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Parameters describing flow liquefaction of soils 
Les paramétres decrivants la liquefaction du sol 
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ABSTRACT
The paper presents the results of comprehensive laboratory test programme carried out on various soils. Monotonic undrained triaxial 
tests were executed on specimens subjected to isotropic and anisotropic consolidation. Some parameters based on mean effective 
stress values at specific stages of a test were used for the sake of quantitative analysis of the test results. Usefulness and uniqueness of
these parameters are evaluated with respect to various materials and test conditions. 

RÉSUMÉ
L’ article présente les résultats des essais universaux au laboratoire de différents sols. Des essais monotoniques triaxiaux dans les
conditions sans drénage, aprés la consolidation isotrop et anisotrop. Afin d’obtenir une analyse quantitative on a utilisé ces resultats et
les paramétres fondés sur les composantes d’état des contraintes effectives correspodantes aux points charactéristiques pendant le
cisaillement. On a également determiné l’utilité et l’unicité de ces paramétres du point de vue des conditions d’essai et de la descrip-
tion du comportement des differents sols. 

1 INTRODUCTION 

Undrained response to monotonic loading is a key issue in an 
analysis of flow failure problems. Years of research provided 
considerable progress in understanding the nature of behaviour 
of soils subjected to undrained loading (e.g. Ishihara, 1993). It 
has been observed that depending on the state, some characteris-
tic features of an undrained response of sands are common for 
various sands and test conditions. They are the following: 

- contractive and dilative response, 
- steady state, 
- phase transformation, 
- quasi steady state. 

However, prior to making any generalised conclusion concern-
ing stress strain and shear strength characteristics of various 
soils subjected to undrained shearing it is important to analyse 
them quantitatively. Recent research efforts were focused on 
feasible extension of the observed regularities on various soils 
and test conditions (eg. Lipi�ski, 2000, Lipi�ski & Wolski, 
2001). Subjects particularly addressed with the relation to the 
undrained response of soil are the role of effects of non-plastic 
fines (eg. Lade & Yamamuro,1997) and effects on anisotropic 
consolidation (eg. Kang and others, 2001). 

The paper presents the results of comprehensive laboratory 
test programme carried out on various materials (one clean sand 
and four batches of tailings material with 10, 17, 36 and 60 % of 
fines). Monotonic triaxial tests were executed on specimens 
subjected to isotropic and anisotropic consolidation. For the 
sake of quantitative analysis of the test results some parameters 
based on mean effective stress values at various stages of a test 
(end of consolidation, phase transformation, steady state) were 
introduced. This made possible to observe some regularities in 
undrained response of contractive cohesionless soils concerning 
proportions between pore pressure build up during static phase 
of the test to entire pore pressure change during shearing.  

A value of void ratio (in particular when it is referred to a 
steady state and takes a form of the state parameter �) very well 
determines the undrained response of soil. However it describes 
a state of soil upon which an information can be obtained 

whether a soil is prone to liquefaction or not, but it does not 
give a full description of a stress strain behaviour and what will 
be the actual shear strength. In order to represent the undrained 
behaviour of soil the undrained shear strength normalised with 
respect to vertical effective stress  (Su)ss /�'

v,, birittleness index 
IB and flow potential  uf were related to state of soils:  

2 PHASES DURING UNDRAINED TEST 

At start, it is considered useful to distinguish all phases during 
undrained response of soil and to identify the reference points. 
On the example of a typical effective stress path during contrac-
tive - dilative behaviour, characteristic values of pore pressure 
increments and relevant to them values of mean effective stress 
are shown in Fig. 1. Indicated in the figure pore pressure incre-
ments determine three phases during undrained shearing. The 
first one is the pre-failure phase associated with pore pressure 
increment marked as up and determined by initial value of mean 
effective stress p'

c and its value corresponding to a peak of de-
viatoric stress p'

p. If a peak value of deviatoric stress is 
achieved, two kinds of a soil behaviour are possible, character-
ised either by steady state SS or quasi steady state QSS. In case 
of quasi steady state pore pressure increment upt is proportional 
to a difference between initial value of mean effective stress p'

c
and mean effective stress at phase transformation p'

pt. In case of 
more contractive response, when soil having achieved certain 
amount of deformation is still not able to regain its stiffness, a 
steady state develops. 

It may be noticed that when soil becomes looser or initial 
consolidation stress becomes larger, the quasi steady state tends 
to converge to the steady state. In such case a steady state can 
be also referred to as the ultimate steady state. The ultimate or 
steady state determined by pore pressure increment uss is a term 
which can be used for contractive and dilative behaviour pro-
vided that the following conditions are fulfilled:  
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Figure 1  Identification of terms used in a description of the undrained 
behaviour of contractive soil              

This state is characterised by the difference between initial 
value of mean effective stress p'

c and mean effective stress at 
steady or ultimate state p'

ss. Taking advantage of the above de-
scribed three characteristic values of mean effective stresses p'

c,
p'

pt, p'
ss some rules and regularities in undrained response of soil 

can be investigated. 

