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a b s t r a c t

Lime and Portland cement are the most widely used binders in soil stabilization projects. However, due
to the high carbon emission in cement production, research on soil stabilization by the use of more
environmentally-friendly binders with lower carbon footprint has attracted much attention in recent
years. This research investigated the potential of using alkali-activated ground granulated blast furnace
slag (GGBS) and volcanic ash (VA) as green binders in clayey soil stabilization projects, which has not
been studied before. The effects of different combinations of VA with GGBS, various liquid/solid ratios,
different curing conditions, and different curing periods (i.e. 7 d, 28 d and 90 d) were investigated.
Compressive strength and durability of specimens against wet-dry and freeze-thaw cycles were then
studied through the use of mechanical and microstructural tests. The results demonstrated that the
coexistence of GGBS and VA in geopolymerization process was more effective due to the synergic for-
mation of N-A-S-H and C-(A)-S-H gels. Moreover, although VA needs heat curing to become activated and
develop strength, its partial replacement with GGBS made the binder suitable for application at ambient
temperature and resulted in a remarkably superior resistance against wet-dry and freeze-thaw cycles.
The carbon embodied of the mixtures was also evaluated, and the results confirmed the low carbon
footprints of the alkali-activated mixtures. Finally, it was concluded that the alkali-activated GGBS/VA
could be promisingly used in clayey soil stabilization projects instead of conventional binders.
� 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/

by/4.0/).
1. Introduction

The undesirable properties associated with soft soils, such as
poor shear strength and high compressibility, make it necessary for
engineers to adopt a proper stabilization method to meet the
required engineering properties (Ghasemi et al., 2019; Saberian
et al., 2020). The most common and conventional method for soft
soil improvement is chemical stabilization in which lime and
Portland cement are the most widely utilized binders (Jahandari
et al., 2017a,b; Saberian et al., 2017a, 2018; Bahmani et al., 2019;
Farhangi et al., 2020; Kazemi et al., 2020a,b). Strength development
in these methods is provided through the pozzolanic reactions and
hydration, which are well-known reactions among calcium hy-
droxide alumina and/or silica and water. The final products of these
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reactions depend on the content of the available silica and alumina,
which can be calcium aluminate hydrate, calcium silicate hydrate
and calcium aluminoslica hydrate (Dodson, 1990).

Cement is the most common binder used in the road and con-
struction industry, and the annual production rate of cement is
increasing at a ground-breaking pace. In 2015, cement manufac-
turers produced 4.6 billion tons worldwide (Scrivener et al., 2018).
It is estimated that this amount will reach 4.83 billion tons by 2030
(Scrivener et al., 2018; Gopalakrishnan and Chinnaraju, 2019). This
amount of production is responsible for plenty of adverse envi-
ronmental impacts, for instance, manufacturing 1 ton cement and 1
ton lime accounts for 0.95 and 0.79 tons of CO2 emission (about
5%e8% global anthropogenic CO2 emission) and also consumes
5000 MJ and 3200 MJ energy, respectively (Shand, 2006; Higgins,
2007; Lemougna et al., 2017a, 2018). Moreover, cement produc-
tion accelerates the depletion of natural resources, and results in
the consumption of about 1.5 ton limestone and clay per each ton of
cement (McLellan et al., 2011). Apart from the environmental is-
sues, Portland cement has some other drawbacks such as
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY
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mechanical strength reduction due to the loss of water, unfinished
hydration at the beginning stages and high plastic shrinkage, which
are of special importance for geotechnical engineering applications,
particularly in torrid zones (Bushlaibi and Alshamsi, 2002; Ghadir
and Ranjbar, 2018).

The above-mentioned drawbacks have motivated researchers to
investigate the possibility of using environmentally-friendly ma-
terials as an alternative for conventional binders (Mehrabi et al.,
2021). Geopolymers, known as the new generation of green ma-
terials for cement substitution, are synthesized from the chemical
reaction between an amorphous precursor, which is rich in alumina
(Al2O3) and silicate (SiO2) with a sodium or potassium-based
activator (Provis and Bernal, 2014). Briefly, the geopolymerization
process includes two main steps: first, dissolution of aluminosili-
cate oxides in the alkali activator and second, poly-condensation
accomplished through diffusion of the tetrahedral units of [SiO4��
and [AlO4�� and their reaction with alkali activator which finally
results in the formation of a sodium aluminosilicate gel (Xu and Van
Deventer, 2002; Komnitsas and Zaharaki, 2007). The most widely
used activators for the activation of precursors in geopolymers are
sodium hydroxide (NaOH), sodium silicate (Na2SiO3), or a mixture
of them (Turner and Collins, 2013). However, using sodium silicate
has some adverse environmental impacts since the production of 1
ton sodium silicate releases 1.514 ton CO2 (Turner and Collins,
2013). Although CO2 embodied of some of the activators such as
sodium silicate is higher than that of Portland cement, the amount
of alkaline solution used to produce geopolymer is remarkably
lower than that of Portland cement utilized in conventional binders
which leads to a lower CO2 emission.

Geopolymer is mainly referred to the alkali-activated products
with a high content of aluminosilicate and low content of calcium
(Provis and Van Deventer, 2013). However, in the current research,
ground granulated blast furnace slag (GGBS) with high calcium
content was employed in the mixtures; therefore, it is more
reasonable to use the term alkali-activated material (AAM) instead
of geopolymer. AAM is the broadest term to designate any binder
system resulting from the reaction between an alkali metal source
(solid or dissolved) with a solid silicate powder (Buchwald et al.,
2003). In contrast, geopolymers (Davidovits, 1991) are in many
cases viewed as a subset of AAMs, where the binding phase is
almost exclusively aluminosilicate and highly coordinated. For the
formation of such a gel as the principal binding phase, the available
calcium content of the reacting components should commonly be
low to enable formation of a pseudo-zeolitic network structure
rather than the chains characteristic of calcium silicate hydrates
(Provis et al., 2005). In addition to calcium silicate hydrates,
aluminosilicate hydrates may be formed in the structure of AAMs
with a mostly Q3 structure, while geopolymers have a three-
dimensional (3D) Q4 structure.

Currently, due to the promising properties of AAMs such as low
carbon footprint (Provis and Van Deventer, 2013; Ghadir et al.,
2021a), high compressive strength (Du et al., 2016), excellent
resistance to fire and acid (Gao et al., 2013; Rios et al., 2019;
Shariatmadari et al., 2021), rapid strength development (Phoo-
ngernkham et al., 2016), desirable ductility (Zhang et al., 2013),
and low shrinkage (Nath and Sarker, 2017), increasing attention is
being paid to the use of these materials.

There are several waste materials such as volcanic ash (VA), fly
ash and rice husk ash, which have the potential to be utilized as the
precursor for AAM synthesis. Since there is no need for VA to be
combusted before using, it is considered as one of the most desir-
able materials among the natural aluminosilicates (Lemougna et al.,
2011; Takeda et al., 2014). However, the practical application of VA
in soil stabilization projects has been quite limited since hardening
of their slurry in a conventional time to gain desirable compressive
strength requires the curing temperature of 50 �Ce100 �C
(Lemougna et al., 2011; Takeda et al., 2014; Djobo et al., 2017).
Although this may not be considered as a high temperature,
applying this temperature in the field is not practically feasible nor
energy-efficient. On the other hand, there are some aluminosilicate
materials such as GGBS for AAM synthesis, which can provide
desirable reactivity at ambient temperature. GGBS is a by-product
of the steel manufacturing process, and it is mostly landfilled in
large amounts. In the process of generating 1 ton GGBS, only
1300MJ energy is consumed, and 0.07 ton of CO2 is released, which
are comparatively lower than those generated in the production of
cement (Higgins, 2007). In the reaction process of GGBS, the liquid
alkali activator breaks SieO and AleO bonds in GGBS resulting in
strength development and stabilization of the soil by the formation
of calcium silicate hydrate (CeSeH), calcium aluminate hydrate (C-
A-H), and calcium aluminate silicate hydrate (C-A-S-H) gels (Wang
and Scrivener, 1995; Chew et al., 2004).

