contribution is concerned with the interpre­
tation of laboratory tests and the use of stress- 
strain data in both understanding model tests, 
such as those carried out in the centrifuge, and 
also for design of geotechnical works. It is 
hardly necessary to point out the electronic and 
computing revolution that is being experienced, 
and the contrast between the early apparatus and 
techniques of soil mechanics 30 years ago, 
described by Professor Bishop in his special 
lecture, and the sophisticated equipment for soil 
testing displayed in GeoEx 81. It is now pos­
sible to conduct tests which are controlled by a 
computer to follow specially selected effective 
stress paths, with automatic recording of a large 
amount of data to a high degree of accuracy.

The question arises as to how accurate these data 
are, due to deficiencies in the apparatus itself 
and whether proper and rational allowance can be 
made for them. Because of (i) end-effects,
(ii) friction-between the sample and platens, and
(iii) mixed boundary conditions (some being dis­
placement controlled and some stress-controlled), 
non-uniformities develop within the sample. 
Observations made at the boundaries of the sample 
do not represent what is happening within the 
sample; this fact is of particular importance in 
cyclic testing, as is well recognised.

It is now possible to study the magnitude of 
these boundary effects by considering a single 
test as a boundary value problem itself, and 
carrying out a finite element computation in an 
attempt to simulate numerically the non­
uniformities that may develop in the actual test. 
To illustrate this, I shall present the results 
of a series of finite element computations of the 
basic triaxial compression test on a normally 
consolidated remoulded clay. These calculations 
were carried out by Dr. J.P. Carter at the 
University of Cambridge in 1978 and they are 
reproduced with his kind permission; they are to 
be published by Carter (1982).

NUMERICAL MODELLING OF TRIAXIAL COMPRESSION TEST

An idealised triaxial test has been studied in 
which the end platens have been assumed to be 
perfectly rigid and frictionless. The platens 
provide displacement controlled boundaries, and 
the rubber membrane provides a stress controlled 
boundary. The sample has a filter drain around 
its cylindrical surface,so that free drainage is 
assumed to occur on all boundaries. The finite 
element mesh chosen to represent the sample is 
shown in Fig.l. Points A, B and C are the 
median points of three elements which experience 
very different stress paths on account of their 
different positions within the sample.

The purpose of the computations was to study the 
effects of carrying out the test at different 
strain rates, with the consequence that there are 
different degrees of drainage and of consolidation, 
and non-uniformities develop within the sample due 
to hydraulic effects.

Fig.l Finite Element Mesh for Triaxial Sample

In order to make the computations as realistic as 
possible and to allow a comparison to be made with 
published experimental data, it was decided to 
model the results of tests on normally consoli­
dated remoulded Weald clay, reported by Bishop 
and Henkel (1962) and Gibson and Henkel (1954).
The choice of mathematical model for representing 
the behaviour of the clay is critical in this case 
because of the large plastic strains that develop 
and the need to represent the stress-strain rela­
tionships in terms of effective stresses. The 
modified Cam-clay model was used, as it is parti­
cularly well-suited for modelling the behaviour 
of normally consolidated clay. It is also 
important to use an incremental analysis which 
incorporates a fully coupled Biot-type of consoli­
dation.

The parameters for the soil model (including the 
coefficient of permeability) were chosen to match 
as closely as possible the data of conventional 
consolidation tests, and one fully drained tri­
axial compression test (curve No.l in Fig.2): the 
full details are given by Carter (1982).

All five samples were simulated as being initially 
isotropically consolidated to a pressure of 
30 lbf/in^ (207 kN/m2) with an initial voids 
ratio of 0.630. The computed stress-strain 
curves are shown in Fig.2, where the deviator 
stress at the sample boundary (i.e. the total 
load on the platen divided by its area, less the 
cell pressure) is plotted against the overall 
axial strain (i.e. the total shortening of the 
sample divided by its initial length). The 
experimental curves are for a fully drained test 
and a fully undrained test, which compare very 
closely with the slowest and fastest rates of 
strain respectively (curves 1 and 5). The three 
intermediate curves (2, 3 and 4) are for the 
three quoted intermediate rates of strain, and 
illustrate clearly the consequences of a decrea­
sing amount of drainage and consolidation, as 
the strain rate increases.

It should be emphasised that these curves are 
all based on the same set of soil properties; 
the only difference being the rate of strain.
This is a special feature of the Cam-clay model,

670



which is not an integral part of most other 
mathematical models of soil behaviour.

The peak value of deviator stress for each of 
the computed curves is plotted in Fig.3 against 
the rate of axial strain, both for the case of 
drainage from all faces of the sample (as in 
Fig.2) and also for drainage from both ends only. 
The former can be compared very favourably with 
eight experimental results taken from Gibson and 
Henkel (1954).

NON-HOMOGENEITY WITHIN A SAMPLE

The greatest degree of non-uniformity within the 
samples occurs for case 3 (ê]_ = 5 x 10-4 min“l) ; 
this is illustrated in Fig.4 at the instant when 
the axial strain is 0.05, by means of contours 
of mean effective principal stress p', deviator 
stress q, pore-pressure u and voids ratio e, in 
the respective quadrants.

( k N / m 2 )

Fig.4 Contours of Stresses and Voids Ratio 
Within Sample (ex = 5 x 10~4 min“l; ei = 0.05)

Fig. 2

1
C

3
2 

S

Stress-strain Curves for Different 
Rates of Strain

i o-7 1er6 10 "5 i o' 4

Rate of axial st rain  (m in _l)

10 '2

An alternative way of presenting the severe 
degree of non-uniformity in the partially drained 
sample 3 (tested at the intermediate strain rate
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Fig.3 Variation of Strength with Fig.5 Test Paths Computed for Three Elements
Axial Strain Rate in a Sample (ei = 5 * 10-4 min-1)
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of q  = 5 x 10-4 min-i) is by means of the indi­
vidual paths for the separate elements A, B and 
C in Fig.5. This diagram shows four inter­
related plots of the four variables p 1, q, e and 
shear strain ei - £3 . It should be noted that 
element C close to the boundary where free 
drainage occurs behaves like a fully drained 
sample, whereas element A near the centre behaves 
initially like an undrained sample. Towards the 
end of the test, when sufficient time has elapsed 
for most of the excess pore pressures to have 
dissipated, the effective stress path for element 
A in Fig.5 (a) turns back on itself and becomes 
tangential to the failure envelope formed by the 
critical state line.

CONCLUSIONS

I have presented some predictions of non- 
homogeneous behaviour in triaxial specimens of 
clay. Only those have been considered which 
arise due to the effects of a finite coefficient 
of permeability, a finite loading rate and 
migration of pore water within and from the 
specimen. The effect of rough end platens has 
not been included here, although this has been 
considered separately by Carter.

It has been shown that the modified Cam-clay soil 
model, when used together with a coupled Biot- 
type consolidation analysis in a finite element 
computation', can make reasonable predictions of 
the non-homogeneous behaviour of a sample of 
normally consolidated clay in a triaxial compres­
sion test.

There is a need, which can now be met, of 
carrying out numerical experiments in parallel

D . Y . F .  H o  a n d  D . G .  F r e d l u n d  ( O r a l  d i s c u s s i o n )

D t i s c u s s i o n  o n  t h e  p a p e r  " S M E A R  S T R E N G T H  O F  P A R T I A L L Y  

S A T U R A T E D  S O I L S "  b y  S . K .  G u l h a t i  a n d  B . S .  S a t i j a .

( V o l .  1 ,  p .  6 0 9 )

T h e  d i s c u s s e r s  w o u l d  f i r s t  l i k e  t o  c o m p l i m e n t  

P r o f e s s o r  G u l h a t i  a n d  D r .  S a t i j a  f o r  c o m p l e t i n g  a  v e r y  

d e m a n d i n g  a n d  e x c e l l e n t  u n s a t u r a t e d  s o i l  t e s t i n g  p r o g r a m .

T h e  d i s c u s s e r s ,  h o w e v e r ,  h a v e  s o m e  c o n c e r n  o v e r  t h e  

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

t h e  i n t e r p r e t a t i o n  p r e s e n t e d  b y  t h e  a u t h o r ' s  p a p e r  d o e s  

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

s a t u r a t e d  s o i l  s h e a r  s t r e n g t h  e q u a t i o n  ( T e r z a g h i ,  1 9 3 6 )  

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

T h e  s a t u r a t e d  s o i l s  s h e a r  s t r e n g t h  e q u a t i o n  a s  p e r  

T e r z a g h i  ( 1 9 3 6 )  i s  a s  f o l l o w s :

t  =  c 1 +  ( a  -  u w )  t a n  0 '  ( 1 )

w h e r e  t  =  s h e a r  s t r e n g t h  o f  t h e  s o i l

c 1 =  e f f e c t i v e  c o h e s i o n

a  =  t o t a l  s t r e s s

u w  =  p o r e - w a t e r  p r e s s u r e

0  =  e f f e c t i v e  a n g l e  o f  i n t e r n a l  f r i c t i o n

I n  a  s t r e s s  p o i n t  f o r m ,  t h e  e q u a t i o n  r e a d s ;

with laboratory experiments in order to:

(i) prove the success of computational 
techniques,

(ii) check the relevance of mathematical 
models,

(iii) indicate the extent of the deficiencies 
of apparatus, and

(iv) understand and interpret the results of 
centrifugal model tests.

Such work has applications not just for research 
purposes, but is now being used for design of 
engineering works. One important example which 
has been successfully tackled is the problem of 
a road embankment built on soft ground and the 
possible need for staged construction to avoid 
stability problems.
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l / 2 ( o 1 -  O j )  =  d '  +  [ 1  / 2 ( ct-j +  a 3 )  -  u w ]  t a n  1>'

w h e r e  0 ^ =  m a j o r  p r i n c i p a l  s t r e s s

a 3
=  m i n o r  p r i n c i p a l  s t r e s s

d ' =  t h e  i n t e r c e p t  w h e n  t h e  s t r e s s  p o i n t  i s  z e r o

=  t h e  a n g l e  b e t w e e n  t h e  s t r e s s  p o i n t  p l a n e

a n d  t h e

[ 1 / 2  +  a 3 )  -  u j  a x i s

T h e  p r o p o s e d  e q u a t i o n  f o r  t h e  s h e a r  s t r e n g t h  o f  u n s a t u r a t e d  

s o i l s  p r e s e n t e d  i n  t h e  p a p e r  i s  s t a t e d  a s  f o l l o w s :

{ j T ^ ) f  =  a  +  ( o 3  -  u a } f  t a n  “  +  ( u a  '  u w } f  t a n  6  ( 3 )  

w h e r e  =  t o t a l  m a j o r  p r i n c i p a l  s t r e s s  a t  f a i l u r e  

a j  =  t o t a l  c o n f i n i n g  s t r e s s  a t  f a i l u r e

u ,  =  p o r e  a i r  p r e s s u r e  a t  f a i l u r e
a

a  =  a p p a r e n t  i n t e r c e p t  a t  t h e  ( o ^ - a j )  a x i s  o f  t h e  

t h r e e - d i m e n s i o n a l  p l o t  b e t w e e n  ( <J3 _ u a ) f  a n c *
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Jr a3

=  c o e f f i c i e n t  w i t h  r e s p e c t  t o  c h a n g e s  i n  

( ° 3 _ u w ) f  w h e n  ( u g - u w )  i s  h e l d  c o n s t a n t

=  c o e f f i c i e n t  w i t h  r e s p e c t  t o  c h a n g e s  i n  

( u a - u w ) f  w h e n  ( a 3 " u a ) f  1 s  h e l d  c o n s t a n t

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

p r o p o s e d  e q u a t i o n  f o r  t h e  s h e a r  s t r e n g t h  o f  u n s a t u r a t e d  

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

d a n c e  w i t h  t h e  M o h r - C o u l o m b  f a i l u r e  h y p o t h e s i s  n o r  t h e  

s t r e s s  p o i n t  m e t h o d  ( F i g u r e  1 ) .  M o r e o v e r ,  t h e r e  w i l l  n o t  

b e  a  s m o o t h  t r a n s i t i o n  b e t w e e n  t h e  p r o p o s e d  e q u a t i o n  a n d  

T e r z a g h i ' s  ( 1 9 3 6 )  s h e a r  s t r e n g t h  e q u a t i o n  f o r  s a t u r a t e d  

s o i l s .  W h e n  s a t u r a t i o n  i s  a p p r o a c h e d  ( i . e . ,  u a = u w ) ,  t h e  

p r o p o s e d  e q u a t i o n  d o e s  n o t  r e v e r t  b a c k  t o  T e r z a g h i ' s  

( 1 9 3 6 )  s h e a r  s t r e n g t h  e q u a t i o n  f o r  s a t u r a t e d  s o i l s  e i t h e r  

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

a ,  =  t h e  m i n o r  p r i n c i p a l  s t r e s s  ( i . e . ,  t h e  t o t a l  

c o n f i n i n g  s t r e s s )

=  t h e  a n g l e  b e t w e e n  t h e  s t r e s s  p o i n t  p l a n e  a n d  

t h e  ( u  - u  )  a x i s  w h e n  [ l / 2 ( a  + a , ) - u  ]  i s  h e l d  

c o n s t a n t .  1 J  a

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

f a c e  i n  e i t h e r  c o n v e n t i o n a l  o r  s t r e s s  p o i n t  f o r m  ( F i g u r e

2  a n d  3 ) .  I t  s h o u l d  b e  n o t e d  t h a t  t h e r e  i s  a  s m o o t h  

t r a n s i t i o n  f r o m  F r e d l u n d  e t  a l ' s  ( 1 9 7 8 )  u n s a t u r a t e d  s o i l  

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

s t r e n g t h  e q u a t i o n s  f o r  s a t u r a t e d  s o i l s  ( T e r z a g h i ,  1 9 3 6 )  

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

F I G U R E  2  T h r e e  d i m e n s i o n a l  f a i l u r e  s u r f a c e  u s i n g  

s t r e s s  v a r i a b l e s  ( o  -  u g )  a n d  ( u a  -  u w )

F I G U R E  1 S a t i j a ' s  ( 1 9 7 8 )  s h e a r  s t r e n g t h

e q u a t i o n  i n  t h r e e  d i m e n s i o n a l  p l o t .

