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ABSTRACT: The paper presents issues concerning quantitative analysis o f onset conditions o f liquefaction based on results o f exten
sive laboratory test programme. The test results synonymously indicate that there is a unique instability line defined in the stress path
chart, which can be expressed by stress state components derived from spherical and deviatoric stress tensor invariants. The instability
line separates unconditionally stable form conditionally unstable region and constitutes the necessary condition o f liquefaction. The
paper also discusses the method for evaluation o f the sufficient condition o f liquefaction based solely on void ratio.
RÉSUMÉ: L ’article présente les conclusions concernant l’analyse quantitative des conditions initiales de liquéfaction, basées sur un
programme de tests extensifs an laboratoire. Les résultats des études indiquent de fason évidente l ’existence d ’une ligne d ’instabilité
unique définie dans le diagramme de piste de tension, qui pent s’exprimer par les composantes de l’état de tension, dérivés
d ’inveriants sphériques et déviatorigues du tenseur de tension. La ligne d ’instabilité sépare les régions inconditionnollement stables
des régions conditionnellement instables et constitue la condition nécessaire de liquéfaction. L ’article présente également la méthode
d ’évaluation des conditions suffisantes de liquéfaction basées sur l’index des vides.

1 INTRODUCTION
During the last three decades a large progress have been ob
served in theoretical and experimental aspects o f research con
cerning phenomenon o f liquefaction. The phenomena and prob
lems associated with liquefaction concern saturated cohesionless
soils, even if they contain considerable amount o f fines.
It has been a long discussion as far as definition o f liquefac
tion is concerned. It is not the objective o f this paper to discuss
this issue, therefore for the sake o f this paper it is assumed that
the liquefaction phenomenon can appear in two kinds o f situa
tions, depending on the conditions encountered in the field. One
is the level ground conditions in which the phenomenon o f cyclic
softening or cyclic liquefaction is o f prime concern. The other is
associated with sloping ground conditions which might (under
certain unfavourable conditions) result in flow failures. In both
cases, any analysis o f degree o f safety m ust consider the fol
lowing questions:
•
Is a response o f soil contractive or dilative?
•
W hat is the design shear strength in case o f liquefaction
or eventual deformation for dilative response?
•
W hat are the onset conditions o f liquefaction?
The above questions refer to the m ost important states o f cohe
sionless soil during the undrained shearing, entirely constituting
its behaviour. The first question refers to state o f soil prior to
shearing. The second one describes behaviour o f soil for large
strains. The third one determines the point on a stress strain
curve at w hich soil losses its ability to sustain a load.
Application o f steady/ultimate state approach, together with state
param eter y derived from this concept, creates a sound meth
odological basis for satisfactory answers to the first and the sec
ond questions. This certainly must be accom panied by realisation
o f high quality laboratory and field test programme as shown by
LipiAski et al. 1997. However quantitative analysis o f onset con
ditions o f liquefaction is still not feasible.
The paper presents conclusions concerning quantitative
analysis o f onset conditions o f liquefaction based on results o f
extensive laboratory test program m e (Lipinski 2000). To ensure
general character o f the proposed criteria the tests w ere done on
several soils characterised by grain size distribution from pure
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sand to tailings material with up to 60 % o f fines. Due to the
space constraints, in farther paragraphs only exemplified results
will be shown in amount allowing a formulation o f the conclu
sion.

2

INSTABILITY

The accumulated laboratory experience indicates that stress
strain characteristics o f granular materials can not be described
within the frame o f associated flow rules. This subject has par
ticular epistemic importance in research concerning the constitu
tive characteristics o f geomaterials. In contractive materials
sheared undrained the plastic potential surfaces do not coincide
with the yield surfaces, and therefore description o f the liquefac
tion must employ nonassociated flow rule (Lade, 1995). This
implies that terms fa ilu re and instability should be introduced.
Instability (as defined by Lade et al., 1988) is the inability o f the
material to sustain or carry a given load. Although both terms
may lead to catastrophic events, instability and failure are not
synonymous.
The concept o f instability, besides its apparent relevance for
theoretical study o f stress strain characteristics o f soil, is par
ticularly significant for description o f soil behaviour during liq
uefaction. Research concerning phenomenon o f liquefaction
based on laboratory undrained tests has also shown that terms in
stability and failure are not synonymous. Instability refers to ini
tiation o f flow while failure is a state associated with large
strains when steady/residual undrained shear strength is
achieved.
Very valuable contribution, with respect to identification o f
existence o f instability phase during undrained shearing, was
presented by Vaid & Chem (1985). They showed that for con
tractive response o f soil, initiation o f strain softening corre
sponds to (as they call it) critical effective stress ratio CSR.
They experimentally proved that constant value o f CSR is inde
pendent o f initial state o f sand represented by void ratio, effec
tive confining stress and shear stress. They checked validity o f
CSR concept for angular and rounded sands with no fines. They
also shown that CSR does not depend on the type o f loading
(m onotonie or cyclic), and the amplitude o f cyclic stress. This

