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The diminishing quantity of natural resources has resulted in a search for alternative materials.
Reusing industrial by-products, such as steel slag, provides opportunities for sustainable high-
way construction practices due to the valuable space they occupy and the potential environ-
mental impacts when they are stockpiled. In this paper, the mechanical suitability of steel slag
as an unbound highway aggregate is investigated, and its performance is compared with that
of traditional graded aggregate base (GAB) materials. In order to compare the behavior, three
steel slag samples with different aging properties and five aggregate samples from different
quarries were employed. The results indicate that resilient moduli and permanent. Deforma-
tion characteristics of steel slag are comparable with those of traditional aggregates and can
replace when used as a base or subbase course.

Cite this article as: Yal¢in Dayioglu, A, Hatipoglu, M., & Aydilek, A. (2023). Comparative
evaluation of mechanical performance of steel slag and earthen granular aggregates. J Sustain

Const Mater Technol, 8(1), 12-19.

1. INTRODUCTION

Stockpiling large quantities of steel slag, a by-product of
steel production, has become an issue over the years as the
practice takes valuable space in urban areas and may result
in the leaching of undesired compounds into surface waters
or groundwater [1, 2]. Thus, alternative applications for the
use of steel slag need to be evaluated. Steel slag constitutes
approximately 15% of 1 ton of steel produced, and in 2021
was estimated to total 190-280 million tons globally and
9 million tons in the United States [3]. Using steel slag in
various applications, such as clinker cement aggregate or
recycling in iron-making applications, has been extensive-
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ly studied [4-11]. In addition, using steel slag in highway
applications has been a very good research topic due to the
consumption of larger volumes of the material [12]. Inves-
tigated the use of electric arc furnace (EAF) steel slag as
an unbound granular aggregate for low-volume roads and
showed that steel slag might have California Bearing Ratio
(CBR) values up to 200%, and its resilient modulus is much
higher than those of traditional aggregate materials. Vari-
ous studies [13-16] evaluated the performance of EAF slag
when used as an asphalt aggregate and showed that the me-
chanical performance of steel slag was comparable to that
of natural aggregates. Ameri et al. [17] mixed steel slag with
virgin aggregate and indicated that steel slag enhances the
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quality of cold-in-place-recycled asphalt mixtures. Mag-
hool et al. [18] evaluated the mechanical and environmen-
tal impacts of EAF steel slag when used on highways and
found that, especially when blended with a fine-grained
material, EAF slag would have excellent mechanical char-
acteristics to be used as a base layer.

Steel slag has high CaO and MgO content due to the
composition of the fluxing agents used to purify the ma-
terial, which results in the formation of calcium hydrox-
ide (Ca(OH)2) upon reacting with water which ultimately
causes volumetric expansion [19-21]. Past studies by Oz-
kok et al. [22] assessed the success of different mitigation
methods, such as bitumen coating, bathing steel slag in ei-
ther Fe(III), Al(IIT), or PO4(-III), and mixing steel slag with
an alum-based drinking water treatment residual (WTR),
and showed that WTR amendment proved to be the most
effective method. However, Ca release was also reduced by
about 50- 70% for the other methods. Steel slag can also be
mixed with WTR to reduce the ultimate swelling potential
[23] significantly. Similarly, studies conducted by [1, 2] re-
vealed that when encapsulated by a clayey soil layer and/
or by the presence of a clayey natural subgrade, both trace
metal leaching and swelling potential of water treatment re-
sidual (WTR) treated basic oxygen furnace (BOF) steel slag
are mitigated.

In order to evaluate the potential use of steel slag in
highway base applications, a definition of its structural
stability through resilient modulus tests is necessary. The
test provides an essential input parameter for the pavement
design, aligned with the mechanistic-empirical pavement
design guidelines (MEPDG) to design flexible pavements
[24]; however, high constant stresses are usually not applied
on the materials for a very long period during the test, while
they are being exposed to such stresses during their service
life. Thus, permanent deformation tests are generally per-

Table 1. Gradation properties of the materials tested

Figure 1. Materials used in this study (a) Steel Slag; (b)
GAB Material.

formed on unbound granular aggregates to determine their
plastic deformation (rutting) potential [25-28].

