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Abstract Due to increasing environmental prob-
lems, the reuse of waste materials has become essen-
tial, and ground-granulated blast furnace slag is one
of these materials. This study investigated the effects
of ground granulated blast furnace slag, lime, and
sodium silicate as alternative additives on soft clay.
Forty-five unconfined compressive strength tests were
conducted using five different percentages of ground
granulated blast furnace slag (2%, 4%, 6%, 8%, and
10% of the total dry weight), three different percent-
ages of sodium silicate (1%, 1.5%, and 2.5% of the
total dry weight), and a constant percentage of 6%
lime (by total dry weight). The specimens were cured
for 7, 28, and 90 days. Also, three consolidation tests
were conducted on improved samples with optimal
percentages of lime and ground granulated blast fur-
nace slag and 1%, 1.5%, and 2.5% sodium silicate
by total dry weight. The results showed that using
a mixture of ground granulated blast furnace slag,
lime, and sodium silicate improved the soil’s uncon-
fined compressive strength, and this stabilizing effect
increased over time. Furthermore, the settlement
of the improved samples increased, and simultane-
ously, the void ratio decreased. Additionally, scanning
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electron microscopy and energy-dispersive X-ray
analysis were performed on specimens. The results
showed that the presence of additives increased the
soil samples’ strength due to increased hydration
reactions and porosity reduction.

Keywords Soft clay stabilization - Ground
granulated blast furnace slag (GGBFS) - Sodium
silicate - Quicklime

1 Introduction

Nowadays, with population growth, urban expansion
and the lack of adequate soil, improving and stabiliz-
ing problematic soils has become more important.
Soft clay is a problematic soil, which, due to its high
softness and insufficient resistance, can cause Seri-
ous damage to civil engineering projects. Soil stabi-
lization includes techniques and methods to increase
resistance, reduce permeability, or provide a specific
soil parameter. One of these methods is the use of
chemical additives. Commonly used additives that
have long been used for soil stabilization are: Cement
(Bouras et al. 2022; Zidan 2020), Lime (Aldaood
et al. 2021; Bouras et al. 2022), Nanomaterials (Par-
saei et al 2023; Abbasi et al. 2018), and so on. How-
ever, using lime and cement can cause a great deal
of damage to the environment. In other words, the
most crucial environmental concerns regarding lime
and cement are its high energy consumption and air
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pollution. Additionally, the lime and cement manufac-
turing process emits greenhouse gases into the atmos-
phere annually (Salimi and Ghorbani 2020; Amran
et al. 2020). Therefore, many researchers are consid-
ering using waste materials as alternative additives
instead of or in conjunction with lime and cement.
Ground granulated blast furnace slag (GGBES) is
one such industrial waste material. It is a subsidiary
and lateral product made from the impurities in iron
ore, produced during the process of separating iron
from iron ore. GGBFS is a mixture of silicates and
complex metal oxides that remain after the impurities
cool. This compound takes a solid shape and is used
in various contexts, including slag cement, refractory
materials, slag wool, rail ballast, road substructure
materials, asphalt, and concrete aggregates.

The use of other chemical additives with the
GGBFS, such as sodium silicate, and lime, can
enhance and improve the pozzolanic reactions, thus
helping to improve the properties of soil. The addi-
tion of lime to clay in the presence of water after
cation exchange dissolves the clay surfaces (release
of SiO, and Al,O5 in the medium). Then, as Egs. 1
and 2 show, the presence of free calcium ions (Ca®)
in the system causes the formation of cementitious
compounds such as hydrated calcium silicate (CSH)
gel and calcium aluminate hydrate (CAH) gel with
pozzolanic reactions (Akbari et al. 2020; Bell 1996).
These two substances play the most important role in
soil stabilization, which is called hydration products.

