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The Strength of Quasi-saturated and Unsaturated Soils in 

Relation to the Pressure Deficiency in the Pore Water

La Résistance des Sols Quasi-saturés et Non-saturés par Rapport à l’Insuffisance de la Pression 
Interstitielle

by G. D. A i t c h i s o n , Soil Mechanics Section, Division o f Soils, C.S.I.R.O., University of Melbourne, Victoria, Australia

Summary

Définition has been given to the states of saturation and unsatura- 
tion in soils.

It has been shown that most soils within the Australian environ
ment are unsaturated or quasi-saturated. The depth of soil so in- 
fluenced by environmental factors—beyond engineering control— 
has been shown to be of the order of 10 ft. or more while the pressure 
deficiency in the pore water may exceed 30 kg/cm2.

A study has been made of the shear strength of unsaturated and 
quasi-saturated clay soils within the range of pressure deficiencies 
corresponding to those occurring in nature. It has been demon- 
strated that the shear strength of such soils is controlled by the 
pressure deficiency in the pore water, in a manner logically related to 
basic concepts of soil physics and soil mechanics. It is suggested 
that the rational design of foundations on unsaturated or quasi- 
saturated soils requires considération of the pressure deficiency in 
the pore water as a major déterminant of soil strength.

Introduction

It has been established, for a long time, that the soils o f the 

greater part o f Australia, in common with many other semi-arid 

or arid régions of the world, are characteristically desiccated 

or unsaturated. The significance of such desiccation or un- 

saturation, which has been related to the seasonal moisture 

cycle, has been manifest in seasonal volume changes o f com

pressible soils and in modifications of the shear strength of ail 

soils. The former effect has greatly influenced the design of 

foundations for small buildings while the latter effect has 

similarly influenced the design of road and airfield pavements 

as well as shallow building foundations.

Most studies o f the strength o f soils within such environments 

have emphasized the effects o f desiccation rather than the full 

eflects of unsaturation, i.e. measurements have been made o f the 

total strength of soils at water content values less than that 

corresponding to the fully saturated State. Some account has 

been taken of the fact that the soil may contain air voids and 

further attention has been given to the existence o f a pressure 

deficiency in the pore water of a desiccated or unsaturated soil. 

However no consistent considération has been given to the 

interaction of the void geometry and the pressure deficiency in 

the pore water in an unsaturated soil—and in fact no consistent 

appréciation has been made of the term unsaturation.

In an attem pt to rationalize the quantitative définition of an 

unsaturated soil, récognition has been given to four separate 

moisture regimes in the soil (Ait c h is o n , 1956). These are 

defined as saturated, partially saturated, quasi-saturated and 

unsaturated with characteristics as outlined in Table 1.

The parameters o f the saturated and unsaturated State are 

given in Table 1 as the degree of pore space saturation, the 

pressures in the pore water and the soil air, the compressibility 

of the pore fluid and the soil moisture déficit. The last item 

may be defined as the incrément o f water which must be im-

Sommaire

On a défini les états de saturation et de non-saturation des sols.
Il a été démontré que, dans l’ambiance australienne, la plupart des 

sols sont non-saturés ou quasi-saturés. De plus, il a été démontré 
que la profondeur d’un sol ainsi influenceé par des facteurs d’ambiance
— qui ne sont pas susceptibles au contrôle mécanique — est de 
l’ordre de 10 pieds ou davantage, tandis que l’insuffisance de pression 
interstitielle peut dépasser 30 kg/cm2.

On a étudié la résistance au cisaillement des sols argileux non- 
saturés et quasi-saturés dans les limites des insuffisances de pression 
qui correspondent aux limites naturelles. Il a été démontré que la 
résistance au cisaillement de ces sols dépend de l’insuffisance de la 
pression interstitielle, d’une manière qui se rapporte logiquement aux 
conceptions fondamentales de la physique et la mécanique des sols. 
On suggère que dans le calcul rationnel des fondations sur sols non- 
saturés et quasi-saturés il faut considérer l’insuffisance de pression 
interstitielle comme influence majeure sur la résistance du sol.