3 MATERIAL TESTED  

To illustrate universal character of the observation presented in 
the paper, triaxial tests results were carried out on five kinds of 
materials - pure sand (Ticino) and �elazny Most tailings batches 
with various fines content. These tailings batches have fines 
content respectively: ZM 1 - 10%; ZM 3 - 17%; ZM 2 - 36%; 
ZM 4 - 60%.  Grain size of Ticino sand and �elazny Most tail-
ings batches are shown in Fig. 2.  
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Figure 2. Grain size distribution of tested  soil

4 REGULARITIES IN BEHAVIOUR  FOR VARIOUS 
MATERIALS 

Looking for any kind of regularities in undrained response of 
cohesionless soil to monotonic loading, the observation reported 
by Ishihara (1993) can be called here as a good example. He 
found that for Toyoura sand, irrespective of the void ratio and 
initial confining stress a unique relationship exists between val-
ues of mean effective stress at peak p'

p and the initial value p'
c.

He found that the value of the ratio p'
p /p'

c was 0.61.
According to the authors' experience, a careful analysis of 

undrained tests carried out on contractive soil consolidated isot-
ropically indicates that for sands, irrespective of void ratio and 
effective confining stress, there is fairly good relationship be-
tween pore pressure developed during static and rapid phase of 

the test. Since soil behaviour is driven by effective stresses, it 
seems more appropriate that the correlation of characteristic 
mean effective stress values, instead of pore pressure incre-
ments, are used for the analysis.  

At first, already mentioned relation between initial and peak 
values of mean effective stress during standard undrained shear-
ing is considered. The data shown in Fig.3 a, irrespectively to 
kind of soil, can be aligned in two groups, depending of the 
kind of consolidation (isotropic or anisotropic) which was im-
posed prior to shearing. Both sets of data show very good rela-
tionship between initial and corresponding to a deviatoric peak, 
values of mean effective stress. The value of the ratio  
p'

p /p'
c for each kind of consolidation differs significantly. For 

isotropic consolidation is around 0.48 and for anisotropic con-
solidation is around 0.84.  

The above results indicate that relation between mean effec-
tive stresses at static phase of liquefaction tests depends much 
more on induced anisotropy prior to shearing than on a soil 
kind. It can be also speculated that the value of the ratio p'

p /p'
c

during shearing can be successfully related to the ratio of prin-
cipal effective stresses during consolidation. However only 
more tests carried out on various materials with various effec-
tive stress paths during consolidation would answer if the 
speculated relationship is unique. An experimental confirmation 
of conceivable existence of the postulated relationship would  

Figure 3  Relation between mean effective stresses at characteristic 
stages of the undrained behaviour of contractive soils 

contribute not only to methodological insight into a mechanism 
of undrained response of cohesionless soils, but also is of prac-
tical importance. On the basis of such relationship the margin of 
safe pore pressure increment, associated with pre – failure con-
ditions would be possible to evaluate judging only on a value of 
coefficient of earth pressure at rest and known value of vertical 
effective stress in situ . 
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Another type of regularities in undrained response of contrac-
tive cohesionless soils concerns proportions between pore pres-
sure build up during static phase of the test to entire pore pres-
sure change during shearing. Similarly as in the previous case, 
characteristic values of mean effective stress can be used in the 
analysis. On the basis of them pore pressure increase ratio 
(PPR) can be constructed, which is defined as follows: 

ptc

pc

pp
pp

PPR
''
''

�

�
�               (2) 

PPR describes proportion between mean effective stresses dur-
ing static phase of a test to overall change in p' during mono-
tonic undrained test. In Fig. 3b, correlation between numerator 
and denominator of the PPR is shown for Ticino sand and �e-
lazny Most tailings batches. Slope of the regression lines deter-
mine PPR values. Regression lines fitting the data set two val-
ues of PPR corresponding to isotropic and anisotropic 
consolidation. PPR value for isotropic consolidation is around 
0.57 and is considerable bigger than for anisotropic consolida-
tion (around 0.21). 

The above observation entirely supports conclusion drawn 
on the basis of the Fig. 3 a. It also gives firm foundation for the 
hypothesis that proportion between pre-failure and post-failure 
phase of an undrained response of contractive cohesionless soils 
can be described in terms of effective stress only irrespective of 
a kind of material and initial void ratio. 

