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Abstract Liquefaction of soils is a natural phe-
nomenon associated with a dramatic loss of the soil
shear strength in undrained conditions due to a
development of excess pore water pressure. It usually
causes extensive damages to buildings and infrastruc-
tures during earthquakes. Thus, it is important to
evaluate extent of influential parameters on the
liquefaction phenomenon of soils in order to clearly
understand the different mechanisms leading to its
triggering. The soil gradation is one of the most
important parameters affecting the liquefaction phe-
nomenon. In this context, a series of undrained
compression triaxial tests were carried out on eighteen
natural loose (Dr = 25%) sandy samples containing
low plastic fines content of 2% (I, = 5%) considering
different extreme sizes (1.6 mm < D, < 4 mm and
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0.001 mm < D, < 0.63 mm) and two mean grain
size ranges (0.25 mm < D5y < 1.0 mm) and
(1.0 mm < Dsg < 2.5 mm). The initial confining
pressure for all tests was kept constant (P’ = 100 -
kPa). The obtained test results indicate that the mean
grain size (Dsp) and extreme grain sizes (Dp,,x and
Dpin) have a significant influence on the undrained
shear strength (known as liquefaction resistance) and
appear as pertinent factors for the prediction of the
undrained shear strength for the soil gradation under
study. The undrained shear strength and the excess
pore water pressure can be correlated to the extreme
grain sizes (Dp.x and D,,;,) and the mean grain size
(Dsp) of tested wet deposited samples.

Keywords Mean grain size - Extreme grain sizes -
Static liquefaction - Saturated sandy soil - Wet
deposition method

Abbreviations
A;, Bj and C; Soil samples of group 01
D;, E; and F; Soil samples of group 02
a, c Coefficients of equation
B Skempton’s pore pressure
parameter
u Coefficient of uniformity
c Coefficient of curvature

Diameter of the sample

Extreme grain sizes
Effective grain size
Mean grain size
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D, Initial relative density

e Initial void ratio of sample
reconstitution

e Post-consolidation void ratio of

sample reconstitution

€max and €min Extreme void ratios of the sand

matrix

G, Specific gravity of solids

H Height of the sample

H/D Height to diameter ratio of the
sample

P Initial confining pressure

Jmax Maximum shear strength

R? Coefficient of determination

USCS Unified Soil Classification
System

w Water content

Aug,. Maximum positive excess pore

water pressure

Difference between extreme
void ratios

Difference between initial void
ratio and post-consolidation void
ratio

Ae = €max — Cmin

Ae, = ¢ — e,

1 Introduction

The Chlef region located in northern Algeria (Fig. 1)
was affected by a strong earthquake on October 10th,
1980. It was the most destructive and damaging
earthquake that affected the City of Chlef (formerly
known as El-Asnam) and surrounding areas. This
quake with Richter Magnitude, ML = 7.2, corre-
sponding to a Surface Wave Magnitude, My = 7.3
generated significant damages of varying extents to a
large number of small to moderate size civil and
hydraulic structures in the vicinity of the earthquake
epicenter (Belkhatir et al. 2012). Belkhatir et al.
(2012) reported that important ground deformations in
terms of lateral spreading, flow failures, ground
fissures and subsidence, sand boils, and slope failures
were observed. The earthquake epicenter of the main
shock was located 12 km in the east region of Chlef
City (210 km west of Algiers) at latitude 36.143N and
longitude 1.413E with a focal depth of about 10 km.
The earthquake duration lasted 35 s at the end of
which much of the city and surrounding areas up to a
distance of 60 km were in ruins. This event,
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Fig. 1 Location of El Asnam (Area of study)

commonly referred to as the 1980 El Asnam Earth-
quake, was one of the most destructive earthquakes
recorded in northern Africa and more largely in the
Western Mediterranean Basin that have affected the
northern region of Algeria. The earthquake devastated
the city of El Asnam, population estimated at 125,000,
and the nearby towns and villages. The large loss of
life (reportedly 5000-20,000 casualties) and property
was attributed to the collapse of buildings (Fig. 2). In
several places of the affected area, especially along
Chlef river banks great masses of sandy soils were
ejected on to the ground surface level. Significant
damages to civil and hydraulic structures (earthdams,
embankments, bridges, slopes and buildings) were
caused by this earthquake (Belkhatir et al. 2012).

2 Literature Review

The shear strength, deformation and settlement char-
acteristics of sandy soil deposits are significantly
affected by the generated excess pore water pressure
due to earthquake loading conditions. Therefore, the
safety of the civil engineering and hydraulics struc-
tures constructed from these deposits or founded on
them is adversely influenced. Soil liquefaction is one
of the most important earthquake-induced hazards.
During earthquake shaking or dynamic shearing, the
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Fig. 2 Recorded building damages during 1980 El Asnam earthquake. a Medical clinic. b Algerian gallery store. ¢ Primary school

canopy

undrained shear strength of saturated sandy soils
decreases due to a rapid buildup of excess pore water
pressure within a short time. When the excess pore
pressure reaches the initial consolidation pressure
level, the effective stress becomes zero, inducing a
partial or a complete shear strength loss, called initial
liquefaction. At the state of initial liquefaction, the soil
mass behaves as a liquid, causing tremendous dam-
ages to soil foundations and earth structures. Sand
boils, settlement or tilting of structures, failures of
earth dams and slopes, lateral spreading of bridge
foundations, landsliding and soil subsidence are some
examples of liquefaction damages (Belkhatir et al.
2014). Soil liquefaction usually occurs in saturated
sandy soil deposits subjected to monotonic or dynamic
loading conditions and it represents one of the most
important and challenging research topics in the field
of geotechnical earthquake engineering. Laboratory
studies on soil liquefaction were initiated following
the liquefaction induced failures observed after two
subsequent earthquakes occurred in Niigata (Japan)
and Alaska (USA) in 1964. Several researches (Zla-
tovic and Ishihara 1995; Lade and Yamamuro 1997;
Thevanayagam et al. 1997; Thevanayagam 1998;
Yamamuro and Lade 1998; Amini and Qi 2000;
Naeini 2001; Naeini and Baziar 2004; Sharafi and
Baziar 2010; Belkhatir et al. 2010; Della et al. 2011;
Djafar Henni et al. 2011; Missoum et al. 2011; Bayat
and Bayat 2012; Igwe et al. 2012; Janalizadeh et al.
2013; Abouzar Sadrekarimi 2013; Jafarian et al. 2013;
Yanrong 2013; Benghalia et al. 2014; Sze and Yang
2014; Liu et al. 2014) have been reported on different
factors controlling the soil liquefaction phenomenon.
The effect of parameters such as the confining
pressure, relative density, sample preparation, sample
size and degree of saturation are well known. How-
ever, the influence of other variables including the soil