Table 1

States of saturation and unsaturation in soils 

Les états de saturation et de non-saturation des sols

Moisture
State

Degree of 
pore 
space 

satura
tion Sr 

per cent

Pressure 
in pore 
water

Pressure 
in soil 

air

Compressi
bility o f 

pore fluid 
—with 

respect to 
compressi

bility o f 
water

Soil 
moisture 

déficit 
A wwith respect to 

atmospheric 
pressure

Saturated 100 > o _ 1 0
Partially

saturated <  100 >  o >  0 >  1 0
Quasi-

saturated 100 <  0 — 1 >  0
Unsaturated <  100 <  0 0* >  1 >  0

> 0 t

* Pressure in drained pores, 
t  Pressure in adsorbed bubbles or occluded pores.

bibed by the soil to  bring the soil water into equilibrium with 

free water a t atmospheric pressure.

If  a  général définition of the State o f unsaturation (Ait c h is o n , 
1956) is taken to indicate that ‘an unsaturated soil is one which 

—at its spécifié condition of applied extemal stress—can absorb 

additional water, if supplied air free a t atmospheric pressure’, 

it follows that the two catégories, quasi-saturated and un

saturated, o f Table 1 conform with this définition. A quasi- 

saturated or an unsaturated soil can absorb additional water at 

existing ambient applied pressures whereas a saturated or 

partially saturated soil cannot imbibe water unless the applied 

stress is changed. Thus the phenomenon of change of strength
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o f a cohesive soil due to  factors beyond engineering control 

(e.g. the natural seasonal cycle) is restricted to  the states o f 

quasi-saturation and unsaturation. These two catégories, as 

defmed in Table 1 and elsewhere (Ait c h is o n , 1956), have been 

examined in  relation to the design of domestic building founda- 

tions and pavement subgrades.
I t  has been shown (Ait c h is o n , 1956) that the states o f un- 

saturation and quasi-saturation are associated, in  modal soils

Fig. 1 The climatic zones of Australia 

Zones climatiques de l’Australie

o f the A ustralian environment, with a  range of pressure 

deficiencies (j>") in the pore water o f up to  30 kg/cm2. Since 

the variation o f climate in Australia is large, it is possible to 

infer a  broad scale relationship between a  climatic index 

(Pr e s c o t t , 1949) and the principal parameters o f unsaturation 

in soils. This relationship is given in Fig. 1 and Table 2. I t is 

evident from  these data that, over the greater part o f Australia, 

soils exposed to  the natural seasonal cycle are submitted to  a

range of p "  from  near zéro to  an average of 20 kg/cm2 for 

periods and depths dépendent upon the aridity o f the micro- 

environment. A t the arid extreme (climatic zone 1) the soil is 

desiccated with presumably large values o f p "  to  considérable 

depth—exceeding 10 ft.—for most of the year excluding infre- 
quent rains and flood periods. A t the humid extreme (climatic 

zone 4) the soil is desiccated only to  shallow depth for brief 

summer periods. This condition is similar to  that noted in 

Southern England and comparable environments. As a  supplé

ment to  Table 2, it may be stated that in ail heavy clay soils 

the degree of pore space saturation exceeded 80 per cent for 
the whole range o f values o f p".

Effective Stresses in Quasi-saturated and Unsaturated Soils

The norm al concept o f effective stress 

a' =  cr — u

which was established for positive values of pore pressure (u) 

has often been extrapolated to  the negative pore pressure range. 

I t has been postulated, in effect, that the statement

o' =  cj +  p "  . . . .  (1)

is true. This relationship has been studied recently (Ait c h is o n  
and D o n a l d , 1956) for non-cohesive and cohesive soils 

throughout the range o f values o f sr and p "  appropriate to  the 

A ustralian environment. I t  has been found that, insofar as 

extemal manifestations o f effective stress are concemed, this 

statement o f équation 1 is approximately correct for ail co

hesive soils for values o f  p "  up to  a t least 30 kg/cm2—corre- 

sponding to  the range of quasi-saturation and unsaturation.

In  non-cohesive soils the relationship of équation 1 is incor

rect and an  alternative concept has been presented (Ait c h is o n  
and D o n a l d , 1956).

