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Abstract: Saline soils usually cannot satisfy the requirements of engineering projects because of their
inappropriate geotechnical properties. For this reason, they have always been known as one of the
problematic soils worldwide. Moreover, the lack of access to normal water has intensified the use of
saline water resources such as seawater in many construction and mining projects. Although cement
stabilization is frequently used to improve the engineering properties of saline soils, Portland cement’s
usage as a binder is constrained by its negative consequences, particularly on the environment. In
this line, the effects of NaCl on the microstructural and mechanical properties of alkali-activated
volcanic ash/slag-stabilized sandy soil were investigated in this study. Moreover, the effects of binder
type, slag replacement, curing time, curing condition, and NaCl content on the mechanical strength
of stabilized soils were examined. In addition, microstructural analyses, including XRD, FTIR, and SEM–
EDS mapping tests, were performed to understand the physical and chemical interaction of chloride ions
and alkali-activated cements. The results show that alkali-activated slag can be a sustainable alternative
to Portland cement for soil stabilization projects in saline environments. The increase in sodium chloride
(NaCl) content up to 1 wt.% caused the strength development up to 244% in specimens with 50 and
100 wt.% slag, and adding more NaCl had no significant effect on the strength in all curing conditions.
Microstructural investigations showed that the replacement of volcanic ash with slag resulted in
the formation of C-S-H and C-A-S-H gels that reduced the porosity of the samples and increased
mechanical strength. Furthermore, surface adsorption and chemical encapsulation mechanisms
co-occurred in stabilized soil samples containing slag and volcanic ash.

Keywords: Portland cement; volcanic ash; soil stabilization; slag; sodium chloride; curing condition

1. Introduction

The existence of chloride ions near sea beaches is considered as one of the most
expected causes of soil failure in these areas [1,2]. There are many soils that contain sodium
chloride (NaCl) in their chemical composition or are affected by sodium chloride due to their
proximity to saltwater sources [3–5]. The surface soils usually interact with the atmosphere,
resulting in constant changes in water content [2]. Therefore, some of the dissolved salts may
precipitate or crystallize as the moisture content decreases, and some of the precipitated
salts present as solid particles redissolve as the moisture content increases. Normally, only
dissolved salts affect the mechanical properties of the soil, but precipitated salts can be
considered as soil particles [2].

In arid/semi-arid regions, water shortage is driving saltwater usage instead of normal
water in mining operations [6]. The potentially unnoticed influence of this shift on mine
tailing management is one of the consequences of this shift. In this line, it will be necessary
to use sustainable binders for stabilization/solidification of mine tailings. Furthermore, soil
improvement methods, including deep mixing and jet grouting, are increasingly turning to the
usage of seawater to alleviate water stress [7]. However, there is clear evidence that ordinary
Portland cement (OPC) may not provide acceptable strength in aggressive environments such
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as chloride-saturated environments [8–10]. Chloride anions (Cl−) react with the aluminate
phase of Portland cement to form voluminous Friedel’s salt compounds, which cause
the dense microstructure of cement to expand and shatter, lowering soil strength over
time [11,12]. To study the effects of the soaking Portland slag cement–fly-ash-stabilized
soils in a saline environment, the specimens were immersed in 0 to 15 wt.% concentrations of
NaCl solution [9]. Increasing NaCl content resulted in the formation of Friedel’s salt, which
led to a more porous structure with less mechanical strength [9,13]. The effect of various
contents of NaCl on the unconfined compressive strength of Portland-cement-stabilized
soft soil was studied [14]. The results show that increasing Cl− content from 1539 mg/kg
to 16,000 mg/kg resulted in a mechanical strength reduction of up to 30% [14]. Another
study indicated a high salt concentration (10 wt.% to dry soil) declined the mechanical
strength of Portland-cement-stabilized clayey soil up to 60% after 28 days of curing [15].
Additoinally, various NaCl contents (0.075 to 15 wt.% to dry soil) declined both the short-
term (7 days) and long-term (28 days) mechanical strength of stabilized clayey soil [16].
The influence of sodium chloride on the strength and modulus of elasticity of marine clay
was studied [17]. In this research, as the water salinity increased, the mechanical strength of
cement- stabilized (lower than 15%) clay samples declined, while the modulus of elasticity
remained constant. On the other hand, some previous research showed a positive or neutral
effect of NaCl addition on the mechanical strength of cement-stabilized soils [7,18,19]. In a
study, geotechnical engineering properties of cement kiln dust (CKD)-stabilized clayey soil
with different NaCl contents were investigated [4]. A total of 10 wt.% (to dry weight of the
soil) NaCl increased the compressive strength of CKD-stabilized clayey soil by 18.7% and
8% compared with NaCl-free specimens during 7-day and 28-day curing, respectively [4].
In another study, the effects of seawater on the microstructural and mechanical properties
of Portland cement jet-grouted coastal clayey soil was investigated [7]. The results reveal
that using natural seawater had no undesirable effect on the strength of the clayey soil [7].

