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ABSTRACT: The effects of (EAF) slag inclusion on the index and mechanical properties as
well as cyclic properties of a clayey soil were investigated. Clayey soil was replaced with slag at
30%-50% and index, compaction, static and cyclic triaxial tests were conducted to obtain the
mechanical properties of the slag admixed clayey soils. The liquid limit of mixtures decreased
with the increasing amount of slag in the specimens. The maximum dry density increased by
20%, with the addition of slag. Under static isotropically consolidated undrained conditions, the
internal friction angle of the specimens increased and the amount of cohesion reduced with an
increase in the percentage of slag. Under a certain level of cyclic stress, the number of cycles
required for liquefaction increased in slag admixed specimens. The cyclic shear modulus of the
specimens increased to a 2.5 fold compared to the specimens without slag.

1 INTRODUCTION

Construction on soft soils is generally problematic since the engineering properties of soft
soils generally cannot meet the required conditions. Therefore, the stabilization of soil is
important when the structures have to be built on soft soils such as clayey soils. Soil stabiliza-
tion can be defined as the modification or improvement of the soil properties in order to
increase the engineering performance under static or cyclic loadings. Soil stabilization with
using industrial wastes are rapidly increasing in construction works (Dayalan 2016). Steel slag
is a byproduct from either the conversion of iron to steel in a basic oxygen furnace (BOF), or
the melting of scrap to make steel in an electric arc furnace, EAF (Shi 2004). Electric arc fur-
nace (EAF) slag is produced during the manufacture of crude steel by the electric arc furnace.
Electric arc furnace (EAF) slag is a strong, dense and none porous aggregate with a good
resistance that can be used as aggregates with different grain sizes. This characteristic makes it
an ideal aggregate for replacement of the aggregates that can be used in preparing layers of
the roads, embankments, railways and under the pavements and also in the manufacture of
hydraulic concrete aggregate (Santamaría et al. 2017, Marta et al. 2016, Monosi et al. 2016
Arribas et al. 2015). In addition to the above, numerous studies have been conducted by vari-
ous researchers in the use of blast furnace slag to improve the engineering properties of weak
soils (Rajakumaran 2015, Takhelmayum et al. 2013). However, there is a limited research on
the effectiveness of EAF slag on the engineering characteristics of weak soils. Turkey is the 8th

biggest steel producer and EAF has the largest portion of annual steel production (75%).
However, only 1% of steel slag is used for manufacturing interlocking paving stones. 120 to
150 kg of slag obtained from each tone of steel produced in EAFs. (Yonar et al. 2016). As the
steel making process is common in Turkey, and generates over five million tons of slag
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annualy, this study deals with the effect of clay-EAF slag mixtures on the mechanical and
cyclic properties of clayey soils. The mechanical and cyclic properties of the soil mixtures were
investigated by experimental tests conducted in a laboratory according to ASTM standards.

2 EXPERIMENTAL PROGRAM AND MATERIAL PROPERTIES

In this study in order to determine the effectiveness of using EAF slag in improving the engin-
eering properties of cohesive soil a series of experimental tests were carried out on existing
materials and clay-EAF slag mixture specimens. The first aim is to determine the mechanical
properties of clay-EAF slag mixtures and the second aim is to determine the effect of slag on
cyclic properties of slag admixed clayey soils as an earthquake resistant material. All tests
were conducted with two different percentages of clay and EAF slag mixtures defined by dry
weight. Specimens containing 70% clay-30% EAF Slag (70C-30EAF) and 50% clay-50% EAF
Slag (50C-50EAF) were prepared. The natural clay soil for this study was obtained from
Izmir city in Turkey. As shown in Table 1, the soil was classified as a low plasticity clay (CL)
according to the Unified Soil Classification System (USCS). The EAF slag was obtained from
Izmir steel manufacturing factory storage area. The slag was grinded in Los Angeles abrasion
equipment, and particles having a diameter less than 4.75 mm (- No.4) were used as an addi-
tive material in the study. The physical properties of EAF slag and the grain size distributions
of the materials used are presented in Table 2 and Figure 1, respectively. EAF slag was classi-
fied as a poorly-graded clean sand (SP) in USCS and A-3 group in AASHTO System.

3 TEST RESULTS AND DISCUSSIONS

3.1 Effect on Atterberg limits

In order to determine index properties of the clay-EAF Slag mixtures, Atterberg limit tests
were performed. As seen in Table 3, the changes in LL, PL and PI with the addition of EAF
slag is remarkable. It can be seen that the liquid limit and plasticity index of mixtures is
decreasing with the increasing the percent of EAF slag because of the non-plastic properties of

Table 1. Properties of EAF slag aggregates.

Liquid limit, LL (%) 43.5
Plastic limit, PL (%) 23.6
Plasticity index, PI (%) 19.9
Maximum dry density, γmax (kN/m3) 17.2
Minimum dry density, γmin (kN/m3) 15.6
Specific gravity, Gs 2.62
Soil symbol (USCS) CL
Group classification (AASHTO) A-7-5

Table 2. Properties of EAF slag aggregates.

