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Abstract
Stabilization of clayey soil has been studied by mixing different additives to the soil to increase its strength and durability.
Recently, there has been an increasing interest in the stabilization of soils with natural pozzolans. Nevertheless, very few articles
have investigated the impact of basic oxygen furnace (BOF) slag additives under freeze–thaw cycling. This study presents the
results of an experimental research study on the durability behavior of clayey soils treated with BOF slag. In this study, the effects
of clay soils on the bearing value were investigated by adding 3%, 6%, 9%, 12%, 15%, and 20% BOF slag to the clay mineral
sample within the scope of ASTMD-5918 tests. California bearing ratio (CBR) tests were then applied before and after freezing–
thawing processes to the samples prepared at these optimum conditions. The relationship between the determined freezing and
swelling speeds and the strength losses of the soil samples after freeze–thawing processes were investigated. For this purpose,
eight mixtures with different geotechnical properties were subjected to freeze–thaw experiments on a total of 24 soil samples,
each of which was repeated three times. Results show that the addition of steel-making slag to clay soils lead to favorable effects
on freezing–thawing behavior. The effects of BOF slag on the clay sample after the freezing and thawing cycle were investigated
and interpreted by considering their macro and micro phase structure. The findings indicate that using BOF slag has positive
effects on strength and durability of clayey soil.
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Introduction

Freezing–thawing events that occur due to changing in air
temperature and wetting–drying processes caused by changes
in water level are effective in the characterization of the soil
particles. The climate has a considerable effect on the type,
structure, and degree of aggregation of the soil. One of the
most important events occurring in the soil due to climatic
conditions and affecting the dynamic structure of the soil is
freezing–thawing. Research has shown that freezing and
thawing processes affect the physical state of the soil, espe-
cially the structure of the soil and the particles (Özgan et al.
2012). The stabilization of soils in cold regions is also partic-
ularly difficult because geotechnical characteristics are affect-
ed by high soil temperatures and freezing–thawing cycles.
Decreased stability of the soil after winter, known as thawing,
is a common engineering problem in cold regions (Lake et al.
2017).When the soil is completely frozen (i.e., when the
water in the pores is completely frozen), the water vol-
ume increases by about 9%, and cracks inevitably occur
in the soil (Freitag and McFadden 1997). As the size
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and number of cracks increase, the strength of the clay-
ey soil decreases.

Clay is a material that makes working areas of sectors such
as construction, agriculture, and mining very difficult. Clay
material is indeed a desirable raw material for use in many
industrial areas, but it is rare to find and quarry it as a mine in
nature (Genç 2009). Clay soils can damage structures (roads,
waterways, buildings, tunnels, etc.) rested on and cause de-
fects and damages on building materials due to the effect of
seasonal freezing–thawing and salt transport (Zaimoğlu et al.
2013). Particularly in winter, freezing–thawing occurs in sur-
face waters due to variations in temperature during the day,
and this phenomenon causes swelling in the upper part of the
soil (Işık 2014). In surface formations, water flow occurs in
two forms: the first one is surface water, and the second one is
water that flows from cracks. There is also capillary water that
takes advantage of the suction force of the cavities and moves
to deeper freezing zones (Işık 2014). This situation affects the
pumping ability of different layers, and the internal friction of
the rock material. Moreover, surface mobility affects both

surface structures and underground structures. The seasonal
freezing–thawing damages water, air, and saline environ-
ments, such as roads, tunnels, buildings, overpasses, and brid-
ges. The work to be done for this purpose should contain two
important stages: the first stage is defined as the swelling soil,
and the second stage is the determination of the values to be
used in the design by taking the appropriate samples (Demir
and Kılıç 2010).

In the iron and steel sector, BOF slags have become an
important necessity to reduce the load, storage area, environ-
ment, and manipulation processes of the BOF slag, as well as
to reduce the economic burden of these activities and to ex-
pand their usage areas (Bölükbaşı et al. 2012). Numerous
research and development studies have been carried out in
order to ensure optimal utilization of waste, increase recycling
rate, improve non-recyclable resources, and produce new
products. Desulfurization slag (DS), a by-product generated
during steel production, was used as an activator for ground
granulated blast-furnace slag (GGBS) in the experimental
study by Lee et al. (2016). Fakhri and Ahmadi (2017)

Fig. 1 Closed system freezing–
thawing tests

Fig. 2 The typical appearance of
the BOF slag
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investigated the effects of concurrent recycling of fine
reclaimed asphalt pavement (RAP) and coarse steel slag ag-
gregate (SSA) on the fracture resistance of asphalt mixes using
semicircular bending (SCB) specimens with different ratios of
these two marginal materials with and without warm mix as-
phalt (WMA) additive. The application of ground granulated
blast furnace slag and steel fibers in prestressed concrete rail-
way sleepers was presented by Shin et al. (2016).

