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Panel discussion: Stress-strain behaviour of undisturbed clays in the laboratory 

Débat de spécialistes: Comportement mécanique des argiles non remaniées au laboratoire

D.C. F. Lo Presti -  Department olStructural Engineering, Politecnico di Torino, Italy

A BST R A C T : Th is Panel p resentatio n co n cerns the stiffn ess-assessm ent o f  und isturbed  c lay s in the labo rato ry  and  sum m arises the 

research activ ity  und ertaken at the w riter's U niv ersity  o v er the last f iv e  years. Th e  m ain p urp o se o f  this research w as to  d efine  re liab le  test 

p ro ced ures in o rd er to  d eterm ine the stiffn ess o f  g eo m aterials to  b e used  fo r settlem ent analy sis und er w o rking  lo ad ing  co nd itio ns.

R ESU M E: C ette  p résentatio n co n cerne  la d éterm inatio n d e la rig id ité d es arg iles natu relles aux m o y en d ’ essais d e labo rato ire  et e lle 

résum e les d ernières cinq  années d 'activ ité d e recherce  e ffec tu ées à l'U niv ersité où exerce  l'auteur. C ette  recerch e  v o u lait av ant to ut d éfinir 

d es techniqu es d e reco nso lid atio n satisfaisantes afin d e d éterm iner d e la rig id ité d es g eo m ateriaux à u tiliser p o ur calcu ler les d ép lacem ent 

d es fo nd atio ns.

1 IN TR O D U C T IO N

Th is p anel p resentatio n d eals w ith three d ifferent to p ics: i) 

ev alu atio n  o f  sam p le d istu rb ance  by  m eans o f  d ifferent m etho d s,

ii) assessm ent o f  reco nso lid atio n  techniqu es w hich m inim ise  the 

sam p le d istu rb ance  e ffe c ts, iii)  in flu en ce  o f  strain-rate o n the 

stiffn ess o f  und isturbed  c lay s.

A s far as reco n so lid atio n  techniqu es are co ncerned , tw o  

d ifferent asp ects are co nsid ered : i)  the re lev ance  o f  the K c 

reco n so lid atio n , ii)  a co m p ariso n o f  w et vs. d ry setting  m etho d .

W e t setting  is the co nv entio nal m etho d  used  to  set a sp ecim en 

p rio r to  testing . D ry  setting  w as o rig inally  d ev elo p ed  at N G I 

(Be rre  1982) and  w as m o re recently  ad o p ted  at the U niv ersity  o f  

To ky o  (A m p ad u  and  Tatsu o ka 1993)  and  the Po litecn ico  di 

To rin o  (L o  Presti e t al. 1995) . Th e  p ecu liar characteristic  o f  this 

m etho d  is that the sp ecim en is no t allo w ed  to  ad so rb  w ater. Th e  

ab o v e  ind icated  w o rks d escribe  the d ry setting  p ro ced ures in 

g reat d etails. Th o se  ad o p ted  at the w riter's Labo rato ry  are b riefly  

sum m arised  in the fo llo w ing .

D ry  filter p ap ers and  d ry p o ro us sto nes are used  d uring  

sp ec im en setting . Th e  b o tto m  d rainag e line is f illed  w ith w ater up 

to  1 cm  b elo w  the p o ro us sto ne. Th e  to p  d rainag e line is left 

em p ty . A fter the sp ec im en is set and  the p ressure ce ll is sealed , 

the sy stem  saturatio n is ach iev ed  in tw o  step s:

- by  flu shing  the d eaired  w ater w ith a head  o f  50  cm  thro ugh 

the sp ec im en fo r at least 24  hrs. D uring  this stag e the v ertical and  

ho riz o ntal stresses are ind ep end ently  increased  to  p rev ent any 

ax ial and  rad ial strains w ith a to lerance  o f  ±5|im .

- b y  b ack p ressurising  to  d isso lv e  in the w ater any  air bubbles 

w hich m ig ht still b e trap p ed  in the lines and  in the sp ace  betw een 

the sp ecim en and  the m em brane. Th is stag e is term inated  w hen 

the B  p aram eter is eq u al to  o r larg er than 0 .95.

