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Abstract: Currently, a soil stabilization approach using fly ash as an effective choice for increasing
soil stiffness and strength has emerged. With the presence of water, the lime in the fly ash would
be separated, generating cementitious materials binding the grains of sand. In the present study,
the influence of curing time and saturation during specimen preparation on the behavior of fly ash-
modified sand was observed by performing a series of splitting tensile strength tests. It was found
that the splitting tensile strength increases with fly ash content and curing time and decreases with
saturation. The splitting tensile strength produced at 30% saturation was approximately two-fold
higher than 100%, particularly at one month of curing time. However, the splitting tensile strength
at higher saturations approaches lower, especially at longer curing times. Porewater evaporation
accelerates the self-hardening occurring over time during curing. By increasing the fly ash percentage
from 5% to 20% in the mixture, the splitting tensile strength increased by up to twenty-fold in the
present study. An equation has been proposed as a function of porosity /volumetric fly ash content,
curing time, and saturation during the preparation of the specimen.

Keywords: fly ash percentage; curing time; saturation; fly ash-modified sand; splitting tensile strength

1. Introduction

Chemical grouting as a binder has been widely used for soil improvement techniques
to prevent liquefaction. Liquefaction usually occurs in saturated cohesionless granular
soil such as sand. If subjected to cyclic loading, for example, during an earthquake,
pore water pressure increases and scatters the sand grains, decreasing effective confining
pressures. When the effective confining pressure approaches zero, the sand will experience
a considerable loss of shear strength, triggering damage to the structure above it.

Various soil improvement techniques for liquefaction mitigation of problematic soil,
such as densification, dewatering, replacement, and solidification using cement, epoxy,
silicates, bentonite, and other chemical compounds, have also been developed [1,2]. Bio-
grouting as another alternative for ameliorating soil resistance against liquefaction in terms
of improving cohesion is emerged [2-7]. In addition to reducing liquefaction, the use of
binders, especially in cohesionless granular soils, must also consider the cost of purchasing
the binder itself. In that case, using industrial by-products around us needs to be considered.
One of them that is cost-effective and can reduce environmental problems is fly ash. As
an industrial by-product, fly ash (FA) has been determined to be a practical choice for
increasing soil stiffness and strength through chemical processes [8,9]. This increase occurs
because several kinds of fly ash contain lime (CaQ), and pozzolan consists of alumina
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(Al,O3) and silica (S5i0;) compounds. When fly ash is blended with soil, a chemical reaction
occurs in the presence of water. This reaction separates lime (CaO) from fly ash.

CaO + H,0 — Ca(OH), 1)

Ca(OH), — Ca®" +20H" )

A pozzolanic compound, including calcium aluminate hydrate (CAH) and calcium
silicate hydrate (CSH), would then be generated.

Ca’t 4 20H + SiO, — CSH (3)

Ca*" +20H™ + ALO; — CAH (4)

As a result, fly ash will bind particles of the soil and increase the stiffness and strength
of that soil [10-12].

Laboratory investigations on the mechanical properties of fly ash-modified soils, such
as tests on unconfined compressive strength, shear strength, California bearing ratio (CBR),
and resilience modulus, have been frequently carried out [8,9,13-18]. The results show
that soil stabilization with fly ash can effectively increase the stiffness and strength of the
modified soil. With these benefits, fly ash as a binder is often used to improvet the fill soil
layer [9,19,20], especially as compacted layers over soft soil. Because it is above the ground
with low bearing capacity, the failure mechanism of the modified and compacted soil layer
usually begins with cracks at the bottom of the compacted layers. It occurs when the
splitting tensile strength, g;, has reached that layer [21]. Thus, g; is one of the appropriate
parameters to evaluate the failure of the modified soil structure over soft soil. However,
limited information about fly ash-modified soil g; is reported in the literature, especially in
granular soils such as sand. The importance of the splitting tensile strength of soils is very
often related to the tensile cracks that can occur in soil structures, such as embankments,
dams, or slopes.