finding justifies analysis o f m onotonic loading to trace onset
conditions to liquefaction, since it is m ore convenient to interpret
m onotonic than cyclic loading tests.
Independently o f the proposal presented by Vaid & Chem,
the collapse surface approach was proposed by Sladen et al.
1985 for description o f start o f contractive behaviour during
undrained response. Contrary to CSR concept the collapse sur
face approach assumes that straight line approximating peak
shear strength changes its position with void ratio value. This
gave rise to the postulate that collapsing behaviour o f soil can be
described in three - dimensional stress void ratio space. This im
plies that a peak shear strength line crosses a steady state line at
certain point. In CSR concept the peak shear strength line passes
through the origin. Similarly, in works published by Lade (eg.
1995) the peak shear strength, referred to as the instability line,
also passes through the origin. This gives rise to the assumption
that the instability line and effective stress failure envelope gen
erate (in the effective stress chart) a region o f potential instability
(Fig. 1). Stresses are defined in terms o f the mean effective stress
p ' = (cr'y + 2a j)/3 and the deviatoric stress q = (a'j - a'3).
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This is exemplified in Figure 2, w here three effective stress paths
o f undrained triaxial compression shearing tests are shown. Each
test was done on different soil ie:
•
Clean Ticino sand, D 50 = 0.55 mm
•
M alamocco sand with 5 % o f fines, D 50 = 0.20 mm
•
Tailings sand with 17 % o f fines, D 50 = 0.17 mm
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Figure 2. Unique instability line for various soils and test conditions
observed during undrained compression triaxial tests.
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Irrespective a kind o f soil, imposed stress anisotropy prior to
shearing (isotropic & anisotropic), initial void ratio, type o f re
sponse (contractive or dilative) - peak deviatoric stress is always
achieved when q and p ' are equal.
In terms o f principal effective stresses for compression load
ing the instability criterion requires that the ratio o f m ajor princi
pal effective stress to m inor principal effective stress is 2.5.
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Figure 1. Schematic diagram o f location o f instability line in p'- q dia
gram (Lade 1995).

It is o f utm ost importance from theoretical as well as practical
point o f view to be able to identify precisely the region o f poten
tial instability. Determination o f the effective stress failure en
velope for a given soil seems to be a quite routine job. However,
as far as location o f instability line is concerned, the existing data
(cited above) does not seem to indicate a fixed position o f the
line, except that suggest that it passes through the peak o f de
viatoric stress.
3
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As soon as an instability point is achieved, soil yields - always
increasing its strain rate (Fig. 3), and depending on a type o f re
sponse, develops strain softening or strain hardening behaviour.

N ECESSARY CONDITION FOR LIQUEFACTION

In order to study undrained response o f cohesionless soils a
comprehensive triaxial test programme were carried out in ISM ES laboratory (Seriate, Italy) and Departm ent o f Geotechnical
Engineering WAU. The triaxial system used was a kind o f ad
vanced one with the system for local (inside the cell) measure
m ent o f a specimen deformation. Load and strain controlled
undrained axial compression triaxial tests were carried out on six
soils o f various granulation. The majority o f data were carried
out on clean Ticino sand. Also large body o f data w ere done on
tailings sand with various fines (<0.074 mm) content, ranging
from 10 to 60 %. Details concerning tested soils, experimental
programme and test conditions are given by Lipinski 2000.
The test results synonymously indicate that there is unique in
stability criterion which determines conditions for cohesionless
soil yielding during compression undrained shearing. It is based
on effective stresses and requires deviatoric stress q and mean ef
fective stress p ' being equal for achievement on effective stress
path a state, which is referred to as an instability point.
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Figure 3. Start o f instability for effective stress ratio K< = 2.5 during
load controlled tests.

In strain softening response an achievement of instability point deter
mines liquefaction. In case o f limited strain hardening behaviour a ful
filment o f the instability criterion is demonstrated by distinct change in
stiffness. As depicted in Figure 2, on a stress path diagram theq/p' = 1
criterion plots the unique instability line which separates unconditionally
stable from conditionally unstable states and therefore this criterion con
stitutes the necessary conditions for liquefaction.

The instability criterion has been checked to be valid for cohesionless soils with up to 60 % o f fines content. It holds true for
fully contractive response and as well as for response with
marked phase transformation stage. It is independent on kind o f
consolidation and method o f load application (load controlled or
strain controlled). It is independent on imposed stress path dur
ing shearing provided that the soil is sheared in compression
mode. M ajor test conditions, for which the instability criterion
was verified to be valid, are presented in Figure 4.

