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Previous studies have indicated that steel slag can be used as a substitute for natural aggregates in asphalt mixture, while little
attention has been paid to systematic investigation of the influences of various external environmental factors on deformation
resistance of steel slag asphalt mixture. In order to understand the service behavior of steel slag asphalt mixture, its permanent
deformation under different condition was investigated based on an indoor simulation test. *e chemical composition, mi-
croscopic structure, surface texture, and volume stability of steel slag were firstly characterized. *e uniaxial repeated loading test
and standard wheel-tracking test were applied to evaluate the effect of temperature, stress levels, and water damage on the
permanent deformation of AC-16 and AC-20 steel slag asphalt mixtures. *e results indicate that a higher content of alkaline
oxide and high-grade texture index existing in steel slag contribute to its strong absorptivity and adhesion of asphalt.*e steel slag
demonstrates fine volume stability due to its lower free-CaO (f-CaO) content, autoclave chalked ratio, and immersion expansion
ratio.*e permanent deformation of steel slag asphalt mixtures increases rapidly under higher stress and temperatures in contrast
to lower increment at lower stress and temperatures. Asphalt mixtures at higher stress and higher temperatures and water
condition exhibit larger rutting deformation and inferior rutting resistance. AC-16 steel slag asphalt mixture has superior
resistance to permanent deformation than AC-20 asphalt mixture. Rutting factors show different degrees of impact in a decreasing
order of temperature, water damage, and stress levels. *e findings have significant implications for providing a theoretical basis
for reusing steel slag in pavement construction and facilitating engineering application of steel slag asphalt mixture.

1. Introduction

Asphalt pavement during service life is prone to crack and
damage due to heavy load, overload, high temperature, and
water erosion, resulting in rutting disease and affecting its
driving comfort and safety [1, 2]. *en, the further devel-
opment of rutting will also cause other diseases such as
network cracks and pits, which will seriously reduce the
structural performance and service performance of asphalt
pavement [3, 4]. *erefore, the characterization of perma-
nent deformation of hot-mix asphalt mixture becomes
currently a research hotspot.

Causing factors of permanent deformation of asphalt
mixture were divided into internal factors and external

factors [5, 6]. *e internal reasons mainly included the
properties of asphalt, aggregate, gradation composition, and
asphalt-aggregate ratio [7]. *e external elements mainly
referred to repeated vehicle loads, temperature, and rain-
water [8]. Evaluation method of the permanent deformation
of asphalt mixture focused on wheel-tracking test, uniaxial
repeated loading test, and static loading test [9, 10]. Wheel-
tracking test and uniaxial repeated loading test demon-
strated better correlations between simulation results of
rutting development and field performance, so they were
commonly applied to characterize the permanent defor-
mation of asphalt mixture [11, 12].

With regard to the wheel-tracking test, the three-stage
model evaluation method has become one of the criteria for
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assessing rutting performance of asphalt mixture, which
enabled accurate simulation of identification of the transi-
tional points of the rutting phases [13, 14]. Li et al. [15]
employed an advanced repeated load permanent deforma-
tion (ARLPD) test to investigate the rutting resistance of
asphalt pavements, and they found that laboratory results
and long-term pavement performance data demonstrated
better coincidence, which validated the repeatability of the
ARLPD test. *e effect of confinement, moisture, stress, and
temperature on the three-stage rutting behavior of asphalt
mixtures was conducted by Fang et al. [16]. *e results
indicated that a higher primary rutting rate implied a lower
flow number (FN) and faster failure rate. And temperature
had the largest impact on rutting followed by water and
stress. Multistress loading influence on rutting performance
of asphalt mixtures was discussed based on wheel-tracking
testing by Javilla et al. [17]. *e results showed that lighter
stresses applied after overloading stress led to the least
damage of mixtures. A multisequenced repeated load
(MSRL) test with a fixed number of repeated loads in each
sequence was also used to characterize the permanent de-
formation behavior of asphalt mixture [13]. *e conclusions
stated that the average strain rate demonstrated nonlinear
growth as the stress level increased. Yu et al. [11] proposed
the indicators called FN index, accumulated strain to dif-
ferentiate the impacts of several factors, and found that FN
index was suitable for representing the high-temperature
performances of asphalt mixtures.

