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Abstract

This study examines the influences of the cement to clayey-silt (c/c;) ratio on the strength, compressibility, and usability in
embankments. Laboratory experiments were conducted to determine the influence of the c/c, ratio on the shear strength,
stress—strain behavior, and volumetric compressibility, which in turn determine whether cemented soil can be advantageous
in controlling the failure of canal embankments. Canal embankment breaches occur for a variety of reasons, the most
common being the loss of embankment strength. Our results indicate that the strength parameters, namely cohesion (c¢) and
friction angle (@), increased by up to 30% when the c/c ratio was 0.15/0.85. When the c/c, ratio was 0.1/0.9, there was
more compressibility than when the ratio was 0.05/0.95. For vertical strains, a c/cg ratio of 0.1/0.9 showed 13% more
strains than that of natural soil. The c¢/c ratio is what leads to the strain hardening along the axial strains. The preliminary
results suggest that using cemented soils with proper compaction, canal embankments can be strengthened to avoid

failures.

Keywords Cemented soils - Consolidation - Oedometer test - Triaxial test - Direct shear test

1 Introduction

Canals are used to supply water for drinking and irrigation
purposes. The embankments of these canals are mainly
composed of homogenous clayey silt. Failure of embank-
ments may cause loss of property, human life, and agri-
cultural crops. The most common breach failures are due to
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erosion [1], seepage, overtopping, and piping [2]. Several
canal embankment breaches and their failure mechanisms,
particularly in Pakistan, have been reported by [3].

To avoid the risk of failure of such canal embankments,
it is necessary to identify possible strengthening techniques
to stabilize existing embankments and suggest solutions for
the construction of new embankments in the future. One
possible solution is to stabilize the soils of canal embank-
ments (i.e., clayey silt) with cement. Cement has been
widely used as a stabilizing agent in various types of soils
[4, 5]. The addition of cement to soil improves its engi-
neering properties. Cemented soils have been used to
provide stability to highways, slope protection, ditch lin-
ings, and foundations. Generally, cemented soils provide
high compressive and shear strengths. Moreover, the
addition of cement to soil improves its bearing capacity,
which allows it to resist erosion and mechanical damage
[6].

Previously, several studies have been conducted on
cemented soils; for example, [7] studied cemented soils
from the perspective of the ratio of porosity to cement.
Yang et al. [8] reported that an acid—base solution caused
the cemented soil to increase the unconfined compression
rate slowly compared to that of normal cemented soils.
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Some researchers have also improved soils with cement
and waste fiber [9]. The behavior of cemented soils under
isotropic and k, conditions was studied by [10], and they
found that the effects of bonding are only significant for
stresses below an apparent pre-consolidation stress. The
strength and stiffness increased with increasing density and
cement content; however, the effect of cement content on
these parameters decreased as the density increased.
Additionally, [11] have presented a comprehensive review
of cemented soils.

Several studies have also been conducted to better
understand embankment failures [12—15], and a number of
full-scale physical model studies and case studies have
been conducted and summarized [16-19]. However, the
literature does not mention how the use of cement in soils
can be advantageous in controlling the failure of canal
embankments.

The main objective of this study is to investigate the
strength properties and behavior of soils from canal
embankments when mixed with cement, as well as to
collect the basic necessary baseline data required for a
numerical analysis of the strengthening of existing canals.
Hence, the focus of this study is on the mechanical prop-
erties of cemented soils to be used in embankments,
focusing on the influence of cement on the strength
parameters, stress—strain behavior, and behavior of
cemented soils in terms of compressibility.

Direct shear and triaxial tests were performed to study
the stress—strain behavior and strength parameters of
cemented soils. Oedometer tests were conducted to study
the consolidation characteristics of cemented soils,
including compressibility parameters. The results have
been compared with those of natural soils as well as soils
with various cement percentages and moisture contents to
draw better conclusions.