Recently, alkali-activated materials have emerged as sustainable alternative binders to
Portland cement for soil stabilization [20–24]. Alkali-activated fly-ash-stabilized soil samples
had acceptable performance against exposure to NaCl solution (5 wt.%) for 28 days, and
the mechanical strength did not change considerably [25]. The unconfined compressive
strength of alkali-activated fly-ash-stabilized clayey soil exposed to saline solution with
different concentrations of NaCl did not changed considerably [26]. Alkali-activated fly-
ash–slag-stabilized sandy soil specimens were soaked in 5 wt.% NaCl solution for different
curing times of 30 to 365 days [27]. The unconfined compressive strength reduction was
only 8% after 365 days of soaking in NaCl solution [27]. Furthermore, sodium chloride
addition (2 wt.% of total solid mass) to the alkali-activated fly ash had no significant effect
on silty sand mechanical strength [18].

According to the previous research on the NaCl effect on Portland-cement-stabilized
soils, the need for introducing a sustainable binder suitable for torrid and coastal environ-
mental conditions is felt more than ever. On the other hand, the effects of sodium chloride
on the microstructural and mechanical characteristics of alkali-activated cement-stabilized
soil specimens have not yet been addressed comprehensively. The present study inves-
tigated the effects of binder type, slag replacement, curing time, curing condition, and
NaCl content on the unconfined compressive strength of stabilized soils. Additionally, mi-
crostructural analyses, including XRD, FTIR, and SEM–EDS mapping tests, were performed to
understand the physical and chemical interaction of chloride ions and alkali-activated cements.

2. Materials and Methods
2.1. Soil Properties

The studied soil is a non-plastic silty sand, classified as SM using the Unified Soil Classifi-
cation system [28]. The soil was collected from Astara, Iran, located on the shores of the Caspian
Sea. This type of soil has been observed in large areas of the shores of the Caspian Sea, and due
to the liquefaction potential of this type of soil, soil stabilization projects are often carried out in
this type of soil. As-received soil is known as saline soil, referring to the previous studies [29].
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The grain-size distribution curve of the soil was attained through sieve analysis coupled with
hydrometer testing conforming to ASTM D422 [30] and ASTM D7928 [31], respectively, as
shown in Figure 1. The maximum and minimum index densities and the specific gravity
of the soil were ascertained in accordance with ASTM D4253 [32], ASTM D4254 [33], and
ASTM D854 [34], respectively, and are listed in Table 1. Cu, Cc, and Gs are uniformity
coefficient, gradation (curvature) coefficient, and specific gravity of the soil, respectively.
Using the calculation method in the literature [35], the soil particle size, particle gradation
curve, and porosity can be well simulated. The soil porosity and particle size have a direct
relationship and, in the process of soil formation, some uneven aggregation of particles
with different particle sizes will be formed, resulting in large differences in the soil density.
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Figure 1. Particle size distribution of the soil.

Table 1. Geotechnical properties of the soil.

Soil
Classification

Grain Fractions (%)
D10 (µm) D30 (µm) D60 (µm) Cu Cc Gs

7d−max
(kN/m3)

7d−min
(kN/m3)Clay Silt Sand

SM 4 13 83 37.6 99.8 132.7 3.52 1.99 2.66 16 12.5

2.2. Characterization of Microstructure

The laser diffractometry test was performed using a Mastersizer 3000E (Malvern
Panalytical company, United Kingdom).

The chemical compositions of the soil and binders were determined using an X-ray
fluorescence (XRF) spectroscope (Axios, Malvern Panalytical company, United Kingdom).
All microstructural analyses were carried out on 90-day-cured stabilized soil specimens.

X-Ray diffraction (XRD) pattern measurement was performed using a Bruker company
device with a step size of 0.04◦ and a scanning rate of 0.15◦ s−1 in the 2θ range of 10–90◦.
XRD analysis was performed using X’PERT HighScore Plus (version 3.0.5) software.
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To determine the functional groups, Fourier transform infrared (FTIR) spectroscopy
was performed using a Spectrum RXI spectrophotometer in the wave number range of
450–4400 cm−1.

The FEI ESEM QUANTA 200 instrument equipped by elemental mapping spec-
troscopy (EDS Silicon Drift 2017, RAYSPEC company, Buckinghamshire, UK) was utilized
in order to perform scanning electron test.

2.3. Binders and Alkali Activator Characterization

The binders used were Portland cement (OPC-type II), ground-granulated blast fur-
nace slag (slag), and volcanic ash (VA). The OPC, slag, and volcanic ash were supplied by
Tehran Cement Company (Tehran, Iran), Sepahan Cement Company (Isfahan, Iran), and
Zabol Cement Industries Company (Zabol, Iran), respectively. X-ray fluorescence (XRF)
was used to examine the OPC, slag, VA, and soil chemical compositions, Table 2. The
laser diffractometry technique was used to investigate the OPC, slag, and VA particle size
distributions, shown in Figure 2. XRD patterns of the OPC, slag, VA, and soil is shown in
Figure 3. The XRD results indicate that the main mineralogical composition of the soil was
quartz, Figure 3.

