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Abstract: This paper presents a series of laboratory tests to determine the shear strength and interface
shear strength of cement-treated silty soil under consolidated and drained conditions. The test
variables include the effective normal stress, cement content, and curing period. Experimental
results indicated that the effective shear strength and interface shear strength of cement-treated soil
specimens increased significantly as the cement content increased. After 28 days, the average shear
strength ratio increased from 1.28 to 2.4, and the average interface efficiency factor improved from
1.15 to 1.55 as the cement content increased from 3% to 10%. It resulted from an increase in grain size
and the fraction of sand-sized particles in the treated soils, approximately in two-time increments
for the specimens treated with 10% cement content after 28 days of curing. In addition, the peak
and residual values of the shear strength and interface shear strength of the cement-treated soil
specimens were determined to assess their brittle behavior under high shear deformation. Last, two
new empirical models are introduced herein. The first power equation is to predict the shear strength
ratio of cement-treated soil at 28 days of curing using the soil-water/cement content ratio. The other
proposed model is useful for assessing the rate of shear strength and interface shear development of
cement-treated soil specimens within 56 days of curing.

Keywords: cement-treated soil; interface shear strength; cement content; curing period; consolidated
drained

1. Introduction

The deep mixing method (DMM) is an established grouting technique for improving
the mechanical properties (such as shear strength, deformation behavior, and permeability)
of soft clay. In the DMM procedure, cement is the most popular binder injected and mixed
with soil using a rotating shaft, paddles, or jet in constructing deep soil-mixed walls for
excavation and tunnel support [1]. Subsequently, the improvement approach was also
integrated with the sheet pile wall to enhance the stability of excavations, decrease the
horizontal displacement of walls, and minimize the impact of the deep excavation on
adjacent structures [2]. Moreover, in the Mekong Delta, sheet pile walls and cement-treated
soil were also utilized to maintain cofferdam structures and prevent water leakage between
sheet pile wall segments during riverbed excavation [3]. In addition, temporary H-piles
were installed in the excavation to support the shoring system vertically. In these instances,
the shear strength and interface shear strength parameters are crucial in quantifying either
the lateral earth pressure of the treated soil acting on sheet pile walls or the skin friction of
the H-piles.

The improvement in characteristics of cement-treated soil has been attributed to the
cement reactions, which include a primary hydration reaction followed by a secondary
pozzolanic reaction. The hydration reaction forms the primary cementitious materials [4,5].

2(3CaO · SiO2) + 6(H2O)→ 3CaO · 2SiO2 · 3H2O + 3Ca(OH)2 (1)
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2(2CaO · SiO2) + 4(H2O)→ 3CaO · 2SiO2 · 3H2O + Ca(OH)2 (2)

The secondary pozzolanic reaction between the hydrated lime, the silica, and the
alumina from the clay minerals would form calcium silicate hydrates (CSH) and aluminate
hydrates (CAH).

Ca(OH)2 + SiO2 → CaO · SiO2 · H2O (3)

Ca(OH)2 + Al2O3 → CaO · Al2O3 · H2O (4)

Hydration and pozzolanic reactions improved the strength of cement-treated soil,
in which hydration occurred in the early stages of hardening and pozzolanic reactions
occurred considerably later [6]. As a result, the cementitious materials gradually fill the
void spaces and enhance soil particle connections. Since the rate of strength development
with time is mainly determined by the hydration process [7], numerous studies have used
the strength of cement-stabilized soil at 28 days as a reference value [8,9]. In particular,
Horpibulsuk et al. [8] and Horpibulsuk et al. [9] investigated the influence of curing time
on the unconfined compressive strength of cement-treated coarse-grained soils and silty
clay. In most prior investigations, a correlation between unconfined compressive strength
and curing time was well established to assess the rate of strength development in cement-
treated soil. The rates of shear strength and the interface shear strength development of the
treated soils have yet to be determined in previous studies.

The shear strength of cement-treated soil has been studied using numerous experi-
mental techniques. To determine the shear strength of soil, standard triaxial compression
and unconfined compressive strength tests are the most typical laboratory techniques. In
these two test procedures, a cylindrical soil specimen with standard dimensions and a
length-to-diameter ratio of 2 is subjected to axisymmetric stress. According to the results
of laboratory experiments, the unconfined compressive strength of the treated soil rose
with the addition of cement [10–15]. The conclusions were based on the test results of
different types of soils, including Bangkok soft clay [10,11], marine clays [12,14], Wash-
ington State soils [13], and silica sand [15]. Some researchers have demonstrated that the
after-curing void ratio and water-cement ratio are enough to characterize the strength and
compressibility of cement-treated clay [11,12]. Several investigations performed the triaxial
compression test to examine the undrained shear strength of cement-treated soils. The test
results indicated that the undrained shear strength rises with increasing confining pressure
and curing time [16,17]. Under unconfined and triaxial compression, cement-treated soils
demonstrated much more brittle behavior than untreated soils [13]. For the plane strain test,
laboratory tests revealed that the behavior of the shear strength and excess pore pressure of
cement-treated soils were comparable to those of overconsolidated clays [14]. A few studies
have conducted various types of direct shear tests to investigate the shear behavior of the
modified soil. The findings indicated that the cohesion and friction angle of cement-treated
soil increased with increasing amounts of binder and curing time [18,19]. In direct shear
tests and unconfined compression tests, the experimental investigations illustrated that the
utilization of cemented specimens increased strength parameters, reduced displacement at
failure, and changed soil behavior to an observable brittle behavior [18]. In addition to the
conventional cement, rice husk ash was added to the soil and cement mixture to improve
the cohesion and friction angle of the treated soil [19]. Sukpunya et al. [20] designed a large,
simple shear test rig for determining the shear strength of stabilized soil columns in the
composite ground. Based on the test results, the study recommended a correction factor to
stabilize soil for slip circle analysis of stabilized soil columns. Although numerous studies
have evaluated the shear strength of cement-treated soils with varying cement contents,
the loss in shear strength and interface shear strength from their peak values due to their
brittle nature has yet to be thoroughly reported.

The shear strength of the soil-steel interface was evaluated using various modified
direct shear test apparatuses. The most commonly used shear test apparatus was a con-
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ventional direct shear box with the lower portions of the box replaced with an interface
plate [18,19,21–23]. Tsubakihara et al. [21] estimated the effective interface shear behav-
ior of clay and mild steel under consolidated, drained shear conditions using a simple
direct shear type of test apparatus. In addition, the ring shear box and conventional direct
shear box were utilized to determine the shear properties of the clay-steel interface [22].
However, previous research has rarely assessed the shear strength of the cement-treated
soil-steel interface. Hamid et al. [23] investigated the interface shear performance of a
bio-cemented soil-steel interface using a large-scale direct shear apparatus. The test results
revealed that bio-cementation significantly increased the shear strength parameters of the
soil-steel interface.

This study presents a series of laboratory experiments to determine the shear strength
and interface shear strength of cement-treated soil specimens under consolidated, drained
conditions. The objectives of the study are to examine the effects of cement content and
curing time on the shear strength behavior of the cement-treated clay and steel interface.
In addition, grain size analysis was conducted on the treated soil samples to reveal the
influence of cement treatment on enhancing the soil structure and increasing shear strength.
In addition, the brittleness of the treated soil was also evaluated through peak and resid-
ual strength values. Lastly, this research proposed two correlation equations to predict
the strength ratio and quantify the rate of shear strength and interface shear strength
development in cement-treated soil specimens with respect to curing time.

2. Experimental Program
2.1. Silty Soil

This study utilized the soft soil collected from the CaiLon River in southern Vietnam.
In its natural state, the soil had a high void ratio, e = 1.57, and a high water content,
w = 57.4%. The Atterberg limits of the soil include the liquid limit (LL), plastic limit (PL),
and plasticity index (PI), which are 91.5, 44.9, and 46.5, respectively. According to the
Unified Soil Classification System, this soil is high-plasticity inorganic silt (MH). Figure 1
depicts the grain size distribution, which was determined using ASTM D422 [24]. The
test results show that the sand content, fines content, and median particle size, D50, are
12.3%, 87.7%, and 0.006 mm, respectively. The ignition loss of the soil was 3.96% at about
900 ◦C, at which decarbonization would be completed [25]. Although the ignition loss
cannot definitively indicate the amount of organic matter, it shows minimal organic content
in the soil samples.
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2.2. Ordinary Portland Cement

This investigation utilized ordinary Portland cement PC40 with a specified density
of 3.0 g/cm3 (ASTM C188 [26]). According to ASTM C595 [27], the specific surface area
(Blaine technique) was 2800 cm2/g, while 10% of the sieve size was retained. Using
ASTM C191 [28], the initial and final setting times were approximately 185 and 480 min,
respectively. In addition, the minimum required compressive strength at three days, 45 min,
and 28 days, 8 h, was 21 and 40 MPa, respectively. The result of the Le-Chatelier apparatus
test was 10 mm. Table 1 presents the oxide composition of PC40. Note that the ratio of CaO
to SiO2 was higher than 2.0 and the MgO content was less than 2.0%, which conformed
to the European Cement Standard’s specifications (EN 197-1) [29]. By mixing the cement
with the soil with a high water content, the primary hydration reaction happens in the
cement-water mixture, as shown in Equations (1) and (2). The pozzolanic reaction would
then occur between the hydrated lime and clay minerals (Equations (3) and (4)). This
soil-cement reaction provides a clear basis by which to explain the improvement in the
strength of stabilized soil, as discussed previously.

Table 1. Oxide composition of ordinary Portland cement, PC40.

Type of Oxide SiO2 Al2O3 CaO Fe2O3 MgO SO3 K2O Na2O

Content (%) 22.0 5.5 64.5 3.0 1.5 2.0 0.6 0.2

2.3. Modified Shear Box

The direct shear test was conducted using conventional direct shear equipment with a
shear box of 60 mm × 60 mm. In addition, a modified shear box was developed to evaluate
the interface shear strength between untreated or cement-treated soils and a stainless steel
surface. As shown in Figure 2, the upper shear box is filled with soil, while the original
lower shear box has been replaced with a stainless steel plate. A stainless steel plate was
used because it would be able to prevent chemical corrosion during the specimen soaking
process. The modified shear box mirrors that proposed by Tsubakihara et al. [21].

2.4. Specimen Preparation

The soil specimens in this study were remodeled from natural soil to ensure homo-
geneity. Firstly, the riverbed soil was excavated and dried in an oven at less than 60 ◦C.
With a rubber hammer, it was then pulverized into a powder (100% passing Sieve No. 40)
without crushing the soil particles. The remolding water content plays a crucial role in
influencing the strength of cement-treated soils [11]. In this investigation, the powdered
soil was mixed with tap water at 57.4% moisture content to simulate the soil condition in
the deep mixing wall. A quantity of dry cement, equivalent to the cement content, was
then put into the soft soil. The cement content is defined as the mass ratio of cement to dry
soil expressed as a percentage. After 15 min of mixing, the uniform was transferred to a
rectangular stainless steel mold 60 mm in width, 60 mm in length, and 20 mm in thickness.
Trapped air bubbles were removed from the samples by tapping gently on the walls of
each mold and employing the thumb-kneading technique [30,31]. It takes about 60 min to
complete a sample (mix and compact), less than the first setting time of Portland cement.
Two porous stone plates then covered the molds at the two ends to confine the specimens
and preserve their original volume. The prepared samples were then cured by soaking
them in water to simulate the saturated condition of the treated soil after mixing. This
curing procedure is consistent with the preparation approach provided by Chew et al. [6]
for cement-treated soil samples. It was also adapted to the curing state of the cement-treated
soil in the deep mixing wall using the dry mixing method under the groundwater level.
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After 7, 14, 28, and 56 days of curing, the samples were tested by direct shear and
interface direct shear tests under consolidated, drained conditions. At first, the prepared
samples were consolidated in saturated conditions for 24 h under normal consolidation
pressures, according to ASTM D3080 [32]. The tests were then performed with the shearing
rate fixed at 0.004 mm/min to prevent significant excess pore water pressure at failure [23].
It was evaluated based on the assumption that MH-type soil would fail at 10% shear strain
after 24 h of shearing, as recommended by ASTM D3080 [32]. As per ASTM D5321 [33],
the tests in this investigation would end when the shear displacement reaches 5 mm, the
threshold at which the applied shear force remains constant with increasing displacement.
The repeatability and consistency of the test results were evaluated by conducting several
tests on the samples under the same conditions.

The variations of the two tests include effective normal stresses, cement contents, and
curing periods. The four levels of effective normal stresses are 50, 100, 150, and 200 kPa, as
shown in Table 2, and they correspond to the overburden pressure of the soil at a depth
of roughly 3 m to 12 m (i.e., the unit weight of the soil was about 17 kN/m3). The cement
contents for cement-treated soil were set based on the soil-water/cement ratio, w/Cm, which
is defined as the ratio of soil water content to cement content. Previous studies identified
w/Cm as a crucial parameter for analyzing and assessing laboratory strength development
in cement-admixed clays [7,9,34]. The lower the w/Cm, the higher the cementation bond
strength, which leads to higher strength. Since the water content of the soil was 57.4%,
the cement contents were set from 3% to 10%, equivalent to the values w/Cm varying from
5.7 to 19.1. A similar range of w/Cm (i.e., 4–14) was utilized to investigate the unconfined
compression strength of cement-admixed Bangkok clay [9]. Last, the admixed samples
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with 10% cement were tested at 3, 7, 14, 28, and 56 days under 200 kPa of normal stress
to determine the strength development in cement-treated soil with curing time. After
28 days of curing, the particle size of the cement-treated soil specimens was determined
following ASTM D422 [24]. In particular, the distribution of particle sizes larger than
75 mm (retained on the No. 200 sieve) in the treated specimens was obtained by the sieving
method. Meanwhile, the hydrometer test was performed to evaluate the distribution of
particle sizes smaller than 75 mm.

Table 2. Testing program.

Material Cement Content,
Cm (%) Effective Normal Stress (kPa) Curing Period (Days)

Type of test: Direct shear test under consolidated drained conditions, ASTM D3080 [32]

Untreated soil 0% 50, 100, 150, and 200 0

Cement-treated soil 10% 200 3, 7, 14, 28, and 56

Cement-treated soil 3%, 5%, 7%, and 10% 50, 100, 150, and 200 28

Type of test: Interface shear test under consolidated drain conditions using a modified shear box

Untreated soil vs. stainless steel 0% 50, 100, 150, and 200 0

Cement-treated soil vs. stainless steel 10% 200 3, 7, 14, 28, and 56

Cement-treated soil vs. stainless steel 3%, 5%, 7%, and 10% 50, 100, 150, and 200 28

Table 2 summarizes the testing conditions of the direct shear and interface direct shear
tests, in which the curing period was extended to 56 days. As discussed previously, the
strength development of the treated soil was due to the hydration and pozzolanic reactions
in cement [4,5]. In contrast, the strength would be reduced with the curing period due
to the organic matter (such as humic acid) and salt concentration [31]. The study of the
uniaxial compression strength of the cubic cement-treated organic soil samples found that
their maximum compressive strengths at 84 days would be lower than those at 56 days [31].
In this study, the organic matter in the soil was very small, as its ignition loss was less than
4%. In addition, the soil was retrieved from a freshwater region devoid of salt. Due to the
minimum presence of organic and salty matter, the strength of the cement-treated soil in
this study would not degrade within 56 days of curing, as indicated in the next section.