The mechanical properties of AAMs depend on several factors
such as the properties and content of the precursor, chemical
composition and content of the alkali activator, liquid/solid ratio,
curing time and curing temperature. It has been reported that
increasing the amount of precursors such as fly ash, GGBS and
metakaolin leads to higher compressive strengths (Xu and Van
Deventer, 2002; Singhi et al., 2016). In a research on fly ash, palm
oil fuel ash and kaolin-based geopolymers, increasing the content
of alkali activator in the mixture up to a specific content resulted in
compressive strength development due to the more dissolution of
aluminium and silicon in the mixture (Heah et al., 2012;
Suksiripattanapong et al., 2015; Phetchuay et al., 2016; Sukmak
et al., 2019; Yaghoubi et al., 2019). In a comparison between a soil
treated with lightweight alkali-activated GGBS and the same soil
treated with lightweight-Portland cement (OPC), it is reported that
the mechanical performance of the former was increased by 200%e
350% compared to the latter (Du et al., 2017). Similarly, by utilizing
the same percentage of binder, after a curing period of 28 d, the
alkali-activated GGBS stabilized soil was observed to have a 600%
enhancement in its compressive strength compared with OPC-
stabilized soil (Singhi et al., 2017). Furthermore, increasing the ra-
tio of activator/binder, for instance, Na2O/fly ash from 0.16 to 0.375,
resulted in a 50% reduction in the compressive strength. The di-
versities in the results could be related to the different chemical
compositions of the components and different curing times and
conditions (Cristelo et al., 2013a). In another research, the effects of
different types of activators on the uniaxial compressive strength
(UCS) of stabilized soil by alkali-activated GGBS were studied, and
the results were compared with that of OPC-stabilized soil. The
results of this research indicated that among all of the utilized ac-
tivators, NaOH provided the highest UCS values after 7 d, 28 d and
90 d of curing; however, a reduction in the strength of the stabilized
clay was observed from 90 d to 180 d. Moreover, among the spec-
imens prepared by different types of activators, fewer-large sized
pores were observed for the samples activated by NaOH (Yi et al.,
2015). The potential of using VA-based geopolymer for clayey soil
stabilization at different curing conditions was investigated in a
research, and the results showed that incorporating 15% VA
increased the UCS values from 0.2 MPa to 4 MPa and 2 MPa to 12
MPa in wet and dry conditions, respectively (Ghadir and Ranjbar,
2018). In another research carried out to investigate the geo-
polymerization of VA blended with GGBS, it is reported that GGBS
contribution in geopolymerization resulted in a reduction in setting
time from 7 d to a couple of hours and an increase in the UCS up to
85 MPa (Lemougna et al., 2020). A recent research on geopolymer
synthesized from the mixture of fly ash and slag for marine clay
stabilization showed that an increase in the binder content led to
higher UCS values. Additionally, increasing the activator/binder



Fig. 1. Grain size distribution curve of the tested soil.

Table 1
Chemical composition of the materials used.

Component oxide Content (wt%)

Soil VA GGBS

CaO 15 10.1 33.2
SiO2 43.3 54.9 36.1
Al2O3 16.1 20.8 14.4
Fe2O3 6.3 3.3 0.3
MgO 3.8 1.8 6.8
Na2O 1.3 5.8 1.3
K2O 2.3 1.8 1
P2O5 N.D. 0.2 N.D.
TiO2 0.6 0.5 1.6
SO3 0 0.7 3.4
Sr N.D. 0.1 0.6
Ba N.D. N.D. 0.2
MnO 0.1 0 1
LOI 11.2 0.1 0.1

Note: N.D. represents none detected.
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ratio from 0.75 to 1 resulted in an increase in the UCS; however,
increasing this ratio from 1 to 1.25 led to a decrease in UCS values
(Yaghoubi et al., 2019).

A glance at the above-mentioned literature indicates that there
is limited research on the application of AAMs in soil stabilization.
For stabilization of clayey soil, providing an adequate amount of
calcium is the most important concern for the stabilizer (Wang,
2002). Since VA is relatively rich in silica and alumina but defi-
cient in calcium oxide and GGBS is rich in calcium oxide, the
coexistence of these two materials could be more effective due to
the synergic formation of N-A-S-H and C-(A)-S-H gels. It has been
previously reported that VA requires a temperature of 50 �Ce100 �C
to become activated (Takeda et al., 2014; Djobo et al., 2017),
whereas GGBS has a desirable reactivity at ambient temperature.
Hence, utilizing a mixture of these two materials enables them to
be applicable inwider ranges of temperatures. Additionally, the use
of VA and GGBS in soil stabilization projects would mitigate the
necessity of broadening the currently existing landfills or the need
for creating new landfills.

Literature review demonstrates that the focus of the previous
studies in the field of soil stabilization using geopolymers and
AAMs has mainly been on investigating the mechanical properties
(Verdolotti et al., 2008; Cristelo et al., 2011; Cristelo et al., 2013a,b;
Liu et al., 2016; Phummiphan et al., 2016; Singhi et al., 2017).
However, the long-term performance of these materials such as
their durability under freeze-thaw (F-T) and wet-dry (W-D) cycles
has not been studied, which restricts the broad application of AAMs
in soil stabilization projects. Moreover, although in mortar, brick,
ceramic and concrete manufacturing, the conditions of production
are often thoroughly controllable, in soil stabilization projects,
conditions could be variable. For example, in Kerman city in Iran,
the air and ground temperatures fluctuate between �15 �C and
65 �C during summers andwinters, respectively, leading to freezing
and thawing in the materials (Saberian et al., 2017b). Besides, in
some ground improvement projects such as deep soil mixing, some
parameters like liquid/solid ratio might be variable in the field.

Based on the above research background, this research was
carried out to comprehensively evaluate the feasibility of using
alkali-activated VA/GGBS in clayey soil stabilization from different
angles. The impacts of different parameters such as different per-
centages of VA replaced by GGBS, liquid/solid ratio (L/S), curing
temperature, and curing time were investigated. Compressive
strength, F-T and W-D durability tests were performed to study the
mechanical and durability properties of the stabilized soil. X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
field emission scanning electron microscopy (FESEM), energy
dispersive X-ray spectroscopy (EDS) and elemental mapping were
also used to comprehensively study the microstructural properties
of the stabilized soil. At last but not least, the carbon embodied of
the stabilized soil was calculated and reported.