The optimization of additives to improve the geotechnical
properties of an expansive clay soil subjected to freeze–thaw
effect was investigated by Olgun (2013). In the said study,
lime and rice husk ashes, which are waste materials, were
used in stabilization, and randomly distributed fiber was
used as reinforcement. Using laboratory test, Güllü and
Khudir (2014) studied the effect of freeze–thaw cycles on
unconfined compressive strength (UCS) of fine grained soil
(low-plasticity silt) treated with jute fiber, steel fiber, and lime.
Eskişar et al. (2015) investigated the strength characteristics of
Portland cement-treated fat and lean clays (CH and CL) under
freeze–thaw cycles. They concluded that, the plasticity index
of the specimens subjected to five freeze–thaw cycles showed
a decrement for the clay which was highly plastic in its native
condition. Laboratory tests have been performed to investigate
the effects of randomly oriented fibers on some engineering
properties such as strength and durability of fine-grained soil
subjected to freeze–thaw cycles (Zaimoğlu 2010). A series of
unconfined compression tests was conducted to achieve
strength behavior and mass losses were also calculated after
freezing–thawing cycles as criteria for durability behavior.

Clay soils are cohesive, have plasticity, and are composed
of a mixture of clay minerals and some other minerals (Genç
2009). The presence of clay minerals, even in small quantities
within a groundmass, can significantly affect the engineering
properties of that mass. As clay quantity increases, soil behav-
ior is controlled by clay properties (Batman 2015).

The effect of using more than 9% lime on salty soil samples
was investigated. The expansion of salty soil is stabilized
using lime (Liu et al. 2019). In our study, BOF slag, which
is iron and steel waste, was used instead of lime. Positive
results have been obtained in the improvement of clay soils

by using more than 9% of BOF slag. In the literature, lime and
cement containing agents have commonly been used to stabi-
lize the expansion of the soil. The use of metallurgical wastes
should be preferred instead of these agents (Vijayan and
Parthiban 2020). A mixture of steelmaking slag, ladle furnace
slag, and calcium chloride (CaCl2) was tested to stabilize clay-
ey soil (Brand et al. 2020). Steelmaking slag mixed with ce-
ment was tried to improve the expansion of the soil (Wu et al.
2020).Many studies have shown that the stabilization strength
and quality of the clays are provided by using Portland ce-
ment. However, energy and resources were consumed to pro-
duce Portland cement. For this reason, BOF slag can be used
instead of Portland cement in the stabilization of clays (Cikmit
et al. 2019). Lime is seen as one of the oldest methods used in
stabilization. Mixing lime with soil increases the mechanical
properties of clayey soil. However, a significant amount of
energy and resources are also consumed in lime production
(Bozbey et al. 2018). For this reason, it is important to use
metallurgical wastes such as BOF slag to increase the mechan-
ical properties of clay soils. An experimental study was car-
ried out to investigate the strength of clayey soils of lime and
perlite mixture. It has been observed that the addition of perlite
as a pozzolanic additive in the soil stabilized with lime in-
creases the strength and durability (Yilmaz and Fidan 2018).
For this reason, it is important to use metallurgical wastes such
as BOF slag to increase the mechanical properties of clay
soils. There are also different studies related to steel slag in
the literature (Karasahin et al. 2019; Yilmaz and Fidan 2017;
Hazirbaba 2017; Lake et al. 2017; Liu et al. 2017; Mahoutian
and Shao 2016; Pang et al. 2016; Brand and Roesler 2015; Cui
and Zhang 2015; Roustaei et al. 2015.

