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Abstract: Soil stabilization problems like liquefaction, bearing capacity, permeability, excessive
settlement and swelling can be solved by improving soil’s engineering properties by using various
methods. The use of fly ash as a stabilizer has become popular in recent years since it is eco-friendly
and effective on soil stabilization, especially for fine-grained soils. This study investigated the reuse
of fly ash as a stabilizer (5-25% by weight) and cement (constant 3% by weight) as an activator
to enhance the geotechnical properties of poorly graded sand (SP). Standard proctor tests were
conducted to determine optimum water content and maximum dry unit weight, followed by direct
shear box, falling head permeability and CBR tests at the determined optimum water content. Direct
shear box experiments were carried out at two relative densities (30% and 80%) and CBR experiments
were performed after 7 and 28 days of curing time. The results demonstrated that the addition of fly
ash and cement improved the geotechnical properties, including shear strength, permeability and
bearing capacity of the fine sand soil.
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1. Introduction

Due to population growth and urbanization, construction on unstable soils plagued by
problems like liquefaction, excessive settlement, low bearing capacity, swelling, etc., has become
necessary. For this reason, soil improvement methods have gained importance to enhance
unsuitable areas in recent years. Soil improvement techniques are categorized as surface and
deep soil, mechanical and chemical, or additive and non-additive improvement. Chemical reme-
diation involves injecting or mixing active chemical compounds like fly ash, Portland cement,
sodium chloride, lime, or viscoelastic substances such as bitumen [1]. However, in recent years,
many studies have been performed to investigate ecological solutions to stabilize soils. Alkaline-
activated cements are popular eco-friendly binders [2—4]; another one is fly ash, both of which
have been considered as alternatives to Portland cement in geotechnical applications.

Improving geotechnical properties of clayey soils with fly ash has been studied for a
while in geotechnical engineering. The recent studies on stabilizing silt and clay soils by fly
ash were gathered in a paper as a review and it was shown that fly ash can be used as a
substitute material to improve the mechanical properties of fine-grained soils [5]. However,
studies on the improvement of sand soils with fly ash have been limited; Kaniraj and
Havanagi [6] added fly ash and cement to sand and silt soils and found that cement had a
greater effect than fly ash. Sahu [7] investigated the impact of fly ash on the CBR values
of six types of soils and found that CBR values increased with increasing fly ash content,
with the highest increase observed in silty sand soil and the lowest increase seen in high
plasticity soil. Sumesh et al. [8], Saha and Pal [9], Ige and Ajamu [10] conducted unconfined
compression tests on sandy soils and found that fly ash increased the unconfined compres-
sive strength of the soil by the amount of increased fly ash. Motamedi et al. [11] studied
the effect of fly ash and cement on sandy soil’s optimum water content and unconfined
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compressive strength, and the highest strength was obtained by adding 25% cement and
30% fly ash after 28 days curing, while the lowest strength was obtained by adding 5%
cement and 30% fly ash after 1 day curing. Mahvash et al. [12,13] investigated the impact
of fly ash on fine sand soil’s compaction behavior and CBR values by adding 5%, 10%
and 15% F class fly ash with 3% Portland cement. The addition of cement decreased the
optimum water content, while the addition of fly ash increased it. Both the curing time and
fly ash amount had significant effects on the soil’s bearing capacity according to compaction
test results; Simatupang et al. [14] found that adding fly ash to fine sand soils improved
strength, with higher amounts of fly ash and longer curing times leading to increase the
strength. Azaiez et al. [15] studied the effect of fly ash on compaction and shear behavior
of coarse-grained soils and found that increasing fly ash content and maximum grain
size led to an increase in maximum dry density and decreased optimum water content.
Additionally, they stated that the shear strength values increased with increasing fly ash
content and maximum grain size.

The curing conditions and curing duration are also important subjects to discuss
regarding the mechanical strength of stabilized soil. It is known that moisture content affects
the mechanical properties of soils by which the increment in water content reduces the
mechanical properties of the soil. Some recent studies such as Ghadir and Razeghi [16] and
Samadi et al. [17] focused on the curing duration and curing conditions on the mechanical
strength of stabilized soil samples.