2 Materials and Methods
2.1 Materials

Natural soil and ordinary Portland cement (OPC) were used
in this study. The natural soil was collected from the toe of
the embankment of a canal. Based on sieve analysis
(Fig. 1) it was determined that the soil was clayey silt
having a specific gravity of 2.68-2.70 and bulk density of
1.7-1.8 g/em’. The specific gravity and dry densities are
shown in Table 1. The optimum moisture content of the
clayey silt was 14.5%, and the maximum dry density was
1.83 g/lem® (Fig. 2). The liquid limit, plastic limit, and
plasticity index of the soil sample were determined. The
liquid limit (Fig. 3) and plastic limit were found to be 32%
and 26%, respectively.
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The prepared samples were tested for scanning electron
microscopy (SEM) and mineralogy composition. The
Fig. 1 shows the SEM results for the soils with no cement,
5% cement and 10% Cement, respectively. The images
shown in Fig. 4 are of the samples which were broken in
half piece. It could be seen that sample with no cement has
more finer particles as compared to sample with 5 and 10%
cement. It could be seen that tiny particles as visible in
soils with no cement, tend to diminish due to addition of
cement and probably become larger particle due to bonding
effect of cement, which in turn, results in soils having more
voids.

Energy dispersive X-ray spectrometer (EDS) analysis
example for 10% cement soil is shown in Fig. 5 and in
Fig. 6 shows combined results for no cement soil, 5%
cemented soil, and 10% cemented soils.

It was observed that addition of cement increased the
silicon content in the samples. Initially soils with no
cement showed silicon as 9% whereas 5% and 10%
cemented soils showed, 11.5% and 17.7% of silicon con-
tent. Moreover, it was observed with addition of 10%
cement.

2.2 Methods

The samples for the tests were prepared by mixing the
cement with soil and water. For the oedometer tests, the
cement content was taken as 5% and 10% based on the dry
weight of the soil. The samples were prepared at an opti-
mum moisture content of 14.5%. After mixing the soil,
cement, and water, the samples were left for 1, 3, and 24 h
to harden prior to testing. It was observed that the bulk
density of the prepared cemented soil decreased after
adding the cement.

To determine the consolidation behavior of the cemen-
ted soils, oedometer tests were performed on the prepared
samples. The oedometer tests were conducted in accor-
dance with [20]. Each sample was allowed to obtain suf-
ficient bonds between the soil particles and cement for a
particular time interval, i.e., 1, 3, and 24 h, before the tests
were commenced. The specimens were prepared in three
layers until the mold attained the required height, i.e.,
20 mm.

The sample preparation method described by [21] was
adopted in this study. The base and top of the mold were
enclosed on a porous stone. All the tests were performed on
samples prepared under fully saturated conditions. A series
of loads were applied to the specimens in incremental steps
of 5, 10, 20, 40, 80, 160, 320, and 640 kPa. After the
application of each load, the specimens were allowed to
consolidate until no significant change in height was
observed, or for a maximum period of 24 h. For the direct
shear tests and triaxial tests, the cement percentage was
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Fig. 1 Particle size analysis of soil

Table 1 Specific gravity and dry densities for samples tested

Description Specific Dry density at OMC g/cm3
gravity
OPC Cement 2.90 -
Natural soil 2.70 1.83
Soil with 5% cement 2.69 1.26
Soil with 10% cement 2.71 1.41
Soil with 15% cement 2.80 1.61
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Fig. 2 Determination of optimum moisture content of clayey silt

maintained at 0%, 5%, 10%, and 15% based on the dry
weight of soil, and the moisture content was maintained
between 15 and 20% for all the samples. After mixing the
soil, cement, and water, the samples were left to dry for O,
7, and 15 days. This ensures that the cement bonds prop-
erly with the soil. Direct shear tests were conducted on the
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Fig. 3 Determination of liquid limit i.e., the number of blows plotted
versus water content

remolded samples according to [22]. Direct shear tests
were performed and have been used to determine the
drained strength behavior of the collected and remolded
samples. For the triaxial test, the cement percentages were
maintained at 0%, 5%, and 10%.

3 Results
3.1 Stress-Strain Behavior in Oedometer

The strains experienced by the samples subjected to vary-
ing vertical stresses are shown in Fig. 7. It was observed
that the addition of cement to the soil, irrespective of its
percentage, resulted in higher vertical strains. It was
observed that the samples that were given a longer setting
time (24 h) prior to testing showed more strains. At a
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Fig. 4 Scan electron microscopic analysis for soil, soil with 5% and 10% cement
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Fig. 5 Energy dispersive X-ray spectrometer (EDS) for 10% cemented soil

vertical effective stress of 640 kPa, the vertical strain for
natural soil (i.e., clayey silt) and soil with 10% cement was
14% and 27%, respectively. The vertical strain values
corresponding to various stresses are listed in Table 2.