structure, grading characteristics, size, shape, distri-
bution and packing of the particles is incomplete and
requires further investigation. Lee and Fitton (1968)
found that grain size distribution has a remarkable
effect on the cyclic shear strength of the soil. Seed and
Peacock (1971) concluded that the stress ratio causing
liquefaction decreased as the effective diameter
reduced from 1.0 to 0.1 mm. Some other researchers
(Finn et al. 1970; Ishihara et al. 1975; Miura et al.
1994) showed that as particle size increased, the cyclic
resistance increased. Seed and Idriss (1971) reported
that for fine sand with Dsq value around 0.08 mm is
more susceptible to liquefaction. Castro and Poulos
(1977) showed that uniform clean and loose sand was
more vulnerable to liquefaction. Also, Chang et al.
(1982) reported that cyclic liquefaction resistance of
clean sand was strongly influenced by the mean grain
size (Dsp), and the uniformity coefficient (C,),
provided that D5y < 0.23 mm. However, the individ-
ual influences of Dsy and C, were not isolated. Vaid
etal. (1991) investigated the effect of the coefficient of
uniformity (C,) on the undrained cyclic shear strength
of three sandy samples reconstituted with the same
mean grain size (Dso) and they concluded that their
cyclic liquefaction resistance increased with the
increase of the coefficient of uniformity (C,) at low
relative densities and the inverse tendency was
observed at high relative densities. Miura et al
(1997) reported that maximum and minimum void
ratio ey, and e, were significantly affected by the
grain size distribution and grain shape. Both e ., and
emin decrease with an increase in mean grain size (Ds)
or uniformity coefficient (C,). They found that the
value of the extreme void ratios (en.x and ep;,)
increases with the increase of the angularity. More-
over, they claimed that the glass beads gave the lowest
value of e,,,x and e,;,, because of their sphericity, size
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uniformity and surface smoothness. Cubrinovski and
Ishihara (2002) found that the maximum and mini-
mum void ratios as well as the void ratio range were
significantly affected by the particle shape in a way
that these void ratios increased with increasing
angularity or decreasing roundness of the particles.
The void ratio range included the combined effects of
mean grain size, grain size distribution, fines content
and particle shape. In general (e, and e.;,) can
provide valuable and unique information about the
material properties of sandy soils and they can be
particularly effective in evaluating the potential of
compressibility and contractiveness of cohesionless
soils. Kokusho et al. (2004) showed that the post-
liquefaction undrained strength was dependent on
particle gradation and relative density for larger strain
20-25%, as soils with larger coefficient of uniformity
(C,) and larger relative density (D,) lead to show larger
undrained strength. They reported also that the
undrained monotonic shear strength defined at larger
strains after undrained cyclic loading was at least eight
times larger for well-graded soils than poorly graded
sand despite the same relative density. This indicates
that devastating failures with large post liquefaction
soil strain are less likely to develop in well-graded
granular soils compared to poorly graded sands with
the same relative density, although they are almost
equally liquefiable. Kanagalingam and The-
vanayagam (2005) examined the meaning of the
parameter ‘b’ which “represents the participation of
fines content in the internal contact force chain in the
sand-silt mixtures” and they found this factor depends
to coarse and silt grains characteristics (Rq = Dsggand/
d50g, Cyue = dgosana/d10sana @and Cyur = dsositd/d;osite)»
where these parameters have different influences on
‘b’. Monkul and Yamamuro (2011) investigated the
fines content influence on liquefaction potential of a
single base sand mixed with three different essentially
nonplastic silts through strain-controlled monotonic
undrained triaxial compression tests. Fines content
was varied, to solely focus on how different silts and
their contents influence the undrained response of the
sand under comparable conditions. It was found that if
the mean grain diameter ratio (Dsg-sand/ds-silt) of the
sand grains to silt grains was sufficiently small, the
liquefaction potential of the sand increased steadily
with increasing fines content for the studied range
(0%—-20%). As Dsg-sand/dsq-silt increased, the lique-
faction potential of the silty sand might actually be less
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than the liquefaction potential of the clean sand and
these results were valid for the selected confining
stress (30 kPa) and deposition method. Yilmaz et al.
(2008) and Choobbasti et al. (2013) found that the
cyclic resistance of the soil could be expressed in
terms of the grain sizes (i.e., Dy, D39, or Dgg) rather
than the coefficient of uniformity (C,) or the coeffi-
cient of curvature (C.) of the soil. In addition,
Belkhatir et al. (2011) indicated that the undrained
shear strength at the peak and the undrained residual
shear strength could be correlated to C, and Dsg. In
other words, the undrained shear strength at the peak
and the undrained residual shear strength decreased
linearly as the uniformity coefficient increased and the
mean grain size decreased. They concluded that the
liquefaction resistance could be expressed in terms of
grading characteristics (D¢, Dsg and C,) rather than
the coefficient of curvature (C.). Belkhatir et al. (2014)
showed that the granulometric characteristics have an
important influence on the generation of the excess
pore water pressure of sand-silt mixture samples.
Indeed, they found that the excess pore water pressure
(Aup,ay) could be correlated to the grading character-
istics [Dyq, Dso, C,, effective size ratio (ESR), mean
grain size ratio (MGSR) and Coefficient of uniformity
ratio (CUR)]. Cherif Taiba et al. (2016) indicated that
the gradation and particle shape affected in significant
manner the undrained shear strength (known as the
static liquefaction resistance) of Chlef (Algeria) and
Fontainebleau (France) silty sand soils. Moreover,
their test results confirmed the existence of simple
correlations between liquefaction resistance and dif-
ferent grading characteristics (D, D30, D50, Dgo, and
C,) of the soils under consideration and they intro-
duced new soil granulometric ratios (Dyor = D1osand/
D iomixtures Dsor = DSOsand/DSOmixture’ and CUR =
Cusand/Cumixture) to discuss the sand-silt mixture
liquefaction resistance susceptibility response. They
concluded that the used grading characteristics ratios
(D1or, Dsor and Cyg) appeared as pertinent factors for
the prediction of the undrained shear strength of the
sand-silt mixtures. The study conducted by (Chang
et al. 2016) showed that the variation of maximum
void ratio with respect to fines content of a sand-silt
mixture was caused by the same mechanisms that
influence the variation of minimum void ratio. Con-
sequently, a mathematical model proposed by the
authors for predicting minimum void ratios of sand—
silt mixtures was extended to be capable of predicting



Geotech Geol Eng (2017) 35:2079-2105

2083

the maximum void ratios of sand-silt mixtures due to
the influence of fines content. The applicability of that
model was verified by data from 24 sand-silt mixtures
with various fines contents. Furthermore, the relation-
ship between the maximum and the minimum void
ratios of a sand-silt mixture could be derived. The
derived relationship was found to be linear and was a
function of fines content. The validity of the derived
linear relationship between the maximum and the
minimum void ratios of a sand—silt mixture was also
verified by the measured results from experiments.
Monkul et al. (2016) reported that base sand gradation
had significant influence on the static liquefaction
potential of clean and silty sands. They observed that
clean sands became more liquefiable as their mean
grain size got smaller and/or they became more
uniform. However, they found that the order of
liquefaction resistance of the same base sands were
reversed when they were mixed with silt (i.e. resulting
silty sands became more liquefiable as the mean grain
size of base sand got larger and/or base sand became
relatively well graded).

The main objective of this experimental investiga-
tion is to study the impact of gradation in terms of
extreme grain sizes (Dy.x and Dy,,) and different
mean grain sizes (Dsg) on the undrained shear strength
(known as static liquefaction resistance) response of

eighteen natural sandy samples containing 2% low
plastic fines content and mixed with 5% of water
(W = 5%). Therefore, the first group of samples were
prepared with different extreme grain sizes (1.6 mm <
Dpax < 4.0 mm and D,;, = 0.0016 mm) and mean
grain sizes (0.25 mm < D5, < 1.0) and the second
group of samples with (Dp.x = 4.0 mm and
0.0016 mm < D;, < 0.63 mm) and mean grain sizes
(1.0 mm < Dsg < 2.5 mm) reconstituted with a fabric
technique termed “wet deposition” method at an
initial relative density (D, = 25%) and subjected to a
constant confining pressure P'.=100 kPa.