5 RELATIONS AMONG LIQUEFACTION PARAMETERS 

In order to represent the undrained behaviour of soil, a few pa-
rameters were proposed in the past. Among them, the most of-
ten used are normalised to vertical effective stress undrained 
shear strength (Su)ss��’v. This parameter is used commonly for 
cohesive and cohesionless soil. 

For soil response in which peak and residual values of devia-
toric stress can be distinguished, brittleness index seems to be 
adequate parameter for description of stress strain behaviour. In 
this paper following definition of brittleness index IB is used 

0qq
qq

I
peak

ptpeak
B �

�
�           (3) 

where qpeak deviatoric stress at peak, qpt deviatoric stress at 
phase transformation, q0 deviatoric stress prior to shearing 

Recently, especially for description of an undrained re-
sponse of loose cohesionless soils, Yoshimine and Ishihara 
(1999) introduced new parameter named flow potential uf,,
which is the maximum excess pore water pressure ratio. It can 
be calculated on the basis of values mean effective stress at the 
end of consolidation p’c and at phase transformation p’pt from 
the following formula:  
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It should be emphasised here that originally flow potential uf
was defined for soils consolidated isotropically. However, due 
to the fact that it is relatively a new parameter created especially 
for liquefaction description its usefulness will be examined 
here. In the following part of this section a relevance of the 
above parameters for description of an undrained response of 
soils will be verified.  

In the Fig. 4 values of void ratio e, brittleness index IB and 
normalised undrained shear strength (Su)ss��’v are shown for  

the tested soils against state parameter �. In Fig. 5 values of the 
same parameters are plotted against flow potential uf,.

The first set of data, plotted against state parameter, shows 
quite different behaviour for Ticino sand and �elazny Most tail-
ings batches. For Ticino sand, better correlation are observed 
for isotropic consolidation than for anisotropic one, although in 
case of the chart of void ratio distribution the inverse regularity 
appeared. Nevertheless, for both kinds of consolidation absolute 
deviation from a mean value is very small. It is interesting to 
note that from the chat void ratio against state parameter, for 
�=0, a treshold or critical value of void ratio can be directly red. 
This value generates two ranges of void ratio for which soil may 
be only dilative (below treshold value) or contractive (above 
treshold value). For Ticino sand, the data for isotropic and ani-
sotropic consolidation show exceptionally good conformity and 
the treshold void ratio can be evaluated as 0.852. For �elazny 
Most tailings bathes only test subjected to on anisotropic con-
solidation give good correlation to sate parameter. 

Figure 4  Some parameters characterising flow liquefaction shown 
against state parameter �

As far as brittleness index is concerned, only data for iso-
tropic consolidation can give a firm basis for determination of IB
values on the basis of known state parameter. Values for anisot-
ropic consolidation, although align along general trend, they can 
not be interpreted quantitatively. 
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Inverse regularities observed in case of normalized to vertical 
effective stress undrained shear strength (Su)ss��’v. This pa-
rameter can be reliably predicted for soils consolidated anisot-
ropically, however the regression lines are not unique with re-
spect to soil kind represented by fines content. For the same 
state parameter higher values of (Su)ss��’v are observed for 
soils containing more fines. 

In Fig. 5 distribution of the same parameters (ie: void ratio e,
brittleness index IB and normalised undrained shear strength 
(Su)ss��’v) are plotted against flow potential uf.

Figure 5  Some parameters characterising flow liquefaction shown 
against flow potential uf

As far as relation between void ratio and flow potential is con-
cerned the general trends of the data reflect sand like or fine ma-
terial groups. In case of brittleness index IB and normalized 
undrained shear strength (Su)ss /�'

v  the unique (with respect to 
soil kind) regressions exists but only for isotropically consoli-
dated soils. For anisotropic consolidation only values of normal-
ized shear strength can be predicted but with higher margin of 
uncertainty.  

6 SUMMARY AND CONCLUSIONS 

The paper presents the results monotonic undrained triaxial tests 
results carried out on various materials (from pure sand to tail-
ings containing 60 % of fines). In order to realize quantitative 
analysis of the test results some new parameters based on mean 
effective stress values at various stages of a test were intro-
duced. This made possible to observe some regularities in 
undrained response of contractive cohesionless soils concerning 
proportions between pore pressure build up during static phase 
of the test to entire pore pressure change during shearing. Those 
regularities appeared to be unique with respect to soil kind but 
not a kind of consolidation imposed prior to shearing.  

Analysis of the test results made also possible to determine 
quantitative relations among liquefaction parameters. For soils 
with fines only tests subjected to anisotropic consolidation gave 
good correlation to the state parameter. In case of tailings 
batches with up to 36 % of fines, it is possibly to reliably de-
termine brittleness index and normalised shear strength on the 
basis of the state parameter. Liquefaction parameters plotted 
against flow potential, reveals better correlation for isotropic 
consolidation. than for anisotropic one.  
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