3.2 Void Ratio

The void ratios are plotted as e — log ¢’ (Fig. 8). It was
observed that the samples with 10% cement and a 24-h
setting period prior to testing showed higher initial void
ratios of 1.31. The hardening time prior to the testing of the
samples also caused the void ratios to increase.

@ x'} @ Springer

The specimen containing no cement had low void ratio
as 0.38. The detailed void ratios and sample behavior in
response to vertical stresses are shown in Fig. 5.

The strains observed in the oedometer tests are plotted
as normalized void ratio (%) vs. the logarithm of normal
stress, i.e., log ¢’, (kPa). The rate of reduction of void
ratios was also slightly higher (at 22%) for samples that
were given more time to set as compared to samples that
were given less hardening time prior to testing (Fig. 8).

The tests performed using the oedometer were also
subjected to loading and unloading. The values were nor-
malized, as shown in Fig. 9. The stress—strain and swelling
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Fig. 7 Stress—strain behavior in oedometer tests at various vertical soils with zero cement, 5% cement and 10% cement

stress conditions

Table 2 Detailed results of strain values with different samples

Material Vertical stress (kPa) Strain (%) Material Vertical stress (kPa) Strain (%)
Cement 5% 40 10.2 Cement 10% 40 10
Setting time = 1 h 80 12.9 Setting time = 1 h 80 12.8
160 15.1 160 15.8
320 17.1 320 18.4
640 18.8 640 20.2
Cement 5% 40 8.3 Cement 10% 40 9.9
Setting time = 3 h 80 11.3 Setting time = 3 h 80 13.1
160 14.1 160 16.3
320 16.3 320 18.7
640 18.1 640 20.7
Cement 5% 40 10.4 Cement 10% 40 11
Setting time = 24 h 80 14.9 Setting time = 24 h 80 15.7
160 19.2 160 20.6
320 22.5 320 24.3
640 253 640 274
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behaviors of all types of soils tested were similar to each
other, with differences in numerical values.

In response to the unloading behavior, it was observed
that the cement had no effect on the swelling behavior.
This is because during the application of vertical stresses,
the soil skeleton undergoes deformations, the bond devel-
oped by the cement weakens, and the cemented soil
behaves like natural soil (i.e., clayey silt). It can be inter-
preted that with the application of stresses on cemented
soils, the added cement has no effect on strength.

3.3 Compressibility, Swelling, and Compression
Index

The compressibility can be defined as the coefficient of
volumetric compressibility (m,), which is defined as the
change in volume per unit volume per unit incremental
effective stress [23]. The compression index (C.) can be
defined as the slope of the linear portion of the consoli-
dation line in the plot ¢ — log ¢’y (Fig. 5), and it is a
dimensionless quantity. The coefficients of volumetric
compressibility and compressibility index can be written as
Egs. 1 and 2, respectively [23].

my = — <u) (m%/MN), (1)

= / /
I +ey \o] — g

€0 — €]

C.=

 tox("Hy)

where e represents the void ratio, ¢’ represents the effective
stresses, and subscripts 0 and 1 represent the two points on
the normal consolidation line. The calculated values of m,
and C, are presented in Table 3. The values of m, and C.
were calculated for the stress range of ¢} = 320 kPa and o=
640 kPa. It was further described by [23] that for a par-
ticular soil, the value of m, is not constant but depends on
the stress range over which it is calculated.

(2)

Table 3 Calculated values of coefficient of volume compressibility
my, compression index C, and constrained modulus E,

Material m, (m%/MN) C. E. (MN/m?)
c=0%,1=0 0.058 0.087 17.2
c=5%,t=1h 0.062 0.100 16.1
c=5%,t=3h 0.069 0.105 145
c=5%,t=24h 0.114 0.211 8.8
c=10%,r=1h 0.066 0.101 15.2
c=10%,t=3h 0.076 0.126 13.2
c=10%,1=24h 0.128 0.239 78

A
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The compression index (C,) was determined for the soils
stabilized with 5% and 10% cement, and their comparison
was made with soils with no added cement, and it was
determined from the unloading curve of e — log ¢’,. The
swelling index was calculated using Eq. 3.
_ep—e

log(o1/0q)’

5 (3)
where C; is the swelling index, ey and e are the void ratios
of the desired range, and o, and o are the vertical stress
points of the desired range. It was observed that soils
without cement showed a swelling index, Cs, of 0.008,
whereas soils stabilized with 10% and 5% cement showed
a swelling index of 0.005 and 0.003, respectively.