3 Experimental Program
3.1 Index Properties of Tested Materials

The soil material used in this laboratory investigation
was extracted from liquefied soil deposit areas along
the banks of Chlef River where liquefaction cases
were recorded during the 1980 El Asnam earthquake
(Fig. 1). Chlef sand has been used in the preliminary
tests as well as in triaxial tests presented in this
laboratory research work. The tested materials were
classified according to the (USCS: Unified Soil
Classification System) as poorly graded sand. Figure 3

Fig. 3 View of tested materials. a Group 1 (1.6 mm < Dy,5x <4 mm, Dy, = 0.0016 mm). b Group 2 (Dya = 4.0 mm,

0.0016 mm < D, < 0.63 mm)
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Table 1 Index properties of tested materials

Sample G Dppax (mm) Dpin (mm) Dy (mm) Dso (mm) C, Ce €max €min
Group 1 A 2.657 4 0.0016 0.302 1.00 4.28 1.2 0.746 0.537
Ay 2.655 0.19 0.63 5.32 0.9 0.71 0.477
Aj 2.650 0.12 0.25 4.34 0.6 0.709 0.467
B, 2.664 2.5 0.28 1.00 4.1 1.25 0.798 0.532
B, 2.664 0.22 0.63 3.95 0.97 0.814 0.542
B; 2.658 0.12 0.25 4.93 0.55 0.756 0.52
C 2.659 1.6 0.35 1.00 3.06 1.22 0.845 0.562
C, 2.664 0.25 0.63 3.09 1.02 0.856 0.576
Cs 2.665 0.11 0.25 4.45 0.63 0.828 0.529
Group 2 D, 2.657 4 0.0016 0.302 1.00 4.28 1.2 0.747 0.536
D, 2.650 0.44 1.60 4.43 1.08 0.759 0.586
D3 2.655 0.435 2.50 6.31 1.1 0.694 0.509
E, 2.654 0.25 0.43 1.00 3.12 0.94 0.797 0.561
E, 2.651 0.52 1.60 3.8 0.96 0.807 0.545
E; 2.661 0.68 2.50 4.02 1.05 0.822 0.569
F, 2.664 0.63 0.69 1.00 1.79 0.8 0.844 0.621
F, 2.652 0.78 1.60 247 0.88 0.782 0.566
F; 2.660 0.85 2.50 32 1.03 0.788 0.574

shows the different samples under study. Their index
properties are presented in Table 1. Their grain size
distribution curves are shown in Fig. 4. The tested
samples were prepared according to their extreme
grain sizes (Dp,.x and D y,;,) and mean grain sizes (Ds)
and they were subdivided into two groups as the
following.

Group 1 includes samples A;, B; and C;
(1.6 mm < D, < 4.0 mm, D,;, = 0.0016 mm and
0.25 mm < D5y < 1.0 mm) and group 2 includes
samples D;, E; and F; (Dp,x = 4.0 mm, 0.0016 mm <
Dmin < 0.63 mm, and 1.0 mm < D5y < 2.5 mm).

The maximum void ratio (e,.x) corresponding to
the loosest state of the soil sample and minimum void
ratio (en,;,) corresponding to the densest state of the
soil sample were determined according to ASTM
D4253 and ASTM D4254 standards for the different
samples used in this laboratory investigation.

3.2 Effects of D5y, Dypax and Doy, 0N €0 and € i

The effects of the extreme grain sizes (Dyax and D)
and mean grain size (Dsg) on the generated void ratios
(void ratios after consolidation phase) considering the
selected initial relative density (D, = 25%) are presented
inFig. 5. Asit can be seen from Fig. 5a, the extreme void
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ratios (€max and en,;n) decrease with the increase of the
maximum grain size (Dy.x) for the selected mean
grains sizes (Dsg = 1,0.63 and 0.25 mm). The inverse
tendency is observed as the minimum grain size (D ;)
increases (0.0016 mm < D, < 0.63 mm) for the
1.00 mm mean grain size (Fig. 5b). For the 1.6 mm
mean grain size, the maximum void ratio increases as
the minimum grain size increases from D, =
0.0016-0.25 mm, after that it decreases moderately.
For the same mean grain size (Dso = 1.6 mm), the
minimum void ratio decreases in the range from
0.0016 to 0.25 mm beyond that it increases slowly.
For D5g = 2.5 mm, the maximum void ratio increases
with the increase of the minimum grain size from
Dpin = 0.0016 to 0.25 mm then it decreases until
Dpin = 0.63 mm. However, the minimum void ratio
increases with the increase of D,,,;, for the same mean
grain size (Dsp = 2.5 mm)

3.3 Sample Preparation

Liquefaction resistance characteristics of silty sand
soils depend primarily on the sample preparation
techniques and consequently on the arrangement of
the particles. Published literature (Ishihara 1993; Vaid
et al. 1999 as well as Mahmoudi et al. 2013) has
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Fig. 4 Grain size distribution curves of tested materials. a Dsg = 1.0 mm. b D5y = 0.63 mm. ¢ D5y = 0.25 mm. d D5 = 1.0 mm.

e Dsg = 1.6 mm. f D5y = 2.5 mm

systematically discussed the strong impact of sample
reconstitution techniques on the liquefaction resis-
tance susceptibility of sand. The main objective of
selecting the appropriate one is to reproduce the
natural deposit of sands. Since most sandy sites that
experienced liquefaction phenomenon under different
loading conditions have been deposited under alluvial
or marine conditions, a depositional method that
replicates these low input energy depositional pro-
cesses should be selected. Wet deposition or moist
tamping as mentioned in the geotechnical engineering
published literature by different authors (Vaid et al.
1999; Hgeg et al. 2000; Frost and Park 2003;
Yamamuro and Wood 2004; Carraro and Prezzi
2008; Sadrekarimi and Olson 2012) has been shown
to create a grain structure similar to that of naturally
deposited river sands. Mahmoudi et al. (2013) indi-
cated that wet deposition is the most popular

laboratory method to prepare loose sand samples and
it consists of placing sand layers of specified thickness
into a mold and tamping each layer with a flat tamper.
Therefore, it is selected as a suitable sample deposi-
tional technique for the present experimental program.
The dry sand was mixed with a water content of
w = 5%. The samples have been prepared with diam-
eter (D) of 100 mm and height (H) of 200 mm (H/
D =2 was kept constant) using five layers with a
constant thickness of 40 mm for each layer. The samples
were prepared with the help of a mold composed of two
semi-cylindrical shells. In order to maintain the cuff
made of latex along the partitions of the mold (Bayat and
Bayat 2012), four aspiration ducts are pierced in the
conducted shells. These ducts communicate with the
inside of the mold by rows of small holes. They are
joined to flexible hoses that are assembled in a single
tube. This last can be connected to a vacuum pump.
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Fig. 5 Extreme voids ratios index versus extreme grain sizes. a Group 1 (1.6 mm < D, < 4.0 mm, D.;, = 0.0016 mm,
0.25 mm < Dsp < 1.0 mm). b Group 2 (Dppax = 4.0 mm, 0.0016 mm < Dy, < 0.63 mm, 1.0 mm < D5, < 2.5 mm)

3.4 Saturation and Consolidation

The saturation process was done to ensure that all the
voids within the test sample were filled with water. The
technique of CO2 suggested by Lade and Duncan (1973)
was used to assure a higher degree of saturation. The
evaluation of the sample saturation was done by means of
Skempton’s pore pressure parameter B through the
application of a backpressure of 200 kPa for all tests and a
minimum value greater than 0.97 was obtained. After
samples were fully saturated, then they were subjected to
a constant confining pressure of 100 kPa.