Th e  ab o v e  o u tlined  p ro ced u re can b e used  o nly  in the case  o f  

triax ial ce lls  w ith the fo llo w in g  ch aracteristic s: i) lo cal g aug es fo r 

the ax ial and  rad ial strain m easurem ents, ii)  the Lu c ite  cy lind er o f  

the p ressure ce ll is extern al to  the tie ro d s, so  that the lo ad ing  ram  

is rig id ly  co nn ec ted  to  the to p  o r b ase cap s.

Th e  resu lts sho w n in this p resentatio n co ncern tw o  

und isturbed  Italian c lay s. Pisa c lay  sam p les w ere retriev ed  fro m  

d ep ths o f  b etw een 12 and  17 m eters at the site o f  the Leaning  

To w er by  m eans o f  a Lav al sam p ler (La R o ch elle  et al. 1991). 

Th is is a so ft, lig htly  o v erco nso lid ated  (O C R  = 1 .5  to  2 .0 ) , 

q uaternary , m arine  c lay  w ith lo w  to  m ed ium  PI. D etailed  

info rm atio n o n the Pisa c lay  d ep o sit is g iv en by  Berard i et al. 

(19 9 1 ) , C o stan z o  et al. (19 9 4 )  and  Jam iO lko w ski et al. (1994) .

Th e  A u g usta site  is lo cated  o n the east co ast o f  Sic ily . A ugusta 

c lay  is a m ed iu m  stif f , o v erco nso lid ated  (O C R  =  2 .0  to  6 .0), 

quaternary  m arine c lay  w ith lo w  to  m ed ium  PI. Sam p les w ere

retriev ed  w ith a Sh e lb y  sam p ler o f  86 m m  d iam eter. D etailed  

in fo rm atio n  o n the A u g usta c lay  d ep o sit is g iv en by  M au g eri et 

al. (1 994 ) .

2  EV A L U A T IO N  O F SA M P L E D IST U R BA N C E

Th ree  d ifferen t m etho d o lo g ies hav e been co nsid ered  to  ev aluate 

sam p le d istu rbance.

2.1 V o id  ratio  v ariatio n

Tab le  1 sho w s the v o id  ratio  chang es o f  Pisa clay  sam p les that 

hav e b een K 0 reco nso lid ated  to  the in situ g eo static  stress. Th e  

K 0 c o n so lid atio n w as au to m atically  co ntro lled  by  m eans o f  a PC  

and  the sp ec im ens und erw ent the d ry setting  p ro ced ure. A fter the 

ap p licatio n o f  the co nso lid atio n stresses, the tests w ere p aused  

until the creep  rate fe ll to  0 .05  %/ day, fo llo w ing  the 

reco m m end atio ns g iv en by  Jard in e et al. (1 991 ) . Th e  first co lum n 

ind icates the v o id  ratio  after trim m ing ; e , is the v o id  ratio  after 

flushing , e s is that after co m p lete saturatio n by  m eans o f  b ack- 

p ressu risatio n and  e c is that at the end  o f  co nso lid atio n. Th e  

g lo b al v o id  ratio  v ariatio n (e„  - e c ) / e 0 =  A e / e0 is rep o rted  in the 

last co lu m n. A cco rd ing  to  Lunne et al. (1 997 )  w hen this 

p aram eter is less than 0 .04 . the sam p le can be co nsid ered  to  be 

very  g o o d  o r exc e lle n t. Th e  resu lts o f  Tab le  1 are excep tio nally  

g o o d  in co m p ariso n to  the ind icatio ns g iv en by  Lunne et al.

(1 997 ) . H o w ev er it sho uld  be co nsid ered  that the ind icatio ns 

g iv en by  Lu nne et al. (19 9 7 )  co n cern  c lay s w ith PI=  10 to  17 %  

w hich is m u ch lo w er than PI o f  Pisa and  A ug usta c lay s. It sho uld  

b e also  co nsid ered  that, acco rd ing  to  H ig th (1993 ) , the sam p le 

d istu rbance is m o re p ro no unced  in lo w  p lasticity  c lay s.