Recently, multiple efforts have been undertaken to im-
prove the resistance to permanent deformation of asphalt
mixture. Asphalt modifiers have been introduced, which
becomes a widespread and fundamental method. 5% of SBS
polymer had a better effect on the improvement of com-
pactibility and permanent deformation resistance according
to Khodaii’s research [18]. *e nonmetallic mineral, like
diatomite [19] and steel slag filler [20], was also conducted to
enhance the resistance of permanent deformation and
moisture for asphalt mixtures. Another feasible approach
referred to as asphalt mixtures prepared with an alternative
aggregate of steel slag has been involved [21]. As a coproduct
of the production of iron and steel, steel slag caused in-
creasing pressure on land occupation and dump fees due to
its enormous output and lower utilization rate [22]. Obvi-
ously, recycling of steel slag in asphalt mixture was a
promising scheme for conserving natural resources and
reducing environmental pollution [23]. Research results
verified that the mechanical performance of steel slags as-
phalt mixtures displayed better workability, stiffness, and
resistance to moisture damage, fatigue cracking, and per-
manent deformation [24, 25]. *en, compared with tradi-
tional asphalt mixture, asphalt mixture incorporating steel
slag owned better pavement performance besides environ-
mental friendliness [26–28]. One concern was considered;
the volume stability of steel slag would weaken its perfor-
mance, while previous studies had concluded that steel slag
exhibited fine volume stability due to its lower expansion
rate meeting the specification requirements [29–31]. Steel
slag asphalt mixture fabricated by the Superpave Gyratory
Compactor (SGC) showed various indexes meeting the road

performance and superior resistance to permanent defor-
mation than asphalt mixture produced by natural aggregate
[32]. Universal Test Machine- (UTM-) 25 had been con-
ducted to investigate permanent deformation behavior of
asphalt mixture with steel slag; results showed that its
permanent deformation was relatively sensitive to temper-
ature and it can be perfectly simulated with proper equation
models. Meanwhile, images and equation models verified
that strain per load cycle of specimens was responsible for
shear failure of the mixture instead of accumulated per-
manent strain [33].

However, from the perspectives of the existing literature,
it can be inferred that steel slag asphalt mixtures demon-
strated excellent resistance to permanent deformation, while
little attention has been paid to systematic investigation of
the influences of various external environmental factors on
its permanent deformation. *erefore, the overall objective
of this study is to obtain the permanent deformation be-
havior of steel slag asphalt mixture under different envi-
ronment variables. Firstly, X-ray Fluorescence (XRF),
Scanning Electron Microscope (SEM), scanning probe mi-
croscope, and Aggregate Image Measurement System
(AIMS) were employed to evaluate the characteristics of steel
slag. *en, volume stability of steel slag, including the
content of f-CaO, autoclave chalked ratio, and immersion
expansion ratio, was also investigated. Finally, the perma-
nent deformation of steel slag asphalt mixture under dif-
ferent temperature and stress levels and water condition was
analyzed.

2. Materials and Methods

2.1. Materials. Base asphalt with 80/100 penetration was
obtained from Inner Mongolia, China. *e properties of
asphalt were presented in Table 1. Steel slag and basalt were
provided by ironworks of Baotou in Inner Mongolia and
Hubei province, China, respectively. Table 2 listed the basic
properties of steel slag and basalt. From the results of
crushed stone value and weared stone value, it can be seen
that steel slag exhibits higher hardness and better wear
resistance and antislip.

2.2. Experimental Methods. Figure 1 shows the flowchart of
this research. First, chemical composition, microscopic
structure, surface texture, and volume stability of steel slag
were characterized. Second, asphalt mixture containing steel
slag with two gradations was prepared. Finally, the effect of
various external environmental factors on the permanent
deformation of steel slag asphalt mixture was determined.

2.2.1. Material Characteristics of Steel Slag. *e chemical
composition and surface characteristics of steel slag were
tested by Axios XRF and JSM-IT300 SEM, respectively.
Nanoscope IV Atomic Force Microscope (AFM) was used to
evaluate the surface texture of the sample. AFA2 AIMS was
applied to acquire the texture index of the sample with a
particle size of 9.5–13.2mm. Texture index is the arithmetic
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mean of the squared values of the stacking detail coefficient,
which can be calculated according to the following equation:
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where N is the total number of specific coefficients in image
analysis; i takes a value of 1, 2, or 3, corresponding to the
analysis of horizontal, vertical, and diagonal surface texture;

j is the wavelet coefficient index; and (x, y) is the corre-
sponding coordinates of corresponding coefficients in the
transformation domain.

