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Characterization of the mechanical behaviour of an unsaturated sandy silt 

Caracterisation du comportement mecanique d’un limon sableux non sature

L. Laloui, F.Geiser & LV ullie t -  So il Mechanics Laboratory, EPFL, Lausanne, Switzerland  

X. L. Li, A. Bolle & R .Charlier - C iv il Eng ineering  Institute, University o f Li&ge, Belg ium

A B STR A C T: T he results o f  an experim ental study o f  the influence o f  the unsaturated  state on the m echanical behaviour o f  a sandy silt are 

presented. A fter the characterisation o f  the saturated state behav iour, various paths o f  stress and suction under triaxial, oedom etric and 

isotropic conditions are investigated . C om plem entary  experim ents m ade in the tw o  institutions (E P F  L ausanne and U niversity  o f  L iege) are 

show n.

RESUM E: C et article p resente une etude experim entale de l'in fluence  de  la non-saturation  sur le com portem ent m ecanique d 'u n  lim on 

sableux. A pres avo ir caracterise le com portem ent du sol a l'e ta t sa tu re , on etudie la reponse  du m ateriau sur des chem ins iso tropes, 

oedom etriques e t triaxiaux pour differents etats de con train te et de  succion. D es essais com plem entaires des deux institutions (EPF  Lausanne 

et U niversite de  L iege) sont presentes.

1. IN TR O D U C T IO N

A w hole class o f  geotechnical prob lem s is conditioned by the 

unsaturated behav iou r o f  soils (w hich  w e define as the state w here 

the pore w ater-p ressure  is negative- w ith soil m echanics sign 

convention: com pression  positive). T h is condition appears in the 

construction o f  em bankm ents , stability o f  tunnels, loading o f  road 

foundations and environm ental engineering . T he unsaturated  state 

can also be due to a natural cause: infiltration and evaporation 

phenom ena.

In this paper w e p resen t a hydro-m echanical study o f  the 

behaviour o f  a rem oulded  sandy silt. T his soil is subm itted to 

mechanical loading at d ifferent initial suctions (excess o f  pore air- 

pressure to w ater-p ressure) and to hydric loading  (variation o f  fluid 

pore p ressure) at d ifferen t initial m echanical stresses.

W e consider that tw o stress-state  variables govern  the 

unsaturated so il behaviour, nam ely:

(i) the net m ean stress p*, spherical part o f  the net stress tensor

<yu*= t u +  P*s u . L (1)
where t- is its dev ia to ric  part and 5,- is  the K roneker de lta  with 

p * = p - u a (2)

where p is the m ean total stress

p = a* /  3 = ( a ,+ o 2+ a 3) /  3 (3)

and u, the a ir  pressure

(ii) the m atrix  suction  s,

s = ua- uw W

with uw the  po re  w ater pressure.

This hypothesis is one o f  the cases p roposed  by F red lund  and 

M orgenstern (1977) in w hich  they show  that the total stress a ,  the 

pore air-p ressure ua and the pore w ater-p ressure uw can be 

combined in tw o  independent stress param eters in o rd er to 

correctly describe the m echan ical behav iour o f  unsaturated  soils.

2. E X PE R IM E N T A L  A P P A R A T U S

The saturated tests w ere m ade in standard  triaxial and  oedom eter 

apparatus. T he sam e equipm ents w ere adapted to run unsaturated 

tests. T w o differen t techniques w ere used to im pose suction: the 

air-pressure m ethod  (EPFL) and the osm otic m ethod (Uni. L iege).

The first one  (F ig u re la )  is based on the axis-translation 

technique (for details see F red lund  &  R ahard jo , 1993). The air- 

pressure is im posed  at the top o f  the sam ple. The pore w ater- 

pressure is m easured  o r  im posed  at the bottom , w here there is a 

special high air entry value ceram ic. Three apparatus w ere adapted 

for this technique: a standard triaxial, an oedom eter and a R ichards 

cell (pressure p late extractor).
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F igure  1. a) Im posed  air-p ressure technique (EPFL)

b) O sm otic techn ique (Uni. L iege)

T he osm otic technique (Figure lb )  w as used  on  an oedom eter. 