The main goal of this study was to evaluate the stiffness
and plastic deformation characteristics of steel slag and to
compare them with those of graded aggregate base (GAB)
materials. For this purpose, laboratory resilient modulus
and permanent deformation tests were conducted on pure
steel slag and GAB samples. In order to study the nonlinear
behavior of steel slag and GAB materials, the model recom-
mended by mechanistic-empirical pavement design guide-
lines (MEPDG) was employed. Furthermore, permanent
deformation tests were performed on specimens with up to
10,000 load repetitions to determine the steel slag's plastic
strain and compare its performance with natural aggregates.

2. MATERIALS

Three steel slag (S) materials with different aging prop-
erties (i.e., six months (S6M), one year (S1Y), and 2+ years
(52Y)) and five different graded aggregate base (GAB) ma-

Material Gravel Sand FC D, D, D, CcC, C, Passing from Passing from
(%) (%) (%) (mm) (mm) (mm) 2-mm sieve (%)  0.42-mm sieve (%)
S6M 35 53.5 115 4 0.65 0.07 57 1.5 46 25
S1Y 22.3 68.6 9.1 2.5 0.64 0.08 31 2 53 25
S2Y 20.7 67 12.3 2.5 0.55 0.045 53 2.7 54 27
GABI1 58 36 6 9.8 1.6 0.1 98 2.6 32 17
GAB2 46.8 44.6 8.6 6.7 0.5 0.085 79 044 44 28
GAB3 61 33 6 10.1 2 0.15 67  2.64 30 19
GAB4 58 36.7 5.3 10.1 1.5 0.15 67 1.49 34 16
GAB5 56 36 10.0 1.2 0.09 111 1.6 30 15
AASHTO (UL) 45 47 NA NA NA NA NA NA NA
AASHTO (LL) 65 35 NA NA NA NA NA NA NA

Note: S: Steel slag, GAB: Graded Aggregate Base, FC: Fines Content. NA: Not available. Cu: Coefficient of uniformity Cc: Coeflicient of curvature, UL:
Upper Limit, LL: Lower Limit. Values outside of the AASHTO Limits are in bold.
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Table 2. Physical and chemical properties of the materials tested

Physical properties Chemical properties
Material Gs I, W YViry-mex USCS AASHTO Sio, ALO, FeO, CaO
(%) (%) (KN/m?) classification  classification (%) (%) (%) (%)
S6M 3.46 NP 10 23.9 SW-SM A-1-b 11.48 4.10 36.45 32.84
S1Y 3.45 NP 11 22.5 SW-SM A-1-b 12.18 3.68 35.93 32.42
S2Y 3.45 NP 13.5 22.2 SW-SM A-1-b 11.65 3.60 37.12 32.41
GABI1 2.77 NP 5.8 23.9 GW A-l-a 60.9 13.3 9.43 2.93
GAB2 2.79 NP 4.2 23.9 GW A-1-a 44.1 3.04 1.57 26.8
GAB3 3.01 NP 53 24.8 GW A-1-a 47.7 15.6 11.0 11.9
GAB4 2.68 NP 4.7 23.0 GW A-1-a 11.9 1.95 0.85 31.7
GAB5 2.79 NP 52 23.4 GW A-1-a 2.36 0.70 1.31 29.3

Note: Ip: plasticity index, Gs: specific gravity NP: non-plastic, wopt: optimum moisture content, ydry-max: maximum dry unit weight.

terials were included in the testing program (Fig. 1). The
GAB and S materials were collected from different quarries
in the eastern part of the United States and tested in the
laboratory. Both materials contained coarse and non-plas-
tic fine fractions. The gradation properties of the materials
are provided in Table 1, whereas the index properties are
given in Table 2.

The fines fraction of GAB and S are 5.3-8.6% and 9.1-
12.3% by weight, respectively. Gradation properties of all
three steel slag materials exceed the AASHTO M147 up-
per level for base aggregates. However, it should be noted
that those specifications were developed for traditional
GAB materials, and no specific limits were set for steel slag.
The unit weight of GAB materials varies between 2.68 and
3.01 and agrees with the values reported by [29, 30]. The
higher specific gravity of the slags as compared to earth-
en aggregates can be attributed to their higher Fe203 con-
tent (35.93-37.12% versus 0.85-11.0, Table 2), and previ-
ous studies reported comparable specific gravities for steel
slag samples [31, 32]. GAB materials utilized in the current
study were classified as A-1-a according to AASHTO, while
the S materials were classified as A-1-b [33].

Slag particles' bituminous coating (BC) was achieved us-
ing an asphalt binder PG-64-22. The physical properties of
the asphalt binder can be found in [34]. The asphalt binder
(Gs= 3.45) is solid at room temperature and is viscous fluid
at 90°C. Steel slag particles were mixed with 4% by-weight
asphalt binder following the procedures outlined in [34].