F r e d l u n d  e t  a l  ( 1 9 7 8 )  h a v e  p r o p o s e d  s h e a r  s t r e n g t h  

e q u a t i o n s  f o r  u n s a t u r a t e d  s o i l s  u t i l i z i n g  t h e  s a m e  

i n d e p e n d e n t  s t r e s s  s t a t e  v a r i a b l e s .  W h e n  ( a  -  u a )  a n d  

( u 9  -  u w ) a r e  u s e d  a s  t h e  s t r e s s  v a r i a b l e s ,  t h e  u n s a t u r a t e d  

s o i l  s h e a r  s t r e n g t h  e q u a t i o n  a s  p e r  F r e d l u n d  e t  a l  ( 1 9 7 8 )  

a s  a s  f o l l o w s :

t  =  c '  +  ( a  -  u j t a n  0 ‘  +  ( u .  -  u  )  t a n  0 b  ( 4 )
a  a  W

w h e r e  u a  =  p o r e  a i r  p r e s s u r e

0 b  =  t h e  f r i c t i o n  a n g l e  w i t h  r e s p e c t  t o  c h a n g e s  

i n  ( u g - u w )  w h e n  ( a - u a )  i s  h e l d  c o n s t a n t

I n  s t r e s s  p o i n t  f o r m ,  t h e  e q u a t i o n  b e c o m e s ,

1 / 2 ( - 0 3 ) =  d '  +  l / 2 ( a ^ + a 2 ) t a n  i p '  +  ( u a - u w ) t a n  i| ib  ( 5 )

w h e r e  a ,  =  t h e  m a j o r  p r i n c i p a l  s t r e s s  ( i . e . ,  t h e  t o t a l  

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

F I G U R E  3  F r e d l u n d  e t  a l  ( 1 9 7 8 )  t h r e e  d i m e n s i o n a l  

f a i l u r e  s u r f a c e  u s i n g  s t r e s s  v a r i a b l e s  

( a  -  u J  a n d  ( u = 

f o r m .  a  a

u  )  i n  s t r e s s  p o i n t  
w '  K

44. Vo lym e  4
673



F R E D L U N D  E T  A L  ( 1 9 7 8 )  S H E A R  S T R E N G T H  E Q U A T IO N  

- - - - - - - - - - - - - - - - - - - - - C O N V E N T IO N A L  F O R M

F I G U R E  4  C o m p a r i s o n  b e t w e e n  u n s a t u r a t e d  

s o i l  s h e a r  s t r e n g t h  e q u a t i o n s  

p r o p o s e d  b y  F r e d l u n d  e t  a l  ( 1 9 7 8 )  

a n d  S a t i j a  ( 1 9 7 8 )

b e c o m e s  e q u a l  t o  t h e  p o r e  w a t e r  p r e s s u r e ,  u w . A t  t h i s  

c o n d i t i o n ,  F r e d l u n d  e t  a l 1 s  ( 1 9 7 8 )  u n s a t u r a t e d  s o i l  s h e a r  

s t r e n g t h  e q u a t i o n s  ( e q u a t i o n  4  a n d  5 )  r e v e r t  b a c k  t o  

T e r z a g h i ' s  c o n v e n t i o n a l  s h e a r  s t r e n g t h  e q u a t i o n s  ( e q u a t i o n

1 a n d  2 )  f o r  s a t u r a t e d  s o i l s .

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

e q u a t i o n s  a s  p e r  F r e d l u n d  e t  a l  ( 1 9 7 8 )  w i t h  t h a t  

p r e s e n t e d  b y  G u l h a t i  a n d  S a t i j a  ( 1 9 8 1 ) ,  i t  c a n  b e  d e m o n ­

s t r a t e d  t h a t  t h e  p r o p o s e d  e q u a t i o n  f o r  t h e  s h e a r  s t r e n g t h  

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

s t r e n g t h  ( F i g u r e  4 ) .  I n  t u r n ,  t h e  o v e r - e s t i m a t i o n  o f  

s h e a r  s t r e n g t h  b y  G u l h a t i  a n d  S a t i j a ' s  e q u a t i o n  w o u l d  

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

s t a b i l i t y  a n a l y s e s  i n v o l v i n g  u n s a t u r a t e d  s o i l s  ( H o ,  1 9 8 1 ) .

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

c e d u r e  f o r  i n t e r p r e t i n g  t h e  d a t a  o f  G u l h a t i  a n d  S a t i j a ,  

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

e x p e r i m e n t a l  t e s t  d a t a .
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T i K i m u r a  a n d  K .  S a i t o h  ( O r a l  d i s c u s s i o n )

ON T H E  C O M P A R I S O N  O F  C E N T R I F U G E  T E S T S  W I T H  L A R G E - S C A L E  

M O D E L  T E S T S

In order to obtain practicable results through 
model tests simulating earth structures, it is 
essential that the law of similarity is main­
tained between the prototype and the model. For 
a problem in which the self-weight of soil is 
significant, conventional model tests do not al­
low us to model the prototype. One way of model­
ling this type of problem correctly is to use a 
centrifuge, and the usefulness of centrifuge 
modelling technique is now being widely recog­
nized. It has to be pointed out, however, that 
the similarity law for centrifuge modelling is 
based upon the concept of continuum mechanics 
or the concept of stress in soil elements, not 
of soil particles. Some skepticism has been rais­
ed on this point, arguing that a slip band, in 
a model ground of sand for example, in a centri­
fugal field, say of Ng, would be N times wider 
than the actual one in the gravitational field 
leading to an unrealistic failure mode. But the 
Authors take a view that, as long as the same 
sand is used for a centrifuge test and a proto­
type, it would show a very similar behaviour 
since sand is essentially a frictional material.

In this short report the Authors attempt to put 
forward a comparison between centrifuge test 
results and those of large-scale model tests on

an identical problem of loaded slopes consisting 
of dense sand. Shields et al.(1977) performed a 
series of model tests on the bearing capacity of 
slopes of sand loaded on the top surface. The 
height of their slopes exceeded 2 .0m, which was 
considered to be of the scale of actual slopes. 
Incidentally the Authors carried out very simi­
lar tests by using centrifuge to study the sta­
bility of tank pads underneath oil storage tanks.

A key sketch of the problem dealt with is given 
in Fig.l. The experiments were conducted for 
various combinations of four parameters; the 
breadth of a footing B, the height parameter 6, 
the distance parameter X and the angle of incli­
nation of a slope a . The sand used was Toyoura

sand, of which ef­
fective particle 
diameter was 0.13 
mm and uniformity 
coefficient was 1 . 
38. The sand was 
poured into a con­
tainer from a hop­
per through two 
sieves to form 
sand deposit with

6 7 4



uniform density. 
Subsequently a 
slope former shown 
in Fig.2 was as­
sembled and attach' 
ed to the contain­
er and the slope 
was formed by suck­
ing in sand parti­
cles very careful­
ly with a vacuum 
pump mounted on a 
guide frame. The 
relative density 
of completed slop­
es was approximate­
ly 90.0% with the

Photo.1 Radiograph after failure 
(a=30°,ß=2,X=0)

maximum variation of ±1.5%. Plane strain shear 
tests were also conducted on Toyoura sand of the 
same lot after being consolidated in Ko condi­
tion. The angle of shearing resistance <|> was 49° 
under the mean effective normal stress of about 
300KN/m2, which was considered to be equivalent 
to the magnitude of the actual stress in slopes 
during centrifuge tests.

A radiograph for the case of B=40mm, 8=2, A=0 
and a=30° with the centrifugal acceleration of 
30g is shown in Photo.1, in which well-developed 
failure lines can be observed. It is interesting 
to note that the angle between an oblique side 
of a wedge beneath the footing and the base is 
nearly equal to tt/4+ 0/2 but that the failure 
line of passive zone is fairly horizontal unlike 
the prediction based on the log-spiral method.

A relationship between the bearing capacity fac­
tor Ny and the distance parameter X obtained 
with centrifuge tests for B=40mm, 0=2 and 0=30“ 
under 30g is given in Fig.3. A solid line is a 
result reported by Shields et al.(1977) for sil­
ica sand with similar experimental conditions. 
Although the angle of shearing resistance of 
their sand is slightly larger than that of the 
Authors', the agreement between two results is 
rather remarkable.

Fig.3 Relationship between bearing capacity 
factor Ny and distance parameter X

Reference

Shields,D.H. et al.(1977), "Bearing Capacity of 
Foundations Near Slopes", Proc. 9th ICSMFE Vol. 
1, Tokyo

I . F .  S y m o n s  ( O r a l  d i s c u s s i o n )

The Tr anspor t  and Road Resear ch Labor at or y has car r i ed 
out  a pr ogr amme of  r esear ch wi t h t he ai m of  pr ovi di ng 
pr act i cal  gui dance f or  t he desi gn of  bur i ed f l exi bl e 
pi pes,  si mi l ar  t o t hat  whi ch exi st s i n t he UK f or  r i gi d 
pi pes.  The mai n component s of  t he exper i ment al  wor k 
have i nvol ved f ul l - scal e st udi es on si t e and i n t he 
Labor at or y' s t est  pi t  ( Tr ot t  and St evens,  1979)  t oget her  
wi t h st at i c and cent r i f ugal  model  t est s car r i ed out  by 
t he Engi neer i ng Gr oup of  Cambr i dge Uni ver si t y 
( Val sangkar  and Br i t t o,  1978,  1979) *

One ser i es of  t est s has been car r i ed out  i n whi ch t he 
behavi our  of  a f ul l - scal e pi pe i n t he t est  pi t  was 
compar ed wi t h t hat  of  a geomet r i cal l y si mi l ar  model  
t est ed i n t he cent r i f uge.  The t est  pi t  i s 5 m l ong by 
3 m wi de by 3 m deep and a 1 met r e di amet er  st eel  pi pe,  
b . 2  m i n l engt h and havi ng a wal l  t hi ckness of  6 mm was 
sel ect ed f or  t hese t est s.  The pi pe was i nst al l ed i n dr y 
sand compact ed i n 200 mm t hi ck l ayer s t o gi ve a dept h of  
cover  over  t he pi pe cr own of  250 mm.  On compl et i on of  
backf i l l i ng,  sur f ace l oadi ngs wer e appl i ed over  a b . 2  m 
l ong by 0. 6 m wi de st r i p pl aced al ong t he pi pe axi s and 
al so at  of f set s of  250 mm and 500 mm.  The di mensi ons of  
t he cent r i f ugal  model  wer e sel ect ed t o gi ve si mi l i t ude

wi t h t hose of  t he f ul l - scal e pi pe when t est ed at  an 
accel er at i on of  ^ . 2  gr avi t i es.  To ensur e uni f or m condi ­
t i ons ar ound t he model  pi pe t he sand was pl aced by 
pour i ng par al l el  t o t he pi pe axi s.

The ext er nal  st r ai ns measur ed af t er  backf i l l i ng ar e shown 
i n Fi gur e 1.  Onl y smal l  st r ai ns wer e i nduced i n t he

f i g.  1.  Compar i son of  measur ed st r ai ns
af t er  backf i l l i ng
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model  pi pe by t he backf i l l i ng pr ocess and t he di amet r al  
change was l eas t han 0. 25 per  cent .  By cont r ast  t he 
pl acement  and compact i on of  t he sand ar ound t he f ul l -  
scal e pi pe i nduced much hi gher  st r ai ns at  t he cr own,  
i nver t  and spr i ngi ng of  t he pi pe t oget her  wi t h an 
i ncr ease i n ver t i cal  di amet er  of  about  1. 6 per  cent .

The di st r i but i on of  st r ai n pr oduced by t he sur f ace 
l oadi ng showed gr eat er  scat t er  f r om r epeat  t est s on t he 
f ul l - scal e pi pe t han on t he model ,  al t hough bot h showed 
t he same pat t er n wi t h l ar ge i ncr eases i n st r ai n 
conf i ned t o t he upper  segment s of  t he pi pes.  Thi s i s 
i l l ust r at ed i n Fi gur e 2 whi ch gi ves t he di st r i but i on of  
ext er nal  st r ai ns pr oduced by a cent r al  st r i p l oadi ng of  
500 kN.  For  t he f ul l - scal e pi pe t he st r ai n di st r i but i on 
i s qui t e di f f er ent  f r om t hat  i nduced by back- f i l l i ng wi t h 
l ar ge i ncr eases i n st r ai n at  t he pi pe shoul der s and 
st r ai n i ncr ement s of  opposi t e si gn at  t he pi pe cr own.

