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Abstract This article presents the effect of silt pro-
portion on the hypoplastic parameters (exponent n,
granular hardness hs, exponent «, and exponent f3)
used for numerical simulation, calculation of emax,
and transitional fines content (Fct). Fifteen oedom-
eter tests were carried out at various relative densi-
ties (RD=30, 65, and 80%) to evaluate their effect
on the compressibility parameters such as compres-
sion index Cc, secant oedometer modulus E. ...
and pre-consolidation pressure o'p. Additionally,
ten monotonic undrained triaxial tests were con-
ducted at RD=65% and RD=80% to determine the
value of the a parameter used in numerical simula-
tion. The results obtained indicate that that the void
ratio decreases with the increasing proportion of fine
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fraction up to 30% and further decreases with an addi-
tional increase of fines up to 40% for the three cases
of relative densities (RD =30, 65 and 80%). Addition-
ally, it is shown from our results that the hypoplastic
model is able to simulate soil behavior under und-
rained and oeodometer conditions. It was found that
an increase in the o parameter leads to an increase
in the dilatancy of the curves observed in the triaxial
test. On the other hand, the parameters a and 3 seem
to have no effect on the compressibility curves, and
it was necessary to rely on their physical parameters.
The transitional fines content (F,)FC, FC, depends
on the stress level and maximum void ratio, which
are calculated from the parameters of the hypoplastic
model (e,,, hs, ps, n).
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Abbreviations

G, Specific gravity of sand

Gy Specific gravity of fines

G Specific gravity of sand-silt mixture

Dy Effective diameter

Dy, Average diameter

C. Compressibility coefficient

C. Intergranular compressibility coefficient

F, Fines content

o) Internal friction angle

c Cohesion

€ma E1 Maximum void ratio

€min Minimum void ratio

e Initial void ratio

e Intergranular void ratio

RD Relative density

R? Coefficient of determination

c’ (EDometer pressure

€io Maximum void ratios

€. Critical void ratios

€40 Minimum void ratios

hs Granular hardness

o Exponent

n Exponent

§ Exponent

@c Internal friction angle

Esecant Secant oedometer modulus

o’ Preconsolidation pressure

| 8 Confining pressure

B Skempton coefficient

max Maximum deviator stress

V. Total volume of the mixture

M Total mass of the mixture

Mg, Mass of the silt

Pw Density of the water

b Portion of the fine grains that contributes
to the active intergrain contacts

hs Granular hardness

Ps Mean pressure

H, Height of sample at the end of the consoli-

dation under oedometer stress ¢°,
H, Height of sample at the end of the consoli-
dation under oedometer stress 6’
Initial height of sample

@ Springer

1 Introduction

Liquefaction of granular soil or loss of soil resistance
is considered the most destructive geotechnical phe-
nomenon caused by earthquakes. This phenomenon
has received significant attention By engineers in
geology and geotechnics such as, Chen et al. (2016),
Mase (2020), Belhassena et al. (2021), Ghani and
Kumari (2021), Mase et al. (2023). Several research-
ers have indicated that the liquefaction of granular
soils causes settlement of these soils (Belkhatir et al.
2011; Madabhushi and Haigh 2010). The chlef earth-
quake on october 10, 1980 caused major damage to
civil construction, these damage are due to the lique-
faction phenomenon and resulting settlement. Several
studies have been conducted to estimate the liquefac-
tion strength of Chlef sand, e.g. (Della et al. 2015;
Arab 2009; Djafar Henni et al. 2013; Belkhatir et al.
2010; Brahim et al. 2016). All of these studies have
evaluated the liquefaction strength of chlef’s granular
soil. However, it is also important to study settlement
on Chlef sand-silt mixtures because the variation in
the amount of fines on a site can cause differential set-
tlement problems. Sand, in nature, is generally found
with varying amounts of fines such as clay and silt.
The majority of research in the literature has evalu-
ated the impact of the fines fraction (clay, silt) on the
mechanical behavior of sand including shear strength,
liquefaction resistance, pore water pressure, volu-
metric strain, mechanical parameters ¢ and ¢. Chang
et al. (1982) showed that the liquefaction resistance
of clean sand was influenced by the average diam-
eter (Ds,) and the uniformity coefficient (Cu). (Ishi-
hara et al. 1990; Ishihara 1993; Zlatovic and Ishihara
1995) studied the deviator-strain behaviour of loose
Toyoura sand-silt mixture using three sample prepa-
ration methods, dry deposition (DD), moist place-
ment (MP) and by water sedimentation (WS). Their
results indicated that fines content and sample prepa-
ration method have an effect on peak resistance and
residual strength.

Lade and Yamamuro (1997) and Covert and Yama-
muro (1997) found that increasing the fines content
of clean sand can increase the potential for liquefac-
tion up to a certain maximum level, beyond which
the behavior of the fines dominate the undrained soil
behavior. Amini (2000) showed that increasing the
fines content increases the liquefaction resistance of
the sand-silt mixture. Arab et al. (2011), Arab et al.
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(2014) indicated that increasing the fines content
decreases the liquefaction resistance and the friction
angle of Chlef sand—silt mixtures. Huang et al. (2004)
and Rahman and Lo (2014) reported that the liquefac-
tion potential of clean sands increases with increas-
ing fines content for FC <25%. Najjar et al. (2015)
found that the cohesion increases with increasing clay
content from O to 40%, while the angle of friction
decreases.

