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Abstract

Introduction. This paper presents a laboratory study investigating the mechanical behavior of silty soil reinforced with
hydraulic binders (cement and lime) using a direct shear apparatus. A series of direct shear tests was performed on silty
soils treated with hydraulic binders. Methods. The tests were conducted at a relative density of 50 %, under three normal
stresses, with cement and lime contents of 0, 1, 3, 5, and 7 %, and a water content of 10 %. Results. The shear strength
of cement-treated silt increases with cement content up to 6 % and then stabilizes. For lime-treated silt, the shear strength
decreases at a lime content of 1 % and then stabilizes; thus, the contractive behavior increases with higher lime content.
The internal friction angle increases with cement content and then stabilizes, with a slight decrease observed at a cement
content of 7 %. Cohesion increases linearly with cement content. Lime addition enhances soil contractiveness; cohesion
increases slightly up to a lime content of 3 % and then decreases. For the silt treated with the cement—lime mixture, the test

results show that shear strength increases with normal stress compared to the untreated soil.
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Introduction

The problem of soil instability — affecting
infrastructure such as buildings, factories, bridges,
and roads — is a major concern for public authorities
in terms of land use planning. Soil improvement
and reinforcement techniques therefore remain
an important topic in civil engineering, particularly
in the field of geotechnics. These methods aim
primarily to enhance mechanical properties by
increasing strength and permeability, and by
reducing the deformation that occurs under applied
loads. Several techniques are currently used to
strengthen or improve soil resistance, including
compaction, vibroflotation, installation of compacted
sand micropiles, drainage, ballast columns, and
stabilization through the addition of hydraulic
binders.

Several laboratory studies investigated the
influence of lime and cement on weak silty soils
(Ahnberg, 1996; Akpokodje, 1985; Asghari et al.,
2003; Baxter et al., 2011; Consoli et al., 1998; Haeri
et al., 2006; Heathcote and Piper, 1994). At lower
cement contents and under low confining pressures,
soils treated with Portland cement exhibited the
highest shear strength (Haeri et al., 2006). Additional
studies by Banoune (2016), Boutouil (1998), and
Kazi Aoual-Benslafa et al. (2014) examined the

influence of hydraulic binders on soil behavior and
their effects on shear strength and other mechanical
properties. Other researchers focused on the
influence of lime on the hydro-mechanical behavior
of silt—lime mixtures. Kevin et al. (2013) reported
that the mechanical properties of treated soil are
governed by microstructural organization, and that
lime treatment enhances mechanical performance.
The hydro-mechanical properties of soil are
significantly improved by lime addition (Osula,
1996). Cement and lime also have a notable effect
on the material’s microstructure (Osula, 1996). Their
addition modifies the flocculation and aggregation
of fine clay particles and affects the grain size
distribution. Mateus et al. (2016) conducted axial
compression tests on sand-cement mixtures (3 %
and 7 % cement content) with 10 % water and
evaluated five curing periods. Their results show that
mixtures with higher cement contents develop lower
void ratios, leading to increased shear strength.
Marri et al. (2012) emphasized the importance of
cementation degree and confining pressure on the
stress—strain behavior of cemented sand; the effect
of cementation is more pronounced at low confining
pressures and diminishes as confining pressure
increases. Boutouba et al. (2019) investigated the
role of cement content in the mechanical behavior
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of sand and found that cement addition significantly
increases shear strength, internal friction angle, and
cohesion. They concluded that cement content has a
substantial impact on the strength of cemented soils.
Of all the studies conducted to date on the effect of
lime or cement content on silt, none has provided
a complete description of the physico-mechanical
mechanism or its effects on both the microstructure
and the macroscopic behavior. In this study, we
investigate the effect of lime and cement content on
the shear strength and mechanical behavior of Chlef
silty sand, and examine how mechanical properties
(friction angle and cohesion) vary to assess their
potential use as a foundation base or foundation
layer for road, quay, airport, and railway projects.

Experimental Program

Materials and Experimental Device

The silty sand used in this study was collected
from the Zebabdja locality in the town of Oued Fodda,
located about 15 kilometers from Chlef (Fig. 1).
The fine particles in this soil are slightly plastic,
with a plasticity index I, = 14.7 %, as confirmed by
the methylene blue test (VBS = 2.66), indicating a
medium-plasticity soil. The physical characteristics

of this soil are presented in Table 1. The lime was
obtained from the Hasasna industrial zone in the
municipality of Saida, and the Chlef cement used is
a product of the ECDE company (Algeria).