Consoli et al. (2014a, 2014b) [22,23] observed the effects of temperature on the splitting
tensile strength of blended fly ash, lime, and sand. They found that at 25% FA and 14%
moisture content, the splitting tensile strength of that blend increases by approximately five
times with temperature increases (T) from 20 to 50 °C. Other researchers have tried to reveal
the effect of moisture content instead of temperature by Consoli et al. (2014a, 2014b) [22,23]
on the strength of modified soils Their test results reveal that the strength increases with
optimum moisture content (Wept), i-e., the moisture content (w) at maximum dry density
(Ydyae)- On the other hand, Baldovino et al. (2018) [24] investigated the curing time effect
on the g; of lime-modified silty soil. The curing time (CT) played an essential role in the
change in g;. It increases with CT.

However, the scopes of previous attempts to predict 4; changes by considering the
index of the porosity/volumetric binder content with either T, CT, or w have been limited
at the optimal molding conditions. Little effort has been devoted to predicting the change
in g; of FA-modified sand subjected to the combined parameters effects of the index of

the porosity /volumetric of FA percentage (an) , curing time (CT), and saturation during

the preparation of specimen (Sr). In addition, the amount of water in previous studies
predicting the g; of modified soils was built upon the optimum moisture content (wopt),
producing the maximum dry density (4, ). In this research, the amount of water was
determined based on the volume of water in the void at a relative density DR = 50%.
Simatupang et al. (2020) [15] investigated and revealed that the mechanical properties
of sand modified with FA increase plausibly even though in a very small FA amount of 5%.
Those alterations, however, are more significant at FA of approximately 20% or more and
CT of at least 28 days. The mechanical properties of FA-modified sands could be doubled
by reducing the saturation from 100% to 30%. These points clarify that FA can be used
as an effective stabilizing agent. Furthermore, it is believed to increase the strength more
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significantly by reducing saturation during specimen preparation. The problem is that the
minimum saturation capable of dissociating lime in FA was unclear.

Given the issues mentioned above, a series of splitting tensile strength tests were
conducted to reveal the influences of saturation during the preparation of specimen Sr and
curing time CT on the ¢; of FA-modified sand. FA-modified sand specimens were prepared
at various parameters: FA percentage, curing time, and saturation. Microscopic images
of FA-modified sand prepared at different saturations of 30% and 100% were utilized
to analyze the morphology and distribution of gels on the sand surface. An empirical
equation is generated to estimate ¢; of FA-modified sand as a function of gz separately at
various values of either Sr or CT. Based on these generated equations, a new prediction g¢
equation in the form of a combined parameter function among ﬁ, CT, and Sr is proposed.
Moreover, this new prediction 4; equation was revalidated using the same parameters
observed in this study.

2. Materials and Methods
2.1. Materials

The primary materials used in this research were sand, fly ash (FA), and water. The
sand was taken from the Pohara River, Konawe Regency, Southeast Sulawesi Province-
Indonesia, passed through sieve No. 4, and was retained in sieve No. 200. The specific
gravity of that sand is 2.66. The distribution of the sand grain size is presented in Figure 1.
Before it was used, the sand was placed in a dry oven. The other material, fly ash, was
received from PLTU Nii Tanasa, Konawe Regency. The FA’s specific gravity and grain sizes
are 2.14 and less than 0.075 (passed the sieve No. 200), respectively. The fly ash is classified
as class C, with a CaO content of more than 20%. In addition, it has pozzolanic properties,
so it behaves like cement, which can bind to the mixture. The water used is tap water.

) O
A

10

Grain size (mm)

Figure 1. The particle size distribution of the sand used.
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2.2. Methods
2.2.1. Material Testing

To determine the properties of the FA-modified sand, specific gravity (Gs) based on
the Indonesian National Standard (SNI 03-1964-2008) [25] and density tests (for measuring
void ratio-e) were carried out for each mixture, with the FA percentages determined at 5%,
10%, and 20% of the total weight of the mix. Then, as in Table 1, dry unit weights (y;) were
calculated based on those data and followed by determining void ratio (e) according to SNI
03-3637-1994 [26]. Void ratio (e) is determined based on Equation (5) by predetermining
DR =50%, as:

DR = _Smax— € (5)

€max — €min

Table 1. The physical properties of the FA-modified sand.