It was observed that m, depended on the cement content
and hardening period. The specimen with a higher cement
content and a longer hardening period exhibited a higher
value of m, and the specimen with zero cement exhibited a
lower value of m,. This implies that with the addition of
cement to the soil, more voids developed, which increased
the compressibility of the cemented soil. The values of m,
for the natural clayey silt and the soil with 10% cement
content and a 24-h setting time are, 0.058 m*’MN and
0.128 m*/MN, respectively. According to [24], the values
of m, of natural clayey silt and soil with 10% cement
content at 24 h setting time show low and medium com-
pressibility, respectively. Similarly, the slope of the con-
solidation line in the plot ¢ — log ¢’ (Fig. 5) depends on
the cement content in the specimen and the hardening
period. According to [24] the values of C, of natural clayey
silt and the soil with 10% cement content at 24 h of setting
time show medium compressibility and high compress-
ibility, respectively.

Settlement analysis based on the coefficient of volu-
metric compressibility can be performed using the con-
strained modulus [25] presented in Eq. 4.

E =—. 4
= )
The settlement of any (ith) layer can be estimated using
Eq. 5 [25].
Oz hi
S= g

C

(5)

where o,; is the vertical component of the incremental
stress in the middle of ith layer, k; is the thickness of the ith
layer, and E/, is the constrained modulus. The values of the
constrained modulus are shown in Table 3. According to
[24] the values of the constrained moduli of natural clayey
silt and soil with 10% cement content at 24 h setting time
show low and medium compressibility, respectively.
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3.4 Stress-Strain Behavior in Direct Shear
and Triaxial tests

Figures 10 and 11 show the typical behavior of tests per-
formed at consolidation stresses of 100 kPa. It was
observed that cemented soils showed higher shear stress
than soils without cement. Furthermore, the addition of
moisture caused more shear stress in cemented soils. It was
observed that an addition of 10% cement increased the
shear stress by 20%.

Figure 12a, b show the vertical height behavior during
the shear tests. At lower stresses, the cemented soil
exhibited dilatant behavior, and at higher stresses, con-
tractant behavior was observed. It was observed that
cemented soils with 5% and 10% cement contents showed

more dilatancy compared to natural soil with no cement, as
shown in Fig. 12a.

Whereas 15% cemented soils showed a similar reduc-
tion behavior to that of natural soil at lower stresses, i.e.,
25 kPa. Figure 13a, b show the vertical height behavior
plotted for various stresses and moistures. It was observed
that additional moisture caused the vertical height to
decrease slightly. The vertical height reduction at 15%
moisture and 200 kPa stress was approximately 1.2%,
whereas the vertical height was 1.4% for cemented soil
with 20% moisture content.

It was observed that all the tests at lower normal stresses
i.e., up to 50 kPa, exhibited dilatant behavior, whereas
beyond these stresses, contractant behavior was observed.

2
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This implies that the interparticle strength of the soil
structure is dominant up to a strength of 50 kPa. Upon
application of higher normal stresses i.e., 100 and 200 kPa,
the interparticle structure (possible bond created by
cement) starts to break. This was evident through the
contractant behavior at 100 and 200 kPa and higher
stresses.

In addition to direct shear tests, triaxial tests were per-
formed to investigate the stress—strain behavior of natural
and cemented soils. The tests were performed under con-
fining stresses of 50, 100, 150, and 200 kPa. Figure 11
shows the stress—strain behavior of natural soils, i.e., with
no cement. It was observed that the soil exhibited strain-
hardening behavior along the axial strain direction. No
significant peak was observed. It was seen that as the
confining stresses increased, the deviatoric stresses also
increased with a similar increment ratio. The maximum
deviatoric stresses were 140, 250, 360, and 480 kPa for
tests at confining stresses of 50, 100, 150, and 200 kPa,
respectively. The stress—strain behavior of the soil mixed
with 5% cement is shown in Fig. 14. Soil mixed with 5%
cement showed mostly strain hardening, followed by
strain-softening behavior, leading to perfect plastic.

It was observed that the tests performed at lower stres-
ses, i.e., 50 and 100 kPa, showed peak values before
reaching an axial strain of 5%. However, the peak values of
the tests at 150 kPa and 200 kPa were attained between 5
and 10% of the axial strain (Fig. 15).