3.5 Shear Loading

All undrained monotonic triaxial tests for this study were
carried out at a constant strain rate of 0.2 mm 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 undrained triaxial
tests were continued up to 24% axial strain.

3.6 Post-consolidation and Initial Sample Void
Ratio Relationship

For the purpose of finding a relationship between the
initial void ratio (e;) and post-consolidation void ratio (e.)
of the different reconstituted samples (group 1 and group
2) used in this experimental study considering the two
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ranges of the selected mean grain sizes
025 mm <Dsg < 1.0mm and 1.0 mm < Dsg -
< 2.5 mm). Figure 6 presents the relationship between
the post-consolidation void ratio and the initial void ratio.
It is clear that the post-consolidation void ratio decreases
with the decrease of the initial void ratio as the mean grain
size increases from Dsy = 0.25 mm to Dsg = 1 mm for
group 1. However, group 2 shows similar void ratio trend
as the mean grain size decreases from Dsy = 2.5 mm to
D5y = 1 mm. Moreover, It is also observed that group 1
(A;, B; and C;) generates higher void ratios range
comparing to group 2 generating lower void ratio
variations. This can be attributed to the impact of the
Dax parameter for group 1 rather than the effect of D,
parameter for group 2. The following expression is
suggested to relate the post-consolidation void ratio (e.)
with the initial void ratio (e;) of the eighteen samples
under consideration

(ec) =ax(e) +c¢ (1)

Table 2 illustrates the coefficients a, ¢ and the
corresponding coefficient of determination (R?) for the
selected material under consideration.

3.7 Post-consolidation Void Ratio and Mean
Grain Size Relationship

Figure 7 shows the variation of the generated post
consolidation void ratio with the mean grain size (Ds)
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b Group 2 (Dpax = 4.0 mm, 0.0016 mm < D, < 0.63 mm,
1.0 mm < D5y < 2.5 mm)

Table 2 Coefficients a, ¢
and R? for Eq. (1)

Extreme sizes Dsp (mm) a c R?

Group 1 (A;, B; and C)) 1.00 0.94 0.01 0.99
1.6 mm < D, <4 mm 0.63 1.08 —-0.07 0.99
Dpin = 0.0016 mm 0.25 0.69 0.14 0.98
Group 2 (D;, E; and Fy) 1.00 0.95 0.01 0.99
Dax = 4.0 mm 1.60 0.83 0.09 0.96
0.0016 mm < D, < 0.63 mm 2.50 0.76 0.13 0.84

of the tested wet deposited samples (e.) reconstituted
at an initial relative density (D, = 25%) for two ranges
of the extreme grain sizes (1.6 mm < D, < 4.0 mm
and 0.0016 mm < D, < 0.63 mm). It is observed
from Fig. 7 that the overall soil sample trend exhibits a
decrease of the post consolidation void ratio with the
increase of the mean grain size (Dsp) for samples of
group 01 and 02 and they display a meaningful linear
relationship for the initial relative density under study.
The obtained data indicate that the lower mean grain
sizes exhibit higher void ratios for a given extreme
grain sizes (Dpax and Dpin)-

The effect of the extreme grain sizes (D, and
Dpuin) on the generated void ratios of different soil
particle packings (ec) is clearly observed for higher
mean grain sizes and becomes very pronounced for

lower mean grain sizes. The post-consolidation void
ratio could be related to the mean grain size through
the following relation:

(ec) =ax (Dsy) +¢ (2)

Table 3 illustrates the coefficients a, ¢ and the
corresponding coefficient of determination (R?) for the
selected material under consideration.

4 Monotonic Triaxial Compression Test Results
Figures 8,9, 10, 11, 12 and 13 illustrate the undrained
monotonic compression triaxial test results of eighteen

sandy samples classified into two groups (A;, B;, C;)
and (D;, E;, F;) prepared in laboratory with different

@ Springer
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Fig. 7 Post-consolidation void ratio versus mean grain size (Dr = 25%, P’. = 100 kPa). a Group 1 (1.6 mm < D, < 4.0 mm,
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Table 3 Coefficients a, ¢
and R? for Eq. (2)

Extreme sizes Dinax OF Dpin a c R?
(mm)

Group 1 (A;, B; and C)) 4.0 —-0.10 0.69 0.98
1.6 mm < D,x < 4 mm 2.5 —-0.10 4.75 0.62
Dpin = 0.0016 mm 1.6 —0.10 0.80 0.53
Group 2 (D;, E; and Fy) 0.0016 —0.03 0.72 0.60
Diax = 4.0 mm 0.25 —0.01 0.74 0.99
0.0016 mm < Dy, < 0.63 mm 0.63 —0.02 0.77 0.43

mean grain sizes ranging between Dsy = 0.25 mm
and D5y = 1 mm for group 01 and from D5y = 1 mm
to Dso = 2.5 mm for group 02. All the samples were
reconstituted at an initial relative density (Dr = 25%)
and subjected to a constant confining pressure
(P'. = 100 kPa). It can be observed from Figs. 8, 9,
10, 11, 12 and 13 that complete static liquefaction
cases were recorded for the different samples of group
01 and 02 with a clear impact of the extreme size
parameters (Dy,,x and Dy,;,,) and the mean grain size
parameter (Dsp) on the undrained shear strength
(liquefaction resistance) response. Figures 8a and 9a
illustrate clearly that the undrained shear strength of A;
samples (Qmax = 70.94 kPa for A|, qmax = 56.18 kPa
for A, and q.x = 43.97 kPa for A3z) and B; samples
(qmax = 67.97 kPa for B1, quax = 58.19 kPa for B,

@ Springer

and Quax = 43.42 kPa for Bj;) decreases with the
decrease of the mean grain size ranging from
Dsp = 1 mm to Dsy = 0.25 mm. However a slight
increase then a decrease in the undrained shear
strength (Fig. 10a) has been recorded for C; samples
(qmax = 64.33 kPa for C;, qmax = 68.71 kPa for C,
and qnax = 42.51 kPa for Cs). It is observed that the
higher D,,.x and Dso, the higher undrained shear
strength for Ai and Bi samples. This outcome results
from the combined effect of D, and D5, parameters
in increasing the undrained shear strength due to the
interlocking of coarse grained with fine grained and
the dilation phase amplification leading to a more
stable structures of the soil samples at 1.5% axial
strain. Beyond that, all the samples of group 01 exhibit
flow behaviour and the steady state has been reached
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Fig. 8 Undrained monotonic behavior of Chlef sand (A;
samples) (Dpax = 4.0 mm, D;, = 0.0016 mm, 0.25 mm <
Dsy < 1.0 mm, D, = 25%, P'.=100 kPa). a Deviator stress

within 15-20% axial strain. All the samples of group
01(A;, B; and C;) exhibit flow behaviour (Fig. 11b).
The inverse tendency was observed for the Dj
(qmax = 70.94 kPa for Dy, qmax = 70.78 kPa for D,
and qpax = 81.81 kPa for D3) and E; (qiax = 66.88 -
kPa for E;, (Qmax =69.90kPa for E, and
Jmax = 69.95 kPa for E3) samples (group 02), where
the undrained shear strength increases with the