It is based on the use o f  a sem i-perm eable m em brane and a 

m acrom olecular solution (polyethylene glycol 20000). T he sam ple 

is in con tact w ith the m em brane and the solution is m oving beh ind . 

T he soil w ater is attracted by osm osis to the so lu tion  until 

equilibrium  is reached betw een the capillary suction in the sam ple 

and the osm otic suction . T he value o f  suction depends on the 

concentration  o f  m acrom olecu lar solution (Suraj de  S ilva, 1987).

In both techniques the equilibrium  state, fo r a g iven suction  is 

supposed  reached w hen the w ater volum e variation tends to zero. 

G enerally  this sta te is obtained  in 15 days fo r a suction o f  100 kP a 

and in 25 days for a suction  o f  200 kP a (L alou i et a l., 1995).

3 SA M PL E  PR E PA R A T IO N

T he soil used is a w ash ing  sandy silt from  the region o f  Sion 

(Sw itzerland). Its characteristics are given in T ab le  1.

The sam ple preparation w as done in the aim to be as close as 

possib le to the m echanical and hydric virgin sta tes. T he procedure 

consists in m ixing  a dry soil w ith de-aired  and dem ineralised  w ater 

to obtain a  w ater con ten t (w ) value equals to 1.5 tim es the limit o f  

liquidity  (wL). T h is value w as found to guaranty  an initial saturated 

state . T hen the sam ple is put in its looser state (initial void  ratio

T able 1: C haracteristics o f the Sion silt

WL (%) wP (%) Ip %<

2um

%<

20um

%>

60um

y, (kN/m3)

25.1 18.8 6.4 6.4 40.7 22.3 27.35

±0.3 ±2.1 ±2.3 ±2.3 ±0.8 ±2.3 ±0.06
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e o=0 .9) in the R ichards cell. F o r the triaxial apparatus w e give a 

shape to  the sam ple inside a m oulding-tube w ith a sm all load (K o 

consolida tion  w ith  a sm all p reconsolidation  p ressu re  around 30 

kPa). A fte r this phase  the  vo id  ra tio  is betw een  0 .6 and 0.7.

4. H Y D R O -M E C H A N IC A L  PA TH S

T he d ifferent types o f  stress path  are sum m arised  in F igure 2. a ,  

and <J3 are the principal vertical and lateral stresses. In the 

fo llow ing , w e call mechanical path a path obtained by applying a 

total external stress O, o r  cj3, w hile  w e call hyd ric  path a  path 

ob tained internally  by m odify ing  e ither ut and u w. W e suppose  that 

the hydric  effect is only  isotropic.

F or the t r ia x ia l tests the sam ples are first consolidated  to a  given 

confin ing  pressu re  (A -B ) in sa tu ra ted  conditions. T h is should  erase 

all the m echanical history  o f  the sam ple as the confin ing  pressure is 

alw ays h igher than  the p reconso lidation  p ressu re  o f  the soil. T hen , 

in an unsaturated  test, the sam ple is subm itted  to an hydric path  (B- 

C): the suction  increases w ith the application o f  u ,, w hile keeping 

uw equal to  the atm ospheric  pressure. F inally , w hen the equilibrium  

is reached  (poin t C), several stress paths are analysed:

1- C -F  : isotropic. T his path is ob tained by increasing  the 

confin ing  p ressu re  p  w hile  keep ing  both u, and uw constant (this 

a llow ing free flow  o f  air and  w ater).

2- C -E  : constant water content shearing. T his path is 

driven in w ater undrained conditions w hile m aintaining a constant 

a ir-p ressure  u t . T he w ater-p ressure  uw is m easured  during  the 

shearing , so that the suction  is know n.

3- C-D: drained shearing test. It consists in increasing  the 

dev iato ric  stress w hile keep ing  both u, and uw constant.

T he oedometric  unsaturated  path (A -B '-C '-D 1) w as done with 

the osm otic m ethod . T he sam ples w ere preconsolidated  

iso tropically  at about 300 k P a  during  the p reparation . T hey are 

subm itted  to a very  sm all load ing  (poin t B ', 12-20 kPa) to ensure a 

good con tact betw een the sam ple and the cell basis). T hen there is a 

d ry ing  path (B '-C )  w here the sam ple is  subm itted to  a  given 

suction . F inally  this suction is kept constan t, w hile the vertical 

stress is increased  by steps (C '-D ') in oedom etric  conditions.

