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Abstract

This study investigates the stabilization performance of clayey soil treated with alkali-activated hybrid slag/cement. Sodium silicate (SS)
and sodium hydroxide (SH) are used as alkali activators, whereas ground blast furnace slag (GGBS) and ordinary Portland cement (OPC)
are used as sources of aluminosilicate. A total of 27 different types of mixtures are used for stabilization. Unconfined compressive
strength (UCS) of untreated clay and stabilized soils are performed atimmediately, 3-, 7-, 28-, and 90 days curing times under air-dried
and wet-cured conditions. In addition, 90-d volume and mass changes in the samples are measured. Stabilized samples with an SS/SH
ratio of 1 under air-dried conditions reveal moistening at early curing ages (<28 days); afterward, sodium carbonate crystals appear in
these samples at longer curing ages. Geopolymer-treated clayey soil exhibits lower volumetric and mass changes compared with OPC.

Most of the stabilized clayey soil with alkali-activated hybrid slag/cement exhibits higher strength compared with OPC under air-dried

and wet-cured conditions.
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1 Introduction

Today, the need for new construction with different prop-
erties and sizes has increased with the human population
and technology development. Owing to the increasing
building stock, unproblematic soil areas have gradually
decreased, thus necessitating building structures on soft
and weak soils. In particular, clayey soils can cause several
constructional problems because of their negative prop-
erties, such as high compressibility, dispersibility, low
strength, and high volumetric change. Lime and cement
is used frequently in the stabilization of clayey soils in
field works [1]. The use of cement has numerous disad-
vantages, particularly its adverse environmental effects.
Cement production causes destruction of nature, reduc-
tion in natural resources, use of fossil fuels, and carbon
dioxide (CO,) emissions, thereby contributing to global
warming [2]. Reportedly, 8% of global CO, emissions is
associated with the cement industry [3]. As per estimates,
approximately 0.8—1.0 tons of CO2 are emitted into the
atmosphere per ton of cement production [4, 5]. CO, is
the primary greenhouse gas that causes global warming

owing to human activity [6]. The Paris Agreement was
signed to mitigate global warming within certain lim-
its and entered into force in 2016 [7]. This agreement
aims to reduce emissions as soon as possible and bal-
ance greenhouse gases in the second quarter of the 21st
century [7]. Within the framework of this agreement,
countries have begun to take precautions to reduce CO,
emissions. This situation also affects the cement indus-
try, and the search for alternative materials for cement
has accelerated. Research on geopolymers as alterna-
tives to cement has been recently conducted. Similarly,
geopolymer binders are being investigated as alterna-
tives to cement for soil stabilization [8—10]. In ordinary
Portland cement (OPC), the chemical process is hydration,
whereas in geopolymers, the chemical process is geopoly-
merization. Geopolymerization is a reaction that creates
a material called geopolymer in an amorphous polymeric
structure with Si-O-Al-O-Si bonds by dissolving alumi-
nosilicates in a high-density alkali solution [11]. Ground
granulated blast slag (GGBS), fly ash, volcanic ash, palm
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oil fuel ash, rice husk ash, ferrochrome slag, sugarcane
bagasse ash, and glass powder are materials with rich alu-
minate-silicate content [12]. The most commonly used
alkali activators are sodium hydroxide (NaOH), potas-
sium silicate (K,SiO,), potassium hydroxide (KOH), and
sodium silicate (Na,SiO,); these activators can be used
alone or in combination [13]. In this study, Na,SiO, and
NaOH were used as alkali activators. Generally, GGBS
is used as an alternative to cement in terms of cost, envi-
ronment, and CO, emission. In soil stabilization, GGBS is
used alone or in combination with cement [14], lime [15],
fly ash [16], carbide sludge [17], magnesia [18], coir
fiber [19], and alkali activators. NaOH and Na,SiO, are pre-
dominantly used as activators in most studies. Much of the
stabilization work with the activator has been performed
on clay soils. Moreover, activators have also been applied
to silt [20], silty sand [21], and sandy soils [22]. The curing
temperatures in soil improvements using alkali activators
are usually between 20 and 30 °C degrees. In some stud-
ies, the curing temperature was maintained high (50 °C
and above); these studies reported that the unconfined
compressive tests (UCS) value increased with increasing
curing temperature [23]. A decrease in the permeability
value, volumetric compressibility, and degree of swell-
ing and shrinkage was observed in stabilized soils with
alkali activation [21, 24, 25]. Similarly, some studies have
reported that LL and PI values decrease in stabilized soils
with an alkali activator [26, 27]. In addition, an increase
in the UCS values of stabilized clayey soils with an alkali
activator has been observed [8, 10, 28]. Geopolymer stud-
ies are generally conducted to produce environmentally
friendly concretes. However, studies on the use of geo-
polymers in soil stabilization are limited and continue to
be developed. Factors such as the soil and activator types,
activator ratios, curing conditions and temperature, alu-
minosilicate sources, activator/precursor ratios, and acti-
vator/soil ratios can influence the geopolymer application
procedure to soils.