FA ) e Yd
(%) Gs €max €min at DR = 50% (g/cm)
5 251 0.72 0.36 0.54 1.63
10 245 0.72 0.34 0.53 1.60
20 234 0.75 0.30 0.525 1.53

2.2.2. Mix Design

The sand was mixed with a specific fly ash content, namely, 5%, 10%, and 20% of the
total weight of the mixture. After being mixed evenly, it was put into a plastic bag and
then added to water according to the determined degree of saturation: 20%, 30%, 40%, 50%,
60%, 70%, 80%, and 100%. The sand, fly ash, and water mixture was then stirred evenly in
a tightly sealed plastic bag. This was done to avoid evaporation during sample preparation.
Next, the evenly distributed mixture was poured into a PVC mold with a height of 11 cm
and a diameter of 5.5 cm layer by layer. Compaction was carried out in each layer with
kerfs for up to 5 layers on each surface. After the mold was full, the surface was leveled
and weighed to ensure it was at the targeted relative density of 50 & 2%. A tolerance
of £2 is determined because the targeted relative density of 50% is difficult to achieve
precisely. The molded mixture was stored indoors at a temperature of approximately 25 °C
during the curing period of either 1, 2, 3, or 4 months. After the curing period, the mixture
was removed from the mold. The diameter and height were remeasured to confirm no
significant change in the dimensions of the specimen after the curing period. Then, the
specimen was ready to be tested for splitting tensile strength. Graphically, the sample
preparation processes are shown in Figure 2.

oy _ A _ e _

_— — Put the mixture
Mixing the sand d into the mould:
and fly ash evenly Put the mixture Add water to the h=11cm,
with a mixer in a plastic bag mixture and mix d=355¢cm
again until smooth

The specimen is

Make kerfs on each layer .
r:;?&;g :;;'g;gd surface so that each layer Compact the mix-

is perfectly connected ture layer by layer
upto S layers

Figure 2. Sample preparation process.
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2.2.3. Sample Testing

After the curing period was ended, a splitting tensile strength test was carried out
for each specimen according to ASTM C496-11 (2011) [27]. In this test, the position of the
sample was laid down horizontally between the rigid loading plates of the compression
apparatus. Then, the load was vertically applied and increased along the two peaks of the
specimen diameter, top and bottom, until it failed, as depicted in Figure 3a. Due to the rigid
loading plate at the loading interface, the point load in Figure 3a is changed to distributed
load in Figure 3b. Load readings were carried out at strains of 0.5%, 1%, 2%, ... , and so on
until they fail with a strain rate of approximately 1% per second.

LLLLLL

rigid
loading
plate

UL

(a) point load (b) distributed load

Figure 3. Application of load on the specimen.

The applied pressure induces tensile stresses, normal to the vertical diameter, and
their magnitude is usually constant along the loaded diameter, as illustrated in Figure 3a.
As follows, splitting tensile strength is calculated based on the assumption that failure
occurs at the maximum tensile stress according to ASTM C496-11 (2011) [27].

2P

qr = 7D (6)

q: = splitting tensile strength; P = load applied at failure; L = specimen length; and D = spec-
imen diameter.

2.2.4. Testing Conditions

The conditions of the test were prepared more conscientiously for investigating the
influences of the parameters, consisting of FA percentage, CT, and Sr, on the g; of FA-
modified sand. The g; tests were conducted at three different FA percentages of 5%, 10%,
and 20%. These contents were determined following the previous test results obtained
by researchers [15-17]. They revealed that a significant increase, approximately ten times
higher, in the shear strength of the FA-modified sand, compared to bare sand, could
be contributed by a small amount of FA of approximately 5%. In terms of unconfined
compressive strength, the more significant improvement occurred in FA with a minimum
percentage of 20% and CT for at least one month [15]. The CTs in the present study were
1-4 months.