It is observed that the freeze–thaw processes caused by
climate change affect the physical condition of the ground,
especially the soil and grain structure. In this study, the stabi-
lization of clay soils was achieved only with BOF slag, a by-
product generated during the steelmaking process. Only a few
studies have used BOF slag for this purpose. This study, in-
vestigated the freezing–swelling behavior of clay–BOF slag
mixture soil samples obtained from the Iskenderun region by
following the American society for testing and materials

Table 1 Chemical composition of the BOF slag (%)

Fe FeO Fe2O3 P SiO2 CaO Al2O3 MgO S MnO K2O TiO2 Na2O

20.55 4.56 14.05 0.22 10.11 38.12 2.98 5.82 0.53 2.45 0.06 0.30 0.25

Table 2 The size distribution of the BOF slag particle

Particle size (mm) +4.75 −4.75+2 −2+0.5 −0.5+0.1 −0.1
Weight % 13.75 16.45 18.76 22.48 28.56
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(ASTM) D 5918 standard test methods. For this purpose,
standard compaction tests and CBR tests were performed be-
fore and after the freezing–thawing processes. As a result of
the experiments, the relationship between the determined
freezing and swelling speeds and the strength losses of the soil
samples after freeze-thawing were investigated. For this pur-
pose, eight mixtures with different geotechnical properties
were subjected to freeze–thaw experiments on a total of 24
soil samples, each of which was repeated three times. All soil
samples were prepared by compressing the maximum dry unit
volume weight and optimum water content according to the
Standard Proctor experiment. Efforts have been made to elim-
inate the negative effects of freezing and thawing on engineer-
ing structures without harming nature and the environment. In
addition to traditional geotechnical tests, the effects of macro
and microstructures and phase structures on freeze–thaw cy-
cles were analyzed and interpreted by SEM and XRD analy-
ses. This study will also create an alternative use area for BOF
slag. BOF slags create storage, environmental, and logistical
problems in iron and steel factories.

Materials

Study area

In this study, freezing–thawing tests were carried out follow-
ing the ASTM D-5918 standard test methods. Two types of
material were used in the tests. The clay soil was obtained
from the Iskenderun district of Hatay. BOF slag was obtained
from the İskenderun Iron and Steel Works Co. (İSDEMİR
Works Co.). In this study, 3%, 6%, 9%, 12%, 15%, and
20% BOF slag were added to clayey soil samples, and the
compaction and CBR tests were performed on the mixtures.
Then, the ASTM D-5918 test was applied to investigate the

swelling problems of the freezing–thawing process. The bear-
ing value of the soil and the optimum moisture content was
determined. According to the values obtained from the CBR
and compaction tests, the Nüve ID 300 climatic test cabin (in
Fig. 1a) was used to determine the freezing–thawing behavior
and the amount of swelling. Figure 1b demonstrates the
freezing–thawing tests.

The used materials

Steelmaking (BOF) slag

In the steel factory, the oxygen is blown into the converter and
the unwanted elements in the steel composition are removed
by oxidation. The oxides coming into the field combine with
the flux materials to form the molten slag and are located on
the liquid steel in the converter due to the density difference.
The slag, which is poured from the slag pot into the crust,
solidifies, and crystallizes to a gray, less porous material, as
compared to the cooling water supplied on the control surface
(Bölükbaşı et al. 2012). The structure of the BOF slag is given
in Fig. 2.

BOF slags mainly contain CaO, MgO, SiO2, and FeO. In
low phosphorus steel production, the total concentration of
these oxides in liquid slag is around 90% (Bölükbaşı et al.
2012). For this reason, the BOF slags are considered the sim-
plest CaO-MgO-SiO2-FeO quaternary system. The slags al-
ways contain undissolved limestone covered with fine

Table 3 Main properties of clay
minerals (Özgan et al. 2012) Parameter Kaolinite İllite Montmorillonite

Length (mm) 100–5000 100–2000 10–1000

Thickness (mm) 50–2000 30 3

Specific area (m2/g) 5–20 100–200 700–800

Cohesion Low Medium High

Volume exchange value Low Medium High

Cation exchange value (cmol/kg) 3–10 15–40 80–120

Table 4 Chemical analysis of the clay mineral

SiO2 CaO Al2O3 Fe2O3 MgO Na2O K2O

63.34 18.25 6.49 5.45 2.41 2.18 1.88
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Fig. 3 The cumulative under size curve of the clay mineral
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dicalcium silicate. The chemical composition of the BOF slag
used in this study is shown in Table 1. The chemical compo-
sition of the BOF slag formed by the conversion of liquid
crude iron to steel mainly consists of 15–21% Fe, 4–11%
SiO2, 30–40% CaO, 2.7–5.7% MnO, 2–4% MgO, and
0.95% P2O5 (Bölükbaşı et al. 2012). The particle size BOF
slag is shown in Table 2. The manual sieving process in sieve
tests was carried out according to the Turkish standards insti-
tute European norm (TS EN 933-1 2012). After the BOF slag
was ground to −75μm in accordance with this standard, it was
mixed with the clay sample. BOF slag has a porous and brittle
structure.