dance with an observation that loose cohesionless soils are prone
to collapse behaviour if sheared undrained. All proposals o f de
scription o f conditions controlling onset conditions o f liquefac
tion takes into account void ratio in direct or indirect way. On
the other hand, there are other conditions which contribute to a
state o f soil. Ishihara (1993) showed that even dense sand can
revealed contractive behaviour if sheared undrained under high
stresses. In the same work, he also postulated existence o f initial
dividing line IDL (defined in a void ratio and mean effective
stress plane), which separates initial states corresponding to
contractive and dilative response. The ID line was determined
experimentally as an effect o f huge and representative amount o f
data. W ithout such a large data base it would not be possible to
draw the ID line with sufficient degree o f confidence.
In farther section o f this paragraph, two procedures for deter
mination o f the instability void ratio o f a given soil, which sepa
rates contractive and dilative response, are briefly characterised.
N one o f the procedures requires large amount o f data. O ne pro
cedure is based on data from shearing stage while the other uses
compressibility characteristics o f K™ consolidation stage.
4.2

The concept o f determination o f the instability void ratio rests on
an observation that the ratio o f mean effective stress value cor
responding to maximum value o f deviatoric stress during con
tractive responsep y' to initial mean effectivep c' can be approxi
mated by a straight line when plotted against void ratio in a semi
-log chart. Similarly, in the same chart, norm alised values of
mean effective stress at steady/quasi steady state p ss'lpc' also
plots a straight line but o f different slope. The crossing point o f
the lines determines a void ratio value at w hich peak deviatoric
stress at stress strain characteristic equals a value for a large
strains. A t this point a value o f brittleness index becomes zero.
An example o f such construction for tailings sand containing
10 % o f fines is shown in Figure 5.
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Figure 5. Identification o f the instability void ratio on the basis o f shear
ing stage data.
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Figure 4. Soils and test condition for which the instability criterion was
experimentally verified to be valid.

It is worth to notice that although the procedure accounts for
void ratio and state o f stress (ie. components which constitutes
a state o f soil) it leads to a single param eter - void ratio that
separates state generating contractive and dilative behaviour.
4.3

A simplicity o f the form o f the instability criterion calls for a ra
tional explanations. D ue to space constrains, it is not possible to
discuss this issue in this paper. A conceivable explanation o f the
instability criterion existence together with detailed documenta
tion o f the experimental data will be given in the paper (Lipinski,
in prep).
4
4.1

SUFFICIENT CONDITION FO R LIQUEFACTION
Significance o f void ratio

It is fairly well recognised that void ratio is a key parameter
controlling soil susceptibility to liquefaction. This is in accor
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Procedure based on K " c consolidation stage data

Consolidation stage data can also be used for identification o f the
instability void ratio. The concept o f this rests on an observation
that there is a relationship between void ratio value and principal
effective stress ratio during zero lateral strain consolidation K™.
It is possible to obtain such a relationship in fully automated triaxial system, equipped with proximity transducer for control o f
horizontal deformation o f a specimen with very high precision.
The requirem ent o f precision is necessary to ensure response o f
load regulation system upon smallest change in reading o f
proximity transducers. For horizontal transducer, if those
changes are small enough to be considered elastic (a few m i

crons), then it is possible to imposed vertical load during con
solidation in such a way that horizontal stress increment will be a
response o f soil at zero (true elastic range) lateral strain. An ex
ample o f results o f that kind o f tests is shown in Figure 6 . Three
specimens o f tailings sand with 10 % o f fines content were pre
pared by moist tamping technique at various initial densities rep
resenting loose, medium dense and dense state and then consoli
dated in K0"c conditions. As it is shown in Figure 6 , various state
o f density results in different coefficient o f horizontal to vertical
effective stress ratio a h7 a v'.

o f in stability void ratio. For presented data the instability void
ratio value is around 0.77.

5

CONCLUSIONS

Comprehensive and advanced triaxial test programme has been
conducted on cohesionless soils - even those, which contain up
to 60 % o f fines. Experiments with miscellaneous test conditions
imposed have shown that start o f liquefaction is controlled by
two criteria.
The first one is associated with an achievement o f instability o f
soil inside the failure surface. The experiments for compression
tests shown that the instability is achieved when deviatoric stress
q becomes equal to mean effective stress p'. In terms o f princi
pal effective stresses it requires that the ratio o f vertical to hori
zontal stress is 2.5. In q - p ' plane the instability criterion gener
ates the instability line that separates unconditionally stable from
conditionally unstable region. The instability criterion constitutes
the necessary condition for liquefaction o f any cohesionless soil
sheared in compression undrained conditions.
The second criterion can be referred only to a given soil and
determines if the soil is contractive or dilative. It is based solely
on a void ratio value. The instability void ratio can by deter
m ined by two methods. O ne is based on data o f a shearing stage
while the other uses procedure based on zero lateral strain K0nc
consolidation stage data combined with the instability criterion.
Both methods give similar results. The instability void ratio con
stitutes the sufficient condition for liquefaction.
It should be emphasised that although soil fabric (which in
laboratory tests is associated with a specimen preparation
method) controls the actual value o f the instability void ratio, it
does not invalidate the postulate o f instability void ratio unique
ness.
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Figure 6. Relation between void ratio and coefficient o f effective stress
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