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Abstract

This paper presents a laboratory study of the influence of the
saturation evaluated in terms of Skempton’s pore pressure coef-
ficient (B) and overconsolidation ratio (OCR) on the behavior
of Chlef sand. The study is based on drained and undrained
triaxial compression tests which were carried out for Skemp-
ton’s pore pressure coefficient varying between 13 and 90% and
OCR varying between I and 8. Tests were conducted on medium
dense sand samples having an initial relative density Index Id =
0.5 at an effective stress of 100 kPa. The paper is composed of
two parts. The first one presents the characteristics of the sand
used in this study, the second provides an analysis of the exper-
imental results and discusses the influence of Skempton’s pore
pressure coefficient (B) and OCR on the mechanical character-
istics of the sand. The tests show that the increase in the Skemp-
ton’s pore pressure coefficient (B) reduces the soil dilatancy and
amplifies the phase of contractancy and reduces the frictional
and characteristic angle of the sand. The increase of OCR im-
proves the stiffness of sand and accelerates the appearance of
dilatancy; and increases frictional and characteristic angle of
the sand. Moreover, the present study focuses on the effect of
saturation and overconsolidation on the residual shear strength
of sand.
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1 Introduction

The region of Chlef (formerly known as El-Asnam) situated
to the North of Algeria about 200 km to the west of the capital
Algiers, by its proximity of the contact of the continental Euro-
pean and African plates as it is shown by Fig.[I] is constantly a
very instable zone subjected to an intense seismic activity. Dur-
ing the last centuries, it underwent destructive earthquakes in
1922, 1934, and 1954. This last earthquake of magnitude 6.7
which have been described well enough by Rothé (1955) [28]],
Thevenin (1955) [32]] and Mckenzie (1972) [21]], had caused the
death to 1340 people and important damages on the different
civil engineering structures as well as the appearance of the soils
sliding and liquefaction phenomenon.

October IO’h, 1980 at 13h25 (local time), the region was the
theater of a strong earthquake of a magnitude of 7.3 according
to the calculations of Papastamatiou [25], followed by two im-
portant jolts of magnitudes 6 and 6.1 to some hours of interval
and numerous retorts appeared during several months [24]. The
main Shock generated an important inverse fault of about 40 km
long appeared in surface [2]]. The epicenter of this earthquake
was localized in the North East of El-Asnam around the village
of Beni Rached.

The disaster of October 10, 1980 provoked numerous losses
in human lives (about 3000 deaths) the destructions of buildings
in high number and the important damages to the linking infras-
tructures and to public equipment. If we put aside the merely
tectonic demonstrations, as the spectacular fault appeared near
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Fig. 2. Valley of the Chlef river and localization of the sand boils due to the
liquefaction phenomenon

El-Asnam. The seismic vibration also generated a certain num-
ber of geodynamic phenomena to the surface of the soil: move-
ments of ground of varied nature and size, and especially the
liquefaction of the sandy soils following a loss of resistance to
the shearing.

According to Durville and Méneroud (1982) the phenomenon
of liquefaction appeared on a vast alluvial valley crossed by the
Chlef river and to the zone of confluence of this river with the
Fodda river as is shown in Fig. 2]

2 Literature review

The risk of liquefaction occupies an important place in the de-
sign of urban planning construction. Liquefaction occurs due to
an increase in the excess pore water pressure and a correspond-
ing decrease in the effective overburden stress in a soil deposit.
The soil looses its strength and behaves like a liquid.

The experimental study of the behavior of the soils requires
good skills of the parameters that influence on the liquefaction
resistance. Among these parameters, we can enumerate the
overconsolidation and saturation of the samples in the labora-
tory which was the topic of several former researches.