Effective size, D10 (mm) 0.44
D30 (mm) 1.2
D60 (mm) 2.3
Coefficient of uniformity, Cu 5.23
Coefficient of curvature, Cc 1.42
Maximum dry density, γmax (kN/m3) 21.29
Minimum dry density, γmin (kN/m3) 15.8
Specific gravity, Gs 3.4

1091



slag. With the addition of EAF, a decrement in in the diffuse double layer of the clay is inevit-
able and flocculation of the clay particles takes place, resulting in the lower values of liquid
limit and plastic limit of the clay.

3.2 Effect on compaction properties

Compaction characteristics of clay-EAF slag mixtures are crucial characteristics in the construc-
tion of embankments, backfilling of retaining walls, road construction. The density of soil with
EAF slag is a vital parameter as it dominates the strength, compressibility and hydraulic charac-
teristics of the soil. Amount of transferred energy, and its application method, grain size distri-
bution, moisture content, and plasticity of the soil all have separate effects on the compacted
unit weight of the soil. In this study, a series of standard Proctor tests were performed following
ASTM D 698-07 standard to determine the effect of EAF slag on water content (%) and max-
imum dry density (MDD) of clay. The results of standard Proctor tests are shown in Figure 2.
It can be observed from Table 4 that with the addition of steel slag the MDD was increased and
optimum moisture content (OMC) was decreased. As EAF slag has higher specific gravity than
the clayey soil, with the increase of the EAF slag percentage in the specimens, an increase of the
maximum dry unit weight was observed. The compaction curves moved to the upper left with

Figure 1. Grain size distributions of EAF slag, clay and mixtures.

Table 3. Atterberg test results.

Test/Specimens Clay Soil 70C-30EAF 50C-50EAF

Liquid limit, LL (%) 43.5 25.6 21.1
Plastic limit, PL (%) 23.6 14.1 11.3
Plasticity index, PI (%) 19.9 11.5 9.8
Soil Symbol CL CL CL

Figure 2. Effect of EAF slag on compaction characteristics of the mixtures
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the increment of EAF slag in the mixture. Although the maximum dry density increased by 20
% on the average, the OMC of the mixtures was close to the OMC of the slag.

3.3 Static triaxial compression tests

Static compression triaxial testing was conducted on the isotropically consolidated-undrained
specimens and each specimen was sheared with 50 kPa, 100 kPa, and 200 kPa of confining pres-
sures. CU triaxial tests were conducted on cylindrical specimens of 50 mm diameter and 100
mm height having a constant height to diameter ratio of (H/D) 2. Triaxial tests were performed
according to ASTM D 4767-04 and all specimens were prepared at their optimum moisture con-
tent by using the compaction method. The specimen was saturated with flowing CO2.
After this step, de-aired water was allowed to flow through the specimen from the bottom

to the top of the specimens. Skempton’s coefficient B value was assured to be at least 0.95 at
the end of the saturation step. The pressure inside the specimen is kept constant by keeping
the effective confining pressure at 20 kPa throughout the saturation step. Static triaxial tests
were performed under strain-controlled conditions at a strain rate of 1 mm/min. The tests
were finalized when an axial strain of 20% was achieved. As it is seen in Table 5, the internal
friction angle of the specimens increased and the amount of cohesion tended to reduce with an
increase in the percentage of EAF slag. EAF slag contains the oxide forms of Ca, Mg, and Fe
and a high ratio of CaO/SiO2. Cations of these elements dissolve in the pore water of the spe-
cimens resulting in a hardening structure compared to the pure reconstituted soil specimens.
CaO itself is a crucial element of cement, therefore, by using EAF slag, a form of cementation
is possibly developing in the specimens raising the internal friction angle. Decreasing of the
cohesion denotes that the EAF slag particles in sand properties dominate the mixture, higher
the ratio of slag lower the cohesion.

3.4 Cyclic triaxial tests

In order to investigate the changes in the cyclic properties of the soil-slag admixtures, cyclic
triaxial experiments were conducted. The experiments were carried out on the soil slag mix-
tures for two purposes. In the first group of experiments, it was aimed to investigate the
changes in the deformation behavior of the specimens under constant repetitive loads, and the
number of cycles at the time that the specimen collapsed and the changes in the pore water
pressure were determined. In the second group, the behavior of soil-slag mixtures was deter-
mined at small deformation levels (stiffness parameters).
The experiments were carried out on the specimens obtained by preparing the mixtures at

optimum water contents. The changes in the strain and pore water pressure due to cyclic load-
ing were measured by the cyclic triaxial testing device. The cyclic triaxial experiments were
conducted on specimens having a 5 cm diameter and 10 cm height with varying ratios of slag
and soil, which were 100% clay, 30% slag - 70% clay, 50% slag - 50% clay, respectively. In all
experiments, Skempton B parameter was obtained as 0.96 or higher. After the saturation is
achieved, the desired consolidation pressure (100 kPa) is adjusted and the specimens were iso-
tropically consolidated. After the completion of the consolidation, the frequency of 0.1 Hz
was applied sinusoidally to achieve the cyclic loadings.
The second group of experiments was performed according to JGS 0542-2000. According to

this standard, loading is performed for every 11 cycles. After 11 cycles, drainage valves were
opened to measure the size and volume of the specimen. After the consolidation has ended,

Table 4. Summary of standard compaction test results.

