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St r es ses  and  St r ai ns i n Sa n d  i n Axi al l y Sy mmet r i c a l  Cas e

Dé f o r ma t i o n s  d e  Sabl e  d a n s  l a Cel l ul e Tr i axi al e

A.KEZDI and

GY. HOR VAT H Depar t ment  of Geot echnique, Technical  Univer sit y of Budapest , Hungar y

SYNOPSI S Us i ng a s pec i al l y  t r ans f or med t r i ax i al  t es t i ng dev i ce whi c h can be used t o wor k  
al ong any  pr esc r i bed s t r ess  pat h / ei t her  s t r es s  or  s t r ai n cont r ol / ,  t es t s  wer e per f or med 
t o i nves t i gat e t he s t r ai ns  and vol ume c hanges  i n sand.  A gi v en homogeneous  i ni t i al  c ondi ­
t i on has been es t abl i s hed wi t h a pr esc r i bed phase compos i t i on /  w < wopt / .  The r at e of  l oadi ng 
was  t he same f or  al l  t es t s.  Dur i ng l oadi ng,  s t r ai ns ,  v ol ume c hanges  and por e pr es sur es  wer e 
meas ur ed and t he char ac t er  of  t he var i at i ons  i n t he di f f er ent  s t ages  of  t he t es t  obser ved.  I n 
t he pr oc es s  whi c h l eads  t o f ai l ur e,  t he soi l  i s subj ec t ed t o sever al  c har ac t er i s t i c  c r i t i c al  
condi t i ons;  t hes e l i mi t s  coul d be c l ear l y  det er mi ned.

I nt r oduc t i on

The shear  s t r engt h and t he shear  s t r ai n of  
sand have been i nv es t i gat ed i n gr eat  det ai l s  
f or  many  year s;  t he pr obl em can be cons i der ed 
as sol ved f or  dai l y  pr ac t i ce:  f ac t or s  a f ­
f ec t i ng shear  s t r engt h,  l aws of  vol ume 
change,  t he c oncept  of  c r i t i c al  dens i t y  ar e 
known.  I n gener al  t es t  ar e car r i ed out  ei t her  
wi t h c ompl et el y  dr y  or  wi t h f ul l y  sat ur at ed 
soi l  sampl es,  bec aus e of  l ack of  cohes i on i n 
such i ns t ances.  Thi s  i s usual l y  mot i v at ed by 
t he f ac t  t hat  sand dr i es  out  eas i l y  and,  i n 
case of  i nundat i on,  becomes  eas i l y  sat ur at ed,  
t her ef or e cohes i on whi c h i s pr esent  i n t he 
t hr ee phase s t at e,  ceases.  The aut hor s  i n ­
t ended t o br oaden t he f i el d of  i nv est i gat i on 
and t o us e sampl es hav i ng t hr ee phases.  They  
c ar r i ed out  t r i ax i al  t es t s  wi t h sand;  t he 
pur pose of  t he r esear ch was  t o f ur ni sh t he 
phys i cal  bas i s  t o t he det ai l ed i nves t i gat i on 
of  f ai l ur e mec hani s m of  soi l  masses,  cover i ng 
t he whol e pr ocess  of  f ai l ur e dev el opment .  Her e 
t he f i r s t  r esul t s  of  t hese s t udy  ar e pr esent ed.

Mat er i al  and met hod used i n t he t es t s

The gr ai n s i ze di s t r i but i on cur v e of  t he 
t es t  sand and i t s  c ompac t i on cur ve obt ai ned 
by t he modi f i ed Pr oc t or  t es t  ar e gi v en i n 
Fi g.  1.  Sampl es  hav i ng v ar i ous  phase comp-  
s i t i on wi t h 20 cm hei ght  and a di amet er  
of  10 c m wer e subj ec t ed t o an ax i al l y  s y m­
met r i c al  s t r es sed s t at e,  i n a Wykeham Far r ance 
Engg.  Lt d/ Engl and,  WF 11001 appar at us.  To 
meas ur e t he shear  s t r ai ns  t he t r i ax i al  ap ­
par at us  had t o be modi f i ed i n or der  t o make 
i t  sui t abl e t o meas ur e t he vol ume change,  
t he ver t i cal  and r adi al  s t r ai ns ,  f or  any 
s t r ess pat h.