Fi g.  2.  Compar i son of  st r ai n i ncr ement s 
under  cent r al  st r i p l oadi ng 

-  Tot al  l oad 500 kN

I n t he f i nal  t est  of  each ser i es t he model  and pr ot ot ype 
pi pes wer e l oaded t o f ai l ur e under  a cent r al  st r i p 
l oadi ng.  Fai l ur e occur r ed i n t he f ul l - scal e pi pe at  a 
t ot al  l oad of  520 kN and i n t he model  at  a soal ed t ot al  
l oad of  560 kN.  The di f f er ence i n t hese l oads i s cl ose 
t o t he l i mi t  i mposed by t he accur acy i n det er mi ni ng 
cent r i f ugal  accel er at i on.  The mode of  f ai l ur e f or  t he 
f ul l - scal e and model  pi pes was ver y si mi l ar  and t ook t he 
f or m of  buckl i ng at  t he pi pe cr own as shown i n 
Fi gur es 3 and 4.

The r esul t s t her ef or e i ndi cat ed t hat  al t hough 
di f f er ences i n t he met hod of  pl acement  of  sand ar ound 
t he f ul l - scal e and model  pi pes wer e r ef l ect ed i n t he 
st r ai n and def l ect i on pat t er n on compl et i on of  back­
f i l l i ng,  gener al l y good agr eement  was obt ai ned i n 
subsequent  t est s under  t he act i on of  appl i ed sur f ace 
l oadi ngs.
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D .  D e v e a u x  ( W r i t t e n  d i s c u s s i o n )

A  P R O P O S  D E  L ' Ë S S A I  D E  C O N S O L I D A T I O N

l ’ évol ut i on du r appor t  (Aa ' -  Au^ / Aa1 en f onct i on du 
degr é de consol i dat i on cal cul é à par t i r  des déf or mat i ons

(U d e f  “  û h t / A h 10 0 ) -

Par mi  l es essai s de Mécani que des Sol s,  l ' essai  oedomét r i -  

que est  de ceux qui  f our ni ssent  l es r ésul t at s  l es moi ns 

pr éci s.  Cet t e mauvai se qual i t é de pr év i s i on a ét é conf i r ­

mée par  l es ét udes de r embl ai s  en v r ai e gr andeur ,  sur  

sol s mous,  sur t out  dans l e cas de l ’ éëude de l a dur ée des 

t assement s ( Pei gnaud 1973, Magnan 1980) . Les nombr euses  ét u­

des ef f ect uées sur  l ' essai  oedomét r i que ont  mont r é l ’ i m­

por t ance du r emani ement  du mat ér i au,  des sol l i c i t at i ons 

par as i t es ( f r ot t ement »cent r age, chocs)  et  de l a r epr ésen­

t at i v i t é des échant i l l ons.  Les r ésul t at s  expér i ment aux que 

nous pr ésent ons c i - dessous condui sent  à poser  l e pr obl ème 

du choi x  des hypot hèses qui  sont  à l a base du pr ocessus 

expér i ment al  et  de l eur  adapt at i on au f onc t i onnement  du 

phénomène ét udi é.  Les essai s ont  ét é ef f ect ués sur  une 

cel l ul e oedomét r i que avec mesur e de pr ess i on i nt er s t i ­

t i el l e dével oppée dans not r e Labor at oi r e.

I  -  MATERI EL EXPERI MENTAL

La cel l ul e d ’ essai  i nt égr ée compor t e l e vér i n de mi se en 

char ge et  l es capt eur s.  L' échant i l l on de di amèt r e 7cm et  

d' él ancement  0. 17 est  dr ai né sur  l a f ace supér i eur e dans 

une chat nbr e de cont r e- pr ess i on et  l a mesur e de pr ess i on 

i nt er s t i t i el l e est  r éal i sée à l a base.  Le char gement  de 

l ' échant i l l on est  ef f ec t ué, soi t  en cont r ai nt es i mposées 

( à l ’ ai de d' un vér i n pneumat i que i nt égr é) ,  soi t  en déf or ­

mat i ons  i mposées.  Lor s de l a concept i on et  de l a r éal i sa­

t i on,  une gr ande at t ent i on a ét é appor t ée à l a r echer che 

de l a qual i t é des sol l i c i t at i ons et  de l a pr éc i s i on des 
mesur es  :

Type de capt eur Pl age de mesur e Pr éc i s i on ( EMQ)

déf or mat i on ax i al e 

ef f or t  axi al  

pr ess i on i nt er st i t :

5 mm 

500 daN 

el l e 300 kPa

2, 5 um 

1 daN 

0, 3 kPa

Temps de r éponse du vér i n à un i ncr ément  de pr ess i on 

< 0, 2 s

Temps de r éponse de l a mesur e de pr ess i on i nt er s t i t i el l e 

10 à 20 s

L' acqui s i t i on des données et  l e cont r ôl e de l ’ essai  sont  

r éal i sés aut omat i quement  à l ' ai de d ’ un mi ni - cal cul at eur  

DEC PDP 11.  Les l ogi c i el s  de cont r ôl e per met t ent  l a r éal i ­

sat i on de nombr eux  t ypes d' essai s  : essai s s t andar ds  à 

pal i er s  } C. G. Test  , C. R. S.  Test  et  d' aut r es pl us 

compl exes dont  l ' ét ude est  en cour s.

I I  ~ PRESENTATI ON ET ANALYSE DES RESULTATS D' ESSAI S 

Une di zai ne d' essai s  de char gement  par  pal i er s  a ét é r éa­

l i sée à l ' ai de du mat ér i el  décr i t  c i - dessus sur  des échan­

t i l l ons non r emani és ou r econst i t ués de t r oi s t ypes d' ar ­

gi l es : -  ar gi l e mi nér al e pl as t i que : w =60,  I  =30,  w%=40 

à 50 ; - ar gi l e mol l e f ai bl ement  or gani que : w =^125,  I  =80,  

w%=113 ; - ar gi l e t our beuse:  w =145,  I  =90,  wf  -  125.  ^ 

L' ensembl e des essai s r epr ésent e envÇr on une cent ai ne de 

cas de char ge,  pour  l esquel s nous avons enr egi s t r é l ' évo­

l ut i on de l a déf or mat i on ver t i cal e h)  et  de l ' i ncr ément  

de pr ess i on i nt er s t i t i el l e à l a base de l ' échant i l l on 

(A il, ) ,  en f onct i on du t emps.  Mal gr é de pet i t es di f f ér ences 

l i ées au t ype d ’ ar gi l e et  au mode de pr épar at i on des échan­

t i l l ons,  l e compor t ement  obser vé est  gl obal ement  l e même 

pour  l es t r oi s t ypes d' ar gi l es  ét udi és . I l  f ai t  appar aî t r e 

not amment  une décr oi ssance de l a pr ess i on i nt er st i t i el l e 

à l a base pl us r api de que l e dével oppement  de l a déf or ma­

t i on.  Cet t e obser vat i on sembl e i ndi quer  que l a déf or mat i on 

est  r et ar dée par  r appor t  à l ' appl i cat i on de l a cont r ai nt e 

ef f ect i ve.

Cet t e déf or mat i on r et ar dée est  bi en mi se en év i dence par  

l a r epr ésent at i on de l a f i gur e 1 : ce di agr amme t r adui t

Fi gur e 1

Pour  un mat ér i au qui  ne pr ésent e pas de gonf l ement  ( ce 

qui  est  l e cas de6 échant i l l ons t est és,  qu' on a l ai ssé 
l i br ement  se met t r e en équi l i br e sous l a cont r e- pr essi on 
pendant  au moi ns 48 heur es) ,  i l  est  ai sé de mont r er  que 
l e r appor t  ( Aa' -  Au^ / Aa*  et  l e degr é de consol i dat i on Û  
cal cul é à par t i r  de l a di st r i but i on de l a pr essi on i nt er ­
st i t i el l e sont  l i és par  l a r el at i on :

Au,

Ao’
<U 
'  u ( 1 )

Le cal cul  du coef f i ci ent  de consol i dat i on C , à par t i r  
des cour bes de déf or mat i on en f onct i on du t emps est  f ondé 
sur  l ' hypot hèse d' équi val ence ent re,  l es deux degr és de 
consol i dat i on ^ ) . Si  cet t e hypot hèse ét ai t  vér i f i ée
l es poi nt s expér i ment aux devr ai ent  se si t uer  dans l e do­
mai ne si t ué èous l a pr emi èr e bi ssect r i ce du di agr amme de 
l a f i gur e 1( d' apr ès (1)  ).  Or ,  l es poi nt s expér i ment aux 
se si t uent  t r ès vi t e en dehor s de ce domai ne,  en t r adui ­
sant  une décr oi ssance de pr essi on i nt er st i t i el l e beau­
coup pl us r api de que pr évu.

Af i n de quant i f i er  cet t e di f f ér ence,  nous avons cal cul é 
l es coef f i ci ent s C pour  t out es l es cour bes si t uées dans 
l e domai ne nor mal ement  consol i dé,  ceci  de deux mani èr es 
di f f ér ent es : -  à par t i r  des cour bes de déf or mat i on par  
l es mét hodes de Tayl or  et  Casagr ande ; “  à
par t i r  des cour bes d' évol ut i on de pr essi on i nt er st i t i el l e 
à l a base : pour  ■ 50%,  Au^/ Aa -  78, 2% (| Ĉ l  y) .

La compar ai son ent r e l es r ésul t at s obt enus peut  êt r e 
expr i mée par  l e r appor t  sui vant  : | Cv|

l„  , U = 5 à 15 . 

¡Cvldef
Ce r appor t  est  peut - êt r e à r appr ocher  de cel ui  qui  est  
obser vé quand on compar e l es compor t ement  d' ouvr ages 
" i n si t u"  aux pr évi si ons à par t i r  des essai s de l abor a­
t oi r e ( Pei gnaud 1973,  Magnan et  Bagher y 1980) .

i n si t u

I C v  I

= 10 à 50
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S .  L e r o u e i l  ( O r a l  d i s c u s s i o n )

I nt er est i ng comment s concer ni ng t he oedomet er  t est  have 

been made dur i ng t he panel  di scuss i on by  Pr of essor s  

Sal l f or s  and Ol son and t he obj ec t i ve of  t hi s di scuss i on i s 
t o emphas i ze some of  t hem on t he bas i s  of  exper i ment al  evi  

dences gat her ed i n East er n Canada.

An ext ensi ve st udy on t he pr econsol i dat i on pr essur e of  sei i  

s i t i ve cl ays has been per f or med t hese l ast  t wo year s on 8 

si t es under l ai n by Champl ai n sea cl ays.  ( Samson et  al .  

1981) .  On each si t e,  t he c l ay has been sampl ed wi t h a 76 

mm di amet er  pi st on sampl er  ( ar ea r at i o 11%)  and at  one or  

t wo dept hs a ser i es of  oedomet er  t est s wer e car r i ed out .  

Const ant  r at e of  st r ai n t est s ( CRS)  usi ng di f f er ent  r at es,  

cont r ol l ed gr adi ent  t est s ( CGT)  usi ng di f f er ent  gr adi ent s  

and usual  s t ep- l oadi ng t est s wi t h a l oad i ncr ement  r at i o 

of  0, 5 and wi t h each l oad mai nt ai ned unt i l  t he end of  pr i ­

mar y  consol i dat i on or  f or  24 hour s dependi ng on t he t est s.

Al l  t est s wer e per f or med i n t he same oedomet er  cel l ,  spe­

c i f i cal l y  des i gned f or  t hat  pur pose.

The st r ong st r ai n r at e dependence of  t he def or mat i on beha-  

v i ous of  sens i t i ve cl ays al r eady ev i denced by  Cr awf or d 

( 1965) ,  Sal l f or s  ( 1975)  or  Tavenas & Ler ouei l  ( 1977)  was 

conf i r med and mor e pr ec i sel y  def i ned.  I n par t i cul ar ,  when 

t he pr econsol i dat i on pr essur e obt ai ned f r om t he t est s  i s 

pl ot t ed as a f unc t i on of  t he st r ai n r at e i n CRS t est s  or  

of  t he s t r ai n r at e at  t he pr econsol i dat i on pr essur e i n CGT 

t est s,  or  of  t he st r ai n r at e of  t he sampl e at  t he end of  

t he l oadi ng per i ods f or  t he 2 or  3 st eps j ust  f ol l owi ng 

t he pr econsol i dat i on pr essur e I n st ep l oadi ng t est s,  i t  

appear s t hat  t her e i s a uni que r el at i onshi p bet ween t he 

pr econsol i dat i on pr essur e and t he st r ai n r at e.  Fi g. l  shows 

such a r el at i onshi p obt ai ned f or  t he Gl oucest er  cl ay 

( Bozozuk & Leonar ds  1972) .

Now,  t he quest i on f or  an engi neer  i s t o know what  t he i n 

si t u pr econsol i dat i on pr essur e pr evai l i ng under  an emhank-  

ment  wi l l  be? Whi ch l abor at or y  t est  wi l l  gi ve t he r i ght  

answer ? Fr om t he l abor at or y  r esul t s pr ev i ous l y  ment i oned 

i t  appear s t hat  t he sel ec t i on of  t he i n s i t u pr econsol i da­

t i on pr essur e must  be cont r ol l ed by  t he s t r ai n r at es i n 

t he c l ay f oundat i ons.  However ,  t he behav i our  of  t he soi l ,  

and par t i cul ar l y  t he pr econsol i dat i on pr essur e obser ved i n 

l abor at or y  ar e al so f unct i ons of  t he sampl i ng t echni que 

used,  of  t he st or age condi t i ons and of  t he t es t i ng met hod 

and equi pment .  So t her e i s absol ut el y  no a pr i or i  r eason 

why  a gi ven l abor at or y  t est  shoul d gi ve t he cor r ect  i n 

s i t y  pr econsol i dat i on pr essur e.  Ther ef or e t he onl y  r eason­

abl e appr oach i s t o devel op,  on a r egi onal  basi s,  empi r i ­

cal  cor r el at i ons  bet ween i n si t u and l abor at or y  pr econso­

l i dat i on pr essur es.