2. Properties of materials

The clayey soil used in this research was sourced from Mazan-
daran Province, Iran. The liquid limit (LL), plastic limit (PL), and
plasticity index (PI) of the soil were measured as 29%, 19% and 10%,
respectively, following ASTM D424-54 (1982) and ASTM D423-66
(1972). Sieve analysis and hydrometer tests were also performed
according to ASTM D422-63 (2002) and ASTM D7928-17 (2017),
respectively and the grain size distribution curve was drawn
(Fig. 1). According to the results, the soil is classified as clayey soil
with low plasticity (CL) based on ASTM 2487-11 (2011). The opti-
mum water content and maximum dry density of the soil were
13.76% and 1.95 g/cm3, respectively, obtained through modified
Proctor compaction test following ASTM D1557-09 (2009). The VA
and GGBS used were respectively obtained from the Taftan
Mountain, located in the southeast of Iran, and Isfahan Steel Plant
located in Isfahan Province, Iran. The chemical compositions of VA,
GGBS and soil obtained through the X-ray fluorescence (XRF) test
are presented in Table 1. The results show that VA is relatively rich
in silica and alumina but deficient in calcium oxide while GGBS is
rich in calcium oxide, as previously mentioned for stabilization of
clayey soil, providing an adequate amount of calcium is the most
important concern for the stabilizer (Wang, 2002).

Fig. 2 shows the FESEM micrograph of the soil with its EDS
analysis. EDS analysis was conducted on the yellow square shown
in Fig. 2. As can be seen, the soil particles have different sizes and
irregular geometric shapes with a relatively dense surface. Oxygen,
silicon, calcium, aluminum and magnesium, detected in EDS anal-
ysis, were the main compositions of the soil.

Fig. 3 shows the FESEM micrographs of VA and GGBS, both of
which composed of particles with different sizes and irregular
geometric shapes; however, GGBS has more porosity compared
with VA.

The used liquid alkali activator was sodium hydroxide with a
concentration of 6 M. The proper concentration for NaOH has been
reported to be generally between 4.5 and 18 M (Andini et al., 2008;
Rattanasak and Chindaprasirt, 2009; Somna et al., 2011;
Hanjitsuwan et al., 2014). Since being environmental-friendly and
cost-effective were of special importance in this research, a low
concentration of 6 M was considered in all mixes. To avoid fast
setting, previous studies suggested cooling NaOH solution for 24 h
prior to use (Ismail et al., 2014; Bilondi et al., 2018). This practice



Fig. 2. (a) FESEM micrograph of the untreated soil, and (b) EDS analysis of the determined area.

Fig. 3. FESEM micrographs of (a) VA and (b) GGBS.

Table 2
Program of experiments.

Set VA/GGBS ratio Liquid/solid Curing
condition

Curing
time (d)

W-D
cycle

F-T
cycle

1 100/00, 85/15, 70/30,
55/45, 00/100

Low (L):
0.18,
Medium
(M): 0.22,
High (H):
0.26

Ambient
(AC),
Oven (OC)

7, 28, 90

2 100/00, 70/30 0.22 AC, OC 28 6, 12
3 100/00, 70/30 0.22 AC, OC 28 6, 12
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was also adopted in this study. However, futher research can be
conducted to determine if the released heat in the hydration of
NaOH can be utilized to increase the reaction rate in clayey soil
stabilization. Since the quality of water has considerable impacts on
the mechanical properties of cementitious materials, distilled wa-
ter was used in all of the experiments (Sadeghi-Nik et al., 2011;
Jahandari et al., 2017c, 2019, 2020, 2021a, b; Mohammadi et al.,
2019, 2020; Afshar et al., 2020; Rasekh et al., 2020; Sadeghian
et al., 2020, 2021; Mehdizadeh et al., 2021; Parsajoo et al., 2021).

3. Research program

3.1. Overview of experiments

Three sets of UCS tests were performed to investigate the in-
fluence of different factors on the strength and durability of alkali-
activated VA/GGBS stabilized clayey soil. In Set 1, the effects of
different ratios of VA/GGBS, different ratios of liquid to solid (L/S),
two curing conditions (OC: cured in oven at 60 �C and AC: cured at
ambient temperature), and different curing periods of 7 d, 28 d and
90 d were investigated. In Sets 2 and 3, the durability of some of the
samples against W-D and F-T cycles was studied. It is worth
mentioning that the L/S ratios were selected on a trial basis. Several
samples were tested with different L/S ratios to find out the
acceptable range. As shown in the XRF results, the soil is mainly
composed of aluminosilicate, which has negative charges on its
surface with a high cation exchange capacity. Thus, the soil can
absorb large amounts of positively charged cations (such as Na, K,
Mg and Ca). Hence, when a lower amount of sodium hydroxide was
used (L/S ratio <0.18), the strength was lower than that of the
untreated soil because the precursor remained unreacted. On the
other hand, the use of a large amount of sodium hydroxide is
neither environmentally friendly nor cost-effective; thus, this
research aimed to find an optimum L/S ratio by investigating the
influence of different ratios on the mechanical properties. Sum-
mary of the test program and the utilized abbreviations for each
sample is listed in Table 2. According toTable 2, for instance, M0A28
stands for the sample with the L/S ratio of 0.22, GGBS content of 0%
of the binder mass, and cured at ambient temperature for 28 d.



Fig. 4. The UCS values of (a) 7-d, (b) 28-d and (c) 90-d cured samples with different
VA/GGBS and L/S ratios in the curing conditions of AC and OC.

Table 3
Embodied carbon of materials.

Material eCO2
(kg/

m3)
Reference

VA 0.041 Robayo-Salazar et al. (2018)
GGBS 0.019 Purnell (2013), Van den Heede and De Belie

(2012)
Sodium

hydroxide
1.915 Tan et al. (2020), Zannerni et al. (2020)

Water 0.0003 Long et al. (2015)
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3.2. Sample preparation and curing

In this research, the clayey soil was first dried in oven at 105 �C for
2 d and then passed through a sieve #10 (2 mm) prior to use in the
experiments. The total binder (VAþGGBS) contentwasfixed at 20% of
the soil mass, and the VAwas replaced by GGBS at 15% intervals (i.e.
0%, 15%, 30% and 45% of VA mass). To prepare the specimens, the VA
and GGBS were first well blended using an automatic stainless steel
mixer (Hobart N50-619 L 5 quart planetary mixer) for about 3 min
until a homogeneousblendwasachieved. Then, the activator in liquid
formwas added to the mixture and mixing process was resumed for
5min.After that, theobtainedslurrywaswell blendedwith theclayey
soil for 5 min. The mixture was subsequently transferred to standard
cylindricalmouldswith a diameter of 50mmand aheight of 100mm,
and compacted in 3 layers via a steel rodwith a diameter of 49mm to
eliminate air pockets. The samples were preparedwith a compaction
energy level by which they could reach their maximum dry density.
Then, the prepared samples were demolded, placed in plastic bags,
and cured in two conditions of ambient curing (AC) and oven curing
(OC) for7d,28dand90d.Curingat60 �Cwasfollowedtosimulate the
naturalwhether condition in somewarmregions suchasKermanand
Khoozestan Provinces located in Iran with the highest recorded
temperatureof65 �C in summers (Saberianet al., 2017b). It isworth to
mentioning that to avoid significant moisture loss during the curing
process, the sampleswereproperly sealedbyplastic sheets. However,
it would be difficult to avoid moisture loss in a practical application;
hence, further research should be conducted to study the impact of
moisture loss during curing on the mechanical properties. AC was
performed inanACchamberwith a relative humidityof 80%�2%and
a temperature of (25 � 2) �C. For each test, at least three specimens
were prepared and tested, and the average of which was reported as
the representative value. The error bars representing the standard
deviation are illustrated in the figures. Sample preparation for F-T
cycles was in accordance with ASTM D560-16 (2016). In this regard,
samples M0A28, M0O28, M30A28 and M30O28 were frozen
at�23 �C for 24 h and were subsequently placed in a moist chamber
with a relative humidity of 98% at ambient temperature for 23 h to
become thawed. The W-D cycles were carried out based on ASTM
D559-15 (2015). Hence, the abovementioned samples were sub-
merged inwater for 5 h andwere then dried in an oven at (71�3) �C
for 42h. The sampleswere exposed to 6 and 12 cycles ofW-Dand F-T.

