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Abstract: The stabilization of soil through the addition of fly ash has been shown to be an effective
alternative for improving the strength and stiffness of soil through the resulting chemical reactions.
The chemical reaction that occurs dissociates the lime (CaO) in the fly ash, and the establishment
of cementitious and pozzolanic gels (consisting of calcium silicate hydrate (CSH) gel and calcium
aluminate hydrate (CAH) gel) binds the soil particles and increases the strength and stiffness of the
soil. Investigations into the mechanical properties of sands stabilized with fly ash (fly-ash-stabilized
sands) were conducted through a series of unconfined compressive strength (UCS) and direct shear
strength tests for various fly ash percentages, curing times, grain sizes, degrees of saturation during
sample preparation, and content of fines. It was found that the mechanical properties—UCS and
direct shear strength (DSS)—of fly-ash-stabilized sands increased with both increasing fly ash content
in the specimen and curing time, but decreased with increasing grain size, degree of saturation during
sample preparation, and content of fines. The results indicated that fly-ash-stabilized sands required
more than a month to attain their optimum performance with regard to binding sand particles.
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1. Introduction

The chemical stabilization of cohesionless soil using a grouting technique is the most common
method used for liquefaction mitigation of the ground below existing buildings. Varieties of chemical
stabilization are undertaken rapidly, including cement, lime, epoxy or silicates, fly ash, calcite
precipitation, and mixtures thereof [1–14]. One method increasingly taken into consideration is the
usage of waste materials, such as fly ash, as a binder. Soil stabilization with fly ash can reduce
environmental pollution, and costs of materials are relatively inexpensive [15–17]. Soil stabilization
with fly ash has been proposed as an effective alternative for strength and stiffness improvement
through chemical reactions [18,19], because certain types of fly ash contain lime (CaO) and pozzolan
consisting of, for example, silica (SiO2) and alumina (Al2O3). When fly ash is mixed with soil in the
presence of water, chemical reactions occur [20]. These chemical reactions dissociate the lime (CaO) in
the fly ash and establish cementitious and pozzolanic gels consisting of calcium silicate hydrate (CSH)
gel and calcium aluminate hydrate (CAH) gel, as described in Equations (1) to (4). Consequently, the
fly ash will bind to soil particles and increase the strength and stiffness of that soil [21–27].

CaO + H2O→ Ca(OH)2 (1)

Ca(OH)2→ Ca2+ + 2(OH)− (2)
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Ca2+ + 2(OH)− + SiO2→ CSH (3)

Ca2+ + 2(OH)− + Al2O3→ CAH (4)

In terms of CaO content, fly ash is divided into two classes: F and C. Class F contains a small
amount of CaO, indicating a non-self-cementing fly ash. This kind of fly ash can be effectively utilized
by adding an activator, such as cement or lime. By contrast, Class C fly ash contains an abundant
amount of CaO and is considered self-cementing fly ash. Therefore, Class C fly ash is more effective
than Class F in forming CSH and CAH in binding soil [28].

Laboratory investigations on the mechanical properties of fly ash-improved soil, such as tests on the
California bearing ratio (CBR), resilient modulus, unconfined compressive strength, and shear strength,
have been conducted frequently [13,14,18,19,29]. The mechanical properties of fly-ash-stabilized soil
increase in fly ash content, except for organic soil. The addition of fly ash has almost zero effect on the
mechanical properties of fly ash-improved organic soil. Furthermore, its mechanical properties tend to
decrease with increasing organic content in the soil [13,14].

On the other hand, the improvement in the mechanical properties of fly-ash-stabilized sands
is also influenced by the moisture content of the specimen, as well as temperature. It was reported
that a higher temperature accelerated not only the induction period in establishing cementitious and
pozzolanic gel, but also the loss of moisture from the specimen, which resulted in strength improvement.
This improvement is more tangible in the specimen with longer curing times [30–32].

In view of the aforementioned issue, a significant improvement of the mechanical properties
of fly-ash-stabilized sands may be attained by lowering the degree of saturation during sample
preparation. Many studies have been conducted regarding the alteration of sand mechanical properties
using another stabilizing agent, precipitated calcite, under different degrees of saturation during
various precipitation times [8,9,33,34]. At lower degrees of saturation during curing, the mechanical
properties of calcite-improved sands are higher, indicating greater strength. This is because of the
increased effectiveness of calcite-improved sands at low saturations during precipitation times. Under
those conditions, air occupies the pore space and the precipitated calcite agglomerates at the contact
surface of the grains where water menisci have formed, which is directly related to the strength
improvement. Microscope images have also demonstrated these advantages [8,9,33,34]. In terms of fly
ash usage, limited information is available regarding the effectiveness of fly-ash-stabilized sand and
the improvement of its mechanical properties under different degrees of saturation during sample
preparation. Little research has been devoted to the behavior of the fly-ash-stabilized sands cured at
various degrees of saturation during sample preparation. The effectiveness of using this approach—of
lowering the saturation—on the fly-ash-stabilized sand has not been well documented; therefore, proof
is needed.

In this research, investigations were conducted to find out the alterations to the mechanical
properties of fly-ash-stabilized sands based on different degrees of saturation during sample preparation,
Sr. In order to uncover more details regarding the effectiveness of lowering Sr on fly-ash-stabilized
sands, unconfined compressive strength (UCS) and direct shear strength (DSS) tests were conducted on
sand specimens prepared under various saturations during the sample preparation and with various
fly ash percentages, curing times, grain sizes, and content of fines.

2. Materials and Methods

2.1. Materials

The sands used in this research were local sands—fine and coarse sands—originating from the
Pohara River of Konawe Regency, South East Sulawesi Province, Indonesia. The physical properties
and the distribution of the grain sizes of both sands are presented in Table 1 and Figure 1, respectively.
The sands were classified as poorly graded sands according to the Unified Soil Classification System [35].
The sand grains were nearly uniform in size and had angular to subangular particle shapes.



Geosciences 2020, 10, 132 3 of 19

Table 1. The physical properties of the local sands used.

Fine Sand Coarse Sand

Specific gravity Gs 2.67 2.72
Maximum void ratio emax 1.23 0.98
Minimum void ratio emin 0.88 0.76
Mean grain size D50 0.18 0.88

Geosciences 2020, 10, x FOR PEER REVIEW 3 of 20 

 

 

Figure 1. The grain size distribution of the studied sand. 