versus axial strain. b Excess Pore Pressure versus axial strain.
¢ Deviator stress versus Effective mean Stress

increase of the mean grain size from Dsg = 1 mm to
2.5 mm. The Di and Ei present flow behaviour (D; and
E,) and limited flow behaviour (D,, D3, E, and E3).
For F; samples (Fig. 13a), a moderate decrease
followed by a significant increase in the undrained
shear strength was observed (qmax = 88.93 kPafor Fy,
Jmax = 83.02 kPa for F, and q,.x = 133.27 kPa for
F5) at an average axial strain of 2%. Beyond that, the F;
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Fig. 9 Undrained monotonic behavior of Chlef sand (B;
samples) (D = 2.5 mm, Dy, = 0.0016 mm, 0.25 mm < D5,
< 1.0 mm, D, = 25%, P'. = 100 kPa). a Deviator stress versus

samples exhibit limited flow, flow and non flow
behaviour respectively for F,, F, and F3 (Fig. 13a)
respectively for F;, F, and F3. The outcome of the
present study is in good agreement with the experi-
mental work reported by Yilmaz and Mollamahmuto-
glu (2009) and Belkhatir et al. (2014). Figures 8b, 9b,
10b, 11b, 12b and 13b show the excess pore water
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axial strain. b Excess Pore Pressure versus axial strain. ¢ Deviator
stress versus Effective mean Stress

pressure versus axial strain. It can be seen that the
excess pore water pressure increases with the decrease
of mean grain size from Dsy = 1.0 mm to 0.25 mm
for 1.6 mm < D,,,, <4 mm and from D5y = 2.5 mm
to 1 mm for 0.0016 mm < D,;, < 0.63 mm. The
stress path in the (p’, q) plane shows clearly the role of
the extreme sizes and mean grain size to decrease the
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Fig. 10 Undrained monotonic behavior of Chlef sand (C;
samples) (Dpax = 1.6 mm, Dy, = 0.0016 mm, 0.25 mm <
Dso < 1 mm, D, = 25%; P'.=100 kPa). a Deviator stress

average effective pressure and the maximum devia-
toric stress (Figs. 8c, 9c, 10c, 1lc, 12¢, 13c). The
influence of the mean grain size (Dso) and extreme
sizes (Dpax and Dyy;,) parameters on the generated
excess pore water pressure is clearly observed for the
samples of group 02 (D;, E; and F;) and becomes very
pronounced for group 1 (A;, B; and C)).

versus axial strain. b Excess Pore Pressure versus axial strain.
¢ Deviator stress versus Effective mean Stress

Tables 4 and 5 present a summary of the undrained
monotonic triaxial compression tests respectively for
group 1 and group 2).

Figure 14 illustrates the view of two samples after
shearing: Fig. 14a shows the sample F;
(Dsp = 2.5 mm, ec = 0.718, Dpax = 4 mm,
Dpin = 0.0016 mm) exhibiting non flow behavior
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Fig. 11 Undrained monotonic behavior of Chlef sand (D;
samples) (Dyax = 4 mm, D, = 0.0016 mm, 1.0 mm < Ds,
< 2.5 mm, D, = 25%, P'.=100 kPa). a Deviator stress versus

and dilation phenomena. The contrary was observed
for the case of the sample A, (Dsy = 0.63 mm,
ec = 0.626, D, .x =4 mm, D, = 0.0016 mm),
where flow behavior (complete liquefaction) was
observed at the end of the shearing (Fig. 14b).
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axial strain. b Excess Pore Pressure versus axial strain.
¢ Deviator stress versus Effective mean Stress

5 Relationship Between Extreme Grain Sizes
and Post-consolidation Void Ratio

The effects of the maximum grain size (D,,,) and
minimum grain size (D,y;,) on the generated sand void



Geotech Geol Eng (2017) 35:2079-2105 2093
(a) (b) N

Chlef Sand (Dmax=4mm, Dmin=0.25mm) J Chlef Sand (Dmax=4mm, Dmin=0.25mm)

100

: g s0 E E
_ 60 i:; u ]
4] ] = F ]
& 1 2 E ]
o 1 8 eF .
@ b o o ]
7] b . E 3
2 40 - k] o ]
7] r ] g 0 (—0— E1(D50=1mm)  |]
g : ] 2 40 —@— E2(D50=1.6mm) [
3 I 1 & L—E— E3(D50=2.5mm) |
Sy —4— E1(D50=1mm) . % ]
- —@— E2(D50=1.6mm) 1 5 °F ]
- —F— E3(D50=2.5mm) ] : 3
: : : J ] F ]
Y - RPN R S . Py "SI A I R A
0 5 10 15 20 25 0 5 10 15 20 25

Axial Strain (%)

Axial Strain (%)

(©
Chlef Sand (Dmax=4mm, Dmin=0.25mm)
F :
C N —4— E1(D50=1mm)
L ) —@— E2(D50=1.6mm)
= 60 = i —E— E3(D50=2.5mm)
I S
~ I / '
o C ]
a C ]
£ wf X ]
n E ]
o L 1 4
2 o 1 4
8 E ]
? o ]
& b 3
20 ‘
) ]
) ]
L ]
-/ -
C, ]
» ]
o ]
0 -I N TR T T TR T T | I T T T T Y | I.I 11 1 1 1 1 1 I-
0 50 100 150

Effective Mean Stress, P' (kPa)

Fig. 12 Undrained monotonic behavior of Chlef sand (E;
samples) (Dp.x = 4 mm, Dg;, = 0.25 mm, 1.0 mm < Ds,
< 2.5 mm, D, = 25%, P'. = 100 kPa). a Deviator stress versus

ratio (void ratio after consolidation phase) considering
two mean grain size ranges (0.25 mm < Ds -
< 1 mm) and (1.0 mm < D5y < 2.5 mm) for the
selected initial relative density (D, = 25%) are pre-
sented in Fig. 15. As it can be seen from this plot, the
extreme grain sizes (D.x and Dy,;,) and mean grain
size (Dsg) induce a logarithmic decrease of the post-

axial strain. b Excess Pore Pressure versus axial strain.
¢ Deviator stress versus Effective mean Stress

consolidation void ratio (e.) as the maximum grain
size increases from D, = 1.6 mm to D, = 4.0 -
mm for the selected mean grain size range
(0.25 mm < Dsp < 1.0 mm) (group 01) and a loga-
rithmic increase of the post-consolidation void ratio
(e.) as the minimum grain size increases from
Dpin = 0.0016 mm to D,;, = 0.63 mm for the
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Fig. 13 Undrained monotonic behavior of Chlef sand (F;
samples) (Dpa.x = 4 mm, D, = 0.63 mm, 1.0 mm < Ds,
< 2.5 mm, D, = 25%, P'. = 100 kPa. a Deviator stress versus

selected mean grain size range (1.0 mm < Dsq -
< 2.5 mm) (group 2). The observed post-consolida-
tion void ratio trend can be attributed to the role of the
extreme grain size and mean grain size parameters in
increasing or decreasing the inter-particle contact as
the maximum grain size and minimum grain size
increase respectively for group 1 and group 2.
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axial strain. b Excess Pore Pressure versus axial strain.
¢ Deviator stress versus Effective mean Stress