3.3. Unconfined compression test

Unconfined compression tests were performed using a universal
testing machine according to ASTM D2166-16 (2016) with a
maximum capacity of 50 kN and loading rate of 1 mm/min. The
diameters of all of the samples were measured by a digital calliper
to modify the obtained UCS if needed.

3.4. Microstructural analysis

The VA and GGBS as well as the alkali-activated VA/GGBS sta-
bilized soil samples were examined by XRD using an X’Pert Pro
devise of Panalytical Company with anode material of Cu, a step
size of 0.026 and a 2q range of 2�e80� operated at 40 kV and 40mA.
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Also, the powdered samples were pressed into KBr pellets to be
prepared for FTIR analysis using an FTIR spectrometer device of
PerkinElmer Company. FESEM and EDS via a ZEISS spectroscopy
devise were used to study the microstructural properties of the
powdered GGBS and VA as well as some of the stabilized clayey soil
samples.

3.5. Sustainability analysis

The carbon footprint of stabilized samples with multiple mix
designs were calculated according to Eq. (1) and Table 3 (Ma et al.,
2020). The embodied carbon of each sample included extraction,
processing, production and transportation of the binders and
activator (Shi et al., 2019). However, since one of the primary aims
of this study was to investigate the feasibility of gaining desirable
strength and durability properties at ambient temperature, the
embodied carbon was only calculated for the ambient-cured sam-
ples. It is clear that the same values could be adopted for the oven-
cured samples provided that the warm natural temperature in the
field is simulated in the oven, as assumed in this study. Otherwise,
these values are not applicable for the oven-cured samples since a
relatively huge amount of energy was consumed by the oven to
cure these samples.

CI ¼ eCO2

UCS28 d
(1)

where CI is the carbon index, eCO2
is the carbon embodied (kg/m3),

and UCS28 d is the compressive strength of each sample after being
cured for 28 d.

4. Results and discussion

4.1. Unconfined compression test results

The impacts of various parameters such as L/S ratio, VA/GGBS
ratio, curing periods, AC, OC, W-D cycles, and F-T cycles were
investigated, and the results are discussed in the following sections.
The results demonstrates that UCS values of the stabilized samples
were enhanced compared with the untreated samples with a UCS
value of 0.7 MPa; however, some of the stabilized samples did not
meet the minimum strength of 2.068 MPa required by PCA (1992)
for cement-stabilized base and subbase, which will be further
discussed in the following.

4.1.1. Impact of L/S ratios
Fig. 4 demonstrates the UCS values of 7-d, 28-d and 90-d cured

samples at curing conditions of AC and OC with different VA/GGBS
and L/S ratios. As observed, lowUCS values were obtainedwhen the
L/S ratio was 0.18. By increasing this ratio from 0.18 to 0.22, the UCS
values of all samples increased; however, further increasing this
ratio from 0.22 to 0.26 brought about different impacts at different
curing times and conditions.

At lower L/S ratios, for example, L0A7, L30A7 and L100A7,
samples had the UCS values of 1.38 MPa, 1.97 MPa and 1.41 MPa,
respectively. These values are comparatively lower than their peer
samples with the L/S ratio of 0.22 which respectively had the UCS
values of 2.62 MPa, 3.14 MPa and 2.51 MPa. The lower strength
values at L/S ratio of 0.18 could be attributed to the surplus of solid
content which may have slowed down the geopolymerization re-
actions and hindered the extent of formed cementitious substances
(Heah et al., 2012). This statement is later supported by FESEM/EDS
analysis in Section 4.2.3. Provis et al. (2009) reported that geo-
polymers with very low L/S ratios mostly do not obtain high
strength due to poor extent of gel formation. Moreover, in
geopolymer chemistry, the negative charges of final products reach
equilibrium through the bonding of metal cations in polymeric
network (Davidovits, 1994; Provis and Bernal, 2014). In other
words, each Al atom needs one Na atom to be balanced (Zhang
et al., 2010); hence, inadequate amounts of alkaline solution may
have resulted in the incomplete dissolution of the precursors and
adversely affected the degree of geopolymerization. Rise of the L/S
ratio from 0.18 to 0.22 brought about higher UCS values in all of the
samples; however, as it is indicated in Fig. 4a and b, further
increasing the L/S ratio from 0.22 to 0.26 did not lead to strength
development for 7-d and 28-d cured samples in AC condition,
which could be due to the large volume of fluid in the medium that
might have impeded the intermolecular contact between the
binder and the activator (Topccedil and Uyguno�glu, 2010). Addi-
tionally, water has a significant impact on the performance of
geopolymer by providing an environment for geopolymerization
reactions. During the geopolymerization process, the dissolution of
aluminosilicate constituents via alkaline hydrolysis consumes a
considerable amount of water present in the system. Hence, with
low amounts of water, the dissolution of aluminosilicate compo-
nents could not be fully accomplished to form adequate cementi-
tious materials which resulted in lower UCS values in samples with
L/S ratio of 0.18. However, with the progress of geopolymerization
reactions, a certain amount of water would be released through the
condensation and polymerization of polymer monomers which
would result in the formation of small holes in the path where the
water flows leading to strength reduction. This is later confirmed by
the microstructural observations in Section 4.2.3. Although the
reduction in strength by increasing L/S ratio from 0.22 to 0.26 is
obvious in the samples cured for 28 d in AC condition, the 7-d cured
samples did not experience this reduction. This could be due to the
short curing time of the samples with a high L/S ratio, which caused
the mobility of ions to be lowered because of the electrostatic
shielding. As a result, limited leaching of silica and alumina led to
strength reduction (Zhao et al., 2020).

As indicated in Fig. 4, for the samples cured in OC condition,
similar trends in the compressive strength were obtained by
increasing the L/S ratio from 0.18 to 0.22, further increasing this
ratio from 0.22 to 0.26 led to strength decline for 7-d and 90-
d cured samples, while 28-d cured samples achieved higher
strengths. To illustrate, at L/S ratio of 0.18, samples L30O7, L30O28
and L30O90 had the strength values of 5.6 MPa, 5.43 MPa and
8.45 MPa, respectively. By increasing the L/S ratio to 0.22, these
values increased to 9.1 MPa, 13.46 MPa and 17.92 MPa, respectively.
But, further increasing this ratio decreased the strength values of
samples H30O7 and H30O90 to 7.6 MPa and 13.06 MPa, respec-
tively, whereas in the case of H30O28, the strength increased to
15.1 MPa. The probable reasons for strength decline at higher L/S
ratios are discussed above. In addition to the aforementioned ex-
planations, destruction of the soil structure due to the formation of
metallic hydroxides by reactions between the excess OH� (released
from NaOH) with soil cations (Bilondi et al., 2018) may account for
the strength decline. In spite of all aforementioned reasons for
strength decrease at high L/S ratio, Fig. 4b and c indicates that 28-
d OC cured samples oven and 90-d AC cured samples did not
experience strength reduction, which is related to the positive ef-
fect of curing time and curing condition. In other words, heat curing
(in 28-d cured OC samples) and longer duration of curing (in 28-
d cured AC samples) alleviated the negative effect of electrostatic
shielding and prevented the samples from strength reduction.