d mm

F ig .  1 . Gr adi ng cur ve and c ompac t i on cur ve 
of  sand t es t ed
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The t es t i ng equi pment  i s shown i n Fi g.  2.
The modi f i ed pi s t on and t he meas ur i ng dev i c es 
ar e c l ear l y  v i s i bl e;  a det ai l ed desc r i pt i on 
wi l l  be g i v en el sewher e.

mat i ons  oc c ur  i n t he sampl e.  The l engt h of  
r ange 2 - 3 ^  depends  on t he phas e c ompos i ­
t i on;  i n moi s t ,  dense s t at e somet i mes  
poi nt  2 c oi nc i ded wi t h poi nt  2 * was  
an i mpor t ant  obser v at i on t hat  i n such cases  
f ai l ur e was  al ways  as s oc i at ed wi t h t he de ­
v el opment  of  a def i ni t e s l i di ng phase;  i n 
ot her  i ns t ances  by  pl as t i c  f l ow.  Beyond poi nt  
3̂ t he shear  s t r ai n i nc r eased,  t he sampl e 
became l ooser  and f ai l ur e occ ur r ed.  The 
hi ghes t  v er t i c al  pr i nc i pal  s t r ess  / poi nt  £,  
0^ a x / was  cons i der ed as f ai l ur e s t r ess.

The t es t  car r i ed out  ac cor di ng t o s t r ess  
pat h I I ,  ser ved f i r s t  t o t he det er mi nat i on 
of  t he coef f i c i ent  of  ear t h pr es s ur e at  
r es t  K0 , t hen s t r ess  s t at es  c or r es pondi ng t o 
di f f er ent  condi t i ons  wer e i nves t i gat ed.  I n 
gener al ,  t he v ar i at i on of  vol ume change 0 
f ol l owed t he same char ac t er ,  however ,  t he 
absol ut  val ues  of  t he vol ume change f or  t he 
same i ni t i al  phase compos i t i on wer e smal l er .  
/ Fi g.  3. /

The c al c ul at i ons  wer e car r i ed out  wi t h a 
comput er  Hewl et t - Packar d 9830;  t he pr e ­
scr i bed s t r es s  pat h was ensur ed by  aut omat i c  
c ont r o l .

Fi g.  2.  Modi f i ed t r i ax i al  cel l

St r esses  wer e i nc r eas ed by  a cons t ant  r at e 
of  l oadi ng.  Tak i ng i nt o account  t he c oef f i ­
c i ent  of  per meabi l i t y  / k ' v 0,002 t o 
0, 006 c m s" l / ,  t he sys t em may  be cons i der ed 
as open.  Tes t s  wer e c ar r i ed out  by  us i ng 
sever al  di f f er ent  s t r ess pat hs.  Fi r s t ,  a 
hydr os t at i c  s t r es s  I a \ = a2 = ° 3 = Po / was  
appl i ed / Fi g.  3 l i ne I . / ,  up t o pQ = 200 kN/ m̂  
t hen ox was i nc r eased and o2 = 03 kept  c on ­
st ant .  I n t he ot her  t ype / Fi g.  3 l i ne I I / ,  
i n or der  t o s i mul at e t he s t at es  of  s t r ess  
beneat h an uni f or ml y  l oaded c i r cul ar  ar ea, i n 
t he f i r s t  par t  t he K0 -  s t at e was  es t ab ­
l i shed t hen t he sampl e br ought  t o f ai l ur e.
The t ypi cal  shape of  t he cur v e gi v i ng t he 
c or r espondi ng v ol ume c hanges  i s  shown i n 
Fi g.  3,  bel ow t he di agr am of  s t r ess  c i r c l es .

The homogenei t y  of  t he sampl e was  ensur ed 
by  uni f or m compac t i on,  i t s  dr y  bul k  dens i t y  
bei ng Yd = 16, 3 kN/ m̂ ,  wet  bul k  dens i t y  
17, 8 kN/ m̂ ,  moi s t ur e c ont ent  w = 8 per  cent ,  
degr ee of  compac t i on Tr Y = 0, 92.