0p i n si t u f  x ap l ab 

On 6 of  t he 8 si t es st udi ed by  Samson et  al .  ( 1981) ,  t he

•-1 .  B i a r e z ,  P . Y .  H i c h e r  a n d  C .  V o y i a t z o g l o u  ( W r i t t e n  d i s c .  )

T R O I S  D O M A I N E S  D E  C H A R G E M E N T  EN F A T I G U E  E T  F L U A G E  N O N  

D R A I N E S  P O U R  D E S  A R G I L E S  S A T U R E E S

L ’ essai  cons i s t e à ef f ect uer  un char gement  cyc l i que non 

dr ai né en augment ant  l a cont r ai nt e cyc l i que par  pal i er s  

successi f s.  Le nombr e de cycl es par  pal i er s  est  const ant  

ai nsi  que l ’ i ncr ément  de cont r ai nt e d ’ un pal i er  à l ' aut r e.  

Nous pr ésent ons i ci  des r ésul t at s  d' essai s  r épét és ( 0^ <^  

par  pal i er s  de 100 cycl es sur  des ar gi l es sat ur ées r ema­

ni ées.  Le par amèt r e r epr ésent ant  l a f at i gue du mat ér i au 

est  a = et  et  r ePr esent ant  r espect i vement

p r e s s u r e

i n s i t u pr econsol i dat i on pr essur e pr evai l i ng undef  l oa­

di ngs coul d be det er mi ned.  I t  has been f ound t hat ,  f or  
Champl ai n sea cl ays,  when t est i ng speci men obt ai ned wi t h a 

76 mm di amet er  pi s t on sampl er ,  t he usual  oedomet er  t est  

wi t h a 0. 5 l oad i ncr ement  r at i o and 24 hour s mai nt ai ned 

l oads gi ves a pr econsol i dat i on pr essur e appr ox i mat el y  equal  

t o t he i n si t u pr econsol i dat i on pr essur e ( f  -  1, 0) .  On t he 

ot her  hand,  t he CRS t est s and CGT t est s per f or med at  r at es 

or  gr adi ent s  gener al l y  used,  over es t i mat e t he i n s i t u pr e­

consol i dat i on pr essur e and a cor r ec t i on f ac t or  i s t hus r e­

qui r ed.  For  a s t r ai n r at e equal  t o 0, 02%/ mn ( 3, 3 x 10- 6s- 1) 

t hi s cor r ec t i on f act or  i s appr ox i mat el y  equal  t o 0, 8.
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l a déf or mat i on i r r éver s i bl e au l OOé et  50é cycl e.  La f i ­

gur e 1 mont r e l a var i at i on de a en f onc t i on du ni veau de 

cont r ai nt e cycl i que.  Nous voyons que l es cour bes obt enues 

pr ésent ent  deux  coudes met t ant  en év i dence t r oi s r égi mes 

de f at i gue.

Le pr emi er  r égi me est  car act ér i sé par  des val eur s  t r ès f ai ­

bl es de a.  Cel a veut  di r e que si  l e dév i at eur  cyc l i que est  

i nf ér i eur  à val eur  l i mi t e du pr emi er  domai ne,  l a dé-
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, e 1 Q 0  -  £ 5 0  QU e 5 Q ' - C 2 5  

l o g  1 0 0 - l o g 5 0  log  5 0 - log 2 5 *

2, 0

1.0

chargement 
c yclique 

por paliers, 
i00 eye les

L f a t i g u e

F̂luoge par paliers 

dc 50minut.es

\.fluage

0,2 0 0,40 0,6 0 O.bO

Fi gur e 1 : Essai s  cyc l i que et  de f l uage par  pal i er s  sur  

l ' ar gi l e noi r e ( Pc = 200 kPa)

f or mat i on i r r éver s i bl e due à l a success i on des cyc l es se­

r a f ai bl e et  qu' i l  y  aur a s t abi l i sat i on r api de du cycl e 

cont r ai nt e- déf or mat i on.

Le deuxi ème r égi me mont r e une évol ut i on quas i - l i néai r e 

de a avec l a cont r ai nt e cycl i que.  I ci  l es déf or mat i ons  

i r r éver s i bl es peuvent  pr endr e des val eur s  i mpor t ant es,  

par f oi s  i ncompat i bl es avec l a sécur i t é de l a s t r uct ur e.  

Cependant  l e t aux de déf or mat i on i r r éver s i bl e di mi nue de 

f açon cont i nue avec l e nombr e de cyc l es ce qui  va condui ­

r e à une s t abi l i sat i on du cyc l e cont r ai nt e- déf or mat i on 

pour  un gr and nombr e de cyc l es ( >1000) .

Pour  des cont r ai nt es  cyc l i ques supér i eur es nous aur ons 

r upt ur e du mat ér i au en r égi me cycl i que.  C' es t  ce qui  c a ­

r act ér i se l e 3ème domai ne où nous obt enons une br usque 

var i at i on de a ver s  des val eur s  t r ès gr andes.  Ceci  ex ­

pr i me une r api de dét ér i or at i on du mat ér i au pouvant  mener  

j usqu' à l a r upt ur e si  l ' essai  est  pour sui v i  pendant  un 

nombr e de cycl es suf f i sant .

Nous avons compar é l es val eur s  de ^ a v e c  cel l es obt enues

par  l a mét hode de l a dr oi t e de s t abi l i sat i on décr i t e par  

di f f ér ent s  aut eur s : hi cher  ( 1979) ,  sangr ey ( 1969) ,  

voy i at zogl ou ( 1980) .  ( Fi gur e 2) .  Nous obt enons une t r ès 

bonne concor dance.  L' i nt ér êt  de l a mét hode que nous pr é ­

sent ons i ci  est  qu' el l e ne nécess i t e qu' un seul  essai  

al or s qu' avec l a mét hode en cont r ai nt es ef f ec t i ves  i l  

f aut  au mi ni mum 3 à 4 essai s  pour  avoi r  l a pr éc i s i on suf -

Fi gur e 2 : Essai s  cyc l i ques r épét és sur  l ' ar gi l e noi r e 

( Pc = 200 kPa)

f i sant e sur  l a dét er mi nat i on de l a dr oi t e de s t abi l i sat i on.  
Le compor t ement  or i gi nal  décr i t  par  3 domai nes di s t i nc t s  

n' e6t  pas pr opr e aux essai s cycl i ques.  Ai ns i  nous avons 

r éal i sé des essai s  de f l uage non dr ai nés avec l a même pr o­

cédur e et  nous r et r ouvons l e même t ype de r ésul t at s  ( f i ­

gur e 1) .  Nous voyons de pl us que l a cont r ai nt e l i mi t e de 

f l uage est  pr oche de l a cont r ai nt e cyc l i que l i mi t e pour  

des sol l i c i t at i ons  de t ype r épét é.

De même di f f ér ent s  essai s  i n- si t u f ai sant  appel  à une mé ­

t hodol ogi e compar abl e donnant  des r ésul t at s  qual i f i cat i f s  

i dent i ques : c ' es t  l e cas des essai s pr ess i omét r i ques , 

des essai s  d' ar r achement  de pi eux  ou des essai s  de t i r ant s 

d' ancr age.  Des essai s  pr ess i omét r i ques cyc l i ques par  pa­

l i er s r éal i sés en Mer  du Nor d ont  donné des r ésul t at s  pr o­

met t eur s  qui  sont  pr ésent és  par  mi z i kos  ( 1980) .
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G . T .  H o u l s b y  ( W r i t t e n  d i s c u s s i o n )

T H E  S H E A R  S T R E N G T H  O F  A  S O I L  A T  T H E  L I Q U I D  L I M I T  

L a  C o h é s i o n  d u  S o l  à  l a  L i m i t e  d e  L i q u i d i t é

SYNOPSIS

The fall cone Liquid Limit test is interpreted 
.theoretically as a strength test and the theory 
is in reasonable agreement with empirical corre­
lations. The effect of cone roughness is impor 
tant.

INTRODUCTION

The fall cone test is now widely used to estab­
lish the Liquid Limit, and is preferred to the 
Casagrande method in the British Standard. The 
test is essentially a simple strength test, and 
the depth of penetration h in Fig.l depends on 
the weight of the cone Q, the shear strength of 
the soil cu, the cone angle (which is 30° for the 
British Standard device) and the cone roughness.

For the Liquid Limit test the depth and weight are 
fixed, 30 that the test determines a particular

strength. Empirical correlations for the strength 
at the Liquid Limit exist, and the purpose of this 
discussion is to compare a theoretical calculation 
with these correlations.
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The analysis of the fall cone test uses the lower 
bound theorem of plasticity theory, with the ap­
proach being similar to the use of the method of 
characteristics in plane strain, but with the 
governing equations changed to those of axi- 
symmetry. As the cone penetrates the soil sur­
face, a deformed zone ABC in Fig.l is formed.
The effect of this is accounted for approximately 
in the calculation (Houlsby, 1981). The dynamic 
effects of the fact that the cone is dropped 
rather than slowly lowered are accounted for, and 
it can be shown that the effects of soil density 
are negligible.

RESULTS

The results are presented in Table 1 in terms of a 
dimensionless factor Q/cu h 2 for the 30° fall cone. 

The theory shows that the-oone resistance depends 
strongly on the fraction of the undraineff shear 
strength a/cu mobilised at the surface of the cone, 
i.e. the cone roughness. Clearly this should be 
specified for a properly standardised test.

Wroth and Wood (1978) give a shear strength of
1.7 kPa for the British Standard cone (80 g with 
20 mm penetration) from the results of many 
experiments. Piaskowski (1981) gives 5 kPa for 
a different device (100 g with 14 mm penetration). 
These give Q/cuh2 valuesofl.15 and 1.04 respec­
tively, and Karlsson (1961) gives results indi­
cating a value of 1.25 for the 30° cone. These 
are all rather higher than the theory indicates, 
so that the theory overestimates the strength at

W . X .  H u a n g ,  J . L .  P u  a n d  Y . S .  S u n  ( W r i t t e n  d i s c u s s i o n )

D I S C U S S I O N  ON C O N S T I T U T I V E  R E L A T I O N S

I n r esponse t o t he suggest i on made by Messr s.  
P. V. Soos and G. SSl l f or s i n t hei r  Gener al  Repor t  
of  Sessi on 4,  we woul d l i ke t o make t he f ol l ow­
i ng suppl ement  t o t he paper  pr esent ed by t he 
wr i t er s( Huang et  al , 1981)  t o t hi s conf er ence.

I n or der  t o i nvest i gat e t he i nf l uence of  st r ess 
pat h on t he shape of  t he equi pot ent i al  sur f ace,  
t r i axi al  compr essi on t est s wi t h t he oct ahedr al  
nor mal  st r ess p=const ant ,  i . e.  p=200,  400,  
and 600 kpa wer e per f or med besi des t he r esul t s 
of  t he <Ji= const ant  t est s r epor t ed i n t he paper .  
Fi g.  1 shows t he q ~ £a.and Ea— £tfcur ves obt ai ned 
f or  p=400 kpa,  wher ei n 6a and e„ denot e t he t ot al  
axi al  st r ai n and vol umet r i c st r ai n r espect i vel y.

ANALYSI S

Fi g.  1

The oct ahedr al  pl ast i c shear  and vol umet r i c 
st r ai ns at  poi nt s A and B ( Fi g. 3) whi ch ar e t he 
i nt er sect i on of  t wo st r ess pat hs ( (j3 =const  and

TABLE I

Ef f ec t  of  Roughnes s  on Cone Res i s t anc e

a/cu Q/cuh2

0.0 0.375
0.2 0.452
0.4 0.526
0.6 0.596
0.8 0.656
1.0 0.714

the Liquid Limit; the difference is, however, 
not unreasonable.
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p=const )  i n p- q pl ane as det er mi ned f r om t he 
t wo di f f er ent  set s of  t est  ar e shown i n Tabl e I .

TABLE I

poi nt
V W

03 =C D=C <Xj =0 p=c

A
B

0. 155
0. 097

0. 150
0. 083

0. 58
0. 71

0. 57
0. 72

Fr om t hi s t abl e i t  can be seen t hat  t he 
oct ahedr al  pl ast i c shear  and vol umet r i c st r ai ns 
at poi nt s A and B f or  p=const  t est s and f f j =const  
t est s ar e appr oxi met el y equal .

The pl ast i c st r ai n i ncr ement  vect or s at  poi nt s 
A and B ar e shown i n Fi g. 2 f or  t he t wo di f f er ent  
set s of  t est .  The equi pot ent i al  l oci  i n t he 
p- q pl ane obt ai ned di r ect l y f r om t he t est s ar e 
shown i n Fi g. 3.

I t  may be seen f r om Fi g. 2 and Fi g. 3 t hat  t he 
pl ast i c st r ai n i ncr ement  vect or s and t he 
equi pot ent i al  l oci  f or  t he t wo di f f er ent  st r ess 
pat hs ar e cl ose t o each ot her .