Tables 2 and 3 show the characteristics of the
cement and lime used in the mixtures. Figs. 2 and
3 show the test apparatus and sample preparation
process. Fig. 4 illustrates the particle size distributions
of the sandy soil alone and of the soil-cement
mixtures. The uniformity and curvature coefficients
are almost identical to those of the original soil’s
grain size distribution. Numerous studies have been
carried out to examine the behavior of Chlef sand
(Aouali et al., 2019; Arab, 2008, 2009; Arab et al.,
2014; Della et al., 2011; Djafar Henni et al., 2013;
Merabet et al., 2020).

Fig. 5 illustrates the evolution of the plasticity
index as a function of cement content. Fig. 6
shows the shape of the soil grains obtained using
a scanning electron microscope, along with the
microstructure of Chlef silty sand. All samples

Table 1. Physical characteristics of the soil

Physical characteristic Value

Fine content (D < 80 pm) 5.47 %
D,, 0.13 mm
D, 0.28 mm
Dg, 0.35 mm
Cu (uniformity coefficient) 2.69

Cc (curvature coefficient) 1.72
Natural water content 14.75 %
W, (liquid limit) 28.28 %
W, (plastic limit) 13.58 %
I, (plasticity index) 14.7 %
VBS (methylene blue value) 2.66
Fines fraction 15 %
Sand fraction 85 %

Fig. 2. Experimental equipment used for soil preparation in the laboratory
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Fig. 4. Grain size distribution curves for the silt-cement mixtures

Table 2. Chemical and mineralogical
compositions of cement

Chemical composition (%)
SiO, 21.64
ALO, 4.90
Fe,O, 4.35
CaO 65.82
SO, 1.78
MgO 0.93
K,0 0.55
Na,O 0.29
Mineralogical composition (%)
C,S 55.46
C,S 21.49
C.A 6.99
C,AF 11.81

were prepared at a relative density of 50 % and
sheared under normal stresses o, = 100, 200, and
300 kPa, with a water content of 10 %. The soil
was transported from the deposit to the laboratory

Plasticity Index (%)

Cement Content, (%)

Fig. 5. Variation of the plasticity index with cement content

Table 3. Chemical and mineralogical
compositions of lime

Chemical composition (%)
SiO, 1.77
ALO, 5.81
Fe,O, 2.63
CaO 78.01
MgO 1.15
K,O 0.17
Na,O 0.13
SO, 0.55

in 50 kg bags. After sieving the soil and retaining
only the silty fraction, the samples were prepared
by blending the silty soil with cement or lime in a
mixer for about one hour. To ensure homogeneity,
the mixtures were then placed in a chamber at 25°C
and 90 % humidity for curing periods of 1, 7, 14,
and 28 days. Each sample was formed in three
layers, with the mass of each layer determined
according to the initial relative density (Dr = 50 %).
Each layer was poured into the mold and manually
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Fig. 6. Scanning electron microscope (SEM) image of the silt used

compacted — typically with 25 strokes — until the
desired height was achieved.

The analyzed material is reddish in color and rel-
atively fine, with 5.47 % of its particles smaller than
0.08 mm. It is of medium plasticity (I, = 14.7 %), as
confirmed by the methylene blue test (VBS = 2.66).
For each sample preparation, the mass of each mix-
ture used to reconstitute the sample in the shear box
was calculated with reference to the initial relative
density (l,), using the following equation (Benes-
salah et al., 2022; Merabet et al., 2020):

m =(V.xg)/(1+e _ (1-Dr)+Drxe_ ). (1)

Tables 2 and 3 present the chemical and
mineralogical compositions of cement and lime,
respectively.

Test Results and Discussion

Effect of cement content

Figs. 7a, 8a, and 9a illustrate the evolution of the
shear strength of silty sand mixed with cement.
All samples were prepared at an average relative
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density (Dr = 50 %), with the cement content
(Cc) varying from 0 to 7 %. The samples were
consolidated and sheared under normal stresses
of 100, 200, and 300 kPa, respectively. The test
results clearly show that the addition of cement has
a significant effect on the strength of the mixtures.
For samples sheared under o, of 100 kPa (Fig. 7a),
the shear strength increases with increasing
cement content. For samples sheared under normal
stresses of 200 and 300 kPa, the strength increases
up to a threshold cement content of Cc = 5 %, and
then decreases (Figs. 8a and 9a). This reduction in
strength beyond 5 % can be attributed to internal
erosion within the treated soil. Figs. 7b, 8b, and 9b
show the evolution of vertical displacement as a
function of horizontal displacement. It is observed
that the addition of cement significantly increases
the contractive behavior of the soil. These findings
are in close agreement with results reported in the
literature.