On the basis of the sieve analysis graph presented in Figure 1, the mean grain size of the coarse 

sand was around five times higher than that of the fine sand. The effects of different grain sizes on 

the mechanical properties were discussed. The maximum and minimum void ratio measurements 

were conducted to control the relative density of the specimens. Other properties, such as the specific 

gravity and mean grain size of both sand types, are available in Table 1. 

Table 1. The physical properties of the local sands used. 

  Fine Sand Coarse Sand 

Specific gravity Gs 2.67 2.72 

Maximum void ratio emax 1.23 0.98 

Minimum void ratio emin 0.88 0.76 

Mean grain size D50 0.18 0.88 

Another material used in this experiment, fly ash, was taken from the Steam Power Generation of Nii 

Tanasa, in Konawe Regency of Southeast Sulawesi Province, Indonesia. On the basis of the results of 

the sieve analysis presented in Figure 1, the mean grain size of fly ash was smaller than that of fine 

sand at around 0.037 mm, and more than 50% of the fly ash mineral passed through sieve number 

200. The grain size distribution and the chemical composition are shown in Figure 1 and Table 2, 

respectively. On the basis of Table 2, Nii Tanasa fly ash was classified as Class C ash according to 

American Society for Testing and Materials (ASTM) C618 [36], having an abundance of CaO content 

of more than 20% by weight. The CaO/SiO2 ratio of this fly ash was more than 1, indicating that it was 

a good stabilizer material. A higher CaO/SiO2 ratio in fly ash was indicative of greater effectiveness 

as cementation material. 

Table 2. The chemical composition of Nii Tanasa fly ash (in wt %). 

SiO2 CaO Al2O3 Fe2O3 MgO TiO2 MnO2 Na2O K2O P2O5 SO3 LOI 

19.88 24.04 12.00 12.63 8.72 0.58 0.22 7.47 2.23 0.18 10.26 1.134 

Note: LOI = loss on ignition. 

2.2. Methods 

In order to evaluate the effectiveness of fly-ash-stabilized sand regarding improvement of 

mechanical properties, dry sand was thoroughly mixed in a plastic bag with a specific amount of fly 

ash: 5%, 10%, 15%, 20%, 25%, and 30% of the total weight of the dry sand. The degree of saturation 

of the specimen during mixing was predetermined to be either 30%, 50%, or 100%. Cylindrical molds 

with an inner diameter and height of 55 and 110 mm, and 65 and 22 mm, respectively, were utilized 

0.001 0.01 0.1 1 10
0

20

40

60

80

100

Grain size (mm)

P
e

rc
e

n
t 
fi
n

e
r 

b
y
 w

e
ig

h
t 
(%

)

Fine sand
Coarse sand
Fly ash

Figure 1. The grain size distribution of the studied sand.

On the basis of the sieve analysis graph presented in Figure 1, the mean grain size of the coarse
sand was around five times higher than that of the fine sand. The effects of different grain sizes on
the mechanical properties were discussed. The maximum and minimum void ratio measurements
were conducted to control the relative density of the specimens. Other properties, such as the specific
gravity and mean grain size of both sand types, are available in Table 1.

Another material used in this experiment, fly ash, was taken from the Steam Power Generation
of Nii Tanasa, in Konawe Regency of Southeast Sulawesi Province, Indonesia. On the basis of the
results of the sieve analysis presented in Figure 1, the mean grain size of fly ash was smaller than
that of fine sand at around 0.037 mm, and more than 50% of the fly ash mineral passed through sieve
number 200. The grain size distribution and the chemical composition are shown in Figure 1 and
Table 2, respectively. On the basis of Table 2, Nii Tanasa fly ash was classified as Class C ash according
to American Society for Testing and Materials (ASTM) C618 [36], having an abundance of CaO content
of more than 20% by weight. The CaO/SiO2 ratio of this fly ash was more than 1, indicating that it was
a good stabilizer material. A higher CaO/SiO2 ratio in fly ash was indicative of greater effectiveness as
cementation material.

Table 2. The chemical composition of Nii Tanasa fly ash (in wt %).

SiO2 CaO Al2O3 Fe2O3 MgO TiO2 MnO2 Na2O K2O P2O5 SO3 LOI

19.88 24.04 12.00 12.63 8.72 0.58 0.22 7.47 2.23 0.18 10.26 1.134

Note: LOI = loss on ignition.

2.2. Methods

In order to evaluate the effectiveness of fly-ash-stabilized sand regarding improvement of
mechanical properties, dry sand was thoroughly mixed in a plastic bag with a specific amount of fly
ash: 5%, 10%, 15%, 20%, 25%, and 30% of the total weight of the dry sand. The degree of saturation of
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the specimen during mixing was predetermined to be either 30%, 50%, or 100%. Cylindrical molds
with an inner diameter and height of 55 and 110 mm, and 65 and 22 mm, respectively, were utilized for
all unconfined compressive strength (UCS) and direct shear strength (DSS) specimens, respectively.
The mixture was tamped carefully in the mold to form a specimen with a target relative density Dr of
50%. Particularly for the UCS specimen, tamping was conducted layer by layer, in five layers, to attain
a uniform Dr throughout the specimen. On top of each layer, slight kerfs were applied to avoid
segregation between layers. After tamping, the specimens were cured for 7, 14, 28, and 56 days and
tested thereafter.

A series of unconfined compressive strength (UCS) and direct shear strength (DSS) tests were
conducted on fly-ash-stabilized sand with a strain rate of around 1%/s until the specimen failed.

2.3. Test Conditions

The test conditions shown in Table 3 were used to determine the effects of these reviewed
parameters, in combination, on the mechanical properties of fly-ash-stabilized sands, namely unconfined
compressive strength and direct shear strength. Six different fly ash percentages, four different curing
times, and three kind degrees of saturation during sample preparation were tested in various
combinations. Two different sizes of sands—fine (0.075–0.25 mm) and coarse (0.6–2 mm) sands—in
natural and clean conditions were also under investigation. In this research, the sand in natural
condition referred to the unwashed sand from the site, while the clean condition referred to the
water-washed sand from the site. The predetermined parameters are shown in Table 3. The target
relative density of all specimens was Dr = 50%.

Table 3. The reviewed parameters.