Whereas, beyond 10% axial strain, the material exhib-
ited perfect plastic behavior. The test at lower stresses, i.e.,
50 and 100 kPa, showed peak values of 380 and 400 kPa,
followed by residual values of 220 and 400 kPa, respec-
tively, whereas the maximum deviatoric stresses at tests
carried out at 150 and 200 kPa were approximately 600
and 620 kPa, respectively, which were approximately 22%

700
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(0, - o) (kPa)

——Cement 10% , 200 kPa
—O—Cement 10% , 150 kPa
100 1Hf —o—Cement 10% , 100 kPa
——Cement 10% , 50 kPa

0 5 10 15
€ (%)

Fig. 16 Stress—strain behavior of 10% cemented soils at various
stresses in triaxial

Table 4 Modulus of elasticity parameters and dilatancy angle

Description  Esg E,.: Eoeq Dilatancy angle
(kPa) (kPa) (kPa) (deg)
No cement 7121 19,583 29,030 0
5% cement 15,136 71,025 18,180 8.7
10% 16,944 76,250 17,400 11.3
cement
350
300 f--=-- r p— e S
T 250 - ,/:
D— 1 :
B4 ]
: 200 A ll i b
.o !, :
. 150 f-- - }
® : : E,, = 16944 kPa
: : E,, = 76250 kPa
50 1 i ifi
H ol ——Cement 10% , 100 kPa
0 4 e ; ; ;
0.00 0.02 0.04 0.06 0.08 0.10 0.12

€a

Fig. 17 Example of determination of modulus of elasticity, 10%
cemented soils

higher than that of soil without cement. The stress—strain
behavior of soils with 10% cement is shown in Fig. 16. The
peak values before 5% axial strain at 50 and 100 kPa
showed a similar pattern for the 5% cemented soils.
However, the tests performed at 150 and 200 kPa showed
strain-hardening behavior.

The maximum deviatoric stress at 200 kPa was found to
be 665 kPa, which is approximately 38% higher than that
of soils with no cement and approximately 9% higher than
that of soils with 5% cement. It was observed that the
addition of cement has a significant impact on the stress—
strain behavior and increases the deviatoric stresses.

The modulus of elasticity from oedometer (E,.q) and
triaxial tests (E,,) and (E5o) were calculated and are shown
in Table 4. The example of determination of (E,,) and (Esq)
for 10% cemented soils is shown in Fig. 17.

It was evident that from one dimensional test i.e., E,oq
tends to decrease as cement is added. This shows that
cemented soils may have more compression, this is mainly
because the samples were prepared with no compacting
energy. The similar behavior was observed by [26].
Whereas the elasticity (Esq) values for soils with no cement
in triaxial showed significantly lower values compared to
cemented soils. The dilatancy angle was calculated form
vertical height behavior during shearing process in direct
shear tests (Fig. 12) and shown in Table 4. It was observed
that dilatancy angle was increasing upon addition of
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Table 5 Strength parameters of natural and cemented soils

Soil type Curing time Moisture Cohesion  Friction angle

(days) content (%) (kPa) (degrees)
No - 15% 5 35.17
cement
20 7 36.65
5% 7 15 12 37.15
20 5 38.07
10% 7 15 2 39.8
20 11 40.6
15% 7 15 10 38.49
20 11 39.48
5% 15 15 16 37.13
20 14 38.15
10% 15 15 10 37.76
20 11 38.32
15% 15 15 6 40.28
20 12 41.83

cement. This is mainly because bonding between particles
increases, and soil shows more dilatant behavior at lower
stresses.

3.5 Effect of Time and Moisture on Shear Stress

Figure 18a, b shows the shear behavior versus displace-
ment of cement soils plotted at different curing times. From
the results, it can be seen that an increase in curing time
slightly increased the shear stress by up to 4%. This implies
that the addition of cement attains most of its strength
within seven days. Moreover, the addition of moisture
increased the shear stresses by up to 6%, as shown in
Fig. 19a, b. The addition of moisture may have triggered
even more cement bonding due to the hydration process.

3.6 Strength Parameters

The strength parameters were evaluated using the Mohr—
Coulomb failure criterion, which is given by [23] and
shown in Eq. 6.

T=c+atang, (6)

where 7 is the shear stress, ¢ is the normal stress, ¢ is the
friction angle, and c is cohesion. Typical values of shear
stress vs. normal stress are shown in Fig. 20a, b, and the
strength parameters are listed in Table 5.