Table 2. Chemical compositions of VA, slag, OPC, and soil.

Oxide Composition SiO2 CaO Al2O3 Fe2O3 K2O Na2O MgO TiO2 SrO SO3 P2O5 MnO L.O.I

VA [wt.%] 53.89 8.96 20.31 3.44 1.91 5.15 1.42 0.50 0.07 0.26 0.22 - 3.79
Slag [wt.%] 34.86 36.59 13.93 0.20 1.01 - 6.04 1.91 0.08 2.70 - 1.45 1.19
OPC [wt.%] 18.42 61.46 5.23 3.60 0.88 - 2.73 0.36 0.09 4.10 - 0.19 2.90
Soil [wt.%] 45.87 15.52 15.54 6.13 2.04 4.17 2.88 0.63 0.1 0.35 0.24 0.12 9.30

L.O.I = Loss on ignition.
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Figure 2. Particle size distributions of OPC, slag, and VA.

Laboratory-grade sodium hydroxide (Merck company with 99% purity) and distilled
water were used to prepare the alkaline activator solution.

The NaCl powder (Merck company-CAS number: 1.06404.1000) used in this research
had a purity of 99.5%.
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2.4. Sample Preparation

In order to evaluate the effect of NaCl content on alkali-activated/Portland-cement-
stabilized sandy soil, predetermined values of VA/slag were mixed with the activator for
a fixed time of 5 min. Sodium hydroxide solution (8 M) and distilled water were used as
liquid parts for alkali-activated and Portland cement specimens, respectively. Set 1 was
determined to compare the different VA replacement by the slag in the range of 0, 50, and
100 wt.% in alkali-activated specimens. Set 2 was performed on Portland-cement-stabilized
sandy soil samples as reference specimens.

A constant binder/soil ratio of 0.3 (mass ratio) was used for all the specimens. To pre-
pare the alkali-activated or Portland cement slurry, predetermined concentrations of binders
were mixed with a constant activator/binder ratio of 1 (mass ratio) for 5 min through hand
mixing. The soil was manually mixed with 10 wt.% (the weight of soil) distilled water, initial
water, and then mixed with alkali-activated or Portland cement slurry for 10 min to reach a
uniform mixture. Summary of the mixture proportion is shown in Table 3. To investigate
the effect of sodium chloride on mechanical properties of stabilized soils, NaCl was mixed
with initial water (0, 1, 2, and 4 wt.% of water). Cylindrical molds (diameter = 38 mm and
height = 76 mm) were used to prepare the soil–slurry mixture specimens for the mechanical
strength test. The mixture was densified for 60 s using a plate vibrator. In the next step,
the molds were placed in a fiberglass chamber with a constant temperature of 25 ◦C and
relative humidity (RH) of 95% for 24 h. In the final stage, specimens were removed from
molds and cured at three curing conditions for curing ages of 28 and 90 days. The test plan
is shown in Table 4.

Table 3. Mixture proportion of stabilized soil specimens.

Series Binder Type Activator Type Binder/Soil Activator/Binder Initial Water
(wt.% of Soil)

Alkali-activated VA/Slag NaOH (8 M) 0.3 1 10
Portland cement OPC H2O 0.3 1 10
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Table 4. Summary of the test plan.

Material Sets Binder Type Slag
Replacement (%)

Curing Time
[day] Curing Condition NaCl Content

(wt.%)

Set 1 Alkali-activated 0, 50, 100 28, 90 DC *, OC ¥, SC ђ 0, 1, 2, 4
Set 2 OPC _ 28, 90 DC, OC, SC 0, 1, 2, 4

* DC: temperature = 50 ◦C, relative humidity = 15%; ¥ OC: temperature = 25 ◦C, relative humidity = 95%; ђ SC:
temperature = 25 ◦C, relative humidity = soaked in distilled water.

2.5. Unconfined Compressive Strength (UCS) Test

According to ASTM D2166 [36], the unconfined compressive strength of stabilized soil
specimens was measured with a universal testing machine (Maximum capacity = 50 kN)
and a fixed strain rate (1 mm/min). The average of the three measured compressive
strengths was recorded as a result of each mechanical strength measurement. A sample of
failure mechanism of UCS test is shown in Figure 4.

Sustainability 2022, 14, x FOR PEER REVIEW 6 of 22 
 

 

Table 3. Mixture proportion of stabilized soil specimens. 