Parameter

Fly ash percentages (%) 5, 10, 15, 20, 25, 30
Curing time (days) 7, 14, 28, 56

Degrees of saturation during sample preparation—Sr (%) 30, 50, 100
Grain sizes Fine and coarse

Type of sand Natural and clean

The amount of materials used is shown in Table 4. The sum of dry sand and fly ash was constant,
irrespective of Sr, and only depended on the kind of the sand—either fine or coarse sand—and the
kind of experiment—either unconfined compressive strength (UCS) or direct shear strength (DSS).
Meanwhile, the water volume was strongly dependent on the Sr, as presented in Table 4.

Table 4. The amount of material used, unconfined compressive strength (UCS), and direct shear
strength (DSS).

Sr Dry Sand + Fly Ash (gr) Water Volume (mL)

(%) Fine sand Coarse sand Fine sand Coarse sand
UCS DSS UCS DSS UCS DSS UCS DSS

30 40.41 11.29 36.49 10.19
50 339.6 94.9 380.1 106.2 67.23 18.78 60.82 16.99

100 134.12 37.47 121.64 33.98

3. Results and Discussion

3.1. Results

The results of both the UCS and DSS tests are detailed in Tables 5 and 6 in the form of shear
strength parameters, sequentially. Tests were conducted on two different kinds of sand—fine and
coarse—under either natural or clean conditions, with different fly ash contents, curing times, and
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degrees of saturation during sample preparation. A part of the space in Table 5 is empty, which was
designated for the UCS test results of coarse sand under low curing times and fly ash content up to
14 days and 10%, respectively. However, the specimens under these conditions failed after being
encased from their molds and could not be tested.

In this study, the UCS test for the specimen under 50% saturation during sample preparation was
only conducted for fine sand in both natural and clean conditions. For the other degrees of saturation
of 30% and 100%, both UCS and DSS tests were performed. The UCS data presented in Table 5 were
the maximum values obtained in the laboratory after calibration.

The DSS tests were conducted under vertical loadings of 4, 8, and 12 kg. Data corresponding to
all peak stresses, on each loading, were collected, based on the stress–strain relationship. These values
were plotted again on the graph connecting shear and normal stresses to attain the shear strength
parameters of cohesion “c” and friction angle “θ”, according to the Mohr–Coulomb strength theory.

Table 5. Unconfined compressive strength (UCS) of sand stabilized with fly ash.

Sr FA UCS (kg/cm2)

(%) (%) Fine Sand (0.075−0.25 mm)

Natural Clean

CT = 7
days 14 28 56 7 14 28 56

30 5 0.0061 0.0076 0.0086 0.0094 0.0064 0.0118 0.0475 0.0540
10 0.0073 0.0081 0.0094 0.0142 0.0075 0.0120 0.0570 0.0830
15 0.0081 0.0107 0.0109 0.0252 0.0207 0.0274 0.0832 0.1390
20 0.0165 0.0208 0.0250 0.0631 0.0272 0.0330 0.1069 0.1650
25 0.0206 0.0257 0.0505 0.1026 0.0526 0.0590 0.1188 0.1777
30 0.0211 0.0401 0.1053 0.1338 0.1377 0.1525 0.1891 0.2426

50 5 0.0060 0.0068 0.0071 0.0087 0.0065 0.0080 0.0397 0.0509
10 0.0067 0.0072 0.0092 0.0098 0.0070 0.0091 0.0509 0.0725
15 0.0072 0.0083 0.0097 0.0214 0.0176 0.0220 0.0736 0.1163
20 0.0164 0.0198 0.0236 0.0527 0.0205 0.0291 0.0994 0.1273
25 0.0189 0.0250 0.0426 0.0878 0.0518 0.0534 0.1127 0.1781
30 0.0198 0.0360 0.0930 0.1281 0.0818 0.1336 0.1709 0.2145

100 5 0.0032 0.0052 0.0059 0.0075 0.0033 0.0053 0.0207 0.0409
10 0.0054 0.0060 0.0075 0.0087 0.0058 0.0065 0.0436 0.0636
15 0.0065 0.0076 0.0092 0.0147 0.0107 0.0143 0.0600 0.1076
20 0.0135 0.0158 0.0189 0.0490 0.0196 0.0217 0.0931 0.1253
25 0.0151 0.0172 0.0421 0.0605 0.0458 0.0510 0.1033 0.1647
30 0.0167 0.0191 0.0650 0.0715 0.0550 0.1220 0.1583 0.1830

(%) (%) Coarse Sand (0.6−2 mm)

Natural Clean

CT = 7
days 14 28 56 7 14 28 56

30 5 - - 0.0072 0.0086 - - - 0.0450
10 - - 0.0091 0.0130 - - 0.0477 0.0505
15 0.0075 0.0097 0.0107 0.0209 - 0.0210 0.0807 0.1308
20 0.0150 0.0188 0.0220 0.0292 0.0270 0.0295 0.0950 0.1590
25 0.0195 0.0251 0.0460 0.0962 0.0477 0.0508 0.1062 0.1710
30 0.0202 0.0388 0.0915 0.1306 0.0976 0.1092 0.1805 0.2171

100 5 - - 0.0054 0.0065 - - 0.0175 0.0273
10 - - 0.0062 0.0082 - - 0.0270 0.0492
15 0.0060 0.0069 0.0084 0.0136 0.0083 0.0109 0.0505 0.0893
20 0.0075 0.0093 0.0114 0.0190 0.0170 0.0205 0.0617 0.1071
25 0.0096 0.0121 0.0144 0.0305 0.0298 0.0390 0.0769 0.1390
30 0.0132 0.0165 0.0603 0.0615 0.0439 0.0916 0.1365 0.1747
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Table 6. Shear strength parameters of sand stabilized with fly ash

Sr FA Shear Strength Parameters

(%) (%) Fine Sand (0.075−0.25 mm)

Natural Clean

CT = 7 days 14 28 56 7 14 28 56

c θ c θ c θ c θ c θ c θ c θ c θ

30 5 0.23 28.33 0.40 29.43 0.57 30.32 0.67 30.50 0.40 29.07 0.73 30.32 0.98 31.89 1.60 32.57
10 0.32 28.88 0.43 30.50 0.73 31.20 0.90 31.89 0.53 30.14 0.92 30.85 1.52 32.23 1.97 33.57
15 0.45 30.14 0.51 31.02 0.97 31.89 1.17 32.40 0.95 31.02 1.00 31.89 1.97 33.57 2.13 34.06
20 0.58 31.89 0.61 31.37 1.13 32.23 1.50 33.90 1.10 31.89 1.33 31.72 2.18 34.06 2.50 34.55
25 0.67 31.37 0.78 31.89 1.27 33.57 1.87 33.74 1.37 33.07 1.50 33.57 2.30 34.23 3.00 35.03
30 0.80 33.57 1.00 32.40 1.37 34.23 2.10 35.03 1.53 34.39 2.00 35.19 2.60 35.19 3.23 35.51