Clay

Clay is a material found abundantly in nature. Limestone, silica,
mica, and iron oxideminerals are foundmostly in the clay. Clay
minerals can be divided into four main groups as illite,

kaolinite, montmorillonite, and other clays. There is water suc-
tion in terms of the structure of the clay and it has different
plasticity, cohesion, color and shrinking characteristics (Genç
2009). Clay is used by geotechnical engineers in many appli-
cations (Pusch 1979). It is used in the provision of imperme-
ability in filling dams and waste storage tanks, for water reten-
tion of the ponds, and for keeping the flowing soils in the form
of slurry when they are excavated. But in general, clay is an
unwanted material because its presence brings about some se-
rious engineering problems. In this study, clay samples obtain-
ed from the İskenderun region were used. The main properties
of the clay mineral are given in Table 3 (Özgan et al. 2012).

The chemical analysis of the clay soil is demonstrated in
Table 4. The cumulative under size curve of the soil sample
taken from the İskenderun region is shown in Fig. 3.

As seen in Fig. 3, 93.20% of the particle size of clayey soil
is below 0.42 mm and the proportion of particles smaller than
2.36 mm in size is less than 97.76%.

ASTM D5918 Test

Compaction Test (to find the optimum water content and maximum dry density)

CBR Test (soil bearing value)

CBR Test before freezing-thawing process

CBR test after freezing-thawing process

Freezing-thawing test (between +22oC and -17.5oC)

Evaluation of Conclusions and Recommendations

Investigation of mineralogical structure (SEM, XRD)

Fig. 4 Freezing-thawing test
procedures

Table 5 Freezing–thawing process steps

Process steps

Freezing process parameters

Time (min) Tolerance (min)

Initial temperature ( C) Final temperature ( C)

1. step: Cooling (20+3) C 0 C 150 +30

2. step: Holding 0 C 0 C 210 +30

3. step: Cooling 0 C (–17 + 2.5) C 180 +30

4. step: Holding (–17 + 2.5) C (–17 + 2.5) C 240

(minimum)

–

5. step: Holding –17.5
o
C 22 C 630 +30

Total 1410

°°

°

°

°

°

°

°

°

°

°
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Methods

Using the ASTMD-5918 standard test methods, the effects of
clay soils on the bearing value were investigated by adding
3%, 6%, 9%, 12%, 15%, and 20% steelmaking (BOF) slag to
the clay soil sample. In the experiments, the steps shown in
Fig. 4 are as follows:

In the laboratory, the optimum water content and maxi-
mum dry density values were found using the compaction test,
and the CBR test was performed under these optimum condi-
tions (ASTM D-5918 2013). Freezing–thawing cycles were
applied to the samples prepared in the CBR test conditions,
and CBR tests were performed to investigate the effects of
freezing–thawing.

In order to determine the freezing–thawing behavior, CBR
tests were performed before and after freezing–thawing

processes, and the results were compared. The amount of de-
crease in CBR values after freezing–thawing was determined.
Strength losses were determined according to the CBR change
rate (ΔCBR) obtained by dividing the difference between the
pre-freezing–thawing CBR value (CBR1) and the post-freez-
ing–thawing CBR value (CBR2) by the pre-freezing–thawing
CBR value (CBR1) (Zaimoğlu et al. 2013).

ΔCBR ¼ CBR1−CBR2

CBR1
*100 ð1Þ

Within the scope of our work, ensuring the climatic tem-
perature conditions throughout the year is an important step.
In order to meet these conditions, the Core ID 300 Climatic
test cabin was used. The device has a volume of 290 l, a
working temperature range of −40/150 °C, adjustable height
(altitude), and up to 1000 h of continuous operation. It also has
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the ability to repeat 1–99 times of sets that are created by
making the desired set of halves. The freezing–thawing cycle
in Table 5 shows the process steps. This process refers to a 24-
h period (within 1 period). This process was repeated 10 times
in the climatization device, and the freezing–thawing cycle
was carried out for a total of 10 days.