Monkul et al. (2017) reported that the grading
characteristics of sand have a significant influence
on the static liquefaction potential of clean and silty
sands. Akhila et al. (2019) conducted a series of und-
rained cyclic triaxial tests on sand-silt mixtures. Their
results showed that at constant void ratio, the lique-
faction resistance of sand-fine mixtures decreases
with the addition of non-plastic fines up to 40%.

Porcino et al. (2019) showed that an increase in
fines significantly influences the undrained monotonic
response of sand when tested at a constant relative
density. Up to a transition fines content, the undrained
behavior of the sand-silt mixture becomes more
contractive and gets more pronounced with increas-
ing fines content, resulting in a reduction in peak and
steadystate strengths. (Enomoto 2019) fount that the
undrained strength of sand-silt mixtures decreases
with increasing fines content from 0 to 50%.
Mahmoudi et al. (2022) carried out undrained tests on
sand-silt samples and their results indicated that the
resistance to liquefaction decreases with an increase
in fines content from 0 to 50%, while the pore pres-
sure increases. Goudazy et al. (2022) demonstrate
that for both types of plastic fines, an increase in the
fines fraction leads to a more contractive response of
undrained behavior and lower values of mobilized
deviatoric stress.

However, few studies in the literature have focused
on the impact of fines proportion on the compressibil-
ity behavior of liquefied soils. Bouri et al. (2021) con-
ducted oedometric tests on sand-silt samples and con-
cluded that the initial conditions (relative density and
preparation method) have an influence on the com-
pressibility parameters (Cc and Cc-s),particle size
(D, D5y and C,) and the transitional fines content
F,.. Monkul and Ozden (2007) demonstrated that the
initial conditions, percentage of kaolinite and applied
oedometric pressure have an impact on the compress-
ibility index and granular compressibility index (Cc
and Cc-s). Their tests showed that until a certain

quantity of fines (transitional fines content), the inter-
granular void ratios (e,) are completely filled by fine
fraction, the compressibility behavior of the sand-fine
mixtures is largely dominated by the granular matrix
(sand). When the percentage of fines exceeds (F,,
FC,FC,), the compressibility behavior is dominated
by the fine matrix. (Yin 1999; Cabalar and Hasan
2013; Cfa et al. 2013) demonstrated that the fine frac-
tion has a strong on the compressibility parameters.
Their tests showed that the compressibility of the soil
increases with an increase in fines content. (Lupogo
2012) conducted oedometer tests on sand-silt mix-
tures with various types of clay. The results indicated
that the compressibilty behavior is not influenced by
the nature of fine up to F, and its plasticity. How-
ever, above Fct, the fine fraction controls the com-
pressibility of the mixture and varies according to the
chemical formulation of the fines. Thevanayagam and
Mohan (2000) studied the consolidation behavior of
granular soil mixed with plastic fines. Their results
indicate that the transitional fine content is between
20 and 30% of plastic fines. They showed that for a
fine content<10% the granular matrix (sand) domi-
nates the compressibility of the mixture whereas for
a fraction of fines >40% the fine matrix controls the
compressibility of the mixture. Based on the results
of (Monkul and Ozden 2007; Cabalar and Hasan
2013) we conclude that the intergranular void ratio is
the ideal parameter to estimate the mechanical behav-
ior of sand-silt or sand-clay mixtures. The calculation
of the interganular void index was proposed by Kuer-
bis et al. (1988)as follows:

_ VT : Gs *Pw — M _Mvilt)

“ (M =M W

While Thevanayagam (1998), Thevanayagam and
Martin (2002) used Eq. (2) and (3) for estimation the
intergranular void ratio:

e+ F,/100
“T1-F,/100 )

e+ (1—bF./100
%= T-(1-b)F,/100 &)

where (es) is the intergranular voids ratio, (Fc) the
fines content, (e¢) the ratio of voids and (b) is the
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portion of the fine grains that contributes to the active
intergrain contacts.

The hypoplastic model proposed by (Wolffers-
dorff 1996) is the best known model for simulating
the behavior of granular soils, the model requires 8
material parameters (@, n, hs, €, €49, €., @ and f3).
Several researchers have used the hypoplastic model
as a constitutive model for granular soil including
(Gudehus 1996; Herle and Gudehus 1999; Masin
2012a; Masin 2019, Najser et al. 2012; Mohammadi
and Ardakani 2020). In this study, several hypoplas-
tic model parameters (hs, n, o, B, €, €., €40 and @.)
were used. First we estimated the influence of the
fines proportion on the hypoplastic parameters (hs,
n and a). Secondly we calculated the maximum void
ratio e, using (Gudehus 1996) equation:

€, = €;o€Xp |:—<%>:| (4)

Monkul and Ozden (2007) used a constant maxi-
mum void ratio e, (e, at 0 kPa oedometer pres-
sure) to determinate the transitional fine content.
However, in reality, according to (Gudehus 1996) the
maximum void ratio e, is not fixed and depends
on the applied oedometer pressure. e.,, changes
with the variation of the oedometer pressure from 25
to 800 kPa. Therefore, the value of transitional fine
content changes and the compressibility behavior of
sand-silt mixtures also changes.