The shear strength o f quasi-saturated and unsaturated non- 

cohesive soils has been studied by D o n a l d  (1956) who has 

dem onstrated a straightforward relationship—based on static 

principles and void geometry—between shear strength and 

pressure deficiency in the pore water.

Shear Strength of Quasi-saturated and Unsaturated Cohesive 
Soils

I f  the statement o f équation 1 is wholly correct—at least as a 

déterminant o f shear strength—it follows that any variation in

Table 2

Range of pressure deficiencies in pore water of modal soils of the Australian environment 

Insuffisances des pressions interstitielles de certains sols d’Australie

Climatic 
zone 1

Climatic zone 2 Climatic zone 3 Climatic zone 4

Depth
below
soil

surface
ft.

climatic 
index P/E 0-7 

<  0-47

climatic index P/E  0-7 
=  0-47-0-92

climatic index P/E  0-7 
=  0-92-1-70

climatic index P/E  0-7 
>  1-70

Wet limit Dry limit Wet limit Dry limit Wet limit Dry limit

p" min. 
kg/cm2

period
months

p" max. 
kg/cm2

period
months

p"  min. 
kg/cm2

period
months

p" max. 
kg/cm2

period
months

p" min. 
kg/cm2

period
months

p"  max. 
kg/cm2

period
months

2 No data 
available

0-3 3

100 7

0-3 5

20 5

0-3 9

15 3

6 No data 
available

0-3 2

30 8

0-3 2

15 8

0-3 12

_ _

10 No data 
available 15 10 15 10

0-3 12

— —

AÜ31TKAXJA
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(ai — 0-3) y =  ' (3)

the value o f p", due to  the environmental effects, may be 

regarded as a change in ambient effective stress.

In natural soils, exposed to  a  seasonal moisture cycle, p"  will 

vary within limits corresponding to those in Table 2. Measure- 

ments o f the shear strength o f naturally occurring quasi- 

saturated or unsaturated cohesive soils—if carried out without 

change of water content—may be regarded therefore as consoli- 

dated-undrained tests within the over-consolidated range. The 

occurrence of a normally Consolidated quasi-saturated o r un

saturated soil is rare in nature but such a  condition may be 

established either in a laboratory sample or in engineering 

activities on the soil.

Theoretical—The shear strength o f a  quasi-saturated cohesive 

soil may be expressed in terms of the Coulomb-Hvorslev 

relationship by the substitution of a variable stress-dependent 

term for the true cohésion. On such a basis it can be demon- 

strated (after Sk e mpt o n  and Bis h o p, 1954) that the undrained 

compressive strength of a quasi-saturated soil—measured in 

triaxial compression—is given for the normally Consolidated 
range by the statement

,  ̂ 2/7o"(tan^o-COS<ji, +  s in ^ r)

------ 1 +  (2AU — 1) sin <f>r

and for the over-consolidated range

_  2C0cos<ftr +  2p0"(tan^C0. cos <j>r +  sin<ftr)

1 +  (2Au — 1) sin <j>r

where <j>r  is the true angle of internai friction ; <f>c  and <f>c 0  are the 
angles of cohesive shearing résistance in the normally Consoli
dated and over-consolidated ranges respectively ; C0 is the 
extrapolated value of cohésion at zéro effective stress in an 
over-consolidated soil; A u is a pore pressure parameter (after 
Skempton and Bishop, 1954); p0" is the pressure deficiency in 
the pore water prior to the commencement of the test.

The relationships of équations 2 and 3 refer to  soils which 

have an initial am bient effective stress due only to the pressure 

deficiency in the pore water. Equations 2 and 3 are apparently 

linear functions o f po", since ail other terms of the right-hand- 

side of the équations are assumed to  be constants.

This assumption is not entirely valid for, within the over- 

consolidated range particularly, the pore pressure param eter 

Au is stress-dependent (Sk e mpt o n  and Bis h o p, 1954) and conse- 

quently équation 3 may be distinctly non-linear. O ther un- 

certainties as to  ‘ constants ’ in équation 3—particularly in regard 

to the cohésion parameters C0 and <f>c0—suggest that alternative 

forms of a shear strength law may be desirable.