Series Binder Type Activator Type Binder/Soil  Activator/Binder Initial Water  
(wt.% of Soil) 

Alkali-activated VA/Slag NaOH (8 M) 0.3 1 10 
Portland cement OPC H2O 0.3 1 10 

Table 4. Summary of the test plan. 

Material Sets Binder Type 
Slag  

Replacement (%) 
Curing Time 

[day] Curing Condition NaCl Content (wt.%) 

Set 1 
Alkali-acti-

vated 0, 50, 100 28, 90 DC *, OC ¥, SC ђ 0, 1, 2, 4 

Set 2 OPC _ 28, 90 DC, OC, SC 0, 1, 2, 4 
* DC: temperature = 50 °C, relative humidity = 15%; ¥ OC: temperature = 25 °C, relative humidity = 
95%; ђ SC: temperature = 25 °C, relative humidity = soaked in distilled water. 

2.5. Unconfined Compressive Strength (UCS) Test 
According to ASTM D2166 [36], the unconfined compressive strength of stabilized 

soil specimens was measured with a universal testing machine (Maximum capacity = 50 
kN) and a fixed strain rate (1 mm/min). The average of the three measured compressive 
strengths was recorded as a result of each mechanical strength measurement. A sample of 
failure mechanism of UCS test is shown in Figure 4. 

 
Figure 4. A sample of failure mechanism of UCS test. 

3. Results 
3.1. Unconfined Compressive Strength (UCS) Tests 
3.1.1. DC Condition 

The effect of sodium chloride content and curing time on the mechanical properties 
of stabilized saline sandy soils at DC condition is shown in Figure 5. 

Figure 4. A sample of failure mechanism of UCS test.

3. Results
3.1. Unconfined Compressive Strength (UCS) Tests
3.1.1. DC Condition

The effect of sodium chloride content and curing time on the mechanical properties of
stabilized saline sandy soils at DC condition is shown in Figure 5.

As can be seen, replacing the volcanic ash with 0–100 wt.% slag increased the mechan-
ical strength of the samples at all sodium chloride levels, Figure 5a–c.

A sufficient amount of silicon and calcium for geopolymerization reactions was pro-
vided by combining volcanic ash, which is a source of silica, alumina, and slag, which is a
source of calcium [37,38]. Subsequently, the amorphous calcium, aluminum, and silicon in
volcanic ash and slag were dissolved by the activator, forming monomers with the sodium
existing in the alkali activator [39]. The polycondensation of these monomers resulted in
the formation of a geopolymer network; the geopolymer network developed within the
soil structure and consequently led to improved soil compressive strength [40].
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The strength of samples containing 100% volcanic ash under DC condition gradually
increased over time, as shown in Figure 5a. The reason for the strength development might
be attributed to the role of water in the geopolymerization process. Structural water is an
essentially necessary water for the geopolymerization process and does not evaporate at
low temperatures [41,42]. On the other hand, residual water is another type of water in the
system which has a negative effect on mechanical properties of specimens. Because of dilut-
ing the geopolymer matrix, the speed of the geopolymerization process in both dissolution
and hydrolysis stages declined [43,44]. The rheological properties of cementitious systems
are modified by the residual water in the system [45–47]. At DC condition, the residual
water in the sample structure evaporated and increased the alkalinity of the matrix. In
other words, leaching Si and Al was more convenient at the DC condition, and thus the
formation speed of geopolymer gel phases was increased [38].

In alkali-activated stabilized soil samples with 50 and 100 wt.% slag, the strength of
the samples declined over time. Curing at high temperature without the presence of moisture
caused the transfer of moisture from inside to the sample surface, and then it evaporated. This
phenomenon caused rapid dehydration and fine crack formation (dry shrinkage) inside the
sample [48]. On the other hand, since slag particles undergo both hydration and pozzolanic
reactions, when the amount of slag in the sample increased, the need for water increased.
Since this amount of water was not supplied, most slag particles remained unreacted. In
other words, insufficient alkali activator led to a cessation of pozzolanic reactions. Therefore,
unreacted slag particles were placed between soil particles and created porous structure in
soil specimens.

As predicted, Portland cement hydration stopped at the DC condition, leading to
a reduction in mechanical strength during the 90-day curing period compared with the
28-day curing period, as shown in Figure 5d.

Increasing sodium chloride content from 0 to 4 wt.% in alkali-activated volcanic-ash-
stabilized samples led to a gradual reduction in both short-term (28 days) and long-term
(90 days) curing periods. With the 50 wt.% slag replacement in the aluminosilicate precur-
sor, the mechanical strength increased steadily with the sodium chloride addition during
the short curing period. However, the sodium chloride addition from 0 to 1 wt.% led to an
increase in long-term strength, and further sodium chloride addition had no appreciable im-
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pact on mechanical strength. By replacing volcanic ash with slag completely, the mechanical
strength decreased in the short curing period by increasing the sodium chloride content
from 0 to 1 wt.%. By further sodium chloride addition, the short-term mechanical strength
increased. In the long curing time, the sodium chloride addition from 0 to 1 wt.% led to
an increase in mechanical properties, and further addition of sodium chloride resulted in
mechanical strength reduction.