Saturations during sample preparation Sr were predetermined, ranging from 20% to
100% with 10% spacing. It was achieved by calculating the water volume (V) needed at
the given Sr, according to:

1—|—ve

Sr = "~ (V = total volume) (7)

e



Infrastructures 2022, 7,126

6 of 16

(a) vertical crack

These Sr values were used to determine the optimal Sr that produces the maximum g;
and the minimum Sr that is capable of completely dissociating lime from FA. The targeted
relative density, DR, for all specimens was 50%. The amount of material used in the present
study was calculated as shown in Table 2. The weight of dry sand depends on the amount
of FA (in weight percent) in the mixture regardless of Sr. Meanwhile, the volume of water
required is highly dependent on the content of FA and Sr.

Table 2. The amount of material used.

FA Dry Sand Water Volume (mL)
(%) (gr) Sr(%) =20 30 40 50 60 70 80 100

5 425.875 27.431 36.574 54.862 73.149 91.436
10 418.610 27.087 36.115 54.173 72.231 90.289
20 400.657 18.025 26.992 35.989 45.245 53984 63.606 71.979 89.974

3. Results and Discussion
3.1. Failure Mode of the Specimen

The sample failure modes observed in the splitting tensile strength tests are shown in
Figure 4, either in the vertical (Figure 4a) or parallel (Figure 4b) direction to loading. The
two failure crack modes are precisely between the two rigid loading plates and coincide
with the loading direction. Basu et al. (2013) [28] indicate that the cementation material
used is evenly distributed throughout the test object. Because crack failure usually occurs
in the weakest part of the modified object being studied, where there is no cementitious
material. In other words, all parts of the modified object have the same strength.

(b) horiznl crack

Figure 4. The failure mode of the specimen.

3.2. Splitting Tensile Strength of the FA-Modified Sand

Alterations of the splitting tensile strength (q;) of sand modified with FA at various
parameters of FA percentage, curing time, and saturation are shown in Figures 5-7. Figure 5
shows the strength at particular saturation of 30% and 100% and various FA percentages
and CT. It is clearly shown that q; increases with either FA percentage or CT as expected
in all cases of saturation observed, represented by Sr 30% and 100%. The higher the FA
percentage mixed in the specimen, the larger and stronger the bond produced during
curing. However, in terms of differences in curing time, the strength improvement in the
bond that binds sand grains was insignificant at a low FA percentage of 5%, as shown
graphically in Figure 5. It means optimal strength has been reached at one month of age
regardless of saturation during sample preparation. This trend agrees with that observed
from investigations on fine sand with cement [29].
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0.14
0.14 Sr=130% Sr=100%
0.12 1 CT (month): 0.12 1 CT (month):
0.1 ©°! 014 ©°!
= o2 < 02
= 008 4 o3 S 008 4 o3
S 006 { 84 S 006 { 44
X X
S 0.04 033 S 0.04 -
0.02 0.02
0 T 72 233 T T 0 : . .
0 5 10 15 20 25 b 0 5 10 15 20 25
(a) FA (%) (b) FA (%)

CT=1 g, =0.0001(FA)22% R2=0994  CT=1  gq, = 7E-05(FA)22% R2=0.991
CT=2 g, =0.0002(FA)22 R2=0997 CT=2  q, =9E-05(FA)22 R2=0.992
CT=3 g, =0.0003(FA) % R2=0998  CT=3 g, =0.0001(FA)215  R2=0.999
CT=4 g, =0.0005(FA)!s5 R2=0997  CT=4 g, =0.0002(FA)21%  R2=0.999

Figure 5. The splitting tensile strength g; of the FA-modified sand at different CTs and FA percentages:
(a) Sr = 30% and (b) Sr = 100%.

0.14
FA =20%
0.12 4 CT (month):
0'1 4 e (o 1
é@ .................... 2
20084 ooy
x| A
< 0069 A4
S
0.04 -
o
0.02 A
0 T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Sr (%)
Figure 6. Effect of saturations Sr on the g; of sand modified with FA = 20% at several CTs.
0.14 A 20% 014 T-5r%) w20 m30 =40 ms0
0.12 1 O & %)- 0.12 m60 070 m8O m100
s s - Stlek FA =20%
~ 0.1 1 g A X 020 0.1 A
< + 030 <
= 0.08 A 5 X 40 = 0.08
S I 450 =
X 0.06 X . o ° %0 X 0.06 1
= 0.04 - x70 s 0.04 1
° - 80
0.02 £ 100 0.02 1
0 —t f f 0
0 1 2 3 4 1 2 3 4
(a) CT (month) (b) CT (month)