100 5 0.15 27.78 0.36 27.97 0.52 28.02 0.56 28.15 0.27 27.87 0.63 28.33 1.00 28.70 1.03 28.52
10 0.28 27.97 0.39 28.06 0.55 28.33 0.59 28.52 0.47 28.06 0.73 29.25 1.10 29.43 1.40 30.14
15 0.43 28.15 0.46 28.15 0.94 28.15 0.98 29.07 0.80 28.33 0.83 29.61 1.30 29.79 1.93 30.32
20 0.57 28.33 0.59 28.52 1.12 28.88 1.40 29.12 1.00 30.14 1.00 31.89 1.57 32.40 2.83 33.57
25 0.60 28.88 0.63 29.01 1.18 28.99 1.72 29.25 1.10 30.14 1.03 32.23 1.98 32.06 3.17 33.74
30 0.64 29.07 0.96 29.25 1.31 29.43 2.05 30.14 1.13 31.89 1.17 33.57 2.13 33.57 3.33 35.19

Coarse Sand (0.6−2 mm)

Natural Clean

CT = 7 days 14 28 56 7 14 28 56

c θ c θ c θ c θ c θ c θ c θ c θ

30 5 0.19 30.67 0.33 31.02 0.47 32.74 0.60 32.57 0.21 31.20 0.33 31.89 0.47 32.23 0.60 33.07
10 0.28 31.02 0.36 32.06 0.67 33.90 0.86 34.55 0.30 31.89 0.43 32.57 0.67 33.90 0.86 33.90
15 0.41 31.89 0.42 33.57 0.87 34.55 1.10 34.87 0.43 33.07 0.55 34.06 0.87 35.19 1.10 35.98
20 0.54 33.57 0.53 34.39 1.00 35.35 1.37 37.05 0.54 33.57 0.65 34.55 1.03 37.05 1.37 37.95
25 0.60 33.90 0.68 35.19 1.20 35.66 1.60 37.65 0.63 34.06 0.78 35.03 1.20 38.97 1.80 39.40
30 0.73 34.71 0.93 35.82 1.27 35.98 1.80 38.09 0.73 35.03 0.94 36.90 1.37 39.96 2.17 42.12

100 5 0.11 30.14 0.32 30.32 0.48 31.89 0.54 32.06 0.13 30.85 0.33 31.20 0.48 31.89 0.57 32.40
10 0.25 30.50 0.34 31.72 0.49 33.57 0.57 34.06 0.28 31.02 0.42 31.89 0.60 33.24 0.84 33.57
15 0.39 31.89 0.40 32.40 0.92 33.57 0.90 34.39 0.39 32.57 0.47 33.57 0.92 35.35 1.00 36.90
20 0.52 32.06 0.51 33.07 1.06 35.03 1.35 36.75 0.52 32.91 0.58 31.89 1.06 36.75 1.35 37.20
25 0.56 32.74 0.61 33.57 1.08 35.19 1.70 37.05 0.61 33.57 0.73 34.39 1.10 38.24 1.73 38.97
30 0.60 33.57 0.92 35.19 1.23 35.51 1.99 37.20 0.69 34.55 0.93 36.75 1.35 39.68 2.00 41.06

Relative density, Dr = 50%; Sr = degree of saturation (%); FA = fly ash (%); CT = curing time (days); c = cohesion (kg/cm2); θ = friction angle (◦); unconfined compressive strength (UCS);
direct shear strength (DSS).
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3.2. Discussion

3.2.1. Typical Stress–Strain Behaviors

In order to define the strength alteration of stabilized local sands over time, specimens were made
by mixing dry sand with FA. The FA contents ranged from 5% to 30% at intervals of 5%. The stabilized
specimens were tested, and the stress–strain responses of the specimens were recorded after curing at
predetermined CTs starting from 7 up to 56 days. Each subsequent CT was set twice as long as the
previous CT.

The typical stress–strain curve of unconfined compressive strength (UCS) and direct shear strength
(DSS) tests on fly-ash-stabilized fine sands, under different curing times and fly ash contents, are shown
in Figure 2. Both UCS and DSS test results clearly show that, at low fly ash (FA) contents of less than 20%,
stresses incrementally increase along with strain elongation up to the peak failure state of the specimen’s
stresses at any curing time. By contrast, both UCS and DSS tests indicate that those stresses increase
sharply up to that corresponding to higher fly ash content, particularly at longer curing times. The higher
the CT and FA content, the higher the peak stress reached. As aforementioned, the peak occurred at
a very low strain. At a low FA content and CT, this strain was about 1.5%, particularly for shear strength
curves, while at a higher FA content and CT, that strain was at 2%, as for the case of both the UCS and
DSS stress–strain relationships in Figure 2. This fact illustrates that fly-ash-stabilized sand with a higher
FA content and longer CT is more resistant to shearing up to a certain strain of 2%. The increase in FA
content binds sand grains into larger and stronger particles as a result of the cementitious, pozzolanic
reaction, and the self-hardening occurring during curing. This mechanism continues over time, and at
the same time, there is an upgrade in the mechanical properties of the specimen. This prospect is more
obvious in the specimen with greater CT and FA content, particularly the shearing specimen. In the case
of the compressed specimen shown in Figure 2b, there is an exception: the peak stress of the specimen
with the highest FA content and longest CT was at a lower strain of 1%. Those stresses, UCS and DSS,
decrease continuously after the 2% strain has been exceeded, except for untreated sand (FA content = 0).
The shear stress of untreated sand remains stable, even though the shear strain is extended, showing
a failure state of the untreated sands. For stabilized sands, the stress decreases smoothly at lower fly ash
contents. However, the stress alleviates sharply at higher fly ash contents, indicating brittle behavior of
the bonding prepared by fly ash. The beneficial effect of fly ash through binding sand particles seems to
have disappeared. A strain of approximately 2% is able to abolish this advantage.