The strength of the Portland-cement-stabilized soil samples rose when the sodium
chloride content was increased from 0 to 1 wt.% in the short- and long-term curing periods.
However, the strength was reduced when the sodium chloride concentration was raised up
to 4 wt.%.

Dissolution of large amounts of chloride ions prevented the completion of the hydra-
tion process of Portland cement, resulting in the formation of less C-S-H gel and, ultimately,
the reduction in strength of cement specimens [49]. Furthermore, the aluminate phases
of Portland cement (tricalcium aluminate (3 CaO·Al2O3) or C3A) reacted with chloride
ions to form Friedel’s salt (C3A. CaCl2·10H2O) [50–54]. Friedel’s salt formation led to port-
landite (Ca(OH)2) phase instability. The formation of such salts can cause the cement paste
to set earlier through ettringite deposition, but at the same time, it can damage the cement
structure [50–54]. Similar results were observed in previous studies [9,13]. Friedel’s salt
formed as the NaCl level rose, resulting in a porous structure with reduced mechanical
strength [9,13]. The impact of varying NaCl contents on the unconfined compressive strength
of soft soil stabilized by Portland cement was investigated [14]. The findings demonstrated
that a mechanical strength loss of up to 30% occurred when the Cl-concentration was increased
from 1539 mg/kg to 16,000 mg/kg [14]. Another study found that clayey soil stabilized
with Portland cement decreased in mechanical strength by up to 60% after 28 days of curing
when exposed to high salt concentrations (10 wt.% to dry soil) [15]. Additionally, different
NaCl levels (0.075 to 15 wt.% to dry soil) decreased the mechanical strength of stabilized
clayey soil over the course of both a short-term (7 days) and long-term (28 days) period [16].

3.1.2. OC Condition

Figure 6 indicates the effect of sodium chloride content and curing time on the me-
chanical properties of stabilized saline sandy soils at the OC condition.
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At the OC conditions similar to the DC condition, the samples’ compressive strength
was enhanced by adding slag (Figure 6a–c). The strength of samples containing 100 wt.%
volcanic ash under the OC condition remained essentially unchanged over time because,
unlike the DC condition, the residual water remained in the sample structure, and the
alkalinity of the geopolymer matrix did not increase. As a result, the strength of the samples
remained almost constant over time.

In alkali-activated stabilized soil samples with 50 and 100 wt.% slag, the strength of the
samples generally increased over the curing time. This is because the presence of moisture
helps accelerate the slag particles’ hydration and pozzolanic reactions, which increases the
strength of the slag-containing samples over time.

Wet curing condition also contributed to the Portland cement hydration, and the
mechanical strength of Portland-cement-stabilized soil increased over time. However, the
addition of sodium chloride prevented strength development in the long curing period.

When sodium chloride content was increased from 0 to 4 wt.% in alkali-activated
stabilized soil samples with 100 wt.% volcanic ash across short-term and long-term curing
periods, the mechanical strength of the samples gradually declined. Meanwhile, the long-
term strength of the samples in alkali-activated stabilized soil samples with 50 and 100 wt.%
slag increased with the sodium chloride addition from 0 to 1 wt.%, and the strength of the
samples was nearly constant with further sodium chloride addition. With the addition of
sodium chloride from 0 to 4 wt.%, the strength of the 90-day Portland-cement-stabilized
soil displayed a falling trend, as shown in Figure 6d.

3.1.3. SC Condition

Figure 7 demonstrates the effect of sodium chloride content and curing time on the
mechanical properties of stabilized saline sandy soils at SC condition.
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The rate of slag particles hydration in the presence of water is very slow, so an alkaline
activator is usually used to activate the slag particles [55]. In saturated curing conditions,
the addition of slag to the samples increases strength (Figure 7a–c).

At the SC condition, the strength of samples containing 100 wt.% volcanic ash de-
creased over time because in the submerged condition, the activator alkalinity decreased due
to the leaching in water, and as a result, the geopolymerization process occurred slowly [27].
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In other words, the geopolymer gel dissolved in water to some extent during immersion,
which led to a decrease in soil strength [37,38].

In alkali-activated stabilized soil samples with 50 and 100 wt.% slag, the mechanical
strength of the samples generally increased over the curing time. This is because the pres-
ence of water helps to accelerate the hydration reactions of the slag particles, which in turn
increases the strength of the slag-containing samples over time. In other words, the leaching
of calcium from stabilizers in the presence of OH−, Ca2+, AlO6, and SiO4 leads to the for-
mation of C-S-H gel, and thus enhances mechanical strength [56]. These reactions continue
as long as calcium remains available in the precursors. Hence, the simultaneous presence
of C-S-H gel with geopolymerization-induced N-A-S-H gel contributes significantly to soil
strength development [57].