In the neighbourhoods of the town of Chlef, unsaturated zones
exist on the top of the phreatic ground which underwent a sig-
nificant folding back following the dryness which touches the
area since the Eighties. During the past decades, advanced
researches helped us better understand the liquefaction of the
grounds based on experiments carried out in laboratory, the
physical modeling and the numerical analysis. The majority of
the investigations on the liquefaction of the granular soils were
based on completely saturated material. The study of the influ-
ence of the saturation degree on the liquefaction of the soils is
of practical interest, because we often find structures built on
the top of the phreatic ground; what implies the presence of par-
tially saturated grounds. The incidence of a partial saturation on
cyclic resistance was approached in a theoretical way by [19].
Mulilis et al. [22] investigated the effect of the saturation de-

gree on the liquefaction of Monterrey sand. They noted that the
variation of the Skempton’s coefficient B between 0.91 and 0.97
does not significantly affect the liquefaction of this sand. This
influence depends on the type of soil, the density and the ini-
tial confining pressure. However, the recent results of the in-situ
tests include the measurements of the velocity of the compres-
sion waves (Vp), and indicate that the condition of partial satu-
ration can exist above the level of the phreatic ground for a few
meters due to the presence of bubbles of air [13] and [23]] or the
presence of gas bubbles in the marine sediments and sands con-
taining oils as noted by Mathiroban and Grozic (2004) [20].The
effects of a condition of partial saturation on liquefaction were
approached by some researchers [3}20,26,/34] .The condition of
saturation of soil samples in laboratory can be evaluated by mea-
suring the value of the coefficient of Skempton B or the speed
of compression waves Vp as suggested by Ishihara et al. (2001)
[[13]] The results of the laboratory tests showed that the resistance
to the liquefaction of sands increases when the saturation degree
decreases [6,[7L{13L/141/19.[331[34136].

Mullilis et al. (1978) [22f] and Tatsuoka et al. (1986) [31]]
showed that in the case of loose sands, a good saturation re-
quires high values of the coefficient B. On the other hand, for
stiffer materials, the problem seems less critical. Sheriff et al.
(1977) show that a fine or clayey sand can be considered satu-
rated if the value of B exceeds 0.8, Chaney (1978) precised that
the coefficient B must exceed 0.96 so that the soil is well satu-
rated. On the other hand, Giroud and Cordary (1976) noted that
for values of B superiors to 0.85, the degree of saturation is very
close to 1. Tests of liquefaction were carried out by Yoshimi
et al. (1989) [36] on the sand of Toyoura of medium density
(Id = 0.60) with samples having various degrees of saturation.
The results show that the degree of saturation significantly af-
fects the resistance to liquefaction: With a coefficient B higher
than 0.8, it is enough to apply three cycles to have a liquefaction
of the sample; whereas we need eight cycles to obtain liquefac-
tion of the specimens having a coefficient B close to 0.5.

For the study of the microzonation and the urban expansion
of the town of Chlef after the earthquake of October 1980, and
due to the demographic explosion that the country knew; sev-
eral sites were selected to shelter new constructions. These sites
required adjustments and scourings of very significant volumes
of ground; after removal of these ground masses, these grounds
are overconsolidated. The preconsolidated soils (preloaded) are
often found in nature, especially with the melting of ice, scour-
ing of the grounds, phenomenon of erosion, fluctuation of the
phreatic underground etc. Several researchers showed that the
overconsolidation has a significant effect on resistance to lique-
faction of the soils (Ishihara and Takutsu, 1979 [12], Seed et
al., 1975 [29]; Seed and Peacock, 1971 [30]). The results ob-
tained by Ishihara et al. (1978) [11]] show on soils having vari-
ous contents of fine elements that the resistance to liquefaction
increases with the overconsolidation. This effect is accentuated
with the increase in the percentage of fine elements. By carrying
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Fig. 3. Sand boils due to the liquefaction phenomenon at Chlef region

out cyclic tests on the Hostun sand, Bouferra (2000) [6], found
that with a coefficient of overconsolidation of 7, liquefaction is
obtained at the end of 17 cycles; whereas with a normally con-
solidated sample, 6 cycles are needed to obtain liquefaction.

