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Abstract This paper describes the results of an experimen-
tal study on the undrained shear behaviour of loose sand col-
lected from the location close to the epicenter of the recent
Chlef (Algeria) Earthquake (October 10, 1980). The study
focuses on the effects of the mode of the soil deposition
on the liquefaction resistance of the Chlef sand. For this
purpose, the results of undrained monotonic triaxial com-
pression tests performed on samples with initial density of
0.29 under initial confining pressures ranged from 50 kPa to
200 kPa are presented. The specimens were prepared by two
depositional methods namely dry funnel pluviation and wet
deposition. It was found that there was a marked difference
in the undrained behaviour of sand in terms of maximal devi-
atoric stress, peak strength, residual strength and excess pore
water pressure, even though the density and stress conditions
were identical. The conclusion was that the soil fabric was
responsible for this result. The results indicated also that at
low confining pressures, the specimens reconstituted by the
wet deposition method exhibited complete static liquefaction
(zero effective confining pressure and zero stress difference).

Keywords Liquefaction ·Undrained ·Dry funnel pluviation
·Wet deposition · Residual strength

1 Introduction

During earthquakes, the shaking of the ground may cause
saturated cohesionless soils to lose their strength and behave
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like a liquid. This phenomenon is called soil liquefaction and
will cause settlement or tipping of buildings, failures of earth
dams, earth structures and slopes. The modern study of soil
liquefaction has been triggered by numerous liquefaction-
induced failures during the 1964 Niigata, Japan earthquake.

Numerous studies have reported that the behaviour of
sands can be greatly influenced by the initial state of the soil.
Polito and Martin [1] asserted that the relative density and
skeleton void ratio were factors that seemed to explain the
variation in different experimental results. Yamamuro and
Lade [2,3] and Yamamuro and Covert [4] concluded that
complete static liquefaction (zero effective confining pres-
sure and zero effective stress difference) in laboratory testing
is most easily achieved in silty sands at very low pressures.

Several specimen reconstitution techniques, tamping
and pluviation being the most common, are in use in cur-
rent practice. All of these objective is to replicate a uniform
sand specimen at the desired void ratio and effective stresses
to simulate the sand mass in-situ. However, the effect of
the preparation method of the samples has been subjected to
controversial researches. Many studies have reported that the
resistance to the liquefaction is more elevated for samples
prepared by the method of sedimentation than for samples
prepared by the dry funnel pluviation and the wet deposi-
tion [5]. Other studies have found that the specimens pre-
pared by dry funnel pluviation method tend to be less resis-
tant than those reconstituted by wet deposition method [6,7].
Other researchers indicated that the tests prepared by dry
funnel pluviation are more stable and dilatant than those pre-
pared by wet deposition [8–10]. Vaid et al. [11] confirmed
this result while showing that the wet deposition encouraged
the initiation of liquefaction in relation to a setting up by plu-
viation under water. Yamamuro et al. [12] concluded after
their laboratory investigation, that the method of dry pluvia-
tion supported the instability of the samples contrary to the
method of sedimentation. Wood et al. [13] found that the ef-
fect of the method of deposition on the undrained behaviour
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decreased when the density increased. They also found that
this influence decreased with the increase of the fines con-
tent, particularly with the lower densities. The focus of this
study was to identify the differences in undrained triaxial
compression behaviour that can result from using different
reconstitution techniques to create silty sand specimens.

2 Material tested

Silty sand samples were collected from a liquefied layer of
the deposit areas close to the Chlef Earthquake epicentre

(October 10, 1980). Figure 1 Shows craters of liquefied
ground on banks of Chlef River [14]. Figure 2 illustrated
a typical subsidence location of the liquefied soil and sam-
ple collection. All tests in the present study were performed
on sand from Chlef (Algeria). The sand contains 0.5% of
silt of the river of Chlef. The grain size distribution curve of
this sand is given in Fig. 3. It is medium sand with rounded
grains of medium diameter D50 = 0.45 mm and predominant
minerals are feldspar and quartz. The silt component is non
plastic with a plasticity index of 5.81%. The index prop-
erties of the sand used in this laboratory research work are
presented in Table 1. The specimens were reconstituted at
density (ID = 0.29) representing the loose state.

Fig. 1 Craters of liquefied soil on banks of the Chlef River

Fig. 2 Depressions in banks of the Chlef River

Fig. 3 Grain-size distribution curve of tested material

Table 1 Index properties of the used sand

Material
emin emax γdmin/ γdmax/ γs/ Cu D50/ D10/ Grains shape

(g·cm−3) (g·cm−3) (g·cm−3) (D60/D10) mm mm

O/Chlef 0.54 0.99 1.34 1.73 2.67 3.2 0.45 0.15 Rounded
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3 Experimental procedures

Presented below is an experimental study of the behaviour of
loose sand under static loading conditions. Undrained tests
were performed.

3.1 Testing equipment

An advanced automated triaxial testing apparatus type
Bishop and Wesley was used to conduct the monotonic
undrained tests (Fig. 4).