Soil submergence can be one of the worst-case scenarios for stabilized soils [38] because
the empty voids of the soil are filled with water, and there is a significant reduction in
surface tensile forces, which reduces the compressive strength of the soil. According to the
obtained results, the use of slag can be considered a promising alternative for the Portland
cement in soil stabilization projects.

Submerged curing conditions (SC condition), such as the wet condition (OC condition),
contributed to the hydration reaction of cement particles and increased mechanical strength
over time. However, the addition of sodium chloride prevented the strength development
in the long curing time.

When sodium chloride content was increased from 0 to 4 wt.% in alkali-activated
stabilized soil samples with 100 wt.% volcanic ash (Figure 7a), during both short-term and
long-term curing periods, the mechanical strength of the samples declined progressively.
The long-term strength of the alkali-activated stabilized soil samples with 50 wt.% increased
with the sodium chloride addition from 0 to 1 wt.%, and the strength experienced a nuance
drop with the further addition of sodium chloride. When sodium chloride was added to
alkali-activated stabilized soil samples with 100 wt.% slag in amounts ranging from 0 to
4 wt.%, the samples’ long-term strength remained essentially constant. The 90-day strength
of the sandy soil stabilized with Portland cement rose with the addition of sodium chloride
up to 1 wt.%, while the strength remained essentially unchanged when sodium chloride
increased up to 4 wt.%.

3.1.4. The Effect of Curing Condition on UCS

Figure 8 shows the effect of sodium chloride content on mechanical properties (90-day
curing) of alkali-activated and Portland-cement-stabilized soil specimens at DC, OC, and
SC conditions.

The addition of sodium chloride from 0 to 4 wt.% in the alkali-activated stabilized
soil samples with 100 wt.% volcanic ash reduced the strength in all three curing condi-
tions. While in alkali-activated stabilized soil samples with 50 and 100 wt.% slag, with
increasing the sodium chloride content, the strength of the samples increased to a cer-
tain amount and then remained almost constant in all curing conditions. In SC-cured
Portland-cement-stabilized soil samples, with the addition of sodium chloride from 0 to
1 wt.%, the mechanical properties increased, and further addition of sodium chloride up to
4 wt.% had no significant effect on strength. While at both DC and OC conditions, with the
addition of sodium chloride from 0 to 4 wt.%, Portland-cement-stabilized samples showed
a declining trend.

In all three curing conditions, alkali-activated slag-stabilized soil samples had the
highest mechanical strength compared with other stabilized soil samples. Additionally,
stabilized soil samples with 50 wt.% slag and Portland-cement-stabilized soil samples had
approximately the same strength. Samples containing 100 wt.% volcanic ash had the lowest
mechanical strength compared with other samples.
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The strength of soil samples stabilized with 100 wt.% volcanic ash had the highest
value at the dry (DC) condition, and this value was lower at the wet (OC) condition,
and finally, it reached its lowest value at the submerged (SC) condition. Low mechanical
strength at the wet condition was due to the presence of high residual water in the sample
and its very slow evaporation, which caused the alkalinity of the environment to rise
slowly. Therefore, the mechanical strength of VA-based geopolymer at wet and submerged
conditions was much lower than the dry condition. Because Si and Al leaching caused gel
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formation and increased strength, this process did not occur well at wet and submerged
conditions [37].

Curing conditions, including temperature and curing time, have a significant effect
on the compressive strength of the samples. At low curing temperature, alkali-activated
cements usually require a lengthy curing time to adequately dissolve the aluminosilicate
elements and reach appropriate mechanical properties [58]. However, high curing tem-
perature causes better and faster dissolution of aluminosilicates, and thus accelerates the
geopolymerization process [40]. Meanwhile, curing at higher temperatures (without the
presence of moisture) and for a long time causes the geopolymer structure to dehydrate
the sample and results in excessive shrinkage of the sample, which ultimately reduces the
compressive strength [38,46].

The mechanical properties of alkali-activated stabilized soil with 50 and 100 wt.% slag
as well as Portland-cement-stabilized soil at the dry curing condition were fewer than the
wet curing condition, and the strength of these stabilized soil samples in the wet condition
was less than samples cured in the submerged condition. This is because the presence
of water helps to accelerate the hydration reactions of the slag particles, which in turn
increases the strength of the slag-containing samples over time.

Sandy and sand–silty beaches of seas and oceans have the potential of liquefaction
in the event of an earthquake. Therefore, the use of chemical soil improvement methods
is one of the regular methods for soil improvement in these areas [7]. Considering the
chemical reactions between cementitious materials and chloride ions, it is very important
to choose the type of cement as well as the appropriate type of additive in order to reduce
the destructive effects of chlorine ions in soil improvement projects.