The Turkish Standards Institute European Norm (TS EN
1367-1 2009) test standard process steps are shown in Table 5.
These process steps were used in the application of the ASTM
D 5918 test standard. In this study, the effect of temperature
difference on engineering materials (bridge, road, building,
etc.) has been investigated. The 10-year thermal degradation
status of the materials was investigated in the laboratory using
the process steps in Table 5. In order to determine the
supporting power of the soil, a compaction test was also per-
formed within the scope of the CBR test. In order to determine
the maximum tightness ratio, the soil sample was compressed
in the standard molt chamber, and the remaining air spaces
were filled with the optimum amount of water. The ideal water

content and the dry unit volume weight for each clay floor
BOF slag mixture ratio were found. These values are shown
in Fig. 5.

The liquid limit experiment was conducted according to the
International Organization for Standardization (ISO) 17892-
12: 2018. Optimumwater content values (liquid limit) of BOF
slag and clay mixtures are shown in Fig. 5. The dry unit
volume weight (γkmaks) of clay is 1.58 (g/cm

3). The optimum
water content (ωopt) of the clay material is 17.08%. The dry
unit volume weight (γkmax) of the BOF slag is 1.45 (g/cm3).
The optimum water content (ωopt) of the BOF slag material is
15.12%. As seen in Fig. 5, as the amount of the BOF slag in
the mixture increases, the percentage (% amount) of clay with
a higher liquid limit and plastic limit value in the soil mixture
decreases. On the other hand, the amount of BOF slag with
very low liquid limit and plastic limit values in the mixture
increases. Since the water retention density (liquid limit value)
of the BOF slag is less than the clay soil, it reduces the water
retention density of the clayey soil. Figure 5 shows the opti-
mum water content of the mixture of clayey soil sample and
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BOF slag. When the BOF slag was added to the clayey soil
sample, the optimum amount of water was reduced.
Depending on the increase in the amount of BOF slag in the
clayey soil sample, the clayey soil sample appears to have a
tighter structure.

In the previous Turkish Standards Institute European Norm
(TS EN 1367-2 2010) magnesium sulfate test, 50 cycles of
freeze-thawing were carried out. The effect of salt water on
construction works was investigated. The effect of reinforced
concrete bridge construction in Fig. 5 was also found in con-
crete specimens 40×40×160 mm in size prepared under labo-
ratory conditions (Fig. 6). The reason for the damage to con-
crete specimens is that the water temperature or the changing
temperature causes crystallization of the water in the body
when the saline water or water located in the void in concrete
is absorbed. This situation not only causes the concrete surface
to well, to be poured in pieces, and to move to the center of the
concrete, but also causes material loss (Fig. 6). This effect in
the concrete samples prepared under laboratory conditions is
shown in Fig. 6. The damaging effects of salt water on con-
struction works are widely seen in concrete barriers and light-
houses at the seaside.

Results and discussion

Load–penetration values were obtained from CBR tests pre-
pared according to the results of the proctor tests. These values
were substituted in the ΔCBR (Eq. 1) to investigate the rela-
tionship between pre-freezing–thawing and post-freezing–
thawing load, kgf-, and penetrations (mm).

The CBR values before and after freezing–thawing of the
clay soil sample and mixture samples were given in terms of
0.5mm, 1.0mm, 1.5mm, 2.0mm, 2.5mm, and 3.0 mm pene-
tration (Figs. 7 and 8). Among these values, CBR% values
were calculated by taking the value which is high for 2.5 mm
or 5.0 mm penetration. The CBR value was calculated using
the standard load–penetration amount values ratio. Figure 7
shows penetration and mixing ratios of CBR values before the
freezing–thawing process.

As seen, the loads for 2.5 mm penetration for 0%, 3%, 6%,
9%, 12%, 15%, and 20% BOF slag mixture ratios are 356.90
kgf, 248.81 kgf, 263.09 kgf, 377.29 kgf, 372.20 kgf, 511.90
kgf, and 689.33 kgf, respectively. It is seen that an improve-
ment was observed in slag–mixture soils, compared with the
natural clay soils.

Figure 8 shows the CBR values after the freezing–thawing
process. These values were obtained after a 10 day freezing–
thawing cycle between +22°C and -17.5°C, and then the CBR
test was carried out.