3. Results and Discussion
3.1. Grain Size Distribution of Cement-Treated Soil

The effects of cement treatment on the structure of the modified soil after 28 days
of curing were examined based on particle size analysis. As mentioned previously, the
sieve and hydrometer tests were performed on cement-treated soil samples, followed by
ASTM D422 [24].

As illustrated in Figure 1, the particle size of the treated soil was larger than that
of the untreated soil. The increase in cement content resulted in a greater fraction of
sand-size particles and a larger median particle size, D50 (Table 3). The mercury intrusion
porosimeter yielded similar findings when measuring the particle size distribution of
cement-treated clay [6]. It revealed a transition from predominantly clay-sized particles
to silt-sized particles. Due to hydration and pozzolanic processes in cement, the creation
of fabric and bonding in cement-treated soil induces an increase in particle size. In this
investigation, the latter effect predominated and caused the particle size to increase.

In contrast, the fabric and bonding did not entirely form due to the low cement content
(i.e., less than 10%) and the soaking procedure when curing the treated specimens. The
size improvement in fine particles was also observed in the cement-treated soft Singapore
marine clay. Chew et al. [6] concluded that there was a shift from predominantly clay-size
particles to silt-size particles. By examining the percentage of sand-sized particles and
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contents of fines shown in Table 3, it was possible to quantify the increase in the sand-size
fraction of cement-treated soil specimens.

Table 3. Percentage of sand and fines with median particle size of untreated and treated soil specimens
after 28 days of curing.

Cement Content,
Cm (%) % Sand (%) % Fines (%) Median Particle Size,

D50 (mm) Coefficient β

0% (untreated) 12.3 87.7 0.006 0

3% 13.9 86.1 0.010 0.018

5% 16.4 83.6 0.011 0.048

7% 19.0 81.0 0.014 0.077

10% 24.1 75.9 0.016 0.135

Considering the dry mass of sand-size particles and fines particles is Ms and Mf,
respectively, the percentage of sand-size particles in the untreated soil should be:

%Suntreated =
Ms

Ms + M f
× 100% (5)

When mixing soil with cement, the total dry weight of the cement-treated soil, Mtreated,
included the dry mass of the soil, the mass of cement, the mass of hydration, and cementi-
tious products, which were evaluated as follows:

Mtreated =
(

Ms + M f

)
× [1 + (1 + α)cm] (6)

in which α was the dry mass ratio between hydration, cementitious products, and cement.
The value of α was reported differently depending on the composition of the cement and
the types of soils. At 28 days of curing, Zhu et al. [35] reported that the value of α was
about 0.16 for the mixture of cement with lake and marine sediments (high plasticity clay)
and 0.21 for that with river sediment (high plasticity silt). For hydration of Portland cement
and water, Chu et al. [36] stated that the mass of water related to complete hydration was
about 25.2% (i.e., α = 0.252), which was close to the value α = 0.23 reported by the Concrete
Society [37] at complete hydration.

The hydration and cementitious products increased particle size in cement-treated
soil specimens. By assuming a uniform condition in the mixture, the mass of sand-sized
particles in the treated sample was evaluated as follows:

Ms_treated = Ms × [1 + (1 + α)cm] + βM f × [1 + (1 + α)cm] (7)

in which β is the coefficient that accounts for the effects of cement on integrating the fine
particles with the sand-sized particles. Meanwhile, the first term is the new dry mass of
sand-size particles mixed with cement with hydration and cementitious products. The
percentage of sand-sized particles in the treated soil should be:

%Streated = %Suntreated + β%Funtreated (8)

The percentage of sand-size particles in the untreated soil as the first term in Equation (4)
illustrates that the cement and its hydration and cementitious products do not contribute
to the increment in the value %Streated. However, it might increase the particle size and
form bonds between them. The increment in particle size due to cement treatment was also
reported in granular soil mixed with 2% cement content [38]. It also concluded that the
cement bonds were difficult to destroy by hand but might be destroyed under the confining
pressure and monotonic shearing.
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The values of β for the cement-treated soil at 28 days are given in Table 3, in which
it increased from 0.018 to 0.135 when increasing the cement content from 3% to 10%. In
other words, up to 13.5% of the fine contents in the soil were transferred to sand-size
particles when treated with 10% of the cement contents. The increase in particle size of the
cement-treated soil was used to explain the significant improvement in the effective friction
angle of the treated samples presented in the next section.

3.2. Shear Stress-Strain Behavior of Cement-Stabilized Soil

Figure 3 illustrates the stress-strain relationships of the soil and cement-treated soil
after 28 days of curing under various effective normal stresses. At the effective normal
stress range of 50–200 kPa, the peak shear strength of cement-treated soil specimens was
substantially higher than that of untreated soil. More cement content increases the shear
strength of treated soil samples [10–14].
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Figure 3. Shear stress vs. shear strain of the untreated silty soil and the soil treated with differ-
ent cement contents at 28 days of curing. The effective normal stress was set at (a) σ′ = 50 kPa;
(b) σ′ = 100 kPa; (c) σ′ = 150 kPa; and (d) σ′ = 200 kPa.
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In addition, cement treatment shifted the stress-strain behavior of the untreated and
treated soil specimens from ductile to brittle failure, respectively (Figure 3). The increase in
cement content led to more brittle sample failures. These results are consistent with the
brittle failure behavior of cement-treated soil observed in other tests, such as unconfined
compression tests [13,17–19], direct shear tests [18,19], and triaxial and plane strain tests [13].
As demonstrated in Figure 3, 10% of the shear strain was selected as the strain at failure
of the untreated soil [29]. In contrast, the shear strain at the maximum shear stress of soil
specimens treated with cement was much smaller and reduced as the cement content rose.
Increased effective normal stress also increased shear strain at failure (Figure 3).

3.3. Interface Shear Strength Behavior between Cement-Treated Silty Soil and Steel

Figure 4 presents the interface shear strength between the stainless steel surface and the
silty soil after 28 days of curing at different cement contents. According to the shear strength
behavior, the interface shear strength of cement-treated soil was greater but reached its
maximum value at a smaller shear displacement than that of untreated soil. Moreover, the
increase in cement content led to a rise in peak interface shear strength and a reduction in
peak shear displacement. Specifically, the interface shear stress of the untreated specimens
peaked at a shear displacement of 1.2 mm to 3.2 mm, corresponding to 2.0% to 5.3% of
shear strain. These shear strains were considerably less than those at the highest shear
strain of the soil (i.e., 10%), which were also observed in prior investigations [23]. For
soil treated with cement, the shear displacement at the highest interface shear strength
was much smaller, ranging from 0.2 mm to 1.6 mm (Figure 4). Under higher effective
normal stresses, the cement-treated soil specimens required greater shear displacement to
reach their maximum interface shear strength. Compared to untreated soil, the increased
interface shear strength between steel and cement-treated soil would be mobilized at a
smaller shear displacement. Su et al. [39] found a similar interface shear behavior on the
red clay concrete interface in a large-scale direct shear test, where all the curves exhibit a
stick-slip phenomenon after yielding. This failure mode was also observed in the interface
shear test between soil and smooth interfaces, such as polished stainless steel [23].

Furthermore, the greater the effective normal stress, the greater the shear displacement
at maximum interface shear stress. Moreover, as the effective normal stress increases, the
shear displacement at maximum interface shear stress also increases. These findings are
consistent with the shear behavior of the steel-soil contact, as reported in previous research.
Employing a modified interface direct shear test apparatus, Tsubakihara et al. [21] reported
that the maximal interface shear strength of a normally cemented Kawasaki clay and steel
surface occurred at around 1–3 mm of shear displacement. In addition, the peak interface
shear stress between the soil and stainless steel was less than the peak shear strength
of the soil. This observation is consistent with the interface shear strength between the
high-content clay and the smooth, polished surface [40].

3.4. Effects of Cement Content on Shear Strength and Interface Shear Strength of Cement-Treated Soil

The effects of cement content on enhancing the shear strength and interface shear
strength of treated soil specimens were further examined using peak and residual strength
values. As shown in Figures 3 and 4, after the shear and interface shear strengths of the
treated specimens reached their maximum values, they would be reduced dramatically at
the end of the tests. The residual shear strength of the treated specimens was calculated at
10% of the shear strain to quantify the brittle shear-strain behavior. On the other hand, the
interface shear stress at 5 mm of shear displacement was chosen as the residual value to
investigate the stick-slip phenomenon of the interface shear behavior of treated soil [23].
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Figure 4. Interface shear stress vs. shear displacement between corrosionless steel and silty soil
treated with different cement content(Cm) under various effective normal stresses: (a) σ′= 50 kPa;
(b) σ′ = 100 kPa; (c) σ′ = 150 kPa; and (d) σ′ = 200 kPa.

Figures 5 and 6 depict the effective failure envelopes of the shear strength and interface
shear strength of the cohesive soil treated with changing cement content. The untreated soil
had almost minimal effective cohesion, which demonstrated that the soil was in a normally
consolidated condition. The shear strength of the cement-treated soil was manifested by
relatively small increases in effective cohesions and significant increases in effective friction
angles. In particular, the peak effective friction angle rose from 27.5◦ for the untreated soil
to 53.5◦ for specimens treated with 10% cement content (Figure 7).



Buildings 2023, 13, 1626 11 of 20

Buildings 2023, 13, x FOR PEER REVIEW 12 of 21 
 

In that investigation, specimens were made by compacting the soil-cement mixture to the 
optimum moisture content and then shearing it at 0.12 mm/min. Hence, the test findings 
demonstrated the total shear strength behavior of unsaturated specimens, which was sig-
nificantly different from those presented in this study (i.e., the effective shear strength 
behavior of saturated samples). Azneb et al. [14] found that the effective cohesion in-
creased significantly with the addition of cement for the shear behavior of the cement-
treated soil under consolidated undrained triaxial compression. However, the effective 
friction angle was constant for all cement contents. The difference may be attributed to the 
high cement content and water-to-cement ratio employed in the Azneb et al. [14] investi-
gation. In particular, the treated specimens were created by combining soil with a water 
content as high as 1.2 times the liquid limit of base soil with 10–20% cement. In addition, 
the cement was added as a slurry with a water-to-cement ratio of 0.6, increasing the water 
content of the mixture. For such a high cement concentration and water-to-cement ratio, 
significant hydration and cementitious products are believed to exist and produce strong 
intercluster bonding in treated soil samples. The test findings demonstrated a significant 
improvement in effective cohesiveness and effective friction angle [14]. 

  

Figure 5. Peak and residual shear stress failure envelopes. 

0

50

100

150

200

250

300

0 50 100 150 200

Sh
ea

r s
tre

ng
th

, τ
(k

Pa
)

Effective normal stress, σ′n (kPa)

(a) Peak shear strength
10%
7%
5%
3%
0% (untreated)

0

50

100

150

200

250

300

0 50 100 150 200

Sh
ea

r s
tre

ng
th

, τ
(k

Pa
)

Effective normal stress, σ′n (kPa)

(b) Residual shear strength

10%
7%
5%
3%
0% (untreated)

Figure 5. Peak and residual shear stress failure envelopes.

Buildings 2023, 13, x FOR PEER REVIEW 13 of 21 
 

  

Figure 6. Peak and residual interface shear stress failure envelopes. 

In addition, there was a significant difference between the peak and residual shear 
strengths of cement-treated soil samples (Figure 7). Although there was a little difference 
(about 2 kPa) between the peak and residual effective cohesion of the cement-treated soil, 
a significant difference between the peak and residual effective residual friction angles, 
ϕ′max and ϕ′res, was observed. The difference would be greater as the cement content in-
creased. Specifically, ϕ′res was 8.5 degrees less than ϕ′max for specimens with 10% cement 
content, equating to a 15% decrease in the highest effective friction angle. Similar results 
were found for the peak and residual strength parameters of cement-stabilized soil during 
consolidated, undrained triaxial compression [17]. Between the peak undrained shear 
strength and the residual value of the treated soil samples, the results of the tests demon-
strated a significant drop. The difference rose as the effective consolidation pressure and 
curing period increased [17]. 

 

0

20

40

60

80

100

0 50 100 150 200

In
te

rfa
ce

 sh
ea

r s
tre

ng
th

, τ
in

t(
kP

a)

Effective normal stress, σn′ (kPa)

(a) Peak interface shear strength

10%
7%
5%
3%
0% (untreated)

0

20

40

60

80

100

0 50 100 150 200

In
te

rfa
ce

 sh
ea

r s
tre

ng
th

, τ
in

t(
kP

a)

Effective normal stress, σn′ (kPa)

(b) Residual interface shear strength
10%
7%
5%
3%
0% (untreated)

0

5

10

15

20

25

30

0

10

20

30

40

50

60

0% 2% 4% 6% 8% 10%

Ef
fe

tiv
e 

co
he

sio
n 

(k
Pa

)

Ef
fe

ct
iv

e 
fri

ct
io

n 
an

gl
e 

(d
eg

re
e)

Cement content, Cm (%)

Effective friction angle
Effective interface friction angle
Effective cohesion

Figure 6. Peak and residual interface shear stress failure envelopes.

Figure 7 also illustrates the effects of cement content on the enhancement of the
interface shear strength of cement-treated soil. Like the shear strength, the peak and
residual effective interface friction angles, φ′int_max and φ′int_res, were higher when the
Cm value was increased. In particular, the φ′int_max values increased from 15.4◦ for the
untreated soil specimens to 25.4◦ for the treated soil specimens with 10% cement content.
At that cement content, the residual effective interface friction angle was smaller, about
21.9◦. That might be explained using the investigation of Horpibulsuk et al. [9] on the
microstructure of cement-stabilized silty soil. For cement contents less than 10%, as cement
content increased, more cementitious products were produced, which enhanced inter-
cluster bonding and filled pore space. As a result, it would result in the formation of larger
particles (i.e., a higher fraction of sand-size particles and a larger mean particle size, D50,
as shown in Table 3) and bonding between them. The first factor would considerably
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increase the effective friction angle of treated soil. In contrast, the slight increase in effective
cohesion under consolidated, drained shearing may expose weak particle bonding.

Buildings 2023, 13, x FOR PEER REVIEW 13 of 21 
 

  

Figure 6. Peak and residual interface shear stress failure envelopes. 

In addition, there was a significant difference between the peak and residual shear 
strengths of cement-treated soil samples (Figure 7). Although there was a little difference 
(about 2 kPa) between the peak and residual effective cohesion of the cement-treated soil, 
a significant difference between the peak and residual effective residual friction angles, 
ϕ′max and ϕ′res, was observed. The difference would be greater as the cement content in-
creased. Specifically, ϕ′res was 8.5 degrees less than ϕ′max for specimens with 10% cement 
content, equating to a 15% decrease in the highest effective friction angle. Similar results 
were found for the peak and residual strength parameters of cement-stabilized soil during 
consolidated, undrained triaxial compression [17]. Between the peak undrained shear 
strength and the residual value of the treated soil samples, the results of the tests demon-
strated a significant drop. The difference rose as the effective consolidation pressure and 
curing period increased [17]. 