3.2. Microstructural Analysis
3.2.1. XRD Analysis

Figure 9 shows XRD patterns of alkali-activated cement-stabilized soil specimens at
DC and SC conditions.

Generally, the main peaks observed in the alkali-activated volcanic-ash-stabilized soil
samples (Figure 9a) correspond to the main peaks in volcanic ash and untreated soil. Alkali
activation of volcanic ash led to the formation of sodium aluminosilicate gel (N-A-S-H) and
the Ca-Chabazite phase [3,27,59]. The addition of sodium chloride to soil samples under both
dry (DC) and submerged curing (SC) conditions did not change the crystalline structure but
changed the peak intensity of the N-A-S-H gel. Previous studies have shown that N-A-S-H
gel has a significant capacity for chloride ion surface adsorption [3].

In alkali-activated slag-stabilized soil samples (Figure 9b), the simultaneous formation
of N-A-S-H and C-A-S-H phases leads to the formation of (N, C)-A-S-H phase, which
has a very dense mechanical structure that leads to an increase in sample strength [27,38].
In addition, the formation of calcium silicate hydrate (C-S-H) gel can be observed in samples
containing slag similar to previous research [60,61].

The (N, C)-A-S-H and C-S-H gels are clearly visible in alkali-activated VA/slag-stabilized
soil samples (Figure 9c). The mechanism of action of these gels is to fill the cavities formed in
the geopolymer matrix. In other words, filling the gap between the reacted and unreacted
particles resulted in forming a denser structure of the samples [62,63]. High-calcium precur-
sors (such as slag) played a significant role in the formation of C-A-S-H gel and increased
the microstructure density of the sample [64]. As a result, the strength of the samples
dramatically improved as the amount of slag increased, especially during SC conditions
because in the presence of sufficient water, the formation of C-S-H and C-A-S-H gels in
samples containing slag will be very probable. In stabilized soil samples containing slag
and volcanic ash, the surface adsorption mechanism of chloride ion by N-A-S-H gel and
the chemical encapsulation mechanism of chloride ion by (N, C)-A-S-H and C-S-H gels
occurred simultaneously [65].
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activated slag-stabilized soil specimens, and (c) alkali-activated volcanic ash and slag stabilized soil
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In SC specimens, the samples were soaked in water during the curing time. So, NaCl
was almost leached into the water and not detected in XRD patterns. However, in DC
specimens, NaCl was probably converted to other compounds which may be a reason for
not being detected in XRD patterns [3,66].

3.2.2. FTIR Analysis

Figure 10 presents the FTIR spectra of alkali-activated cement-stabilized soil specimens
at DC and SC conditions.
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Aluminosilicate bonds in phases N-A-S-H and C-A-S-H are related to the bands
detected in the range of 450–1100 cm−1 [59].

In alkali-activated volcanic-ash-stabilized soil samples (Figure 10a), the addition of
sodium chloride at DC condition deepened the peak of the waves and reduced the wave
transmission in the range of 450–1100 cm−1 in comparison with chloride-free specimens.
This can illustrate a higher compaction of N-A-S-H gel matrix and prevent the strength
reduction at the DC condition, while in submerged curing (SC) conditions, the FTIR
spectrum of samples with and without sodium chloride overlaps. It is assumed that it
is probably due to the leaching of sodium chloride from inside the sample to the water
around the sample. This can be due to the physical (surface) adsorption of chloride ions by
N-A-S-H gel [3]. Therefore, chloride ions leaching in the presence of water caused porosity
in the structure of soil samples and reduced the mechanical properties.

Bands in the 550–750 cm−1 range were seen in all samples, representing the existence
of an amorphous aluminosilicate structure [67].

Bands in the 1600–1700 cm−1 range indicated structural water and the bands in the
2300–2400 cm−1 and 3000–3500 cm−1 ranges indicated residual water, respectively [38,59].

The peak intensity was higher in the range of 1600–1700 cm−1, as well as in the ranges
of 2300–2400 cm−1 and 3000–3500 cm−1 at DC conditions in alkali-activated volcanic-ash-
stabilized soil samples (Figure 10a), which may be attributed to the better generation of
VA-based geopolymer gel. In other words, a stronger O-H bond results in increased water
absorption, which in turn leads to higher environmental alkalinity.

In alkali-activated slag-stabilized soil samples (Figure 10b), the peak intensity in the
range of 450–1100 cm−1 was higher in the submerged condition than in dry condition.
Because the presence of moisture caused more density of C-S-H and C-A-S-H gels, this led
to an increase in the strength of the samples [38].

Previous studies showed that the O-H bond formed between 3000 and 3500 cm−1 may
be related to the C-S-H bond, indicating that the strength of the bond increases with peak
strength [67,68].