The aim  o f  the last path (A -G ) is to drive hyd ric  paths w ithout 

any "m echanical" stress. T he sam p le 's  o w n-w eigh t is supposed  

negligible. F o r each suction level at least fo u r sam ples are 

p repared . A t equilibrium  tw o sam ples are used  to determ ine the 

w ater con ten t and tw o for the vo lum e m easure.

T o  determ ine the vo lum e, the sam ples are pu t in petro leum . By this 

w ay only  the a ir pores are filled w ith  this liquid , as the 

hydrocarbons are hydrophobic. T hen the vo lum e can be m easured 

classica lly  w ith a p ycnom eter (G eiser et a l., 1996).

a i - 0 3

Constant water 

content shearing

Drained
shearing

Richards

p = (o i+ 2o3  )/3

s -  ua-uw ~ ~ ~ Isotropic path

F igure  2: H ydro -m echan ica l stress paths

s = 280  k P a -
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F igure  3: E volution  o f  the volum etric strain  at d ifferen t constant 

suctions.

5. R E S U L T S  A N D  IN T E R P R E T A T IO N S

A  series o f  47 tests w ere perform ed  at E P F L  and 17 at U ni. Lifege. 

T he m ain  results on d ifferent pa ths are given in this chapter. N ote 

that the range o f  degree o f  saturation  S r rem ains betw een Sr= 100%  

and  Sr= 50% .

5.1 Isotrop ic  and  oed ometric  m ec hanic al b ehaviour (C-F; C ’-D ')

F igure  3 show s the evo lu tion  o f  the w ater-volum etric strain (w ater 

volum e change d iv ided by the total volum e) versus the net mean 

p ressu re  p* in iso tropic conditions. T he tests (path C -F ) w ere done 

at fo u r d ifferen t constan t suctions: 0, 100, 200  and 280 kPa, after a 

saturated  isotropic consolida tion  (path A -B ) at 300 kPa. T he resu lts 

show  that the m echanical com pressib ility  in unsaturated  conditions 

decreases w ith increasing  suction.

T he variation o f  the void  ratio  w ith the suction  under 

oedom etric conditions show s globally  the sam e k ind  o f 

com pressib ilities ' evo lu tion  (F igure 4). T h is resu lt is obtained  w ith 

the fo llow ing constan t suctions (point C '): 0, 50, 100, 200  and 

300  kPa.

In the saturated case (F igure 4) th is silt show s an increase in

m echanical com pressib ility  w ith the m ean p ressu re  fo r the 

experim ented stress range. A s a consequence , tw o  distinct 

com pressib ilities (slopes in the e - ln a , diagram ) are chosen  fo r two 

d ifferen t ranges o f  stresses: X, fo r a  vertical stress O, betw een 100 

and 4 0 0  kP a and  \  fo r o , h igher than 4 0 0  kPa.

F igure  5 show s that the com pressib ilities o f  the soil decrease 

w ith the suction, as fo r exam ple:

\ 2= 0 .0 4 7F o r s= 0  kP a, X ,= 0 .0 3 2  and 

F o r s= 200  kP a , X^ O .020  and A.2= 0 .0 2 8  

T he elastic  com pressib ility  k  corresponds to the un load ing  slope. It 

can  be considered  as independent from  the suction (F igure 5). The 

value  o f  k  is a round  0.007.

0 .65

>  0 .5 5
s = 5 0 k P a

s = 2 0 0 k P a

.  J  100 1000
V ertical stress, [kPa]

F igure  4: E volu tion  o f  the vo id  ratio  a t d ifferen t constan t suctions.

■o 0 .0 5  

^  0 .0 4

£ 0.02 

l o . o i

I  o
0  100 200  300  4 0 0  500 

Suction , s [kPa]

F igure 5: Evolution  o f  the com pressib ilities w ith the suction.
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These resu lts are com patible w ith the feature p roposed  by A lonso 

et al. (1990), w ho  suggested  that k  w as not dependant o f  the 

suction, and that X decreases w ith the suction  before to tend 

towards an asym ptotic value. H ow ev er 2 o r  3 m ore poin ts w ould 

be needed to clearly  determ ine this asym ptotic value.