Generally, considering that the 28-d UCS is often used as a
benchmark in the filed implementation designs, the L/S ratio of
0.22 can be an appropriate ratio to be used in the areas with the
average temperatures of around 25 �C. However, for the warm
districts with the temperatures around 50 �C, the L/S ratio of 0.26
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results in higher UCS values. Nevertheless, the L/S ratio of 0.22
could also be used in such warm regions because the UCS values of
the samples prepared with this ratio also met the minimum
strength of 2.068MPa required by PCA (1992) for cement-stabilized
base and subbase.

4.1.2. Effect of different VA/GGBS ratios
The results of previous studies showed that in most samples,

replacing VA with GGBS up to an optimum amount led to strength
improvement (Ismail et al., 2013; Parthiban et al., 2013). The
combination of VA with GGBS provided sufficient amounts of sili-
con and calcium for geopolymerization reactions (Xu and Van
Deventer, 2003) through which the calcium, aluminium and
amorphous silicon were dissolved by the sodium present in the
solution and subsequently formed monomers. The poly-
condensation of these monomers led to the formation of a strong
geopolymeric network developed throughout the soil structure
leading to soil stabilization (Hardjito and Rangan, 2005; Heah et al.,
2012; Gao et al., 2013; Pourakbar et al., 2016).

Fig. 4a indicates that replacing VA with GGBS up to 30% in all
samples cured in ambient condition led to strength enhancement.
Since VA is a material with crystalline phase, it requires higher
temperatures of about 50 �Ce100 �C to become activated (Takeda
et al., 2014; Djobo et al., 2017); while GGBS is a material with
amorphous phase and its activation at ambient temperatures is
more accessible leading to development of more CeSeH gel
(Toghroli et al., 2020). Therefore, partial replacing of VA with GGBS
brought about higher UCS values at ambient temperature. Addi-
tionally, as reported in previous studies, the more the calcium is
present in the medium, the faster the pozzolanic reactions occur
(Lin et al., 2007). Moreover, the amount of calcium can affect both
the kinetics of the pozzolanic reactions and the amount of hydrated
phases. Increasing the amount of calcium can lead to the formation
of more calcium silicate or calcium aluminate hydrated phases
during the process of polymerization (Lin et al., 2007). Further-
more, increasing the calcium concentration gradient can increase
the rate of pozzolanic reactions. However, pozzolanic reactions can
be divided into several stages, each of which can be controlled by
the rate of the reactions, the diffusion of the reactants into the
porous layer of the hydration products, or the diffusion of the re-
actants into the dense layer of the hydration (Shi and Day, 2000).

Moreover, since the reaction between GGBS and the alkaline
solution is exothermic, the produced heat might have contributed
in better reactions (Phoo-ngernkham et al., 2015).

One of the questions that arises is how calcium present in GGBS
contributes to strength development. Although the presence of
calcium component is not necessary in geopolymerization, calcium
may affect the composition of the final product. The calcium
components of the binders are dissolved in a high-alkaline medium
to become free Ca2þ cations. Meanwhile, the aluminosilicates are
dissolved by the activator to become Al and Si monomers. Free Ca2þ

cations prefer to neutralize the negative charges resulting from the
polymerization of Si and Al monomers prior to Naþ (Fillenwarth
and Sastry, 2015; Rashidian-Dezfouli et al., 2018). In other words,
a definite amount of Ca2þ contributes to geopolymerization, as
Ca2þ is a structure changing ion, increasing its content in the me-
dium changes the gel product from N-A-S-H to (N,C)-A-S-H and
further to C-(A)-S-H gel which will be clearly discussed in the
FESEM/EDS analysis section (Yip et al., 2008). The coexistence of N-
A-S-H gel and C-(A)-S-H gels filled the holes in the 3D geopolymer
network, resulting in a denser and stronger geopolymer matrix
(Phoo-ngernkham et al., 2015). Nevertheless, as demonstrated in
Fig. 4b (the samples cured in AC condition) and Fig. 4a (the samples
cured in both AC and OC conditions), further increasing the
amounts of GGBS led to strength decreasewhich is attributed to the
occurrence of cracks as confirmed by FESEM micrographs. It has
also been reported in the previous studies that the risk of cracking
increases by using higher amounts of GGBS due to the high
shrinkage of AAM (Ouyang et al., 2020). Although increasing the
GGBS content from 30% to 45% and 45%e100% resulted in lower
strength values for samples cured for 7 d and 28 d, the samples
cured for 90 d experienced strength enhancement. This is due to
the slower rate of pozzolanic reactions at ambient temperature;
hence, longer curing periods led to more strength development.

As can be observed in Fig. 4a, increasing the GGBS content did
not significantly affect the UCS values of 7-d cured samples in OC
condition. This is due to the quicker precipitation and faster geo-
polymerization occurring on the surface of the undissolved parti-
cles owing to the accelerating impact of OC condition in a short
curing period, all of which resulted inmoisture loss and generated a
poor geopolymeric network (Yaghoubi et al., 2019).

The results outlined in Fig. 4b demonstrate that for 28-d cured
samples in OC condition, at L/S ratio of 0.18, the UCS values
decreased with increasing GGBS content, while for the samples
with L/S ratios of 0.22 and 0.26, increasing the GGBS content to 15%
led to strength development and further increasing the GGBS
content resulted in strength reduction. One explanation for
strength reduction at L/S ratio of 0.18 could be lower amounts of
water in the samples. In fact, heat curing leads to the diffusion of
the moisture to the surface of the samples resulting in the dehy-
dration of the mixture. From another point of view, GGBS went
through both hydration and geopolymerization, while at L/S ratio of
0.18, GGBS was not provided with its required water for the re-
actions; hence, particles might have remained unreacted resulting
in strength reduction. However, at L/S ratios of 0.22 and 0.26, not
only more amount of alkali solution was available to react with
GGBS and VA, but also the aqueous solution with stronger ionic
strength facilitated the dissolution of glass particles resulting in
strength increment up to 15% of GGBS incorporation (Xiao et al.,
2020). However, by increasing calcium concentration, the forma-
tion of N-A-S-H and C-(A)-S-H gels could compete against each
other for available space to grow; thus, instead of having one phase
in filling out cavities, the final binder can be disordered with two
phases having similar size leading to produce more holes and
strength reduction (Yip et al., 2006).

Fig. 4c shows that at all of the L/S ratios of 0.18, 0.22 and 0.26,
increasing the GGBS content up to 15% led to strength decrease in
90-d cured samples in OC condition. Further adding GGBS up to 45%
resulted in strength development, while by reaching the GGBS
content to 100%, samples experienced a reduction in their strength.
When the amount of calcium in the medium is low, CeSeH gel
formation is not possible; thus, the particles might have remained
unreacted which account for the lower UCS values at 15% of GGBS
(Yip et al., 2006). However, by introducing more GGBS, the coex-
istence of sufficient amounts of it with VA led to formation of a
considerable amount of tetra coordinated Al charge which was
balanced by Na, and formed gels in the hydrated
Na2O�CaO�Al2O3�SiO2 system. Moreover, the dissolution of GGBS
and VA through alkali activation can generate a higher degree of
cross-linking in the matrix including both Ce(A)eSeH and NeAe
SeH gels (Ismail et al., 2014). However, as it is indicated in FESEM
micrographs, when GGBS content was more than a certain amount,
the geopolymeric gels developed progressively, and instead of
creating a uniform network throughout the soil, the generated gels
flocculated crystal particles which had some bonds with each other.
As these crystals became larger with time, they commenced
imposing forces on each other that resulted in some non-
uniformity within the geopolymeric network and slight bond
breakages, leading to a decrease in the strength values. This phe-
nomenon usually occurs in an alkaline medium where water and
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amorphous silica exist due to the alkali silica reactions in the
mixtures (Pacheco-Torgal et al., 2012; Kupwade-Patil and Allouche,
2013). The hydroxyl ions attack the siloxane bonds and give rise to
the formation of expansive gels that results in internal pressure in
the microscale. The presence of GGBS, rich in calcium, intensified
this phenomenon (Pacheco-Torgal et al., 2012; Kupwade-Patil and
Allouche, 2013).