On t he di agr am of  t he vol ume change 
/ Fi g.  3. / ,  poi nt  0  r epr esent s  t he s t ar t i ng 
pos i t i on.  Sec t i on _0- l̂  cor r es ponds  t o t he 
i nc r ease of  t he hydr os t at i c  s t r es s  /  s t r ess 
pat h No.  I . ,  01 = 0 2  = cr3/ .  Readi ng t he val ue 
a = 200 kN/ m̂  / poi nt  spec i f i c  vol ume 
c hange Bi / ,  hence f or war d,  onl y  0 1, was 
i ncr eased.  The spec i f i c  v ol ume c hange i s 
c ompr ess i on i n t he r ange _1 -  .3 and up t o 
poi nt  2, i t  i s l i near .  Beyond poi nt  _2,  t he 
r el at i onshi p i s char ac t er i z ed by  a cur ve.  I t  
i s pr obabl e t hat  at  t hi s  s t age pl as t i c  def or ­
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Fi g.  4.  gi ves,  i n a t r i angul ar  char t  whi ch 
di spl ays  t he phase c ompos i t i on of  t he soi l  
by vol ume / s = Vs / V,  v  = Vw/ V,  1 = Va / V,  
wi t h par t i al  vol ume of  t he sol i ds ,  wat er  
and ai r ,  r es pec t i vel y /  t he v ol ume changes  
f or  t he r anges 0 -  1_ / on t r i nagl e a / and f or
1 - 2  / on t r i angl e b/ .  Bi %bel ongs  t o t he 
hydr os t at i c  s t r es s  pD = 200 kN/ m̂ .  Her e,  and 
i n t he f ol l owi ng t r i angul ar  char t s  t he mar ked 
par t  of  t he di agr am wi l l  be used.  The vol ume 
change dec r eas es  wi t h t he i nc r eas e i n dens i t y ,  
but  t he ef f ec t  of  changes  i n moi s t ur e cont ent  
i s smal l er .  Ther e ex i s t s  f or  any  val ue 
s = cons t ant  a cr i t i cal  val ue v,  wher e t he 
vol ume change i s smal l es t .

Cur ves  of  qui t e s i mi l ar  c har ac t er  wer e ob ­
t ai ned f or  t he r ange l-2_ l& 2 * l/ a vol ume 
change whi c h occur r ed when t he ef f ec t i ve 
pr i nc i pal  s t r ess = 200 k N/ m2 was  i ncr eas ed 
t o ai  = 500 kN/ m2,  and a 2  =03 r emai ned c on ­
s t ant  /  = 200 kN/ m2/ .

Test  r esul t s

Di agr am a shows  t he s t r es s  i ncr ement  
whi c h was r equi r ed t o pr oduce f ai l ur e / see 
Fi g.  3/ .  I t  i s i nt er es t i ng t o not e t hat  t he 
peak  poi nt s  / i . e.  t he opt i mum phase c ompo ­
s i t i ons f or  s t r engt h/  ar e l ocat ed on a 
s t r ai ght  l i ne c or r espondi ng t o S = 0, 46.
Thi s  i s i n ac c or dance wi t h t he ex per i ence 
t hat  t he hi ghes t  s t r engt h can be obt ai ned 
at  a wat er  c ont ant  whi c h i s l ower  t han t he 
Pr oc t or  opt i mum.

63 % t he spec i f i c  vol ume change i n t he r ange 
3 -  4 i s ex pans i on / di agr am b i n Fi g.  4/  
wi t h r egar d t o t he c ondi t i on mar k ed 3.
I n t he t es t s ,  t he poi nt s  r epr esent i ng t he 
phase compos i t i on of  t he sampl e i n t he 
s t at es  _1 -  _2 -  _3 -  4_ c hanged al ong a 
s t r ai ght  l i ne,  because dur i ng t he t es t  no 
wat er  l ef t  t he sampl e.  I f  we c al c ul at e t he 
angl e of  i nt er nal  f r i c t i on f r om t he f or mul a

s i n $ = _mdx— Z5—

°1 +°1

and pl ot  t he $ val ues  on t he t r i angul ar  
I S.* .i  /  char t ,  we obt ai n <J> = cons t ant  
l i nes / see Fi g.  4,  char t  b / .  The dec i s i ve 
f ac t or  i s dens i t y ;  t he c hange i n wat er  
cont ent  i s of  mi nor  i mpor t ance.

