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Multiple-Stage Triaxial Test for Determining c'  and 0' of 
Saturated Soils

Détermination des paramètres c' et 0 ' des sols saturés au moyen d ’essais triaxiaux 

échelonnés

b y  T. C. K e n n e y  

and

G . H . W a t s o n , form erly  engineers w ith  H . G . A cres & C om pany  L im ited , N iag ara  Falls, C an ad a

Summary

T he m ultiple-stage com pression test p rovides a  possible m ethod 

o f  determ ining the  shear streng th  param eters o f a  soil, c’ and  0 ', 
by m eans o f a  single test on  a  single sam ple. In the  past, the m ul- 

tiple-stage princip le has been used successfully fo r testing  u n 

sa tu ra ted  soils, and  this paper rep o rts its app lication  to  com pres
sion testing o f sa tu ra ted  n a tu ra l and rem oulded  soils. F o r consol

idated undra ined  tests w ith po re  pressure m easurem ents, it was 
found  th a t th e  values o f c ' and 0 '  determ ined from  m ultiple-stage 

tests com pare  fav o u rab ly  with the results o f  conven tional tests. 
F o r  fully  d ra ined  tests, it was found  th a t  the m ultiple-stage 

com pression  test could  on ly  be applied fo r soils hav ing  low 

sensitivities.

Introduction

Perhaps th e  first app lication  o f the m ultiple-stage principle 

to  com pression testing  o f  soils was in th e  developm ent o f 

the “ Cell T est”  used to  m easure the shear streng th  characteris

tics o f  sa tu ra ted  soils (see fo r instance D e Be e r , 1950). 

H ow ever, there  are  several serious objections to  this test 

in  its orig inal form , one o f w hich is th a t the behav iour o f the 

soil sam ple is largely dependent u p o n  the flexibility o f  the 

testing  cell. Ta y l o r  (1950), and  Fl e ming  (1952), have 

successfully utilized the  m ultiple-stage princip le fo r de te r

m ining the effective stress shear streng th  param eters c and  

0 '  o f unsa tu ra ted  soils b y  load ing  sam ples to  failure at 

several different cell pressures and  m easuring po re  pressures 

th ro u g h o u t the tests.

T his paper reports the results o f an  investigation  o f the 

possib ility  o f applying the m ultiple-stage princip le to  com 

pression  testing o f sa tu ra ted  soils in m uch the sam e w ay as it 

w as applied  fo r testing un sa tu ra ted  soils.

Testing Equipment and Procedures

T his investigation  was carried  o u t in the labora to ries o f

H .G . A cres & C om pany  Lim ited. T he triax ia l com pression  

m achine and  cells w ere m anufactu red  by W ykeham  F arrance  

Engineering Lim ited. T he constan t cell pressure app ara tu s 

a n d  the po re  pressure m easuring  appara tu s w ere built in 

likeness to  those used a t the Im perial College, L ondon , and 

th e  N orw egian  G eotechnical Institu te , O slo, respectively. 

T he sam ples used were 1-5 inches in  d iam eter and  app rox im a

tely  3-5 inches high. F o r  all tests full end and  rad ial drainage 

was p rov ided  by the use o f porous stones and  filter paper 

d rains. T he top  loading cap was fitted w ith a  collar w hich

Sommaire

L ’essai triax ial échelonné, ou  triax ia l à  étapes perm et la déter

m ination  des param ètres de cisaillem ent c ' e t 0 '  en un seul essai 
d ’une seule éprouvette . A utrefois, le principe de l’essai échelonné 

fu t effectué avec succès p o u r essayer des sols non-saturés et cette 
com m unication  décrit l’application  du  m êm e principe aux  sols 

sa tu rés natu rels ou  rem aniés. Les résultats des essais triax iaux  

consolidés non drainés échelonnés, avec m esure des pressions 
interstitielles conduisen t à des valeurs de c ' et 0 '  qui peuvent se 

co m p arer favorab lem en t aux résultats ob tenus pa r des essais 
conventionnels. D ’au tre  part, les résu lta ts d ’essais com plètem ent 

drainés m on tren t que l’essai triax ial échelonné ne devrait être 
appliqué q u ’aux  sols à  faible sensibilité.

prevented  the op o f  th e  sam ple from  ro ta ting  m ore than  

6 degrees from  the horizon tal.