Moreover, it is clearly observed from Fig. 15 that soil
samples with lower D, exhibit higher void ratios and
soil samples with higher D,,,,, exhibit lower void ratios
(Fig. 15a). The inverse tendency of the post-consol-
idation void ratio is observed in the case of the
variation of the minimum grain size (D,,;,) (Fig. 15b).
The following expression is suggested to express the
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Table 4 Summary of Characteristics ~ A, A, A, B, B, Bs C, C, Cs

monotonic triaxial tests for of materials

group 1
Qmax (kPa) 7094 56.18 4397 6797 58.19 4342 6433 6871 4251
Auyp,x (kPa) 99.60  99.80 95.8 98.7 99.40 99.20 964 96.8 98.40
ei (—) 0.694 0.651 0.648 0.731 0.746 0.697 0.774 0.786  0.753
ec (—) 0.673 0.626 0.595 0.715 0.728 0.639 0.748 0.772  0.669
Aec (—) 0.021 0.025 0.052 0.016 0.017 0.058 0.025 0.014 0.083
Soil response All the samples exhibit flow behaviour

Table 5 Summary of monotonic triaxial tests for group 2

Characteristics of materials D, D, D; E, E, E; F, F, F;

Qmax (kPa) 70.94 70.78 81.81 66.88 68.90 69.95 88.93 83.02 133.27

Aty (kPa) 99.60 91.20 91.60 94.40 93 91 78.40 86.60 62.40

ei (—) 0.694 0.715 0.648 0.738 0.740 0.758 0.788 0.727 0.734

ec (—) 0.673 0.691 0.627 0.723 0.713 0.700 0.762 0.705 0.718

Aec (—) 0.021 0.023 0.020 0.015 0.028 0.058 0.025 0.022 0.015

Soil response Flow Limited flow Flow Limited flow Limited flow Flow Non flow

s

Fig. 14 View of samples after shearing (D, = 25%, P'.=100 kPa). a Sample F3 (Dso = 2.5 mm, e. = 0.718) exhibiting non flow
behavior. b Sample A, (D5o = 0.63 mm, e, = 0.626) exhibiting flow behavior

post-consolidation void ratio (e.) as a function of the
extreme grain sizes (Dpax, Dmin) for the eighteen
samples under study:

Log (e.) = a * 10g(Dmax, Dmin) + ¢ (3)

Table 6 illustrates the coefficients a, ¢ and the
corresponding coefficient of determination (R?) for the
selected material under consideration.

6 Effects of D, and D,;,, on the Maximum
Undrained Shear Strength

Data from the present study (Figs. 8,9, 10, 11, 12, 13)
are reproduced in Fig. 16 for the purpose of analyzing
the effects of the extreme grain sizes (D,,x and Dyy;p)
on the maximum undrained shear strength (quax) of
eighteen Chlef sand samples for the two selected mean
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Fig. 15 Post-consolidation void ratio versus extreme grain sizes (Dr = 25%, P'. = 100 kPa). a Group 1 (1.6 mm < D, < 4.0 mm,
0.25 mm < Dsp < 1.0 mm). b Group 2 (0.0016 mm < D,;;, < 0.63 mm, 1.0 mm < Dsy < 2.5 mm)

Table 6 Coefficients a, ¢
and R? for Eq. (3)

Extreme sizes Dso (mm) A C R?

Group 1 (A;, B; and C)) 1.0 —0.11 —0.23 0.99
1.6 mm < Dp, < 4.0 mm 0.63 —0.22 —0.13 0.97
Dpin = 0.0016 mm 0.25 0.12 —-0.33 0.99
Group 2 (D, E; and F;) 1.0 0.01 0.27 0.92
Djax = 4.0 mm 1.6 0.004 0.34 0.76
0.0016 mm < Dyin < 0.63 mm 2.5 0.02 —-0.32 0.99

grain size ranges (0.25 mm < D5y < 1.0 mm,
1.0 mm < D5y < 2.5 mm) and the initial relative
density (D, = 25%) under consideration. It is clearly
observed from Fig. 16 that the extreme grain sizes
(Dmax and Dy,;,) and mean grain size (Dsg) affect
significantly the undrained shear strength. The higher
and lower mean grain sizes (Dso= 1.0 mm,
D5y = 0.25 mm) exhibit a decrease of the maximum
undrained shear strength with the decrease of the
maximum grain size (Dp,..), while the intermediate
mean grain size (Dso = 0.63 mm) shows the inverse
soil trend for group 01 (Fig. 16a). This can be
attributed to the grain size distribution of A, B, and
C, and Aj;, B3 and C; to increase the interlocking and
consequently the increase of the undrained shear
strength with the increase the maximum grain size

@ Springer

(Dimax) while the grain size distribution of A,, B, and
C, exhibit a decrease of the interlocking and conse-
quently a decrease of the undrained shear strength with
the increase the maximum grain size. For group 02, the
variation of the mean grain size (1.0 mm < Ds -
< 2.5 mm) induces an increase of the maximum
undrained shear strength with the increase of the
minimum grain size (Dy,i,). The lower and interme-
diate mean grain sizes (Dsgp = 1.0 mm,
Dsp = 1.6 mm) show a moderate increase of the
undrained shear strength, but, the higher mean grain
size (Dso = 2.5 mm) exhibits a pronounced increase
of the undrained shear strength with the increase of the
minimum grain size (D,;,) (Fig. 16b). The following
equations are suggested to express the maximum shear
strength (qmax) as a function of the maximum and
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Fig. 16 Maximum undrained shear strength versus extreme grain sizes (D, = 25%, P'. = 100 kPa). a Group 1 (1.6 mm < D, ,x <
4.0 mm, 0.25 mm < D5y < 1.0 mm). b Group 2 (0.0016 mm < D.;;;, < 0.63 mm, 1.0 mm < D5y < 2.5 mm)

Table 7 Coefficients a, ¢
and R? for Eqs. 4 and 5

Extreme sizes Dso (mm) a ¢ R?

Group 1 (A;, B; and C)) 1.0 7.20 61.08 0.99
1.6 mm < D, < 4.0 mm 0.63 —13.59 73.58 0.86
Dpin = 0.0016 mm 0.25 1.58 41.83 0.98
Group 2 (D;, E; and F)) 1.0 0.39 4.20 0.68
Djax = 4.0 mm 1.6 0.27 4.22 0.74
0.0016 mm < Dy, < 0.63 mm 2.5 0.58 4.26 0.65

minimum grain sizes (Dpax, Dmin) Of the sandy
samples under consideration:

qmax =ax* log(DmaX) +c (4)

Log (qmax) =ax* log(Dmin) +c (5)

Table 7 illustrates the coefficients a, ¢ and the
corresponding coefficient of determination (R?) for the
selected material under consideration.

7 Effects of Dy, and D,,;, on the Maximum Excess
Pore Water Pressure

The effects of the extreme grain sizes (0.0016 mm <
Dmin < 0.63 mm) and (1.6 mm < D, < 4.0 mm)
and on the generated maximum excess pore water

pressure of saturated Chlef sand samples reconstituted
at initial relative density (D, = 25%) considering two
different ranges of the mean grain sizes
(025 mm < D5y < 1.0 mm) and (1.0 mm < Dsq -
< 2.5 mm) are presented in Fig. 17. As it can be seen
from this Fig. 17a, the trend of group 1 samples
indicate that the maximum excess pore water pressure
increases logarithmically with the increase of the
maximum grain size (Dy,,x) for the mean grain sizes
Dso = 0.63 mm and Dso = 1.0 mm while the inverse
tendency is observed for the samples reconstituted
with the mean grain size Dsy = 0.25 mm. This can be
attributed to the effect of the grain size distribution
with higher mean grain sizes (Dso = 1 mm and
Dso = 0.63 mm) to increase the interlocking and
consequently the decease of the excess pore water
pressure with the decrease of the maximum grain size
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Fig. 17 Maximum excess pore water pressure versus extreme grain sizes (D, = 25%, P’ = 100 kPa). a Group 1 (1.6 mm < Dy, <
4.0 mm, 0.25 mm < D5y < 1.0 mm). b Group 2 (0.0016 mm < D.;;;, < 0.63 mm, 1.0 mm < D5y < 2.5 mm)

Table 8 Coefficients a, ¢
and R? for Egs. 6 and 7

Extreme sizes Dsp (mm) a c R?