2.5

3
o

N
[6)]

ey
o

o
)

Vertical Displacement (mm)

10

Horizontal Displacement (mm)

Fig. 7. Evolution of shear stress versus horizontal displacement for silty sand mixed with cement (o, = 100 kPa, Dr = 50 %)
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Fig. 8. Evolution of shear stress versus horizontal displacement for silty sand mixed with cement (o, = 200 kPa,
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Fig. 9. Evolution of shear stress versus horizontal displacement for silty sand mixed with cement (o, = 300 kPa,
Dr =50 %)

Fig. 10 shows the evolution of shear strength as
a function of cement content for samples sheared
under normal stresses o, = 100, 200, and 300 kPa.
It can be observed that the shear strength of the
mixtures increases with increasing normal stress
o,, and also with increasing cement content up to
Cc =5 %, after which it decreases. Fig. 11 illustrates
the evolution of cohesion as a function of cement
content. Cohesion increases linearly with increasing
cement content. This increase in cohesion is
attributed to the good adhesion between the silt and
the cement.

Fig. 12 shows the evolution of the friction angle
as a function of cement content for sand—-cement
mixtures. It can be observed that the friction angle

increases with increasing cement content and then
stabilizes; a slight decrease in the friction angle is
noted at a cement content of 7 %.

Effect of lime content

Figs. 13, 14, and 15 show the results of shear
tests on sand-lime mixtures with an initial relative
density of Dr = 50 %, consolidated and sheared
under normal stresses o, = 100, 200, and 300 kPa,
with lime content Cl varying from 0 to 7 %. Fig. 13a
illustrates the evolution of shear strength as a
function of horizontal displacement for sand-lime
mixtures. It can be observed that shear strength
decreases with increasing lime content up to 1 %,
and then increases as the lime content continues
to rise. The initial decrease in shear strength after
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Fig. 10. Evolution of maximum shear strength versus cement
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Fig. 11. Evolution of cohesion versus cement content (Cc)
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Fig. 12. Evolution of the friction angle versus cement content
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lime addition is attributed to the increased porosity of
the mixture. Fig. 13b shows the evolution of vertical
displacement versus horizontal displacement
for sand—lime mixtures. The results indicate that
increasing lime content enhances the contractive
behavior. Similar observations were made for
the samples consolidated and sheared under
normal stresses of 200 and 300 kPa (Figs. 14 and
15). However, for samples subjected to higher
consolidation stresses, a clear improvement in
dilatant behavior was observed during shearing,
indicating favorable mechanical performance for
deeper soil layers (Figs. 14 and 15).

Figs. 15a and 15b present the shear test results
for the sand—lime mixtures with a relative density
of Dr = 50 %, sheared under a normal stress of
o, = 300 kPa, with lime content Cl varying from 0 to
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Fig. 13. Evolution of shear strength versus horizontal displacement for sand-lime mixtures
(0, =100 kPa, Dr =50 %)
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7 %. Fig. 15a shows shear strength versus horizontal
displacement for sand-lime mixtures. The results
indicate that shear strength decreases with increasing
lime content up to 1 %, and then increases as the
lime content continues to rise. Fig. 15b shows the
evolution of vertical displacement versus horizontal
displacement for sand-lime mixtures. It can be
observed that increasing the lime content slightly
reduces contractiveness up to Cl = 1 %, beyond
which contractiveness decreases only slightly.

Fig. 16 shows the evolution of shear strength
for soil-lime mixtures with lime contents ranging
from O to 7 %, consolidated and sheared under
normal stresses o, = 100, 200, and 300 kPa. It can
be observed that shear strength decreases for all
mixtures at a lime content of 1 %, then increases
slightly, and subsequently stabilizes up to a lime
content of 7 %.

Fig. 17 shows the evolution of cohesion as
a function of lime content for sand—lime mixtures.
The results indicate that cohesion increases slightly
up to a lime content of 3 %, and then decreases as
the lime content increases further.

Fig. 18 shows the evolution of the friction angle
for sand—lime mixtures. The results indicate that the
friction angle decreases at a lime content of 1 %,
and then stabilizes as the lime content increases up
to 7 %.

Effect of ime—cement on shear strength

Another series of shear tests was carried out
in the shear box on soil samples mixed with 6 %
cement and 3 % lime; these samples were sheared
under normal stresses of 100, 200, and 300 kPa.
The fractions of 6 % cement and 3 % lime had
shown good performance in the previous shear
tests. A clear improvement in shear strength with
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increasing normal stress is observed (Fig. 19a).
Fig. 19b illustrates the evolution of vertical
displacement versus horizontal displacement. It can
be seen that increasing the normal stress leads to
an increase in contraction. These results are in full
agreement with those reported in the literature.

Fig. 20 shows the evolution of shear strength for
the sample mixed with 6 % cement and 3 % lime
as a function of normal stress, compared with the
untreated soil. The test results indicate a linear
increase in shear strength with increasing normal
stress, with correlation coefficient R? = 0.98. Fig. 20
also shows that the soil treated with cement and lime
is more resistant than the untreated soil (R? = 0.99).