Such an alternative statement may be developed either by 

corrélation o f observed patterns o f soil behaviour o r by con

sidération o f more or less fundamental interparticle forces.

Bje r r u m  (1954) has shown that true cohésion is a unique 
function of water content in any soil; and further that, for a 
wide range of soils, ail experimental data relating cohésion and 
water content approximate a sériés of straight lines on a semi- 
logarithmic plot.

A logio Cr
î.e. =  constant

Similarly, the well established pressure-void ratio relation

ship of the consolidation process may be expressed in the form

Al o g I0p  , .
----- =  constant

e

with différent values of the constant for the normally Consoli
dated and the over-consolidated ranges.

Combining the above two statements to  provide a relation

ship between cohésion and effective pressure gives

Cr =  k.pM  . . . . ( 4 )

where Cr =  ‘true’ cohésion; k  and M  are constants; p  is 
effective consolidation pressure; e is void ratio.

An entirely similar relationship to that of équation 4 arises 

from the considération of interparticle forces as discussed by 

La mbe  (1953). The opposing forces of attraction and repulsion 

a t the surface of clay particles are each exponential functions 

o f the particle spacing. I t is postulated that there must be a 

net repulsive force—also an exponential function of particle 

spacing—which is in equilibrium with an am bient effective 

stress. I t is further postulated that the shear strength of the 

soil is related directly to the interparticle attractive forces which 

in tu rn  define the weak secondary valence bonds which must 
be destroyed in attaining shear faüure.

Thus

° â  =  Fr n  =  Be~bx

and

C = A ' .FA = Ae~ax

where aa' is the ambient effective stress ; C  is the cohesive shear 

strength, FA and FRN are interparticle forces per unit area 

(attraction and net repulsion respectively); A, A ', B, a, b are 

constants; x  =  interparticle spacing; e =  base of natural 

logarithms; from  which it follows that

C  =  K(par)m . . . .  (5)

where K  and m  are constants.

Fig. 2

U l  I U  I U IUU

Initial pressure deficiency in pore water, p„  kg/cm2

The relationship between compressive strength and the 
initial pressure deficiency in the pore water of a remoulded 
clay

Relation entre la résistance à la compression et l’insuffisance 
initiale de pression de l’eau interstitielles dans une argile 
remoulée

Experimental—Shear strength measurements on clay soils 

with established pressure deficiencies in the pore water have 

been undertaken both in the field and in the laboratory. At 
field sites, installations o f gypsum block soil moisture meters 

have been made to provide in situ measurements o f soil moisture 

tension (Ait c h is o n  and Bu t l e r , 1951). Samples of the soil, 

taken on occasions of limiting equilibrium values of p", as 

indicated by the moisture meters, were tested in triaxial 

compression.

Laboratory samples of cylindrical form were pre-consoli- 

dated a t various pressures and then allowed to attain  equili

brium with a range of values of p" established progressively on 

tension tables, tension plates, pressure membrane apparatus 

and in vapour sorption chambers following established techni

ques of soil physics. These samples were then tested, un

drained, in triaxial compression.

The laboratory data, so obtained, provided a sériés o f re

lationships between undrained compressive strength and the 

initial pressure deficiency in the pore water, while the field data 

provided a sériés of relationships between compressive strength 

and initial ambient effective stress, o f which the principal
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component was due to the pressure deficiency in the pore 

water. These data are given in Tables 3 and 4 and in Figs. 2-4.

The soils referred to in Fig. 4 are ail heavy clays. The 

dom inant clay minerais o f the various soils may be given as

Table 4

Summary of compressive strength data for laboratory samples 
of pre-consolidated quasi-saturated and unsaturated ‘red clay’ 

Résistances à la compression d’échantillons d’argile rouge 
preconsolidée, presque saturée et non-saturée

Initial pressure 
deficiency 

in pore water

P o 
kg/cm2

0014
0-269
0-457
4-22

34-5
390

Unconfined
compressive

strength

<M
kg/cm2

1-17
5-43
5-26

15-6
55-1
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Degree o f 
pore space 
saturation