On the basis of Table 5, UCSmax increases along with the increases in FA content and CT for both
fine and coarse sand. Both natural and clean sands also show the same trend. This improvement with
increases in FA content is the result of the bonding of grain into larger particles owing to increased FA.
Along with the time of curing, self-hardening takes place on the generated bond, producing a stronger
specimen. These prospects were also noted by Bell (1989), Ola (1978), and others [30,37–40]. In terms of
the different saturations during sample preparation, UCSmax increases with decreasing Sr, as shown
from the available data in Table 5. Specimens were prepared under three different Sr of 30%, 50%,
and 100%. It was found that the highest value of UCSmax occurred for clean fine sand with a larger
FA content and CT, and lower Sr. It seems that, at low saturation, there is a significant improvement
in the mechanical properties of fly-ash-stabilized sands. This trend agrees with the test results of the
investigations detailed in Jalali et al. (1997), Jha et al. (2009), and Sezer et al. (2006) [30–32], who made
a valuable prediction; that is, that the observed improvements in mechanical properties might be caused
by decreased saturation during curing. A similar observation conducted using another binder agent of
precipitated calcite under various degrees of saturation was reported by Simatupang and coworkers,
and Cheng et al. (2013) [8,9,34,41]. They found that the mechanical properties of calcite-treated sands
increased with a decrease in saturation during curing. The test results attained in this research along with
the previous test results indicated that Sr had an important role in improving the mechanical properties
of fly-ash-stabilized sands.
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Figure 2. Stress–strain relationships on natural fine sand at Sr-100%. (a) stress–strain curve of UCS at
various CT with 20% FA, (b) stress–strain curve of UCS at different FA with CT-56 days, (c) stress–strain
curve of DSS at various CT with 20% FA, and (d) stress–strain curve of DSS at different FA with
CT-56 days.

In addition, the shear strength of the fly-ash-stabilized sand is higher than that of untreated
sand, as presented in Figure 2d. This amelioration is conferred by the fly ash that is added to the
sand specimen. Fly ash binds sand grains, creating a matrix among them, and hardens during curing,
enhancing the mechanical properties of that sand. Regarding the stress–strain relationship, the shear
strength of fly-ash-stabilized sands displays a similar trend to the compressive strength in terms of
both the improvement rate and the fragility of fly ash binding. Specimens cured at a higher FA content
and CT, but at lower Sr, show a dramatic increase in their strength until they reach their peak strength
at a specific strain. In further shearing, the peaks of the strengths show a drastic fall in the small strain
rate, demonstrating their fragility.

The graphs presented in Figure 2d are redrawn in Figure 3 in the form of shear strength parameters
of cohesion “c” and friction angle “θ”. They were measured based on the graph connecting the peak
shear stress at each normal stress applied at 0.12, 0.24, and 0.36 kg/cm2 according to the Mohr–Coulomb
theory, as depicted in Figure 3. The graphs depicted in this figure clearly show that the shear strength
parameters increase with FA content. In the case of the specimens cured at FA contents of either 5% or
10%, as included in Figure 3, their cohesions almost coincide. This is probably because of the fabric
effect, as the FA contents at sample preparation were dissimilar [42].

Moreover, on the basis of the data available in Table 6, shear strength parameters increase with
the increase in CT and the decrease in Sr. The increase in those parameters is the result of the increase
of the amount of FA binding sand particles at the surface into larger grains as a consequence of the
addition of FA into the specimen and the effectiveness of decreasing Sr. A larger grain produces
a higher friction angle. The pozzolanic reaction, self-cementitious parameters, and loss of saturation
during curing are other main factors resulting in the improvement of those parameters. Self-hardening
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makes the specimen stronger, which is directly related to the cohesion improvement. Other researchers
have included these aspects in their considerations [30–32]. Simatupang and coworkers (colleagues)
conducted observations on other binders of precipitated calcite and obtained a similar trend [8,9,41].
The results of their observations showed that the cohesion of the precipitated calcite increased by
increasing calcite content and decreasing saturation during curing. Furthermore, they found that,
at a CT of around 6 h, the precipitated calcite reached its optimum strength. This was determined by
measuring the stiffness of the treated specimen at a small strain level during curing.
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Figure 3. Shear strength parameters.

The shear strength parameters of fly-ash-stabilized sands are also influenced by the type of the
sands used and their grain sizes. As shown in Table 6, they are distinguished based on their types
as natural or clean sands, and their grain sizes as fine or coarse sands. It was found that the shear
strength parameters of the clean sands were higher than those of the natural sands for both fine and
coarse sands. The same trend was outlined by the grain size of sand, in which the friction angle “θ” for
coarse sand was larger than that for fine sand. However, this is not the case for coarse sand in terms of
cohesion; the cohesions of coarse sand are below those of fine sand. These trends apply to all cases of
tested sand, and the results are tabulated in Table 6.

If stabilized sands are sheared further, their strength fails and comes close to the residual shear
strength of untreated sands, as clearly shown in Figure 2c,d. The main factor of this drawback is
bond deterioration. At strain levels of more than 2%, the beneficial effect of fly ash bonds disappears.
In this state, the fly ash bond is destroyed along with shearing, as aforementioned. A similar trend
is noted in the test results previously attained by researchers, including Delfosse-Ribay et al. (2004),
Lin et al. (2016), and Simatupang et al. (2019) [3,41,43]. They prepared a deformation characteristic
test on a treated specimen and found that the shear modulus of treated specimens decreased sharply
along with strain increases and approached that of untreated specimens. The same conclusion is
also shown here; that is, that the key point is the decline in the function of the binder. More detailed
information regarding both the UCS and DSS test results for different test conditions is listed in Tables 5
and 6, consecutively.

3.2.2. Effect of the Fly Ash Percentage

The effects of the fly ash (FA) content—which varied from 5% to 30% at intervals of 5%—on the UCS
maximum and shear strength parameters of stabilized sand under the investigated parameters are tabulated
in Tables 5 and 6 respectively and shown typically in Figure 4. Some of the data plotted in the figures
presented in this research were scattered, but their trends were represented by either solid lines or dashed dot
lines, as shown in each figure. Both Table 5 as well as Table 6 and Figure 4 illustrate that the UCSmax tends to
increase as the fly ash percentage increases in all cases of tested sands, as expected. The improvement in the
UCSmax is a consequence of the bonding owing to FA. As the FA content increases, the sand particles become



Geosciences 2020, 10, 132 10 of 19

larger and stronger over time owing to self-hardening during curing. Previous research on fly-ash-stabilized
soils prepared by Harichane et al., (2011), Ola (1978), Prabakar et al. (2004), Sezer et al. (2006), and Sridharan
et al. (1997) showed the same behavior [18,28,30,37,39]. Other research on other binders of precipitated
calcite showed a similar trend. The further increase in the content of the precipitated calcite generates
a stronger material; it becomes rock-like with a higher UCS of typically more than several MPa [7,44,45].
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Figure 4. The effect of fly ash percentages on the mechanical properties of fly-ash-stabilized sand.
(a) UCSmax-FA relationship of CFS at various Sr with CT-56 days, (b) shear strength parameters-FA
relationship of NFS at different Sr with CT-56 days, (c) UCSmax-FA relationship of dissimilar sands with
Sr-100% and CT-56 days, (d) shear strength parameters-FA relationship of diverse sands with Sr-100%
and CT-56 days, (e) UCSmax-FA relationship of NFS at various CT with Sr-100%, (f) shear strength
parameters-FA relationship of NFS at any kinds of CT with Sr-100%.