This study aims to investigate the impact of the silt
fraction (F,) and relative density (RD) on the hypo-
plastic parameters model. Then, the transition fine
content (F,)FC, FC, for the three cases of relative
density (RD=30%, RD=65% and RD=80%) was
compared based on the concept of the intergranu-
lar void ratio (when e, =e,,,_.) corresponding to
Monkul and Ozden (2007). Finally, the influence of

the fine content on the compressibility parameters Cc,
Eecane and 67, has been evaluated.

2 Materials and Experimental Procedure

The tests were performed on a rounded Chlef sand
mixed with Chlef silt. Chlef sand and silt have been
used in several research studies (Belkhatir et al. 2012;
Bouri et al. 2019; Brahim et al. 2016; Brahim et al.
2018; Krim et al. 2021; Nougar et al. 2021, Brahimi
et al. 2022, Nougar et al. 2022).

Minimum and maximum dry unit weight were
determined based on (ASTM D 4254-00 2002) and
(ASTM D 4253-00 2002), Specific gravity for clean
Chlef sand is Gy=2.65 and 2.68 for Chlef silt,. The
effective diameter (D), the average diameter (Ds,)

100

[ —®— 0% Fines

80 -

60 |-

Percent passing [%]

20 -

0,01 0,1 1 10

0 Al
1E-3

Particle size [mm]

Fig. 1 Particle size distribution curves for the different sand-
silt mixtures

Table 1 Physical

parameters of sand-silt Materials F. (%) G, D10 (mm) D50 (mm) C, €min €max
mixtures Clean sand 0 2.650 0.17 0.41 282 0.623  0.848
10 2.653  0.08 0.38 528 0487 0.811
Sand-silt mixtures 20 2,656  0.04 0.33 9.80 0455 0.776
30 2.659  0.03 0.32 1331 0421  0.749
40 2,662  0.02 0.25 15.17  0.489  0.803
Silt 100 2.68 - 0.03 - 0.852  1.345
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and the uniformity coefficient (C,)Cy; Cy; Cy are given
in Table 1, and the particle size distribution curve for
the different mixtures used in this study is shown in
Fig. 1.

2.1 Oedometer Test Procedure

These tests were carried out by Bouri et al. (2021)
using an odometer device of 70 mm with a diameter
and a height of 20 mm to investigate the compress-
ibility behavior. The tests were conducted according
to the standard (ASTM D 2435/ D 2435 M 1997).
The sand-silt mixture was placed in the cedometer
ring and densified by dynamic blows until the desired
void ratio was reached (RD=30%, RD=65% and
RD=80%). Then, the top cap was installed and the
sample was flooded to saturate it. The loading stage
started after 24 h of saturation. The applied oedom-
eter pressure was doubled every 24 h (for exam-
ple from 25 to 50 kPa and from 50 to 100 kPa up to
800 kPa).The sample preparation method was the
same for all samples.

Fig. 2 Triaxial apparatus used in this study

2.2 Triaxial Test Procedure

Figure 2 shows the triaxial apparatus used in this
study. Cylindrical specimens with a diameter of
30 mm and a height of 70 mm were formed using
the moist tamping technique Benahmed et al. (1999).
The sand was first mixed with the silt, and then 3%
de-aired water was added using the moist tamping
method as described by (Castro 1969). The wet sand-
silt mixture was divided into several layers to ensure
a good grain distribution, and each layer was com-
pacted to reach the target void ratio or relative density
which were RD=65% and RD =80%.

Saturation of the samples was achieved using car-
bon dioxide CO, technique. The skempton coefficient
B value obtained in our test was 0.95. The confining
pressure used for our tests was 200 kPa.

3 Numerical Simulation of the Oedometer Test
and Triaxial Test:

The numerical simulation using the hypoplastic
model for granular materials was performed in the
Plaxis finite element software. The model is based
on eight parameters «, B, hs, ps, n, €, €4, and e,
The vertical deformation versus time curve for the
oedomter test (Fig. 3), and deviator stress versus
deformation for triaxial test (Fig. 4) were selected.
The hypoplastic model for granular materials was
implemented through the user defined subroutine
usermod.

4 Results and Interpretation

4.1 Effect of Fines Proportion on the Compressibility
Behavior of Chlef Sand

Variation in void ratio (e) with oedometer pressure
(c’) are presented for three cases of relative densities
(30%,65% and 80%) and different fine fraction (Fc) in
Fig. 5a, b. The samples prepared at relative density
of RD=30% exhibited larger void ratios compared
to those prepared at relative density RD=65% and
RD =80%, this difference is due to the lower com-
paction and higher void ratio for the samples pre-
pared at RD=30%. For loose samples (RD=30%),
the difference between the largest and smallest value

@ Springer
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Fig. 3 Example of oedometer test simulation in Plaxis 3D
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Fig. 4 Example of triaxial test simulation in Plaxis 3D

of the void ratio is equal to Ae=0.14 for an applied
oedometer pressure of 25 kPa, whereas for an applied

@ Springer

oedometer pressure of 800 kPa the value of Ae was
equal to 0.24.
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Fig. 5 The change in the global void index (e) as a function of the fine content (Fc). a Loose state (RD=30%), b Medium dense
state (RD=65%), ¢ Dense state (RD =80%)