This study investigates the effectiveness of geopolymers
formed by the alkali activation of GGBS and GGBS + OPC
in stabilizing high-plasticity clay. Herein, SS/SH ratios of
1, 3, 5, and 7 were used as alkali activators. The amount of
alkali activator used was 10 wt% of the clay. The amount of
GGBS + OPC used was 20 wt% of the clay. Among these
mixtures, 20, 18, 16, and 12% were GGBS, and the rest
were OPC. The stabilized soils were cured under two con-
ditions: air-dried and wet-cured. The curing times of the
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treated soils were determined 0 (immediately), 3, 7, 28, and
90 days. The stabilization performances of treated clays
with 27 different mixtures were compared with each other,
untreated clay, and with OPC.

2 Material

2.1 Soil

In this study, Ukrainian clays, which show fine-grained and
mainly kaolinitic properties, were used. These clays are
located in the Donbas (Donetsk) basin of Ukraine. The basin
consists of Miocene sedimentary deposits [29]. Ukrainian
clays have high clay mineral content [30]. The basic engi-
neering and physical properties of the clay used in the study
were determined by laboratory studies (Table 1). According
to the sieve and hydrometer analysis, the soil contained 3%
sand, 29% silt, and 68% clay, as shown in Fig. 1 [31, 32].

Table 1 Engineering properties of clay soil

Properties of Clay Value

Particle size distribution

Gravel size (%) 0
Sand size (%) 3
Silt size (%) 29
Clay size (%) 68
Atterberg's limits

Liquid limits (%) 57
Plastic limits (%) 26
Plasticity index (%) 31
USCS Classification CH
AASTHO Classification A-7-6

Compaction characteristics

Maximum dry unit weight (kN/m?) 15.4
Optimum water content (%) 23.6
UCS for samples molded at MDD and OWC (kPa) 346.6
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Fig. 1 Particle size distribution of the clay soil



262 Yildirim et al.
Period. Polytech. Civ. Eng., 68(1), pp. 260-273, 2024

The liquid limit and plastic limit were determined at 57%
and 26%, respectively [33]. The clay used in the study was
classified as high plasticity (CH) and A-7-6 according to
USCS (Unified Soil Classification System) and AASHTO,
respectively [34, 35]. The specific gravity of the clay was
determined to be 2.67 [36]. The standard proctor compac-
tion tests were performed to determine the optimum water
content (OWC) and maximum dry density (MDD) of the
clay [37]. The OWC and MDD of the clay were determined
23,6% and 15,4 kN/m?3, respectively. The untreated clay
samples were prepared under OWC and MDD conditions,
and UCS tests were conducted immediately. The UCS tests
were conducted based on ASTM D2166 [38]. The UCS test
results of untreated soil samples were found 346.6 kPa.
The chemical properties of the clay were shown in Table 2.
It was seen that the chemical structure of the clay is mainly
composed of SiO, and Al,O,.

2.2 Binding stabilizing agents
In this study, alkali-activated hybrid cement was used
to stabilize the clay. Ground blast furnace slag (GGBS)
was used as slag, and 42.5 R ordinary Portland cement
(OPC) was used as cement. Sodium hydroxide (NaOH)
and sodium silicate (Na,SiO,) were used as the alkali acti-
vators. The GGBS was provided by Eregli Iron and Steel
Factories located in Eregli, Turkey. The physical properties
and chemical composition of GGBS and OPC were repre-
sented in Table 2. The specific gravity of OPC and GGBS
were found to be 3.14 and 2.3, respectively. The OPC has
a blain-specific surface of 3612 cm?/g and a GGBS specific
surface area of 4341 ¢cm?/g. GGBS and OPC are mainly
composed of SiO,, CaO, and Al,O,, but the amounts of
these components are different. GGBS and OPC materi-
als used in the study were compared, and it was seen that
GGBS has higher SiO,, Al,O,, and MgO contents.
Different ratios of sodium silicate to sodium hydrox-
ide solutions were used for the alkali activation of mix-
tures. Sodium silicate is the common name for a chem-
ical compound with the general formula Na,(SiO,) O.
The most well-known member is meta silicate (Na,SiO,).
The sodium silicate used in the study is in liquid form and
is also known as water glass or liquid glass. It consists of
8% Na,0, 27% Si0,, and 65% H,0. Sodium silicate (SS) is
colorless and has a molecular weight of 122.06 g/mol and
a density of 1.35 g/cm?. Sodium hydroxide is an inorganic
and strong base consisting of Na+ and OH- ion (NaOH)
and is also known as soda caustic. The sodium hydroxide

