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Panel discussion: Effects of interparticle bonding on stiffness of geomaterials 

Débat de spécialistes: Influence des liaisons entre particules sur la raideur des géomatériaux

S. Shibuya & T. Mitachi -  Hokkaido University, Sapporo, Japan

In  m an y  g eo te c h n ic a l e n g in eerin g  d esig n  w o rks, it is v ery  

im p o rtant to  u nd erstand  p ro p erly  the  stif fn e ss  ch an g e  o f  the c ited  

g e o m ate rial ag ain st m ag n itu d e  o f  the  cu rrent sh ear strain  o r 

stress. T h e  rang e  o f  strain  d ealt w ith  is w id e as sm all as 0 .0 0 0 1 %  

to  the v alu e  at failu re . Fig . 1 sh o w s stre ss-strain  resp o n se  in 

g en eral in  lab o rato ry  c o m p re ssio n  test. T h e  Emlx v alu e  re fe rs  to  

the  e lastic  Y o u n g ’ s m o d u lu s see n  at v ery  sm all strains in a p lo t o f  

d ev iato r stre ss , q , and  ax ia l strain , Ea. T h e  stress-strain  

re latio n sh ip  is lin e ar up  to  the  e lastic - th resh o ld  strain , (e a) EL 

b ey o n d  w h ic h  the  stif fn e ss  v aries  w ith  strain  in a co n tin u o u s 

m an n er up  to  the  p eak . In  an attem p t to  c h arac teriz e  the stress- 

strain  n o n -lin e arity , it is c o n v en ien t fo r us to  intro d u ce re fe re n c e  

strain , (e a) r, w h ic h  is the  ratio  o f  streng th , A q , to  the in itial 

stif fn e ss , Em„ .  It sho u ld  b e  m en tio n ed  that the  (ea)r v alu e  d o es no t 

sh o w  any  s ig n if ic an t v ariatio n  fo r d if fe ren t g eo m aterials  

(T atsu o k a and  Sh ib u y a, 19 92 ) . W h en  the  stre ss-stra in  resp o n se  is 

ex am in e d  in te rm s o f  the n o rm aliz ed  stress, Y(=A q / A qmax) , and  

the n o rm aliz e d  strain , X ( = E a/ (e a) r)  the m aterial sho w in g  p e rfe c tly
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Fig . 1 R e p re se n tatio n  o f  (a )  ac tu al stre ss-strain  re latio n sh ip  and  

(b )  n o rm aliz e d  stress-strain  re latio n

lin e ar stress-strain  resp o n se  fa ils  at X = l .  W h en  co m p aring  

stif fn e ss  ch an g e  o f  d if fe ren t g eo m aterials, it m ay  b e u nd ersto o d  

that the d eg ree  o f  stre ss-stra in  n o n -lin e arity  b ec o m e s m o re 

s ig n if ic an t as the  tang ent stif fn e ss  e x h ib its sm alle r v alu e at any  

g iv e n  stre ss  o f  Y .

T h e  v ariatio n  o f  tan g en t Y o u n g ’ s m o d u lu s, E lan(=d q/ d ea) , w ith 

stress fo r d if feren t g eo m ate rials as su b je c ted  to  m o n o to n ic  shear 

in  c o m p re ssio n  is sho w n  in Fig .2. In c o m m o n  w ith  the stress- 

strain  re latio n sh ip  o f  all th ese  m ate rials, the d Y/ d X  v alu e  is unity  

at the b eg in n in g  o f  sh ear w ith Y = 0 , and  the g eo m aterials fail at 