Figure 7. The change in the g; of sand mixed with 20% FA due to (a) a change in the CT at various
saturations, (b) a change in the Sr at different CTs.
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Figure 5a shows that the addition of FA from 5% to 20% could upgrade strength gain by
up to twenty-fold, from g;_se, = 0.005 x 10? kPa at 5% FA to g; 50, = 0.099 x 10? kPa at 20%
FA, especially on one month CT. However, this strength gain appears to decrease to approx-
imately fourteen-fold, from g;_s, = 0.01 x 10? kPa at 5% FA to g;_5q, = 0.129 x 10? kPa
at 20% FA on four-month CT. A previous study also noted a similar trend: a significant
increase in strength gain from FA = 20% modified sand on CT for one month and slowed
after that [15]. They conducted unconfined compressive strength tests on days 7, 14, 28,
and 56. The strength gain was low rate on specimens tested on days 7 and 14. However,
there was a significant increase in the strength gain of the tested specimens on day 28. This
increase continued until day 56 but at a lower rate when compared to the strength gain
achieved on day 28 (a slowdown in terms of strength gain). Suitable agreement has also
been shown in the other previous test results prepared by researchers using cement [29]
and lime [22] as a binder. They concluded that small binder portions could significantly
upgrade strength gain [22,29] at CT = 28 days [22]. In a test prepared by Consoli et al.
(2014a) [22], they concluded to avoid increasing the curing period to more than 28 days,
which resulted in only a slight improvement in g;.

Using the best-fit curves of power function, the coefficients of determination R? are
more than 0.99 for all CT observed, as shown in Figure 5. A certain splitting tensile
strength can be achieved either by a combination of (i) lower CT and larger FA dosages
or (ii) higher CT and smaller FA dosages. Based on Figure 5a, a splitting tensile strength
of 0.02 x 102 kPa can be attained by a CT = 1 month and FA = 9.35% or CT = 4 month and
FA =7.2%.

On the other side, at the same dosage of FA = 9.35% treated at different CT for one
month and four months, splitting tensile strength was gained by 0.02 x 10 kPa and
0.033 x 102 kPa, respectively. The slope of the curve increases with FA dosage and goes
higher with higher FA. It illustrates a sharp jump in g; at higher dosages of FA.

The effect of saturation during the specimen preparation on the g; of sand modified
with 20% FA at different CTs is presented in Figure 6. The figure shows that 20% saturation
does not seem sufficient to dissociate the lime that consisted of 20% FA in generating
cementitious and pozzolanic gels. Consequently, some FA that filled the pores did not work
perfectly in binding sand particles, causing low strength.

Based on Figures 6 and 7b, q; increases sharply by adding saturation to a value of
at least approximately 30%. However, this increase is higher at a lower saturation, 30%,
decreasing with adding in saturation. Therefore, the minimum saturation that could
completely dissociate the lime in the 20% FA in this study was approximately 30%. It
is clear from Figures 6 and 7b that there is a significant amelioration in the g; of the FA-
modified sand by adding saturation from 20% to 30%. On the other hand, the g; of the
FA-modified sand at 30% Sr was approximately two times higher than that at 100% Sr,
especially at a low CT of one month. The g; is higher at a low saturation of 30% due to
the gels’ effectiveness. As marked explicitly in Figure 8a, they agglomerated at the contact
surfaces. Under that condition, the water is concentrated in the sand matrix, forming a
menisci shape. Then, the cementitious and pozzolanic reactions occurred specifically at
that position. Therefore, FA would bind sand grains effectively with water in their mixture
at the contact point, directly and effectively contributing to the strength enhancement.

At higher saturations, the entire surface of the sand would be moistened by water and
bound by FA generated by the chemical reaction, as shown in Figure 8b. However, the
presence of gels on the sand surface outside the contact surface would not significantly
affect the strength of the sand-FA mixture. Therefore, the bond strength is not determined
by the amount of FA in the mixture. Instead, it is more determined by the position of the
gel on the sand surface.