The second t ype of  t es t  / s t r ess  pat h I I ,  
i n Fi g.  3/  ser ved,  f i r st ,  t o det er mi ne of  
t he coef f i c i ent  of  ear t h pr es s ur e at  r est .
Up t o now,  t he number  of  t es t s  i s not  s uf ­
f i c i ent  t o pl ot  v al ues  i n a t r i anqul ar  d i ­
agr am, onl y  t he cur v e i n Fi g . 5.  c an be gi ven.

For  our  pr esent  pur pos e i t  was  mor e i mpor ­
t ant  t o gai n i ns i ght  i nt o t he pr oces s  of  
f ai l ur e,  and t o i nv es t i gat e t he i nf l uence of  
t he s t r es s  pat h and of  t he phase c ompos i t i on 
on t he f ai l ur e.

Fi g.  4.  Tes t  r esul t s  as  f unct i ons of  
phase c ompos i t i on

Fi g.  5.  Var i at i on of  t he c oef f i c i ent  K0 
wi t h t he maj or  pr i nc i pal  s t r ess
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I n t he case of  a gi ven i ni t i al  phas e c om­
pos i t i on / her e s = 61, 5 %,  v  = 12, 5 %/ ,  
t he gener al  c har ac t er  of  t he s t r ess  pat h,  of  
t he def or mat i on di agr ams  and of  t he vol ume 
change i s shown i n Fi g.  6.
The l i mi t s  of  t he di f f er ent  behav i our s  
coul d be c l ear l y  l ocat ed:  0 -  1_ at  r es t  
condi t i on,  1- 2  c ont i nui ng dens i f i c at i onf 
_2~3 r adi al  di spl ac ement ,  poi nt  3_ c r i t i cal  
poi nt ,  wher e l ooseni ng s t ar t s ,  poi nt  4_ 
compl et e f ai l ur e.  For  t he above ment i oned 
phase composi t i on,  t he t es t  r esul t s  ar e 
gi v en i n Fi g.  7;  her e i n t he coor di nat e sys t em 
/  oj _,  03 /  t he s t r es sed s t at e at  t hes e 
l i mi t s  ar e pl ot t ed.
The c oef f i c i ent  of  ear t h pr ess ur e at  
r es t  I K0 = t an aQ = / oj  /  i s 0, 34;  but  
t he l i mi t  of  t he el as t i c  behav i or  coul d not  
be gi v en by  a cons t ant  r at i o of  t he pr i nc i pal  
s t r esses  because of  t he c ohes i on at  t hi s  
phase compos i t i on.  Li ne 2  has t he same 
char act er .
Ther e wer e di f f i cul t i es  i n det er mi ni ng t he 
l i ne 4_ whi c h c or r esponds  t o t he t ot al  f ai l ­
ur e.  For  t echni cal  r easons,  t he f ai l ur e 
s t at e coul d not  be r eached i n ev er y  case 
/ par t i cul ar l y  i n t he l oose s t at e/  and,  
whi c h i s mor e i mpor t ant ,  t he f ai l ur e oc ­
cur r ed i n a r at her  pecul i ar  way.  The i ni ­
t i al  dens i f i cat i on was  f ol l owed,  as shown i n 
Fi g.  3,  by  a l ooseni ng / r ange 3 - 4 1 ,  t hen 
anot her  dens i f i c at i on and l ooseni ng occur r ed,  
t hus,  t he v ol ume change at  f ai l ur e i s i nde­
t er mi nat e.  Based on t he f i r s t  pl as t i c  st at e,  
t he appr ox i mat e l i ne A_ coul d be gi ven.

Fur t her  t est s,  t o be car r i ed out  accor di ng 
t o t he s t r essed s t at es  beneat h a uni f or mul y  
l oaded c i r cul ar  ar ea,  wi l l  f ur ni sh t he base 
t o t he i nves t i gat i on of  t he f ai l ur e mec hani s m 
i n a soi l  mass.

Fi g. 6 . St r es s  pat h,  s t r ess - s t r ai n 
di agr am and vol ume changes 
i n a t ypi cal  t es t
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obt ai ned by  var i ous  s t r ess  pat hs
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