 

0

20

40

60

80

100

0 50 100 150 200

In
te

rfa
ce

 sh
ea

r s
tre

ng
th

, τ
in

t(
kP

a)

Effective normal stress, σn′ (kPa)

(a) Peak interface shear strength

10%
7%
5%
3%
0% (untreated)

0

20

40

60

80

100

0 50 100 150 200

In
te

rfa
ce

 sh
ea

r s
tre

ng
th

, τ
in

t(
kP

a)

Effective normal stress, σn′ (kPa)

(b) Residual interface shear strength
10%
7%
5%
3%
0% (untreated)

0

5

10

15

20

25

30

0

10

20

30

40

50

60

0% 2% 4% 6% 8% 10%

Ef
fe

tiv
e 

co
he

sio
n 

(k
Pa

)

Ef
fe

ct
iv

e 
fri

ct
io

n 
an

gl
e 

(d
eg

re
e)

Cement content, Cm (%)

Effective friction angle
Effective interface friction angle
Effective cohesion

Figure 7. Shear strength and interface shear strength parameters of untreated and treated soil
specimens. The continuous and dashed lines exhibited the peak and residual values, respectively.

The increase in the percentage of sand-sized particles in cement-treated soil would
increase its shear strength and interface shear strength. The effects of sand size fraction
on the shear strength of sand-clay mixtures could demonstrate this. Previous research
reveals that shear strength depends on the relative concentrations of large particles and clay.
For a fine content greater than 60 percent, the shear strength of the mixtures is equivalent
to that of pure clay [41]. In these cases (i.e., fine content > 60%), the decrease in fine
content (i.e., the increase in sand-size particle fraction) results in an increase in the internal
friction angle [42,43]. Tsubakihara et al. [44] reported similar effects of particle size on the
shear strength of the soil-steel interface. The results of this study indicated that the shear
strength of the interface between a sand-clay mixture and steel increased significantly as the
percentage of granular soil particles increased. Compared to the interface shear strength of
the sand-clay mixture, the increase in the interface shear strength was more pronounced in
soil specimens stabilized by a higher cement content. The enhancement can be attributed
to cementitious materials, which increased particle size and decreased void space in the
treated soil [9].

Nonetheless, these observations on the shear strength values of the cement-treated
soil differed from those revealed in previous research. Issa and Reza [18] performed
a standard direct shear test to show that treating sand with cement increased its shear
strength. The increase in cohesion was more noticeable than the increase in friction angle.
In that investigation, specimens were made by compacting the soil-cement mixture to the
optimum moisture content and then shearing it at 0.12 mm/min. Hence, the test findings
demonstrated the total shear strength behavior of unsaturated specimens, which was
significantly different from those presented in this study (i.e., the effective shear strength
behavior of saturated samples). Azneb et al. [14] found that the effective cohesion increased
significantly with the addition of cement for the shear behavior of the cement-treated soil
under consolidated undrained triaxial compression. However, the effective friction angle
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was constant for all cement contents. The difference may be attributed to the high cement
content and water-to-cement ratio employed in the Azneb et al. [14] investigation. In
particular, the treated specimens were created by combining soil with a water content as
high as 1.2 times the liquid limit of base soil with 10–20% cement. In addition, the cement
was added as a slurry with a water-to-cement ratio of 0.6, increasing the water content of
the mixture. For such a high cement concentration and water-to-cement ratio, significant
hydration and cementitious products are believed to exist and produce strong intercluster
bonding in treated soil samples. The test findings demonstrated a significant improvement
in effective cohesiveness and effective friction angle [14].

In addition, there was a significant difference between the peak and residual shear
strengths of cement-treated soil samples (Figure 7). Although there was a little difference
(about 2 kPa) between the peak and residual effective cohesion of the cement-treated soil, a
significant difference between the peak and residual effective residual friction angles, φ′max
and φ′res, was observed. The difference would be greater as the cement content increased.
Specifically, φ′res was 8.5 degrees less than φ′max for specimens with 10% cement content,
equating to a 15% decrease in the highest effective friction angle. Similar results were found
for the peak and residual strength parameters of cement-stabilized soil during consolidated,
undrained triaxial compression [17]. Between the peak undrained shear strength and
the residual value of the treated soil samples, the results of the tests demonstrated a
significant drop. The difference rose as the effective consolidation pressure and curing
period increased [17].

Last, the shear strength and interface shear strength improvements of the cement-
treated soil were quantified using the shear strength ratio, Rs, and interface efficiency ratio,
IEF, respectively. The ratio Rs was defined as the ratio of the shear strength of treated soil
to that of untreated soil at a normal stress level, as follows:

Rs =
τtreated

τuntreated
(9)

Similarly, the interface efficiency ratio, IEF, was defined as the ratio of the interface
shear strength of the treated soil to that of untreated soil, which was first presented by
Hamid et al. [23].

IEF =
τtreated

int

τuntreated
int

(10)

Figure 8 illustrates the average values of Rs and IEF obtained from cement-treated soil
samples at 28 days of curing subjected to different effective normal stresses with a relative
standard deviation of less than 5%. The peak shear strength ratio changed from 1.28 to
2.40 as the cement content increased from 3% to 10%. At 10% of the shear strain, however,
the residual shear strength ratio was significantly lower, ranging from 1.16 to 1.80 in that
cement content range (Figure 8a).

Similarly, the peak values of the average interface efficiency factor, IEFaverage, also
increased from 1.15 to 1.55 when the cement content was raised from 3% to 10%. Under this
cement content range, the residual values of the IEFaverage were smaller, ranging between
1.12 and 1.44.

A number of studies have reported that the soil-water/cement ratio is strongly
correlated with unconfined compressive strength [7,8,34,45–47] and undrained shear
strength [31]. For instance, a power function could present the unconfined compressive
strength of cement-treated soil at 28 days of curing, qu, as follows [46]:

qu =
A

(w/Cm)
B (11)

in which A and B are empirical constants.
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Figure 8. Average shear strength ratio and average interface efficiency factor of cement-treated soil at
28 days of curing with standard deviation.

Based on the above correlation, the strength ratio of cement-treated soil could also be
evaluated using w/Cm values. Figure 9 shows the values of the shear strength ratio plotted
against soil-water/cement content. The relationship can be satisfactorily modeled by the
following power function (R2 = 0.92), which is in a similar form to Equation (11):

Rs =
15.191

(w/Cm)
1.019 (12)
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The points in Figure 9 represent the direct shear test results of different types of
soil treated with varying amounts of ordinary Portland cement. As indicated in Table 4,
test variations included normal stresses, cement contents, water contents, and drainage
conditions. Notably, the correlation equation was devised without considering normal
stress, which would result in a prediction error. Nevertheless, the error could be negligible
because the strength ratio changed insignificantly with the variation of the normal stresses
(i.e., the relative standard deviation was less than 5%). The proposed prediction for Rs
values was also restricted to the shear strength at 28 days of soils with low organic or
inorganic content treated with ordinary Portland cement, of which the value w/Cm is in the
range of 0.6 to 19.1.

Table 4. Summary of direct shear test conditions on cement-treated soil in various studies at 28 curing days.

Type of Soil w, % Drainage
Condition

Normal Stress,
kPa Cm, % w/Cm References

Caspian Sea sand (SP) 12.3–14.4 Undrained 34–121 2.5–7.5 1.6–5.4 Issa and Reza [18]

Egypt’s clean siliceous
yellow sand (SP) 9.4–11.5 Undrained 50–105 3–15 0.6–3.8 Ahmed and Mohammed [48]

Bangladesh silty clayey
soil (CL) 23.5–27 Undrained 35–105 5–12.5 2.2–4.7 Sarkar et al. [49]

50% Aeolian and
50% bentonite 24.8 Drained 55–416 3 8.3 Kayvan and Mohammad [50]

70% sand and
30% bentonite 18 Drained 24–347 5 3.6 Boroumandzadeh and Pakbaz [51]

Cai Lon riverbed
soil (MH) 54.7 Drained 50–200 3–10 5.7–

19.1 This study

3.5. Effect of the Curing Period on the Shear Strength and the Interface Shear Strength of
Cement-Treated Soil

Figure 10 shows the development of the shear and interface shear behavior of soil
treated with 10% cement during the 56 days of the curing period. In addition, the lengthen-
ing of the curing period caused the shear and interface shear failures of the treated soil to
become more brittle.

Similar to previous research, the 28-day-old strength of cement-stabilized soil was
used as a reference value to evaluate the rate of strength development [8,44,45]. As shown
in Figure 11, a strong correlation (R2 = 0.98) was found between the curing period and the
strength development ratio, RSD.

RSD =
τmax

D
τmax28

=
τres

D
τres28

=
τint_max

D

τint_max28
=

τint_res
D

τint_res28
= 0.2108 ln(D) + 0.2833 (13)

in which τmax
D, τres

D, τint_max
D, and τint_res

D are the peak shear stress, residual shear stress,
peak interface shear stress, and residual interface shear stress after D days of curing period,
respectively, τmax

28, τres
28, τint_max

28, and τint_res
28 are the peak shear stress, residual shear

stress, peak interface shear stress, and residual interface shear stress after 28 days of curing
period, respectively.

Although this relationship is linked to the rate of shear strength and interface shear
strength development of cement-treated soil in the curing period range of 3 to 56 days, as
shown in Figure 11, the finding correlation is matched to the logarithmic relationship devel-
oped for the unconfined compressive strength with a curing period of cement-stabilized low
plasticity and coarse-grained soil [8]. In that study, the proposed model was valid for the
extended curing period (i.e., between 7 and 120 days). It accounted for the variations in soil
types, water contents, cement contents, and compaction energies. In addition, the relation-
ship in this study also agrees with the development of undrained shear strength of various
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clays cemented with Portland cement with curing time proposed by Sasanian et al. [31],
which was developed using more than 440 data points for 12 different clays with a wide
range of liquidity indices (LI ~ 0.4–3.0) and cement content (c ~ 1–100%). In short, the devel-
opment rate of the effective shear strength and interface shear strength of the cement-treated
soil within 56 days of curing is similar to that of the unconfined compressive strength and
undrained shear strength of the cement-treated soil suggested by previous studies.
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Figure 10. (a) Shear behavior and (b) Interface shear behavior of cement-treated soil specimens under
200 kPa of effective normal stress after different curing periods.
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4. Conclusions

A series of laboratory tests were conducted to examine the behavior of effective
shear strength and interface shear strength of cement-treated silty soil under consolidated,
drained conditions up to 56 days of curing. The test results illustrated that the shear
strength and interface shear strength of the treated soil specimens improved significantly.
The remaining findings were as follows:

- The addition of cement led to an increase in the particle size of the treated soil. Higher
cement content resulted in a higher percentage of sand and an increased average
particle size, D50. After 28 days of curing, the percentage of sand in soil treated
with 10% cement doubled, and its value of D50 was 2.7 times higher than that of the
untreated soil. In particular, about 1.8% and 13.5% of the fine content integrated into
sand-size particles in the soil treated with 3% and 10% cement content, respectively.

- The shear strength and interface shear strength of the cement-treated soil showed
brittle shear-strain and stick-slip phenomena, respectively, after reaching the yielding
stage. The improvement in the shear strength of the cement-treated soil was mostly
caused by the increase in the effective friction angle. For example, the peak effective
friction angle increased from 27.5◦ for the untreated soil to 53.5◦ for the soil treated
with 10% cement content. On the other hand, peak effective cohesion increased by
a negligible amount. The peak effective interface friction angle of treated soil at that
cement content was 25.4◦, significantly higher than that of untreated soil (i.e., 15.4◦).

- The higher the cement content, the greater the shear strength ratio Rs. In particular, at
28 days, the peak and residual average shear strength ratios Rs of specimens treated
with 3–10% cement ranged from 1.28 to 2.40 and 1.16 to 1.80, respectively. Similarly, on
a smaller scale, the cement also enhanced the soil-steel interface’s strength parameters.
At its peak, the average interface efficiency factor (IEF) was approximately 1.55 when
10% cement content was added. The shear strength ratio of cement-treated soil can be
predicted using a proposed power function model, which was devised based on the
soil-water/cement ratio. The model is verified using data from previous studies and
the authors own.

- A new logarithmic equation with a strong correlation (R2 = 98) was proposed to predict
the rate of shear strength and interface shear strength development in cement-treated
silty soil within 56 days of curing. The developed equation also agrees with prediction
models provided in earlier research on the undrained shear strength and unconfined
compressive strength of soil treated with cement.

Adding cement to soils increased their shear and interface shear strengths, which had
various advantageous implications for construction. For instance, the increase in shear
strength would enhance the slope stability of embankments when employing soil treated
with cement as a backfill. Additionally, the active earth pressure could be reduced, and the
stability of the sheet piles could be increased due to the improvement in the shear strength
and interface shear strength of the soil behind the sheet pile when treated with cement. Last
but not least, retaining walls formed of cement-deep soil combined with H-piles would
provide significant support for excavation stabilization.

It should also be emphasized that the findings presented in this study pertain to
soil that has been remolded and treated with cement in a laboratory setting. Although
the mixing method, homogeneity, and curing conditions of treated soil specimens in the
laboratory are substantially different from those in the field, the tests were intended to
replicate the shear strength and interface shear strength of cement-treated soil in the field.
Those differences lead to significant differences in the shear strength and interface shear
strength behaviors of treated soils. Especially in the cement deep soil mixing method, the
improved engineering properties of the stabilized soil are governed by soil types, slurry
properties, mixing procedures, and curing conditions. Moreover, the presented laboratory
test results are applicable for low organic or inorganic soil treated with ordinary Portland
cement, and the soil-water/cement content varied from 5.7 to 19.1. The new models were
developed based on observations of the cement-treated soil’s strength development within
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56 days of curing, which may be less time than the duration of deep soil mixing construction
in reality. Despite these limitations and discrepancies, the results are expected to provide
useful information regarding the effects of cement content and curing period on enhancing
the effective shear strength and interface effective shear strength of the cement-treated soil.
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Keywords: CBR, non-woven geotextile, expansive clay, swelling, soaking 

ABSTRACT: As a very soft and expansive clay, the riverbed clay excavated in Cailon river is difficult soil 
for embankment application. After soaking, it becomes not only softer (i.e wetting effect) but also looser 
(i.e. swelling effect). A possible solution is to reinforce the riverbed clay by the nonwoven geotextile layers. 
A series of laboratory tests for California Bearing Ratio (CBR) was performed to investigate the bearing 
capacity of the clay reinforced by various number of reinforcement layers under different soaking 
conditions. The result reveals that the reinforcement improved significantly the CBR value of the reinforced 
riverbed clay especially for the soaked specimens.  