Fig. 4 The triaxial system set up

3.2 Specimen preparation

In this study, two methods of sample preparation, namely
dry funnel pluviation and wet deposition, were utilized. The
methods are briefly described below.

In the first method, the dry soil is deposited in the
mould with the help of a funnel by controlling the height;
this method consists of filling the mould by tipping in rain
of dry sand. To have loose samples, it is necessary that the
height of fall is almost nil.

The second method consists of mixing the previously
dried sand with a small quantity of water (3%) and then de-
positing the humid soil in the mould in as homogeneous a
manner as possible. The soil was placed in successive layers.
A constant number of strokes were applied to get a homoge-
neous and isotropic structure.

Triaxial tests were performed on cylindrical specimens
measuring 70 mm in diameter and 140 mm in height (H/D =
2.0). The mass of sand to put in place is determined accord-
ing to the desired density (the initial volume of the sample is
known). The state of density of the sample was defined by
the density index

ID = (emax − e)/(emax − emin), (1)

where emin and emax indicate the minimum void ratio and the
maximum void ratio, respectively; e is the target void ratio
and ID is density index.

After the specimen has been formed, the specimen cap
is placed and sealed with O-rings, and a partial vacuum of
15 kPa to 25 kPa is applied to the specimen to reduce distur-
bances.

3.3 Saturation and consolidation

Saturation of the specimens was accomplished by flush-
ing the specimen with carbon dioxide for approximately
20 min [15], after which de-aired water was slowly added
from the bottom of the specimen. Application of a back pres-
sure improves the degree of saturation, which was estimated
by calculating Skempton’s B-parameter as the ratio of mea-
sured pore water pressure increase induced by an increase
in cell pressure in undrained conditions, and the correspond-
ing increase in cell pressure. The B value was measured to
test specimen saturation, and a minimum value greater than
0.96 was obtained for all tests. The triaxial test samples were
isotropically consolidated under confining pressures ranging
from 50 kPa to 200 kPa prior to static loading.

3.4 Shear loading

All undrained triaxial tests for this study were carried out
with strain controlled conditions at a constant strain of
0.167% per minute, which was slow enough to allow pore
pressure change to equalize throughout the sample with the
pore pressure measured at the base of sample. All the tests
were continued up to 20% axial strain.

4 Results of the tests conducted

4.1 Effect of confining pressure

Figure 5 shows the results of the undrained triaxial compres-
sion tests performed in this study. All tests were performed
on specimens composed of Chlef sand and each specimen
was monotonically loaded in compression under undrained
conditions. Figure 5a presents the undrained stress-strain
curves, while Fig. 5b shows the effective stress paths on
the Cambridge p′–q diagram in which p′ = (σ′1 + 2σ′3)/3
and q = σ′1 − σ′3. It was noticed that as the confining pres-
sures increased, the liquefaction resistance (deviatoric stress)
increased for both dry funnel pluviation and wet deposition
methods. As can be seen, for the samples reconstituted by
the wet deposition method, complete static liquefaction oc-
curred at the lowest confining pressure (50 kPa). Static lique-
faction was coincidental with the formation of large wrinkles
in the membranes surrounding the specimens. At a confining
pressure of 100 kPa the specimens undergo temporary lique-
faction characterized by the condition where the undrained
stress difference first achieves an initial peak, after which it
declines to a minimum value. Finally at confining pressure
of 200 kPa the resistance to liquefaction increases.

It is clear from Fig. 5, that when the initial confining
pressure increased from 50 kPa to 200 kPa, the specimens
reconstituted by the dry funnel pluviation method exhibit
behaviour that is characterised by increasing stability or in-
creasing resistance to liquefaction. The effect of increasing
confining pressure is to increase dilatant tendencies in the
soil.
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Fig. 5 Undrained tests on loose sand. a Deviator stress-strain curve; b Stress path

Temporary liquefaction is described as the condition
where the undrained stress difference first achieves an ini-
tial peak, after which it declines to a minimum value. This
is caused by rapidly rising pore pressure which decreases the
effective stresses.

Increasing dilatancy or resistance to liquefaction can
also be observed by examining the ratio of the mini-
mum stress difference to the initial peak stress difference
(qmin/qpeak) shown in Fig. 6 for the wet deposition method.
A ratio (qmin/qpeak) of zero indicates complete liquefaction,
and a ratio (qmin/qpeak) of unity represents completely stable
behaviour. The inset diagram in Fig. 6 shows that this ra-
tio is zero at initial confining pressure of 50 kPa, indicating
complete static liquefaction. The ratio then increases at ini-
tial confining pressures from 100 kPa to 200 kPa, indicating
that the specimen exhibits more dilatancy and, thereby, more
resistant to liquefaction.