Compar i son bet ween t he exper i ment al  dat a and 
t he cal cul at ed st r ess- st r ai n r el at i on f or  
p=const  st r ess pat h usi ng par amet er s obt ai ned 
f r om (T3=const  t est  i s gi ven i n Fi g. 4.  The 
agr eement  i s f ound t o be sat i sf act or y.
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Fr om t he r esul t s t hus obt ai ned i t  may be 
concl uded t hat  f or  t he medi um Chengde sand 
st udi ed t he ef f ect  of  t he st r ess pat h on t he 
par amet er s of  t he el ast o- pl ast i c mat r i x[ D] ep

i s negl i bl e i f  t he st r ess pat h i n t he p- q pl ane 
i s i n t he r ange bet ween (Ts=const  and p=const .
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B .  K a m e n o v  a n d  Z .  K y s e l a  ( W r i t t e n  d i s c u s s i o n )

C Y C L I C  L O A D I N G  O F  S A N D

V_Written discussion to the contribution No. 4/2.3 
Hen-Xi Huang, Jia-Liu Pu, Yu-Jioiig Chem^Hardeit- 
ing Rule and Yield Function for Soils", Vol.l,
.p. 6 31/..

According to the paper No. 4/23 the elastic 
shear modulus G depends on the state of stress 
of the soil and atmospheric pressure. In this 
respect we consider it desirable to present some 
results of research carried out by the authors 
of this discussion in the field of cyclic loa­
ding of sand /compare Fig.2 in Paper No. 4/23/.

The subject of investigation were the manifesta­
tions of fatigue and consolidation of soils un­
der repeated shear loading. The tests were 
carried out in the shear box apparatus. The 
apparatus of proprietary design recorded conti­
nuously the dependence of the shear stress TT on 
the displacement Al of the shear box with con­
trolled changes of the shear stress. Major num­
ber of tests were carried out by the authors of 
this discussion with passing loading /periodical 
change of T  to zero while eC-
selected differences a1i+1
ning of every T reducing cycle.

1 a,cycl i c

const./ with 
a1^ at the begin-

A f - m - <Sn = 162 k N / m ^ l

n0 = 3 6 %

J— cr.»I

T d U U

0
tmt  6 J c f g 7 3 - 7

S 50 -

s h e a r  b o x  d is p la c e m e n t . 1  [m m l

Fig.l. Diagram of the static and cyclic shear 
box test.

In all cases there appeared a dependence of the 
shape and inclination of the passing shear 
stress loops on the preceding testing process.

The tangent to the declining branch of the 
loop is characterized in every point_by the 
instantaneous elastic shear modulus G. The 
mean value of G for one reduction of V depends 
also on deformation work corresponding with 
equal displacement a1 in a static test, on the 
energy S W  represented by the area of hystere­
sis loops, on the changes of structure and other 
factors. Most important are probably the 
changes of the soil structure produced or 
accelerated by the effect of energy induced into 
the soil by every loading cycle. These changes 
of structure depend on the number of preceding 
cycles. The loops of passing shear stress 
usually have different areas and inclinations 
depending on the ratio of the preceding shear 
stress r to the peak strength , on the dis- 
placement ¿ 1 before the relief of T  , on the 

ratio of ¿ 1/ a  lcrit £  & ̂ crit beini3 ^ne 
displacement a.t. which Tf has been attained/, 
on the vertical stress of the sample, on initial 
porosity, on the course of changes of T  and on 
the number of relief cycles.

It has been shown that if is attained with the 
displacements of Al^i- static cvclic1

If the number of cycles is small, the soil 
fatigue can be neglected for medium to heavily 
consolidated sands. In that case the equality 
of energies holds, shown in Fig. 1 by different 
types of hatching. A major number of cycles 
in a similar test has not resulted in the 
attainment of Tf due to the soil fatigue. 
Furthermore, Fig. 1 shows that T becomes stable 
at the residual value of f r like in the static 
test, after the cyclic loading has been inter­
rupted. The renewed introduction of cyclic 
loading results in an increase of the shear
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strength of the soil, the energy W represented 
by the loop being several times higher than that 
corresponding with similar T at the beginning of 
the test.

For the description of the changes of the shear 
strength in dependence on its partial or comple­
te repeated relieving the energy method suggest­
ed previously /Kamenov, 1962/ and further de­
veloped /Kamenov and Kysela, 1977, 1979; Kysela 
and Firt, 1974/ subsequently seems promising.
The strength and strain characteristics of the 
soil under variable load depend on the amount of 
energy induced into the soil and on the changes 
of soil structure. In simple cases it is 
possible to use the energy calculation to fore­
see the strength and strain soil characteristics 
after a certain period of application of vari­
able load. The exhausting of shear strength of 
the soil after several dozens of loading cycles 
or the change of G to 50 - 500% after 7 - 1 0  
cycles for the displacements of ¿1 «  a lcr
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ar e not  except i onal .

H .  M a t s u o k a  ( W r i t t e n  d i s c u s s i o n )

P R E D I C T I O N  O F  P L A N E  S T R A I N  S T R E N G T H  F O R  S O I L S  F R O M  

T R I A X I A L  C O M P R E S S I O N

The "Spatial Mobilized Plane(SMP)" is such a 
plane that three two-dimensional sliding 
("mobilized") planes between the respective two 
principal stress directions(I-II, II-III and I- 
III) are the three sides as shown in Fig.l( 
tan(45° + if>moij/2) =/aT7oT; i,j=l,2,3, i< j), and

is considered to be the plane where soil parti­
cles are most mobilized on the average under 
the three-dimensional stress conditions. The 
SMP provides a unique interpretation of the 
stress-strain behaviour up to the failure cri­
terion under a general stress system. It offers 
advantages over criteria based on the stresses 
on the octahedral plane, which currently receive 
popularity.

The following failure criterion for soils has 
been proposed on the assumption that soils fail 
when the shear-normal stress ratio on the SMP

reaches a limiting value(Matsuoka and
SMP SMP

Nakai, 1974, 1977; Matsuoka, 1976).

J1 •J2/J3=const. (1)

or tan2Vol2+tan2*mo23+tan2*mol3=const- (2)

where J^, J2 and are the first, second and

third effective stress invariants. Fig.2 shows 
the proposed failure criterion(TSMp/oSMp=const.) 

and the measured values on the octahedral plane, 
obtained by true triaxial tests and conventional 
triaxial tests on the medium dense Toyoura sand 
(Nakai and Matsuoka, 19 80). According to the 
proposed failure criterion, the maximum value of
the internal friction angles * is 10-15%

 ̂ max
larger than those under triaxial compression and
extension conditions, which are denoted by <i>

J rcomp.
and d> . (4 =4 . ) . As d> corresponds Text. Tcomp. Text. vmax r
nearly to the internal friction angle under

F i g . 1 Spatial Mobilized Plane 
(ABC)

Fi g.

a Rectangular 
Specimen

Cylindrical 
Specimen

- - - - - S M P

—  M o h r - C o u lo m b

! Proposed failure criterion 
and measured values 
on octahedral plane
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Fig.

plane strain conditions $ , the relationship
p . s.

between 6 and d> can be calculated from
p.s. Tcomp.

Eq.(1) or (2). Fig.3 represents the calculated
relationship between 4 and d> , which

p . s. Tcomp.
will be useful for practical engineering de­
signs of soil foundations under plane strain
conditions.
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T . L . L .  O r r ,  D .  H a r t f o r d  a n d  R . W .  K i r w a n  ( W r i t t e n  d i s c . )

T H E  E F F E C T S  O F  P A R T I C L E  S I Z E  D I S T R I B U T I O N  ON T H E  B E H A V I ­

O U R  O F  T I L L  A S  M E A S U R E D  I N  T H E  L A B O R A T O R Y

In our paper 4/39 to the conference we reported 
the results of a series of tests to investigate 
the influence of particle size distribution on 
the behaviour of till. The till tested is a 
granular material with less than 15% clay-sized 
particles of which mica predominates. The most 
common clay mineral is vermiculite and there are 
also small quantities of montmorillonite and 
kaolinite. High magnification photographs taken 
using a scanning electron microscope show that 
the silt-sized particles are rough and angular 
while the clay-sized particles are rough plate­
lets .

The tests were carried out on samples of the till 
with different porportions of soil particles 
finer than 0.06mm. The samples were prepared to 
particular water contents using the same compac- 
tive effort. The test results presented in 
Table V of the paper show how the dry density 
and undrained shear strength parameters varied 
with changes in particle size distribution and 
water content.

The experimental results demonstrate that, for a 
particular water content or dry density, those 
samples with a higher proportion of fine part­
icles had higher undrained shear strengths. 
Contrary to what the General Reporters suggest, 
this result confirms the findings of a similar 
investigation by Ostermayer (19 79) who reported 
an increase in sample shear strength with 
increasing fines content.

The authors explain this result by considering 
the effect of changes in the particle size 
distribution on the behaviour of the soil matrix. 
For samples at the same density, a higher propor­
tion of fine particles leads to a higher specific 
surface area and increased friction on shearing.

For the partially saturated samples tested under 
undrained conditions, an increase in the fines 
content also increases the capillary tension. 
Together these effects caused the observed 
increase in undrained shear strength with incre­
asing fines content.

The experimental results also show that a reduc­
tion in the proportion of fine particles produced 
denser samples and an increase in the undrained 
shear strength. These samples had higher 
uniformity coefficients and greater particle 
interlocking. The increase in measured undrain­
ed shear strength in this case is due to the 
high degree of particle interlocking. The higher 
proportion of larger particles leads to increased 
dilatancy on shearing (Rowe 1962) and the negative 
pore water pressures developed do not equalise 
readily due to the dense nature of the soil 
matrix. This also caused an increase in the mea­
sured undrained shear strength.

Thus the authors conclude that the results of 
these experiments show two different effects 
arising from changes in the proportion of fine 
particles in a till.
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^ c o r n p .

Calculated relationship 
between and <t>comp.
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A * M .  P i a s k o w s k i  ( W r i t t e n  d i s c u s s i o n )

W i t h  r e f e r e n c e  t o  m y  r e p o r t  " A n  a t t e m p t  o f  n e w  c l a s s i ­

f i c a t i o n  o f  c o h e s i v e  s o i l s "  /  S e s s i o n  4  /  I  w o u l d  l i k e  

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

s o i l s .  F i g u r e  1 p r e s e n t e d  t h e  c l a s s i f i c a t i o n  o f  s o i l s  

a c c o r d i n g ' t o  P o l i s h  S t a n d a r d  P N  -  7 4  B -  0 2 4 8 0  w h e r e  i n  

a d e q u a t e  f i e l d s  a r e  p u t  s y m b o l s  /  P g  . . .  I  /  o f  p a r ­

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

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

T h e  a x i s  " x "  i n  t h e  f i g u r e  2  i s  e q u a l  t o  v a l u e s  o f

F i  g . 1 T h e  i n v e s t i g a t e d  s o i l s  a c c o r d i n g  t o  t h e  

s t a n d a r d  P N - 7 4 / B - 0 2 4 8 0 .

J .  S i g i s m o n d  a p d  M .  L o n d e z  ( W r i t t e n  d i s c u s s i o n )

L A  C R A I E  A L T E R E E  -  D E F O R M A T I O N S  D I F F E R E E S  M E S U R E E S  EN 

L A B O R A T O I R E

RESUME Pour l'étude d'un site nuclâire sur la craie, 
Électricité de France a fait analyser les déformations 
différées de la craie altérée. Les essais montrent que 
le phénanène est significatif fflëme pour de faibles niveau 
de sollicitation. En pratique, les déformations differées 
peuvent atteindre 40% du tassaient de la couche concernée. 
(Réf.1) Fundamentals of Soil Behavior, J.K. Mitchell 
(Wiley)

Pour une centrale nucléaire Electricité de 
France a étudié les caractéristiques géotechni­
ques de la craie. Il s'agit de craie sénonienne 
(Crétacé Supérieur) qui est altérée sur environ 
15 m d'épaisseur. On l'appelle improprement 
craie marneuse.
La stratigraphie est définie par la Fig.l

L'altération est en fait constituée d'éléments 
de craie pratiquement pure, broyés et transfor­
més en un matériau ayant la granularité d'un 
sable et gravier riche en silt.
On sait que la craie est un assemblage de parti­
cules, nanno fossiles et particules néoformées, 
elles-mêmes poreuses d'où sa faible compacité ; 
malgré cela la résistance est assez élevée y 
compris pour le matériau altéré qui est non ar-

I s  =  I c  -  1 1 % a n d  t h e  a x i s  " y "  -  t o  t h e  s a n d  f r a c t i o n  

c o n t e n t  /  f  /  : t h e  d o t t e d  f i e l d s  c o r r e s p o n d  t o  t h e  

s a m e  s o i l s ,  w h i c h  a r e  p r e s e n t e d  i n  t h e  f i g u r e  1 .

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

i s  p o s s i b l e  t o  f i n d  a  f i e l d  i n  f i g u r e  2  f o r  e a c h  f i e l d  

o f  t h e  F e r e t ' s  t r i a n g l e  s h o w n  i n  f i g u r e  1 .  T h e  n a m e s  

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

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

f i g .  2  T h e  s o i l s  a s  i n  F i g .  1 a c c .  t o  p r o p o s e d  

c l a s s i f i c a t i o n  p r i n c i p l e s .
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Stratigraphie et caractéristiques du site

gileux, est trôs perméable. En phase do charge­
ment, la dissipation de la pression intersti­
tielle est très rapide -

LE FLUAGE : La craie est connue pour sa dëforma- 
bilité différée sous charge.

6 8 4



Pour la craie rocheuse, le phénomène ne devient 
significatif que pour des déviateurs proches du 
déviateur de rupture.
Pour la craie altérée, le phénomène a une am­
pleur significative sous des déviateurs faibles.