The effectiveness of lowering saturation during the preparation of specimens on
FA-modified sand has been noted previously [15-17]. In particular, researchers have
demonstrated this advantage in different sands modified with other cementitious materials
using scanning electron microscopy (SEM) images [3,4,30]. They confirmed that the agglom-
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erated cementitious material on the grains of the sand contact surface would significantly
contribute to the strength amelioration at low saturation. In contrast, cementitious material
was distributed evenly on the sand surface at a higher saturation. As a result, limited
cementitious material was on the contact surface, producing a slight strength improvement.

Sand grain

Figure 8. SEM images of sand modified with 20% FA. (a) S; = 30%, (b) Sy = 100%.

The improvement in the g; of sand modified at 20% FA during curing at sundry
saturation is depicted in Figure 7. Both graphs display the same data but have different
performances. Figure 7a shows the trend of g; during curing at 20% FA, where g; increases
with CT in all cases of saturation observed. Figure 7b shows the change in g; at the same
FA percentage of 20% and at a specific CT treated at different Sr, as presented in the figure,
during sample preparation. At a low saturation of approximately 30%, the minimum
saturation capable of properly dissociating lime in the FA, g is higher, but it slows down at
a longer CT.

Nevertheless, it still changes in the q; magnitude at a minimal rate, indicating that the
pozzolanic reaction continues. This reaction between silica, alumina, and lime that existed
in the FA would produce a new cementitious material binding the soil particle, adding
strength to the previous one. This trend agrees with the previous test results from several
researchers [10-12,15,31]. They confirmed that strength gain is run slowly at the initial
stage of the CT of less than one month and then increases significantly on CT at about one
month and decelerates thereafter.

However, in a higher Sr, the g; is lower, and it comes close to the g; of modified sand
at lower saturation in a higher CT. As explained before, g; is lower at higher Sr because
of the uniform distribution of gels over the entire sand surface. Therefore, a limited gel
is directly associated with the strength development in the contact surface. On the other
hand, the g; of modified sand at higher saturation approaches lower saturation due to a
reduction in saturation accelerating self-hardening during curing. Figure 7b shows that the
strength gains are almost identical, although at different saturations.

3.3. Microscopic Images of the FA-Modified Sand

Figure 8 shows the microstructures of the modified sand using a scanning electron
microscopy (SEM) image. The formation of the gel on sand grain at 20% FA cured at
different saturations S; of either 30% or 100% was observed using those images. The images
in Figure 8a clearly show that at a low saturation of Sr = 30%, the gel congregated at the
interparticle contact point. It binds sand particles and establishes a matrix connection
between grains. Some sand surfaces that were not moistened with water were not coated
with FA. Consequently, the gel agglomerated at the contact surface where the menisci
shape of pore water occurred. Under this condition, the dissolution of silica (S5iO;) and
alumina (Al,O3) from FA react with Ca®* ions in the presence of pore water, as described in
Equations (1) to (4), generating CSH and CAH gels. The generating pozzolanic compounds,
CSH and CAH gels, would bind the sand particles, particularly on the contact surface
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where the pore water is located, to form a meniscus. This compound crystallizes and
hardens over time, increasing the modified sand’s strength.

At a higher saturation, Sr = 100% during the specimen preparation; however, the
gels were uniformly distributed, as imaged in Figure 8b. In this case, the natural texture
of the sand grain was utterly covered by FA and could not be distinguished from one
another. Because the whole surface of the sand is covered by water, the pozzolanic reaction
generating CSH and CAH gels takes place entire sand surface. Hence, gels at the contact
surface are quite limited, producing low strength.

3.4. The Empirical Strength q; Formulation of the FA-Modified Sand

Previous studies have revealed that specimen porosity and binder-agent volumetric
content are the principal parameters affecting the strength g; of the modified sand [22,23,29].
According to the test results prepared by Consoli et al. (2010) [29], the alteration in g; is
expressed as a function of the ratio between porosity, n, and volumetric of cement content,

Cy, defined by Equation (8).
n
=fl —= |, ®)
" ((cv>k>

where k is the adjustment parameter. This equation was adopted in empirically formulating
the g; of the FA-modified sand observed in this study by changing C, with FA,. The
porosity n was determined using Equation (9) as a function of the void ratio.