Y = 1 b y  sho w in g  the d Y/ d X  v alu e  o f  z ero . It is also  tru e that the 

d Y/ d X v alu e  rem ains at u n ity  thro u g ho u t sh earin g  fo r an 

id ealiz ed  m aterial sho w in g  lin ear stre ss-strain  re latio n sh ip . It 

sho u ld  b e  p o in ted  o u t that the  stre ss-strain  n o n -linearity  is m o re  

s ig n if ic an t in the o rd er o f  u ncem ented  so ils , sand  and  c lay , 

c e m e n t-treate d -san d y  so ils  w ith  c em en t co n ten t o f  6%  and  10% , 

natu ral sed im en tary  so f t ro c k , and  hard  ro ck . T h e se  resu lts m ay  

b e u n d ersto o d  su c h  th at the stre ss-strain  re latio n sh ip  b ec o m es 

m o re  lin e ar as the c e m e n tatio n  o r in terp artic le  b o nd ing  o f  the 

g eo m ate rial is m o re  d o m inant. T h is  is the  v ery  im p o rtant asp ec t 

in  th is d iscu sso n .

Fig . 3 sh o w s the re su lts  o f  a series o f  c o m p re ssio n  test 

p erfo rm ed  o n  c em en t-treated  sand y  so il. T h e  tests w ere 

p erfo rm ed  in  a triax ia l ap p aratu s recen tly  d ev elo p ed  at H o kkaid o  

U n iv ersity  (Sh ib u y a  e t a l., 19 96 ) . In  th is ap p aratu s, a d ig ital serv o

N o rm aliz e d  s tre s s , Y  =  q/ qm,„

(a) O y a  t u f f  ( N o m a  an d  Is h i i ,  1986): (b) Sa g a m ih a r a  m u d sto n e  ( O z a w a  e t 

a l .,  1 9 9 6 ) ;  (c) C e m e n t- tre a te d  s a n d y  s o i l  ( c e m e n t c o n te n t 10  %  b y  w e ig h t) ; 

( S h ib u y a  an d  O z a w a , 1 9 9 6 ) ;  (d) C e m e n t- tre a te d  sa n d y  s o il  ( c e m e n t c o n te n t 6 

%  b y  w e ig h t)  ( S h ib u y a  an d  O z a w a , 1 9 9 6 ) ;  (e) R e c o n s ti tu te d  c la y  ( S h ib u y a  e t 

a l . ,  1 9 9 6 ) ;  ( f )  T o y o u ra  sa n d  ( e 0 = 0 .8 3 )  ( S h ib u y a  e t a l . ,  19 9 1)

Fig . 2 V ariatio n  o f  tan g en t stif fn e ss  w ith  stress fo r d iferent 

g e o m aterials
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Fig .3  Stre ss-stra in  re latio n sh ip  o f  c e m e t-tre ate d  sand y  so il in 

triax ia l c o m p re ssio n
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Fig .4  E f f e c ts  o f  c o n f in in g  p ressu re  o n  th e  re latio n sh ip  b etw een  

E ta„ / Emax and  q / q ^
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m o to r is em p lo y ed  in  o rd er to  d riv e  the lo ad ing  p isto n . T h e  ax ial 

d e fo rm atio n  o f  the  sp e c im e n  w as m easu red  lo c ally  o v er the 

c en tral p o rtio n . In so  d o in g , b ed d ing  erro r at the sp e c im e n  end s 

w as su c c e ssfu lly  av o id ed  in  the m easu rem en t o f  ax ial 

d efo rm atio n . T h e  sp e c im e n  end s are cap p ed  u sing  g y p su m . T h is  

tec hn iq u e  h as b een  p ro v ed  e f fe c tiv e  in  p ro v id ing  b etter 

u n ifo rm ity  o f  stre ss  and  strain  in  the re lativ e ly  s ti f f  sam p le. 

Id en tical sp e c im e n s h av in g  the c em e n t co n ten t o f  6%  w ere 

in itially  su b je c te d  to  iso tro p ic  c o n so lid atio n  to  d if fe ren t c o n f in in g  

p ressu res, then  sheared  at a co n stan t rate  o f  ax ial strain in g  

(Sh ib u y a  and  O z aw a, 199 6) . It can  b e seen  that the o v erall stress- 

strain  re latio n sh ip  w as so f ter inv o lv ed  w ith  m o re  co n trac tiv e  

resp o n se  as the c o n f in in g  p ressu re  increased .