 INTRODUCTION 

With the development of economy and the demand 
of transportation, more and more roads are required 
to build in the rural areas in the Mekong Delta 
region. One of a cheap solution is used soft clay 
excavated from the Mekong as backfill soil. As a 
green and sustainable developed solution, numerous 
advantages are achieved: (1) avoid the 
environmental effects of dredging the clay; (2) 
reducing the use of natural sand and (3) reducing the 
cost for construction. However, there are difficulties 
including low shear strength, high void ratio, low 
permeability and large strength reduction and 
expansion when being saturated (after rainfall). To 
ensure the effective performance of reinforced earth 
structures, current design guidelines (AASHTO 
2002; Berg et al., 2009; NCMA, 2010) 
conventionally specify to use free-draining granular 
materials as backfill materials within a reinforced 
zone and preclude the use of fine-grained materials 
(i.e. clayey soil).  

To enhance strength as well as handling above 
difficulties, there were many researches applying 

geosynthetics as the reinforcement. As a low 
permeability material, the construction using soft 
clay as the backfill required a proper drainage 
system and construction technology to ensure its 
performance (Sridharan et al., 1991; Chen and Yu, 
2011; Taechakumthorn and Rowe, 2012; Yang et 
al., 2015). The high permeability of reinforcement 
significantly improved the bearing capacity and 
stability of reinforced soil structure (Zornberg and 
Mitchell, 1994). As results, the high permeability 
nonwoven and woven geotextile were the potential 
reinforcement material for the reinforced earth 
structure using the marginal backfill soil.   

Numerous researches investigated the bearing 
capacity of reinforced soil using the laboratory and 
in place tests for California Bearing Ratio (CBR). 
Choudhary et al. (2010) evaluated the CBR value of 
sand reinforced by high density polyethylene 
(HDPE). The reinforcement improved 3 times the 
bearing capacity of reinforced sand. Rajesh et al. 
(2016) conducted laboratory and in place tests to 
determine the CBR value of clay reinforced by 
geogrid. It found that using geogrid, the CBR of clay 
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Figure 1. The arrangement of reinforcement layers in reinforced and unreinforced specimens 

in soaked condition can be improved by 1.9–2.6 
times. For un-soaked specimens, the CBR of geogrid 
reinforced clay were about 1.9–4.5 times that of 
unreinforced clay. Carlo et al. (2016) performed the 
CBR tests on the nonwoven with high tenacity 
polyester yarns reinforced fine soil under soaking 
condition. The results showed that the reinforced 
samples had a maximum bearing capacity larger 
than the unreinforced one. Adams et al. 2016 
presented the CBR enhancement of lateritic soil 
reinforced with one and two layers of geogrid. The 
higher a number of reinforcement layers were; the 
higher bearing capacity of reinforced specimens 
was 

Although the CBR behavior of reinforced clay 
was studied by a number of researches, the shear 
strength reduction of reinforced clay due to soaking 
process was not fully determined. In this research, a 
series of laboratory tests were performed to examine 
the CBR value of riverbed clay reinforced by 
nonwoven geotextile. After soaking, as an 
expansive clay, the loss of shear strength of the 
specimens was expected very severe. The result 
would be wetting effect on the CBR reduction of 
nonwoven geotextile reinforcement clay. The result 
of research would be the fundamental theory to 
improve the rural road design (i.e. low bearing 
capacity requirement) using the reinforced clay as 
the backfill replacing the expensive sandy soil for 
the foundation of rural roads in Mekong Delta. 

 EXPERIMENTAL PROGRAM 

A total of 10 laboratory tests was conducted to 
determine CBR value of the riverbed clay reinforced 
by nonwoven geotextile. The test variation included 
number of reinforcement layers (i.e. unreinforced; 
1; 2; 3; and 5 layers) and soaking conditions. The 
reinforcement arrangement was shown in Fig. 1. 

2.1 Test materials 

2.1.1 Soft clay 

Kien Giang soft clay was excavated from the Cai 
Lon River, Kieng Giang province in the Mekong 
Delta, Vietnam (Fig. 2).  Fig. 3 shows the grain-size 
distribution of the clay. Clay is classified as high 
plastic inorganic silt (MH) by the Unified Soil 
Classification System with specific gravity (Gs) of 
2.75, liquid limit (LL) of 91.5, plastic limit (PL) of 
44.9, and plasticity index (PI) of 46.6. As the LL > 
70 and PI > 35, the clay was classified as the very 
high swelling potential (Chen, 1983; Seed et al., 
1962; Daksanamurthy and Raman, 1973).  

 
Figure 2. Location of Calon river in Kien Giang province 
(Google map) 

 
Figure 3. Grain-size distribution of riverbed clay 

In order to investigate the swelling behavior of 
Kien Giang riverbed clay, the test for free swell 
index and expansion index, EI were performed 
following IS: 2720 - 40. As 45.9% of the free well 
index, the test results confirmed the very high 
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expansive behavior of the soil during inundate 
process.  

The optimum water content and maximum dry 
unit weight determined from standard Proctor 
compaction are opt = 31.5% and d,max = 13.21 
kN/m3, respectively. The saturated hydraulic 
conductivity estimated using Terzaghi’s 1D 
consolidation theory is ksat= 1.18  10-10 m/s, as 
shown in Table 1. 

Table 1. Soil properties 

Property Value 

Unified Soil Classification System MH 

Plastic limit, PL (%) 44.9 

Plastic index, PI (%) 46.6 

Specific gravity, Gs 2.75 

Moisture unit weight,  (kN/m3) 16.13 

Void ratio, e 1.60 

Water content,  (%) 57.4 

Degree of saturation, Sr (%) 96.6 

Liquid limit, LL (%) 91.5 

2.1.2 Geotextile 

A commercially available needle-punched 
Polyethylene terephthalate (PET) nonwoven 
geotextile was used.  

Table 2. The properties of nonwoven geotextile  
Property Value 

Fabrication process 
Needle-punched PET nonwoven 

geotextile 

Mass (g/m2) 200 

Thickness (mm) 2.78 

Apparent opening 
size (mm) 

0.11 

Permittivity (s-1) 1.96 

Cross-plane 
permeability (m/s) 

3.5 × 10-3 

Wide-width tensile test 

Direction 
Ultimate 
strength 
(kN/m) 

Failure 
strain 
(%) 

Secant stiffness 
peak value 

(kN/m) 

Longitudinal 9.28 84.1 11.03 

Transverse 7.08 117.8 6.01 

Table 2 summarizes the properties of the tested 
nonwoven geotextile. Permittivity test results 
showed that this geotextile has permittivity of           
= 1.96 s-1 and corresponding cross-plane 
permeability of k = 3.5 10-3 m/s, which is several 

orders of magnitude higher than the permeability of 
the clay used in this study. The load-elongation 
behavior of the reinforcement was tested by wide-
width) (Nguyen et al., 2013) in the longitudinal and 
transverse directions. The test results revealed the 
anisotropic tensile behavior of the geotextile (i.e., 
weaker and softer direction).  

2.2 Specimen preparation 

A natural clay sample excavated from the riverbed 
in the form of wet bulk was placed in an oven 
(temperature was set at less than 60°C) for a 
minimum of 24 hours and then crushed and ground 
into a dry powder in a mortar. Moisture soil 
specimens were prepared by mixing different 
quantities of powder and water corresponding to the 
desired water content, placed in a plastic bag within 
a temperature-controlled chamber, and sealed for a 
minimum of 2 days to ensure a uniform distribution 
of water in the soil mass. 

The specimens were compacted by using a mold 
with a 152.4 mm diameter and height of 116 mm. A 
specimen was prepared by 5 compaction layers. The 
level of compaction energy was 482 kJ/m3 (10 blows 
per layer).  

The amount of soil for each compaction layer 
was evaluated using several trial compaction tests. 
The total amount of soil used should be such that the 
last compacted layer slightly extends into the collar 
but not more than ~6 mm above the top of the mold. 
Before the collar was removed to trim the 
compaction specimen, the soil adjacent to the collar 
was trimmed to loosen itself from the collar and to 
avoid disrupting the soil below the top of the mold. 
A knife was used to trim the compacted specimen 
even with the top of the mold. Any holes in the top 
surface were filled with unused soil and pressed in 
with fingers; then, a straight edge was scraped 
across the top of the mold. After the specimens were 
compacted, their moisture weight W and water 
content unre were measured. 

After each soil layer was compacted and leveled, 
the soil surface was scarified before a 15.24 mm-
diameter dry geotextiles layer was placed 
horizontally on the roughed surface. The amount of 
soil required for the next layer was then poured and 
compacted. The process for completing the surface 
of reinforced specimens was similar to that for 
unreinforced specimens.  

For the soaked specimens, the compacted 
specimens were soaked in 96 hours before 
performing the CBR test. The surface of specimens 
was loaded using a surcharge of 4.54 kg mass. A 
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2.27 kg weight was placed to prevent the upheave of 
soil into the hole of surcharge. During soaking 
process, the swell of specimens was recorded 
frequently after each 1–2 hours. 

2.3 Testing program 

The laboratory test for CBR value was following 
ASTM D1883 in which the rate of penetration is 
approximately 0.05 in. (1.27 mm)/min. The test was 
stopped until the penetration reached 20 mm. The 
stress in piston was recorded with time. It was also 
corrected due to the surface irregularities or other 
causes as recommended by ASTM D1883. The 
value of CBR was determined as: 

𝐶𝐵𝑅  %
.

 100           (1) 

𝐶𝐵𝑅  %  100          (2) 

where CBR1 and CBR2 are CBR values at penetration 
values at 2.54 mm and 5.09 mm, respectively; P1 
and P2 are values of corrected stress in piston (MPa) 
at 2.54 mm and 5.09 mm, respectively 

If CBR1 ≥ CBR2, CBR of the material is CBR1. If 
CBR1 < CBR2, rerun the test and if the checked test 
shows the similar result, use the CBR2.                                                                                                                           

 RESULTS AND DISCUSSION 

3.1 Influence of nonwoven geotextile on the swell 
behavior of riverbed clay 

The swell of specimen during soaking is quantified 
using the percent swell, S of which considering the 
swell of soil only in the specimens: 

soilH

s
S             (3) 

where s = vertical swell measured with time; Hsoil = 
height of soil only (exclude the thickness of 
reinforcement layer if any) before soaking. 

 
Figure 4. Percentage of swelling of unreinforced and 
reinforced specimens during soaking 

The variations of percent swell of unreinforced 
and reinforced specimens, s with time are given in 

Fig. 4. It is defined as the ratio between swell and 
the original height of specimen in percent. 
Generally, it increased by time during soaked 
process, but the swell process does not reach 
equilibrium within 96 hours of soaking.  

At the initial of time, the percent swell of 
unreinforced specimens is smaller than that of 
reinforced specimens. However, after a period of 
time (about 40 hours), the more amount of swell is 
found in the unreinforced specimens. After 96 
hours, the final swell of reinforced specimens is 
observed to be reduced with the number of 
reinforcement layers.  

Table 3. Percent swell and percent reduction of dry 
unit weight of specimen after 96 hours of soaking 

Cases S96h (%) %d (%) 

Unreinforced 4.40 4.21 

1 layer 4.36 4.18 

2 layers 4.15 3.98 

3 layers 3.71 3.58 

5 layers 3.55 3.43 

The swelling velocity is used to illustrate the 
influence of reinforcement on the swelling behavior 
with time of reinforced specimens. It is defined as 
the percent swell of specimens in an hour. The swell 
velocity of reinforced specimen is observed to be 
higher than that of unreinforced specimens in 10 
hours of soaking. Especially, in the first 2.5 hours, 
the swell velocity of reinforced specimen is about 
0.25–0.3%/hour, which is approximately 2.5–3 
times of that of unreinforced specimens (about 
0.1%/hour). It is explained by the increment of 
drainage paths in the reinforced clay from the 
nonwoven geotextile layers (a permeable material), 
enhancing the swell in reinforced specimens. The 
influence of number of reinforcements is not clear 
on the swell velocity of reinforced specimens after 
20 hours (Fig. 5a). After 60 hours, the swell velocity 
of specimens follows the same order with the 
number of reinforcement layers. The higher number 
of reinforcement layers is; the lower swell velocity 
is (Fig. 5b). In other words, due to soaking, the swell 
of specimen reinforced with higher number of 
reinforcement layers come to equilibrium faster 
than that with lower number of reinforcement 
layers.  

To conclude, nonwoven geotextile layers induce 
the swell faster and lower final percentage of swell. 
The later effect is due to the local lateral 
confinement from soil-reinforcement interaction. 
As explained by Choudhary et al. (2012), the 
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expansion develops in all directions and mobilizes 
the interfacial frictional force between soil and 
reinforcement. This frictional force tends to 
counteract the swelling pressure in a direction which 
parallel the reinforcement, and consequently 
reduces the heave. A similar observation was found 
by Keerthi and Kori (2018). 

 

 

Figure 5. Velocity of swell (a) in the first 20 hours and 
(b) after 20 hours of soaking 

It should be noted that during the soaking 
process, there is not any changes of dry weight of 
soil specimens but the increment of volume due to 
the swell effect. As a result, dry density of soil 
specimens is reduced after soaking. The percentage 
of dry density reduction of soil due to 96 hours of 
soaking, %d is defined as: 

%100%
_

__ 



unsoakedd

soakeddunsoakedd
d 


         (4)  

in which, d_unsoaked and d_soaked are the dry unit 
weight of specimen before and after 96 hours of 
soaking, respectively. 

Without the consideration of thickness changes 
of reinforcement layers due to soaking (seem to be 
very small compared to that of soil), reduction of dry 
unit weight of soil is evaluated using the percent 
swell after 96 hours of soaking, S96h. 

1

1
1%

96 


h
d S

           (5) 

As shown in Table 3, the reduction of dry unit 
weight of clay specimens reinforced by nonwoven 

geotextile layer is smaller than that of unreinforced 
soil. As a result, in case of being the same density 
after compaction, after soaking, the clay in 
reinforced specimens would be denser than that of 
the unreinforced soil due to the strength of 
nonwoven geotextile.  

3.2 CBR behavior of unreinforced and reinforced 
with geotextile in un-soaked & soaked condition 

Figure 5 presents the corrected stress in piston with 
the penetration of unreinforced and reinforced clay 
specimens. For both unsoaked and soaked 
specimens, the peak bearing capacity of clay is 
significantly improved when reinforced by 
nonwoven geotextile layers. The higher number of 
reinforcements was; the higher bearing capacity of 
reinforced specimens would be. This observation 
corroborates earlier CBR results, on reinforced soil 
obtained by Abduljauwad et al. (1994), Koerner et 
al. (1994), Kamel et al. (2004), Choudhary et al. 
(2012), Rajesh et al. (2016), Carlos et al. (2016), 
Keethi and Kori (2018) and Singh et al. (2019). 
They concluded that the reinforcement layers 
improved the CBR value of reinforced soil. 

The improvement of bearing capacity of 
reinforced specimens is quantified using the 
strength ratio which is defined as the ratio of CBR 
of reinforced specimen and that of unreinforced 
specimen.  

 

 
Figure 6. Corrected stress in piston of specimen (a) 
without soaking and (b) with soaking 

The changes of strength ratio with the 
reinforcement spacing are shown in Fig. 7, in which 
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the unreinforced specimen is equivalent to the 
reinforcement spacing of 116.5 mm. Due to the 
effect of reinforcement, the strength ratio of 
unsoaked specimen is varied from 1.1–1.5 while it 
of soaked specimen is 2.7–3.3. It means that the 
nonwoven geotextile improved the bearing capacity 
of soaked clay more effectively than that of 
unsoaked clay specimens. 