Group 1 (A;, B; and C)) 1.0 0.03 4.55 0.93
1.6 mm < Dy < 4.0 mm 0.63 0.03 4.56 0.83
Dpin = 0.0016 mm 0.25 —0.02 4.61 0.55
Group 2 (D;, E; and Fy) 1.0 —37.93 102.74 0.99
Dax = 4.0 mm 1.6 —8.11 92.65 0.61
0.0016 mm < Dy, < 0.63 mm 2.5 —48.86 96.02 0.86

(Dmax) for Ay, By, C; and A,, B,, C,. In Fig. 17b, the
maximum excess pore water pressure (Aupay)
decreases linearly with the increase of minimum grain
size (Dpn) for all mean grain size under study (group
2). Moreover, the maximum excess pore water pres-
sure (Aup,,,) versus the minimum grain size (D,;,) of
the tested samples exhibit higher slopes (respectively
a = 37.93 and a = 48.86) for the D5y = 1.0 mm and
Dsp = 2.5 mm in comparison to the intermediate
mean grain size (Dsp = 1.6 mm). The maximum
excess pore water pressure (Aup,,,) could be related
to extreme grain sizes (D¢, and Dy;,) through the
following relations:

Log (Aupmax) = a * 10g(Dmax) + ¢ (6)

(7)

Aupy = a* (Dmin> +c

@ Springer

Table 8 illustrates the coefficients a, ¢ and the
corresponding coefficient of determination (R?) for the
selected material under consideration.

8 Relationship Between Undrained Shear Strength
and Excess Pore Water Pressure

Figure 18 shows the variation of the maximum shear
strength (qmax) as a function of the maximum excess
pore water pressure (Au,,,,) considering two ranges of
the mean grain sizes (0.25 mm < Do < 1.0 mm) and
(1.0 mm < Dsg < 2.5 mm) for the initial relative
density under study (D, = 25%). It can be seen from
Fig. 18a that the maximum shear strength (qmax)
increases linearly with the increase of maximum
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Fig. 18 Maximum shear strength versus maximum excess pore water pressure (D, = 25%, P'. = 100 kPa). a Group 1 (1.6 mm <
Dpax < 4.0 mm, 0.25 mm < D5y < 1.0 mm). b Group 2 (0.0016 mm < D;;, < 0.63 mm, 1.0 mm < D5y < 2.5 mm)

excess pore water pressure (Auy,,y) for Dsp = 1 mm,
and it decreases with the increase of maximum excess
pore water pressure (Auy,,,) for D5y = 0.63 mm, but
for D5y = 0.25 mm, it remains almost the same (there
is insignificant change), for group1. From Fig. 18b, we
notice that the maximum shear strength (qmax)
increases in a linear manner with the decrease of
maximum excess pore water pressure (Au,,) and
with the increase of mean grain size Dso from 1 mm to
2.5 mm and for the range of the minimum grain size
(0.0016 mm < D, < 0.63 mm) (group 2). It is
observed that the (quax) correlates very well with
(Aupma) (040 < R?> < 0.99 for group Ol and
0.77 < R* < 0.98 for group 02) for the sandy samples
under consideration. The intermediate and higher

mean grain size (Dsop = 1.6 mm and D5y = 2.5 mm)
generate higher undrained shear strength slope lines
(@a=229 for Dss=1.6mm and a= 197 for
Dsp = 2.5 mm) comparing to the lower mean grain
size (Dso = 1.0 mm). The following equation relates
the maximum shear strength (q.x) With the maximum
excess pore water pressure (Aup,,) for the sandy
samples prepared with different mean grain sizes and
extreme grain sizes:

(3)

Table 9 illustrates the coefficients a, ¢ and the
corresponding coefficient of determination (R?) for the
materials under study.

Omax = @ % Alupmax + ¢

Table 9 Coefficients a, ¢
and R? for Eq. 8

Extreme sizes Dsg a c R?
(mm)

Group 1 (A;, B; and C)) 1.0 —1.97 —125.81 0.96
1.6 mm < D, < 4.0 mm 0.63 —4.12 468.49 0.99
Dpin = 0.0016 mm 0.25 —-0.26 68.77 0.40
Group 2 (D;, E; and Fy) 1.0 —0.85 154.11 0.77
Diax = 4.0 mm 1.6 —2.29 281.47 0.98
0.0016 mm < Dy, < 0.63 mm 2.5 —-1.97 256.61 0.96
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9 Effects of Void Ratio Difference
on the Maximum Undrained Shear Strength

For the purpose of analyzing the effects of the void
ratio difference (Ae.) on the maximum shear strength
(gmax) of sand samples reconstituted with different
mean grain sizes and different extreme grain sizes at
the relative density (D, = 25%) and subjected to a
confining pressure of 100 kPa. Figure 19 reproduces
the obtained test results indicating that samples
reconstituted with a maximum grain size range of
(1.6 mm < D,,,x <4 mm) exhibit an increase of the
maximum shear strength with the decrease of void
ratio difference as D, increases from 1.6 mm to
4.0 mm for soils with mean grain sizes of
(Dsp = 1 mm, 0.25 mm). For the intermediate mean
grain size (Dso = 0.63 mm), the maximum shear
strength (qmax) decreases with the increase of void
ratio difference and D, from 1.6 mm to 4 mm. For
group 2, the maximum shear strength decreases with
the decrease of void ratio difference for Dsg = 1 mm
and that of D, from 0.63 mm to 0.0016 mm.
Moreover, the maximum shear strength decreases
with the decrease of the void ratio difference as the
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mean grain size ranges between D5y = 1.6 mm and
2.5 mm and D,;, from 0.63 mm to 0.0016 mm.