For medium dense samples (RD =65%), the dif- of Ae was equal to 0.21, this difference is due to
ference between the largest and smallest values of the difference in the applied oedometer pressure.
the void ratio is equal to Ae=0.12 for an applied However, for the dense samples (RD =80%) the dif-
oedometric pressure of 25 kPa, whereas for an ference between the largest and smallest value of
applied oedometer pressure of 800 kPa the value the void ratio is equal to Ae=0.09 for an applied
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oedometer pressure of 25 kPa, whereas for an
applied oedometer pressure of 800 kPa the value
of Ae was equal to 0.16. The differences in the
Ae values between the samples prepared at loose
state (RD=30%), medium dense state (RD=65%)
and dense state (RD=80%) is due to the differ-
ence in compaction and consequently a difference
between the Ae values. The results indicate that
the void ratios decrease with an increase in fines
content up to Fc=30% for all three relative densi-
ties (RD=30%, RD=65%, and RD=80%). How-
ever, beyond this point, the void ratios increase
with a further increase in fines content. The results
indicate that the representation of compressibility
behavior by the global void ratio is not satisfactory.

(Monkul and Ozden 2007; Belkhatir et al. 2010)
have shown that the behavior of sand-fine mixtures
cannot be represented by the global void index.
When sand contains fines, the global void index
(e) is not able to characterize soil behavior. Indeed,
until a certain fines proportion, F_, fines fill the void
spaces between the sand grains and do not influence
the mechanical behavior of the sand-fine mixture.
According to the insufficient results found of the
global void index, the use of the intergranular void
index seems to be essential.

Monkul and Onal (2006) suggested the Eq. (5) for
calculation of the intergraular void index:

e +G-Fc/Gf- 100
€ = )
G/Gs - (1 — Fc/100)

G, and G are the specific gravity of sand and the
fines, respectively. G is the specific gravity of sand-
silt mixture.

Figures 6a, b and c illustrate the change in the
intergranular void index (e,) versus fine content (Fc)
for different cedometer pressure (¢'). The intergranu-
lar void index (e,) was calculated using Eq. 5. The
results illustrate that an increase in compaction and
applied cedometer pressure (c’) decreases the void
ratio between sand grains (intergranular void index
e,). Furthermore, the results show that an increase in
silts content from O to 40% increases the intergranular
void index (e,).

@ Springer

4.2 Influnece of Fine Proportion on the Hypoplastic
Parameters

Grading characteristics and angularity of sand are
known to influence hypoplastic parameters of gran-
ular soils, such as exponent n, granular hardness
hs, exponent o and exponent . Herle and Gudehus
(1999) found that the hypoplastic parameters (expo-
nent n, granular hardness hs, exponent «) are influ-
enced by the angularity of the sand and by its grading
characteristics (Cu and Ds). In this part the effect of
silt on the hypoplastic parameters (exponent n, granu-
lar hardness hs, exponent a and exponent ) of granu-
lar soils will be evaluated (Tables 2, 3).

The a parameter controls the critical angle ¢,
and the peak friction angle ¢,. For this reason, ten
triaxial tests were performed on medium dense
and dense samples to determine the critical angle
of friction (¢.) and the peak angle of friction (¢,)
(Figs. 7 and 8, Table 4) for the calculation of the
o parameter. The results from the undrained triax-
ial tests show that the peak friction angle and the
critical friction angle decrease with increasing silt
proportion in sand. The exponent o can be calcu-
lated from Eq. (6) suggested by Herle and Gudehus
(1999):

(2+Kp)2 +a’K, (K, —1—tanv,)

In 6a(2+1<p)(51<,,—2), /4+2(1+tanv,)2 (6)
ln((e - ed)/(ec - ed))

The parameter Kp is calculated as a function of the
peak friction angle ¢, using Eq. (7):

T, 1 +sing,
ke )
5 —sing,
The parameter a is calculated as a function of the
critical friction angle . using Eq. (8):

\/5(3 - sin(pc)
a=———" @®)
2\/5sin(pc)