3. METHODS

3.1. Resilient Modulus Test

The resilient modulus test is usually performed to obtain
soil stiffness under confining stress and a repeated axial load.
All the resilient moduli tests were performed by AASHTO
T-307, a protocol for testing highway base and subbase mate-
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Figure 2. Resilient modulus test setup.

rials [35]. The loading sequences used in the resilient modu-
lus test are presented in Table 3. A vibratory compactor was
used to place all GAB and S specimens in split molds with
a diameter of 152 mm and a height of 305 mm per ASTM
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Table 3. Testing sequences used for materials in this study (AASHTO T-307)

Sequence no Confining Maximum Cyclic Constant No of
pressure deviatoric stress stress stress repetitions
0 (Conditioning) 103.4 103.4 93.1 10.3 500
1 20.7 20.7 18.6 2.1 100
2 20.7 41.4 37.3 4.1 100
3 20.7 62.1 55.9 6.2 100
4 34.5 34.5 31.0 35 100
5 34.5 68.9 62.0 6.9 100
6 34.5 103.4 93.1 10.3 100
7 68.9 68.9 62.0 6.9 100
8 68.9 137.9 124.1 13.8 100
9 68.9 206.8 186.1 20.7 100
10 103.4 68.9 62.0 6.9 100
11 103.4 103.4 93.1 10.3 100
12 103.4 206.8 186.1 20.7 100
13 137.9 103.4 93.1 10.3 100
14 137.9 137.9 124.1 13.8 100
15 137.9 275.8 248.2 27.6 100
Table 4. Resilient modulus and permanent deformation test results
Material SM, (MPa) Fitting parameters R? eplastic (%)
k, k, k,
S6M 94.8 442.80 1.324 -0.522 0.988 0.041
S1Y 184 1182.63 0.797 -0.374 0.987 0.039
S2Y 98.4 522.76 1.077 -0.396 0.990 0.055
GAB1 186 1096.53 0.983 -0.489 0.980 0.077
GAB2 249 1594.21 0.864 -0.487 0.988 0.043
GAB3 87 406.20 1.114 -0.135 0.987 0.066
GAB4 130 765.36 0.950 -0.426 0.979 0.078
GAB5 117 647.50 0.995 -0.354 0.996 0.060

Note: S: Steel slag, GAB: Graded aggregate base, SMR: Summary resilient modulus.

D 7382. All materials were compacted in six layers at their
optimum moisture contents and maximum dry unit weights.

A Geocomp LoadTrac-II loading frame and associated
hydraulic power unit system was used to load the specimens
(Fig. 2). A conditioning stage was performed on the spec-
imens before actual test loading under the same confining
and axial stress of 103 kPa for 500 repetitions. The confin-
ing stress was constrained between 20.7 and 138 kPa during
the loading stages, while the deviator stress was raised from
20.7 kPa to 275.8 kPa with 100 repetitions at each step. Re-
silient modulus 5.0 software was used to keep track of the
loading sequence, confining pressure, and data acquisition.
External linear variable displacement transducers (LVDTs)
with a measurement capacity of 50.8 mm were utilized to
measure the deformations. In order to obtain the resilient

modulus for each load sequence, the average moduli from
the last five cycles of the corresponding sequence were cal-
culated. The following model in the Mechanistic-Empirical
Pavement Design Guide (MEPDG) [36, 37] was used to cal-
culate the resilient moduli:
Mg = ky X Py X ()kz x (226 4 1)ks (1)
Py Py

where M*= resilient modulus; k; k,, and k, are con-
stants; 0 = bulk stress (0,+ 0,+ 0,) ; P, = atmospheric pres-
sure. T is octahedral stress depending on the principal
stresses acting on the sample and calculated as follows:

)

1
Toct = 5\/(01 —03)% + (0, — 03)? + (0, — 03)*
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Figure 3. Resilient moduli of GABs and steel slags at differ-
ent loading sequences.

The resilient modulus data at a bulk stress of 208 kPa
computed by National Cooperative Highway Research Pro-
gram 1-28A was named the summary resilient modulus
(SM,) ([38]). The resilient modulus test results are summa-
rized in Table 4 and Figure 3.