10 Effects of D5y on the Maximum Undrained
Shear Strength

The test results obtained from the current study
(Figs. 8,9, 10, 11, 12, 13) illustrate the effects of the
mean grain size (Dsp) on the maximum undrained
shear strength (Fig. 20) considering two ranges of the
extreme grain sizes (1.6 mm < D, < 4.0 mm for
group 1 and 0.0016 mm < D,;, <.0.63 mm for group
2). It is clear from Fig. 20a that the maximum
undrained shear strength increases logarithmically in
a similar manner with the increase of the mean grain
size for the range of the maximum grain size range
under consideration (1.6 mm < D,,,x < 4.0 mm). It is
observed from Fig. 20a that the mean grain size affects
in a similar way the q,,.x—Dso response of the tested
soil samples for the range of the maximum grain size
under consideration and the maximum grain size
(Dmax) has no discernible effect on the quax—Dso
response of (A;, B; and C;) samples. This means that
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Fig. 20 Maximum shear strength versus mean grain size (D, = 25%, P'. = 100 kPa). a Group 1 (1.6 mm < D, < 4.0 mm,
Dpin = 0.0016 mm). b Group 2 (Dy,,x = 4.0 mm, 0.0016 mm < D,;;, < 0.63 mm)

the maximum undrained shear strength response of the
different sandy samples is much more influenced by
the mean grain size (Ds() than by the maximum grain
size (Dpax)- For the different samples of group 1, the
one with the smaller effective grain size (Do) and
mean grain size (Dso) is the more susceptible to
liquefaction. This is parallel to the findings of Yilmaz
and Mollamahmutoglu (2009). For the samples of
group 2 (Dpax = 4.0 mm, 0.0016 mm < D.;, <
0.63 mm), the mean grain size affects considerably the
undrained shear strength, particularly the Fi samples
reconstituted with higher D,,;, = 0.63 mm. However,
the other two set samples (D; and E;) show a moderate
undrained shear strength increase with the increase of
the mean grain size. This small increase may result
from the role of the presence of the fines fraction
(0.0016 mm < D,;,, < 0.25 mm) within the grain size
distribution in increasing the contractiveness of the
different sand samples for the considered initial
relative density (D, = 25%), which leads to an
increase of the excess pore water pressure and
consequently to a decrease of the undrained shear
strength. The results of this study show that the
undrained shear strength of the different sand samples
could be correlated to the mean grain size (Dsg) for the
range of the extreme grain sizes tested and relative

density under consideration. This is parallel to the
findings of (Ishihara et al. 1975; Castro and Poulos
1977; Belkhatir et al. 2014; Cherif Taiba et al. 2016).
The maximum undrained shear strength could be
related to the mean grain size through the following
relation:

Log (quax) = a* log(Dso) + ¢ )

Table 10 illustrates the coefficients a, ¢ and the
corresponding coefficient of determination (R?) for the
materials under study.

11 Effect of D5y on the Maximum Excess Pore
Water Pressure

Figure 21 also reproduces the data from the current
laboratory investigation indicating that the samples B;
and C; exhibit a decrease of the maximum excess pore
water pressure with the increase of the mean grain size
D5y, while A; samples exhibit an increase of the
maximum excess pore water pressure with the
increase of the mean grain size Dsy.The effects of
Dyax combined with Dsqg (group 1) on the undrained
shear strength are clearly observed rather than the D,;,
combined with D5y (group 2). As can be seen from
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Table 10 Coefficients a, ¢ Extreme sizes Dinax OF Dyyin a c R2
and R” for Eq. (9) (mm)
Group 1 (A;, B; and C)) 4.0 0.33 4.23 0.96
1.6 mm < D« < 4.0 mm 2.5 0.33 421 0.99
Diin = 0.0016 mm 1.6 0.33 4.25 0.80
Group 2 (D;, E; and Fy) 0.0016 0.15 4.23 0.72
Diax = 4.0 mm 0.25 0.04 4.20 0.97
0.0016 mm < Dy, < 0.63 mm 0.63 0.43 4.39 0.61
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Fig. 21 Maximum excess pore water pressure versus mean grain size (D, = 25%, P/, = 100 kPa). a Group 1 (1.6 mm < D, <
4.0 mm, D,,;, = 0.0016 mm). b Group 2 (Dyax = 4.0 mm, 0.0016 mm < D;;, < 0.63 mm)

Table 11 Coefficients a, ¢
and R? for Eq. (10)

Extreme sizes Dinax O Dpin a c R?
(mm)

Group 1 (A;, B; and C)) 4.0 0.03 4.60 0.86
1.6 mm < D, < 4.0 mm 2.5 —0.02 4.59 0.30
Dpin = 0.0016 mm 1.6 —0.015 4.56 0.98
Group 2 (D;, E; and Fy) 0.0016 —0.09 4.58 0.72
Dinax = 4.0 mm 0.25 —0.03 4.54 0.98
0.0016 mm < Dy, < 0.63 mm 0.63 —0.24 4.43 0.44

Fig. 21a the generated excess pore water pressure
decreases with the increase of the mean grain size for
B; and C; set of samples. The inverse tendency is
observed for Ai samples. Figure 21b shows a decrease
of the maximum excess pore water pressure with the
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increase of the mean grain size. However, the mini-
mum grain size (D,,;,) has no apparent effect on the
maximum excess pore water pressure of Di and Ei
samples in comparison to Fi samples. The larger
Dpin = 0.63 mm exhibits significant decrease of the
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maximum excess pore water pressure for Fi samples
rather than the lower D,;, = 0.0016 mm and
Dpin = 0.25 mm respectively for Di and Ei samples.
This is due to the presence of the fine-grained soil
fraction (0.0016 mm < D,,;, < 0.63 mm) within the
grain size distribution of Di and Ei samples. The
maximum excess pore water pressure could be related
to the mean grain size through the following relation:

Log(Au,,,,) = a*log(Dso) + ¢ (10)

Table 11 illustrates the coefficients a, ¢ and the
corresponding coefficient of determination (R?) for the
materials under study.

12 Conclusion

The present laboratory investigation is based upon a
series of undrained monotonic compression triaxial
tests to study the effects of the extreme grain sizes
(Dmax and Dy,;,) and mean grain size (Dsg) on the
undrained shear strength (known as static liquefaction)
response of saturated Chlef sand samples prepared
with wet deposition technique at an initial relative
density (D, = 25%) and subjected to a constant
confining pressure of 100 kPa. In light of the exper-
imental evidence, the following conclusions can be
drawn:

1. The obtained test results indicate clearly that the
extreme grain sizes (D, and D,,;,) combined
with the mean grain size (Dsp) control in a
significant manner the undrained shear (static
liquefaction resistance) response.

2. The extreme grain sizes (Dp.x and Dy,;,) can
be correlated to the generated extreme void
ratios (emax and e,;,) for the two ranges of the
mean grain size (0.25 mm < D5y < 1.0 mm,
1.0 mm < D5y < 2.5 mm) of the sandy sam-
ples under study.

3. The post-consolidation void ratio decreases in
logarithmic manner with the increase of maxi-
mum grain size (Dp.x), however, it increases
logarithmically with the increase of minimum
grain size (Dy,;,) for the selected mean grain sizes.

4. Flow and limited flow behavior cases of wet
deposited samples are observed for all the extreme
grain sizes and mean grain sizes (0.25 mm < Ds,
< 1.0mm, 1.0 mm < Dsy <2.5 mm) ranges

under consideration. The present outcome is in
good agreement with the results of Benahmed et al.
(2004), Della et al. (2014a, b).

5. The maximum shear strength and excess pore
water pressure can be correlated to the extreme
grain sizes (D, and Dy,,) by a good logarithmic
and linear relationship for all mean grain sizes
used in this study for the tested sandy samples.

6. The higher and lower mean grain sizes
(Dsp = 1.0 mm, Dsy = 0.25 mm) exhibit a
decrease of the maximum undrained shear
strength with the decrease of the maximum grain
size (Dpax), while the intermediate mean grain
size (Dso = 0.63 mm) shows the inverse soil
trend for group 01

7. The trend of group 1 samples indicate that the

maximum excess pore water pressure increases
logarithmically with the increase of the maximum
grain size (Dp.x) for the mean grain sizes
Dsg = 0.63 mm and Dsg = 1.0 mm while the
inverse tendency is observed for the samples
reconstituted with the mean grain size
D50 = 0.25 mm.
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