Fig .4  sh o w s the  v ariatio n  o f  the tang ent stif fn e ss  no rm aliz ed  

by  th e  in itial stif fn e ss  w ith  Y . It is no w  c le ar that the stress-strain  

n o n - lin e arity  b ec am e  m o re  s ig n if ic an t as the c o n f in in g  p ressu re 

inc re ase d . It is rem ind ed  that th is p attern  o f  c h an g e  in  the  tan g en t- 

stif fn e ss  and  stre ss  re latio n sh ip  re sem b les  the p attern w e hav e 

alread y  see n  fo r d if fe ren t g e o m aterials (se e  Fig .2 ) .  T h e  

re latio n sh ip  v arie s  f ro m  the ty p e  o f  cem en ted  g eo m aterials su ch  

as so f t ro c k  to  the ty p e  o f  u n cem en ted  so ils  lik e  c le an  sand  and  

so f t c lay .

Fig .5  sh o w s the  v ariatio n  o f  e lastic  Y o u n g ’ s m o d u lu s o f  a 

sp e c im e n  h av in g  w eak  ce m e n tatio n  at the  tim e  o f  p rep aratio n  

w h en  su b je c te d  to  g rad u al in crease  in  iso tro p ic  e f fe c tiv e  

c o n f in in g  p ressu re . It is in terestin g  to  see  that the v ariatio n  o f  Em„  

w ith  e f fe c tiv e  c o n f in in g  p ressu re  m ay  b e  d escrib ed  at three 

p h ases, Emax d ecreased  in  a g rad u al m ann er up  to  a certain  lev e l o f  

c o n f in in g  p ressu re , then  stay ed  m o re  o r le ss  co n stan t, and  fin ally  

re jo in e d  the  s im ilar re latio n sh ip  o f  u n cem en terd  sand  h av in g  the 

s im ilar g ran u lar v o id  ratio :

W e  in terp ret th is c h arac teristic  b eh av io r o f  the  tang ent 

stif fn e ss-stre ss  re latio n sh ip  that m ay  b e  attrib u ted  to  the 

c o n tin u o s d am ag e  o f  in terp artical b o n d in g  d u ring  co n so lid atio n , 

and  a lso  p o ssib ility  d u ring  the  su b seq u en t sh earin g  ( F ig .6) . In  the 

f irst p h ase , the  E m¡„  stay s co n stan t ag ainst in crease  in  the 

c o n f in in g  p ressu re , fo r w h ic h  th e  d am ag e o f  c em e n tatio n  o c c u rs  

in an  in v o lv in g  fash io n . In  th is p hase , the stif fn e ss  at v ery  sm all 

strains m ay  b e  g o v ern ed  p red o m inan tly  by  the c e m e n t su sp en sio n  

p ad  e x istin g  in b etw een  the  so il p artic les . W h en  the c em en tatio n  

b reaks up , the  re latio n sh ip  sho w s the p attern  s im ilar to  that o f  

u n c em en ted  sand , fo r w h ic h  E max in c re ase s ex p o n e n tially  w ith  the 

in crease  in c o n f in in g  p ressu re.

q  sand  g rain  

^  c e m e n t su sp en tio n

Fig .5  C o n c e p tu al p ictu re  sho w in g  e f f e c t o f  c o n f in in g  p ressu re  o n  

E max d u ring  c o n so lid atio n

A C K N O W N L D G EM EN T S: T h e  au tho rs are ind eb ted  to  M r. H . 

O z aw a, fo rm e r stu d ent at H o kkaid o  U n iv ersity , w ho  carried  o u t 

the  e xp e rim e n ts. M s. H an h , R e se arc h  A sso c iate  at A sian  Institu te  

o f  T e c h n o lo g y , he lp ed  p rep aring  the m an u scrip t o f  th is p ap er.
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Fig . 6 V ariatio n  o f  E max w ith  c o n f in in g  p ressu re  d uring  

c o n so lid atio n
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