Ca’* + 2(0H)™ + AL, 0,

1
— Calcium Aluminate Hydrate (CAH) M

Ca’* + 2(OH)™ + SiO,
— Calcium Silicate Hydrate (CSH) @
The use of GGBFS with lime and other additives
has been investigated by several researchers. Zheng
et al. (2023) investigated the effect of lime-GGBFS
on Phosphogypsum soil and Phosphogypsum free
soil. They conducted fatigue, compaction, and uncon-
fined compressive strength (UCS) tests on speci-
mens and concluded that lime-GGBFS had a better
effect on Phosphogypsum soil and the strength and
the dynamic elastic modulus in both types of soils
increased. Ebailila et al. (2022) studied The effect of
lime-GGBFS on non-sulfate and sulfate-dosed soil.
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In this study, a multi-scale investigation including
UCS and linear expansion was performed to assess
their performance. The tests indicated that the binary
blends of lime-GGBS are effective on the UCS of
non-sulfate and sulfate-dosed soil. Darsi et al. (2021);
Keramatikerman et al. (2016) conducted UCS tests
to demonstrate that the addition of GGBFS contain-
ing lime to clay leads to a significant increase in
compressive strength at all time periods. They also
found that the maximum soaked California Bear-
ing Ratio (CBR) and UCS values were significantly
increased after stabilization with GGBFS and lime
and Microstructural analysis using scanning elec-
tron microscopy (SEM) and X-ray diffraction (XRD)
on clay modified by a mixture of GGBFS and lime
indicated that GGBFS enhances pozzolanic reactions
and consequently increases resistance. Yi et al. (2015)
examined the mechanical and microstructural charac-
teristics of soft marine clay stabilized with lime and
activated GGBFS. It concluded that the combination
of lime and GGBEFS yielded better performance than
cement alone. Review studies by researchers Nidzam
and Kinuthia (2010); Abdila et al. (2022) explored
the details and mechanism of soil stabilization using
GGBFS. They concluded that GGBFS could be
highly effective in soil stabilization, particularly in
sulphate soils, where the traditional use of Portland
cement and lime may result in further infiltration.
Wild et al. (1998) substituted lime with GGBFS in
lime-stabilized clay soils in the presence of gypsum
to evaluate its strength for substructure layers. Their
findings revealed that replacing lime with GGBFS
led to a significant increase in resistance. Behera
and Senapati (2021) concluded that addition of
GGBFS and stone dust to expansive soil can improve
unsoaked CBR and UCS of expansives soil.

Sodium silicate is a widely available and non-con-
taminating additive that, in the presence of water, forms
a colloid state that acts as a gel and connects particles
(Chien et al. 2014; Houlsby 1990) This improves reac-
tion conditions. Bibak et al. (2020) studied the effect of
sodium silicate as a facilitating agent of the reactions
in soil stabilization, lime, and waste material on soft
clay. They conducted Compaction and UCS tests on the
specimens and concluded that the best function of the
stabilized soil was achieved when there was 6% lime,
6% industrial waste, and 1.5% sodium silicate. with this
percentage of additives, the optimum moisture content
of specimens decreased, and dry unit weight and UCS
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Table 1 The chemical properties of the lime Table 2 Typical properties of sodium silicate
Lime composition Formula Percentage (%) Properties Limits
Calcium hydroxide Ca(OH), 80-95 Na,O (%) 26.20-27.80
Magnesium hydroxide Mg(OH), 0-6 Si0,(%) 54.0 (typical)
Crystalline silica SiO, <1 Ratio Si0,%/Na,O0(%) 1.90 to 2.10
Silica dioxide, quartz SiO, 0-8 H,0(%) 16.0-20.0
Bulk density (kg/m?) 672.78-800.92

increased. Vakili et al. (2016) investigated improv-
ing cement clay shear strength by adding varying per-
centages of sodium silicate and GGBFS. They deter-
mined the optimum percentages of sodium silicate and
GGBFS under vertical loading.

As previously stated, the use of lime in soil stabi-
lization is not eco-friendly. Toxic gases are generated
as part of the production process and consume a lot of
energy. Many researchers have studied other additives
to replace lime. Therefore, the main purpose of this
study is to replace some of the lime with GGBFS and
sodium silicate and study the effect of these additives
on soft clay soil.