Tab les  2a and  2b  sho w  the v o id  ratio  chang es o f  A ug usta clay  

sam p les that hav e b een K 0 reco nso lid ated  to  the in situ g eo static  

stress. In this case  bo th w et and  dry setting  p ro ced ures w ere 

fo llo w ed . Th e  v o id  ratio  v ariatio n is also  very  lim ited  fo r A ug usta 

c lay , in the case  o f  dry setting . H o w ev er, the sp ecim ens 

exp erien ce  v ery  larg e sw elling  strains after saturatio n, in the case  

o f  w et setting . A cco rd in g  to  Lunne et al. (1 997 )  these sam p les 

sho uld  be c lassif ied  as p o o r. Th e  last co lum n rep o rts tw o  

d ifferent nu m bers: the first co nsid ers the vo id  ratio  v ariatio n w ith 

resp ect to  e 0, the seco nd  w ith resp ect to  e s.
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F ig u re  1 In flue nce  o f  reconso lida tion  m ethod on the stress- 

s tra in  b e hav iou r o f  A ugusta  clay.

Tab le  1 V o id  ratio  o f  Pisa c lay  at d ifferent stag es d uring  

reco n so lid atio n  (d ry  setting )

e o e f e s e c
A e / e0

1.701 1.702 1.715 1.688 0 .008

1.731 1.732 1.747 1.726 0 .003

1.662 1.663 1.662 1.643 0.011

Tab le  2a  V o id  ratio  o f  A u g u sta c lay  at d ifferent stag es d uring  

reco nso lid atio n  (d ry  setting )

e o e f e s e c A e/ e0

0 .9 5 4 0 .955 0 .954 0 .936 0 .019

0 .8 9 6 0 .8 9 8 0 .899 0 .884 0 .014

Tab le  2b  V o id  ratio  o f  A u g u sta c lay  at d ifferent stag es d uring  

reco n so lid atio n (w et setting )

e o e r e s A e/ e0

0 .998 1.071 1.017 -0.02/ 0.05

1.022 1.093 0 .974 0.05/ 0.11

T ab le  3a  R esid u al stresses (P ISA  C L A Y )

o ', [k P a] o h [k P a] o vc [k P a] o hc [k P a] o h0 [k P a]

65 68 130 92 88

58 63 128 78 88

Tab le  3b  R esid u al Stre sses (A U G U ST A  C L A Y )

a v [k P a] o h [k P a] o vc [k P a] Ohe [k P a] o h„ [k P a]

62 69 200 129 200

90 95 185 157 185

Th e  im p act o f  d ry  and  w et setting  o n the larg e strain stiffness 

o f  A u g usta c lay  is sho w n in Fig . 1 by  co m p aring  the stress-strain 

cu rv es fro m  C K o U  C o m p ressio n Lo ad ing  Triax ial tests 

p erfo rm ed  und er sim ilar co nd itio ns. Th e  d ifferen ces, at very  

sm all strains, canno t b e ap p reciated  in this Fig u re and  w ill be 

d iscu ssed  later.

2 .2  R esid u al stresses

It is b e liev ed  that the p ressure requ ired  to  p rev ent sw elling  

rep resents the resid ual stress in a sp ecim en. Th e  first tw o  

co lu m ns o f  Tab le s 3a and  3b  sho w  the ind iv id ual stress 

co m p o nents (O v ,G h) w hich w ere necessary  to  m aintain the axial 

and  rad ial strains equal to  z ero  (w ith a to lerance o f  ±5|im ) d uring  

the aturatio n p ro cess fo r the Pisa and  A ug usta c lay s resp ectiv ely .

Tab le  4  Sm all strain stiffn ess o f  A u g u sta and  Pisa c lay s

o vc

[k P a]
Ohe

[k P a]

e c H G 0

[M P a]

E 0
[M Pa]

So il

Se ttin g

200 130 0 .9 1 4 43 100 A ug usta

dry

185 156 0 .8 8 4 43 110 A u g usta

dry

221 135 1.071 36 80 A u g usta

w et

187 158 0 .9 7 4 30 75 A ug usta

w et

128 78 1.688 35 70 Pisa

dry

128 100 1.726 28 80 Pisa

dry

130 92 1.643 28 90 Pisa

dry

Th e  stresses at the end  o f  the co nso lid atio n are also  ind icated  

to g ether w ith the b est estim ate  o f  the in situ ho rizo ntal stress 

( a ho) in the last co lu m n. Th is estim ate  w as inferred  fro m  o ther 

labo rato ry  tests ( K o o d o m eter tests) in the case  o f  Pisa c lay  

(Berard i e t al. 1991) and  fro m  in situ D ilato m eter tests in the case  

o f  A u g u sta c lay  (M aug eri et al. 1994). Th e  b etter q uality  o f  the 

