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As natural aggregate sources are becoming depleted due to high demand in road construction and the amount of disposed waste
material keeps increasing, researchers are exploring the use of alternative materials which could preserve natural sources and save
the environment. In this study, steel slag was used as an aggregate replacement in conventional dense graded asphalt mixes (ACW 14
and ACB28). Steel slag was selected due to its characteristics, which are almost similar to conventional aggregates, and the fact that
it is easily obtainable as a by-product of the steel industry. The same gradations of mixtures were produced using normal crushed
aggregate as control samples. The Marshall mix design system was used for sample preparation in accordance with Malaysian
specifications. Samples of asphaltic concrete were subjected to the resilient modulus test, creep test and rutting test. Samples made
from steel slag show significantly better results than conventional aggregate. Therefore, utilization of steel slag will reduce land
fill, save natural resources and improve the strength of pavement to sustain a higher volume of vehicles. This will shift the gear in

sustainable pavement construction, which is most desirable in today’s energy deficient world.

1. Introduction

The development of the highway construction industry is
increasing rapidly. Consequently, the aggregate resources
in Malaysia are becoming depleted, and the land is being
sacrificed to obtain raw materials. Thus, it is necessary to find
a recycled material that can replace aggregates in highway
construction. Much research has been done to improve and
upgrade the materials used for preparing hot-mix asphalt
(HMA). The utilization of waste material as a replacement
for aggregates in the production of HMA could have many
benefits to mankind. Waste materials can be categorized
broadly as follows: industrial waste (e.g., cellulose waste,
wood lignins, slags, bottom ash, and fly ash), municipal or
domestic waste (e.g., incinerator residue, scrap rubber, waste
glass, and roofing shingles) and mining waste (e.g., coal mine
refuse) [1].

Steel-slag is a byproduct of the steel industry, and is
reported to exhibit great potential as a replacement for
natural aggregates in road construction. Steel-slag is a waste
material that can be recycled as a road construction material.
Steel-slag aggregates have been reported to retain heat con-
siderably longer than natural aggregates. The heat retention
characteristics of steel-slag aggregates can be advantageous
for HMA construction, as less gas (energy) is used during
the execution of asphaltic concrete works. Based on high
frictional and abrasion resistance, steel-slag is used widely in
industrial roads, intersections, and parking areas where high
wear resistance is required. It can be used as an aggregate
replacement for HMA, road base, and subbase. Steel-slag, a
dark colored material, is hard, dense, and abrasion resistant.
It contains a significant amount of free iron, giving the
material high density and hardness [1]. In addition, steel-slag
is chemically stable and shows excellent binding properties
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TABLE 1: Aggregate testing results.

Testing Procedures Results Specification JKR/SPJ/1988

Aggregate crushing value BS 812 Part 110: 1990 23% <30%

Los angeles abrasion ASTM C 131-1981 24% <30%

Aggregate impact value BS 812: Part 112: 1990 23% —

Flakiness (Coarse, 28 mm) BS812: Section 105.1: 1989 3% <30%

Flakiness (Coarse, 20 mm) BS812: Section 105.1: 1989 2% <30%

Flakiness (Coarse, 14 mm) BS812: Section 105.1: 1989 3% <30%

Soundness AASHTO: T 104-86 2.07% <18%

Polished stone value BS 812: Part 14: 1989 54 >40

Water absorption (ACW14) BS 812: Part 2: 1975 6.92% <%

Water absorption (ACB28) 5.46%

Stripping AASHTO: T 182 >95 % >95%

with bitumen, has a low flakiness index, good mechanical
properties, and good antiskid resistance [2].

Work done by various researchers has found that the
addition of steel slag in HMA enhances the performance
characteristics of pavement [3—5]. Since steel slag is rough,
the material improves the skid resistance of pavement. Also,
because of the high specific gravity and angular, interlocking
features of crushed steel slag, the resulting HMA concrete
is more stable and resistant to rutting [5-7]. Recently, the
use of steel slag with stone mastic asphalt (SMA) has been
further investigated [8]. It has been observed that the use of
steel slag in SMA mixtures enhances resistance to cracking
at low temperatures. In addition, in service, SMA mixtures
also present excellent performance in roughness and the
British Pendulum Number (BPN) coefficent of surface [8].
Concerns over potential expansion of steel slag aggregates
have generally not materialised as the asphalt film coating the
aggregate particles limit ingress and therefore expansion [9].