2 Materials and Procedures
2.1 Lime

The quicklime was prepared, placed in water as
hydrated lime, and then used as a powder after dry-
ing. Table 1 presents the chemical properties of lime.

2.2 Sodium Silicate

The sodium silicate used in this study has the chemi-
cal formula of Na,SiO;. It is a powder and is added to
the soil after being dissolved in water. Table 2 shows
the properties of sodium silicate.

2.3 GGBFS

The GGBFS used in this study is from the Isfahan
Steel Company in Iran. Table 3 shows GGBFS com-
pounds. GGBFS, as shown in Fig. 1, is a grey pow-
der and is used in its dry form. At least 90% of the
GGBFS aggregates measured between 0 and 3 mm
and were used after being ground and sieved.

Table 3 Ground granulated blast furnace slag compounds

Ingredient Formula Content (%)
Silica, amorphous SiO, 34-40
Calcium oxide CaO 34-40
Aluminium oxide Al O 10-12
Magnesium oxide MgO 7-10
Water H,0 1-7
Titanium dioxide TiO, 1.5-2.5
Sulphur S 1-1.55
Calcium oxide/Silicon dioxide =~ CaO/SiO, 0.85-1.15
Manganese oxide MnO 0.6-2
Potassium oxide K,O 0.55-1.15
Sodium oxide Na,O 0.5-0.8
Iron(II) oxide FeO 0.45-0.7
Vanadium(V) oxide V,05 0.02-0.06

Fig. 1 GGBFS sample used in this study

2.4 Soil Properties

The clay studied in this paper is from Kermanshah
city, Iran, and was taken at a depth of one meter.
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Figure 2 shows the grains of this clay. Table 4 reveals
the geotechnical properties of the clay used. These
values were obtained using standard laboratory tests.
XRD analysis of the soil is illustrated in Fig. 3.

2.5 Sample Preparation

First, the soil was placed in an oven at a temperature of
110 °C for 24 h to dry completely. Then, to determine
the optimum percentage of lime for this type of clay,
2%, 4%, 6%, 8%, and 10% of lime by dry weight was
added to the soil and mixed with the optimum moisture
content. The mixture was cured for 7 and 28 days in a
glass insulated box, with the temperature maintained
at 25 °C and the humidity of the sample’s water con-
tent. After determining lime optimum percentage, dry
GGBES powder with 2%, 4%, 6%, 8%, and 10% by dry
weight was added to the dry soil and completely mixed.
It should be noted that to achieve a better mixture and
higher hydration activity, the GGBFS powder was
passed through sieve no. 200. Then, this mixture added
to the dry soil step by step. It is important to note that
in each step of the mixing process, the soil was mixed
properly with the GGBFS powder until the mixture
became a brownish colour entirely. Then, dry sodium
silicate at 1%, 1.5%, and 2.5% by dry weight, along with
lime at the optimum percentage, was dissolved in water
and added to the mixture step by step until the mixing
was complete and the colour of the mixture became
light brown. To prepare UCS specimens, an apparatus
was used to compress the consolidated soil into a 4-inch
density mold. Then, by using a pull-out jack, the UCS
specimens were extracted. Finally, two plastics were
placed around the samples, and they were cured at three

Fig. 2 Particle size distri-

Table 4 Geotechnical properties of clay

Characteristics Value and
descrip-
tion

Depth (m) 1

Natural water content (%) 15

Liquid limit (%) 45.69

Plastic limit (%) 24.96

Plasticity index (%) 20.73

@,,(%) 21

Ya,,. (gr/cm3) 1.65

Color Brown

Specific gravity (Gs) 2.58

Passing no. 200 sieve 98.8

Unified soil classification System (USCS) CL

PH 11.39

Cohesion (Kpa) 11

Friction angel (°) 27

different times: 7, 28, and 90 days in a glass insulated
box at 25 °C under optimal moisture content. After
determining GGBFS optimum percentage, sodium sil-
icate at 1%, 1.5%, and 2.5% by dry weight with opti-
mum percentage of lime and GGBFS added to soil just
as mentioned before and compacted in consolidation
ring then consolidation test was conducted on samples.