Mahvash et al. [12] indicated that cement is an effective activator for sandy soil
improvement in their study in which they used 3% cement with 5-20% fly ash. Kaniraj
and Havanagi [6] studied the compressive strength of cement stabilized soils; in their
experiments, they used 3% and 6% of cement with various amount of fly ash. Zumrawi [18]
studied the stabilization of pavement subgrade by using fly ash (5-20%) activated by 5%
cement. Kolias [19] performed experiments on the stabilization of clayey soils with 10% fly
ash and 4% cement. In light of previous research, it was decided to prepare test samples
with a fixed 3% cement content and varying percentages (5-25% by weight) of fly ash. Since
the cement is only being used as an activator in this research, rather than a stabilizer, it was
selected at its lowest percentage.

In this study, cement and fly ash additives on the geotechnical properties of fine sand
soil were experimentally investigated, which includes the effect of curing duration and the
relative density of sand on the strength of the soil. In addition, the effect of the additives
on the permeability of sand was considered. The optimum water content and maximum
dry unit weight were obtained by compaction tests. Shear box, falling head permeability
and CBR tests were performed to investigate the effect of additives on the geotechnical
properties of the sand soil.

2. Materials and Methods
2.1. Materials

In the study, sand samples were sieved between No. 30 and No. 200 sieves and
classified as poorly graded sand (SP) according to the United Soil Classification System
(USCS) [20]. The grain size distribution curve of the sand is shown in Figure 1. From
Figure 1, the uniformity coefficient, the coefficient of curvature and the effective particle
size are obtained and noted in Table 1. The other physical properties of the sand, such
as the specific gravity, the maximum and minimum void ratio, and the maximum and
minimum dry unit weight are also given in Table 1. Table 2 shows the chemical and
physical properties (including Specific Gravity and Specific Surface) of the cement and fly
ash. The particle size distribution curves of the additive materials are given in Figure 1.
CEM 11/ A-M(P-L) 42.5R Portland Composite cement was used as an activator at a fixed
rate of 3% by weight. The fly ash added to the test samples as a stabilizer has CaO = 29.28%
> 10% and SiO; + Al,O3 + Fe;O3 = 50.92% > 50%; therefore, it is defined as C class fly ash
according to ASTM C618 standard [21].
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Figure 1. Grain size distribution of fine sand, cement and fly ash.

Table 1. Index parameters of fine sand soil.

Soil Classification (USCS) SP

Specific Gravity, G 2.78
Max. void ratio, emax 1.190
Min. void ratio, emin 0.626
Max. dry unit weight, vq max (KN/ m?3) 16.76
Min. dry unit weight, Y4 min (KN/ m?) 12.44
Uniformity coefficient, Cy 2.50
Coefficient of curvature, C. 1.20
Effective particle size, D1y (mm) 0.52

Table 2. Physical and chemical properties of cement and fly ash.

Physical Properties Chemical Properties
Cement Fly Ash CSII:;:E:::}:IS Cement (%) Fli’o/‘:‘)Sh
Specific 3.04 246 Si0, 25.08 29.88
Gravity
Specific
surface 4260 2380 Al,O3 6.24 15.03
(cm?/g)
Fe,03 2.90 6.01
CaO 56.44 29.28
MgO 0.88 227
503 2.34 13.34
NayO 0.73 0.13
KO 0.96 1.71
2.2. Method