Plusieurs séries d'essais ont été efffectuées 
dans des cellules triaxiales pour divers niveaux 
de contraintes de confinement et pour des dévia­
teurs croissants.
En se référant au paramètre :

D = - 03/(01 - 03) rupt.

On a exploré le domaine 0,1 < D < 0,5 qui inté­
resse le projet étudié.
Les essais ont duré entre 2 et 3 mois, soit de 
50 000 à 130 000 minutes.
La figure 2 présente les résultats d'un essai 
pour ET = 0,23, d'une durée de 2 mois.

Selon la présentation classique des phénomènes 
de fluage (Fig.3), on observe la grande diminu­
tion de la vitesse de déformation avec le temps 
mais une faible variation de cette vitesse avec 
D (Fig. 4) .

VARIATION DE LA VITESSE DE DEFORMATION EN FONCTION:

10000

c  3 5 0

CD

<  3 9 0

F i g .  2  

E s s a i  d e  F l u a g e  

a 3 =400KN / m 2. (X j~0*2=400KN/m2

D  = 0 ,2 3

A l ( p )  =  19 2  +  4 7 l o g  t (m n)

1 0 0 0 0 0  T e m p s ( m n )

A partir de l'ensemble des essais, une loi de 
comportement du type de celle proposée par le 
Professeur MITCHELL a été utilisée (Réf.l).

R .  S t o j a d i n o v i c  a n d  M .  C v e t k o v i c  ( W r i t t e n  d i s c u s s i o n )

ANALYSIS OF VOLUME CHANGES ACCORDING TO THE 
CHANGE IN WATER CONTENT IN THE COHERENT SOILS

SYNOPSIS In everyday's engineering practice it is often necessery to estabilish the soil vo­
lume changes when it is moistered or dryed. It is expecially important when the subsoils of roads or 
airport runways are considered, as well as in the cases of earthfill damps resp. their sealing cores. 
In such cases it is most important to be able to foresee the future behaviour of such materials,accor­
ding to the moisture changes during the exploitation of such structures. The systematic research and 
testing showed that during the entire processuss of drying it is necessary to measure permanently the 
volume changes - and this being at the standard testing method impossible. It is proved influence
on the shrinkage limit of the primary compactness of soil sample, and the moisture content at the be­
ginning. It is stated too at testing that linear contraction (Ls) is not a constant value and depe- 
dent on the compactness at the start ( , the moisture content (w), as well as of the disturbed soil 
structure and of some other soil properties.

In this paper is concentrated efforts on the stu­
dy of volume changes in the soil with the changes 
of moisture content. The volume change is linear 
during the drying process from wz to wQ (Fig.l),
The water is moving from the interior of the soil 
to the surface and evaporates up to the state 
when the relative air humidity reaches the value 
of 1,00. If the water inthe soil is stressed,it 
ceases to evaporate earlier - before the relati­
ve moisture reaches the value of 1 ,0 0 .

This lower value is marked as the relative press­
ure (hr) of water vapour in the soil, the rela­
tion between the neutral pressure (uw ) and the 
relative pressure of water vapour (hi) can be - 
in the limits of temperature from 10° up to 3 0°C 
and the limits of the relative pressure (hr)from 
0,7 up to 1,00 - expressed with the equation

uw I kN I = 150 000 (1 - hr).

For instance, if the value of hr is equal to 0,9,

then the value of uw equals to - 15 000 kN/m2.The 
water content in the soil does not remain constant 
unless the relative moisture of the nearby air is 
hra = 0,9. If the relative water vapour pressure 
h is lesser, the soil continues to lose the water 
by evaporation. With the later drying, the air 
enters into the cavities in the soil and the loss 
of water is lagrer than the volume change.

In this phase the water stress uw can be increa­
sed, because the water retires to the finest po­
res. The evaporation does not cess as long as 
the relative vapour pressure hr does not become 
equal to the relative moisture content hra. In 
this phase the shrinkage is called "the residual 
shrinkage". The structure, formed then, is resis­
ting the forces of surface stresses, tending to 
diminish still more the soil volume in the con­
tinuous process of drying. This is the so called 
"residual resistance". The cross-points of the 
linear parts of the curve I gives the approximate 
value around the shrinkage limiti (w r ). It is

100  300  500 700 900 1.10  1.10  1.10

CTj -  cr3 K N / m 2 T e m p s  t ( m n |

F i g .  3  D U  D E V I A T E U R  F i g  4  D U  T E M P S

LES RESULTATS PRATIQUES :
La loi de fluage de la craie marneuse est :

a a i ,6 d t
% = 0,07e log r=-A tf

Cette loi a permis d ’estimer les tassements dif­
férés sous les ouvrages étudiés.
La déformation différée représente environ 40 % 
du tassement total de la couche de craie altérée 
au bout de 30 ans (36 mm pour 91 mm).
Le phénomène est donc significatif pour des taux 
de cisaillement assez faibles.
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Fig. 1. V and , depending from the 
water content, w %

possible to state, according to the diagram (Fig_,
1) the following:

- For the same soil, and for the larger va­
lues of a smaler shrinkage limit is 
obtained (Fig. la).

- The diagram ( ijf-w%) has the extreme value 
when the water content is wR (Fig. lb) .

- The value of is changing approxima­
tely in a linear manner - from the start 

of drying up to the value of wQ, as well 
as at the end of drying procces,-i.e. it 
is inverse to the curve (V - w%) - Fig. 
lc.) .

The curve representing the weight by volu­
me, related to the primari volume V, (
-w%) is linear (Fig. Id).

The dependance of the linear change of volume (Ls 
as the function of primary compactness and of the 
water content at the standard Proctor's testing 
is examinated too (Fig. 2 and 3).

On the Fig. 2 it is seen that the linear shrinkage 
change curve (No. I) in both cases is linear too,

in
_l

Fi g

but the value of Ls is growingmuch faster with the 
increase of water content on the right from the 
wo p f  At the Part nearby around the optimal va­
lue of (Ls-wi) the relation is no more linear.
When the soil compactness is increasing relative­
ly to the values, the change of Ls diminishes.

The values of &  in natural conditions for the 
same material differ from the values, obtained 
when the experiment is performed in laboratory 
conditions y the structure is essentially diffe­
rent too.

The behaviour of the soil at the different sta­
tes of consistency may be explained by the theo­
ry of osmothic pressure too, - this may be de­
fined in the systhem soil/water by the expre­
ssion

llm fl
P = RT --:-- f (w )

w va

where are :

R - the universal gas constant 0,082,
T - absolute (Kelwin) temperature,
"T"- the value of Hissic, or the capacity 

of the interchange of ions, expressed 
in the milliequivalents (me) on the 
100g of the hard mass,

Va- the valency,
w - the water content, equilibring the 

pressure p when the other conditions 
are the same, 

f(W) - the coefficient of activity,expre­
ssing the actual, real osmotic ion 
activity under the axisting environ­
ment conditions.

The osmothic pressure is a decreasing function 
of water content. It's maximal value correspon-

^ f d ,  kU/ms

The linear shrinkage change Ls 
as the function of and of w%

wi ÿT
21.5

W p

13.46

iS. 0 20.27
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ding to the water content of wG and indicate the 
theorethical minimal water content at which the 
osmothic pressure starts to be formed.

The maximum practically concldes with the shrin­
kage limit for the Na+ and K+ of the clay consi­
dered (wQ = w r ) . The relation w0/wR is increased 
for the other ions. At the smaller water contents 
the capillar and polar forces disappear.

Rheological model of the state of saturated, not 
loaded soil at the relative humidity hra=100% is 
given on the (Fig. 4). The unique external force

Fig. 4. The rheological model

is actually the atomspheric pressure. The swelling 
pressure, caused by repulsing forces is positive 
one and is equilibered by the extension stresses 
in the hard part of the structure. On the (Fig.
4 ) the rheological model of this state is shown. 
The elastic spring is considered to be slightly 
stressed and the element of attraction is suppo­
sed to contain all adsorbed water and also that 
this water acts by the hydrostatic pressure on 
the grains of the soil. The water vapour presure 
is equal to the vapour pressure at the saturation 

( P/ Ps=1) •

On the (Fig. 4b) the model is shown for the case 
when the pressure of water vapour in the nearby 
environment is reduced to a certain value h,part 
from the saturation condition, and when the enti­
re systhem is in a state of balance. A certain 
quantity of water vapour is freed from the sample 
and is gone in the atmosphere. It is supposed that 
the water vapour pressure in every part of the 
sample is equalized and is equal to the pressure 
of the nearby environment. Consequently, then 
appear the surface stresses of the adsorbed wa-

T a n  T j o n g  K i e  ( W r i t t e n  d i s c u s s i o n )

L O N G  T E R M  S T R E N G T H :  T H E O R Y  A N D  N E W  S I M P L E  M E T H O D  O F  

D E T E R M I N A T I O N

For  engi neer i ng pur poses t he l ong t er m 
st r engt h I . e.  t he maxi mal  st r ess whi ch soi l s,  
r ooks,  i nt er bedded cl ay l ayer s and i nt er cal a­
t i ons can sust ai n dur i ng t he l i f e of  engi neer i ng 
const r uct i ons, I s ver y i mpor t ant . I n t hi s di s­
cussi on we wi l l  i nt r oduce a new met hod, whi ch i s 
ver y si mpl e and has t he gr eat  advant age t hat  use 
can be made of  t he r out i ne di r ect  shear  and or  
t r i axi al  cel l , whi ch i s avai l abl e i n ever y 
l abor at or y.

Fr om a l ar ge quant i t y of  or eep or  r el axa­
t i on t est s on r ock,  soi l s and I nt er bedded cl ayey 
l ayer s i n r ocks t he st r ess st r ai n ( or  di spl ace­
ment )  i sochr ones f or  di f f er ent  val ues of  t he 
hydr ost at i c t r i axi al  or  nor mal  pr essur es ( di r ect

■ter-fllms, resp. the hydrostatic pressures are 
decreased, so that the soil structure (skeleton) 
starts to shrink,-i.e. to be compacted. This 
compacting is of a reversibile character.

The soil characteristics,influencing this shrin­
kage were studied in the .laboratory on some 
small samples, with a continous following the 
progress of volume changes. The volume changes 
at the drying in situ can differ considerably 
from the values, found in the laboratory. Gene­
rally speaking, the volume changes in situ are 
lesser than these, found in the laboratory con­
ditions. On the bulding site the climate is 
especially important in defining the gradient 
of volume changes. It is also important if the 
soil is covered (with grass etc.) or wher itis 
not the case. The reversibility of shrinkage is 
depending from the activity of clayey minerales 
too (Fig. 5). Then the process of molstering and

Fig. 5. The number cyclus drying 
and molstering

of drying in the nature is cyclical - this in­
fluencing the final shrinkage value.
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shear )  have been f ound t o have t he f or m shown 
i n Fi g. 1 ( Geuze Tan 1953,  Tan Kang 1980,  Tan Lee 
1981) .  Thi s f i gur e shows t hat  f or  l ar ger  val ues 
of  t he t i me t  t he mut ual  di st ance bet ween t he 
i sochr ones become i ncr easi ngl y smal l er  and f or  
ver y l ar ge val ues of  t he t i me t he cur ves ar e 
squeezed I nt o a nar r ow band.  Cr eep t est s at  
const ant  st r ess ar e shown I n t hi s di agr am by ho -  
r i somt al  l i nes CD wher eas r el axat i on t est s by 
ver t i cal  l i nes AB . The r el axat i on st r ess at  
l ar ge val ues of  t he t i me her e i s shown by t he 
or di nat e of  t he hor i zont al  par t  of  t hi s band;  
i t s asympt ot i c val ue,  whl oh i s t he t heor et i cal  
l ong t er m st r engt h i s her e mar ked by or  f ^,

t he upper  yi el d val ue.  Accor di ng t o t hi s

687



Fi g. 1 - u- t  cur ves ar e squeezed t o nar r ow band 
f or  l ar ge val ues of  t he t i me

r easoni ng,  we can f i nd t he l ong t er m st r engt h 
by det er mi ni ng t he posi t i on of  t he nar r ow band 
I n t he st r ess st r ai n di agr am.  We see t hat  I t  
I s di f f i cul t  t o det er mi ne I t  by means of  dr awi ng 
hor i zont al  l i nes CD,  wher eas I t  oan unambi ­
guousl y be det er mi ned by dr awi ng ver t i cal  l i nes 
AB,  Physi cal l y I t  means t hat  I t  I s di f f i cul t  t o 
f i nd t he l ong t er m st r engt h by means of  er eep 
t est s,  wher eas I t  oan be det er mi ned f r om r e­
l axat i on t est s I n a st r ai ght  f or war d manner .
Henoa r el axat i on t est s ar e pr ef er abl e.