Parameter/Specimens EAF slag Clay Soil 70C-30EAF 50C-50EAF

Optimum moisture content, OMC (%) 9.5 15 10 9
Maximum dry density, MDD (kN/m3) 25.5 19 22.2 23.5
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the drainage valves were closed and 11 cycles were reloaded in such a way that the strain
should be the twice of former testing. At the end of the loading, the valves were opened for
the second time and the specimen was consolidated and the size and volume change of the
specimen were measured. This process was carried out in the form of 11 cycles of loading at
each time.

Table 5. Strength parameters obtained from triaxial compression test.

Parameter/Specimens EAF slag Clay Soil 70C-30EAF 50C-50EAF

Effective friction angle, φcu’ (°) 30 14 19 20
Friction angle, φcu (°) 37 13 18 19
Effective cohesion, cu’ (kPa) — 38 38 36
Cohesion, cu (kPa) — 39 35 30

Figure 3. Measurement of deviator stress, axial strain and pore water ratio (from top to bottom) of the
70C-30 EAF specimen under the constant effective pressure of 100kPa.

Figure 4. CSR (cyclic stress ratio) and its relation with the number of loading cycles for different
specimens.
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Figure 5 shows a typical cyclic triaxial test result in terms of the deviator stress-number of
cycles, pore water pressure-number of cycles, and axial strain-number of cycles of 50C-50EAF
specimen. The deviator stress-axial strain, E/Emax and (hysteretic) damping ratio-strain rela-
tions were shown in Figure 6. Shear modulus (G) values were derived from the equivalent
Young Modulus values obtained from cyclic triaxial tests and normalized with its maximum
value. Hysteretic damping ratio is defined as the ratio of damped energy per cycle to stored
energy per cycle multiplied by 1/2π.
The contribution of EAF slag changes the stiffness parameters, especially at small deform-

ation levels. Figure 7 shows the variation of the stiffness parameters obtained from the experi-
ments of the specimens prepared with different percentages of slag.
The reported values in Figure 7, refer to the smallest strain levels of the specimens. The slag

contribution significantly affects the cyclic shear modulus of the soil. Although the cyclic
shear modulus has higher values in specimens tested under 200kPa, the change of the cyclic
shear modulus in the specimens tested under 100kPa is more pronounced by reaching an aver-
age of 2.5 fold. As the slag-soil improvement works are more likely to take place on the first
few meters of the ground, this finding indicates that the improved soil will have adequate
resistance against cyclic effects.

4 CONCLUSIONS

Partial or complete replacement of soils by Electric Arc Furnace (EAF) slag is increasingly
drawing attention due to its benefits, including improvements in engineering properties of
soils. EAF slag is a lightweight material accompanied by high internal friction angle and high
permeability properties. The effects of slag content on the engineering and cyclic properties of
clay-EAF slag mixtures were investigated in the current study.

Figure 5. Deformation properties of a 50C-50 EAF specimen under the constant effective pressure of
100kPa.
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According to the results obtained from Atterberg and compaction tests, it should be noted
that with the addition of EAF slag, index and mechanical properties of clayey soil have been
changed. It means that the slag additive generally improves the negative aspects of the clay
and it can cause to positive effects on clayey soils behaviors.
The undrained triaxial compression tests indicated that as the EAF-slag content increased,

shear strength parameters of the clayey soils have improved. According to the results obtained
from cyclic tests, the soil skeleton is replaced with a stiffer structure, increasing the number of
loading cycles proportional to the portion of EAF slag available in the soil medium. The
cyclic shear modulus of the specimens tested under 100 kPa improved to an average of 2.5; the
50C-50EAF specimens tested under 200 kPa had the highest cyclic shear modulus. The result
of the present experimental investigation indicates that EAF slag additive improved the engin-
eering properties and cyclic resistance of clay and therefore recommended as a low-cost modi-
fier or stabilizer of cohesive soils and clay like soils with poor engineering properties. It is
possible to say that the slag addition generally improves the negative aspects of the clayey soil.
In practice, it can be used as an economical material for improving the soil rigidity in stone
columns or in compaction grouting applications.

Figure 6. E/Emax – single amplitude axial strain (top) and hysteretic damping ratio- single amplitude
axial strain (bottom) relationships of a 50C-50 EAF specimen.

Figure 7. Effect of EAF addition to the cyclic shear modulus of clay soil.
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