In alkali-activated VA–slag-stabilized soil samples (Figure 10c), the FTIR spectrum
of samples with and without sodium chloride overlaps at the DC condition. Mean-
while, as in alkali-activated slag-stabilized soil samples, the peak intensity in the range of
450–1100 cm−1, as well as in the range of 1600–1700 cm−1, 2300–2400 cm−1, and 3000–3500 cm−1

in samples without sodium chloride, was higher than sodium chloride containing sam-
ples at the SC condition, which indicates the negative effect of sodium chloride on the
mechanical properties of the samples.

Peak intensities of 1410–1440 cm−1 were higher in alkali-activated stabilized soil
samples with 50 and 100 wt.% slag than in samples containing volcanic ash. The alkali
metal hydroxides in alkali-activated cement react with the CO2 in the air to generate
carbonates, which are associated to the 1410–1440 cm−1 range peaks [67,68].

The Al-O or Si-O bond is equivalent to the bonds in the 860–890 cm−1 range [67,68].
This bond was easier to see in the slag-based specimens, and it may be the cause of the
strength development in the alkali-activated slag-stabilized soil samples.

3.2.3. SEM–EDS Mapping Analysis

Figures 11–13 show the SEM images of alkali-activated cement-stabilized soil speci-
mens at DC and SC conditions. Changes in the microscopic structure of alkali-activated
cement-stabilized soil samples containing 100 wt.% volcanic ash, 100 wt.% slag, and 50 wt.%
volcanic ash and 50 wt.% slag are observed in Figures 11–13, respectively. Samples were
studied in two cases without sodium chloride and containing sodium chloride at dry (DC)
and submerged (SC) conditions.
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Figure 13. The SEM images of the alkali-activated volcanic ash and slag stabilized soil specimens at
DC condition (90-day curing), (a) without sodium chloride, (b) with 4 wt.% sodium chloride and SC
condition (90-day curing), (c) without sodium chloride, and (d) with 4 wt.% sodium chloride.

Generally, propagation of alkali activation products through the voids of sand particles
results in a dense structure and mechanical strength development.

In alkali-activated volcanic-ash-stabilized soil samples (Figure 11), the density of N-
A-S-H geopolymer gel in specimens with sodium chloride was higher than specimens
without sodium chloride, which was consistent with the results of XRD and FTIR tests.

In alkali-activated slag-stabilized soil samples (Figure 12), the density of (N, C)-A-S-H
and C-S-H gels were higher at the submerged curing (SC) condition than at the dry curing
(DC) condition, which was consistent with the FTIR results. In other words, the structural
density of these samples at the submerged condition was higher than the dry condition,
which led to the strength development of the specimens at the submerged condition.

In all three alkali-activated cement mix designs and at submerged curing conditions,
the addition of sodium chloride changed the shape, structure, and morphology of the gels
formed [59].

In general, with the addition of slag and the formation of C-S-H as well as C-A-S-H
gels, the porosity of the samples decreased [38]. Therefore, the mechanical properties of the
samples increased compared with the samples without slag.

Figure 14a–c shows the EDS results of alkali-activated cement-stabilized soil samples
containing 100 wt.% volcanic ash, 100 wt.% slag, and 50 wt.% volcanic ash and 50 wt.% slag,
respectively. The production of N-A-S-H, (N,C)-A-S-H gel, and C-S-H gels in the presence
of sodium, calcium, and aluminum were reported by the previous literature [38,59].

According to the co-existence of calcium and silicon elements in marked areas (white
ovals in Figure 15a) in alkali-activated slag-stabilized soil samples, the possibility of C-S-H
gel is very high [38]. Furthermore, the relatively uniform distribution of chloride ion (black
ovals in Figure 15b) in a sample containing sodium chloride indicated its adsorption by
cementitious gels.
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curing) with 4 wt.% sodium chloride.
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4. Conclusions

This paper investigated the effect of NaCl on the microstructural and mechanical
properties of alkali-activated/Portland-cement-stabilized sandy soil. The results reported
in this research lead to the following conclusions.

• In soil samples stabilized with alkali-activated volcanic ash, adding sodium chloride
from 0 to 4 wt.% decreased the long-term (90 days) strength up to 70% in all three
curing conditions. Meanwhile, the strength of soil specimens stabilized with alkali-
activated slag increased up to 244% when the sodium chloride content was raised by 1
wt.%, and adding more sodium chloride content (up to 4 wt.%) had a nuanced effect
on the strength under all curing conditions.

• In soil samples stabilized with alkali-activated volcanic ash, the density of N-A-S-H
geopolymer gel in specimens with sodium chloride was higher than specimens without
sodium chloride, which was consistent with the results of the XRD and FTIR tests.
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• In stabilized soil samples containing slag and volcanic ash, the surface adsorption
mechanism of chloride ion by N-A-S-H gel and the chemical encapsulation mechanism
of chloride ion by (N, C)-A-S-H and C-S-H gels occurred simultaneously.

• It can be concluded that alkali-activated slag cement can be a sustainable alternative
to Portland cement for saline soil stabilization.
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