 
Figure 7. The correlation of strength ratio and the 
reinforcement spacing 

Besides, for both soaked and unsoaked 
specimens, when increasing the reinforcement 
spacing, h (i.e. reduce the number of reinforcement 
layers), the strength ratio initially increased, reached 
the peak value at h = 40 mm (equivalent to the 
specimen reinforced by 2 reinforcement layers), 
then reduced until the unreinforced specimens. The 
optimum ratio between reinforcement spacing and 
the diameter of the load piston, D for the highest 
strength ratio was about 0.8. This value was reported 
in the earlier researches.  Koerner et al. (1994) found 
that thickness of soil required to cover geosynthetics 
clay liner should be at least equal to the diameter of 
the load piston (i.e. h/D = 1). A similar conclusion 
was obtained in Choudhary et al. (2012) and Keethi 
and Kori (2018) when performing CBR test on the 
expansive soil subgrades with a single 
reinforcement layer. Kamel et al. (2004) also 
reported that geogrid layer was placed at a depth of 
1.0–1.2 the diameter of plate load to attain the 
highest bearing capacity of reinforced specimens. It 
should be noted that the optimum position of 
reinforcement was found above in the case of a 
single reinforcement layer. The founded optimum 
reinforcement spacing in the study, h/D  0.8 is 
closed to the finding ratio from previous researches.  

The observation can be explained by the 
mechanism of reinforced soil under the load of 
piston. The bearing capacity improvement was 
attributed by the soil-reinforcement interaction. 
Reinforcements can restrain the lateral deformation 
or the potential tensile strain of the soil 
(confinement effect). In addition, deformed 

reinforcements can develop an upward force 
(membrane effect). These effects will result in an 
increase in the bearing capacity. At low penetration 
of piston, the deformation of reinforcement is small, 
the confinement effect would contribute to the 
improvement of bearing capacity, which much 
depended on the depth of punching failure surface 
and this surface is limited by the depth of the top 
reinforcement layer. The specimens with the top 
reinforcement layer at the optimum depth would 
have the highest bearing capacity than others (i.e. 
the specimen reinforced by 2 reinforcement layers 
in this study). When the penetration is large enough, 
the tensile strength is mobilized from not only the 
top reinforcement layer but also the lower ones. As 
a result, more bearing capacity improvement could 
be achieved with higher number of reinforcement 
layers. The observation from the Fig. 6 agrees with 
that adjustment. When the penetration was over 13 
mm, the bearing capacity of specimen reinforced by 
5 reinforcement layers was the highest.  

3.3 The effect of soaking on the CBR behavior 

The percent CBR reduction due to soaking is 
evaluated as: 

%100% 



unsoaked

soakedunsoaked

CBR

CBRCBR
CBR        (6) 

where CBRunsoaked and CBRsoaked are the CBR value 
of unsoaked and soaked specimen, respectively.  

For unreinforced specimens, after soaking, CBR 
value dramatically plunged from 9.5 of unsoaked 
specimen to 2.2 of soaked specimen, which is 
equivalent to 76.9% reduction of CBR value. 
Compared to the reinforced specimens, the 
nonwoven geotextile reinforcement truncated the 
bearing capacity reduction to less than 50%. After 
soaking, the CBR of reinforced specimen was 6–
7.2% compared to 2.2% of unreinforced specimen. 
The significant decrease of bearing capacity of 
expansive clay is caused by the wetting effect and 
the swelling effect during soaking. The wetting 
effect would reduce the friction among soil particles 
as well as the bond between soil-reinforcement. The 
swelling effect reduces the density of soil, which 
also causes the bearing capacity reduction of 
specimens. The geotextile layer not only reduced the 
percent of swelling but also improve the bearing 
capacity due to the soil-reinforcement interaction 
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and membrane force, which is from the tensile 
strength mobilization in the reinforcement layers.  

Table 4. CBR and percent CBR reduction due to 
soaking of unreinforced and reinforced specimens   

Cases CBR of 
unsoaked 
specimens 

(%) 

CBR of 
soaked 

specimens 
(%) 

Percentage 
of CBR 

reduction 
(%) 

Unreinforced 9.5 2.2 76.9 
1 layer 12.3 6.6 46.1 
2 layers 14.2 7.2 49.1 
3 layers 11.7 6.7 43.1 
5 layers 10.3 6.0 41.5 

 CONCLUSION 

A series of CBR tests was performed to investigate 
the capacity of expansive clay specimens reinforced 
with geotextile. The results illustrate the role of non-
woven geotextile on improving the bearing capacity 
of reinforced expansive clay in both soaked and 
unsoaked conditions. The other conclusions are the 
following: 

 The permeable reinforcement induces swell 
faster by adding more drainage path into the 
reinforced specimens. It also reduces the percent 
swell and soil density reduction after soaking. 
The more increment of number reinforcement 
layers in the reinforced specimens is, the less 
percent swell was observed. The dry unit weight 
reduction due to soaking decreases from 4.2% 
(for unreinforced clay) to 3.4% (for 5 layers 
reinforced specimen). 

 The nonwoven geotextile significantly improves 
the CBR behavior of expansive clay for both 
soaked and unsoaked condition; however, the 
effect of reinforcement is activated more 
effectively when the soil is soaked. Compared to 
the CBR value of unreinforced clay, the highest 
strength ratio is 1.5 and 3.3 for the unsoaked and 
soaked specimens reinforced by 2 reinforcement 
layers, respectively.  

 The CBR behavior of reinforced specimens is 
deferent as the changes of piston penetration and 
it requires a sufficient deformation to mobilize 
the shear strength from soil-reinforcement 
interaction and the membrane force from 
reinforcement tension. When the penetration is 
less than 2 mm, there is not any significant 
bearing capacity improvement. Up to 5.08 mm of 
penetration, the specimens reinforced with 2 
reinforcement layers (i.e. h/D  0.8) reaches the 
highest bearing capacity. When the penetration is 

beyond 13 mm, the specimens reinforced with 
higher number of reinforcement layers would 
have higher bearing capacity due to the fully 
activation of all the reinforcement layers. 

 Both the unreinforced and reinforced specimens 
significantly reduce their bearing capacity after 
soaking. However, the nonwoven geotextile 
remedies the CBR reduction of reinforced 
specimens. While the unreinforced specimens 
decrease 76.9% its CBR value, that value of the 
reinforced specimens is only less than 50%. After 
soaking, CBR of the reinforced specimen is up to 
7.2%, the CBR value unreinforced specimens is 
very low, only 2.2%.  
The significant drop of the bearing capacity of 

both unreinforced and reinforced expansive clay 
suggests that a good function drainage system is 
crucial for the unreinforced and reinforced clay 
structure to maintain its bearing capacity and 
stabilization.  
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Abstract—Clay, which was excavated from the river, was 
difficult to reuse because of the massive property changes when 
changing its water content. When being saturated, the clay 
becomes looser and softer, inducing a significant reduction in the 
bearing capacity. To improve those disadvantages, the clay was 
reinforced by the nonwoven geotextile with a sandwich sand 
layer. Using the California Bearing Ratio (CBR) tests, the 
reinforced clay’s bearing capacity behavior with a sand cushion 
under soaking condition was investigated. The result reveals that 
the sandwich sand layer significantly improved the CBR value 
of the reinforced riverbed clay. After 96 hours of soaking, the 
CBR value of reinforced specimens was as high as 1.5-2.8 times 
that of the un-reinforced specimen. Regarding the bearing 
capacity reduction after soaking, the CBR value of unreinforced 
riverbed clay was less than 3%, which reduced up to 73.1% of 
its bearing capacity before soaking. In contrast, the CBR 
reductions of reinforced specimens were varied from 42.2- 
60.8% depending on the thickness of the sand layer. When 
increasing the sand height, the CBR value went up, especially for 
soaking specimens. The optimal dry mass ratio between sand 
and soil was 0.1 in other that the CBR got the highest value. 

Keywords—soaking, soft clay, swelling, CBR  

I. INTRODUCTION 

Using riverbed clay instead of sand for backfill, especially 
in transportation construction like roads has many benefits: (1) 
not losing local cultivated land; (2) increasing the depth of 
river; (3) ensuring the elevation of roads adapted to the 
increases of water level due to global climate change and (4) 
green and solution for sustainable development. Nevertheless, 
there are some disadvantages: low shear strength, high void 
ratio, impermeability, and the massive change of properties 
when being soaked (after rainfall) [1-2]. Using soft clay as a 
backfill required a drainage system and construction method 
to ensure its strength [3-6]. Geotextile and sand cushion are 
usually used to enhance the strength of soil as well as handle 
weakness. The high permeability of geotextile significantly 
increases the bearing capacity and stability of reinforced soil 
structure [7]. Using geogrid-reinforced sand cushion increased 
the capacity of soft soil, and the subgrade reaction coefficient 
K30 was improved by 3000% as well as the deformation is 
reduced by 44% [8]. Reference [9] introduced the construction 
of a 3 m high embankment on the geocell foundation over the 
soft settled red mud, a waste product from the Bayer process 
of the Aluminum industry. In this case, the combination of 
geocell and geogrid was recommended to stabilize the 
embankment base. Reference [10] applied sand cushion 
combining with geotextile under breakwater on soft ground to 
constrain the lateral displacement of both the embankment and 
the ground, and the reinforcement suppressed the range of 
high-stress level in the system. In general, the weaker the 
ground is, the higher the modulus of the geotextile is, the more 

effective the reinforcement would be. The geotextile and sand 
cushion could improve the bearing capacity of the reinforced 
soil by up to 7 times [11]. The important drainage role of 
geotextile in enhancing the bearing capacity and stability of 
soft soil in embankment constructions was also reported 
previously [7]. Encapsulating geogrids in thin layers of sand to 
enhance the strength of clay was investigated in the direct 
shear test [12], pullout tests [3, 13, 14], and triaxial 
compression test [15]. These results showed that a thin sand 
cushion improves the interface friction between clay and 
geotextile, increasing the strength of clay. This sand cushion 
was also a drainage boundary, decreasing the pore pressure in 
increasing loads. References [12, 13, 14, 15] showed the 
optimum height of sand was 8-10 mm in the unconsolidated - 
un drainage test (UU) and direct shear test, or even up to 8 cm 
in the pullout test. Regarding the drainage boundary, geotextile 
prevented the interlocking effect of fine particles of clay 
penetrated into the sand cushion layer [16, 17]. Geotextile also 
improved the bearing capacity of reinforced expansive clay up 
to 1.5 times for unsoaked condition and 3.3 times for soaked 
cases [18]. 

Many researchers performed the laboratory test to 
investigate the California Bearing Ratio (CBR) of reinforced 
soil. The CBR values of sand reinforced by high-density 
polyethylene (HDPE) increased up to 3 times [19]. Similarly, 
The CBR of clay reinforced with geogrid in soaked condition 
could be improved by 1.9 – 2.6 times [20]. For un-soaked 
specimens, the value of CBR was about 1.9-4.5 times that of 
unreinforced clay. The CBR enhancement of lateritic soil 
reinforced with one and two layers of geogrid was also 
observed. The higher number of reinforcement layers, the high 
the bearing capacity of reinforced specimens was [21].  

Although there were many CBR tests to investigate the 
behavior of reinforced clay, the shear strength reduction of 
reinforced clay with sand cushion due to the soaking process 
was not fully determined. In this paper, a series of laboratory 
tests for CBR was performed to examine the bearing capacity 
of the soft clay reinforced by two non-geotextile layers 
covered a thin sand cushion layer. The CBR behavior of the 
reinforced specimens under soaked and unsoaked conditions 
was determined to quantify the bearing capacity reduction of 
specimens due to the soaking process.  

II. TEST MATERIALS 

A. Soft clay 
Fig. 1 highlighted the grain-size distribution of riverbed 

clay based on reference [22]. The clay soil was the same as the 
clay in the previous study [18]. It was excavated from the Cai 
Lon River, Kien Giang province, with the water content, � = 
57.4%, and the void ratio, e =1.6. The plasticity index, plastic 
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limit, and liquid limit are 46.6, 44.9, and 91.5, respectively. 
Using the Proctor compaction test [23], the optimum water 
content (wopt) is 26.6%  with its maximum dry unit weight 
�d,max =14.56 kN/m3. The clay is classified as high plastic 
inorganic silt (MH) according to the Unified Soil 
Classification System. Using the hydraulic conductivity of the 
clay, ksat is = 1.18�10-10 m/s from one-dimensional 
consolidation test results.  

 
Figure 1. Grain-size distribution of soft soil and sand 

B. Geotextile 
The geotextile used in the research is the same as the 

reinforcement material in the previous research [18], which 
was a commercially available needle-punched Polyethylene 
terephthalate (PET) nonwoven geotextile. Its cross-plane 
permeability (3.5�10-3 m/s) is suitable for the lab test with 1.96 
s-1 of the permittivity. The mass and thickness of PET are 200 
g/m2 and 2.78 mm, respectively. The apparent opening size is 
0.11 mm. Regarding the wide-width tensile test in the 
transverse direction, the PET gained 9.28 kN/m of ultimate 
tensile strength at 84.1% failure strain. While in the 
longitudinal direction, the ultimate tensile strength and the 
failure strain are 7.08 kN/m and 117.8%, respectively. 

C. Uniform quart sand 
Table 1 presented the properties of used sand. Sand is 

classified as clean sand, few fine particles, poor gradation. The 
gain-size distribution of sand is shown in Fig 1. 

TABLE I.  SAND PROPERTIES 

Property Value 
Unified Soil Classification System SP 

Specific gravity, GS 2.66 

D10 (mm) 0.121 

D30 (mm) 0.169 

D60 (mm) 0.242 

Coefficient of curvature, Cc 0.98 

Coefficient of uniformity, Cu 2.00 

Minimum dry unit weight, �d-min (kN/m3) 12.56 

Maximum dry unit weight, �d,max(kN/m3) 15.43 

At relative density, Dr = 0.9 
Dry unit weight, �d (kN/m3) 15.09 

Friction angle from direct shear test, �� (deg)  35.1 

Geotextile/sand interface friction angle, ��a (deg) 23.7 

Efficiency factor, E = tan��a/tan�� 0.62 

III. EXPERIMENTAL PROGRAM 

There were total 10 specimens with the variation of 
soaking conditions, and the thickness of the sand cushion layer 
, which changed from 0 cm (unreinforced) to 4 cm (Fig. 2). 

Figure 2. Geotextile and sand cushion arrangement in reinforced and 
unreinforced specimens 

A. Specimen preparation 
To prepare soil specimens, a natural clay was excavated 

from the riverbed in the form of wet bulk. It was placed in an 
oven (temperature was set at less than 60 °C for a minimum of 
24 hours and then crushed and grounded into a dry powder in 
a mortar. After mixing different quantities of powder and water 
corresponding to the desired water content, specimens were 
placed in a plastic bag in a temperature-controlled chamber for 
a minimum of 2 days to ensure a uniform distribution of water 
in the soil mass. 