L
o 1+4e’

©)

On the other hand, the volumetric of FA percentage, FA,, is a comparison between the
FA volume and the total volume of the specimen, expressed as Equation (10) [32].

FAC “Yd }

A1 FA)-7s,, 10)

FA,= 100 {

where 74 = dry unit weight of the mixture (g/cm?); FA. = fly ash content (%); and
Yspa = unit weight of FA (g/ cm?). Based on Equation (10), the volumetric of FA con-
tent increases with the FA percentage, decreasing the porosity. Consequently, the ratio of

the porosity/volumetric of FA percentage (WHV) decreases. Consoli et al. (2014a, 2014b,

2010) [22,23,29], along with these test results, remarked that the g; of modified sand in-
creases with increasing binder-agent content and decreasing porosity. The increase in g; is
higher when the volumetric of binder agent increases exponentially [22-24,32-34]. In this
study, an exponent of k = 0.06 on (FAV)k, which replaces (CV)k according to Equation (8),
provides the best fit for the relationship between g; and gz of the mixture between sand
and FA.

Figure 9 shows the relationship between g; and the normalized porosity, —" g, at

FAy
various Sr and CT. At the same CT, the trend was developed based on the groflp c)lata in
saturation Sr. q; decreases with normalized porosity and saturation during the preparation
of specimen Sr and increases with CT. Previous test results, along with these test results,
have emphasized the beneficial effect of lowering porosity and saturation and increasing
CT on g, as explained above. As shown in Figure 9, these trends follow the test results of
Baldovino et al. (2018) [24]. They tested lime-modified silty soil at the optimum molding
point, various porosity/lime ratios, and different CTs.
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Figure 9. Alteration in g; because of changes in the ﬁv ratio (a) at various Sr and 4-month CT (b) at
various Sr and CTs.
The best fit of the relationships between g and gz~ has been established at a specific
CT of either 1, 2, 3, or 4 months and any saturations observed. As shown in Figure 10, the
effect of saturation during the preparation of the specimen on g; was defined. The g; at 50%
and 70% Sr was not included in this figure because their data under investigation are only
at a 20% FA percentage, neither 5% nor 10%. The graph gets closer at higher CT, showin
p g graph g g g
that continuous strengthening and hardening occurred during the curing process.
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Figure 10. The effect of saturation on g; (a) 1-month CT, (b) 2-month CT, (c) 3-month CT, (d) 4-month CT.

Based on Figure 10, a constant has been obtained by dividing those equations presented
—31.228

in the figure with the term 1044 (n / FA?,'%) , which seems to decrease with saturation.

The relationship between each constant obtained, the result of dividing g; with the term

—31.228
104 (n / FA?,'%) , and its corresponding saturation at each overviewed CT is depicted
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in Figure 11. The figure shows that the q; decreases with saturation in all cases of observed
CTs. The best fit of that descending trend seems to be well illustrated by the power function.
The coefficient of determination R? of the resulting function is close to one, as presented in
Figure 11. It agrees with the previous test results reported by Consoli et al. (2016) [32], in
which the form of a power function was used to determine the effect of water content on
the g; of the modified specimen.

1.4 |—
1.2 —\V\V\—u\u\v_
X
o 1 —
«?
g
s, 08 |—
<
[T
£ 06 — [
3 o CT=1: q,/10*(n/FA,%)31228=1 895509 R?=0 963
o
< 04 — & CT=2:q,M0"n/FA,%) 122823 5205r"2%: R?=0.995
o

0 CT=3: q,/10*(n/FA,%) %2284 6015r """ R?=0.963

(
(
0.2 — (
v CT=4:q,M10*(n/FA>%)*1#8=6 7845170543 R?=0.964

0 | | | | |
20 40 60 80 100

Sr (%)
Figure 11. The alteration in 4; due to a change in Sr.