3 Methodology

The UCS tests were carried out according to ASTM
D 2166 (2010) standard. The sample size used was
3.8 mmXx76 mm. In this test, the limiting pressure
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Fig. 3 XRD analysis of the used soil

is set to zero and an axial load is applied rapidly
until the sample collapses. The UCS device strain
rate was set to 1 mm/min. Figure 4 shows the UCS
device and a sample while testing.

Initially, UCS tests were conducted on soil sam-
ples with varying lime percentages to determine
the lime optimum percentage. Then, UCS tests
were conducted on soil samples when GGBFS and
sodium silicate were added to the soil, while keep-
ing the lime percentage constant. Afterward, to
determine the effective parameters in predicting the
rate of settlement, the consolidation test was per-
formed using a consolidometer apparatus in accord-
ance with the ASTM D2435 (2011) standard. In this
test, the effect of sodium silicate ratio on test results
was investigated by keeping lime and GGBFS at a
constant amount by optimum percentage. The speci-
mens were prepared using a ring having a diameter
of 75 mm and a height of 20 mm. The samples were
subjected to vertical stresses of 0.25, 0.5, 1, 2, 4,
and 8 kg/cm?, and each loading step took 24 h.

Considering that curing time has a significant
effect on specimen strength and can enhance pozzo-
lanic reactions in the samples, curing times of 7, 28,
and 90 days were selected for the UCS tests.

Fig. 4 UCS device used for this study

4 Results and Discussion

In this research, 58 UCS tests and 4 consolidation
tests were planned and conducted. Some tests were
carried out for identification purposes as basic tests.
10 UCS tests were performed to determine the opti-
mal percentage of lime, 45 UCS tests involved dif-
ferent percentages of additives, and three Tests were
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conducted solely on untreated base soil. Also, one
consolidation test was performed on base soil and
three consolidation tests involved different percent-
ages of sodium silicate while keeping lime and
GGBFS at a constant amount by the optimum per-
centage. According to the results, the highest UCS
was achieved in a soil sample containing 2.5%
sodium silicate, 8% GGBFS, and 6% lime. Also, with
this amount of additives highest settlement and lowest
void ratio achieved. The results of the consolidation
tests after applying the final vertical stress (8 kg/cm2)
and UCS tests are presented in Table 5.

4.1 Optimum Percentage of Lime

As previously stated, to reduce the number of main
samples, the optimal percentage of lime for the soil
was first determined using the UCS test. The propor-
tion of soil and lime, as well as the results of the UCS

tests for curing times of 7 and 28 days, are given in
Table 6.

Considering the results, it can be concluded
that the optimal percentage of lime for the soil
is 6% (Fig. 5). With presence of this percentage,
the strength of the 7 and 28 days’ soil specimens
increased by 11.65 and 8.7 times, respectively, com-
pared to the untreated soil.

4.2 The Effect of GGBFS, Sodium Silicate and Lime
on UCS Strength

To investigate the effect of GGBFS with sodium sil-
icate and lime on the improved samples, the strength
of samples was analysed (the lime content was
constant across all samples). As shown in Figs. 6,
7, and 8, increasing the percentage of GGBFS
from 2 to 8% caused the strength of the samples to
increase. This was more noticeable in the samples
containing between 6 and 8% GGBFS. However,