A fter each consolidation  period, the height, volum e, and  

average cross-sectional area  o f the sam ples were com puted 

an d  to  avo id  possible erro rs in m easuring  pore  pressures in  

u n d ra ined  tests due to  en trapped  free air, the  po re  pressure 

an d  the cell pressure w ere bo th  raised 10 psi in  o rder to  

dissolve the free air. Since all the  sam ples tested  w ere fully 

sa tu ra ted , this procedure is quite acceptable. F o r  all undra ined  

tests, the  ra te  o f  ax ial stra in  used was approxim ately  4 per cent 

per hour, while fo r d rained  tests the ra te  o f  ax ial strain  was 

usually  in the o rder o f 0.3 per cen t per hour. This axial 

stra in  was applied a t a  constan t rate. A fter any  undrained  

test had  been com pleted, the load  was rem oved from  the 

sam ple and  a cond ition  o f constan t po re  pressure was allowed 

to  be reached before the test was con tinued  or the sam ple 

rem oved.

Failure Conditions

In  Fig. 1 is show n the results o f som e conventional com 

pression tests. These da ta  are  p resented  in the form  o f stress 

pa ths defined by the m easured values o f a a '  and  g t ' (axial 

and  rad ia l effective stresses acting w ithin the sam ple, respec

tively) w hich are p lo tted  fo r various values o f strain  th ro u 

ghout the test. D rained  tests are  represented  by vertical 

paths because o T' rem ains constan t, and  undra ined  tests are 

represented by  curved  stress pa ths along w hich bo th  a 0' 

and a T' vary. A ny po in t on  a stress pa th , w hose position 

in stress space is defined by particu lar values o f a a' and  a T' 
can be represented by a M ohr stress circle, and  a  line jo in ing

191



L EG E N D

o  W #)«»«

+  (O'a-O'r)«.«
— * -  FA I LURE

Fig. 1 Method of presenting test results and definition of failure conditions.

M éthode de représentation des résultats d’essais et définition d’états de rupture.

tw o poin ts on different stress p a th s can  be re la ted  to  the 

line tangen t to  the corresponding  stress circles in  the fo llo 

wing m anner :

0 '

A Og

A  a . '

-  1

A  o '

1 -  sin 0 a' 

cos 0 '

(1)

(2)

w here &' denotes the apparen t m obilized angle o f shearing 

resistance, c 'a denotes the ap p aren t m obilized 

cohesion, a  denotes the cr„' in tercept o f the 

line jo in ing  the tw o stress po in ts p roduced back 

to  the cond ition  o f  a T' =  0 .

A t the beginning o f the investigation  it was first necessary 

to  decide upon  a  definition o f  failure in o rder to  determ ine c 
and  0 ' .  F o r the purposes o f th is study, a sam ple was conside

red to  have  reached failure a t the p o in t w here the stress p a th  

was tangen t to  the m axim um  effective stress shear strength  

envelope. T herefore, as it is show n in Fig. 1, failure during  a 

d rained  com pression test is determ ined by m eans o f e ither

the ( —, ) o r the (<ra —  <Tr)max failu re  criterion , failure

\ ^ T /  max

during an  undrained  com pression test on  norm ally  consoli

dated  soil (w here c =  0) is determ ined by  m eans o f the

—, ) failure crite rion , and  failure during  an  undrained
<7r /

max

com pression test on overconso lida ted  soil (where c >  0) 

can n o t be determ ined by  either o f  these failure crite ria  ( B i s 

h o p  & H e n k e l , 1957; K e n n e y , 1959). H ow ever, since it 

is seldom  know n w hen sam ples are  going to  exh ib it the 

properties o f  no rm ally  conso lidated  o r overconsolida ted  

soils, it follow s from  the above discussion th a t a  rigorous 

failu re  cristerion  is only  availab le  fo r the drained  test bu t is 

unavailab le  fo r the undra ined  test.

F o r  the m ultiple-stage com pression test, and  in p articu lar 

fo r its app lication  to  the und ra ined  type o f  test, the  exact 

p o in t o f  failure du ring  any  p a rticu la r test stage does n o t 

have  to  be k n o w n ; it is m ore im p o rtan t to  know  th a t the 

test has been carried  ou t fa r enough to  fully m obilize the 

shear strength  param eters c and  0 ' . F o r  th is reason , it 

was decided to  investigate the m agnitudes o f ax ial stra in  

required  to  m obilize c and  0 '  to  the ir m axim um  com bined 

effect. In  Fig. 2 are given the results o f several d rained  and  

undra ined  com pression tests on  n a tu ra l and  rem oulded 

norm ally  consolidated  soils the properties o f w hich are  listed 

in T able 1. I f  0 ' a is the ap p aren t m obilized angle o f shearing 

resistance (E quation  1) and 0 '  max is the fully m obilized value, 

then M , the  degree o f m obilization  o f 0 '  a t any  p o in t during  

a  test, is expressed by the equation  :

M  =
tan 0 ' a 

tan 0 ’ ml
(3)

F ro m  the test results given in Fig. 2, the follow ing conclusions 

can be draw n concerning the shear streng th  m obilization  

o f no rm ally  consolidated  soils :

(1) In m ost o f the undrained  tests, 0 '  becom es fully 

m obilized a t ax ial strains less th an  15 per cent and  generally 

less th an  10 per cent, w hereas, in the drained tests, 0 '  becom es 

fully m obilized a t axial strains between 15 and  30 per cent.
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AXIAL STRAIN IN PER CFN

Fig . 2 Mob ilizat ion  o f 0 ' with ax ial strain fo r several norm ally consolidated soils.