5.2. D evia toric  mec hanical b ehaviour

Constant w ater content shearing  tests (path C-E)

The shear rate during  the constant w ater content tests w as o f  0 .0 6  

mm/min. T w o  ranges o f  stresses w ere analysed:

- tests w ith m oderate initial m ean stresses (200-300  kPa): F igu res 

6&7.

- tests w ith a  large initial m ean pressu re  o f  1000 kPa and small 

suctions: F igu re  8.

Figure 6  and fu rther interpretation show  an increase o f  strength 

and stiffness w ith increasing air-p ressure and suction . The 

unloading m odulus seem s to be independent from  the suction . 

Concerning the volum etric behav iour, one  can observe  a  tendency 

to dilatancy w hen the air-p ressure  increases. T here is less 

generation o f  po re  w ater-p ressure  w ith  increasing  suction , due to 

the sm aller deg ree  o f  saturation.

The sam e featu re can  be  observed on F igure  7 corresponding  to 

300 »kPa lateral p ressu re . H o w ev er, w hen the net initial mean 

pressure is sm all (p*= 100  kP a fo r u ,= 2 0 0  k P a  and p * = 2 0  kP a for 

u,=280 kP a), cinem atic failures occur. T he initiation o f  such a 

softening effect is a function  o f  the degree o f  saturation.

A d ifferen t behav iour is observed  on the F igure 8a fo r tests with 

a large initial m ean p ressu re  (1000  kPa). All unsaturated  sam ples 

give alm ost the sam e peak  streng th , w hich  is h igher than fo r the 

saturated case. T he u ltim ate resistance seem s to be the sam e fo r the 

saturated and  unsaturated  cases. T his resu lt o f  no  significant effect 

of the suction on the ultim ate resis tance  fo r a large net m ean stress 

was also o bserved  on collapsib le silt (M aatouk, 1993) and 

compacted silt (D elage et a l., 1987). In the volum etric p lane, the 

Figure 8b show s that the  sam e pore w ater-p ressure  is obtained fo r 

all unsaturated tests. T hey  have less contractant behav iour than in 

the saturated case.

Drained shearing  tests (path C-D )

The shear rate du ring  the drained  tests w as 1.5 |im /m in . T h is rate 

was determ ined via the classical G ibson  and H enkel m ethod

(1954):

tf =  H 2/ ( h * c v * ( l  - U f)) 

where t , : tim e requ ired  to  fail the sam ple

H  : h a lf  high o f  the sam ple (50-55 m m )

U f = the average degree o f  dissipation  o f  the induced  pore­

water p ressure at failure. G enerally  0 .95  is assum ed to be enough 

to find the soils in trinsic characteristic in drained  conditions.

We deduced  the coeffic ient o f  consolidation  cv from  the 

isotropic unsaturated  tests (G eiser et a l., 1996). T h is m ethod has 

the advantage o f  including directly the d rainage conditions as well 

as the relative perm eability  o f  the silt and the high air entry ceramic 

for different suc tions and  m ean  pressures.

F igure 9 show s tw o unsaturated  tests w ith the corresponding  

saturated case  at tw o d ifferent confin ing  p ressu res (400  and 600 

kPa) and fo r a  suction  o f  100 kPa. T h e  com parison  o f  the saturated 

and unsaturated cases at the sam e m ean p ressu re  show s alm ost the 

same fric tion  angle, stiffness and unload ing  m odulus. N evertheless 

the volum etric behav iour is clearly  d ifferent fo r saturated and 

unsaturated sta tes. T he w ater content o f  the unsaturated sam ples 

seems con tinuously  decreasing  and one cannot see a  clear 

stabilisation level. T his confirm s the constan t w ater content 

shearing tests resu lts show ing  the influence o f  the suction on the 

volume changes.