Lav al sam p les is c learly  seen by  co m p aring  the resid ual stresses 

o b serv ed  in the labo rato ry  to  o h0. It is also  w o rthw hile to  stress 

that the PC -co n tro lled  K 0-co nso lid atio n  g av e K 0 v alues in the 

labo rato ry  that w ere c lo se  to  tho se estim ated  in situ o nly  fo r the 

Pisa c lay  sam p les, w hilst in the case  o f  A u g usta c lay  the K 0 w as 

und erestim ated  in the labo rato ry .

2 .3  In situ vs. labo rato ry  sm all strain shear m o d ulus

Th e  v alu es o f  the sm all strain shear m o d ulus (G o ) and  the sm all 

strain Y o u n g 's M o d u lu s (Eo )  are sho w n in the case  o f  A ug usta 

c lay  in Tab le  4 . G o  w as d eterm ined  d uring  the Triax ial test by 

m eans o f  se ism ic  tests w hich w ere p erfo rm ed  using  a p air o f  

b end er e lem ents. Th e  rep o rted  v alue o f  G o  is that w hich w as 

d eterm ined  at the end  o f  co nso lid atio n. Eo  w as d eterm ined  fro m  

the in itial slo p e  o f  the stress-strain  cu rv e at v ery  sm all strains 

(Fig . 2). It is p o ssib le  to  see  that bo th the G o  and  Eo  v alues 

o b tained  fro m  tests w hich und erw ent the w et setting  p ro ced ures 

are sm aller in co m p ariso n to  tho se  o b tained  in the case o f  dry 

setting  co nd itio ns. Th e  re feren ce  v alue o f  G o  fro m  in situ seism ic  

tests is o f  abo ut 80  M p a, fo r the co nsid ered  sp ecim ens. It is 

p o ssib le  to  see  that G o  is larg ely  und erestim ated  in the labo rato ry  

in bo th cases. Th e  o b serv ed  larg e d isc rep ancy  is p ro bab ly  d ue to  

the fact that the ho riz o ntal co nso lid atio n stress ap p lied  to  the 

sp ec im en in the labo rato ry  is m uch lo w er than that w hich exists
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in situ . Th is  last co nsid eratio n  is ind irectly  co nfirm ed  by  the no t 

so  bad  ag reem ent b etw een the re feren ce  G o  in situ (40  M Pa) and  

the sm all strain stiffn ess d eterm ined  in the labo rato ry  fo r the Pisa 

c lay  sam p les (T ab le  4 ) . M o reo v er, in the case  o f  A u g usta c lay  it 

w as fo und  (L o  Presti e t al 1998)  that 

G 0( la b ) / G 0( f ie ld )  =  0 .8 6 ± 0 .1  w hen the sp ecim ens are 

reco nso lid ated  in the labo rato ry  w ith K c =  1.

M u k a b i  a  a l .  ( 1 9 9 1 )  -  i s o t r o p i c  -  P I  =  4 1  %  

M u k a b i  e t  a l  ( 1 9 9 1 )  -  a n i s o t r o p i c  -  P I  =  4 1  %  
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F ig u re  5 C oe ffic ien t o f  s tra in  ra te

4  R A T E EFFEC T

D ata o f  Fig . 4  also  p ro v id e info rm atio n abo ut the in flu ence  o f  the 

strain rate o n the stiffn ess o f  Pisa c lay  at larg e strains. Th e  rate 

e ffe c t at sm all strains canno t be seen in this Fig ure. H o w ev er, at 

v ery  sm all strains the rate e ffe c t o n the stiffn ess o f  c lay s is less 

im p o rtant. Th e  increasing  in flu ence  o f  strain rate o n so il stiffness 

fo r increasin g  strain lev el can be ap p reciated  by  co m p uting  the so  

called  co e ff ic ie n t o f  strain rate a(y). Th is c o e ff ic ie n t is d efined , 

fo r a g iv en strain lev el, as the in crease  in stiffness fo r o ne lo g  

cy c le  o f  strain rate no rm alised  w ith resp ect to  the stiffn ess 

o b tained  fo r that strain lev el and  fo r a re ference strain rate. Th e  

c o e ff ic ie n t o f  strain rate exp resses the rate e ffe c t o n the so il 

stiffn ess as a fu nctio n o f  the strain lev el.