The peak dilatancy angle is calculated using
Eq. (9):
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Fig. 6 The change in the intergranular void index as a function of the fine content (Fc). a Loose state (RD=30%), b Medium dense
state (RD=65%), ¢ Dense state (RD =80%)
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Table 2 Summary of Materials Fc(%) o (kPa)  eforRD=30% eforRD=65% e for RD=80%
oedometer tests
Cleansand 0 25 0.79 0.69 0.61
50 0.77 0.68 0.60
100 0.76 0.67 0.59
200 0.74 0.66 0.58
400 0.72 0.65 0.57
800 0.70 0.64 0.56
Siltysand 10 25 0.680 0.58 0.54
50 0.720 0.57 0.53
100 0.64 0.56 0.52
200 0.60 0.55 0.50
400 0.59 0.54 0.48
800 0.58 051
Silty sand 20 25 0.63 0.54 0.50
50 0.62 0.53 0.49
100 0.60 0.52 0.48
200 0.56 0.50 0.46
400 0.52 0.48 0.44
800 0.48 0.46 0.41
Silty sand 30 25 0.62 0.52 0.46
50 0.59 0.50 0.45
100 0.57 0.49 0.44
200 0.54 0.47 0.42
400 0.47 0.43 0.39
800 0.41 0.40 036
Siltysand 40 25 0.67 0.57 0.52
50 0.64 055 051
100 0.61 0.54 0.50
200 0.59 051 0.48
400 0.56 0.48 0.44
800 0.47 0.43 0.40
Table 3 Summary of TestNo  Materials Fc(%)  RD(%)  Pc®kPa)  B(%)  quu (kPa)
undrained triaxial tests
1 Clean sand 0 65 200 95 878.360
2 Clean sand 0 80 200 95 1260.56
1 Silty sand 10 65 200 95 786.51
2 Silty sand 10 80 200 95 1106.87
1 Silty sand 20 65 200 95 670.14
2 Silty sand 20 80 200 95 878.84
1 Silty sand 30 65 200 95 540.98
2 Silty sand 30 80 200 95 775.62
1 Silty sand 40 65 200 95 416.73
2 Silty sand 40 80 200 95 510.63
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Fig.7 Change in deviator stress as function as axial strain. a Medium dense samples (RD=65%) b Dense samples (RD =80%)
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Fig. 8 Variation of peak and critical friction angle versus the fine content. a Medium dense samples (RD=65%) b Dense samples
(RD=280%)
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Table 4 values of peak and critical friction angle for dense
samples (RD=80%)

Percentage of fine Peak friction angle  Critical friction

content (%) (Ppear) angle (Qerigicar)
0 39.11° 36.55°
10 37.75° 35.43°
20 35.66° 35.36°
30 34.65° 34.65°
40 33.12° 33.12°

0,4 T R UL I IR R R
I [ ]
0,3 4
.
v' -
s 02+ B
- L
<
Q
<
§o,1 . | -
w RD=65%
0,0 B
L ®  Exponent,a (.)
Linear a (.)

5 0 5 10
Fine content, Fc (%)

16 20 25 30

Fig. 9 Variation of exponent () versus the fines content (F,)

2
K,—4+ SAKp —2AK,

=2
tanv, (SKp — 2)(1 on )
With:
2 K,(4-K,)
a=—— - 10
(2+Kp)2 (5K, -2) (10)

Figure 9 illustrate the change in the exponent (o)
with the fines proportion (F,). It is noted that the
exponent (a) increases linearly with the addition of
the silts proportion (F,). These results suggest that the
parameter (a) is affected by the amount of silt added
to the sand, indicating the necessity of taking into
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Fig. 11 Variation of exponent (n) versus the fines fraction (Fc)

account the quantity of fines present in the sands to
have a better numerical simulation quality.

The P parameter influences the dimension of the
response envelope (both bulk and shear strength).The
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exponent f can be calculated from Egs. (11), (12) and nxe\l/n
(13) according to Herle and Gudehus (1999): Hs = 3ps< 2 ) 15)

In |EXeC a3 o n (@ )”‘1

3+a2—fda\/§ l+e; hs \ hs (11)

- In (e;/e)

€0 — €40
Joo=—"—" 12
@ €0 ~ €40 a2
(e—ei\*

Jfa= <ec—€d> (13)

Figure 10 shows the variation of the exponent (f§)
with the silts proportion (F,), the figure shows that
the exponent (f) decreases linearly with the increase
of the silts proportion (F.).hs and n are considered
as related parameters for numerical modeling of the
compressibility behavior, Hs and n control the shape
of limiting void ratio curves (normal compression
lines and critical state line) and can be determined
from Eq. (14) and (15) according to Herle and Gude-
hus (1999):

A2 el s1
n= ln[ In P2 (14)
Al - e2 ps2
0,80 T T
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Figure 11 shows the variation of the exponent (n)
versus the fines proportion (F,), it is noted that the
exponent (n) increases linearly with the increase of
the fines proportion (F,)..

4.3 Validation of the Calculated Hypoplastic
Parameters Model

Figure 12a and b show the comparison of the numeri-
cal and laboratory results of the oedoemeter test
at diferent fine contents. The comparison demon-
strates that the hypoplastic model can simulate the
compressibility behavior. According to Fig. 12, the
results of the numerical simulation are in good agree-
ment with the tests carried out in the laboratory. We
note that the hypoplastic model for granular materi-
als predicts well the variation of the void ratio versus
oedometer applied pressure found in the laboratory at
different densities and showed the precise estimation
of the parameter values. Parameters o and f§ seem to
have no effect on the compressibility curves and it is
necessary to rely on their physical parametres. A sim-
ilar observation was found by Masin (2019), Moham-
madi-Haaji and Ardakani (2020).
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Fig. 12 Comparison of experimental oedometer test with the numerical data
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Fig. 13 Comparison of experimental triaxial test with the numerical data

Table 5 Parameters of

medium dense sand-silt Materials @, n hs (GPa) e €40 [ o p e
mixtures used into the Clean sand 36.55 0420 035 0.700 0.623 0.848 0210 3.50 0.672
model 3523 0435 025 0.670 0487 0811 0.170 3.10 0.637
Sand-silt mixtures  34.97 0460 0.24 0.645 0455 0776 0.125 2.15 0.600
3313 0472 0.18 0.630 0421 0749 0.100 1.54 0.575
2833 0482 0.20 0.675 0489 0.803 0.070 1.34 0.620

g:gs fanfiiﬁrtnriie)ftsu(r)is Materials P n hs (GPa) e, [ [ o § e
used into the model Clean sand 36.55 0.430 0.440 0700 0.623 0.848 0370 4.10 0.664