So t o f i nd t he l ong t er m st r engt h I t  I s 
desi r ed t o measur e t he r el axat i on cur ves on 
t he l ong t er m f or  di f f er ent  const ant  hydr ost at i c 
pr essur es or  nor mal  pr essur es. For  t hi s pur pose 
we can use t he common t r i axi al  cel l  or  di r ect  
shear  box,  onl y wi t h some sl i ght  modi f i cat i ons
i . e.  we must  be abl e t o appl y a const ant  st r ai n 
and measur e t he st r ess r el axat i on wi t h a ver y 
r i gi d dynamomet er .  Such a modi f i cat i on f or  
exampl e i s shown i n Fi g. 2, Typi cal  r el axat i on 
cur ves f or  i nt er bedded cl ay sheet s ar e shown 
i n Fi g. 3.  Fr om t hese gr oup of  cur ves t he st r ess 
st r ai n i sochr ones shown i p Fi g. 1 can be 
di r ect l y obt ai ned.  Const ant  st r ai n r el axat i on 
t est s wi l l  r equi r e a l ar ge mul t i t ude of  sampl es 
and f or  r easons of  bet t er  ef f i ci ency t he met hod 
of  mul t i pl e st ep st r ai ni ngs i s r ecommended ( Tan 
Lee 1981)  Fi g. 4 shows t he r esul t s of  a l ong 
t er m r el axat i on t est s measur ed dur i ng a per i od 
of  427 days.  I t  can be not i ced t hat  t he st r ess 
decr ease f r om 150 days t o 100 year s i s onl y 8# 
of  t he st r ess magni t ude at  shor t  t er m.

Rel axat i on t est s r esul t s can be descr i bed 
by t he f ol l owi ng equat i ons ( Tan Lee 1981)

- t ( t )  = Ku/ ( 1+Bu) j l +Al og t / t Ql  (1)

^  Ku/ ( 1+Bu) ( 1- Xl og t / t Q) (1 A)

V . K .  T o k h i  a n d  T .  R a m a m u r t h y  ( W r i t t e n  d i s c u s s i o n )

D i s c u s s i o n  o n  " A N  E V A L U A T I O N  O F  T H R E E  D I M E N S I O N A L  S H E A R  

T E S T I N G “  b y : M . U .  E r g u n n ,  V o l .  1 ,  p  5 9 3

In his interesting paper, the author has advo­
cated the behaviour of a 'field element1 without 
adequate justification. This discussion attempts 
to present and justify the behaviour of such 
an element.

In the following 0^,  0g and 0 denote the

drained strength in compression(b=0 ), extension 
(b=l) and plane strain (_b =(o^-c^)/ oj-O^J].

Abbreviation CTA is used to denote conventional

Fi g. 2 Typi cal  r esul t s of  Rel axat i on t est s

SHEAR STRESS X.“».

Fi g. 3 Rel axat i on cur ves 427 days

s r Ku ( l - Àl o g  t / t 0 )  ( L a ) ( I B)

wher eby:  K « K0(expf ct  (Ty ) ) ; K/ B = ( K/ B) q+wvÇ;

whi ch ar e ver y usef ul l  f or  t he est i mat i on of  
t he l ong t er m val ue of  t he st r engt h.  For  t hi s 
pur pose t he exper i ment s must  be per f or med over  
a suf f i ci ent l y l ong per od t hat  t he coef f i ­
ci ent s Kq , A, ot ,  B,  m can be det er mi ned

s a t l s f a t o r i l y .
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triaxial apparatus, MCTA denotes axisynunetric 
triaxial compression test with lubricated end 
platens and UTA to denote an apparatus in which 
the three principal stresses and strains can 
be independently measured.

Until recently most of the study of strength 
and stress-deformation of soil depended on data 
obtained from CTA which uses a cylindrical 
specimen. Till about two decades back it was 
generally believed that 0 0c . When the plane
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strain compression tests began to be performed, 
(Cornforth 1964), it was found that &c •

This was explained to be due to maximum const­
raint experienced by the specimen with € 2 = 0

resulting in 0^ to be maximum strength. It was

also argued that in axisymmetric compression 
and extension tests in MCTA the specimen deforms 
under equal and maximum freedom in the two 
lateral directions and hence 0c must equal 0e .

That 0C~ 0e is supported by several investiga­

tors, Rowe(1964), Bishop (1966), Marachi et al 
(1969), Barden et al (1969,1971), using lubri­
cated end platens. Later on several investi­
gators using MCTA as well as UTA reported 0 £  0Q,

Green and Bishop (1969), Barden and Proctor 
(1971), Green (1971), Lade and Duncan (1973) 
and Green and Reades (1976). No reason could, 
however, be given for 0 0c . Though compre­

ssion and extension tests may be conducted with 
identical preshear conditions namely porosity 
and confining pressure, the mean stress at 
failure in extension could be the same, higher 
or lower than in compression test and 0& may

be affected by this. This value of 0£ at

failure may also be influenced by inherent 
anisotropy of the material. Sample geometry 
is not the cause for such a variation (Barden 
and Proctor, 1971).

From above it is clear that 0 > 0 is generally
P ^

accepted but magnitude of 0 e with respect to 0c

or with 0 is not resolved and in the opinion

of the discussors the basic question to be 
answered is: should 0e obtained from MCTA or

from UTA be taken as reliable ? When comparison 
of 0c obtained from MCTA and UTA was made, a

good agreement was indicated. Whenever 0e was

determined from MCTA this value was less than 
0e obtained from UTA and also less than 0 .

One would expect the results in extension from 
MCTA, which provided near uniform deformation 
over the entire specimen under least deformat- 
ional constraints to be more reliable. Some of 
the investigators have resported 0e to be

Table 1: Magnitude of 0c , 0e and 0

Author/s Material
*c ^e *P

Barden et al 
1969

Dense sand 44.7 46.1 49.9

Green,1971 Dense sand 39.0 40.9 44.0
Reades,1972 Dense sand 38.8 43.2* 43.5

Medium dense 37.0 38.6 40.6

Loose sand 34.0 33.7 36.5

Thurairajah and 
Sithamparapillai 

1972

Dense 38.2 42.2 43.4

* Middle of range for triaxial extension 
specimens.

** 0 predicted according to Ramamurthy and 
p Tokhi (1981).

_a few degrees higher than 0 c from MCTA but less 

than 0 as shown in Table 1.

In this Table, whenever 0 has not been report­

ed it has been estimated according to 
Ramamurthy and Tokhi (1981). In all these 
cases mean stress at failure in extension is
higher than in compression and yet 0 4. 0  .

e p
Adequate data is available to show that when 
mean stress at failure is constant or lower 
than in compression, 0^< 0 . UTA which have

given 0e > 0 , must therefore be imposing some

constraints in extension. Therefore, in all 
cases, 0e should be less than 0 . Some of the

investigators have reported 0e nearly equal to

0c but less than 0  from UTA e.g. Sutherland

and Mesdary (1969) and Rawat and Ramamurthy 
(1978). Therefore, such UTA must be providing 
least equipmental constraints in extension as 
well. Therefore, from the data provided, in a 
“field element" at all relative densities the 
strength must increase from 0c at b = 0 to its

maximum value of 0 under plane strain conditi­

on and with further increase in b it decreases
to 0  at b = 1 such that 0 7 0 ^ 0  . For sand 

e p e? c

in loose state \ 0 - 0c | is expected to be

small while in dense state it may be large, 0  
always remaining the maximum value. ^

For soils wherein 0  > 0  , 0 i. 0  and 0 % 0 
'p c e p e 7 'c

a new approach can be followed for defining a
failure criteria in two stages in simple
polynomial form after having experimentally
determined 0  and 0  from MCTA and 0 from an 

c e p
appropriate equipment ( or estimated as expla­
ined earlier). The variation of 0 in the
region from b = 0 to b = b (b_= b-value at

P P
plane strain) follows one type of polynomial 
behaviour and another type of polynomial in the 
region from b = bp to b = 1. Such a behaviour ‘

has been expressed in polynomial form 
(Ramamurthy, 1981; Tokhi, 1981). A major 
advantage of defining the failure criteria in 
this form almost individualises the failure 
criteria for each soil and the deviation of 
good and reliable experimental results from the 
failure criteria can be minimised.
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R . L .  W e i ,  Y . M .  Z u o  a n d  T . L .  G u o  ( W r i t t e n  d i s c u s s i o n )  

C Y C L I C  S I M P L E  S H E A R  T E S T  A P P A R A T U S

A  c y c l i c  s i m p l e  s h e a r  t e s t  a p p a r a t u s  h a s  b e e n  

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

s h e a r  t e s t  a p p a r a t u s  i n  N a n j i n g  H y d r a u l i c  R e ­

s e a r c h  I n s t i t u t e  s i n c e  1 9 7 8 .  I t  i s  c o m p o s e d  o f

f o u r  p a r t s - - - - - - s i m p l e  s h e a r  b o x ,  s t a t i c  l o a d i n g

s y s t e m ,  e l c t r o - m a g n e t i c  a c t u a t o r  a n d  e l e c t r o n i c  

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

p a r a t u s  a r e  s h o w n  i n  t h e  l e f t  o f  F i g .  1 ,  a n d  t h e  

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

m a t i c a l l y  i l l u s t r a t e d  i n  F i g . 2 .  A  s p e c i m e n  w i t h  

d i a m e t e r  o f  7  c m  a n d  h e i g h t  o f  2  c m  i s  e n c l o s e d  

i n s i d e  a  r u b b e r  m e m b r a n e  w h i c h  i s  i n  t u r n  c o n ­

f i n e d  b y  s t a c k  a f  s t e e l  r i n g s  a n d  a t t a c h e d  r i g ­

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

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

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

6  k g / c m 2  t h e  s h e a r  b o x  i s  c o m p l e t e l y  w a t e r  t i g h t  

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

n o t  a n y  u n s u p p o r t e d  s e c t i o n  o f  m e m b r a n e .  A  

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

c c f  t h e  s h e a i r  b o x  t o '  m e a s u r e  t h e  p o r e  p r e s s u r e  

d e v e l o p e d  i n  t h e  s p e c i m e n  d u r i n g  t h e  t e s t .  A n  

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

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

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

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

l a t o r  v a l v e s .  V e r t i c a l  l o a d  i s  t r a n s m i t t e d  t o )  

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

o n  t h e  t o p  c a p  o f  s p e c i m e n  a n d  c o n n e c t e d  t o ;  a  

h o r i z o n t a l l y '  f i x e d  s m a l l  p r o v i n g  r i n g .  W h e n  t h e  

h o r i z o n t a l  c y c l i c  l o a d  i s  a p p l i e d ,  t h e  l o a d  c a r ­

r i a g e  i s  a l w a y s  k e p t  h o r i z o n t a l  w i t h  m i n i m u m  

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

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

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

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

c y c l i c  s h e a r  s t r e s s  s e p e r a t e l y .  E a c h  o f  t h e  

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

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

b o x  i s  m o u n t e d  o n  a  s l i d i n g  b a s e  w i t h  a  c o e f f i ­

c i e n t  o f  f r i c t i o n  o f  2 % d e t e r m i n e d  b y  c a l i b r a ­

t i o n .  T h e  m a g n i t u d e  a n d  f r e q u e n c y  o f  e x c i t a t i o n  

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

g e n e r a t o r ,  t h e  s i g n a l  g e n e r a t e d  b y  t h e  l a t t e r  i s  

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

i m u m  e x c i t i n g  f o r c e  a n d  s t r o k e  o f  t h e  a c t u a t o r  

i s  1 2 0  k g  a n d  2 0  m m  r e s p e c t i v e l y .

W h e n  t h e r e  a r e  t o o  m a n y  f i n e  g r a i n s  i n  t h e  s a n d  

t h a t  i t  i s  i m p o s s i b l e  t o  p r e p a r e  t h e  s a t u r a t e d  

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

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

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

c e l l  i s  m o u n t e d  o u t s i d e  t h e  s h e a r  b o x  a s  s h o w n  

i n  t h e  r i g h t  o f  F i g .  1 .  T h e  v a l v e  o f  t h e  d r a i n ­

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

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

t h e  c e l l  f o r  1 5  m i n u t e s .  T h e  v a l v e  i s  t h e n  

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

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

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

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

h e n c e f o r t h  m a i n t a i n e d  f o r  a n o t h e r  1 0  m i n u t e s .  

C a u t i o n  m u s t  b e ' t a k e n  t h a t  t h e  f i l t r a t i o n  o f  

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

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

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

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

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

g e n e r a l l y  h i g h e r  t h a n  9 7 % .