Fig . 5 sum m arises the v alues o f  the co e ff ic ien t o f  strain rate 

o b tained  at the sp eaker's labo rato ry  and  tho se inferred  fro m  o ther 

p u b lished  d ata. It is p o ssib le to  see that the co e ff ic ien t increases 

w ith the p lasticity  ind ex and , fo r a g iv en so il, w ith the shear strain 

lev el.

3. K 0 R EC O N SO LID A T IO N

Sp ec im en s can b e easily  reco nso lid ated  und er Ko co nd itio ns by  

m eans o f  co m p u ter co ntro lled  triax ial ap p aratuses. Fig . 3 

co m p ares the co m p ressio n  cu rv es o f  Pisa c lay  o b tained  fro m  a 

co ntinu o s o d o m eter test at co nstant p o re p ressure g rad ient and  

that o b tained  fro m  a triax ial test p erfo rm ed  at nil rad ial strain. In 

p articu lar, the latter cu rv e allo w s a b etter id entificatio n  o f  the 

p reco n so lid atio n p ressure and  exhib its a hig hly  no n linear 

b ehav io u r and  a c lear co llap se o f  the structure w hen the 

p reco n so lid atio n  p ressure is exceed ed . Th is is p ro bab ly  d ue to  the 

ab sen ce  o f  frictio n  alo ng  the lateral surface o f  the sp ecim en that 

had  b een su b jec ted  to  IQ, co m p ressio n  in the triaxial ap p aratus.

Th e  im p act o f  Ko co nso lid atio n o n the stress-strain  relatio nship  

o f  Pisa c lay  is c learly  sho w n in Fig . 4. It is p o ssib le  to  see  that, 

und er K 0 c o nd itio ns, ev en a so ft c lay , like  Pisa c lay , exh ib its 

b rittle behav io ur.

Th e  resu lts o f  Fig s. 3 and  4  c learly  sho w  the im p o rtance o f  

auto m atic reco nso lid atio n  p ro ced ures in the labo rato ry . 

M o reo v er, the unsu ccess o f  these p ro ced ures fo r the Sh elb y  tube 

sam p les o f  A u g usta c lay  (Tab le  3b ) ind icates the im p o rtance  o f  

using  o nly  hig h quality  sam p les.

C O N C LU SIO N S

Th e  v o id  ratio  v ariatio ns d ue to  reco nso lid atio n p ro cesses are 

g o o d  ind icato rs o f  sam p le d isturbance. Resid u al stresses and  the 

ratio  G 0( la b ) / G 0( f ie ld ) are also  g o o d  ind icato rs. H o w ev er a 

ju d g em ent o n sam p le quality  can be v ery  stro ng ly  affected  by  the 

reco nso lid atio n  p ro ced ures fo llo w ed  in the labo rato ry .

D ry  setting  is very  im p o rtant, esp ecially  w hen reco nso lid ating  

o v erco nso lid ated  c lay s w ith hig h sw elling  p o tential. Sw ellin g  

strains d ev elo p ed  d uring  w et setting  can d rastically  red uce the 

q uality  o f  a sam p le.

K 0 reco nso lid atio n  is also  extrem ely  im p o rtant w hen 

d eterm ining  the stress-strain behav io u r o f  g eo m aterials and  can 

be easily  achiev ed  by  m eans o f  co m p u ter co ntro lled  triaxial 

ap p aratuses. H o w ev er, the use o f  auto m atic p ro ced ures is 

su ccessfu ll o nly  in the case o f  high quality  sam p les.

Th e  in flu ence  o f  strain rate o n c lay  stiffn ess is relev ant 

esp ec ially  at larg er strains. Th e  co e f fic ien t o f  strain rate, w hich 

exp resses such a d ep end ence, increases w ith PI and , fo r a g iv en 

so il, w ith the shear strain.
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