Table 2 Physical properties and chemical composition of
OPC, GGBS, and clay

Properties OPC GGBS Clay
Chemical composition (%)

SiO, 19.82 34.25 59.71
ALO, 4.83 12.30 27.20
Fe,0, 3.06 1.44 0.96
CaO 62.55 30.81 0.44
MgO 1.60 9.35 0.49
SO, 3.03 0.62 -
Na,O 0.38 0.45 0.41
K,0 0.86 0.78 1.81
TiO, - 1.34 1.31
Mn, O, - 4.01 -
Loss on Ignition 3.02 0.00 -
Physical properties

Specific gravity 3.13 2.90 2.67
Blaine Specific Surface (cm?/g) 3612 4341 -
Residue on 0.045 mm sieve (%) 0.50 1.00 -
Residue on 0.09 mm sieve (%) 0.00 0.00 -

(SH) used in this study was in the pellet (a flaked solid at
room temperature) form and had a molecular weight of
40 g/mol and a density of 2.13 g/cm3.

2.3 Sample preparation and unconfined compressive
strength (UCS) test

The high plasticity clay used in the study was first dried
in an oven at 105 °C for 24 h and then ground into pow-
der form. To stabilize the clay, OPC, GGBS, and activators
(SS and SH) were mixed at 28 different ratios. The mix-
tures used in the study are expressed using concise and
easy-to-understand notations. The designed notation sys-
tem defined GGBS with 'S, cement with 'C', geopoly-
mer with 'GP, sodium silicate with 'SS', sodium hydrox-
ide with 'SH', and the ratio of sodium silicate to sodium
hydroxide with 'R'. The numbers in the notations (exclud-
ing R: SS/SH) indicate the percentage of binding agents
in the mixture. The details of the mixtures and notations
of the quantity combinations of the samples are listed in
Table 3. The amount of alkali activator used was 10 wt%
of the clay. Four combinations of the alkali activators were
used; these combinations were in the form of SS/SH ratios
(SS/SH =1, 3, 5, and 7). Standard proctor compaction tests
were performed on 28 mixtures, as listed in Table 3, and
the MDD and OWC values were determined. The required
materials for the mixtures (dry clay, GGBS, OPC, SS, SH,



and water) were prepared considering the weight percent-
ages in Table 3. The required materials for the mixtures
(dry clay, GGBS, OPC, SS, SH, and water) were prepared
considering the weight percentages in Table 3. First, dry
clay and mixtures (without an alkali activator) were pre-
pared and mixed for homogenization. NaOH was placed
in the bottle with the water calculated from the OWC and
subsequently shaken continuously by hand. After the lig-
uefied NaOH solution was cooled, sodium silicate was
slowly added. The solutions were maintained for a min-
imum of 24 h in an airtight container at 21 °C (+ 2 °C)
before use. Given that the temperature of the resulting solu-
tion increases after NaOH is dissolved in water, the solu-
tions must be cooled to room temperature before use [39].
The solutions were mixed homogeneously with the other
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components, as presented in Table 3. The samples were pre-
pared using cylindrical molds, with a diameter of 50 mm
and height of 100 mm, for the UCS test of the mixtures
listed in Table 3. All the samples were manually compacted
into three layers. Subsequently, the samples were removed
from the molds and divided into two groups: air-dried and
wet-cured (ambient temperature of 21 °C = 2 °C). The wet-
cured samples were wrapped in a plastic film to maintain
their water content until the day of UCS testing. Both the
air-dried and wet-cured samples were kept in a closed envi-
ronment without light. After the curing time was complete,
the samples were unwrapped and the UCS test was con-
ducted on both air-dried and wet-cured samples at curing
times of immediately, 3, 7, 28, and 90 days.