The shear strength parameters of the fly-ash-stabilized sands in this research were stated as
a function of the cohesion and friction angle, as expressed by the Mohr–Coulomb strength theory.
They increase in fly ash content, as revealed in Figure 4b,d,f. Additional information taken from that
figure indicates that the shear strength parameters of the fly-ash-stabilized sands are always higher
than those of the untreated sands, showing the bond effect conferred by fly ash. Sand particles are
bonded into larger and stronger grains and behave as dense sands. A similar trend was reported
by Harichane et al. (2011), Ola, (1978), Prabakar et al. (2004), Sezer et al. (2006), and Canakci et al.
(2015) [18,30,37,39,46].
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The friction angles of untreated sands were around 27.413◦ and 30.07◦ for fine and coarse sands,
respectively, and were independent of Sr. This condition is in line with the test results obtained by
Cheng et al. (2013) [34]. Their test was conducted under Sr values of 30%, 65%, and 100%; however,
they did not influence the friction angle of untreated silica sands, both fine and coarse. The friction
angles of fly-ash-stabilized sand performed in this research, for both fine and coarse sand, were around
27.78–35.51◦ and 30.14–42.12◦, respectively. Those friction angles were within the values reported by
Cheng et al. (2013) [34]. Their test results were around 23–40◦ and 25–42◦ for fine and coarse silica
sand, respectively. Similar performances were reported in other research studies conducted by Bell
(1989), Canakci et al. (2015), and Ola (1978) [37,38,46].

The parameter of cohesion “c” showed values of 0–1.80 kg/cm2 and 0–2.89 kg/cm2 for both fine
and coarse sands, respectively. These values are also in the range of values reported by Cheng et al.
(2013) [34] using silica sands.

3.2.3. The Effect of Curing Time

The effects of curing time on the strength of the fly-ash-stabilized sands at various predetermined
indicators are shown in Figure 5. The figure depicts the importance of curing time in determining strength
improvement. The higher the curing time, the larger the UCS of the resulting specimen. A larger FA
content of more than 20% produces a significant increase in UCSmax, especially at a later age. A significant
loss of moisture at a later age might have occurred, consequently resulting in a notable improvement in
UCSmax. This trend is in agreement with the test results shown by other investigators [30–32]. By contrast,
for an FA content less than 15%, insignificant increases in UCSmax occur along with curing time. This is
probably because of the bonding effect. At a low FA content, weak bonding between sand particles
results in low strength. The following example, which occurred during the experiment in this study,
further supports this trend; coarse sand specimens prepared with low FA contents showed weak bonding
and were not strong enough to hold their own weight, as evidenced by their failure after encasing from
their molds (shown by the empty values in Table 5). A similar fact was also demonstrated by Ola (1978),
who showed that the increase in the mechanical properties of soil was largely dependent on the amount
of the binder agent binding soil particles into larger and stronger aggregates. In such a condition, the soil
behaves as a coarse aggregate that was strongly bound [37].

In addition, there is a considerable improvement in the shear strength parameters of both “c”
and “θ” with the progression of curing time. On the basis of Figure 5, the cohesion increases around
four-fold from a curing time of 7 to 56 days, especially for clean coarse sand (CCS) at an FA content
of 20% and Sr of 100%. This is predicted to be because of the self-hardening of the mixture between
the fly ash and sand particles. Previous research conducted by Gay and Schad (2000), Harichane et al.
(2011), and Sezer et al. (2006) reported a similar trend [30,39,40].

However, the strength improvement is delayed at the beginning of the curing time. More time is
required for the pozzolanic reaction in forming the cementitious compounds, CSH and CAH, in the
mixture of soil particles and fly ash. At a curing time of less than 28 days, the strength increases slowly.
It then sharply increases and slows down thereafter. Similar trends were shown in the results of research
conducted by Amadi (2014), Amadi and Osu (2018), Consoli et al. (2001), Jha et al. (2009), Jalali et al.
(1997), Miller and Azad (2000), Oriola and Moses (2011), Osinubi (2000), Peethamparan and Olek, (2008),
Salahudeen et al. (2014), Sezer et al. (2006), and Sreekrishnavilasam et al. (2007) [21–27,30–32,47,48].
In more detail, Jalali et al. (1997) confirmed that the delayed improvement in the strength of stabilized
soil was strongly dependent on the curing temperature [32].

In this research, experiments were conducted under constant room temperature of around 25 ◦C,
either during sample preparation, curing, or testing. It was ensured that there was no acceleration or
deceleration on saturation reduction owing to temperature fluctuations during the experimental stages.
The delay in the strength improvement at the initial stage is the natural behavior of FA as a binder.
Sufficient time is needed for completion of the pozzolanic reaction in establishing cementitious and
pozzolanic gel [21–27,30–32,38,47,48].
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In terms of strength improvement, there should be a situation where there is no further change in
strength even though the curing time increases. This condition is stated as the maximum strength that
can be reached by the specimen. It seems that, in this research, the curing time needed for the specimen
to attain the maximum strength was longer than a month, as shown in Figure 5. The majority of the
graphs presented in that figure show that the strength increases significantly from a curing time of
14 to 28 days, but insignificantly thereafter, as observed for up to 56 days. Further studies are needed
to determine the optimum curing time to achieve the maximum strength of fly-ash-stabilized sands.
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Figure 5. The effect of curing time on the mechanical properties of fly-ash-stabilized sands. (a) UCSmax-CT
relationship of NFS at various Sr with 20% FA, (b) shear strength parameters-CT relationship of NFS
at different Sr with FA 20%, (c) UCSmax-CT relationship of dissimilar sands with Sr-100% and 20% FA,
(d) shear strength parameters-CT relationship of diverse sands with Sr-100% and 20% FA, (e) UCSmax-FA
relationship of NFS at various FA with Sr-100%, (f) shear strength parameters-FA relationship of NFS at
any kinds of FA with Sr-100%.