In this paper, the results of a laboratory study of the influence
of the degree of saturation and of the overconsolidation ratio
(OCR) on the behavior of granular sand, are presented. These
tests make it possible to better understand the influence of sat-
uration and the overconsoliation on the mechanical behavior of
granular sand. The article is composed of two parts. In the
first part, we present the material used; the second part gives an
analysis of the experimental results of the tests carried out and
discusses the influence of the degree of saturation and the OCR
on the mechanical characteristics of the sand of Chlef.

3 Material tested and experimental procedures

The tests were carried out on the sand of Chlef containing
0.5% of silt of the Chlef River. The granular grading curve of
sand used is given in Fig. @ The sand of Chlef is a medium
sand, rounded with an average diameter D50 = 0.45 mm.The
silt contained is not very plastic with an index of plasticity of
6%. Table[I] gives the physical characteristics of the sand used.
The tests have been carried out on specimens collected from the
region where the phenomenon of liquefaction was observed dur-
ing the last earthquake near the Chlef River (see Fig.[3) with an
index of density /d = 0.50 and at initial confining pressure of
o.’= 100kPa.

The used experimental device is presented in Fig. [5| It con-
tains:

e An autonomous triaxial cell type Bishop and Wesley (Bishop
and Wesley, 1975),

e two controllers of pressure/volume type GDS (200 cc),

e a void pump joined to a reservoir in order to deaire the dem-
ineralized water,

e a microcomputer equipped with software.
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Fig. 4. Grain size distribution of tested material

Fig. 5. The experimental device used

Tab. 1. Physical characteristics of Chlef sand

Material O/Chlef
emin 0.54
emax 0.99

Vamin(@lem®)  1.34
Ydmax (@/cm3) 1.73
ys(a/cm3) 2.67
Cu(Dgo/D10) 3.2
D5 (mm) 0.45
Dig (mm) 0.15
Grains shape  Rounded

3.1 Sample preparation

The sample preparation method used is dry pluviation where
the dry soil is deposited in the mould using a funnel with a rigor-
ous control of the drop height of the sand which must be quasi-
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Fig. 6. Antifrettage system

null for the loose samples. With the aim of having medium
dense homogeneous samples, we have used the method recom-
mended by Ladd (1978) [16]]; this method consists in dividing
the sample in several layers. The relative density of each layer
varies to 1% from bottom upwards. The average layer has the
same value of the relative density as the sample.

The used samples are cylindrical in shape of 70 mm of di-
ameter and 70 mm height (//d = 1). To make sure of a good
homogeneity of the stresses and deformations within the sam-
ples, several researchers (Lee, 1978 [18]]; Robinet et al., 1983
[27]; Tatsuoka et al., 1984 [31]]; Colliat 1986 [8]]; Al Mahmoud
1997 [[1]) insisted on the need for reducing frictions between
the sample and the superior and inferior base plates; this can
be obtained by base plates of smooth or lubricated surface (an-
tifrettage system).The antifrettage system used is represented in
Fig. [ (A1 Mahmoud, 1997 [1]}). The sand mass to be set up is
evaluated according to the desired density (the initial volume of
the sample is known), the state of density of the sample being
defined by the relative density:

(emax - 3)

(emax — emin)

Ip D

3.2 Saturation of the sample

To obtain a good degree of saturation, the technique of carbon
dioxide worked out by Lade and Duncan (1973) [[15[]] was used.
The sample is firstly swept by carbon dioxide during twenty
minutes, then we let the deaerated and demineralized water cir-
culate until collecting a volume of water superior to one and a
half the volume of the sample. To be able to obtain samples with
various degrees of saturation, we have varied the time of passage
of carbon dioxide and the duration of duct drainage deaerated
water through the sample.

3.3 Consolidation of the sample
In order to consolidate the sample, a rise in pressure in the cell
(03) and inside the sample a backpressure (U) were parallelly

applied. The application of backpressure improves the quality
of saturation by compressing the microbubbles of the interstitial
gas which can still be present after the phase of saturation. At
the end of the consolidation, the quality of the saturation is eval-
uated by the measurement of the coefficient of Skempron (B).