Again, considering that the 28-d UCS is often used as a bench-
mark in the filed implementation designs and provided that the L/S
ratio suggested by the authors in the previous section is employed,
VA/GGBS ratio of 70/30 can be an appropriate ratio to be used in the
areas with the average temperatures of around 25 �C. However, for
the warm districts with the temperatures around 50 �C, VA/GGBS
ratio of 85/15 exhibits better mechanical properties.

4.1.3. Effects of curing conditions
Curing times and temperatures also have significant effects on

the compressive strength of alkali-activated VA/GGBS. The samples
cured at OC condition exhibited superb strengths which are tied to
the effects of water and temperature on the geopolymerization.

The structural water, which is vital for geopolymerization,
provides an environment for dissolution and hydrolysis of alumi-
nosilicate materials and supplies a medium for ions transfer. This
type of water is not evaporated at low temperatures (Kuenzel et al.,
2012; Ranjbar et al., 2014). However, there is another type of water,
called residual water, which is not desirable for the strength
improvement as it decreases the matrix alkalinity through diluting
the medium, and slows down the rate of geopolymerization re-
actions at hydrolysis and dissolution stages (Xu and Van Deventer,
2003; Pourakbar et al., 2016). The residual water is exclusively
utilized to provide adequate workability (Ranjbar et al., 2017). By
curing in oven, the alkalinity of the matrix increases gradually due
to the evaporation of free water, while at ambient condition, high
activator content retards the strength development of samples. In
other words, when curing is performed at ambient temperature,
usually longer times are required for the aluminosilicate to become
dissolved sufficiently and accomplish the condensation process to
gain desirable compressive strength. Therefore, by extending the
curing period for the samples cured at AC condition, the UCS values
increased remarkably from 7 d to 90 d. However, at OC condition for
the samples with L/S ratio of 0.26, increasing the curing time from
28 d to 90 d led to strength reduction which could be due to the
contraction of reaction products owing to excess shrinkage leading
to development of shrinkage cracks in the specimens.

Additionally, it can be observed that the difference between the
UCS values of 7-d cured samples and 28-d cured samples at AC
conditionwas decreased by increasing the GGBS content from 0% to
45%. This can be attributed to the presence of more calcium,
resulting in the acceleration of reactions kinetics by providing
additional nucleation sites for the precipitation (Van Deventer
et al., 2007). However, as previously explained, in OC condition,
the UCS values of 7-d cured samples are significantly lower than
those of 28-d cured samples.

Similar to the findings of this research, a previous study on
geopolymer-stabilized soil samples cured in oven demonstrated a
200% enhancement in UCS values compared to the corresponding
cement-stabilized samples. However, cement-stabilized soil had a
superb performance at ambient temperature and exhibited 33%
higher strength compared to the geopolymer-stabilized soil
(Ghadir and Ranjbar, 2018).

4.1.4. Durability against W-D cycles
Fig. 5 demonstrates the performance of samples M0A28,

M0O28, M30A28 and M30O28 against W-D cycles. The results
showed that after 6 W-D cycles, samples M0A28, M0O28 and
M30O28 experienced 52%, 39% and 27% reduction in their strength
values, respectively, while the strength of sample M30O28
increased by 17%. However, a general strength reduction was
observed for all of the samples exposed tomore than 6 cycles (i.e.12
cycles of W-D). The strength reduction from 6 to 12 cycles was
gentler compared with 0e6 cycles. Moreover, all 3 M0R28 samples
failed to bear 12 cycles and collapsed at the 10th cycles.

The results show that introducing GGBS into the mixture as well
as curing in oven improved the resistance of samples against W-D
cycles. The soaked condition demonstrates the most severe
possible scenario of utter saturation for the stabilized soil in the
project sites. Since the effective stress generated by capillary phe-
nomenon accounts for the instant un-soaked UCS (Raymon, 1961),
the inundation of the accessible void spaces bywater brings about a
dramatic decline in surface tension forces leading to strength
reduction. However, introducing GGBS as well as curing in OC
condition resulted in better performance against W-D cycles due to
better cementation of particles by promoted pozzolanic reactions.
Surprisingly, the samples with the VA/GGBS ratio of 70/30 that
were cured at ambient temperature experienced strength devel-
opment during first 6 cycles which can be explained as follows. At
this stage, the principal contributor to the strength development is
CeSeH (Du et al., 2016). In the soaking process, the leaching of
calcium from the binders can participate in the development of the
cementitious products (Du et al., 2014). As long as the remaining
calcium is accessible, the pozzolanic reactions will last resulting in
the formation of calcium hydrates on account of the presence of
Ca2þ;OH�; SiO4 andAlO6 ions. Additionally, drying at 70 �C in the
process of W-D cycles, apparently contributed in the development
of cementitious products (C-A-S-H) (Brue et al., 2012; Jiang and
Yuan, 2013), i.e. an increased temperature leads to a quicker
diffusion of moisture and therefore rapid chemical reaction (Drouet
et al., 2015; Wang et al., 2016). Previous studies which investigated
the performance of fly ash stabilized with lime and gypsum against
W-D cycles also demonstrated the strength increase owing to the
development of cementitious products during W-D cycles (Drouet
et al., 2015). The strength reduction for the other samples in the
first 6 cycles and for all of the samples from 6th to 12th cycle could
be attributed to the crack propagation on account of the desiccation
kinetics leading to themoisture loss (Aldaood et al., 2014), followed
by the inundation of pore spaces and cracks with water during the
wetting process. Additionally, the dissolution of geopolymer gels
due to soaking might be another reason for the strength reduction.
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The results of a previous research (Ghadir et al., 2021b) con-
ducted on a sandy soil stabilized by VA-based geopolymer
demonstrated that in both curing conditions of OC and AC, cement-
stabilized soil had better resistance to W-D cycles compared with
geopolymer-stabilized samples. However, the findings of the cur-
rent research showed that by the introduction of GGBS and adop-
tion a proper VA/GGBS ratio, the samples could favourably resist
against all 12 W-D cycles in both curing conditions and met the
minimum requirement of 2.068 MPa for cement-stabilized base
and subbase.
Fig. 7. FTIR spectra of the stabilized samples.
4.1.5. Durability against F-T cycles
Fig. 5 demonstrates the performance of samples M0A28,

M0O28, M30A28 and M30O28 against F-T cycles. The results
demonstrated that after 6 F-T cycles, samples M0A28, M0O28 and
M30O28 experienced 28%, 17% and 9% reduction in their strengths,
respectively, while sample M30O28 experienced a 23% strength
increment. The strength remained approximately constant for all of
the samples by being exposed to more 6 cycles (i.e. 12 cycles of F-T).
The reasons mentioned in the previous section for strength
development of M30A28 is also convincing for the performance of
this sample during the initial 6 cycles of freezing and thawing. To
shade light on the positive effect of GGBS, the production of CeSeH
gel should be mentioned through which it bridged the unreacted
particles and different hydrated phases; hence, it filled out the
voids and pores resulting in less available cavities for water pene-
tration and ice crystal formation. The strength reduction during F-T
cycles was due to the volume increase of pores because of the
expansion of water. As the activator content was higher than the
optimummoisture content of the soil, the occurred expansion fully
filled out the pores volumes and even further increased the pore
volumes leading to detrimental impacts in the integrity of the
matrix.