On the other hand, the curing time also significantly affects the q; change. Based
on Figure 11, the function’s constant and power, g; = f(Sr), increase and decrease with
CT, respectively. By connecting each constant and each power with its corresponding
CT, CT’s and Sr’s effect on the g; could be formulated. As presented in Figure 12, the
best fit illustrated by the highest coefficient of determination R? of their correlation is
represented. The trends of the constants and powers of the functions presented in Figure 11
are well illustrated by the exponential and linear functions, respectively. Then, the proposed
equation for predicting ¢; in this study as a function of the gx- ratio, St, and CT is shown in
Equation (11).

qt _ 0.443CT —0.152 CT+0.068
sz = (1155e™445T ) g +0.068) (11)
1044 (n /FA3~06)

To validate the proposed equation, Equation (11) on predicting g;, the same parameters
as in observation, porosity, curing time, saturation, and fly ash content, have been applied
in prediction. The g; results based on observations and predictions using Equation (11) at
various parameters examined have been plotted on Cartesian coordinates as abscissa and
ordinate, respectively, as depicted in Figure 13. The equation giving similar values between
the predicted and observed g; was inserted into the grouped data plot. The coefficient of
determination was then assessed based on the equation inserted. The figure shows that the
match between the inserted equation and the test results, predictions, and observations of
72 test specimens is almost perfect, with a coefficient of determination R? = 0.996.
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Figure 12. The constant and the power of the functions, q; = {(Sr), at the corresponding CT.
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Figure 13. The relationship between the predicted and observed g;.

Figure 13 shows the plot points between the observed and predicted g; at different
CTs grouped in a specific Sr. There were four different CTs of 1, 2, 3, and 4 months at
every Sr evaluated and three various porosity /volumetric of FA percentage ratios at each
observed CT, except for Sr = 50% and 70%. With the exception of Sr, there was only one
A, ratio at every examined CT, which was 20% FA. The data plotted in Figure 12 lie on or
close to the line inserted, indicating a similar value between the predicted and observed
gt. It implies that the proposed equation can be used well to predict the g; value of the
FA-modified sand.
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4. Conclusions

FA-modified sand specimen preparations were conducted under various saturation
(20-100%) and fly ash content (5%, 10%, and 20%). In addition, splitting tensile strength
investigations were performed after a curing time of 14 months. The splitting tensile
strength behavior of FA-modified sand was observed to reveal the effects of the testing
parameters fly ash content, curing time, and saturation during the specimen preparation.
Furthermore, the prediction equation in the combination function of parameters, namely,
porosity /volumetric FA percentage index, curing time, and saturation, has been proposed
and revalidated. The main points as the summaries of those test results are as follows.

The slope of the g; curve increases with FA dosage and goes higher with higher FA.
It illustrates that there is a sharp jump in g; at a higher dosage of FA = 20%, especially
at low CT of 1 month. A small amount of FA can significantly upgrade the g; of fly
ash-modified sand.

The FA stabilization approach greatly affects the g; of the modified sand. The increase
in the FA dosage in the pores increases the g; of the FA-modified sand. It will add the size
of the grains directly relating to the strength amelioration.

The strength improvement occurs over time during curing due to pozzolanic activity,
self-cementation, and self-hardening. The evaporation of moisture content in the specimen
will accelerate the self-hardening, which can be achieved by reducing the saturation during
specimen preparation.

Gels will accumulate at the contact surface between grains at low saturation, gener-
ating a stronger specimen. In contrast, the gel will separate evenly on the sand surface at
high saturation, producing fewer gels at the contact point between the sand particles and
the weaker specimen. SEM images have revealed these terms.

At a specific saturation, a certain splitting tensile strength can be achieved either by
combining (i) lower CT and larger FA dosages or (ii) higher CT and smaller FA dosages.

The normalized porosity to volumetric of FA percentage, m, with an adjusting

exponent k = 0.06, has been shown to be a suitable variable for evaluating the splitting
tensile strength of FA-modified sand on various FA, CT, and Sr.

The splitting tensile strength of FA-modified sand increases with FA and CT but
decreases with saturation Sr during sample preparation.

The proposed equation can be applied well in predicting the q; of FA-modified sand
at a specific DR of 50% with various parameters, such as FA percentage, curing time, and
saturation during the specimen preparation. It was created by taking into account the
influences of those parameters.
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