Steel-slag aggregates have been used successfully in
asphalt-surfacing mixtures as well as base layers in Europe,
Canada, Australia and as well as in the USA [10-15]. Very
limited work, however, has been done in Malaysia regarding
the performance of steel-slag mixtures. Therefore, this study
was conducted to determine the feasibility of using steel-
slag aggregate in asphaltic concrete wearing 14 (ACW14)
and asphaltic concrete binder 28 (ACB28) asphalt mixes.
The performance of ACW14- and ACB28-steel-slag mixtures
will be evaluated in terms of the resilient modulus, rutting,
and creep deformations. All the parameters were obtained
from tests performed at the Highway and Transportation
Laboratory, University Teknologi Malaysia. In this study,
80/100 penetration grade bitumen was used and all the spec-
ifications were referred to the Malaysian Standard (SPJ/JKR/
1988). Steel-slag aggregates were obtained from Purata
Keuntungan Sdn. Bhd, which is located at Pasir Gudang, and
the virgin aggregates were obtained from Malaysian Rock
Product (MRP) Quarry, which is situated at Ulu Choh, Pulai.

As we know, the production of steel-slag, which is a
byproduct of the steel industry, is very high, and the demand
for areas in which to dispose this material is also increasing.
Eventually, it will become increasingly costly to the steel
industry, as the price of land is increasing, especially in urban

and development areas. So, using steel-slag as an aggregate
replacement in highway construction is a step towards green
technology and sustainability. This alternative will help to
save our hills from being exploited for raw materials, such
as granite, for highway construction.

2. Experimental Design

The experimental work involved testing both steel-slag
aggregates and conventional aggregates. The steel-slag aggre-
gates were subjected to several tests before the process of
sample production was conducted. The properties of steel-
slag aggregates are shown in Table 1.

2.1. Resilient Modulus Test. The resilient modulus is an
important parameter to determine the performance of
pavement and to analyze pavement response to traffic
loading. Although it was once believed that stiffer pavements
had greater resistance to permanent deformation, it has
since been concluded that the resilient modulus at low
temperatures is somewhat related to cracking, as stiffer mixes
(higher resilient modulus) at low temperatures tend to crack
sooner than more flexible mixtures (lower resilient modulus)
[16]. In this study, the resilient modulus at 25°C and 40°C
was obtained for the mixture. The procedures of this test are
based on ASTM D 4123-82.

2.2. Rutting Test. Rutting is a longitudinal surface depression
in the wheel paths [17]. Rutting is sometimes called grooving
or channelling. Rutting displaces the asphalt mixture in the
wheel path, creating a channel. A major type of asphaltic con-
crete pavement failure is rutting, which is manifested at the
surface [18]. The rutting potential of various types of mixes
were measured with accumulated permanent deformation
at an interval of 25 load cycles to 5000 load repetitions or
15mm rut depth. The procedures of this test are based on
ASTM D 3203-91.

2.3. Creep Test. This test was conducted to determine perma-
nent deformation of asphalt mixtures. The static load is mea-
sured as a function of time, while the mixture dimensions
and test conditions are standardized. The duration of the



ISRN Civil Engineering

TaBLE 2: Optimum bitumen content (OBC).

Type of mix OBC (%) SPJ/JKR/1988
ACW14 Steel slag 6.7 5_706
Control 5.0
ACB28 Steel slag 5.7 46%
Control 4.3

TaBLE 3: Marshall results and specifications for ACW14.

. . Value at OBC
Parameter Specification
Steel slag ~ Control sample

VFB 75-85 78 Pass  79.5 Pass
VM 3-5 5 Pass 34 Pass
Stability (kg) >500 2200 Pass 1339.0  Pass
Flow (mm) >2.0 4.3  Pass 2.2 Pass
Stiffness (kg/mm) >250 512 Pass 623.0 Pass

TaBLE 4: Marshall results and specifications for ACB28.

. . Value at OBC
Parameter Specification
Steel slag ~ Control sample

VEFB 65-80 70  Pass 72.6 Pass
VTM 3-7 6.3 Pass 3.97 Pass
Stability (kg) >450 2300 Pass 1662 Pass
Flow (mm) >2.0 4.7 Pass 4.53 Pass
Stiffness (kg/mm) >225 489 Pass 367 Pass

test was 3600 seconds loading and 600 seconds unloading. A
static loading stress of 200 kPa was applied at a temperature
of 40°C.

3. Results and Discussion

3.1. Marshall Test. The optimum bitumen content (OBC)
is the most important criterion in preparing the samples.
This is because any error in obtaining OBC will definitely
influence the outcome. The OBC values for the mixtures
were as shown in Table 2. Detailed data of the tests conducted
in order to obtain the optimum bitumen content of both
ACW14 and ACB28 are described in Tables 3 and 4,
respectively. Based on the above results, it is clear that the
selected optimum bitumen content for each grading met
the requirements of JKR/SPJ/1988. This is very important,
since the performance of the samples will be affected greatly
by the OBC when tested for rutting, resilient modulus, and
permanent deformation.