Table 3 The proportions of the mixture used and their notations

Mix # Notations (Mix Symbol) Clay (wt%) GGBS (wt%) OPC (Wt%) SS (Wt%) SH (wt%) Ratio (R:SS/SH)
1 S00_C0_GP00_RO 100 0 0 0 0 -
2 S20_C0_GP00_RO 100 20 0 0 0 -
3 S20_C0_GP10_R1 100 20 0 5 5 1
4 S20_C0_GP10_R3 100 20 0 7.5 25 3
5 S20_CO0_GP10_R5 100 20 0 8.333 1.667 5
6 S20_CO0_GP10_R7 100 20 0 8.75 1.25 7
7 S18_C2_GP00_RO 100 18 2 0 0 -
8 S18_C2_GP10_RI 100 18 2 5 5 1
9 S18_C2_GPI10_R3 100 18 2 7.5 2.5 3
10 S18_C2_GP10_R5 100 18 2 8.333 1.667 5
11 S18_C2_GPI10_R7 100 18 2 8.75 1.25 7
12 S16_C4_GP00_RO 100 16 4 0 0 -
13 S16_C4 GP10_RI 100 16 4 5 5 1
14 S16_C4 GP10_R3 100 16 4 75 2.5 3
15 S16_C4 _GP10_RS5 100 16 4 8.333 1.667 5
16 S16_C4_GP10_R7 100 16 4 8.75 1.25 7
17 S12_C8_GP00_RO 100 12 8 0 0 -
18 S12_C8 GP10_R1 100 12 8 5 5 1
19 S12_C8_GP10_R3 100 12 8 7.5 25 3
20 S12_C8_GP10_R5 100 12 8 8.333 1.667 5
21 S12_C8 GP10_R7 100 12 8 8.75 1.25 7
22 S00_C5_GP00_RO 100 0 5 0 0

23 S00_C10_GP00_RO 100 0 10 0 0 -
24 S00_C15_GP00_RO 100 0 15 0 0 -
25 S00_C0_GP10_R1 100 0 0 5 5 1
26 S00_C0_GP10_R5 100 0 0 7.5 25 3
27 S00_CO0_GP10_R3 100 0 0 8.333 1.667 5
28 S00_C0_GP10_R7 100 0 0 8.75 1.25 7

Note: S= Ground Granulated Blast Furnace Slag; C= Cement (Ordinary Portland Cement); SS= Sodium Silicate; SH= Sodium Hydroxide;
GP= Geopolymer (SS and SH); Ratio= Sodium Silicate/Sodium Hydroxide Ratio (R: SS/SH).
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3 Results and discussion

UCS tests were completed on air-dried and wet-cured spec-
imens at 0-, 3-, 7-, 28-, and 90 days curing times for all
mixtures. The UCS time-dependent compressive strength
development, mass, and volumetric percentage changes of
the mixtures listed in Table 3 were examined and compared.

3.1 Compressive strength development

The time-dependent changes in the UCS values of the
untreated clay and the stabilized samples with 5, 10, and
15% OPC are illustrated in Fig. 2(a) and (b). Under air-
dried conditions at the end of 90 curing days, the UCS
values of samples untreated and stabilized with 5% OPC,
10% OPC, and 15% OPC were 1019, 2149, 2978, and
3466 kPa, respectively. In the same order, under wet-cured
conditions, the UCS values were 464.2, 1703, 2059, and
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2450 kPa. According to the UCS results for air-dried and
wet-cured conditions, the UCS value increased with the
amount of OPC. Most of the strengths of the stabilized
samples with OPC were completed in 28 days. The UCS
values of untreated clay at immediately, 3, 7, 28, and 90
curing times were 346.6, 502.7, 684.7,974.2, and 1019 kPa
under air-dried conditions, and 346.6, 363.1, 371, 393.6,
and 464.2 under wet-cured conditions. Under wet-cured
conditions, the UCS values of the untreated clay increased
by a small amount over 90 days. Stabilized samples with
15% OPC exhibited 3.40 times more strength under air-
dried conditions and 5.28 times under wet-cured condi-
tions compared with the untreated clay. Thus, stabiliza-
tion with cement was proportionally more effective in
the samples in the wet-cured conditions compared with
the samples in the air-dried conditions. Fig. 2(c) and (d)
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Fig. 2 Time-dependent compressive strength development of untreated and treated clay samples under air-dried and wet-cured conditions; (a-b) OPC,
(c-d) binary GGBS + OPC mix, and (e-f) only alkali activator