When the values were examined, the amount of
CBR2 load decreased to 254.93 kgf for a 100% clay
soil sample after the freezing–thawing process. CBR1

load was obtained as 356.90 kgf. For 2.5 mm penetra-
tion on the witness sample, there was a load loss of
101.97 kgf. The increase in load–penetration resistance
was 3.06 kgf in the mixture of 6% BOF + clay soil
sample. After the freezing–thawing test, in the clay soil
samples with 9%, 12%, 15%, 20%, and 100% BOF
slag, the increase was observed in CBR2. These

Table 6 CBR values before freezing–thawing (CBR1) and after
freezing–thawing (CBR2)

Sample
no.

CBR1 CBR2
ΔCBR ¼ CBR1−CBR2

CBR11
� 100

B-0 26.24 18.74 28.58

B-3 18.29 16.95 7.33

B-6 19.34 19.57 −1.19
B-9 27.74 98.82 −256.24
B-12 27.37 116.97 −327.37
B-15 37.64 182.12 −383.85
B-20 50.69 247.28 −387.83
B-100 38.79 77.3 −99.28

Table 7 Sensitivity of samples to freezing

Amount of BOF Sample no. Freezing heave velocity
(mm/day)

Freezing
sensitivity

%0 BOF 1 6.20 High

2 6.50 High

3 6.80 High

%3 BOF 4 5.20 High

5 5.40 High

6 4.15 High

%6 BOF 7 4.50 High

8 4.60 High

9 5.00 High

%9 BOF 10 4.25 High

11 4.40 High

12 4.36 High

%12 BOF 13 2.10 Medium

14 2.40 Medium

15 3.10 Medium

%15 BOF 16 3.25 Medium

17 2.45 Medium

18 2.50 Medium

%20 BOF 19 2.65 Medium

20 3.00 Medium

21 2.70 Medium

% 100 BOF 22 3.00 Medium

23 3.10 Medium

24 2.95 Medium
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increases were 966.7 kgf-9% BOF slag, 1218.56 kgf-
12% BOF slag, 1964.99 kgf-15% BOF slag, 2673.69
kgf-20% BOF slag, and 771.93 kgf-100% BOF slag.
The CBR values obtained before and after freezing–
thawing and the rate of percentage change are given
in Table 6.

As seen from the CBR1, CBR2, and ΔCBR values in
Table 6, the optimum results were obtained for 12%, 15%,
and 20% BOF slag additions. Sensitivity of samples to freez-
ing is created in Table 7 according to the classification system
determined by Freitag and McFadden (1997).

According to Table 7, as the amount of BOF slag in the
clay soil increased, the sensitivity to freezing decreased.
Sensitivity to freezing was particularly low in the clay soil
sample with 12%, 15%, and 20% BOF slag. In the case of
sample mixtures with 0% (witness sample), 3%, and 6% BOF
slag, there was little change compared to the witness sample,
but sensitivity to freezing was still observed. The combined
graphical representation of sensitivity to freezing ratios and
BOF slag percentages is shown in Fig. 9.

Dashed lines on the graph indicate the limits of freezing
sensitivity. In this study, a total of 24 tests were carried out in
eight different mixtures, three in each. The effect of the
amount of BOF slag on the freezing sensitivity is shown in
Fig. 9 and Table 7. As it can be seen in Fig. 9, adding the BOF
slag to the clayey soil at specified ratios first reduces the freez-
ing sensitivity, which then remains constant at moderate
amounts of BOF slag.

When the degree of freezing according to mixing ratios
is examined, it is observed that sensitivity to freezing
decreases when the addition of BOF slag increases when
the clay soil sample has a high degree of freezing sensi-
tivity. Figure 9 shows a swelling rate varying between 6.2
and 6.8 mm/day after a 10-day freezing–thawing cycle in
a 100% clay soil sample. These values are 4.15–5.4 mm/
day for 3% BOF slag, 4.5–5.0 mm/day for 6% BOF slag,
and 4.25–4.4 mm/day for 9% BOF slag. Similarly, for
12% BOF slag, 15% BOF slag, and 20% BOF slag, the
sensitivities are 2.1–3.1 mm/day, 2.5–3.2 5mm/day, and
2.65–3.0 mm/day, respectively.
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Fig. 9 Freezing sensitivity of mixture samples
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Fig. 10 Microstructures of BOF slag and clay sample (250×)
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Investigation of macro structure

JEOL JSM-5500LV brand SEM device was used in this
study. Acceleration voltage: 0.3–30 kV; Resolution in high
vacuum mode: 3.0 nm (accelerator voltage 30 kV, WD 8
mm); Magnification: ×5–×300000; Probe current: 1 pA–1
μA; Electron welding: Eaves type tungsten filament; It is
equipped with Aztec software and Oxford EDS detector.
Specimen (3%, 6%, 9%, 12%, 15%, and 20%) samples ob-
tained from BOF slag-mixed clay material (6 pieces) were
magnified 250× times and examined by a SEM electronic
microscope. The shapes, corners, and surface and grain

structures of the BOF slag and clay mixture samples were
examined by a SEM electronic microscope.