Fig. 6 Resistance to liquefaction for the wet deposition method

4.2 Effect of the deposition method

4.2.1 Deviatoric stress

The effect of the specimen’s reconstitution method on max-
imal deviatoric stress is shown in Fig. 7a. It can be noticed
that the dry funnel pluviation method (DFP) gives more sig-
nificant values of the maximal deviator, therefore a much
higher resistance to liquefaction, contrary to the wet de-
position method (WD) where some weaker values of the
maximal deviator were noted, with progressive stabilization
around a very weak or nil ultimate stationary value meaning
the liquefaction of the sample.

The same tendencies are noted for the variations of the
values in the peak deviatoric stress given in Fig. 7b. As it can
be seen, the samples conceived by the dry funnel pluviation
method (DFP) exhibit a resistance to monotonic shearing,
slightly higher to those made by the wet deposition method
(WD).

4.2.2 Excess pore pressure

The influence of the sample preparation methods on excess
pore pressure is illustrated in Fig. 8. As shown by Fig. 8a
for the dry funnel pluviation method, the variation of the pore
pressure curves presents two phases: the first shows a very
high initial rate of generation, giving account of the strongly
contracting character of the Chlef sand. In the second phase,
rate is going to decrease progressively with the axial strain,
meaning the dilating character of the material. The devel-
oped excess pore pressure in the samples prepared by the
wet deposition method is presented in Fig. 8b. It can be seen
that the samples exhibit a very high contracting character,
with an expansion rate highly elevated from the beginning of
the shearing and progressive stabilization toward an ultimate
value, to associate to the stabilization of the deviatoric stress.
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Fig. 7 Effect of the deposition method on a Maximal deviatoric stress; b Deviator stress at peak

Fig. 8 Effect of sample reconstitution methods on the excess pore pressure (RD = 29%). a Dry funnel pluviation method; b Wet deposition
method

4.2.3 Residual strength

When loose sandy soils are subjected to undrained load-
ing beyond the point of peak strength, the undrained shear
strength declines to a near constant value over large de-
formations. Conventionally, this shear strength is called
the undrained steady-state shear strength or residual shear
strength. However, if the shear strength increases after pass-
ing through a minimum value, the phenomenon is called lim-
ited or quasi-liquefaction. Even limited liquefaction may re-
sult in significant strains and the associated drop in resis-
tance. Ishihara [10] defined the residual shear strength S us

as

S us = (qs/2) cos φs = (M/2) cos φs(p′s), (2)

M = 6 sinφs/(3 − sinφs), (3)

where qs, p′s and φs indicate the deviator stress (σ′1−σ′3), the
effective mean principal stress (σ′1 + 2σ′3)/3 and the mobi-

lized angle of inter-particle friction at the quasi-steady state
(QSS), respectively. For the undrained tests conducted at a
constant confining pressure and various initial relative densi-
ties and fines content, the deviatoric stress qs was estimated
at the quasi-steady state point along with the mobilized in-
ternal friction angle (Fig. 9). Furthermore, the residual shear
strength was calculated according to the relation (2).

Figure 10 shows the evaluated undrained residual shear
strength S us and its variation with confining pressures and
reconstitution methods. It is clear from this figure that the
samples preparation method considerably affects the evolu-
tion of the residual strength. Indeed this residual strength
is nil for the samples prepared by wet deposition (WD) to a
confining pressure of 50 kPa, 100 kPa and 200 kPa, because
of collapse of samples, contrary to the samples prepared by
the method of dry funnel pluviation (DFP) which mobilize a
more significant residual strength.
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Fig. 9 Determination of the phase transition point

Fig. 10 Effect of the deposition method on the undrained residual
shear strength

5 Conclusion

A testing program to investigate the behaviour of sandy soil
and to study the effects of confining pressures and sam-
ple preparation methods was undertaken. Undrained triax-
ial compression tests were performed on Chlef silty sand at
initial relative density of 29% representing a loose state, for
confining pressures ranging from 50 kPa to 200 kPa. Two
methods of sample preparation, namely, dry funnel pluvia-
tion and wet deposition were used. The following primary
conclusions were obtained as a result of this study:

(1) Within the range of variables studies and the testing tech-
niques used, the method of sample preparation has a de-
tectable effect on the undrained behaviour. Dry funnel

pluviation method appeared to indicate a more volumet-
rically dilatant or stable response, while wet deposition
method appeared to exhibit a more contractive or unsta-
ble behaviour.

(2) As the confining pressures increased, the liquefaction re-
sistance of Chlef sand increased for both dry funnel plu-
viation and wet deposition methods. The maximal devi-
atoric stress and peak strength increase with the increase
of the initial confining pressure. Complete static lique-
faction occurred at low confining pressure for the sam-
ples prepared by the wet deposition method and as con-
fining pressures increased, the soil became more dilatant
and more resistant to liquefaction.

(3) The excess pore water pressure increases for both the two
depositional methods (dry funnel pluviation and wet de-
position) with a decrease tendency for the first one and
stabilization for the second one.

(4) The residual shear strength of sand is sensitive to the
sample preparation methods. The dry funnel pluvia-
tion method gives higher values of the residual shear
strengths than the wet deposition method.
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