Mob ilisat ion de 0 ' en fonction de la contrainte ax iale pour quelques sols normalement consolidés.

Table 1

Properties o f soils tested and summary o f test results 

Propriétés des sols essayés et résumé des résultats

Natural Remoulded

Soil and Origin
L l
Pi

A
St Wr Test (1) (2) (1) (2)

c'
0 '

c!
0 '

c'
0 '

c'
0 ’

Ottawa 52-8 <  0-70 57-1 U 0 * 0 * 0 0
Estuarine 26-2 20 + 41-7 34-1 * 36-1 * 35-3 35-6

Cornwall 27-7 0-58 31-4

U \ 

D  1

0-26 0-26 0 0
Estuarine 14-1 10 + 21-7 34-1 34-1 37-4

0
35-9

37-4
1-04

34-7

Beauharnois 1 69-9 0-70 _

U \

D \

• __ _ 0-36 0-53

Estuarine 41-8 40-4

E —

31-6

0-90

28-3

32-2

0-90

28-3

Beauharnois 2 43-5 <  0-70 — U _ _ 0 0
Glacial T il l 19-3 — 32-7 — — 30-5 30-5

St. Catharines 46-0 0-43 27-2 U 2-34 2-34 2-20 2-48

Glacial T il l 25-9 2 26-6 261 26-1 25-8 26-4

Wallaceburg 40-5 0-57 40-4 u 0 — 0-88 0
Glacial T il l 17-2 4 35-4 30-0 — 29-1 29-1

Allanburg 28-5 <  0-50 23-2 u 0 — 0 0
Glacial T ill 15-0 3 23-0 330 — 34-8 33-4

L l  L iquid  lim it A A ctivity
Pi P lasticity  index S t Sensitivity
U U ndrained  test c' P si
D  D rained  test </>' D egrees

♦Values m easured in the norm ally  consolidated  stress range o f  the soil.

W« N atu ra l w ater content 
W  r R em oulded w ater content
(1) C onventional tests
(2) M ultiple-stage tests

(2) In  und ra ined  tests the 0 ’ m obilization  characteristics 

are  com paratively  independent o f the m ineral com position  

and  sensitivity  o f the soils.

(3) In  drained  tests the 0 '  m obilization  characteristics 

are strongly  dependent on soil sensitivity  and  to  a  lesser 

ex ten t on m ineral com position .

In  Fig. 3 are  given the volum e changes and

axial stra ins a t failure in d rained  tests o f  several no rm ally  

consolidated  and  overconsolida ted  soil sam ples. T he results

o f these tests ind icate  th a t the stiff, insensitive soils fail a t 

low volum e changes and  low axial stra ins and  th a t the softer, 

m ore sensitive soils fail a t higher volum e changes and  higher 

ax ial strains. These test da ta  also infer th a t for undrained

A V,
=  0tests, w here zero volum e change takes place

the range o f ax ial strains required  to  fully m obilize c and  

0 '  o f  no rm ally  consolidated  and  overconsolida ted  soils is 

from  0 to  15 per c e n t; present labo ra to ry  experience has 

been th a t the stra ins at failure range from  1 to  12 per cent.
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AXIAL STRA IN  IN PER CENT

Fig . 3 Volume change and ax ial strain at failure. Results o f drained compression tests on norm ally consolidated 
and overconsolidated soils.

Changement de volume et contrainte ax iale à la rupture. Résultats des essais drainés de compression sur 
des sols normalement consolidés et sur des sols surconsolidés.

F ro m  the above conclusions it follow s th a t it is possible 

to  fully o r nearly  fully m obilize c' an d  0 '  in und ra ined  tests a t 

least tw o and  possibly three tim es w ith one sam ple a t different 

conso lida tion  pressures if axial stra ins o f th e  o rder o f  25 per 

cen t o r m ore are a tta inab le  w ith the availab le  testing  appara tu s. 

F o r  d rained  tests, c' and 0 '  can  be fu lly  m obilized in  one 

sam ple tw o o r m ore times only  if the soils have  stable struc

tures and , therefore, low sensitivities.