For un-reinforcement specimens, a mold with 116 mm 
height and a diameter of 152.4 mm was used to prepare the 
specimens by 5 compaction layers. Each soil layer was 
compacted by 10 blows/layer (equivalent to 482 kJ/m3 of 
compaction energy) at the optimum water content, which was 
found by several trial compaction tests (Fig 3). 

 
Figure 3. Compaction behavior of the clay under a modified compaction 
energy, E = 482 kJ/m3 

For specimens reinforced by geotextile and sand cushion, 
after each soil layer was compacted and leveled, the soil 
surface was scarified before two 15.24 (mm)-diameter dry 
geotextiles layers were placed horizontally on the roughed 
surface of soil and sand. The sand was compacted to reach 
15.09 kN/m3, which equivalent to 90% of relative density 
(Table 1). 
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For the soaked specimens, the compacted specimens were 
soaked in 96 hours before performing the CBR test. The 
surface of specimens was loaded using a surcharge of 4.54 kg 
mass. A 2.27 kg weight was placed to prevent the upheave of 
soil into the hole of surcharge. During the soaking process, the 
swell of specimens was recorded frequently after every  1-2 
hours. 

B. CBR testing 
Based on the reference [24], the rate of penetration is 

approximately 0.05 inches/min (1.27 mm/min) in the CBR 
laboratory test. The stress in the piston was recorded with time 
and corrected due to the surface irregularities or other causes, 
as recommended by [24]. The value of CBR was determined 
as follows: 

CBR1 (%) =P1/6.9�100� � (1)�

CBR2 (%) =P2/103�100� � (2)�

in which CBR1 and CBR2: the CBR value at 2.54 mm and 5.09 
mm of penetration, respectively; P1; P2: the value of corrected 
stress in piston (MPa) at 2.54 mm and 5.09 mm, respectively. 

If CBR1  CBR2, the CBR is CBR1. Otherwise, CBR1 < 
CBR2, do the test again and if the results are the same, use the 
CBR2 as the CBR value.                                                                                                                                                                                         

IV. RESULTS AND DISCUSSION 

A. Influence of nonwoven geotextile and sand cushion on 
the swell behavior 
The swell of the specimen (S) is considered the swell of 

soil only. It is defined as the ratio between swell and the 
original height of specimen in percent as follows. 

S = s/Hsoil� � (3)�

in which s is vertical swell measured with time; Hsoil is the 
height of soil only (exclude the thickness of reinforcement 
layers if any) before soaking. 

The percent swell of unreinforced and reinforced 
specimens (S) in time is given in Fig. 4. Generally, it increased 
by the time during the soaking process. The swell of the 
specimens reached the equilibrium after 96 h of soaking. 

At the first of 30 hours, the percent swell of reinforced 
specimens is higher than that of unreinforced specimens (Fig. 
4a). However, at the end of the soaking process, the swells of 
reinforced specimens were slightly smaller than that of the 
unreinforced specimen (Table 2). The effect is due to the local 
lateral confinement from soil-reinforcement interaction. It can 
be explained that the expansion develops in all directions and 
mobilizes the interfacial frictional force between soil and 
reinforcement [19]. This frictional force tends to counteract the 
swelling pressure in a direction that parallels the reinforcement 
and consequently reduces the heave. A similar observation was 
found by reference [25]. 

 

 

Figure 4. Swell behavior with time of unreinforced and reinforced specimens 
(a) percent swell and (b) velocity of swell. 

TABLE II.  PERCENT SWELL AND DRY UNIT WEIGHT REDUCTION  AFTER 
96H OF SOAKING 

Thickness of 
sand cushion 
layer (mm) 

Sand/Clay 
dry mass 

ratio 

Final percent 
swell S96h (%) 

 Dry unit weight 
reduction %���d 

(%) 
0 0.00 4.64 4.43 

10 0.10 4.63 4.41 
15 0.16 4.60 4.40 
20 0.23 4.49 4.30 
40 0.58 4.51 4.32 

To investigate the effect of reinforcement layers on the 
development of swell in the reinforced specimens, the swelling 
velocity was evaluated as the percent swell per hour of 
soaking. In the first 10 hours of soaking, the reinforced 
specimen's swell velocity was significantly higher than that of 
unreinforced specimens (Fig. 4b). It could be explained by the 
high permeability of nonwoven geotextile layers and sand 
cushion, which enhancing the velocity of swell in reinforced 
specimens. However, after 20 hours, the influence of the 
reinforcement layers on the swell behavior of the reinforced 
specimens was diminished. The swell velocity of unreinforced 
and reinforced specimens reduced to less than 0.005%/h after 
96h of soaking. To conclude, the geotextile- sand cushion layer 
induced the faster swell at the initial of soaking, but the lower 
final percentage of the swell.  

On the other hand, during the soaking process, there are not 
any changes in the dry weight of soil specimens but the 
increment in the volume of the specimens, resulting in the 
decrease of dry density of the clay layers. The percentage of 
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dry density reduction of the clay due to 96 hours of soaking, 
%��d is defined as: 

� 	��d�
���d-unsoaked - �d-soaked)/��d-unsoaked �100%� (4)�

in which  �d-unsoaked and �d-soaked are the dry unit weight of 
clay layers before and after 96 hours of soaking, respectively 

Without the consideration of thickness changes of 
geotextile layers and the sand cushion layer due to soaking 
(seem to be very small compared to that of the clay), the 
reduction of dry unit weight of the clay soil is evaluated using 
the percent swell after 96 hours of soaking, S96h. 

� 	��d�
��������S��h�� (5)�

As shown in Table 2, the reduction of dry unit weight of 
the clay in the reinforced specimens was slightly smaller than 
that of the unreinforced specimen. In other words, when 
compacted by the same density at initial, after soaking, the clay 
in the reinforced specimens would be higher than that in the 
unreinforced specimen, which contributed to the higher 
bearing capacity of the reinforced specimens than that of 
unreinforced specimens after soaking.  

B. The CBR behavior of unreinforced and reinforced 
specimens 

Fig 5 shows the corrected stress of the piston and 
penetration of un-soaked and soaked geotextile-sand cushion 
specimens. Compared to the unreinforced specimens, the 
bearing capacity of reinforced specimens was significantly 
higher under both soaked and unsoaked conditions. The 
penetrated stress increased with the increment of penetration 
distance. The ultimate stress in the piston was not reached 
within 20mm of the distance of penetration. 

 

 
Figure 5 Corrected stress in the piston of specimen (a) without soaking and (b) 
soaking condition 

Figure 6 showed the variation of the CBR value of 
specimens with the thickness of the sand cushion layer under 
both soak and un-soak conditions. Due to the reinforcement, 
the CBR value of reinforced specimens was higher than that of 
unreinforced specimens. Interestingly, the bearing capacity of 
the specimens was the highest for the specimens reinforced by 
2 layers of geotextile with 1.5 cm thickness of the sand 
cushion, of which the ratio of the height of the topsoil layer, d1, 
and the diameter of the penetrated piston, B was equal to 1. 
The optimum value of d1/B was in agreement with those in 
previous studies. Reference [26] found that the thickness of 
soil required to cover geosynthetics clay liner should be at least 
equal to the diameter of the load piston. A similar conclusion 
was presented in the references [27-28] when performing the 
CBR test on the expansive soil subgrades reinforced with a 
single reinforcement layer.  

 
Figure 6. The variation of CBR of the soaked and unsoaked specimens with 
the thickness of sand cushion layer, l. The unreinforced cases are equivalent to 
l = 0. 

 

Figure 7. The correlation of strength ratio and the dry mass ratio of sand and 
clay 

When increasing the ratio between sand and clay dry mass 
(Table 4), the CBR also went up in both cases (Fig. 7). For the 
case of un-soaking, the CBR value increased approximately 
1.2 times and up to 1.4 times when the ratios were 0.1 and 0.16, 
respectively, compared to the un-reinforced specimen. 
However, the increase of the CBR value was not apparent 
when continuing this ratio (about 1.3 to 1.4 times when the 
ratio was 0.23 and 0.58). Similarly, with a larger scale for the 
case of the soaking process, the CBR jumped up to 1.5 and 
over 2 times when raising this ratio to 0.1 and 0.16 in the same 
order. Interestingly, for both cases, the maximum increase 
occurred when the ratio between sand and clay dry mass was 
0.1. It can be concluded that using sand and geotextile can 
improve the bearing capacity of soil significantly when the soil 
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was wet, and the optimal dry mass ratio between sand and clay 
was 0.1. 

C. Influences of soaking on the CBR behavior of 
unreinforced and reinforced specimens 

Compared to the unsoaked specimens, the CBR value of 
soaked specimens was much smaller, which demonstrated the 
extreme reduction of the strength of clay when saturated. Fig 
7 shows the ratio of CBR of un-soaking and soaking 
specimens, which exhibited the strength reduction of 
specimens due to soaking. For the unreinforced specimens, the 
ratio reached the highest (about 3.7) and decreased to less than 
2.6 for the reinforced specimens. The lowest strength 
reduction was 1.73 for the specimen reinforced by 1.5cm 
thickness of the sand cushion layer.  Reference [29] also had 
similar observations about the significant CBR reduction when 
performing CBR tests after soaking at two days. 

 
Figure 8 The influence of the thickness of sand cushion layer on the ratio of 
CBR of specimens before and after soaking 

In short, the geotextile layer and sand cushion not only 
enhanced the bearing capacity of clay soil under both soaked 
and unsoaked conditions and minimized the strength reduction 
of the clayey soil after soaking. 

V. CONCLUSION 

A series of CBR tests were performed to investigate the 
influence of geotextile and sand cushion on the bearing 
capacity of the soft clay. The results illustrated the critical role 
of the reinforcement inclusion in enhancing bearing capacity 
in both soaked and un-soaked conditions. The other 
conclusions are the following. 

1) The permeable geotextile and sand cushion forced the 
swell to happen faster by allowing extra drainage paths into the 
reinforced specimens. Additionally, the density reduction fell 
slightly. Similarly, the percentage swell went down by over 
4%. 

2) It also slightly decreased the percent swell and soil 
density reduction after soaking. 

3) The geotextile-sand cushion significantly improved 
the strength of soft clay for both un-soaked and soaked 
conditions. Based on the results of the CBR value on the 10 
tested cases, the optimum thickness of sand cushion was 1cm 
for the 10 testing cases, which equivalent to the ratio d1/B = 1. 

4) When increasing the dry mass sand, the CBR value 
soared, particularly in the case of the soaking process. 
Moreover, the optimal dry mass ratio between sand and soil 
was 0.1 for the highest bearing capacity of the reinforced 
specimen under both soaked and unsoaked conditions 

5) After soaking, the bearing capacity of the clay decreased 
significantly to 3.7 times for unreinforced specimen, while that 

of reinforced specimens was less than 2.6 times, depending on 
the sand thickness.  

Last, the significant drop of the bearing capacity when 
being saturated suggests that a proper function drainage 
system is crucial for the unreinforced and reinforced clay to 
maintain its bearing capacity and stabilization. For further 
research, the pore pressure could be measured for more detail 
about the soil behavior under the CBR test. 
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độ ẩ  ệ ố ỗ ọ  đạ

ệ ế ả ủ ọ ớ ấ
 , độ ẩ ối ưu  ớ ạ ẻ

ớ ạ ả ỉ ố ẻ ần lượ

ỷ ọ ạ ớ ấ ạ ạ
đất USCS, đấ ộ ại đấ ẻo, có độ trương nở

ỡ đấ ạ

 ải đị ỹ ậ

ải đị ỹ ậ ệ ớ ất đượ
ảng 1 đượ ử ụ ứ
ả

ấ ải đị ỹ ậ
ấ ị

ạ ả ệ
ối lượ

ề
ả năng chị – phương dọ ả
ả năng chị – phương ngang 

ả
ế ạ ại phương dọ
ế ạ ại phương ngang 

Kích thướ ỗ ọ
Lưu lượ ấ ở ột nướ

ệ ố ấ
 

ỡ ầ ạ ủa cát. Cát đượ ử
ụ ệ ạ ị ạ ấ ố

ẩ ại Unified Soil Classification System (USCS) như trình bày 
ả

ỡ ầ ạ ủ

Ph
ần

 tr
ăm

 lọ
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Đường kính (mm)
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ạ ậ ệ ự ố  
 

 

ả
ất cơ họ ủ ạ ỏ

ấ ị
ỷ ọ

ọ ỏ ất, ρ
ệ ố ỗ ỏ ấ

ọ ỏ ất, ρ
ệ ố ỗ ớ ấ

ọ ại D70, ρ
ệ ố ỗ ạ

ại đấ

 Chương trình thí nghiệ
 ẩ ị ẫ

 
Đấ ấ ừ lòng sông đượ ề ỏ ấ ở

ệt độ C trong 24 h, sau đó trộn nước để đạt độ ẩ ầ ế
Để đạt được độ đồ ấ ề độ ẫ ỗ ợ ẽ đượ ứ
kín và đặ ủ dưỡ ẩ ố ể

ẫu đất đượ ế ạ ở độ ặ 7 và đượ
ờ để ẫ

ổ ộ ẫ ới đườ ề
trong đó 01 mẫu đất không gia cườ ệ ục để xác đị
ệ ố ực ngang tĩnh K ệ ố ế ụ ớ ẫ ồ

ẫu đất không gia cườ ẫu gia cườ ớ ải đị ỹ ậ
ẫu gia cườ ằng đệ ều dày 1 cm như Hình 3. Thí 

ệ ố ế ục cũng gồ ẫu như trong thí nghiệ ố ế
ụ

Kích thướ ẫ ệ
ớp gia cườ ế ạ ọ ục đo đượ ồ

ế ạng đấ ớp gia cường. Đo đó, biế ạ ẫu đất đượ
đị

  

trong đó    ần lượ ế ạ ọ ụ ẫu đấ ế
ạ ổ ế ạ ủ ớp gia cườ

ế ạ ủ ớp gia cườ  đượ ệ ệ
đượ ể ệ ằ ế ả ỉ ế ạ ủ ớp gia cườ

ỉ ến đổ ả ây đầu tiên và không thay đổ

ế ạ ải đị ỹ ậ ải và đệ
 

 ệm xác đị ệ ố ực ngang tĩnh k
 

ệ ụ ế ạ ủ ẫ ằ
  ỉ ệ ự ữ ệ ’ ’ ự

ọ ụ ữ ệ ’ đượ ọ ực ngang tĩnh K
𝐾𝐾𝑜𝑜 = ′3/′1
Trong đó ’ ’ ự ữ ệu theo phương ngang và 

phương dọ ụ
Quy trình xác đị như sau:
- ẫ ằ ực ngướ ới độ gia tăng áp lự
ỗ ờ cho đế ẫu đạ ệ ố ố ể
- ố ết đẳng hướ ạ ự    ) để đả

ả ẫ ị ạ ế ố ực ngượ
ẫu đượ ữ không đổ ạ ớ ệc thoát nướ ả ại đáy 

và đỉ ẫ ực nướ ỗ ỗng cũng được đo tạ ữ ẫ
- Xác đị ự ố ết đẳng hướ

ẫ ạ ’ ’ ’ ), đo sự thay đổ ể  ế ạ
ọ ụ  cho đế ẫ ố ế ực nướ ỗ ỗ ặ ự
ề 0), sau đó gia tăng ứ ấ ọ ụ  cho đế   ỉ ệ ’
’ ị