The degree of saturation is controlled during a triaxial com-
pression test by the coefficient of Skempton which can be related
to the degree of saturation by the following relation (Lade and
Hernandez, 1977) [|16]]:

1
B = @)

S, 1-S
1+nks(k—’+ ’)

w Uq

where k; and k,, indicate the bulk modulus of the soil skeleton
and the water, respectively; n=the soil porosity, u,= water pore
pressure.

The tests were carried on if the coefficient B was higher than
0.91 for the almost saturated samples, and the backpressure used
is 400 kPa. For the over consolidated samples, the samples were
first subjected to a medium stress of initial preconsolidation o/;
then we remove this stress of preconsolidation and we consoli-
date the sample with ) and the overconsolidation OCR is equal

toa// of.

4 Results of the tests conducte

4.1 Influence of the degree of saturation

4.1.1 Drained compression tests

Fig.[7]shows the results of the drained compression tests car-
ried out for coefficients of Skempton (B) ranging between 13
and 90%.
Skempton (B) significantly affects the variation of the deviatoric
stress (Fig. [7] (a)) and the volumetric deformation (Fig. [7] (b)).
The increase in the coefficient of Skempton (B) from 13 to 90%

It is clear from this figure that the coefficient of

induces a reduction in the initial stiffness and resistance of the
soil (maximal deviator). With regard to the volumetric deforma-
tion, we note that the increase in the coefficient of Skempton (B)
delays the appearance of dilatancy; the sample with a degree of
saturation B=13% dilatancy appears after 3% of axial deforma-
tion, while for the sample with a degree of saturation B=90%
we observe an amplification of the phase of contractance and di-
latancy is delayed and appears after 12% of axial deformation.

4.1.2 Undrained compression tests

Fig.[§|shows the results of the undrained triaxial compression
tests performed in this study for various values of coefficient
of Skempton (B) between 32 and 90% with an initial confining
pressure of 100kPa. As can be seen, increase in the degree of
saturation characterized by the coefficient of Skempton (B) lead
to a reduction in the resistance of the deviatoric stress (Fig. [§]
(a)) and an increase in the water pressure (Fig. E] (b)). This in-
crease in the water pressure results from the role of the degree of
saturation in the increase in the phase of contractance observed
during the drained tests. The increase in the pore water pressure
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Fig. 8. Influence of the coeflicient of Skempton (B) on undrained behavior of Chlef sand. (a) Deviatoric stress, (b) Pore pressure, (c) Stress path

leads to a reduction of the effective confining pressure and con-
sequently with a reduction of resistance as Fig.[§] (a) illustrates.
The stress path curve in the plan (p’, q) shows well the role of
the degree of saturation in the reduction of the effective mean
stress and the maximal deviatoric stress (Fig. [§](c)).

4.2 Influence of overconsolidation

4.2.1 Drained compression tests

Fig. Pshows the results of the drained compression tests car-
ried out for the overconsolidation ratio (OCR) ranging between
1 and 8. It can be noticed that the OCR affects significantly the
variations of the deviatoric stress (Fig. |§| (a)) and the volumetric
strain (Fig. [0] (b)). The increase in the report of OCR from 1
to 8 induces an increase in the initial stiffness of sand and re-
sistance (maximal deviatoric stress). It can also be observed for
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the volumetric strain that the increase in the OCR accelerates
the appearance of dilatancy; the sample with an OCR equal to
8, the dilatancy appears after 0.25% of axial strain, whereas the
sample with an OCR equal to 1 we observe an amplification of
the phase of contractance and dilatancy is delayed and appears
after 5% of axial strain.