Table 5 Percentage of

. UCS test Additives (%) q,(KPa)
additives and UCS test
results Soil GGBFS Sodium Lime 7 days 28 days 90 days
Silicate
100 0 0 0 40 71 116
91 2 1 6 1231 2172 3833
89 4 1 6 1418 2322 4221
87 6 1 6 1452 2567 4770
85 8 1 6 1695 3611 5012
83 10 1 6 1410 2982 4680
90.5 2 1.5 6 1397 2769 4264
88.5 4 1.5 6 1573 3124 5645
86.5 1.5 6 1634 3342 6498
84.5 8 1.5 6 1979 4248 6801
82.5 10 1.5 6 1725 3761 5818
89.5 2 2.5 6 2041 3569 4975
87.5 4 2.5 6 2071 3664 6425
85.5 6 2.5 6 2206 3855 7387
83.5 8 2.5 6 2300 4702 8630
81.5 10 2.5 6 1831 4559 7935
Consolidation test Final settle- Final void ratio (e)
ment (cm)
100 0 0 0 0.075 0.58
85 8 1 6 0.085 0.501
84.5 8 1.5 6 0.0112 0.48
83.5 8 2.5 6 0.0117 0.476
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Table 6 Results of q, (kPa) from the UCS test for soil samples

mixed with lime

when the percentage of GGBFS was raised from 8
to 10%, the strength of the samples decreased. Fig-

Material percentage q, (kPa) ure 9 shows that the highest and lowest strength val-
Lime % Soil % 28 days 7 days ues were obtained fo‘r specimens containing 8% 'and
2% GGBFES, respectively. Also presence of sodium
0 100 71 40 silicate with 2.5% by dry weight, along with other
2 98 281 222 additives, has a positive effect on the increase rate
4 96 585 422 of soil sample strength. for example, at curing times
6 94 620 466 of 7, 28 and 90 days, the UCS value increased by
8 92 504 247 57.5, 66.2 and 74.4 times, respectively. Accord-
10 90 462 263 ingly, the optimal amount of GGBFS and sodium
silicate for this type of soil, along with lime, is 8%
and 2.5%, respectively. Unlike in previous stud-
ies, which revealed that about 75% of the sample’s
Fig. 5 UCS test results 700
for different percentages
of lime 600
500
& 400
3
& 300
200
100
0
0 2 4 6 8 10 12
Lime %
—&—7 days —@—28 days
Fig. 6 UCS strength for 2500
different percentages of
GGBEFS and sodium silicate
after seven days’ curing
time with presence of 6%
lime 2000
©
o
=3
=]
T
1500
1000

—@— 1% sodium silicate

GGBFS %
—a—1.5% sodium silicate =~ —ll=—2.5% sodim silicate
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GGBFS %
—h— 1.5% sodium silicate =~ —{lll=2.5% sodium silicate

Fig. 7 UCS strength for 6000
different percentages of
GGBFS and sodium silicate
after 28 days’ curing time 5000
with presence of 6% lime
= 4000
[N
=
3
S 3000
2000
1000
0 2
—@— 1% sodium silicate
Fig. 8 UCS for different 10000 T
percentages of GGBFS and
sodium silicate after 90 2000
days’ curing time with pres- 8000
ence of 6% lime
7000
©
g 6o
3 5000
T
4000
3000
2000
1000

GGBFS %

—@— 1% sodium silicate ——f=—1.50% sodium silicate —ill=2.50% sodium silicate

strength was obtained during the first 14 days when
using GGBFS and construction waste in clay stabi-
lization (Hasan et al. 2016), this study shows that
increasing curing time has a profound impact on
the strength of specimens. As shown in Fig. 9, The
strength of the samples after 90 days was impres-
sive, indicating that long-term curing time has a
profound impact on improving soil strength.

4.3 The Effect of GGBFS, Sodium Silicate and Lime
on Consolidation

Consolidation tests were performed on samples con-
taining 8% GGBFS, 6% lime, and 1, 1.5, and 2.5%

@ Springer

sodium silicate. These samples exhibited the highest
UCS values than other specimens. The results of the
consolidation tests are presented in Figs. 10 and 11,
which show settlement and void ratio (e) versus log p
(pressure) curves, respectively.

Based on the results presented in Fig. 10, sam-
ples mixed with additives experienced more settle-
ment than samples without additives (final settle-
ment increased from 0.075 to 0.117 cm at 6%lime,
8% GGBFS and, 2.5% sodium silicate). Additionally,
an increase in the amount of sodium silicate resulted
in higher settlement. Therefore, using these addi-
tives with mentioned percentages leads to an increase
in settlement. However, to draw more accurate
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conclusions, different percentages of these additives
should be further investigated.