Table 5 shows that the strength parameters were eval-
uated in terms of cand¢. Regarding the strength parame-
ters, the friction angle represents the interlocking between
the particles. The greater the interlocking, the greater the

friction angle. It was observed that the friction angle
increased slightly from 5 to 15% with the addition of
cement. The soil cemented with 15% cement exhibited the
highest friction angle. This is because the addition of
cement increases the bonding between soil particles and
strengthens the resistance to the sliding and breaking of
particles. In addition, the cohesion intercept increased up to
30% owing to the addition of cement. According to [27]
cemented soils can have greater cohesion and can improve
the strength properties of soils.

From the triaxial tests, it was observed that the soil
exhibited a friction angle of 28° for all the soils, i.e., with
and without the addition of cement. No significant effect of
the cement was observed on the friction angle. However, it
was observed that soils with no cement showed 10 kPa
cohesion, whereas for the soils with 5% and 10% cement,
the values of cohesion were 60 and 72 kPa, respectively,
which showed 83% and 86% increases. The maximum
deviatoric stress at a consolidation stress of 200 kPa was
found to be 680 kPa, which is approximately 30% higher
than that of soils with no cement and approximately 9%
higher than that of soils with 5% cement. It was observed
that the addition of cement affected the stress—strain
behavior and increased the deviatoric stresses.

3.7 Discussion

In this study, the consolidation behavior of natural clayey
silt and cemented soils was investigated. Referring to
Fig. 4, where higher strains in cemented soils were
observed, it can be clearly seen that cemented soils can
deform more than natural soils. A possible reason for the
higher strains could be the presence of fines (cement)
added to the soil samples. More cement (fines content)
resulted in more vertical strains, as shown in Fig. 9. Fig-
ure 21 shows the normalized vertical strains of the samples

Vertical Effective Stress o', (kPa)
10 100 1000

—0— 5% cement
—O— 10% cement

Vertical strain € (%)

20

25

30

Fig. 21 Normalized vertical strains & (%) plotted against vertical
stresses ¢’ (kPa)
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=

25
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Fig. 22 Results from vertical strains & (%) plotted against vertical
stresses ¢’y (kPa) on samples with same time periods having 10%
cement

with 5% and 10% cement, where more deformations were
observed in the samples with 10% cement.

Apart from the fine content, the effect of the voids
cannot be neglected. The addition of the cement can cause
the soil particles to change their shape during the hardening
process of cement, which may lead to the expansion of the
sample and an increase in its voids. Referring to Fig. 5, it is
evident that the addition of cement causes the number of
voids to increase. Therefore, the development of larger
strains in cemented soils is partially due to the generation
of more voids owing to the addition of cement. The
increase in voids may depend on the amount of cement
used, moisture content of the soil, and time allowed for
hardening prior to testing.

It was observed that the initial hardening time had a
significant effect on the strains. More time given to the
sample for hardening prior to testing showed more vertical
strains in this study. This shows that, with time, the
cemented soils can continue the bonding process, resulting
in more voids and more strains upon the application of
vertical loads, as shown in Fig. 22. This confirms that

Max stress in cemented
soil reached at lower
strain as compared to
soil with no cement
which in turn results in
higher E values in
cemented soils.

\

Stress (kPa)

Cemented Soil
Soil with no cement

Strain (%)

Fig. 23 Attainment of maximum stress along axial strain for
cemented and non-cemented soils

@ x!,k @ Springer

higher deformations were observed owing to the addition
of cement. In contrast, according to [25], the cementation
effect may not be observed at higher stresses. The defor-
mations presented herein were based on a vertical stress of
640 kPa.

The lower values for soils with no cement were probably
due to the fact that soil was loosely packed, and progres-
sion of stresses showed strain-hardening behavior at higher
strains, which caused the calculated elasticity values in
triaxial as low. This phenomenon is described in the
Fig. 23.

This phenomenon further also endorses the idea of uti-
lization of cemented soils specially for embankments. For
example, in real life using cemented soils can prevent the
failure as it needs less deformations to reach to peak
strength as compared to soils with no cement where
structure may already fail due to higher deformations even
before reaching peak stresses from soil. Specially for this
reason Swedish Geotechnical Society [29] recommends
determining the stresses not at peak but 0.15 radians.
Because if structure already fails at 0.15 radians, then peak
values have not much importance.