4.2.2 Undrained compression tests

Fig. [I0] shows the results of the undrained compression tests
carried out for various values of OCR at an initial confining
pressure of 100kPa. It can be observed that the increase in the
OCR leads to an increase in the resistance of the deviatoric stress
(Fig.|10|(a) and consequently to a decrease in the water pressure
(Fig.[T0] (b)). This quick fall of the water pressure for the great
values of OCR results from the role of significant dissipation of
water and the reduction of the void index during the phase of
initial preconsolidation observed during the drained tests. We
also note that the reduction in the overconsolidation ratio de-
lays and attenuates the appearance of the peak of the pore water
pressure (corresponding to the rate of variation of the pore wa-
ter pressure), it corresponds to 0.4% of axial strain for the test
with an OCR equal to 8; whereas it occurs at 2% for the test
with an OCR equal to 1 normally consolidated (Fig.[I0|(b)).The
decrease in the interstitial pressure leads to an increase in the ef-
fective confining pressure and consequently to an increase in the
resistance to the deviatoric stress as Fig. ['115] (a) illustrates. The
stress path in the plane (p’, q) better shows the role of the over-
consolidation ratio in the increase of the effective mean pressure
and the maximal deviator (Fig.[I0|(c)).

5 Influence of saturation and overconsolidation on the

mechanical characteristics

5.1 Influence of saturation

Fig. [TT] (a) presents the evolution of the secant modulus of
deformation (g/ea) according to the axial deformation (ea). It
can be observed that this module decreases with the increase in
the coefficient of Skempton (B). This reduction is very signifi-
cant up to a deformation of 10%, then the secant modulus tends

12 T
) —*
8 f //
S s
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B 4F
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L2 E g e
OCR=1| g 0‘: ‘H‘K‘ Chlefsand | _]
I ]
OCR=2| 5 K A o ]
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-6 [ i ]
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Axial strain Eps1 (%)
(b)

sand. (a) Deviatoric stress, (b) Volumetric strain

to stabilize. Fig. [T (b) shows the influence of the coefficient
of Skempton (B) on the secant modulus of deformation mea-
sured to €a = 1%. As can be seen this modulus decreases with
the increase in the coefficient of Skempton (B), then it tends to
stabilize for the large values of B (Fig. E] (c)); for the high de-
formations, the coefficient of Skempton (B) has little influence
on the secant modulus.

Fig. [I2] shows the influence of the coefficient of Skempton
(B) on the frictional angle at the end of shearing and the char-
acteristic angle (phase change contractance-dilatancy). It can
be noticed that the two lines tracing the evolution of the fric-
tional angle and the characteristic angle are almost parallel to
each other. We note that these two angles decrease (according
to a quasi-linear relation) from 24° to 19° and 23° to 19° when
the coefficient of Skempton (B) increases from 13 to 90%, re-
spectively. The reduction of the frictional angle and the char-
acteristic angle with the increase in the coefficient of Skempton
(B) explain the role of saturation in the increase in the phase of
contractance of the studied sand. The variation of the angle of
dilatancy () according to the coefficient of Skempton (B) is
shown in Fig.[T3] We note that this angle decreases in a quasi-
linear way when the coefficient of Skempton (B) increases from
13 t0 90%.

5.2 Influence of overconsolidation

Fig.[14] (a) shows the evolution of the secant modulus versus
the axial strain. It can be observed that this modulus decreases
with the increase in the OCR. This reduction is very significant
till a deformation of 15%, then the secant modulus tends to sta-
bilize. Fig.[T4](b) shows the influence of the overconsolidation
ratio on the secant modulus of deformation measured ¢, = 1, 5,
10, 15, 20 and 24%. It can be noticed that this modulus grows
in a significant way when the OCR increases from 1 to 4, then
it tends to stabilize for the large values of OCR for the value of
deformation ¢, = 1%. We note that the overconsolidation ra-
tio has a little influence on the secant modulus (E) for the large
deformations.
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Fig. 15| shows the influence of the OCR on the frictional an-
gle at stable state and the characteristic angle at the phase change
contractance-dilatancy. It can be noticed that the two lines trac-
ing the evolution of the frictional angle at a stable state, the angle
at the peak of deviatoric stress and characteristic angle move in a
linear way with the OCR. It can be noted that these angles grow
(according to a quasi-linear relation) from 20° to 21.5°, 22° to
24° and 19° to 22.5° when the OCR increases from 1 to 8.