When we examine the BOF slag and clay samples in Fig.
10, it is seen that the BOF slag grains are larger and have
larger surface textures. In the BOF slag, plate-shaped particles
of irregular shapes can also be observed. CaO and MgO com-
pounds found in BOF slag have an increasing effect on bind-
ing properties. BOF slag particles fill the gaps between the
clay grains and reduce the grain cavities within the clay.

In general, as the amount of BOF slag increases in the clay
material, it is observed that the grain structures have a fuller
compact structure. The interdependence of the grains in the

% 9 BOF

% 3 BOF % 6 BOF

% 12 BOF

a b

c d

% 15 BOF % 20 BOF

e f

Fig. 11 Particle structures of BOF slag and clay-added samples (250×)
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samples is particularly evident in BOF slag-mixed clay sam-
ples, especially at 12%, 15%, and 20% (indicated in Fig. 11d,
e, f).

Investigation of micro structure with SEM
analysis

Samples of a certain proportion (3%, 6%, 9%, 12%, 15%, and
20%) of BOF slag-mixed clay material were magnified 2500×
times and subjected to investigation with a SEM electronic
microscope. The microstructure of BOF slag and clay mixture
samples were examined with a SEM electronic microscope.

When we examine the SEM images of (a-) BOF slag and
(b-) clay samples in Fig. 12, it is seen that the BOF slag grains
are larger. Clay minerals are not found in a pure form and are
generally present with aluminum silicates and non-clay impu-
rities such as iron, magnesium, potash, calcium, sodium, and
quartz. Many clay minerals can also contain organic matter
and water-soluble salts. The main rock is effective in the for-
mation of clay, as well as transport, washing, and chemical
reactions are effective. In the investigation of microstructures
of clays, these mineralogical and geological features come to
the beads.

In the microstructure examination, most of the BOF slag
grains examined under SEM were found to have smooth,
crystal structures and extremely rough surface textures (Fig.
12a). It was concluded that the increase in shear strength of the
compacted clay is due to the bonds formed during the freezing
and thawing cycle.

It can be evaluated that the minerals contained in the clay
swelling have a significant effect. Allam and Sridharan (1981)
investigated the effect of the freeze and thaw cycle of clays,
and they concluded that the increase in shear strength of the
compressed clay is due to the bonds formed during the freez-
ing and thawing cycle. Collins using SEM, in his study of the
microstructure of swelling soils, showed that the

determination of microstructure of clay is an important factor
in evaluating the swelling behavior of expanded soils (Collins
1984). It is stated bymany researchers that microstructural soil
is a major factor affecting engineering behavior (Pusch 1979;
Mitchell and Soga 2005).

X-ray and SEM analyzes were performed on 3%, 6%, 9%,
12%, 15%, and 20% BOF slag-added samples in order to see
the microstructural change in the samples before and after the
cycle. Looking at the SEM analysis result (indicated in Fig.
13), 3%, 6%, 9%, and 12%, when evaluated for 15% and 20%
BOF slag-blended sample BOF were more clustered in the
following cycle in the sample by the amount of slag increas-
ing, and shows a dense structure integrity.

X-ray diffraction analysis (XRD)

For the XRD study, samples prepared from each sample were
tested with an X-ray diffractometer and clay mineral types
were determined. Mineralogical phase analysis was carried
out on 6 samples of BOF slag-added clay materials in parallel
with optical microscope study. BOF slag-added samples were
investigated with a Rigaku SmartLab X-ray diffraction device.
XRD analyzes were performed using Cu Kα radiation (λCu =
0.1540 nm) and a computer-controlled Bruker AXS D8
Advance Diffractometer with 2θ angles ranging from 5° to
90°.