- Xác đị ự ự ện tương tự
ự
ệ ố đượ ụng để ệ ố ế ụ ở

Biế
n d

ạn
g 

Thời gian (giây)

(a) Vải

Biế
n d

ạn
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Thời gian (giây)

(b) Vải và đệm cát dày 1 cm
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 ế ả ệ
 ệ ố ực ngang tĩnh K

 
ả ể ệ ệ ố ự ần lượ

ả
ệ ố ực ngang tĩnh K

ự ữ
ệ ’

ự ọ ụ ữ
ệ ’

ệ ố ự
tĩnh K

ế ả ấ ệ ố ủa đất không thay đổ ực tăng 
ừ ị ụ ứ

’, trong đó ’ là góc ma sát hữ ệ ủa đấ
’= 26 ự ả

 ế ả ố ế ụ ở

Đườ ẫ ạ ời điể ấ ỳ được xác định như sau:
√4(𝑉𝑉+ 𝐻𝐻𝑜𝑜𝑆𝑆𝑜𝑜) 

(𝐻𝐻+ 𝐻𝐻𝑜𝑜)

trong đó   ế ạ ọ ụ ế ạ ể ạ
ời điể

ề ện tích ban đầ ủ ẫu đấ
ự thay đổi đườ ẫ  ới đường kính ban đầ

đượ ằ ứ
  𝐷𝐷1−𝐷𝐷𝑜𝑜 

 𝐷𝐷𝑜𝑜

 ế ả ẫ ố ế ụ ở ẫu không gia cườ
ế ả ớ    = 52,7 kPa đượ ể ệ

ể ị đứ

ế ạ ể

thay đổi đườ ẫ

(d) Thay đổ ực nướ ỗ ỗ
ế ả ố ế ụ ở hông không gia cườ

Đườ ẫu đất thay đổ ề ối đa 4% đườ
ban đầ ủ ẫ ời gian để ực nướ ừ

ợ ớ ế ả ừ ế
 ế ả ẫ ố ế ụ ở hông gia cườ ằ ả

đị ỹ ậ
ế ả ố ế ở hông gia cườ ằ ớ ải đị ớ

   = 52,7 kPa đượ ể ệ

ể ị đứ

ế ạ ể

CH
uy

ển
 vị

 đứ
ng

 Thời gian (phút)
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g t

hể
 

Thời gian (phút)
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Đấ ấ ừ lòng sông đượ ề ỏ ấ ở

ệt độ C trong 24 h, sau đó trộn nước để đạt độ ẩ ầ ế
Để đạt được độ đồ ấ ề độ ẫ ỗ ợ ẽ đượ ứ
kín và đặ ủ dưỡ ẩ ố ể

ẫu đất đượ ế ạ ở độ ặ 7 và đượ
ờ để ẫ

ổ ộ ẫ ới đườ ề
trong đó 01 mẫu đất không gia cườ ệ ục để xác đị
ệ ố ực ngang tĩnh K ệ ố ế ụ ớ ẫ ồ

ẫu đất không gia cườ ẫu gia cườ ớ ải đị ỹ ậ
ẫu gia cườ ằng đệ ều dày 1 cm như Hình 3. Thí 

ệ ố ế ục cũng gồ ẫu như trong thí nghiệ ố ế
ụ

Kích thướ ẫ ệ
ớp gia cườ ế ạ ọ ục đo đượ ồ

ế ạng đấ ớp gia cường. Đo đó, biế ạ ẫu đất đượ
đị

  

trong đó    ần lượ ế ạ ọ ụ ẫu đấ ế
ạ ổ ế ạ ủ ớp gia cườ

ế ạ ủ ớp gia cườ  đượ ệ ệ
đượ ể ệ ằ ế ả ỉ ế ạ ủ ớp gia cườ

ỉ ến đổ ả ây đầu tiên và không thay đổ

ế ạ ải đị ỹ ậ ải và đệ
 

 ệm xác đị ệ ố ực ngang tĩnh k
 

ệ ụ ế ạ ủ ẫ ằ
  ỉ ệ ự ữ ệ ’ ’ ự

ọ ụ ữ ệ ’ đượ ọ ực ngang tĩnh K
𝐾𝐾𝑜𝑜 = ′3/′1
Trong đó ’ ’ ự ữ ệu theo phương ngang và 

phương dọ ụ
Quy trình xác đị như sau:
- ẫ ằ ực ngướ ới độ gia tăng áp lự
ỗ ờ cho đế ẫu đạ ệ ố ố ể
- ố ết đẳng hướ ạ ự    ) để đả

ả ẫ ị ạ ế ố ực ngượ
ẫu đượ ữ không đổ ạ ớ ệc thoát nướ ả ại đáy 

và đỉ ẫ ực nướ ỗ ỗng cũng được đo tạ ữ ẫ
- Xác đị ự ố ết đẳng hướ

ẫ ạ ’ ’ ’ ), đo sự thay đổ ể  ế ạ
ọ ụ  cho đế ẫ ố ế ực nướ ỗ ỗ ặ ự
ề 0), sau đó gia tăng ứ ấ ọ ụ  cho đế   ỉ ệ ’
’ ị

- Xác đị ự ự ện tương tự
ự
ệ ố đượ ụng để ệ ố ế ụ ở
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ự ữ
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ệ ’

ệ ố ự
tĩnh K

ế ả ấ ệ ố ủa đất không thay đổ ực tăng 
ừ ị ụ ứ

’, trong đó ’ là góc ma sát hữ ệ ủa đấ
’= 26 ự ả

 ế ả ố ế ụ ở

Đườ ẫ ạ ời điể ấ ỳ được xác định như sau:
√4(𝑉𝑉+ 𝐻𝐻𝑜𝑜𝑆𝑆𝑜𝑜) 

(𝐻𝐻+ 𝐻𝐻𝑜𝑜)

trong đó   ế ạ ọ ụ ế ạ ể ạ
ời điể

ề ện tích ban đầ ủ ẫu đấ
ự thay đổi đườ ẫ  ới đường kính ban đầ

đượ ằ ứ
  𝐷𝐷1−𝐷𝐷𝑜𝑜 

 𝐷𝐷𝑜𝑜

 ế ả ẫ ố ế ụ ở ẫu không gia cườ
ế ả ớ    = 52,7 kPa đượ ể ệ

ể ị đứ

ế ạ ể

thay đổi đườ ẫ

(d) Thay đổ ực nướ ỗ ỗ
ế ả ố ế ụ ở hông không gia cườ

Đườ ẫu đất thay đổ ề ối đa 4% đườ
ban đầ ủ ẫ ời gian để ực nướ ừ

ợ ớ ế ả ừ ế
 ế ả ẫ ố ế ụ ở hông gia cườ ằ ả
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ạ ậ ệ ự ố  
 

 

thay đổi đườ ẫ

(d) Thay đổ ực nướ ỗ ỗ
ế ả ố ế ụ ở hông gia cườ ải đị ỹ ậ

 ế ả ẫ ố ế ụ ở hông gia cườ ằ ả
và đệ

ế ả ố ế ở hông gia cườ ằ ớ ải đị ớ
   đượ ể ệ

ể ị đứ

ế ạ ể

thay đổi đườ ẫ

(d) Thay đổ ực nướ ỗ ỗ
ế ả ố ế ụ ở hông gia cường đệ

ế ả ấ ực nướ ữ ẫ ả ờ
ụ ủ ớp gia cườ ải đị ỹ ậ

 ờ ố ế ệ ố ố ế ệ ố ấ
ế ả ờ ố ế ạ ệ ố ố

ế ệ ố ấ đượ ả
ả
ờ ố ế ệ ố ố ế ệ ố ấ

Mẫu Hệ số cố 
kết C

Hệ số thấm K

cường

cường 
vải địa 
kỹ thuật

cường 
đệm cát

ẫu không gia cườ ờ ố ế ớ ấ ấ ầ
ẫu gia cườ ằng đệ ầ ẫu gia cườ ằ ả

ải đị ỹ ật và đệm cát đóng vai trò như biên 
thoát nướ ả ề ủ ớp đấ ố ết, giúp nướ

Th
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 đổ
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ườ
ng
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nh
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)
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ạ ậ ệ ự ố  
 

 

hơn. Lớ ải đị ỹ ậ ế ới biên thoát nướ
ỉ giúp thoát nướ ừ ủ ối đấ ớ ả ỹ ậ

ế ả ứ ấ ố ết được đẩ
ẫu gia cườ ả ấ ủ ải đị ỹ ật là gia tăng áp lự

nướ ỗ ỗ ối đất gia cườ ừ đó, thúc đẩ
thoát nướ ỏ ẫu qua biên thoát nướ

Ngượ ạ ệ ố ố ế ệ ố ấ ủ ẫu gia cườ
ằng đệ ớ ả ầ ớ ẫ cường. Đố ớ
ẫu gia cườ ằ ải đị ỹ ậ ố ệ ần lượ ầ

ớp gia cườ ớ ấ ớn đã cả ệ ả năng thoát nướ
ủ ớp đất sét gia cườ ừ đó gia tăng hệ ố ấ ệ ố
ủ ẫu gia cường. Như vậ ờ ớp gia cườ ả năng 

thoát nướ ủ ẫu đất sét, đẩ ố ế ề
ự

 ế ả ố ế ụ

Độ ủ ẫu không gia cường, gia cườ ớ
ải đị ỹ ật, gia cườ ằng đệ

ế ả ấ ẫu gia cườ ằ ả ẫu gia cườ ằ
đệm cát đẩ ố ết và nhanh đạ ạ ằ

ời gian để ẫu không gia cường đạt độ ớ ấ ầ
ả ầ ớ ẫu gia cườ ằ ải đị ẫ cườ

ằ ải địa và đệ ả

ả
ời gian đạt độ

ẫ ời gian đạt độ
Không gia cườ
Gia cườ ải đị ỹ ậ
Gia cường đệ

ả ế ả ờ đạ % độ ố ế
ệ ố ố ế ệ ố ấ ờ ố ế ả ầ ừ ẫ

ố ết không gia cường đế ẫu gia cườ ằ ải đị ỹ ậ
ẫu gia cường đệm cát. Do độ ẫu cũng giả ệ ố ấ

cũng tăng dầ ự gia cườ

ả
ờ ố ế ủ ẫ ố ế ộ ụ

ẫ

cườ

cườ
ải đị
ỹ ậ

cườ
đệ

 ế ả ố ế ụ ụ

ẫu đượ ạo trong điề ện ban đầu như nhau (độ ặ
ệ ố ỗ ờ ố ế ủ ẫ ệ ụ ỏ hơn 

đế ẫ ệ ụ

ả
ỉ ệ ờ ố ế ủ ẫ ố ế
ụ ẫ ố ế ụ

ẫ
ỉ ệ ờ ố ế

ẫ ụ ẫ ụ
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cườ ằ
ải đị ỹ

ậ
ẫ

gia cườ
ệ ố ố ế ệ ố ấ ủ ẫu đất gia cường đệ ớ

hơn mẫu gia cườ ằ ải đị ỹ ật và không gia cườ
cùng điề ện gia cường và không gia cườ ẫ ệ ằ

ồ ục đề ế ả ớn hơn so vớ ẫ ệ ằ

Độ
 lú

n  
(m

m)

Thời gian (phút)
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(d) Thay đổ ực nướ ỗ ỗ
ế ả ố ế ụ ở hông gia cườ ải đị ỹ ậ
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Ảnh hưởng của bão hoà đến sức kháng cắt 
không thoát nước của đất bùn sét lòng sông 
gia cường vải địa kỹ thuật trong điều kiện nén 
3 trục 
Effects of saturation on the undrained shear strength of geotextile reinforced clay under 
triaxial compression 
  
> THS NGUYỄN THANH TÚ1, TS NGUYỄN MINH ĐỨC1, 
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TÓM TẮT 
Đất bùn khai thác từ lòng sông có hệ số rỗng lớn, khả năng chịu lực kém, 
đòi hỏi biện pháp gia tăng cường độ trước khi ứng dụng làm đất đắp 
trong xây dựng cơ bản. Bài báo nghiên cứu ảnh hưởng độ bão hoà khi 
chịu cắt không thoát nước Su của đất gia cường vải địa kỹ thuật dưới 
điều kiện nén ba trục trong điều kiện không thoát nước không cố kết 
(UU). Kết quả nghiên cứu cho thấy các lớp vải địa kỹ thuật làm tăng 
cường độ kháng cắt của đất trong cả hai trường hợp mẫu không bão 
hoà và mẫu bão hoà. Quá trình bão hòa làm giảm khoảng 70-80% sức 
kháng cắt không thoát nước của đất không gia cường. Khi gia cường 
bằng vải 2 lớp địa kỹ thuật sau khi bão hòa, độ giảm tối thiểu của Su là 
từ 45-65%. Nghiên cứu cho thấy quá trình bão hòa giảm đáng kể sức 
kháng cắt không thoát nước của đất sét gia cường vải địa kỹ thuật.  
Từ khoá: Vải địa kỹ thuật; đất sét; thí nghiệm cố kết 1 trục; ma sát; 
thí nghiệm cắt 3 trục. 
 

ABSTRACT 
The clay excavated from the riverbed had a high void ratio and a 
low capacity, requiring a reinforced method to improve its capacity 
before using it as backfill in construction. This paper researches 
the effect of the saturation on the un-drained shear capacity of 
clay by using a triaxial shear test under the unconsolidation- 
undrained condition. The results illustrate that geotextile layers 
increase the intensity of clay in both unsaturated and saturated 
conditions. The saturated process decreased the undrained shear 
capacity of unreinforced specimens by about 70-80%. With two 
geotextile layers, the minimum decrease of Su was from 45-65%. 
The research showed that the undrained shear capacity of the clay 
falls dramatically during saturated process. 
Key word: Geotextiles; clay; one dimensional consolidation test; 
friction; trial compression shear test. 

 
 
1. GIỚI THIỆU: 
Khi cát san lấp khan hiếm, đất nạo vét từ lòng sông được sử 

dụng thay thế là phương pháp được đánh giá bảo vệ tài nguyên. 
Đất sét này chịu tải tốt khi ở trạng thái khô. Khi độ ẩm tăng lên, đất 
mất khả năng chịu lực (Huerta và Rodriguez, 1992). Sử dụng vải địa 
kỹ thuật và đệm cát là phương pháp gia cường phổ biến để cải thiện 
cường độ đất. Stoltz, Delmas và Barral, (2019) thực hiện với nhiều 
loại vải địa khác nhau để đánh giá sự phù hợp khi dùng với các loại 
bùn sét khác nhau. Kết quả cho thấy vải không dệt với kích thước 
nhỏ hơn 60 m phù hợp cho các loại đất bùn sét. 

Choudhary và cộng sự, (2012) cho thấy rằng việc chèn một lớp 
gia cường ngang được đặt bên trong mẫu thử ở độ sâu xác định từ 

đỉnh của mẫu đã nén chặt không chỉ kiểm soát đáng kể khả năng 
trương nở mà còn cải thiện đáng kể giá trị CBR. 