35.43 0445 0.037 0.670 0.487 0.811 0.280 3.40 0.572
Sand-silt mixtures 35.36  0.462 0.011 0.645 0455 0.776 0.130 220 0.515
34.65 0478 0.007 0.630 0.421 0.749 0.105 1.78 0472
33.12  0.490 0.005 0.675 0.489 0.803 0.090 1.30 0.520

Figure 13a and b show the comparison between the increases the dilatancy of the curves. A similar obser-
numerical and laboratory triaxial test results. It can be vation was found by Masin (2019), Mohammadi-
seen that the curve for the proposed a and f§ value is Haaji and Ardakani (2020) (Table 5, 6).
in good agreement with the experimental curves. A
greater o leads to a larger initial deviator stress, and
it is very clear that the increase in the o parameter
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Fig. 14 Variation in the intergranular void ratio versus the fines fraction. a RD=30%, b RD=65%, ¢ RD=280%

4.4 Transitional Fine Content

We know that the loosest state of sand comes at the
maximum void ratio. This maximum void index is
used in the calculation of Fct. According to (Gude-
hus 1996) e, is not constant, which actually itself

depends on oedometer pressure (c'). Based on
the notion of the intergranular void index (when
e, = €. ), corresponding to the determination of
the transition fines content by Monkul and Ozden
(2007), Fig. l4a—c, represent the change in the

intergranular void index with fine proprotion under
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Table 7 Content transition (FC,) for sample with RD =30%, under different cedometric pressures for each emax calculate from equa-
tion of Gudehus (1996)

Oedom- Value of FC;  Value of FC;  Value of FC;  Value of FC, = Value of FC,  Value of FC;  Value of FC, for
eter stress, P for for for for for for

(kPa) e =0.84 e =0.828 ¢, =0823 e, =0817 e, =0808 e,=0797 e, =0.785

25 kPa 9.38 6.14 5.03 4.25 2.90 0.88 0.18

50 kPa 10.29 7.46 5.94 4.32 3.51 2.50 1.90

100 kPa 12.41 10.99 10.18 7.27 4.72 4.017 3.72

200 kPa 13.32 11.05 10.29 9.22 8.17 7.25 5.94

400 kPa 16.45 14.94 14.23 13.32 12.21 11.41 9.88

800 kpa 20.50 18.58 8.38 17.77 15.95 14.44 13.12

Table 8 Content transition (FC,) for sample with RD =65%, under different cedometric pressures for each e, calculate from equa-
tion of Gudehus (1996), (Adapted from Bouri et al. 2021)

Oedom- Value of FC;  Value of FC;,  Value of FC;  Value of FC, = Value of FC,  Value of FC;  Value of FC, for
eter stress, P for for for for for for

(kPa) e =0.84 e =0.828 ¢, =0823 e, =0817 e, =0808 e, =0797 e, =0.785

25 15.69 14.30 13.65 13.13 12.27 11.84 11.20

50 16.55 14.84 14.41 13.87 13.23 12.37 11.73

100 17.51 15.69 15.05 14.41 13.87 13.23 12.48

200 18.69 16.98 16.44 15.69 15.16 14.52 13.76

400 20.51 18.58 18.15 17.09 16.76 15.90 15.05

800 21.68 20.08 19.34 18.91 18.15 17.40 16.66

Table 9 Content transition (FCt) for sample with RD=80%, under different cedometric pressures for each emax calculate from
equation of Gudehus (1996)

Oedom- Value of FC;  Value of FC;  Value of FC;  Value of FC, = Value of FC,  Value of FC;  Value of FC, for
eter stress, P for for for for for for

(kPa) € =0.84 e =0.828 ¢, =0823 e, =0817 e, =0808 e,,=0797 e, =0.785

25 kPa 19.01 16.98 16.76 15.80 15.69 15.05 14.30

50 kPa 19.43 17.94 17.29 16.76 16.33 15.58 14.74

100 kPa 20.19 18.58 18.05 17.09 17.01 16.66 15.69

200 kPa 21.90 20.08 19.86 18.80 18.37 18.15 17.20

400 kPa 23.18 21.36 21.25 20.64 20.08 19.76 18.91

800 kpa 25.43 23.50 23.30 22.60 22.22 22.01 21.47

several oedometer pressures for three cases of rela- the equation of (Gudehus 1996) (Eq. 16), which
tive density (30%, 65% and 80%). The intersec- showed that the maximum void ratio is not constant
tion between the dotted line and the curves allows and depends on the effective stress.

us to find the transition content of the fines (F). )

Tables 7, 8 and 9 present the values of the transi- e = e exp [_(@) ] (16)
tion fines proportion for the three density cases. hs

The transition fines content was determined using
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Fig. 15 variation of void ratio as a function of the oedometric
pressure

e; maximum void ratio depends on the stress level
€9 is the maximum void index at O stress level hs is
the granular hardness n is the exponent and ps is the
mean pressure.

Figure 15a shows the changes in the maximum
void index, critical void index and minimum void
index with the oedometer stress for the studied sand.