Figure 11 demonstrates that the void ratio of the
samples decreased with increasing settlement as well
as increasing the percentage of sodium silicate (final
void ratio decreased from 0.58 to 0.47 at 6% lime, 8%
GGBFS and, 2.5% sodium silicate). In other words, as
pressure increases, the settlement also increases, and
consequently, the void ratio of the sample decreases.
Furthermore, Fig. 11 reveals that the presence of
these additives in the soil changes its behaviour from
normally consolidated to overconsolidated.

4.4 The Effect of GGBFS, Lime and Sodium Silicate
on Atterberg Limits

The results of the Atterberg Limits tests show that
the addition of these three materials to the clay soil
changes it to a silty texture. As a result, the Atterberg
limits cannot be determined by using the Casagrande
test in the laboratory.

4.5 Result of Microstructure Analysis

To further complete the results and accurately exam-
ine the changes in the specimens, SEM imaging, and
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Fig. 11 Void ratio (e) ver- 0.75
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energy-dispersive X-ray (EDX) analysis were con-
ducted. For this purpose, SEM and EDX analyses
were performed on untreated soil and sample treated
with 2.5% sodium silicate, 8% GGBFS and 6% lime
after a 90-day curing period.

In order to take SEM images, the most uniform
part of the samples was selected, and images were
taken at different scales. Figure 12a and c show
pores (red circles) and seams that could be due to
water evaporation. Yi et al. (2015) remarked that the
porosity rate of a clayey soil sample stabilized with
GGBFS and lime was lower than soil stabilized with
cement. It could be due to the difference in materi-
als’ nature and hydration reactions. In fact, in a soil
sample mixed with GGBFS and lime, hydration reac-
tions cause larger pores to be filled and converted
into smaller pores. It can be seen by examining the
number and size of pores on the surface of the sam-
ples (Fig. 12b and d). Furthermore, Fig. 12b and d
determined that the distribution of pores is steadier
in the stabilized specimen. However, the pores in the
untreated sample are concentrated in one place, lead-
ing to failure in those areas. Additionally, the size
of these pores in the stabilized sample is small and
almost uniform, whereas, in the untreated sample, the
dimensions of these pores vary, and the specimen has
large pores.

@ Springer

Furthermore, Fig. 12b and d represent a continu-
ous surface on which particles are distributed in such
a way that no separation is perceived on the surface,
whereas in Fig. 12a and c, there is a visible lower
level of continuity. Additionally, as shown in Fig. 12e,
untreated soil particles have a flat surface before sta-
bilization, which changes into a needle shape after
stabilization (Fig. 12f). This needle-shaped morphol-
ogy, during particle contact, causes particles to lock
and stabilize together, greatly increasing the stability
of the specimens. This result may be attributed to the
formation of gel C-S-H by calcium in lime and sili-
cate in sodium silicate.

The results of the EDX analysis are presented
in Fig. 13. By comparing Fig. 13a and b, which
were taken from untreated and treated samples, it
observed that the amount of iron (Fe) in the sta-
bilized sample increased due to the presence of
GGBFS. Therefore, the presence of iron (Fe) could
be the reason for the creation of a uniform surface
in the stabilized sample, as iron (Fe) is a flexible
oxide. Additionally, the EDX analysis of the sta-
bilized sample demonstrates that silicon (Si) and
calcium (Ca) are their main constituents and are
present in large percentages (Fig. 13b). These ele-
ments are abundant in both the soil and the GGBFS
(Table 3). On the other hand, calcium hydroxide is



Geotech Geol Eng (2024) 42:2061-2074

2071

: : ‘ ,
ActV Spot Magn ~Det , WD Frrr—————5ed]
20.0 Ky 40125x 7 5 SE, 12,1 g
5 S8 g