illustrate the UCS values of the stabilized soil with mix-
tures of GGBS + OPC (different proportions) of 20 wt%
of the clay. The UCS values of the stabilized samples with
mixes S12_C8 GP00 RO, S16_C4 GP00_RO, S18 C2
GP00_RO, and S20_C0_GPO00_RO under air-dried condi-
tions at the end of 90 curing days were 2680, 2147, 1887,
and 1503 kPa, respectively. In wet-cured conditions, the
UCS values of the same samples were 1989, 1480, 1252,
and 831.8 kPa, respectively. The UCS value of the sample
increased as the amount of OPC in the GGBS + OPC mix-
ture increased. In this group, the highest UCS values were
observed in the stabilized samples with S12_C8 GP00
RO mixture under air-dried and wet-cured conditions.
This mixture was followed by mixes S16_C4 GP00_ RO,
S18 C2_GP00 RO, and S20 CO_GP00_RO. Accordingly,
the effect of GGBS alone on the stabilization of the clayey
soil was lower than the other mixtures. In the stabilized
samples with GGBS 20 wt% of the clay, the UCS value
increase was observed 1.47 times in air-dried conditions
and 1.79 times in wet-cured conditions compared with
untreated soils. In soil stabilization studies using GGBS,
it has been reported that the use of GGBS relatively
increases the UCS value of the soil [40, 41]. In addition,
the effectiveness of soil stabilization using only an alkali
activator was investigated. The amount of alkali activator
used (SS/SH ratio = 1, 3, 5, and 7) was 10 wt% of the clay.
The UCS results for the stabilized samples with only alkali
activators are shown in Fig. 2(e) and (f). The UCS values
of untreated clay samples at the 90-day curing times were
found 1019 kPa under air-dried conditions and 464.2 kPa
under wet conditions. On the other hand, the UCS values
of the stabilized samples with SO0_C0_GP10_R1, S00
CO0_GP10_R3, S00_C0O_GP10_RS, and S00_CO_GP10_
R7 at the 90 days curing times were found 1054, 1090,
1149, and 1090 kPa under air-dried conditions and 479.7,
494.8, 526.1, and 493.4 kPa under wet-cured conditions,
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respectively. The UCS values of the stabilized samples
with only alkaline activators showed a slight increase.
Alkaline activators can dissolve some of the Al and Si in
the soil. Similarly, Al and Si in the soil used in the study
showed a low alkaline reaction. SS and SH alone did not
effectively stabilize the clayey soil. Significant increases
in UCS values were observed when GGBS was added
to the samples. Similarly, Pourakbar et al. [42] reported
a slight increase in strength in samples prepared with only
NaOH and KOH.

Photographs of the stabilized samples with an SS/SH
ratio of 1 under air-dried conditions are shown in Fig. 3.
The samples were prepared under the same conditions
as those of the others. Photographs of the samples were
taken 90 days after preparation. After the samples were
prepared, the surface was observed to be moistened;
this moistening decreased with time and crystalliza-
tion occurred subsequently. Fourier transform infrared
(FTIR) spectroscopy analysis was performed to iden-
tify the crystal formation observed in the stabilized sam-
ples. The FTIR spectra of the crystals formed on the
samples are shown in Fig. 4. A comparison of the FTIR
spectrum data with the literature revealed that the crys-
tals formed on the samples were compatible with sodium
carbonate monohydrate (Na,CO,.H,0) [43]. The amount
of SH (NaOH) in the stabilized samples with an SS/SH
ratio of 1 was higher than that of the other SS/SH ratios.
Owing to the excess amount of NaOH in these samples,
the entire mixture did not participate in the geopoly-
mer formation reaction; some remained in the environ-
ment. Unreacted NaOH absorbed humidity from the air
in the early stages, and then it reacted with CO, in the
air and formed Na,CO,.H,O crystals. Among the sam-
ples in Fig. 3, the highest crystallization was observed in
the stabilized samples containing the soil + alkali acti-
vator, that is, samples without an aluminosilicate source.