3.2.4. The Effect of Degrees of Saturation

Figure 6 illustrates that the degree of saturation during sample preparation influences the strength
of fly-ash-stabilized sand. The specimens were prepared under a degree of saturation of 30%, 50%, or
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100%. The fly ash percentages and curing times were varied. Those percentages started from 5% to
30% with 5% intervals, and the curing times were 7, 14, 28, and 56 days.Geosciences 2020, 10, x FOR PEER REVIEW 14 of 20 
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Figure 6. The effect of the degree of saturation on the mechanical properties of fly-ash-stabilized sand.
(a) UCSmax-Sr relationship of NFS at various FA with CT-56 days, (b) shear strength parameters-Sr

relationship of NFS at different FA with CT-56 days, (c) UCSmax-Sr relationship of dissimilar sands
with CT-56 days and 20% FA, (d) shear strength parameters-Sr relationship of diverse sands with CT-56
days and 20% FA, (e) UCSmax-Sr relationship of NFS at various CT with 20% FA, (f) shear strength
parameters- Sr relationship of NFS at any kinds of CT with 20% FA.

On the basis of Figure 6, the mechanical properties of fly-ash-stabilized sand increase with the
decrease in the degree of saturation during sample preparation for all cases of the reviewed parameters.
This increase is predicted to be because of the effectiveness of fly ash binding that congregates at
inter-particle contact and is directly related to the improvement in strength. With a higher degree of
saturation during sample preparation, a longer time is needed for evaporation to reduce the saturation.
This trend is in line with the test results obtained by others prepared on calcite-treated sands under
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different Sr [8,9,34,41]. In terms of the strength improvement shown in Figure 6, the highest values
occur for clean sands with a higher FA content and CT, but with a lower Sr.

With an FA content and CT of 30% and 56 days, respectively, the UCSmax increased by
approximately 1.5–2 times when decreasing the Sr from 100% to 30%. On the other hand, the FA content
could be reduced by around one-third to one-half to anticipate the expected UCSmax by lowering Sr,
as with the previous rate. For example, in the case of natural fine sand (NFS) (as presented in Table 5),
at 14 days of curing, fly-ash-stabilized sand cured at FA contents of either 30% or 20% provided almost
the same UCSmax value under Sr of either 100% or 30%, respectively. This mechanism can be explained
as follows. At a higher Sr of, for example, 100%, the entire surface of fly-ash-stabilized sand will be
moistened with water. In such conditions, keeping in mind the basic nature of the FA in that it will
react in the presence of water, the entire surface of the sand will be covered with cementitious material.
As a consequence, a lot of the cementitious material formed beyond the contact surface will not be
beneficial in increasing the strength of the fly-ash-stabilized sand. The limited cementitious material
formed binds sand at inter-particles, which contributes to a small increase in strength. This is also
noted by the researchers for the calcite precipitation approach. The spatial distribution of calcite in
the calcite-treated soil observed using microscopic images showed that the precipitated calcite was
distributed uniformly not only at the contact surface, but also over the whole surface [7,43,49–51].

At low Sr, however, pore water is concentrated on the contact surface, forming a meniscus where
the formed cementitious material will accumulate, which will result in an increase in the strength of
the fly-ash-stabilized sand. A similar investigation on different binder agents of calcite-treated sands
has been conducted by Simatupang and colleagues with Sr of 30% and 97% [8,9,41], and Cheng et al.
(2013) with Sr of 20%, 40%, 80%, and 100% [34]. They provided scanning electron microscopy (SEM)
images for specimens in order to show the more detailed effect of Sr on treated sands. The SEM results
show that, for specimens prepared under higher Sr, the precipitated calcite was distributed uniformly on
the sand surface. Only a small amount of the precipitated calcite binds sand particles, which results
in a small increase in strength. At low Sr, however, the calcite was precipitated locally at the contact
surface between grains, which was directly related to the strength improvement. This result, along with
the findings of this study, demonstrates that the effectiveness of fly-ash-stabilized sand depends on the
formation of cementitious material generated by the FA content present in the specimen. The agglomerate
of cementitious material at the interparticle contact surface is more valuable than the total sum of that on
the entire surface of the sand.

However, there may be a minimum limit of water content in the specimen that is capable of
dissociating the lime (CaO) that exists in the fly ash and establishing the cementitious and pozzolanic gels.
The latter will be the next topic for research into the effectiveness of fly ash usage as a cementitious material.

3.2.5. The Effect of Grain Size

The effect of grain size on the mechanical properties of fly-ash-stabilized sands (unconfined
compressive and direct shear strength) for different fly ash contents, curing times, and degrees of
saturation during sample preparation is shown in panels (c) and (d) of Figures 4–6. The graph provides
the value of the UCS maximum and shear strength parameters of fly-ash-stabilized sand for both fine
and coarse sand. It is clearly depicted that the UCS maximum of the smaller grain size is higher than
that of the larger grain size. Relative angularity is one of the main factors contributing to this increase.
This is the ratio between the crystal size donated by fly ash binding on the surface of the sand and the
size of the sand grain. At the same crystal size, smaller granules produce greater relative angularity,
directly yielding a higher strength increase. The same results occur for the cohesion “c”, but not for the
friction angle “θ”. The friction angle is higher with a larger grain size. As for sand with a large grain
size and a low curing time of up to 14 days, the effect of fly ash content on the unconfined compressive
strength is almost zero. Fly ash bonding is not strong enough to retain the self-weight of the specimen.
These failed after encasing from the mold (shown as empty value in Table 5). This is presumably
because of the bonding effect provided by the fly ash. As aforementioned, the pozzolanic reaction in the
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formation of cementation (cohesion) develops slowly at the initial stage of curing. As a consequence,
the bonding effect increases at a low rate, and there is less resistance to the working load.