In this study, the effect of fixed 3% cement and varying percentages of fly ash (5%, 10%,
15%, 20%, and 25%) on the geotechnical properties of fine sand soil was experimentally
evaluated. First of all, standard compaction tests were performed on fly ash and cement
added samples and a pure sand sample to obtain the optimum water content and maximum
dry unit weight. Proctor compaction tests were performed according to Method A, since
the maximum diameter size of the sample was 0.6 mm and less than 20% of the soil sample
was retained on a 4.75 mm sieve (ASTM D698 [22]). Soil samples were prepared at six
different water contents at standard proctor compaction molds which had a 101.6 mm
diameter. For each experiment, a new soil sample was prepared, since the crushed sand
particles after an experiment may change the fine-grained sand particles percentage.
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Then, direct shear box tests were performed to determine the internal friction angle
and cohesion values of the sand samples at their optimum water contents which were
determined previously from standard compaction tests (ASTM D3080 [23]). Shear box
tests were carried out at two relative densities (30% and 80%) in order to represent loose
and dense conditions, respectively. A square direct shear box of a 60 x 60 x 25 mm
size was used in the experiments. The soil sample amount was calculated according to
minimum and maximum void ratios for each case. For the dense condition, the calculated
soil amount was compacted in the mold in three layers, whereas for the loose condition,
the free fall method was used. Normal stresses applied on top of the soil samples were
54.5 kPa, 109 kPa and 218 kPa, respectively. The horizontal load was applied with a speed
of 0.5 mm/min [24,25].

After that, California bearing ratio (CBR) tests were carried out (ASTM D1883 [26]).
Curing ages were 7 and 28 days, respectively. The mixtures were cast in 3 layers and com-
pacted into molds having a 152.4 mm diameter and 177.8 mm height under optimum water
contents. After preparing the samples, molds were placed in sealed plastic bags and kept in
desiccators during the aging period in order to maintain their moisture content. Eventually,
their 7 and 28 day strengths were tested. The penetration speed of the experimenting rod
was 1.3 mm/min. The stresses were recorded when the rod’s penetration depth reached
2.5 mm and 5 mm, and the highest value was recorded as the CBR value of the specimen.

The final experiment that was carried out through the soil samples was the falling head
permeability test in order to evaluate the hydraulic conductivity of the mixtures (ASTM
D5856 [27]). The falling head permeability test was preferred since sand has a maximum
particle size of 0.60 mm and additives have a finer particle size than that. Mixtures were
prepared according to their optimum water contents and maximum dry unit weights in a
mold by compacting in three layers, and filter papers were placed on the top and bottom of
the samples.

The prepared samples for each experiment are listed in Table 3. For the proctor
compaction tests, each mixture was prepared six times at different moisture contents. For
direct shear tests, three samples were prepared for each mixture at two different relative
densities: 30% and 80%, respectively. For CBR tests, four samples were prepared for each
mixture; two of them were tested after 7 days of curing, while the others were tested after
28 days of curing. For permeability tests, two samples were prepared for each mixture.

Table 3. A list of soil samples prepared for each experiment set.

Code S. Proctor Test  Direct Shear Test CBR Test Permeability Test

Sand S 6 6 6 2

Sand + 3% Cement S3C 6 6 4 2
Sand + 3% Cement + 5% FA S3C5FA 6 6 4 2
Sand + 3% Cement + 10% FA S3C10FA 6 6 4 2
Sand + 3% Cement + 15% FA S3C15FA 6 6 4 2
Sand + 3% Cement+20% FA S3C20FA 6 6 4 2
Sand + 3% Cement + 25% FA S3C25FA 6 6 4 2

3. Results

3.1. Standard Proctor Test

Standard proctor tests determine the maximum dry unit weight and optimum water
content values of the samples. The test results, shown in Figure 2, compare samples with
and without additives. The notation S represents the pure sand sample, S3C represents
3% cemented sand, S3C5FA represents sand soil with 3% cement and 5% fly ash, S3C10FA
represents sand soil with 3% cement and 10% fly ash, and so on.



Appl. Sci. 2024, 14, 2908

50f 10

0.00 5.00 10.00 15.00 20.00
Water content, w (%)

Dry unit weight, Yy (KN/m?)
o
=
o

S et $3C S3CSFA —d&—S3C10FA
—6—S3C15FA S3C20FA —@— S3C25FA

Figure 2. Standard proctor test results of the samples.