W i
$518_ C2 GP10_R1

1=
$516_C4 GP10_R1

Fig. 3 Crystallization effect of stabilized samples with SS/SH ratio 1
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Fig. 4 FTIR spectra of crystals observed in samples

Conversely, the least crystallization was observed in the
sample containing 100% GGBS. Thus, with the increas-
ing amount of slag, SH was used more in the geopoly-
mer formation; with the decreasing amount of slag, SH
was used less, and the unused SH turned into sodium car-
bonate monohydrate crystals. Zheng et al. [44] and Singh
et al. [45] reported that sodium carbonate crystals unsta-
bilize the structure and reduce the mechanical strength.
Sodium carbonate crystallization in the samples shown in
Fig. 3 negatively affected the samples' UCS values. Given
that crystallization took place on the contact surface with
air, crystallization occurred only on the surface of the
samples and not in the inner parts. No crystallization was
observed in the samples wrapped with stretch film that
prevented air contact. This is another indication that crys-
tallization occurred through the reaction of NaOH with
CO, in the environment. Sodium carbonate increases the
pH level of the soil. With the increase in the pH level,
the ground exhibits alkaline properties. Furthermore, the
high amount of sodium carbonate crystals in solid form
has potentially harmful and relatively toxic properties in
terms of health and the environment.

Fig. 5(a) and (b) illustrate the time-dependent UCS
graphs of untreated clay, stabilized samples with GGBS
20 wt% of clay, and stabilized samples with alkali activa-
tor (SS/SH ratio = 1, 3, 5, and 7) and GGBS 20 wt% of clay.
The UCS values of the stabilized samples with S20 CO_
GP00_RO, S20 CO GP10_R1, S20 CO GP10 R3, S20
CO0_GP10_RS5, and S20_CO_GP10_R7 under air-dried con-
ditions at the end of 90 curing days were 1503, 3000, 3490,
3768, and 3618 kPa, respectively. In wet-cured conditions,
the UCS values of the same samples were 831.8, 2209,
2293, 2598, and 2482 kPa, respectively. In this group, the
stabilized samples with an SS/SH ratio of 5 and GGBS
20 wt% of clay (S20 CO_GP10_R5) exhibited the high-
est UCS values under air-dried and wet-cured conditions.

The UCS values of stabilized samples with S20 CO_
GP10_RS (mix symbol) increased 3.7 times in air-dried
conditions and 5.6 times in wet-cured conditions compared
with untreated clay. In this group, where GGBS 20 wt% of
clay was used as precursor, the UCS increase rate of the
stabilized sample with SS/SH ratio of 7 and 3 was con-
siderably close to the stabilized sample with SS/SH ratio
of 5. The UCS values of the stabilized samples without the
alkali activator were lower than those with the alkali acti-
vator. In this group, the UCS values of stabilized samples
with SS/SH ratio of 1 were lower than those with alkali
activators in the 28 days curing time on air-dried condi-
tions. Meanwhile, the degree of strength gains between 28
and 90 days was higher than the stabilized samples with
the other alkali activator. This situation can be explained
by the moistening of the sample due to the high amount
of NaOH in the alkali activator. These samples absorbed
humidity from the air, particularly in the initial days after
preparation. In the following days, the humidity gradually
decreased, and sodium carbonate crystals were formed on
the surface of the samples. This situation was not observed
under wet-curing conditions. Fig. 5(c) and (d) illustrate the
time-dependent UCS values when 18% GGBS + 2% OPC
was used as the precursor, and Fig. 5. ¢ and f illustrate the
time-dependent UCS values when 16% GGBS + 4% OPC
is used as the precursor. The SS/SH ratios used were 1,
3, 5, and 7 in both groups. The variation of time-depen-
dent UCS values of the stabilized samples of these groups
was similar to each other. After 90 days curing in both
groups, the highest UCS value was obtained in the sam-
ples stabilized with an SS/SH ratio of 5. In the group using
18% GGBS + 2% OPC as the precursor, the UCS values
of stabilized samples with S18 C2 GP10 RS5 under air-
dried and wet conditions at the end of 90 days curing times
were 3884 and 2747 kPa, respectively. At the same cur-
ing time, in the group using 16% GGBS + 4% OPC as the
precursor, the UCS values of the stabilized samples with
S16_C4 _GP10_5 under air-dried and wet conditions were
4061 and 2956 kPa, respectively. The UCS values of the
stabilized samples with S16_C4 GP10_RS5 increased 3.99
times in the air-dried conditions and 6.37 times in the wet-
cured conditions compared with the untreated samples.
The UCS values of the stabilized samples with S18 C2
GP10_RS increased 3.8 times in the air-dried conditions
and 5.9 times in the wet-cured conditions compared with
the untreated samples. Fig. 5(g) and (h) illustrate time-de-
pendent UCS changes of the stabilized samples using 12%
GGBS + 8% OPC as the precursor under air-dried and
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wet-cured conditions. Accordingly, the UCS values of the
stabilized samples with S12_C8 GP RO, S12 C8 GP RlI,
S12_C8 GP R3, S12 C8 GP_RS5, and S12_C8_GP_R7 at
the end of 90 days curing times were 2680, 2601, 3306,
3560, and 3440 kPa under air-dried conditions and 1989,