The increase in the frictional angle at a stable state, at the
peak of deviatoric stress and the characteristic angle with the
increase in the OCR explain the role of the overconsolidation
in the reduction of the phase of contractance and the increase
in the phase of contractance of the studied sand. Fig. [16]shows
the variation of the dilatancy angle () versus overconsolidation
ratio (OCR).We note that this angle of dilatancy (y) grows in
a quasi-linear way and varies from 26° to 29° when the OCR
increases from 1 to 8.

6 Residual strength

When sands are subjected to an undrained shearing, after the
peak of deviatoric stress, the resistance to the shearing falls with
an almost constant value on a broad deformation. Convention-

ally, this resistance to the shearing is called residual strength or
the shearing force at the quasi steady state (Qss). The residual
strength is defined by Ishihara (1993) as

Sus = % COS P 3)
where ¢ and ¢ indicate the deviatoric stress and the mobilized
angle of interparticle friction at the quasi steady state.

Fig. [I7] and [I8] show the evolution of the residual strength
versus the coefficient of Skempton B and the OCR. It can be ob-
served from Fig. that the residual strength (S,,5) decreases in
a significant and linear way with the increase in the coefficient
of Skempton (B) resulting from the role of saturation as for the
amplification of the contractance of the studied soil. The evo-
lution of the residual strength versus the OCR is illustrated in
Fig.[I8] It can be noticed that the residual strength grows in a
quasi-linear way with the increase in the OCR; this growth is
due to the reduction of the void ratio at the time of the phase of
initial preconsolidation and the dissipation of the water pressure,
and consequently to the increase in the dilatancy of the studied
sand.

7 Conclusion

The results of an experimental program that investigated
the effects of the saturation characterized by the coefficient of
Skempton (B) and the overconsolidation ratio (OCR) on the
behavior of granular sand are presented. Both drained and
undrained triaxial compression tests were performed at an ini-
tial effective confining pressure of 100kPa, on specimens pre-
pared by the dry funnel pluviation method with an initial relative
density of RD=50%, for the coeflicient of Skempton (B) vary-
ing between 13 and 90% and for overconsolidation ratio (OCR)
varying between 1 and 8.

The results of the tests show that the increase in the coeffi-
cient of Skempton (B) from 13% to 90% induces a reduction of
both the initial stiffness of the soil and the resistance (maximal
deviatoric stress), and increases the phase of contractance.

The increase of the coefficient of Skempton (B) induces a re-
duction of the frictional angle and the characteristic angle of the
sand (the frictional angle and the characteristic angle decrease
from 24° to 19° and 23° to 19° when the coefficient of Skemp-
ton (B) increases from 13% to 90%). This results in a signifi-
cant effect on the volumetric behavior which appears by an am-
plification of the phase of contractance when the coefficient of
Skempton (B) increases. The secant modulus of deformation
decreases with the increase in the coefficient of Skempton (B),
then it tends to stabilize for the great values of the coefficient of
Skempton B; for the great deformations, it has a little influence
on the secant modulus.

The increase in the overconsolidation ratio (OCR) leads to
an increase in the initial stiffness of the sand and its resistance
(maximal deviatoric stress), and consequently to a decrease of
water pressure. For the volumetric strain, it can be seen that
the increase in the overconsolidation ratio (OCR) accelerates the
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appearance of dilatancy. The increase in the overconsolidation
ratio (OCR) induces an increase in both the frictional angle at a
steady state, and the characteristic angle (the frictional angle at
a steady state, and the characteristic angle increase according to
a quasi-linear relation from 20° to 21.5°, and 19° to 22.5° when
the overconsolidation ratio (OCR) increases from 1 to 8). The
secant modulus grows in a significant way when the overcon-
solidation ratio increases from 1 to 4, then it tends to stabilize
for the great values of OCR; for the great values of deforma-
tion, the secant modulus varies a little with the increase in the
overconsolidation ratio.
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The residual effort (S,) decreases in a significant and linear
manner with the increase in the coefficient of Skempton (B) re-
sulting from the role of saturation as for the amplification of
the contractance of the studied sand and grows in a quasi-linear
way with the increase in the overconsolidation ratio (OCR); this
growth is due to the reduction in the void ratio at the time of the
phase of initial preconsolidation.
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