The figure shows that the optimum water content values, which range from 11.66%
to 14.74%, increase with increasing amounts of fly ash and cement. This is because fly
ash and cement require more water due to their finer particle size, than sand soil due
to its hydration. Nithin and Sayida [28] also indicate that the increase in fly ash content
results in an increase in optimum water content. From the figure, the highest maximum
dry unit weight value of 17.24 kN/m?3 is obtained in the S3C sample, and the lowest value
of 15.84 kN /m? is obtained in the S3C25FA sample. The addition of only 3% cement (S3C)
led to a significant increase in the maximum dry unit weight value, whereas the inclusion
of fly ash results in a drastic decrease in this value. This can be attributed to the higher
specific gravity of cement compared to the lower specific gravity of fly ash, which is lower
than that of sand. In their study, Prabakar et al. [29] also mentioned that for any particular
percentage of fly ash addition in soil, the dry density decreases with an increase in fly
ash content.

3.2. Direct Shear Box Test

Direct shear box tests are conducted in two sets. The first set represents the loose
condition and samples are prepared at a relative density of 30%. The second set represents
the dense condition and samples are prepared with a relative density of 80%.

The internal friction angle values obtained for all mixtures are shown in Figure 3. Fly
ash and cement additives increase these values for all cases, with an increasing amount of
fly ash. From the figure, the rate of increase in the internal friction angle of the mixtures
almost does not change after 10% fly ash additive for both densities. The internal friction
angle of pure sand is 34.74° for 30% relative density. With 3% cement additive, it increases
by approximately 1% to 35.05°. With fixed 3% cement and 10% fly ash, the internal friction
angle value increases by 13% to 39.25° compared to the pure sand sample. For the 80%
relative density sand, the internal friction angle value (47.43°) shows a 5% increase after
adding 3% cement when compared to pure sand (45.25°) and a 9.4% increase is obtained
(which is 49.51°) after adding 3% cement and 10% fly ash, compared to the pure sand
sample. It is seen that the increment percent of the friction angle is less for dense sand than
for loose sand.

The addition of fly ash and cement also increase the cohesion of the samples (Figure 4)
for both relative densities (30% and 80%). From the figure, it is noted that the cohesion
of sand without additives is 1.43 kPa and 1.61 kPa for 30% and 80% relative densities,
respectively. The addition of fly ash and cement to fine sand soil increases the cohesion
value, with the highest cohesion value being observed at 25% fly ash and 3% cement
(S3C25FA) for both relative densities. For 30% relative density, cohesion increases from
1.43 kPa to 29.87 kPa, while for 80% relative density sand, the highest cohesion value is
48.2 kPa. The increment of cohesion is 60% more for dense sand compared to the loose sand
condition. This may be because of the additives filling the voids in the soil and creating a
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more stable condition, leading to an increased internal friction angle and cohesion values
in pure fine sand. For the dense sand condition, compacting the sand with the additives
seems to be more efficient to increase the cohesion of the mixtures, when comparing the
internal friction angles of the samples. Simatupang et al. [14] also studied mechanical
properties of sand soil threated with fly ash; they point out that the parameters of cohesion
“c” and friction angle “¢” of the fly ash-stabilized sands are always higher than those of
the untreated sands.
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Figure 3. Change in internal friction angles for mixtures.
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Figure 4. Change in cohesion for mixtures.

3.3. California Bearing Ratio Test (CBR Test)

The CBR tests are performed on samples with and without additives for 7 and 28 day
curing periods; the results are presented in Figure 5. The pure sand sample exhibits a CBR
value of 19% at both time points. Adding only 3% cement (S3C) without fly ash results
in a CBR value of 87% after 7 days of curing, indicating a 4.6-fold increase compared to
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the pure sand. As it can be seen from the figure, the CBR values of the samples continue
to increase with higher fly ash ratios. After 7 days of curing, the CBR values for 5%, 10%,
15%, 20%, and 25% fly ash additions, along with fixed 3% cement, are 87%, 99%, 113%,
115%, and 124%, respectively. The S3C25FA sample exhibits the highest CBR value at 124%,
corresponding to a 6.5-fold increase compared to the pure sand sample.