1905, 1956, 2461, and 2172 kPa under wet-cured condi-
tions, respectively. Stabilized samples in this group showed
the highest UCS values in the samples with an alkali acti-
vator ratio (SS/SH) of 5, as in the other groups. Owing to
the high amount of cement in this group, the stabilized



Yildirim et al.
Period. Polytech. Civ. Eng., 68(1), pp. 260-273, 2024

268

samples without an alkali activator exhibited relatively
high UCS values. The UCS values in Fig. 5 show that the
grade of strength gains of the samples in wet-cured con-
ditions was proportionally higher than those in air-dried
conditions. The UCS values of the stabilized samples with
an SS/SH ratio of 5 in all groups exhibited the highest UCS
values at the 90 days curing times, followed by the SS/SH
ratios of 7, 3, and 1. In both air-dried and wet-cured condi-
tions, the UCS values increased with the increase in cur-
ing time in all mixtures, as was also observed in previous
studies [8, 9, 14].

Fig. 6 shows the UCS test results of stabilized samples
with 10% OPC, 15% OPC, and alkali activators under air-
dried and wet-cured conditions at 28- and 90-days cur-
ing times. The UCS values of the samples stabilized with
10% OPC were lower than those of the samples stabilized
with alkali activators under air-dried conditions at the
end of 90 curing days. Similarly, under wet-cured condi-
tions, the UCS values of the stabilized samples with 10%
OPC were lower than those with other alkali activators,
except for the S12_C8 GP10_R3 mixture. Under air-dried

conditions at the end of 90 curing times, the UCS test
results of stabilized samples with 15% OPC were slightly
higher than those of the stabilized samples with S12_C8
GP10_R7 and S12_C8 GP10_R3; however, the UCS val-
ues were lower than those of the other mixtures (Fig. 6).
When the UCS values of the stabilized samples with 10%
OPC and 15% OPC were compared with those of the sta-
bilized samples with an alkali activator of SS/SH ratio of
1, the UCS values of the stabilized samples with 15% OPC
were higher under air-dried and wet-cured conditions, and
the stabilized samples with 10% OPC demonstrated better
results than the others, expect for stabilized samples with
S20 CO_GP10_R1 under air-dried conditions. The UCS
values of the stabilized samples with 5% OPC were lower
than those with alkali activators. It has been reported that
the rate of strength gain of soil stabilized with activators
develops more slowly than soils stabilized with OPC [46].
Similarly, in this study, although the rate of strength gain
of the samples stabilized with alkali activators was slower
than that of OPC, most of the samples exhibited higher
strength over the long term.
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Fig. 7 shows the percentage changes between the UCS
values of the clay and stabilized samples at 28 to 90 days
curing times. In all mixtures, the UCS value increased when
the curing time increased from 28 to 90 days. The UCS
percentage change of untreated clay between 28—90 days
under air-dried conditions was lower than that of all other
mixtures. The increase in the UCS values of the stabilized
samples with OPC and GGBS + OPC were approximately
close to each other. The percentage changes in the UCS val-
ues of the stabilized sample groups with the GGBS + OPC
+ alkali activator between the 28- and 90 days curing times
were higher than those of the other groups. The percentage
change in the UCS value between 28- and 90 days curing
times decreased as the SS/SH ratio increased. Similarly, in
stabilizations with OPC, as the amount of OPC increased,
the percentage change in the UCS value decreased. In the
stabilized sample groups with the alkali activator, the high-
est percentage changes in the UCS values were observed
in the stabilized samples with an SS/SH ratio of 1. This
is because as the amount of NaOH in the alkali activator
was high, the prepared sample absorbed moisture, and the
water content increased partially. The percentage of UCS
change was higher between 28 and 90 days in the wet-
cured samples than in the air-dried samples.