However, the addition of cement can significantly
enhance the strength properties as well. According to [27],
cemented soils can have greater cohesion and can improve
the strength properties of soils. In the studies conducted by
[30], it is clearly seen that the shear strength increases
owing to the time effect. Figure 24 shows that the sample
with 10% cement after 5 days of hardening time showed a
shear stress approximately 20 kPa higher than compared of
the 1-day time samples.

In response to the number of fines in the soils used for
embankments, it can be said that fines can reduce seepage
through embankments. However, the amount of fines can
also give rise to pore pressure in embankments [28], which
may lead to failure. Meanwhile, more voids in embank-
ments can lead to more deformation and seepage.

—————— 10% Cement (1 Day)

10% Cement (5Days)
180

160

140

120 :
Strength Improved due to
100 time effect. i.e. 1D to 5D
80

60

Shear Stress (kPa)

40

20

0 5 10 15 20 25
Horizantal Displacement (mm)

Fig. 24 Effect of time on strength at 10% cement content after 1 day
and 5 days
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Water 15%

—— Water 15%
5 «~— Cement 5%

v <— Cement 5%
—— Cement 10%

Soil 90-95% Soil 90-95%

Fig. 25 Concept of percentage of cement reacting with moisture

However, if proper compaction is achieved during the
construction stage with cemented soils, it may result in
stable embankments and reduce seepage. However,
detailed numerical modeling of seepage and slope stability
of canal embankments must be carried out to suggest
techniques for strengthening existing and new canal
embankments.

Strain-hardening behavior was observed in almost all
the tests. It was observed that the addition of cement
increased the shear strength of soils. It was observed that
soil with 5% cement showed an almost similar strength to
10% and 15% cemented soils at an optimum moisture
content of 15%. This is likely because of the amount of
water required for the cement to react. Therefore, it was
observed that adding 10% and 15% cement did not sig-
nificantly affect the soil strength.

The reason that the 5% cement sample showed higher
strength was probably because only 5% of the cement
reacted when it came in contact with 15% moisture. The
remaining cement in the soil acted as the soil in Fig. 25.
Strain-hardening behavior was observed in most of the tests
performed in this study. Tests performed at higher stresses
can lead to strain-hardening behavior [4]. This can be due
to the fact that the samples were loosely constructed fol-
lowing the sample preparation method given by [21].

Shear Displacment

0 5 10 15 20
0.4
0.2
c
S 0
k=
S 02
%
a -0.4
T 06
k=
o -08
>
-1
—>— 200kpa
1.2 —o— 100kpa
14 —O— 50kpa
. —a— 25kpa
-1.6

Fig. 26 Example of vertical height behavior at lower and higher
stresses

The strain-softening behavior after the maximum shear
stress in the tests was conducted at normal stresses, i.e.,
s = 300 kPa. This phenomenon can be attributed to the
internal particle strength due to high stresses, where par-
ticles tend to become densely compacted, leading to
breakage and rearrangement of particles. In this study, it
was observed that the addition of cement to soils caused the
skeleton to deform more. The deformation observed was
higher as much as 13% in soils with 10% cement compared
to normal soils i.e., with no cement at consolidating
stresses of 680 kPa. Apart from compression, the soil
response, i.e., stress—strain behavior, was observed to be
similar irrespective of whether cement was used. This
confirms that higher deformations were observed owing to
the use of cement. In contrast, according to [25], the
cementation effect may not be observed at higher stresses.
The deformations presented herein are based on log
a', = 680 kPa.

Based on the vertical height behavior shown in Fig. 26,
it is evident that soils exhibit dilatant behavior at lower
stresses i.e., 25-50 kPa and contractant behavior at higher
stresses i.e., 100—200 kPa. This implies that the interpar-
ticle strength lies between 50 and 100 kPa. Moreover, the
addition of cement caused the soils to have more inter-
particular strength; therefore, more dilatancy was observed
at lower stresses compared with natural soils with no
cement, as shown in Fig. 12a, b. Meanwhile, the higher
compression in cemented soils compared to natural soils
can be attributed to the fact that cemented soils possess
more voids, which upon application of load results in
higher deformations Fig. 13a, b. As far as stress—strain
behavior in triaxial tests is concerned, it was observed that
soils with no cement (natural soils) showed strain-harden-
ing behavior with no visible peak curve. From this
behavior, it is evident that the soil was in a loose state. This
was expected, as the soil was not compacted prior to
testing, to avoid the possible breakage of soil particles,
which might have influenced the results. Moreover, it is
also evident that during shearing of the sample, possible
particle overlapping does not occur, and the particles are
either compressed or broken. This implies that the cohesion
properties of soil play a negligible role in the stress—strain
behavior.