Undrained Tests

T he test procedure for the m ultiple-stage u nd ra ined  com 

pression  test w hich was used, consisted o f conso lidating  a 

sam ple u nder different cell pressures, com puting  the height 

an d  volum e o f the sam ple after each conso lida tion  phase, 

raising  bo th  the cell pressure and  the po re  p ressure by  equal 

am oun ts (approx im ately  10 psi) to  dissolve any  free air, 

and  loading the sam ple un til an  axial stra in  o f 5 to  10 per 

cen t was reached or, in the case o f b rittle  m aterials, un til a 

failure surface developed in the sam ple and  the load taken  

by  the sam ple began to  decrease rapidly .

T o com pare the results o f the m ultiple-stage and  conven 

tiona l types of undrained  tests, sam ples o f different soils 

w ere tested in na tu ra l an d /o r rem oulded states. The properties 

o f  these soils and  a sum m ary o f the test results are  given 

in  T able  1.

In all the  m ultiple-stage tests recorded herein, th ree com 

pression stages were used. T ypical test com parisons are 

given in Fig. 4. T he follow ing com m ents are  m ade concerning 

th e  testing  experience to  date  :

(1) O nly soils having activities less th an  0.75 have been 

tested. In  all cases it was possible to  bring  ab o u t failure 

cond itions th ree times in a m ultiple-stage undra ined  test.

(2) The values o f c and  0 '  determ ined from  m ultiple- 

stage and  conventional und ra ined  tests com pare very closely

fo r all th e  soils investigated. T he shapes o f  th e  stress pa ths 

o f  th e  tw o types o f  test were n o t generally  sim ilar.

(3) T he conso lida tion  pressures w hich are  now  generally  

used  fo r the m ultiple-stage tests are  10, 30, and  60 psi.

(4) F o r  soft soils o f  low sensitivity , ax ial s tra in  increm ents 

o f 10, 8, and  6 p er cen t fo r th e  first, second, and  th ird  stages 

o f  the test, respectively, have been found  sufficient to  fully 

o r nearly  fu lly  m obilize c and  0 .

(5) F o r  b rittle  soils, such as overconso lida ted  o r very 

sensitive soils, full m obilization  o f c and  0 '  generally  occurred  

a t low stra ins and  in  this case the test stage should  be stopped  

w hen the  load  o n  the sam ple begins to  decrease rap id ly . The 

subsequent stages a re  generally  extended  to  a t least 10 and  8 

per cen t respectively unless a b rittle  type o f failure again 

takes place.

Drained Tests

T he test p rocedure fo r the m ultip le-stage d rained  com pres

sion test w hich was used consisted  o f conso lidating  a  sam ple 

under different cell pressures, com puting  the height and  

volum e o f the sam ple after conso lidation , and  loading the 

sam ple under drained  cond itions u n til failure occurred. 

V ery few o f these tests have been perform ed and  on ly  the 

results o f tw o com parisons are  listed in  T ab le  1, b o th  of 

w hich were m ade on rem oulded  soils. T he test results com pare 

fairly  closely bu t the da ta  is insufficient to  enab le  conclusions 

to  be draw n.

Conclusions

I t  has been found  possible to  apply  the m ultiple-stage 

princip le to  com pression testing o f sa tu ra ted  soils. F o r the 

inactive soils w hich have been tested, the  values o f c ' and  0 '  

determ ined from  undra ined  m ultiple-stage and  conventional
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Fig . 4 Comparison o f results o f multiple- stage and conventional t raix ial compression tests.

Comparaison des résultats obtenus par les essais triax iaux  échelonnés et les essais conventionnels de compression 
triax iale.

tests com pared very closely ; the shapes o f the stress paths 

o f the tw o types o f test were found n o t to  be sim ilar and, 

therefore, the induced pore  pressures were different.

V ery few drained  m ultiple-stage com pression tests have 

been done. H ow ever, it was show n th a t th is test is only  

applicable to  soils w hich p roduce sm all volum e changes a t 

failure and , therefore  have relatively  stable structures.

A n in teresting  observation  w hich can  be m ade from  the 

test results in T able  1 is th a t the value o f  0 '  fo r no rm ally  

conso lidated  sensitive soils is very nearly  equal to  0 '  for 

these soils in a norm ally  consolidated  rem oulded state, even 

though  the w ater con ten ts o f  these m ateria ls are  vastly 

different.

T he testing experience reported  here is lim ited and  add itional 

w ork is required  concerning the app lication  o f th e  m ultiple- 

stage test to  soils having activities greater th an  0-75. T he test 

does n o t seem to  be applicable for drained  com pression tests 

on sensitive soils ; how ever, the m ultiple-stage principle m ight 

be applicable to  drained  ring  shear tests o r extension tests.
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