In laboratory conditions, 3%, 6%, 9%, 12%, 15%, and 20%
BOF slag admixtures (6 samples) prepared by compacting at
optimum water content were examined both before and after
of the freezing and thawing cycle and swelling amount and
micro structure; SEM analysis and XRD analysis were also
performed (illustrated in Figs. 14, 15, and 16).

The main components of the BOF meltshop furnace slag
sample were determined and the results are shown in Fig. 14.
According to the test results, themain components are calcium
oxide (CaO), silicon dioxide (SiO2), aluminum oxide (Al2O3),

% 100 BOF % 100 KİL

a b

Fig. 12 Micro structures of a BOF slag and b clay samples, (2500×)
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and iron (Fe). The presence of aluminum oxides (Al2O3),
magnesium oxides (MgO), and other components in BOF
slags as well as the abovementioned components were found
to be low. In the XRD analysis, calcium and silicon com-
pounds and silicate compounds of calcium and iron were
found as the basic bond structures. XRD analyzes on clay
samples are given in Fig. 15.

XRD analysis results (displayed in Fig. 15) on clay samples
showed clay minerals in clays and non-clay minerals (calcite,
quartz, etc.) in some shadows. XRD analysis of clay samples
revealed chlorite, kaolin, vermiculite, montmorillonite, and

halloysite minerals. The X-ray diffractogram results of BOF
slag-added clay samples are shown collectively in Fig. 16.

As seen in the results of SEM analyzes and XRD records,
during the freeze–thaw cycle, it is seen that the grains are
rearranged and the structure integrity is relatively increased.
As a result of the agglomeration of the resulting surface area to
interact with the liquid, the surface area to be in contact with
the liquid has decreased. As a result of this process, a decrease
in swelling potential was observed.

When XRD and SEM analysis results are evaluated, BOF
slag additive samples aggregate as a result of agglomeration

% 3 BOF

a
% 6 BOF

b

% 9 BOF

c
% 12 BOF

d

% 15 BOF

e
% 20 BOF

f

Fig. 13 SEM images of BOF slag and clay additive samples (2500×)
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compared to pre-cycle and had larger grain structure com-
pared to pre-cycle. This effect of the freezing and thawing
cycle is even more pronounced in samples with 12%, 15%,
and 20% BOF slag addition. The strength enhancing effect is
mostly observed in the BOF slag sample added in different
proportions of binder and grain filling gaps.

When the effect of the cycle on the swelling potential of
clayey soils is investigated, due to the increase in the number
of cycles, the swelling ability of the soil with high swelling
potential decreased with the contribution of BOF slag and
increased agglomeration structure on clayey soil.

Characterized in that swelling clay, the compression state of
the sample and major site in particular clay mineral varied
depending on the type. To understand the freeze–thaw mech-
anism of clays, it would be appropriate to quantitatively eval-
uate the microstructure of the clays.

Conclusions and recommendations

The effects on the bearing value of the soil were investigated
in experiments before and after freezing–thawing. Freeze–

Fig. 14 X-ray diffractogram of
the BOF slag sample (post-cycle)

Fig. 15 X-ray diffractogram of
the clay sample (post-cycle)
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thaw tests were applied following the ASTMD 5918 standard
test methods for 240 h, and the maximum swelling amount
(demonstrated in Table 7) was observed in B-0, B-3, and B-6
samples. With the addition of the BOF slag to clayey soil
samples with high freezing and swelling sensitivity, it was
observed that the sensitivity to freezing and the amount of
swelling decreased. In the freeze–thaw experiments, it
was seen that when BOF slag was added to the clayey
soil sample, the best resistance to soil strength and abra-
sion was obtained from mixtures between 12% and
20%. TS EN 1367-1 freeze–thaw test was applied on
clayey soil and BOF slag mixture sample, and it was
used as a heat treatment step in ASTM D-5918 test
standard. SEM images of samples containing 9% or
more BOF slag after the post-freeze–thaw cycle indicate
that denser and more clustered grain structures were
formed compared to 3% and 6% pure samples. When
the microstructure of the samples was examined
(indicated in Fig. 13c, d, e, f), it was thought that the
clay material was squeezed into the pores of the BOF
slag to form a composite structure. Thus, it was thought
that the mixture samples were less affected by the ef-
fects of both pressure and climate. When the results
were evaluated, it was observed that when the BOF slag
was added to the Iskenderun clayey soil sample, there
was a decrease in the bearing and swelling capacity and
an increase in the ground bearing capacity.
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