3.2.6. The Effect of Content of Fines

The unconfined compressive strengths and shear strength parameters of fly-ash-stabilized sand
with fine grains are presented in Figures 4–6, which depict the use of sand with content of fines (natural
sand) and without content of fines (clean sand). The content of fines, as referred to here, is the difference
between the sand masses before and after being washed. The amount of the content of fines was
around 2.88% and 1.33% of the total mass of the dry fine and coarse sand, respectively. The mechanical
properties of the clean sand are higher than that of the sand with content of fines (natural sand) for
all cases of fly ash content, curing time, and degree of saturation. Despite these increases in fly ash,
the value of sand containing content of fines is always smaller than that without content of fines.
This indicates that content of fines has a negative effect (inhibition) on the chemical reaction between fly
ash and sand particles. It seems that, with a larger fly ash content, the mechanical properties of clean
sands are much higher than those of sands with content of fines. The same behavior was mentioned by
Axelsson et al. (2002), Canakci et al. (2015), Janz and Johansson (2002), Tremblay et al. (2002), and
Hampton and Edil (1998). Their research concluded that content of fines could chemically influence
the cementing reaction of the stabilized soil [46,52–55].

The effects of content of fines on the mechanical properties of fly-ash-stabilized sand under any
kind of saturation are shown in Figures 4b and 5a,b for both various FA contents and various CTs,
respectively. Both figures illustrate the drawback of content of fines on the mechanical properties.
The UCSmax and the cohesion almost coincide as Sr changes. It seems that the beneficial effect of
lowering Sr, which will improve the mechanical properties of fly-ash-stabilized sand, is diminished
by the presence of content of fines. At different grain sizes, on the other hand, depicted in panels
(c) and (d) of those figures, a similar trend—near coinciding of both UCSmax and cohesion—is also
shown. The content of fines degraded the serviceable quality of lower grain sizes and produced
a lower UCSmax and cohesion. As mentioned above, a lower grain size generates higher mechanical
properties of fly-ash-stabilized sands, but this benefit is reduced with the presence of content of fines
in the specimen. Regarding the other parameters of CT and FA content depicted in Figures 4 and 5,
particularly panels (e) and (f), narrow differences are presented, especially at low values of either CT or
FA content. The presence of content of fines is predicted to extend the induction time. As a consequence,
the cementitious process as well as pozzolanic reaction have not yet been properly completed, resulting
in a low strength. A similar problem occurred when the FA content was low. Binding and hardening
processes might be delayed for producing a larger and stronger particle. As content of fines is present
in the fly-ash-stabilized sands, the mechanical properties of UCS and cohesion “c” come close to each
other, and the serviceable quality of both CT and FA content improved slowly. It seems that this
weakness is clearer for specimens cured at low CTs and FA contents. A similar trend is also illustrated
in Figure 6.

On the other hand, the effect of the presence of content of fines in the liquefaction susceptibility of
soil was investigated. It was found that liquefaction resistance increased with the increase in content of
fines [56–58]. This finding, along with the test results obtained in this study, leads to the final remark that
the decrease in the mechanical properties of sand with content of fines (natural sand) is not because of
the lower strength of the content of fines itself, but is rather a result of both cementitious and pozzolanic
reactions being inhibited by the presence of content of fines during curing.

4. Conclusions

Laboratory investigations were conducted involving UCS and DSS tests on sands, including
fine and coarse sands, which were stabilized with fly ash. The reviewed parameters were fly ash
percentages (5–30%), curing times (7–56 days), grain sizes (0.075–0.25 mm and 0.6–2 mm), degree of
saturation during sample preparation (30%, 50%, and 100%), and content of fines (2.88% and 1.33%).
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This investigation was conducted to study the effects of those parameters on the mechanical behavior
of sands stabilized with fly ash. On the basis of the test results, the following conclusions can be made.

Specimen stresses incrementally increase with strain up to the peak failure state at low FA contents
of less than 20%, irrespective of CT. However, those specimen stresses grow sharply along with strain
elongation up to that at a higher FA content, especially at a longer CT. The peak failure state achieved
by the specimen occurred at a very low strain of around 1.5% for the specimen cured with FA content
and CT at low-scale and 2% for that at a higher value. This illustrates that the specimens cured at
a higher FA content and longer CT are more resistant to shearing up to a specific strain of 2%. In further
shearing after those strains were achieved, their stress–strain relationships decrease continuously and
come close to the peak stress of untreated sand. Those decreases were sharper on the specimen cured
at a higher FA content and longer CT, indicating brittle behavior of the bonding prepared by fly ash.
The beneficial effects of fly ash bonds seem to disappear and be destroyed in strains exceeding 2%.

The stress–strain relationship of fly-ash-stabilized sands is quite different from that of untreated
sands. The peak stresses of untreated sands remain stable in the failure state, and this is generally
counted as residual strength.

The mechanical properties—UCS and DSS stated in the form of shear strength parameters—of
fly-ash-stabilized sand increase with the fly ash content. Those parameters of cohesion “c” and friction
angle “θ” of fly-ash-stabilized sands are always higher than those of untreated sands. The increase in
the mechanical properties is caused by the fly ash bonding, which binds the grains of sand into larger
and stronger particles as a result of further increases in FA content. Self-cementation and self-hardening
during curing become a main factor on that improvement.

The mechanical properties of fly-ash-stabilized sands are delayed at the initial stage of curing and
increase significantly thereafter. It seems that more time is needed to complete the pozzolanic reaction
in establishing the cementitious compounds of both CSH and CAH. A significant improvement in
the mechanical properties of fly-ash-stabilized sands occurring at a higher CT is estimated owing to
a decrease in saturation during the curing and self-cementing process given by fly ash.

A low degree of saturation during sample preparation provides significant improvement in the
mechanical properties of fly-ash-stabilized sand. This is because of the effectiveness of the fly ash bond,
which clots on the contact surface, which is directly related to the increase in strength. At a low Sr,
pore water is concentrated around the contact surface where the fly ash bond is coagulated, resulting
in an increase in the mechanical properties.

The mechanical properties of fly-ash-stabilized sands are higher at a lower grain size, except
for the friction angle. In the case of friction angle, bigger grain size produces a higher friction angle.
This is caused by the relative angularity provided by fly ash bond. This is the ratio between the size
of the crystal produced by the FA content and the size of the sand particles. At the same crystal size,
the relative angularity of the smaller grain size is higher than that of the bigger grain size, which leads
to an enhancement in the mechanical properties.

Fine content has a negative effect on the mechanical properties improvement of fly-ash-stabilized
sand. This can disturb the chemical reaction between fly ash and sand, which is directly related to
strength deterioration. As a consequence, the mechanical properties of clean sands (without fines) are
higher than those of natural sands (with fines).
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