Hufenus và cộng sự., (2006) khẳng định đất sét yếu được gia 
cường khi có lớp cốt liệu thô ở giữa. Vải địa kỹ thuật đóng vai trò 
biên thoát nước làm cải thiện sức chịu tải và ổn định nền móng 
công trình (Zornberg, J.G., & Mitchell, 1994). Yu, Zhang và Zhang, 
2005 cho thấy lớp vải địa ngăn cản sự biến dạng ngang của đất. 
Yang và cộng sự, (2016) cho thấy khả năng gia tăng cường độ 
chống cắt của đất sét khi được gia cường vải địa kỹ thuật. Đất 
bùn sét cần thời gian vài năm để có thể ổn định và cần có những 
xử lý, gia cường nhằm đẩy nhanh quá trình cố kết trong đất bùn 
sét loại này. Phương pháp gia cường sử dụng vải địa kỹ thuật 

nNgày nhận bài: 07/3/2022 nNgày sửa bài: 05/4/2022 nNgày chấp nhận đăng: 13/4/2022
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đem đến nhiều hiệu quả về mặt cải thiện cường độ cho đất bùn 
yếu. 

Jotisankasa và Rurgchaisri, (2018) thực hiện cắt đất gia cường 
vải địa kỹ thuật tổng hợp với nhiều loại đất khác nhau và phương 
pháp tiếp xúc giữa vải và đất. Kết quả cho thấy mức độ hư hỏng đối 
với mặt phân cách đất sét-vải địa kỹ thuật cao hơn so với chỉ loại đất 
sét. Việc cắt đất không bão hòa có cường độ đỉnh cao hơn và có xu 
hướng giãn ra nhiều hơn so với đất bão hòa, trong khi lớp đất không 
bão hòa dường như chặt hơn so với cắt lớp đất bão hòa.  

Như vậy, đất bùn sét gia cường sau khi đầm chặt bị giảm cường 
độ đáng kể khi bị bão hòa. Có nhiều nghiên cứu về sức kháng cắt 
trong điều kiện nén 3 trục của đất sét gia cường, tuy nhiên, chưa có 
nhiều nghiên cứu về cường độ của đất sét gia cường bị ảnh hưởng 
do quá trình bão hòa. Do đó, nghiên cứu về độ giảm cường độ do 
quá trình bão hòa và biện pháp cải thiện cường độ là cần thiết khi 
sử dụng đất bùn gia cường trong công trình xây dựng. 

 
1. VẬT LIỆU THÍ NGHIỆM 
1.1 Đất sét lòng sông 
Đất khai thác từ lòng rạch Cái Lớn, tỉnh Kiên Giang, được phân 

loại là đất phù sa dẻo theo (MH) theo Unified Soil Classification 
System (USCS). Hình 1 biểu diễn thành phần hạt của đất và Bảng 1 
trình bày các tính chất của đất sét. 

 
Hình  1- Thành phần hạt của đất sét. 

Bảng 1: Tính chất của đất sét 
Tính chất Giá trị 
Dung trọng tự nhiên, , kN/m3 16,13 

Độ ẩm tự nhiên,  % 55,4 

Dung trọng khô, k, kN/m3 10,4 

Hệ số rỗng ban đầu, e0 1,60 

Dung trọng khô lớn nhất, , k - max (kN/m3)  15,03 
Độ ẩm tối ưu, OMC, % 24,5 

Giới hạn dẻo, PL 44,9 

Giới hạn chảy, LL 91,5 

Chỉ số dẻo, PI 46,6 

Tỷ trọng, Gs 2,75 

1.1. Vải địa kỹ thuật 
Vải địa không dệt được sử dụng trong thí nghiệm có khối lượng 

riêng 200 g/m2 và bề dày 1,3mm. Khả năng chịu kéo theo phương 
dọc và ngang vải lần lượt là 9,28 kN/m và 7,08 kN/m với biến dạng 
dài khi phá hoại theo phương dọc và ngang vải là 84,1% và 117,8%. 
Với lưu lượng thấm ở 100 mm cột nước là 196 lít/m2/giây và hệ số 
thấm k là 3,6x10-3 m/giây, vải được xem là có tính thấm cao. 

 
2. CHƯƠNG TRÌNH THÍ NGHIỆM 
2.1. Chuẩn bị mẫu 
Đất sét từ nạo vét từ sông được đem đi phơi khô, nghiền nhỏ và 

ray qua sàn 0,5 mm để loại bỏ các thành phần tạp chất trong đất. 

Sau khi sấy khô tối thiểu 1 ngày ở 1000C, đất được trộn với nước để 
tạo ra hỗn hợp có độ ẩm tại 24,5%. Hỗn hợp này được dưỡng hộ 
trong tủ dưỡng ẩm 2 ngày trước khi đem đi tạo mẫu. Các mẫu đất 
sẽ được tạo ở độ ẩm OMC và dung trọng khô lớn nhất với kích thước 
đường kính D là 50 mm và chiều cao là 100 mm. 

2.2. Thí nghiệm xác định sức kháng cắt UU 
Có tổng cộng 20 mẫu được thí nghiệm xác định sức kháng cắt 

không cố kết- không thoát nước theo ASTM-D2850-UU bao gồm 
mẫu không gia cường, mẫu gia cường 1 lớp, 2 lớp, 3 lớp vải địa kỹ 
thuật (Hình 2) với 2 điều kiện ban đầu và áp lực buồng nén:  

-  Các mẫu không bão hoà: các mẫu sẽ được nén với áp lực 
buồng 50 kPa, 100 kPa, 150 kPa, 200 kPa. 
- Các mẫu bão hoà: các mẫu sẽ được bão hoà tại áp lực buồng 
500 kPa và nén thí nghiệm tại áp lực buồng 300 kPa.  

 
Hình  2- Các mẫu thí nghiệm xác định sức kháng cắt 
 
3. KẾT QUẢ 
2.3. Ứng xử cắt mẫu không bão hoà trong điều kiện UU 
a) So sánh mẫu không gia cường và gia cường bằng vải địa kỹ 

thuật 
Hình 3 thể hiện quan hệ giữa ứng suất lệnh (hiệu số ứng suất 

dọc trục 1 và ứng suất buồng 3) theo sự biến dạng dọc trục. 
 

  

  

Hình  3- Quan hệ ứng suất lệch và biến dạng dọc trục trong điều kiện UU 
Nhận xét: Áp lực buồng càng lớn thì ứng suất lệch càng lớn với 

cùng biến dạng dọc trục. 
Số lớp vải gia cường càng nhiều thì cường độ càng cao.  
Theo ASTM-D2850-UU, thời điểm mẫu bị phá hoại khi biến dạng 

dọc trục đạt 15%. Hình 4 thể hiện giá trị áp lực thẳng đứng khi mẫu 
bị phá hoại cho mẫu không gia cường và gia cường bằng vải tại các 
áp lực buồng khác nhau. 

 
Hình  4- Quan hệ ứng suất dọc trục và ứng suất khi mẫu bị phá hoại 
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N G H I Ê N  C Ứ U  K H O A  H Ọ C

Giá trị lực dính (c) và góc ma sát trong () được xác định: 
𝜎𝜎� �  𝜎𝜎� � 𝐾𝐾� � 2 � � � �𝐾𝐾� 

Trong đó Kp: áp lực đất bị động được xác định bằng 𝐾𝐾� �
𝑡𝑡𝑡𝑡𝑡𝑡��45� � �

�) 

Bảng 2 trình bày kết quả tính lực dính (c) và góc ma sát trong () 
cho các trường hợp không gia cường và gia cường bằng vải địa kỹ 
thuật trong điều kiện UU. Do không đo được áp suất nước lỗ rỗng 
nên giá trị này thể hiện sức kháng cắt tổng cộng của mẫu. Kết quả 
cho thấy, so với mẫu không gia cường thì mẫu gia cường với vải địa 
kỹ thuật có góc ma sát trong tương tự như đối với mẫu không gia 
cường, tuy nhiên lực dính lớn hơn rất nhiều, gấp 2 lần đối với mẫu 
gia cố bằng 3 lớp vải. 

Bảng 2: Kết quả lực dính (c) và góc ma sát trong () khi không 
gia cường và gia cường bằng vải. 

Trường Hợp 2ctan(450+2) tan2(450+2)  c (kPa) 

Không gia cường 185,57 2,3186 11,7 60,9 

Gia cường 1 lớp vải 220,08 2,1647 10,8 74,8 

Gia cường 2 lớp vải 241,62 2,1015 10,4 83,3 

Gia cường 3 lớp vải 336,95 2,3236 11,7 110,5 

b) Tương quan độ gia tăng cường độ Ruf trong điều kiện không bão 
hòa 

Độ gia tăng cường độ Ruf trong điều kiện không bão hoà được 
xác định 

𝑅𝑅�� � ��� �����
��ô�� ��� �����

 

Trong đó: ��� �����; ��ô�� ��� ����� lần lượt là ứng suất 
chênh mẫu gia cường và mẫu không gia cường. 

Hình 5 cho thấy Ruf  lớn hơn 1 tại tất cả các cấp áp lực buồng, 
điều này thể hiện vải địa kỹ thuật có tác dụng giúp gia tăng cường 
độ. Khi áp lực buồng tăng lên, giá trị Ruf giảm. 

Khi số lớp vải gia tăng thì giá trị Ruf càng tăng. Điều này phù hợp 
với kết luận về độ gia tăng cường độ kháng cắt khi thêm số lớp vải 
địa kỹ thuật.  

 

 
Hình  5- Tương quan độ gia tăng cường độ Ruf và áp lực buồng 

3.2 Ứng xử cắt mẫu bão hoà trong điều kiện UU 
a) Ứng xử cắt mẫu bão hoà gia cường bằng vải địa kỹ thuật  
Kết quả cho thấy ứng suất chênh gia tăng theo biến dạng dọc 

trục mẫu. Số lớp vải càng nhiều, áp lực chênh càng cao (Hình 6) 

 
Hình  6- Tương quan ứng suất lệch và biến dạng mẫu bão hoà 

 
Hình  7- Độ gia tăng áp lực nước lỗ rỗng mẫu bão hoà gia cường vải 
Bảng 3 trình bày ứng suất chênh lệch, độ gia tăng áp lực nước 

lỗ rỗng và sức kháng cắt không thoát (Su) nước mẫu bão hoà 
không gia cường và gia cường bằng vải địa kỹ thuật. Sức chống 
cắt không thoát nước mẫu bão hoà được xác định bằng phân 
nửa của ứng suất lệch. Đây là sức kháng cắt tổng cộng của mẫu 
bão bão hoà trong đó cu = Su và u = 0. Sức chống cắt tăng lên 
khi số lớp vải tăng lên và áp lực nước lỗ rỗng cũng gia tăng (Hình 
7). Yang và cộng sự. (2016) khẳng định áp lực nước lỗ rỗng tăng 
lên do vải địa kỹ thuật khống chế độ nở hông của mẫu thí 
nghiệm từ đó làm gia tăng áp lực nước lỗ rỗng so với mẫu không 
gia cường. Trong khoảng biến dạng 1% đến 3%, mẫu gia cường 
tạo ra áp lực nước lớn hơn so với mẫu không gia cường, do vải 
địa kỹ thuật ngăn cản quá trình nở hông của mẫu, từ đó làm gia 
tăng đột biến áp lực nước lỗ rỗng. Khi biến dạng tăng lên mẫu 
thí nghiệm có sự phát triển biến dạng ngang (xảy ra hiện tượng 
trượt giữa đất và vải địa kỹ thuật) (mẫu gia cường 1 và 2 lớp vải) 
làm giảm áp lực nước lỗ rỗng đồng thời áp lực nước lỗ rỗng được 
tiêu tán thông qua khả năng thấm cao của vải địa kỹ thuật. 

Bảng 3: Kết quả thí nghiệm mẫu bão hoà không gia cường và 
gia cường bằng vải 

Trường Hợp 
Ứng suất 

chênh (kPa) 

 Độ gia tăng áp 

lực nước lỗ 

rỗng (kPa) 

 Sức chống 

cắt  

Su (kPa) 

Không gia cường 83,02  8,30  41,51 

Gia cường 1 lớp vải 105,80  11,10  52,90 

Gia cường 2 lớp vải 166,26  12,40  83,13 

Gia cường 3 lớp vải 179,09  58,70  89,54 
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b) Độ gia tăng cường độ Rf trong điều kiện bão hoà   
Độ gia tăng cường độ Rf được xác định: 

𝑅𝑅� � 𝑆𝑆� ��� �����
𝑆𝑆� ��ô�� ��� �����

 

Trong đó: Su gia cường; Su không gia cường  là sức kháng cắt không 
thoát nước của mẫu gia cường và không gia cường. 

Kết quả độ tăng cường độ Rf và sự gia tăng áp lực nước được 
thể hiện trong Hình 8. Khi số lớp vải tăng lên, chỉ số Rf mẫu gia 
cường vải tăng. 

 

3.3 Độ giảm cường độ mẫu không bão hoà và bão hoà 
Độ giảm cường độ mẫu không bão hoà và mẫu bão hoà T 

được xác định: 

� �  ∆𝜎𝜎��ô�� �ã� ��à �  ∆𝜎𝜎 �ã� ��à
∆𝜎𝜎��ô�� �ã� ��à

 

Trong đó không bão hoà ;  bão hoà là ứng suất chênh mẫu 
không bão hoà và mẫu bão hoà. 

Kết quả được thể hiện trong Hình 10 
Sau khi bão hòa cường độ của mẫu giảm so với ban đầu từ 

46,04 % - 82,38%. 
 
4. KẾT LUẬN 
- Các thí nghiệm sức kháng cắt bằng thiết bị nén 3 trục được 

thực hiện để đánh giá ảnh hưởng vải địa với đất sét lòng sông. 
Các kết luận khác bao gồm: 

- Ở mẫu không bão hòa, số lớp vải càng lớn thì cường độ càng 
cao. Khi gia cường, lực dính tăng lên 1,5 đến 2,5 lần, góc ma sát 
trong  không thay đổi khi gia cường bằng vải. Chỉ số gia tăng 
cường độ Ruf giảm khi áp lực buồng tăng. 

- Các mẫu bão hòa, trong khoảng biến dạng từ 1-3% thì mẫu 
gia cường vải tạo ra áp lực nước lớn hơn so với mẫu không gia 
cường do vải ngăn cản sự nở hông của đất. Khi biến dạng tăng 
lên xảy ra hiện tượng trượt giữa đất và vải địa kỹ thuật, làm giảm 
áp lực nước lỗ rỗng đồng thời áp lực nước lỗ rỗng được tiêu tán 
thông qua khả năng thấm cao của vải địa kỹ thuật.  

- Sau khi ngâm bão hoà, cường độ mẫu giảm từ 46% - 82%. 
- Kết quả cho thấy rằng gia cường đất sét lòng sông bằng vải 

địa kỹ thuật làm gia tăng cường độ đất trong điều kiện bão hoà 
và không bão hoà. Hệ thống thoát nước đóng vai trò quan trọng 
trong việc cải thiện khả năng chịu tải của đất sét lòng sông. 
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