Conclusion

In this study, a series of direct shear tests was
carried out on silty sand mixed with cement and lime,
with an initial relative density of Dr = 50 %, for the
stabilization of coastal soils in Ténés (Chlef, Algeria).
The samples were consolidated and sheared under
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Fig. 19. Effect of cement and lime content on shear strength: (a) evolution of shear strength versus
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normal stresses ranging from 100 to 300 kPa, with
a water content of 10 %, and cement and lime
contents varying from 0 to 7 %, in order to examine
the mechanical behavior of sand—cement and sand—
lime mixtures and their influence on mechanical
properties.

The main conclusions drawn from the test results
are as follows:

- The shear strength of silt-cement mixtures
increases with cement content up to 6 % and then
stabilizes.

- Increasing cement content leads to a significant
increase in the contractive phase of the samples.

- Higher normal stresses result in improved shear
strength, accompanied by increased contractive
behavior.

- For silt—lime mixtures, shear strength decreases
at a lime content of 1 % and then increases with
further lime addition; thus, contractive behavior
increases with lime content.

- The presence of cement in the mixture has
little effect on the friction angle; however, cohesion
increases with increasing cement content.

- For sand-lime mixtures, shear strength
decreases up to 1 % lime content and then stabilizes
up to 7 %. A similar trend is observed for the friction
angle, which decreases up to 1 % and then stabilizes.
Cohesion increases slightly up to 3 % lime content
and then decreases.

- For the silt—-cement-lime mixture, the test
results show a linear increase in shear strength with
increasing normal stress, with correlation coefficient
R? = 0.98. The treated soil exhibits significantly
higher shear strength compared with the untreated
soil.
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AHHOTauun

BeeaeHue. B gaHHon pabote npeactaeneHo nabopartopHoe nccnefoBaHne MexaHn4eckoro noBeAeHus NNCToro rpyHTa,
YKPEMNMEHHOro rmapaBrinyeckuMmn BSXKYLLUMMU (LEMEHTOM W M3BECTbIO), C UCMONb3oBaHueM npubopa npaMoro cpesa.
MeTtoabl. Cepusi uCnbiTaHU NPsiMbIM CPe30M Obina BbINOMHEHA Ha UINUCTbIX FPYHTax, 06paboTaHHbIX rMAPaBANYeCKUMN
BSKYLUMMU. McnbITaHUsi NpOBOAMNUCL MPW OTHOCWUTENBbHOW MNNOTHOCTU 50 %, nog Tpemsi YpOBHAMW HOPMasbHbIX
HanpshkeHun, npy cogepxaHum Lementa n nssectn 0, 1, 3, 51 7 %, v snaxHoctn 10 %. Pe3ynbratbl. [povHOCTb Ha casur
una, o6paboTaHHOro LLeMEeHTOM, YBENNYMBAETCS C POCTOM COAEPXaHUs LeMeHTa Ao 6 %, nocne yero crabunumanpyercs.
[ns obpasuos, 06paboTaHHbIX M3BECTHIO, MPOYHOCTL Ha CABWUI YMEHbLUAeTCa npu cogepxaHum nssectn 1 %, a 3atem
cTabunuampyeTcs; Takum 06pa3oM, C yBENMYEeHWEM COAepXKaHWs W3BECTU YCUITMBAETCH KOHTpPaKTaHTHOE MoBeAeHue
rpyHTa. Yron BHYTPEHHEro TPEHUs BO3paCcTaeT C MOBbILLEHUEM COAEPXKaHUA LleMeHTa 1 3ateM ctabunusmpyetcs; npn 7 %
LuemeHTa Habntopjaetca Hebonblioe cHxeHre. CuenneHvne yBenninBaeTcsl IMHENHO C POCTOM COAEPXaHWS LieMeHTa.
[obaBneHve N3BeCTM yCunmMBaeT KOHTPaKTaHTHOE NOBEAEHMNE rPyHTa: CLenneHne cnerka ysBenminsaeTcs 4o coaepKaHus
nssectn 3 %, a 3aTeM ymeHbluaeTcs. [na nnmMcToro rpyHTa, o6paboTaHHOro CMechbio LieMeHTa 1 U3BEeCTU, pesynbraThl
UCMbITAHWI MOKa3bIBalT yBENUYEHWe MPOYHOCTM Ha CABWUM C POCTOM HOPMANbHOrO HampsXKeHWst no CpaBHEHWUIO
¢ HeobpaboTaHHbIM rPYHTOM.

KnoueBble cnoBa: UnucTbin FPYHT; UEMEHT; U3BECTb,; CoAepXXaHue; COBUI; Yyron BHYTPEHHero TpeHud; cuenneHue.
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