300
250 230 21 _—s—with 3% cement, 7
195 216 - T days curing
200 1_79 - - pure sand sample, 7
150 113 5 124 135 days curing
100 Lg%%,,fi lil—/!’/'. 4—with 3% cement, 28
vg7 days curing
50 —36=pure sand sample, 28
59 d :
0 ays curing
0 5 10 15 20 25 30
Fly ash amount (%)

Figure 5. CBR test results after 7 and 28 days curing.

In Figure 5, the S3C sample’s CBR value after 28 days of curing is 125%, indicating
that the addition of 3% cement increases the CBR value of fine sand by 6.58 times. Adding
5%, 10%, 15%, 20%, and 25% fly ash to sand with a fixed 3% cement increases the CBR
values of the samples to 179%, 195%, 216%, 230%, and 241%, respectively, after 28 days of
curing. The highest CBR value is still observed in the S3C25FA sample, and the increment
is 12.7 times that of the pure sand sample. This may be because of the fly ash which binds
the particles and therefore increases the soil stiffness and strength which was emphasized
in the study of Amadi [30].

The experiment results show that cement increases the CBR value of fine sand soil,
while the CBR value of samples continues to increase with an increasing fly ash ratio.
Prabakar et al. [29] suggested that the increase in the CBR value of fly ash added soil was
due to the interlocking phenomenon of soil and fly ash. It is seen that the curing time
is significantly affected by the CBR values of test samples. Simatupang et al. [14] also
emphasized that the curing time had a positive effect on the mechanical properties of
treated sand soils. The increase in the CBR value with curing time was attributed to the
hydration reaction of cement and the slow pozzolanic reaction of fly ash, which caused
self-hardening of the generated bond [31].

3.4. Falling Head Permeability Test

Falling head permeability tests are conducted to determine the permeability coefficient
of the samples, considering the materials (cement and fly ash) in the mixtures and the
maximum grain size of the sand (Dmax = 0.60 mm). The results of the tests are presented
in Figure 6. The addition of fly ash and cement to the sand soil results in a reduction in
the permeability coefficient of the samples at all levels. The pure sand sample (S) exhibits
the highest permeability coefficient which is 9.99 x 10~* cm/s, while the S3C25FA sample
shows the lowest value at 5.18 x 10~° cm/s. This represents a decrease in the permeability
coefficient of approximately 20 times compared to the pure sand. It may be because of the
inclusion of fly ash and cement fills the gaps between the sand particles, creating a denser
and void-free structure, thereby reducing permeability. In the study of Zhou et al. [32], it
was indicated that C class fly ash permeability was less than 10~¢ cm/s; this could also be
due to the decrease in the permeability through the increase in the amount of fly ash.
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Figure 6. Falling head permeability test results.

4. Conclusions

This study investigates the effects of cement and fly ash additives on the geotechnical
properties of fine sand soil through experimental testing. Samples are created by adding
fixed 3% cement and 5, 10, 15, 20 and 25% fly ash by weight to the fine sand soil. Compaction
tests are performed to obtain the optimum water content and maximum dry unit volume
weight values for the samples with and without additives. The CBR, direct shear box
and falling head permeability tests are conducted on the samples at their optimum water
contents to evaluate the effects of the additives on the geotechnical properties of the soil.

Based on the extensive experimental study carried out:

1.  The optimum water contents of treated soils increases continuously with the increase
in fly ash amount. However, the dry unit weight of the samples decreases with the
addition of fly ash, contrary to the addition of cement.

2. Fly ash and cement additives improve the internal friction angle, cohesion and CBR
value of the fine sand soil in the experiments. A 28 day curing period results in nearly
a two-fold increase in the CBR ratio compared to a 7 day curing period. The relative
density of the sand influences both the increase in the friction angle and cohesion.
The friction angle shows a greater increase in loose sand, while the cohesion exhibits
a larger increment in dense sand compared to loose sand.

3. The permeability coefficient of the sand decreases with the addition of fly ash and
cement at all percentages of additives.

These findings indicate that fly ash can be used as a stabilizer for soil improvement
applications of sand soil, as it positively affects the geotechnical properties of the soil.
Further experiments can be conducted on sand particles of varying sizes to broaden
the investigation.
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