The addition of cement to soils, however, influenced the
behavior of the soil along the axial strain. The addition of
cement to soils showed a behavior similar to dense soil.
However, the cemented soil was not dense, as observed
from the hydraulic conductivity tests. Therefore, the other
understandable reason is the strong bonding between par-
ticles, which causes the soil to behave as a dense soil. The
addition of cement to soils caused the cemented soils to
show peak deviatoric stress values, followed by a reduction
in deviatoric stress along the axial strain. This reduction

2
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Fig. 27 Example of vertical height behavior at lower and higher stresses

can be explained by the possible breakage of the bond
created by the cement. This implies that as the shear stress
progresses, the sample shows a reduction in the maximum
stress that the bond can carry; once it reaches the point
where it no longer can take further stresses, it starts to
break, which in turn shows a reduction in deviatoric stress.
Thus, the peak deviatoric stress is related to the bonding
strength supported by the relevant confining stresses. This
phenomenon was valid only for lower confining stresses,
i.e., 50 and 100 kPa (Fig. 27).

However, at higher stresses, the soil sample is domi-
nated by confining stresses rather than bonding owing to
cement. Therefore, the applied shear stress is resisted by

both the soil and confining stresses. From the results, it can
be said that the bonding stress coupled with the confining
stress due to cement lies somewhere between 100 and
150 kPa. In addition, bonding due to cement increases the
deviatoric response. With regard to the strength parameters
in the direct shear tests, it was observed that the addition of
cement to the soil samples slightly increased the friction
angle, as reported in Table 5. However, the cohesion
intercept was zero.

According to [27], cemented soils can have greater
cohesion and can improve the strength properties of soils.
The authors believe that cohesion is usually a mathematical
parameter intercepting at o', = 0. The fact that the

Stregth Parameters Comparison

Improvement
in strength due
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< cement.
K3
Increase in E
cohesion due @ qugver, ‘
to addition of 7] Friction angle is
s still same. i.e.,
cement 2 28 Degree.
7]
i.e., Increased
62 kPa with
addition of 10%
cement in soil ¢ i i ' ‘
0 200 400 600 800 1000

Effective Principal Stresses (kPa)

Fig. 28 Example of vertical height behavior at lower and higher stresses
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cohesion intercept in this study was found to be zero
demands more detailed investigation of similar samples
under various stresses and various water contents, as in this
study, an optimum water content of 9% was used. In tri-
axial tests, it was observed that no significant change in the
friction angle was observed by the addition of cement, even
considering the fact that the addition of cement caused
more deviatoric stresses, as shown in Fig. 28.

The addition of cement increased the cohesion proper-
ties of the soil owing to particle bonding. Thus, the friction
angle was the same as 28° from cemented and non-ce-
mented soils. The higher cohesion values indicate
strengthening of interparticle bonding, which can be related
to the traditional cohesion properties, as shown in the fig-
ure above. The cohesion was found to be 10 kPa in the
non-cemented soil and 72 kPa in the 10% cemented soil.
Therefore, the difference of 62 kPa was due to the addition
of 10% cement.

4 Conclusions

An experimental study was conducted to determine the
effect of cement on natural clayey silt obtained from a
canal embankment. Based on the results obtained from this
study, the following conclusions were drawn:

e With an increase in the cement content of the soil, the
shear stress, vertical strain, and void ratio increased.
13% more vertical strains were observed in the
specimen with 10% cement than in the natural soil.
The increases in the vertical strain and void ratio were
dependent on the cement content.

e The coefficient of compressibility and compression
index values suggested that the 10% cemented soil
showed greater compressibility than natural soil.

e The cemented soils exhibited dilatant behavior at lower
stresses and contractant behavior at higher stresses.

e The strength parameters, i.e., cohesion and friction
angle, increased by up to 30% and 5%—15%, respec-
tively, with the addition of 5% and 10% cement,
respectively.

e Although the void ratio increased with addition of
cement, yet the gain in shear strength parameters could
be very effective in controlling failure of canals
embankments.

5 Future Studies

Future studies on the numerical modeling of seepage and
slope stability are needed to suggest techniques to
strengthen existing and future canal embankments.
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