Evolution o f  the critical state

As the w ater content o f  the unsaturated  sam ples cannot reach a 

stabilisation w hen the axial deform ation  tends to a large value, w e 

defined in a firs t approxim ation the critical state as the state w here 

there is no m ore change in the deviatoric stress fo r large axial 

deformation. In the fo llow ing  interpretation w e did not take into

account the tests w hich failed during  the shearing . F igure  10 

show s the critical state poin ts o f  all drained and undrained tests in 

the p* vs. q  plane.
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F igu re  6: C onstan t w ater con ten t tests o ,= 2 0 0  kPa.
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F igure  8: C onstan t w ate r con ten t tests c 3= 1000  kP a
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F igure 9: D rained shearing  tests at tw o  differen t confining 

p ressu res .
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Figure 10 : Evolution of the critical state with the suction.
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Figure 11: E volution  o f  the friction angle and cohesion  w ith the 

suction . 6. C O N C L U SIO N

T hen for suction exceeding 30 kP a the void  ratio  rem ains almost 

constant and the degree o f  saturation is h ighly affected by the 

suction variation  (Figure 12c). T he sam e o bservations can be done 

fo r the g raph 12b representing  the evolution  o f  the vo id  ratio  with 

the m oisture content. O n F igu res 12c to 12e, w e added the results 

deduced from  the hydric pa ths (B -C , B '-C ')  in the o ther tests: 

triaxial and oedom eter. T he points are very  close to the one  found 

in the R ichards cell. It seem s that the hydric behav iour o f  the silt 

defined  by A.s and k s is not affected  by the initial vo id  ratio.

U ntil a net m ean p ressu re  o f  1 M P a, all unsaturated  poin ts are 

above the sa turated  critical state line q= M p* (dotted). F igure  11 

show s the evo lu tion  o f  the  slope o f  the critical state line M  and the 

cohesion  c (value o f  the deviatoric  stress at p*=o) w ith the suction . 

F ro m  those resu lts w e deduced  that the critical friction angle <|>pp 

decreases w ith  the suction  w hile the cohesion  increases as fo r 

example:

<t>pp = 33° at s =  0  kPa; = 26° at s =  125 kP a

c = 0  kP a at s = 0  kPa; c = 320 kP a at s = 125 kPa

T he sam e tendencies w ere observed  on collapsible silt (M aatouk,

1993) and com pacted  silt (D elage et a l., 1987).

T his resu lt o f  sim ultaneous variation o f  the critical slope M  and 

the cohesion  c g ives a good  representation  o f  the shearing strength 

evolution w ith suction . W e can also  conclude that the unsaturated 

states lead to very  d ifferent volum etric behav iour than in saturated 

cond itions.

5.3 H yd ric  b ehaviour (A -G )

T he resu lts o f  the hydric tests ob tained in the R ichards cell are 

show n in the  F ig u re  12 (a, b, c, d, e).

P rincipally  F igu res 12c and  12d show  that the air entry value is 

at a suction  o f  30 kP a. It m eans that this silt rem ains saturated 

below  this value. W e can also  notice that there is a residual degree 

o f  saturation a round  0 .2  (F igure 12c). O n the F igure 12-a, w e 

notice that the suction has the sam e type o f  influence as a 

m echanical stress, but w ith different com pressib ility  slopes:

A.s= 0 .06  and k s= 0 .009 . A s long as the sam ple is saturated 

(s< 30kPa) the void  ratio  decreases highly w ith suction  (note that 

the hydric com pressib ility  Xs is h igher than the m echanical one X).

An understanding o f  the behav iour o f  unsaturated  soils is im portant 

fo r the design  and analysis o f  g eostructu res. T he m ain effects of 

suction on the behav iour o f  a rem oulded  soil are analysed.

AU these experim ental resu lts on a rem oulded  sandy silt 

constitute a good  database fo r fu rther developm ents and fo r the 

validation o f  constitutive m odel taking in account an unsaturated 

state. A  firs t attem pt as a jo in t w o rk  betw een E PF L ausanne and 

U ni. L iege is given in the sam e P roceed ings (C harlier et a l., 1997).

F o r the m echanical behav iour, the resu lts show  that the 

com pressib ility  globally  decreases w ith the suc tion , w hile  the 

unloading com pressib ility  stays alm ost constan t. The triaxial tests 

reveal in form ations about the evolution  o f  the critical state 

param eters: the friction angle decreases and the cohesion  increases 

w ith increasing  suction.

The hydric d rying paths w ere principally  analysed  w ith  the 

R ichards cell. T hey g ive a com plete determ ination  o f  the evolution 

o f  the degree o f  saturation , void  ratio  and m oistu re  con ten t w ith  the 

suction. T h is is a good  base fo r fu rther evo lu tion  equations.
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