Sr
per cent

Fig. 3 The relationship between compressive strength and the initial 
pressure deficiency in the pore water of a remoulded clay 

Relation entre la résistance à la compression et l’insuffisance 
initiale de la pression de l’eau interstitielle dans une argile 
remoulée

__ I___________ I___________ !___________ I___________ I_____
0-0 /  01 ^  t-o 10' 100

Ambient effective stress ô'a kg/cm2

Fig. 4 The relationship between compressive strength and the 
initial ambient effective stress in undisturbed and re
moulded clays

Relation entre la force compressive et la pression initiale 
d’ambiance effective dans des argiles naturelles et 
remoulées

Ail soils, within the sériés reported above, conformed 

statistically with a presumed test condition o f <f>u =  0. Soil 

variability, in the field samples, precluded any attem pt at direct 
measurement of <f>u.

Conclusions—The data of Tables 3 and 4 and o f Figs. 2-4 

define a non-linear relationship between compressive strength 

and initial pressure deficiency in the pore water o f cohesive

d'a or p

Fig. 5 Arithmetic plot of the relationship—Cu = K{o'a)"i and 
linear approximation thereto 

Plan arithmétique de la relation Cu =  K(a'a)m et son approxi
mation linéaire

soils. The form of équation 5 is applicable to  the experimental 

data both in the quasi-saturated and the unsaturated range.

illite for types BS9 and MS2, illite plus montmorillonite for 

types RB3, BEI and ‘red clay’, and montmorillonite for type 

MB1.

Table 3

Summary of compressive strength data for laboratory samples 
of pre-consolidated quasi-saturated and unsaturated kaolin 

Résistances à la compression d’échantillons de caolin 
preconsolidé, presque saturé et non-saturé

Initial pressure Unconfined Degree o f
deficiency compressive pore space

in pore water strength saturation

Po" <?I Sr
kg/cm2 kg/cm2 per cent

0-014 0-35 100
0-269 1 01 99
0-457 1-41 97
4-22 5-98 95

34-5 9-95 27

Table 5

Values of the coefficients K  and m in the experimental relationship 
for the shear strength of quasi-saturated and unsaturated clays 
Cu = K M ™  or Cu =  K(pa")m 

Valeurs des coefficients K  et m pour la relation experimentale des 
résistances au cisaillement d’argiles presque saturées et non- 
saturées C„ =  K(oa')™ ou Cu =  K(pa")m

Soil désignation K m

MB1 0-8 0-35
BS9 0-87 0-43
Kaolin 1 14 0-43
RB3 1 -34 0 31
BEI 1 -34 0-31
MS2 2-0 0-42
Red clay 4-7 0-45

The values of the coefficients K  and m  in équation 5 are listed 

in Table 5. N o significance is yet attached to the particular 

values of these coefficients. I t is interesting to note, however, 

that if the relationship of équation 5 is plotted on an arithmetic
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scale with mean values o f K  =  1-0 and m  =  0-4 the non-linear 

relationship between Cu and a j  may be closely approxim ated 

by a straight line. This plot and the linear approxim ation are 

shown in Fig. 5, and may be seen to be in général agreement 

with the type of data usually obtained for over-consolidated 

soils.
On the basis of équation 5 and Table 5, or on the basis of 

the experimental data listed above, it is evident that the un- 

drained strength of a  cohesive soil, within the states o f quasi- 

saturation or unsaturation induced by the seasonal cycle, may 

vary within a range of from 4 to  8, depending upon the soil 

and climatic zone. The variation of the pressure deficiency 

in the pore water o f cohesive soils o f the Australian environ

ment thus appears as a major déterminant o f soil strength, and 

hence as a  quantitative control o f bearing capacity in shallow 

foundations and of the stability of road or airfield pavements.

This investigation was undertaken while the author was 

working as a seconded officer o f  the Division o f  Soils, C.S.I.R.O., 

within the Civil Engineering Department o f  the University o f  

Melbourne. The data are published with the permission o f  the

Professor o f  Civil Engineering, Melbourne University, and the 

C hief Division o f  Soils, C.S.I.R.O.
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