3.2. Permanent Deformation Test

In order to obtain the plastic strain characteristics of the
specimens, a battery of permanent deformation tests was
performed by AASHTO T-307 ([35]). The samples were
subjected to the same preconditioning steps; however, after
the preconditioning stage, the specimens were subjected to
10,000 load repetitions under 103.4 kPa confining pressure
and 206.8 kPa deviator stresses in order to measure the per-
manent deformations. Permanent deformation tests were
terminated after 10,000 load repetitions were completed or
a plastic strain of 5% was reached.

4. RESULTS

4.1. Resilient Modulus Test

The results of the resilient moduli test for all samples
are presented in Figure 3 and Table 4. There is a near-lin-
ear relationship between bulk stress and resilient modulus,
as observed in earlier studies [24, 27, 39-43]. The data in
Figure 3 and Table 4 indicate that the SM, of steel slag (S) is
comparable to those of GAB materials. The SM,, values ob-
tained for steel slag samples agree with the findings of [12]
but are slightly lower than those reported by [44]. However,
it should be noted that the latter study used an empirical
equation to obtain M, from the laboratory CBR test results.
Although the steel slag samples have a lower gravel frac-
tion, higher fines content, and higher optimum moisture
content, their resilient moduli remained within the range
of resilient moduli of traditional GAB materials. This phe-
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Figure 4. Permanent strains of the GABs and steel slags.

nomenon might be due to their relatively higher angularity
and roughness [12, 24], even though such measurements
were not made in the current study [45] reported that the
resilient modulus of steel slag is significantly dependent on
deviator stress, and the fine fraction of steel slag may be re-
sponsible for the observed behavior. No apparent correla-
tion exists between the aging period and resilient modulus
since the maximum and minimum SM, was observed for
S1Y and S6M, respectively. However, Table 4 indicates that
the highest unit weight results in the lowest SM,, agreeing
with the findings of [46].

Table 4 indicates that all k, values are negative and vary
between -0.135 and -0.522, most probably because the
granular materials used in this study are affected by bulk
stress [24]. Furthermore, the results show that the resilient
moduli values depend on the bulk stress level applied. At
the lower bulk stress levels (100-500 kPa), the minimum
and maximum M, were computed for GAB2 and GAB3,
respectively, while at the higher bulk stress levels (600 700
kPa), the minimum M, was calculated for S2Y.

4.2. Permanent Deformation Test

Table 4 and Figure 4 show the plastic strain of all ma-
terials used in the current study. GAB1 has the maximum
plastic strain (0.078%), whereas S1Y has the minimum
plastic strain (0.039%) after 10,000 repeated loading cycles.
In general, steel slags yield lower plastic strains when com-
pared with the GAB materials (¢=0.039-0.055 versus 0.043-
0.078), suggesting a better performance for the slags under
a specific load for the long term. Upon subjecting to 10,000
repeated cycles of loading, GAB4 shows the maximum
plastic strain (0.078%), whereas GAB2 has the minimum
plastic strain (0.043%) among the GABs tested, which may
be attributed to the gravel and acceptable content of these
two GABs (Table 1). GAB4 has a relatively higher gravel
content (58% versus 46.8%) and lower fines (5.3% versus
8.6%) than GAB2, resulting in a larger void ratio for GAB4.
The large voids between the particles and lack of fines may
have resulted in more significant deformation during re-
peated loading [47].
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5. CONCLUSIONS

A series of laboratory tests were conducted to study the
resilient modulus and permanent deformations of a steel
slag material and to compare the measured values to those
of natural aggregates. In addition, the swelling potentials
of pure slag, as well as Bitumen-coated slag particles were
determined in accelerated swelling tests. The following con-
clusions can be drawn from the findings of this study:

o Resilient moduli of steel slag with different aging prop-
erties were comparable to those of traditional graded
aggregate base materials. Although the tested steel slag
samples have lower gravel fraction, higher fines content,
and higher optimum moisture content, the SM, of steel
slag samples remained within the range of values for
graded aggregate base materials.

o In general, steel slag materials yielded lower plastic
strains as compared to GAB materials. These results
show that steel slag performs better than GAB under a
specific load for the long term.

o All three steel slag materials with different aging prop-
erties exceeded the 0.5% swell limit set by ASTM D
2940 at seven days.

o Theaging process did not seem to influence the ultimate
swelling of steel slags, contrary to findings reported in
past studies. Surface area and fines content may be the
dominant factors for Ca-release potential and measured
swelling ratios.

« Even though the mechanical test results showed that
steel slags could be potentially used instead of earthen
aggregates, the pollution and pH characteristics of steel
slags must be evaluated in the laboratory and field.
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