ActV Spot Magn et WDiE—————""7="1" 200 m

20.0kV 40 126x 12:1

-

AccV %)ul Magn el Wi ' 20'um

200 KV 49995 1000% - SE= 19T ol

Fig. 12 SEM micrograph after 90 days’ curing time a SE of
soil sample with 200 pm magnification b SE of soil and 8%
GGBFS, 6% lime and 2.5% sodium silicate mixture with 200
pm magnification ¢ BSE of soil sample with 200 pm mag-
nification d BSE of soil and 8% GGBFS, 6% lime and 2.5%

one of lime’s main constituents. Therefore, accord-
ing to Eqgs. 1 and 2, and since calcium is one of the
main elements in hydration reactions, increased
amounts of these elements lead to increased

V' Spot Magn Det 2w =71 2004
200%¥ 40 "125x = BSET46

0\
WD H————H#P0un -
B | 4.6 . + L

sodium silicate mixture with 200 pm magnification e SE of
soil sample with 20 pm magnification f SE of soil and 8%
GGBFS, 6% lime and 2.5% sodium silicate mixture with 20
pm magnification

hydration reactions, and consequently, the strength
of the specimen’s increases. Slight traces of potas-
sium (K), aluminum (Al), magnesium (Mg), and
oxygen (O) were also observed in EDX analyses.
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5 Conclusion

The current study conducted to investigates the
effect of GGBFS, sodium silicate, and lime on UCS
and consolidation of soft clay. Many parameters
were considered when selecting the additives used
in this research, including environmental contami-
nation, material availability, cost, etc. Generally,
GGBFS is a waste material produced on a large
scale, making it available as an additive for stabi-
lization. Sodium silicate and lime are also inex-
pensive and accessible, making this stabilization
method applicable and affordable on a large scale.

@ Springer

Ultimately, the optimal percentages of each addi-
tive were determined. The following results were
obtained:

1) Lime had a positive effect on the unconfined
compressive strength of the soil, and the opti-
mum percentage of lime was 6% (total dry
weight). Using this percentage, the soil strength
of the 7 and 28 day’s soil specimens increased by
11.65 and 8.7 times, respectively, compared to
the untreated soil.

2) The presence of GGBFS as the main additive had
a significant effect on soil strength, particularly
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compared to untreated soil. This effect was more
noticeable at 6% and 8% GGBFS, and when the
GGBEFS percentage was increased from 8 to 10%,
the strength of the samples decreased. Thus, the
optimum GGBFS percentage was determined to
be around 8% (total dry weight).

3) The presence of sodium silicate to 2.5% by total
dry weight increased the UCS of soil. As a result,
Sodium silicate is a suitable catalyst for increas-
ing and accelerating hydration reactions. How-
ever, the effects of higher amounts of sodium sili-
cate should also be examined.

4) Since pozolanic reactions increase over time, the
curing time had a significant effect on the strength
of samples. Therefore, the highest strength of the
treated samples at 7, 28, and 90 days was 57.5,
66.2 and 74.4 times greater, respectively, com-
pared to the untreated soil.

5) The presence of Lime, GGBFS, and sodium
silicate in soil resulted in higher settlement and
lower void ratio (e). Also, with increasing the
percentage of sodium silicate the void ratio (e)
decreased and the settlement increased.

6) The SEM images confirmed that the additives
fill and convert larger pores into smaller ones,
creating a continuous surface by increasing the
formation of gel C—S-H through the presence
of calcium in the lime and the GGBFS, as well
as silicate in the sodium silicate. Additionally,
the particles’ surface morphology changes into
a needle shape. This needle-shaped morphology,
when particles come into contact with each other,
locks and stabilizes the particles together, greatly
increasing the stability of the stabilized speci-
mens.

7) The EDX analysis revealed an increase in iron
(Fe) in the stabilized sample due to the presence
of GGBFS, which creates a uniform surface in
the stabilized sample. Additionally, silicon (Si)
and calcium (Ca) significantly increased after
stabilization, leading to increased hydration reac-
tions and subsequently enhancing the strength of
the specimens.

Data Availability Enquiries about data availability should be
directed to the authors.\
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