A f t e r  t h e  s p e c i m e n  h a s  b e e n  s a t u r a t e d ,  t h e  a i r

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

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

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

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

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

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

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

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

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

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

m e n ,  t h e  i n d u c e d  p o r e  p r e s s u r e  i s  m o n i t o r e d  b e ­

f o r e  t h e  d r a i n a g e  b e g i n s  i n  o r d e r  t o  c h e c k  t h e  

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

o f  p o r e  p r e s s u r e  c o e f f i c i e n t  B  i s  l e s s  t h a n  0 . 9 8 ,  

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

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

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

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

h o r i z o n t a l  s h e a r  s t r e s s ,  t h e  d r a i n a g e  v a l v e  i s  

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

w i t h  a  f r e q u e n c y  o f  2  H z  i s  a p p l i e d  b y  t h e  

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

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

a n d  p o r e  p r e s s u r e  a r e  m e a s u r e d  b y  t r a n s d u c e r s  

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

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

t h i s  a p p a r a t u s  h a s  b e e n  s u m m a r i z e d  i n  a  p a p e r  

e n t i t l e d  " P o r e  P r e s s u r e  i n  S i l t y  S a n d  u n d e r  

C y c l i c  S h e a r "  a n d  p u b l i s h e d  i n  t h e  P r o c .  o f  t h e  

I n t e r n a t i o n a l  C o n f e r e n c e  o n  R e c e n t  A d v a n c e s  i n  

G e o t e c h n i c a l  E a r t h q u a k e  E n g i n e e r i n g  a n d  S o i l  

D y n a m i c s .  a

W .  W o l s k i / A .  F u r s t e n b e r g / Z .  L e c h o w i c z / A .  S z y m a n s k i  ( W r i t t e n  d i s c . )

L A B O R A T O R Y  T E S T S  O F  G E O D R A I N  E F F E C T I V E N E S S  I N  O R G A N I C  

S O I L S

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

a n d  g y t t j a .  S u c h  k i n d  o f  s o i l s  c o v e r s  a b o u t  5  p e r  c e n t  

o f  t h e  w h o l e  c o u n t r y .  A  t y p i c a l  s o i l  p r o f i l e  w i t h  i n ­

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

F o r  e x p l a n a t i o n  o f  t h e  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  

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

c o m p r e s s i b i l i t y  t e s t s  i n  t h e  c e l l s  1 5  c m  d i a .  h a v e  

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

c o m p r e s s i o n  i n  p e a t  r e a c h e d  a  v a l u e  o f  a b o u t  3 0  p e r  

c e n t  o f  t o t a l  s t r a i n s ,  w h e r e a s  i n  g y t t j a  o n l y  1 0 % .  I t  

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

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

D u e  t o  o b t a i n e d  r e s u l t s :  r e l a t i v e l y  s m a l l  s e c o n d a r y  

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

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

g y t t j a  h a v e  b e e n  u n d e r t a k e n .  T h e  t e s t s  h a v e  b e e n  c a r ­

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

( d i m e n s i o n s :  1 . 1  x  1 . 3  x  1 . 4  m ) ;  i n  o n e  o f  t h e m  g e o ­

d r a i n  h a s  b e e n  i n s t a l l e d  ( f i g .  2 ) .  E a c h  c h a m b e r  i s  p r o ­

v i d e d  w i t h  e l e c t r i c a l  p i e z o m e t e r s  a n d  p i p e s  f o r  i z o -  

t o p i c  t e s t s  ( w a t e r  c o n t e n t  a n d  d e n s i t y ) .  D u r i n g  t h e  

l o a d i n g  p r o c e s s  t h e  v a n e  t e s t s  w e r e  a v a i l a b l e .  T h e  

a b o v e  t e s t s  w e r e  c a r r i e d  o u t  u n d e r  t h e  l o a d s  1 0 ,  2 0  

a n d  3 0  k P a . R e s u l t s  o f  p o r e  p r e s s u r e  m e a s u r e m e n t s ,  

s e t t l e m e n t s  a n d  v a n e  s h e a r  s t r e n g t h  a r e  g i v e n  i n  

f i g .  3 .

0

2

e
- u

0-  .  
LU 6 
Q

P E A T

%

W n , w p , w L  

%
8 0 1 0 0 1 2 0 1 « )

t d

k N /  m * 
5  10

v a n e  

t e s t  

k P a  
10 2 )

A

organ.
m a t te r eo

10 Q 6 0 .8

S A N D

Fi g.  1.  Pr oper t i es of  t he or gani c  subsoi l

C o n c i  u s i o n s

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

Pfl &P

' 7 / V / V  77 7

Pfl

G -

7 7 7 T1,T5m
7 7

L e g e n d  :

S -  s e t t l e m e n t  g a u g e

P -  p i e z o m e t e r

I  -  p i p e  f o r  i z o t o p ic  

m e a s u r e m e n t s

G  -  g e o d r a i n

Fi g.  2.  Chamber s of  model  t est
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T i m e  , d a y s

1 0 0  2 0 0  X X )_ _ _ _ _ _ _  4 0 0

F i g .  3 .

0 2  

i / T  0 ,4  

i f f  0 ,6

W IT H  G E O D R A IN

w i t h o u t  G e o d r a in

R e s u l t s  o f  m o d e l  t e s t

F i g .  4  I n d e x  o f  i m p r o v e m e n t

T IM E  , d a y s  

2 0 0  3 0 0

W IT H O U T  G E O D R A IN

W IT H  G E O D R A IN
- - - - - “ U s  =  S t / S ,

u i - y t

g y t t j a  d e c r e a s e s  1 0 0 0  t i m e s  u n d e r  t h e  e f f e c t i v e  s t r e s s  

i n c r e a s e  e q u a l  t o  4 0  k P a .

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

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

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

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

i s  p r e s e n t e d  i n  f i g .  4 .

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

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

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

F .  H a r t m a n n  ( W r i t t e n  d i s c u s s i o n )

A N  E V A L U A T I O N  O F  T H E  K J E L L M A N  T E S T  

U n e  E v a l u a t i o n  d ' u n  E s s a i  d e  K j e l l m a n

I n  1 9 3 6 ,  K j e l l m a n  r e p o r t e d  a b o u t  h i s  t e s t s  w i t h  t h e  

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

u t i l i z e d .  O n  e a c h  o f  t h e  s i x  s i d e  s u r f a c e s  o f  t h e  s a m p l e  

t h e  s t r e s s e s  a r e  a p p l i e d  v i a  1 0 0  b r a s s  r o d s .  I n  t h i s  w a y  

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

a v o i d e d .

F i g .  1 a

_  f t -

F i g .  1 b

I t  c a n  b e  a s s u m e d  t h a t  t h e  w h o l e  s a m p l e  i s  s u b m i t t e d  t o  

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

t h e  r e s u l t s  o f  t h e  t e s t s  c a n  b e  d o n e  a s  s h o w n  i n  F i g .  2 b .

T h e  r e s u l t s  o f  K j e l l m a n ' s  t e s t s  a r e  g i v e n  i n  T a b l e  1 .

1 2 3 4 5 6 7

a x ay f f z X e y e z e

2 . 2 7 6 . 0 0 1 2 . 0 0 - 3 . 0 0 - 0 . 2 0 + 2 . 8 6 - 0 . 3 4

1 . 8 7 6 . 0 0 1 0 . 1 3 - 2 . 3 8 + 0 . 2 0 + 2 . 0 4 - 0 . 1 4

2 . 6 5 2 . 6 5 9 . 7 0 - 2 . 8 0 - 2 . 8 0 + 5 . 4 2 - 0 . 1 8

T a b l e  1

9 - Î *  * * 3

I t  i s  a s s u m e d  t h a t  t h e  s t r a i n  c u r v e s  i n  ( 1 )  d e v e l o p  i n  a  

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

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

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

f u r t h e r  c a l c u l a t i o n ,  i s  c a n c e l l e d .  F i n a l l y ,  t h e  p r i n c i p a l  

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

êi +é2 +é3 = 0 ( 3 )

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

t o  t h e  v a l u e s  g i v e n  i n  t h e  T a b l e  2 .
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° 1 ° 2 ° 3 e 2 e 3
3 ^ 3

6 . 0 0 2 . 2 7 1 2 . 0 0 - 0 . 0 8 1 r
o

0
0

+ 2 . 9 7 0 . 1 8 9 - 0 . 9 7 3

6 . 0 0 1 2 . 0 0 2 . 2 7 - 0 . 0 8 + 2 . 9 7 - 2 . 8 9 5 . 2 8 6 - 1 . 0 2 8

2 . 2 7 6 . 0 0 e t c . - 2 . 8 9 - 0 . 0 8 e t c . 0 . 5 0 0 e t c .

1 . 8 7 6 . 0 0 1 0 . 1 3 - 2 . 3 3 + 0 . 2 4 + 2 . 0 9 0 . 5 9 2 + 0 . 1 1 5

1 . 8 7 1 0 . 1 3 e t c . - 2 . 3 3 + 2 . 0 9 e t c . 1 . 6 8 8 e t c .

2 . 6 5 9 . 7 0 2 . 6 5 - 2 . 7 4 + 5 . 4 8 - 2 . 7 4 3 . 6 6 0 - 2 . 0 0 0

9 . 7 0 2 . 6 5 2 . 6 5 + 5 . 4 8 - 2 . 7 4 - 2 . 7 4 1 . 0 0 0 + 1 . 0 0 0

T h e  m e a n i n g  o f  t h e  a n g l e  a  i s  t o  b e  s e e n  i n  F i g .  2 .  B y  

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

i n  T a b l e  3 .

T a b l e  2

I n  F i g .  2 ,  t h e  v a l u e s  o f  0 2 / 0 3  c a l c u l a t e d  i n  T a b l e  

p l o t t e d  o n  t h e  v s .  c j  p l a n e .

T h e  v a l u e s  i n  F i g .  2  c a n  b e  e x p r e s s e d  b y  a f o r m u l a  

f o r m

**  ( I " )  = ( W K  -  0,7260 fiitoc -  05122 r i n k *

+: 0,51^1 sin\c)costl

■ *  4 +  #with SlUX - +  — 1 ̂  U

2  a r e  

i n  t h e

• / 

£1 fi

•I *■

TT

a ft 11 sin. g s

f 3 ^ -/I 0 0 Aoa.=

0,53 a

+4 0 0 i %

0 + 4 -'I

K -

0,187

A 2p -
4
071? ’

5,35

Si

= 0, i SS

ij eL

-4 -4 4-2. -0,5
^5<U =

taip = 
4

o,n3" 
3,

S,K Su

= 0,571

u + /( - Z -0,5
kjicp -

5,30

=

0,-189

i>l $Jk 

= 0.G33

5sk»Ho‘

F i g .  2 .  T h r e e  d i m e n s i o n a l  f l o w  c o n d i t i o n  f o r  t h e  S 3  

t e s t e d  s a n d  a t  t h e  p o i n t  o f  f a i l u r e .
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A t  f a i l u r e  i n  t h e  p l a n e  t e s t  t h e  v a l u e  P 2  =  4 3 . 2 °  a n d  

t h e  p a r a m e t e r  o f  s i d e  p r e s s u r e  X Q a  =  0 . 5 3 2  a r e  o b t a i n e d .

I n  t h e  3 - d i m e n s i o n a l  c a s e  v a r i a b l e  v a l u e s  w h i c h  a r e  

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

o b t a i n e d .

I n  t h e  c a s e  o f  u n i f o r m  d i s p e r s i o n  ( d i v e r g e n t  c a s e )  w e  

f i n d  P 3 d = 3 4 . 8  a n d  i n  t h e  c a s e  o f  u n i f o r m  c o n f l u e n c e  

( c o n v e r g e n t  c a s e )  P 3 k  =  4 3 . 0 ° .

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

P 3 ( j  =  3 4 . 8 °  a n d  t h e  2 - d i m e n s i o n a l  c a s e  w i t h  P 2  =  4 3 . 2 °  i s  

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

c i p a l  a x e s  2 / 3  i s  e s s e n t i a l l y  f a c i l i t a t e d  i f  t h e  s o i l  

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

p l a n e .

F r o m  ( 1 )  i s  t o  b e  s e e n  t h e  v a l u e  o f  t h e  l i n e a r  c o m p r e s ­

s i o n  a t  w h i c h  t h e  s t a t e  o f  f a i l u r e  i s  n o t  a t t a i n e d :

X o  =  0 . 5 2 5 .  I t  i s  a p p r o x i m a t e l y  e q u a l  t o  t h e  v a l u e  

Xoa =  0 . 5 3 2 .  I t  i s  a l s o  i n t e r e s t i n g  t o  c o m p a r e  t h e  

v a l u e  X o= 0 . 5 2 5  w i t h  t h e  v a l u e s  P 3 d  =  3 4 . 8 °  a n d  

s i n  P 3 J  =  0 . 5 7 1 .  T h e  f o r m a t i o n  o f  t h e  p r e s s u r e  o f  r e p o s e  

i s  a  3 - d i m e n s i o n a l  p r o c e s s  l i k e  t h e  d i v e r g e n t  3 - w a y  f l o w  

p r o c e s s .  A c c o r d i n g  t o  t h e  f o r m u l a  o f  J S k y  w e  c a n  c a l c u ­

l a t e  12]

t i o n  a n g l e  m u s t  b e  i n t r o d u c e d  b u t  i n  t h e  f o r m u l a  o f  J 5 k y ,  

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

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

t a n  <f> =  s i n  p

t a n  <j> =  s i n  3 4 . 8 °  ( 1 0 )

* 3 d  ^  2 9 ' 7 °

X Q =  1 -  s i n  0 = 1 -  0 . 4 9 6  =  0 . 5 0 4 .  ( 1 1 )

K j e l l m a n  t e s t e d  t h e  s a n d  i n  h i s  a p p a r a t u s  a n d  a l s o  i n  

t h e  K r e y  s h e a r  a p p a r a t u s  a n d  f o u n d  t h e  v a l u e  $2 = 3 4 ° .

B y  t h e  s h e a r i n g  t e s t ,  t h e  M o h r  i n t e r n a l  f r i c t i o n  a n g l e  ,0 

w a s  n o t  t o  b e  f o u n d  b u t  t h e  C o u l o m b  s h e a r  a n g l e  <f> .

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

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

t a n  ()>2 =  t a n  3 4 °  =  0 . 6 7 4 5  

s i n  P 2  =  0 . 6 7 4 5  

p 2  =  4 2 . 4 °

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

p 2  =  4 3 . 2 ° .

X o  =  1 -  s i n  p  =  1 -  0 . 5 7 1  =  0 . 4 2 9  

a n d  a c c o r d i n g  t o  a  f o r m u l a  d e r i v e d  b y  t h e  A u t h o r  [ 2 ]

A o -
l - s i n 2 P 1 - 0 . 5 7 1 2

2
1 + s i n  p

=  0 . 5 0 8 .

1 + 0 . 5 7 1 '

( 9 )

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

e x p l a i n e d .  I n  m y  f o r m u l a  t h e  v a l u e  o f  t h e  i n t e r n a l  f r i c -
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