The results of a previous research (Ghadir et al., 2021b)
demonstrated that after being exposed to 12 F-T cycles,
geopolymer-stabilized samples cured in oven had higher strength
values than cement-stabilized samples, whereas at ambient tem-
perature, cement-stabilized samples exhibited better performance.
However, the findings of the current research showed that by the
introduction of GGBS and adoption of 70/30 as VA/GGBS ratio, the
samples could successfully resist all 12 F-T cycles in both curing
Fig. 6. XRD patterns of the binders, untreated soil and stabilized samples.
conditions and met the minimum requirement of 2.068 MPa
specified by PCA (1992).
4.2. Microstructural analysis

4.2.1. XRD analysis
Fig. 6 shows the XRD patterns of the untreated soil, VA, GGBS,

M0A90, M0O90, M30A90, M30O90, M100A90 and M100O90. It is
an obvious issue that the reactivity of aluminosilicate substances is
directly tied to the level of amorphization. As indicated in Fig. 6, the
XRD pattern of GGBS exhibited an evident broad hump which is
distributed all along the spectrum without any sharp peaks, con-
firming the presence of ample amorphous phase. The only crys-
talline phase which was observed in GGBS patternwas Akermanite
(Ca4Mg1.42Al1.02Si3.48O14) which was detected at 2q of 31:5�. As
expected, VA exhibited several crystalline phases including albite
(AlNaO8Si), sodium anorthite (Al1.66Ca0.68Na0.3O8Si2.34), and trem-
olite (Ca2Mg5Si8O22(OH)2). After the alkaline activation reactions,
the intensity of the crystalline phase peaks as well as the amount of
amorphous phase changed. To calculate the amount of amorphous
phase, a quantitative analysis was carried out on the XRD data using
Origin Pro software in the following procedure: (1) determine the
baseline; (2) calculate the percentage of crystalline phases by
calculating the area under the peak diagrams; and (3) obtain the
percentage of amorphous phase by subtracting the percentage of
crystalline phases from100%. It was found that the samplesM0O90,
M30O90, M100O90, M0A90, M30A90 and M100A90 have amor-
phous amounts of 64.08%, 66.83%, 62.46%, 60.27%, 61.92% and
59.27%, respectively. This indicates that the alkaline activation of
VA and GGBS, in addition to the development of geopolymerization
reactions of the amorphous phase of the materials, has also caused
some changes in the intensity of the crystalline phase compounds
of the material. Since the anorthite and albite phases do not
inherently exhibit any binding or latent hydraulic characteristics,
the strength of the geopolymer samples is attributable to the
changes occurred in the amorphous phase of the starting materials.
It seems that the change of curing conditions does not affect the
type of crystalline phases of geopolymer samples except their in-
tensity, confirming that the observed changes in UCS are due to the
changes in the amorphous phase. From the results of the quanti-
tative analysis of amorphous phase, it is found that the samples
cured in dry condition hadmore amorphous phase (62%e66%) than
the samples cured at ambient temperature (59%e62%). The XRD
pattern of the sample M0A90 shows that the intensity of the albite
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crystalline phase was reduced; in contrast, the intensity of the
anorthite crystallite phase was increased. Also, the tremolite crys-
talline phase of VA is utterly destroyed due to the chemical acti-
vation and the formation of CeSeH gel. Moreover, the crystalline
phases of the samples M30A90 and M100A90 were similar to each
other and only their amorphous phase was increased, leading to
strength development by GGBS increment. However, the sample
M100O90 exhibited a less amorphous phase than the samples
M0O90 and M30O90, which might be due to the different natures
of the amorphous gels formed in their matrix. Generally, XRD
patterns confirmed that introducing GGBS weakened the intensity
of the crystalline phase peaks and increased the amount of amor-
phous phase. Similar results have been reported in previous studies
as well (Lemougna et al., 2020).
Fig. 9. Si2OeCaOeAl2O3 ternary diagram of samples M0A90, M30A90 and M100A90.
4.2.2. FTIR results
The main bands observed in the infrared spectra of samples

M0A90, M0O90, M30A90, M30O90, M100A90 and M100O90 are
illustrated in Fig. 7. The absorption bands appeared in the wave-
number of 468e475 cm�1 and also the bands in the wavenumber
of 1000 cm�1 are attributed to the flexural vibrations of SieO
bonds in the tetrahedral SiO4, the symmetrical vibrations of Sie
OeSi bonds and tensile vibrations of SieOeAl bonds (Torres-
Carrasco et al., 2015; Lemougna et al., 2016; Tchakouté et al.,
2017; Zawrah et al., 2018). These adsorption bands are common
in the FTIR spectra of aluminosilicate materials and are known as
the primary feature of the molecular structure of geopolymers.
Fig. 8. FESEM micrographs of the stabilized samples (a) M0A90, (b) M
These two adsorption bands are also sensitive to Si and Al con-
tents. As AleO bonds are weaker than SieO bonds, the displace-
ment of these two bands to lower wavelengths can be attributed
to the replacement of tetrahedral structures of AlO4 with SiO4 due
to the growth of geopolymerization reactions and the
30A90, (c) M100A90, (d) M0O90, (e) M30O60 and (f) M100O90.
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development of the interconnected geopolymer network
(Davidovits, 2008; Panagiotopoulou et al., 2015). The absorption
bands in the wavelengths of 1643e1660 cm�1 are related to
crystalline water and the absorption bands observed in the
wavenumbers of 3435e3445 cm�1 correspond to the physical
water (Lemougna et al., 2017b; Kaze et al., 2018). This water has
either been superficially adsorbed on the material or trapped in
the cavities of the geopolymer structure. The absorption bands
appeared in the wavenumber from 1438 cm�1 to 1452 cm�1

represent the asymmetric tensile bonds of OeCeO, which are
usually formed due to the carbonation of geopolymeric materials
(Clayden et al., 1999; Criado et al., 2007).

4.2.3. FESEM, EDS and mapping analysis
Fig. 8 shows the FESEM micrographs of samples M0A90,

M30A90, M100A90, M0O90, M30O90 and M100O90. Also, SiO2e

CaOeAl2O3 ternary diagram of samples M0A90, M30A90 and
M100A90 is indicated in Fig. 9. The FESEM micrograph of sample
M0A90 revealed that after alkaline activation of VA, a new
morphology was formed in the matrix that bonded the soil parti-
cles to each other. As the amount of GGBS increased, the binder
matrix became denser, as it is quite obvious in themicrostructure of
the sample M100A90, soil particles were connected to each other
more integrally through N-A-S-H and (N, C)-A-S-H gels which was
also observed in ternary diagram. By increasing the amount of
GGBS in the binder composition, as seen in the FESEM micrograph
of sample M30O90, the microstructure became denser and the
formation of C-(A)-S-H and (N, C)-A-S-H gels was highly probable.
As the amount of GGBS increased to 100% in the sample M100O90,
structural cracks were seen in the matrix. These microcracks might
be formed due to the formation of two or more kinds of gels in the
microstructure. These gels are not integrated with each other and
therefore cannot form a more compact microstructure. In addition,
as the amount of GGBS increases, the amount of excess calcium in
the reaction medium hinders the mobility of ions and polymer
chains formation, resulting in the rapid precipitation of alumino-
silicate gel. The precipitated gel consequently induces a micro-
structural stress in the geopolymeric network, leading to strength
reduction (Qiu et al., 2019).