3.2. Resilient Modulus. Figure 1 clearly shows the resilient
modulus for asphaltic concrete wearing (ACW14). Based on
these results, the resilient modulus at 25°C yields a better
result compared to 40°C. The results also show that the
steel-slag mixture yields a higher resilient modulus value
compared to the control mixture at both temperatures. At
25°C, the resilient modulus is 4436.15 MPa for the steel-slag
mix and 1976.85 MPa for the conventional mixture; while
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at 40°C, the resilient modulus is 471.35 MPa for the steel-
slag mix and 268.15 MPa for the conventional mixture. The
results indicate that when steel-slag was used, the resilient
modulus obtained was almost twice that of conventional
aggregate.

The resilient modulus for asphaltic concrete binder
(ACB28) is presented in Figure 2. Tests carried out at 25°C
and 40°C resulted in similar trends with ACW14, whereas
the steel-slag mixture shows a greater resilient modulus
compared to the conventional mixture at both temperatures.
As depicted in Figure 2, at 25°C, the resilient modulus
for the steel-slag-aggregate-based mixture is greater than
the conventional-aggregate-based mixture, with values of
6353.15MPa and 4674.85 MPa respectively. The difference
between these two mixtures is about 26%. This pattern is
also similar for the resilient modulus tested at 40°C, where
the value for the mixture containing steel-slag aggregate was
recorded as 542.65 MPa, and 291.35 MPa for the conven-
tional aggregate-based mixture, about a 46% difference.

3.3. Rutting. Figure3 shows the results for the rutting
potential of asphaltic concrete (ACW14) using steel-slag and
conventional aggregates. The results show that the steel-
slag aggregate mix presented a lower rutting depth in
comparison to the conventional mixture. This can be clearly
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observed in Figure 3. Steel-slag can resist more rutting
(6.1 mm after 5000 cycles), while rutting on the conventional
mixture was 15mm after only 2019 cycles. The steel-slag
mixture exhibited more resistance to permanent deforma-
tion compared to the conventional mixture in the wheel
tracking test.

The rutting potential of asphaltic concrete binder
(ACB28) with steel-slag and a conventional mixture is
presented in Figure 4. The results follow a similar trend as
for ACW14, where the steel-slag mixture has a lower rutting
depth than the conventional aggregate mixture. The rutting
depth of the steel-slag aggregate mixture was 8.1 mm after
5000 cycles, while for the conventional mixture it was 15 mm
after just 3681 cycles. The lower rutting depth of the steel-slag
mixture can be explained by the fact that steel-slag interlocks
well within the mixture, which is undeniably essential for
deformation resistance. Thus, for ACB28, using steel-slag as
an aggregate replacement could cater for a higher volume of
traffic due to its greater adhesion ability.
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3.4. Creep Test. Figure5 shows the results for the perma-
nent deformation and strain of asphaltic concrete wearing
(ACW14). From the results it is clear that permanent defor-
mation and strain for the steel-slag mixture is lower than for
the conventional mixture. Permanent deformation for the
steel-slag mixture is 0.044 mm, while for the conventional
mixture it is 0.605 mm. The strain for the steel-slag mixture is
0.377% and 0.946% for the conventional mixture. The steel-
slag mixture has good behaviour in terms of interlocking and
adhesion. Thus, the steel-slag mixture proves that it can resist
greater deformation and can last longer when compared to
the conventional mixture.

The permanent deformation and strain for asphaltic
concrete binder (ACB28) is presented in Figure 6. The result
exhibits a similar trend to that of ACW14, in that the
steel-slag mixture has smaller deformation and strain pos-
sibilities than the conventional mixture in terms of rutting
depth. Permanent deformation for the steel-slag mixture
is 0.053 mm, whereas it is 0.574 mm for the conventional
mixture. The strain value for the steel-slag and conventional
mixture is 0.451% and 0.897%, respectively. Therefore, it can
be concluded that asphaltic concrete binder using steel-slag
has a higher resistance to deformation and could therefore
cater for higher traffic loadings.

4. Conclusions

The conclusions that can be drawn from this research are as
follows:

(i) In terms of optimum bitumen content, the steel-slag
mixture has a higher value than the conventional
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mixture. This is due to the higher degree of porosity
possessed by steel-slag aggregates.

(ii) The resilient modulus result indicates that the steel-
slag mixture has a higher value compared to the
conventional aggregate mixture. Furthermore, tem-
perature also influences the resilient modulus result.

(iii) In terms of rutting, the mixture prepared with
steel-slag has greater cohesive strength compared to
the conventional mixture. Thus, asphaltic concrete
wearing using steel-slag has a higher load resistance
than the conventional mixture.

(iv) For the creep test, steel-slag shows lower permanent
deformation and strain than conventional aggregates.
The reason behind this result can be attributed to
the interlocking properties of steel-slag that impart
greater adhesion to the mixture.

The results of this study suggest that utilization of steel-
slag aggregate can benefit the environment and at the same
time reduce the amount of granite application in highway
construction. With its excellent results in terms of the
resilient modulus and lower rutting potential, it is recom-
mended that steel-slag be used as an aggregate replacement
for sustainable development in highway construction.
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