Gudehus (1996) suggests that there is a relation-
ship between the initial maximum void index and
the initial critical void index according to Eq. (17).
Equation (18) shows the relationship between the
initial critical void ratio and the critical void ratio
which depends on the effective stress.

a2

Gudehus (1996) found a relationship between the
maximal void index, the minimum void index and
the critical void index Eq. (19).
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Fig. 16 variation of compression parameters as a function of
the fines content

We note from Tables 7, 8 and 9 that the transi-
tion fine content varied between 9.38 and 13.12%
for the loose samples prepared at RD=30%,
11.20% and 21.68% for the medium dense sam-
ples prepared at RD=65%, and between 14.30%
and 25.43% for the dense samples RD=80%.
For the three cases of relative density, the tran-
sitional fine content increases with the increase
in the effective stress from 25 to 800 kPa. The
increase in the transitional fine content with the
increase in oedometer stress is due to the decrease
in voids between the sand grains as the effective
stress increases. The granular matrix (sand in
this study) orients itself in a dense state which is
favorable for the soil. The difference in the val-
ues of transitional fine content between the three
relative densities is due to the difference between
the initial void ratio, the specimen prepared at a
relative density RD =30% have a greater void ratio
than those prepared at a relative density RD=65%
and RD=80%, and this initial state has an effect
on the values of the transitional fine content. It is
clear from Tables 7, 8 and 9 that the transitional
fines content decreases with the decrease in the
maximum void ratio, which is unfavorable for
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Table 10 Values of

. Percentage of fine
Compression parameters for

Compressibility index Cc  Compressibility index Cc  Compress-

> content (%) for RD=30% for RD=65% ibility index Cc for
sample with RD=65% and RD =80%
RD =80% as function as
fines content 0 0.070 0.052 0.031
10 0.091 0.072 0.060
20 0.130 0.090 0.080
30 0.185 0.110 0.106
40 0.200 0.133 0.120

AARRARARRERAARE RAAAE RARAN LA RARAE RALEE RALEE RARAN
< 0,014 -
o 3 4
g: 0,012 '_ B Secant oedometer modulus, Esecant _'
g I Exponential Esecant 1
= 0,010 | ]
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Fig. 17 Variation of secant oedometer modulus as a function
of the fines content

the soil. For example, if we consider an oedom-
eter stress of 25 kPa and a maximum void index
of 0.84 (Tables 8) the fine content has a value of
15.69 (the sand will be dominant up to this value,
after which the silt will dominate the behavior). on
the other hand if we take the maximum void index

of 0.785 the granular matrix will be dominant with
a fine content of 11.20, and after this value the
matrix of silt will dominate the behavior). There-
fore, the decrease in the maximum void atio is
unfavorable for the sand.

4.5 Impact of Fine Proportion on the Compression
Parameters of Granular Chlef Soil

Figure 16 show the variation of the compressibility
parameter Cc versus the fine content Fc, this param-
eter was determined from the compressibility curves
and using the following equation:

Ae

N log o’ (20)

c

The compressibility coefficient increases line-
arly with the addition of fine content for both cases
of relative density, the compressibility coefficients
for a relative density of 30% are greater than those
for 65% and 80%, this difference in the compress-
ibility coefficient is due to the difference in void
ratio between the three relative densities, which are
greater in the loose case (RD=30%). The compress-
ibility index Cc of the loose specimen (RD=30%)

Table 11 Values of secant oedometer modulus for sample with RD=30%, RD=65% and RD =80% as function as fines content

Percentage of fine con-  Secant oedometer modulus, E

'secant

Secant oedometer modulus, E,

secant Secant oedometer modulus,

tent (%) (Mpa) for RD=30% (Mpa) for RD=65% E . cone (Mpa) for RD=80%
0 52.30 81.90 100

10 31.40 60.61 72.46

20 22.70 46.30 55.82

30 09.56 26.73 51.54

40 06.74 20.17 45.87
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is in the range of 0.070 <Cc<0.200, while for the
medium dense specimen (RD=65%) is in the range
of 0.052<Cc<0.133, and for the dense specimen
(RD=80%), the compressibility index Cc is in range
of 0.031 <Cc<0.120. Based on the results, it can be
concluded that the soil exhibits slight compressibility
with a range of 0.03 <Cc<0.20. It can be observed
from the results that the compressibility coefficients
increase as the silt content increases from 0 to 40%.
This difference attributed to the increase in the
plasticity of the mixture, which increases with the
increase in the quantity of fines. These studies reveal
that the presence of silt has a negative effect on the
liquefied Chlef soil. Table 10 shows the compressibil-
ity coefficient values for the different mixtures.

50 i ®  Preconsolidation pressure,c'p

Preconsolidation
~
o
1

40 | Exponential G'p

30.u...I....I|...I.|..I....I.u..I..uul....l....l.u..
5 0 5 10 15 20 25 30 35 40 45

Fine content, Fc (%)

Fig. 18 variation of preconsolidation pressure as a function of
the fines content

Figure 17 illustrates the variation of the secant
oedometric modulus (E..,,)- The secant oedometric
E,...n module is another classic representation of soil
compressibility in the oedometric test. It is defined by
(Eq. 21):

’ !
ocva—o vb

Esec ant (¢’ va— 6’ vb) = Ha — Hb 1

2y

H,: height of sample at the end of the consolida-
tion under oedometer stress ¢ va.