EDS results attained for multiple points (i.e. excluding the
unreacted particles) of the various stabilized samples, including
M0A90, M30A90 and M100A90, are indicated in Fig. 10. Silicon,
calcium and aluminium contents of multiple points of the samples
Fig. 10. Elemental mapping of the mi
are reported, renormalized on an oxide basis to 100% for being
plotted on the ternary diagrams (i.e. disregarding the other existing
elements). These plots vividly show the shifting in gel composition
across different VA/GGBS ratios. The cluster of blue rectangular
shapes corresponds to samples M0A90 whose detected binding
phase is N-A-S-H, the famous geopolymer-type gel. The cluster of
rectangular shapes refers to samples M30R90 whose detected
binding phase is a type of gel with some contents of calcium that
can be related to Ne(C)eAeSeH gel. In other words, some of the
Naþ ions may have been replaced with Ca2þ ions resulting in the
formation of a low-calcium gel. These findings are similar to the gel
reported in a research for the specimenwith combination of 75% fly
ash with 25% GGBS (Ismail et al., 2014). The cluster of circles cor-
responds to multiple points of sample M100A90 whose observed
binding phase is C-A-S-H resulting from the alkali activation of
GGBS.

Among the stabilized soil samples, the sample M30O90
showed the highest compressive strength. Therefore, the
elemental distribution mapping of this sample is shown in Fig. 10.
A relatively uniform distribution of calcium, aluminium, sodium
and silicon elements is observed, which is related to the proper
formation of C-(A)-S-H and N-A-S-H gels in the geopolymer
structure.

Fig. 11 depicts the FESEM micrographs of samples L30A90,
M30A90, H30A90, L30O90, M30O90 and H30O90. Based on the
results of unconfined compression tests, the compressive strength
of the samples with VA/GGBS of 70/30 cured for 90 d in AC con-
dition increasedwith increasing L/S ratio. As observed in the FESEM
micrograph of the sample L30A90, the microstructure consisted of
CeSeH and N-A-S-H gels. As mentioned earlier, the weaker
strengths of samples with an L/S ratio of 0.18 can be related to the
hindered geopolymerization reactions due to the high amount of
unreacted precursor materials. This is supported by the FESEM/EDS
analysis shown in Fig. 12. As can be seen, the chemical composition
in the marked regions is close to that of the raw materials. More-
over, as argued in Section 4.1.1, the formation of small pores due to
thewater released during geopolymerization reactions is one of the
important reasons responsible for the strength reduction of the
samples. This is clearly observed in Fig. 13, in which small pores are
shown by circles.

In the sample M30A90, the amount of N-A-S-H gel was
increased which was due to the increment in the L/S ratio from 0.18
to 0.22. The sample H30A90, inwhich the L/S ratiowas 0.26, most of
crostructure of sample M30O90.



Fig. 11. FESEM micrographs of samples (a) L30A90, (b) M30A90, (c) H30A90, (d) L30O90, (e) M30O90 and (f) H30O90.

Fig. 12. FESEM/EDS analysis of samples (a) L30O7 and (b) L30A7 prepared with L/S ratio of 0.18.
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Fig. 13. FESEM micrograph of a 28-d cured geopolymer sample prepared with L/S ratio
of 0.18.
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formed binding phase is N-A-S-H gel, suchmorphology for N-A-S-H
gel has already been reported in a previous research (Tambara
Júnior et al., 2018). The obtained micrographs elucidate the
compressive strength development of the mentioned samples. As
previously discussed, in the case of samples cured in oven for 90 d
with VA/GGBS of 70/30, increasing the L/S ratio from0.18 to 0.22 led
to strength increase, while increasing this ratio to 0.26 decreased
the compressive strength. In FESEM micrograph of the sample
L30O90, it can be seen that most of the binding phase formed are
CeSeH and C-A-S-H gels and small traces of N-A-S-H gel are seen in
the microstructure. In the sample M30O90, the dominant binding
phase observedwas N-A-S-H gel whichwas due to the increment of
L/S ratio from 0.18 to 0.22. In the sample H30O90, in which the L/S
ratio was 0.26, CeSeH gel became the dominant gel due to the
degradation of the structure of N-A-S-H gel caused by the disso-
lution of its structural alumina in the severe alkaline environment
leading to strength decline.
Fig. 14. Sustainability analysis of (a) embodied c
4.3. Carbon footprint evaluation

Embodied carbon and carbon index (CI) of the 28-d cured
samples are demonstrated in Fig. 14. As observed, among the ma-
terials used for the sample preparation, NaOH is responsible for the
highest CO2 emission; however, the technology of producing NaOH
is in progress. In 2013, the manufacture of more ecofriendly NaOH
in Malaysia was reported, which can have a remarkable role in the
geopolymer industry development. Moreover, replacing VA with
GGBS resulted in lower carbon embodied and subsequently lower
CI values which indicate the better sustainability of the samples
containing more GGBS and less VA.

5. Conclusions

Lime and Portland cement are the most widely used binders in
soil stabilization projects. However, due to the high carbon emis-
sion in cement production, research on soil stabilization by the use
of more environmentally-friendly binders with lower carbon
footprint has attracted much attention in recent years. This
research investigated the potential of using alkali-activated GGBS
and VA as green binders in soil stabilization projects, which has not
been studied before. According to the results, the following main
conclusions could be drawn:

(1) Increasing the L/S ratio had different results at different
curing times and conditions, but generally it can be
concluded that higher L/S ratios had detrimental impacts on
the strengths of samples in OC condition, while at AC con-
dition, higher L/S ratios led to the strength development
particularly at longer durations of curing.

(2) Using a proper combination of VA with GGBS provided suf-
ficient amounts of calcium, silicon and aluminium, leading to
the formation of N-A-S-H and C-(A)-S-H gels. The coexis-
tence of these gels filled the holes in the 3D material
arbon and (b) CI for the 28-d cured sample.
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network, resulting in a denser and stronger matrix and
consequently higher strength values.

(3) VA requires higher temperatures to become activated, while
GGBS has a desirable reactivity at ambient temperature,
utilizing a mixture of these two materials enabled them to
become applicable inwider ranges of temperatures including
ambient temperature. The difference between the strength
values of 7-d and 28-d cured samples at AC condition
decreased by increasing the GGBS content from 0% to 45%,
which implies the accelerated reactions kinetics as a result of
providing additional nucleation sites for the precipitation.

(4) The ambient-cured samples with the GGBS content of zero
did not meet the strength requirements after being exposed
to W-D cycles. However, by the introduction of GGBS and
taking advantage of a proper combination of VA AND GGBS,
the samples cured in both conditions could favourably resist
against all 12 W-D and F-T cycles and met the minimum
strength of 2.068 MPa specified by PCA (1992) for cement-
stabilized base and subbase.

(5) XRD patterns confirmed that introducing GGBS weakens the
intensity of the crystalline phase peaks and increases the
amount of amorphous phase. However, changing the curing
condition apparently does not affect the crystalline parts of
the geopolymer confirming that the observed changes in
strength values are due to the changes in the amorphous
phase.

(6) FESEM/EDS analysis confirmed the formation N-(C)-A-S-H
gel in the presence of a proper combination of VAwith GGBS,
accounting for the strength development with the intro-
duction of GGBS.

(7) Replacing VA with GGBS brought about lower carbon
embodied and consequently lower carbon index (CI) values
which indicates the better sustainability of the samples
containing more GGBS and less VA.
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