3.2 Mass and volumetric change

Volume and mass changes of untreated and stabilized sam-
ples were investigated during the 90 days curing period.
Fig. 8. a demonstrates the percentage changes in the volume
of untreated clay and stabilized samples. The untreated
samples under air-dried conditions exhibited the highest
percentage changes in volumetric and mass. The percent-
ages of volumetric change of the untreated clay and sta-
bilized samples with only alkali activators were close to
each other in air-dried and wet-curing conditions. In the
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stabilized sample groups with GGBS + OPC, the percent-
age of volume change was high in air-dried conditions.
In this group, the volume changes in the stabilized samples
under wet-cured conditions were close to that of untreated
clay. The percentage of volume change in stabilized sam-
ples decreased as the amount of OPC increased. The vol-
ume changes of the stabilized sample groups with GGBS +
OPC + alkali activators were lower than those with OPC.
As the SS/SH ratio increased, the volumetric variation of
the stabilized samples increased. The volumetric change of
the stabilized samples with an SS/SH ratio of 1 had the low-
est percentage. Different volume changes were exhibited
depending on the type and amount of activators and pre-
cursors. Low-volume changes have been reported in soil
stabilization studies using alkaline activators [24, 47, 48].
Fig. 8(b) demonstrates the percentage changes in the mass
of untreated clay and stabilized soils. The mass change
characteristic of the untreated clay and stabilized sample
groups was similar to the volumetric change. The stabi-
lized samples with SS/SH ratios of 1 have been observed to
have higher water contents than the others. The volumetric
and mass changes of stabilized samples with GGBS + OPC
+ alkali activators were lower than those with OPC.

4 Conclusions

This study investigated the effectiveness of alkali-acti-
vated hybrid slag/cement in stabilizing clayey soil and
compared it with that of OPC. The SS and SH mixtures
were used as alkali activators (10 wt% of clay), whereas
GGBS and OPC were used as the aluminosilicate sources
(20 wt% of clay). Twenty-seven mixtures were prepared in
different proportions using these materials, and the stabi-
lization of the clayey soil was performed. The significant
conclusions obtained from the tests, measurements, and
observations in this study are as follows.
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The UCS values increased with the amount of OPC
in the stabilized samples with only OPC.

No significant increase was observed in the UCS val-
ues of the stabilized samples with only alkali activa-
tors compared with the untreated sample. The use of
SS and SH mixtures alone was found to be ineffec-
tive in the stabilization of clay soil.

UCS values of stabilized samples with 20 wt% GGBS
of the clay were 1.48 times higher under air-dried
conditions and 1.79 times higher under wet-cured
conditions compared with untreated clay under the
same conditions.

The UCS value of the sample increased with the
amount of OPC in the stabilized samples with GGBS
+ OPC mixture. In this group, the highest UCS val-
ues were observed in the stabilized samples with
S12 C8 GP00 RO mixture under air- and wet-cured
conditions.

The ratio of sodium silicate to sodium hydroxide
affected the stabilization performance. Among the
stabilized samples with GGBS + OPC + alkali acti-
vator, the highest UCS values were observed in the
samples with an SS/SH ratio of 5, followed by 7, 3
and 1. The highest strength in the stabilized samples

in the same group was S16_C4 GP10_RS5, accord-
ing to the GGBS + OPC mixture ratio, followed by
the S18_C2_GP10_R5,S20 CO_GP10_R5,and S12_
C8 GP10_RS5 samples.

Most of the stabilized clayey soil with alkali-acti-
vated hybrid slag/cement exhibited better stabiliza-
tion performance than the stabilized clayey soil with
OPC under air-dried and wet-cured conditions.

The stabilized samples with OPC gained faster and
more strength at early curing ages (28 days), whereas
stabilized samples with alkali-activated samples
gained more strength at longer curing ages.

The UCS values of the stabilized samples maintained
under air-dried conditions were higher than those
under wet curing. However, the strength gain rate
of the geopolymer-treated clayey soil under wet cur-
ing conditions was higher than that under air-dried
conditions.

Owing to the high amount of SH in stabilized samples
with an SS/SH ratio of 1, these samples collected envi-
ronmental humidity and increased in volume and mass
at early curing ages. Sodium carbonate crystals were
formed in these samples during the subsequent curing
ages. High-extent sodium carbonate crystals increase



the pH level of the floor and give it alkaline properties.
The increase in sodium carbonate crystals negatively
affected the UCS values of the soil. Excess sodium
carbonate crystals in solid form have the potential to
cause adverse health and environmental effects.

The volume and mass changes of the geopolymer-
treated clayey soil were lower than those of the
OPC-treated clayey soil. The ratio of sodium silicate
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