H,: height of sample at the end of the consolida-
tion under oedometer stress 6 vb.

An Exponential decrease is observed in the secant
oedometric modulus (E,,) with the increase in
fines content of sand.

It can be observed from Table 11 that an
increase in density from 30 to 65% and from 65 to
80% leads to an improvement in the secant oedo-
metric modulus from 52.30 to 81.90 MPa and from
81.90 to 100 MPa respectively, for clean sand. The
increase in fine content induces a decrease in the
secant oedometric modulus due to the increase in
soil plasticity (increase in the quantity of silt in the
sand). The following expressions are suggested to

secan!

evaluate the secant oedometric modulus (Eg..n)s
which is a function of the fines content (Fc):
Ejcane = a-Exp (=b-Fc)+ ¢ (22)

Figure 18 shows the variation of the preconsoli-
dation pressure (c¢’,) versus fines content. An Expo-
nential increase is observed in the preconsolidation
pressure (G'P) with an increase in the silt content in
sand. It is observed from Table 12 that as the com-
paction increases from 30 to 65% and from 65 to
80% the preconsolidation pressure (0'p) decreases
from 70.36 to 69.75 kPa and from 69.75 to 41.17

Table 12 Values of preconsolidation pressure for sample with RD =30%, RD=65% and RD=80% as function as fines content

Percentage of fine content Preconsolidation pressure (6'p) (kPa) preconsolidation pressure (6'p) (kPa) preconsolidation pressure

(%) for RD =30% for RD=65% (c'p) (kPa) for RD =80%
0 70.36 69.75 41.17
10 93.73 88.03 85.18
20 127.65 114.08 107.75
30 164.27 130.72 117.82
40 173.34 140.04 130.53
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for clean sand respectively. The following expres-
sions are suggested to evaluate the preconsolida-
tion pressure (6", which is a function of the fines
content (Fc):

0']; = a-Exp(-b-Fc)+ c. (23)

5 Conclusion

Compressibility behavior of sand-silt mixtures was
examined, in the first part, the effect of the fines con-
tent and relative density on the hypoplastic param-
eters model and the transition fines content were
evaluated. then, the influence of relative density and
silts proportion on the compression parameters of the
liquefied Chlef sand was evaluated. The main conclu-
sions that can be drawn are:

1. The relative density has a significant influence on
the compressibility of the soil. Samples prepared
at a loose state RD=30% have larger void ratios
and intergranular void ratios than the samples
prepared at the dense state RD=65% and 80%.
Consequently, the coefficients of compressibility
(C and (C__) are higher for the loose samples.

2. The fines content influences the calculation of
the hypoplastic parameters of granular soils. An
increase in the exponent o was observed with
addition of silt proportion in chlef sand due to
the decrease in D5, A reduction in the expo-
nent  and the critical angle of friction ¢, was
observed with the addition fine of content in chlef
sand. The exponent n increases with increasing
fine content and relative density from RD=65
to RD=80%.The granular hardness hs decrease
with increasing fine content and relative den-
sity.The parameters e;, e, and e, decreases with
increasing oedometer pressure. These results can
be used by researchers in the future to predict the
behavior of sands containing fines during numer-
ical simulations.

3. The results obtained showed that the hypoplastic
model leads to results similar to those obtained
experimentally in terms of void ratio in oedom-
eter test and deviator-defroamtion response in
triaxial test. o and  seem to have no effect on
the compressibility curves and it was necessary
to rely on their physical parameters. It was found

@ Springer

that an increase in the o parameter increases the
dilatancy of the curves in triaxial test.

4. The values of transition fines content (F )FC,
FC, depend on the stress level and maximum
void ratio calculated from hypoplastic parameters
model. The decrease in the maximum void ratios
results in a decrease in the value of the transition
fine content, which is unfavorable for the soil,
Therefore, this represents the worst case. Increas-
ing the relative density from 30 to 80% increases
the value of transition fine content and therefore
the compression behavior of chlef sand-silt mix-
tures are improved. Soil samples in a loose state
have smaller transition fine content values com-
pared to those in medium and dense states, mak-
ing them more susceptible to liquefaction

5. This study demonstrates that the compressibility
parameters are influenced by the fine content and
relative density. The increase of the fines content
increases the compressibility parameter (C,), C,_
C._ this increase of the compressibility coef-
ficients is due to the increase of fine fraction,
which is itself more compressible than the sand-
grained fraction. On the other hand, increasing
the relative density from 30 to 80% reduces the
compressibility coefficient (C.) which is favora-
ble for the soil.

6. The secant oeodmeter modulus E,,, decreases
with an increase in fine content and increases
with an increase relative density, while the pre-
consolidation pressure (6’p) increases with an
increase in fine content and decreases as relative
density decreases from 80 to 30%.

Based on our results, it can be concluded that
increasing the fine content and relative density of
sand significantly affects its liquefaction behavior
(undrained behavior), hypoplastic parameters model
(n, hs, a, ¢, and exponent B) and compression behav-
ior (C, C, C,, 6’ and E,,). These findings can be
utilized for simulating coarse-grained soils mixed
with fines.
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