*e volume stability of steel slag had a great influence on
the performance of its mixture [34]. In this study, the
content of f-CaO, autoclave chalked ratio, and immersion
expansion ratio were used to investigate the volume stability
of steel slag. *e content of free-CaO was tested through the
dissolution-titration method and it can be calculated by (2).

Table 2: Basic properties of steel slag and basalt.

Materials Indexes Measured values Specification used

Steel slag

Apparent specific gravity

16–19mm 3.742

ASTM C127

9.5–16mm 3.646
4.75–9.5mm 3.602
2.36–4.75mm 3.573

Water absorption (%)

16–19mm 0.51
9.5–16mm 1.49
4.75–9.5mm 1.87
2.36–4.75mm 2.81

Crushed stone value (%) 10.3 T0316-2005
Weared stone value (%) 8.5 T0317-2005

Basalt Apparent specific gravity 0–2.36mm 2.838 ASTM C127
Water absorption (%) 2.92

Table 1: Basic performance indicators of asphalt.

Indexes Measured values Specification
Specific gravity 1.032 ASTM D70
Penetration at 25°C (0.1mm) 89 ASTM D5
Ductility, 5 cm/min, 15°C (cm) >150 ASTM D113
Softening point (°C) 46 ASTM D36
Apparent viscosity, 135°C (Pa·s) 0.36 ASTM D4402

Chemical composition

Microscopic structure

Surface texture

Volume stability

Steel slag Asphalt

Limestone fillerBasalt

AC-16 asphalt
mixture

AC-20 asphalt
mixture

Permanent deformation behaviour

Characteristics of steel slag Design of asphalt mixture

Uniaxial repeated
loading test

Wheel tracking test

Rutting deformation

Dynamic stability
Permanent deformation

Analysis and conclusions

Figure 1: Research flowchart.
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Glycerol-absolute ethanol and benzoic acid-absolute ethanol
were used as a solvent for sample and standard titration
solution, respectively.

f − CaO% �
TCaO × V

10 × G
, (2)

where TCaO is milligrams of calcium oxide per milliliter of
benzoic acid standard solution (mg/ml); V is the total
volume of benzoic acid-absolute ethanol (mL); and G is the
weight of the sample (g).

Autoclave chalked ratio was the ratio of the mass of the
steel slag less than 1.18mm after pulverization under the
specified pressure and time [35]. Approximately 800 g of
samples (particle sizes of 2.36–4.75mm, 4.75–9.5mm,
9.5–16mm, and 16–19mm) was treated through Y2F-2A
autoclave kettle, as shown in Figure 2(b). *e saturated
steam pressure was 2MPa and the processing time was 3h.
*e values of the dial indicator before and after immersion
in water can be obtained through the testing device as shown
in Figure 2(c). *e immersion expansion ratio was acquired
by the ratio of the difference value between the two and the
original height of the specimen (120mm in this study)
obtained through a heavy compaction experiment. Steel
slags with a particle size of 0–31.5mm were used in this test.
*e immersion temperature and time were 90°C and 6 h,
respectively.

2.2.2. Preparation of Asphalt Mixture. AC-16 (nominal
maximum size 16mm) and AC-20 (nominal maximum size
19mm) asphalt mixtures were prepared with 4.5% and 4.4%
asphalt-aggregate ratio according to the Marshall design
method, respectively. Steel slag with a size of 2.36–19mm
and basalt with a size of 0–2.36mm were used in the two
asphalt mixtures based on an equal volume substitution
method. *e gradation curve of mixtures is shown in Fig-
ure 3. Table 3 listed the basic properties of AC-16 and AC-20
asphalt mixtures.

2.2.3. Permanent Deformation Behavior Evaluation of
Asphalt Mixture. To better understand the permanent de-
formation behavior of asphalt mixture, uniaxial repeated
loading test and wheel-tracking test were applied to simulate
its service characteristics under various external environ-
mental factors. *e uniaxial repeated loading test was
conducted by UTM-25 (Figure 4) from Australia, which can
be applied to simulate the effect of applied loading cycles on
rutting development. A cylindrical specimen with a diameter
of 100mm and a height of 100mm was used in this ex-
periment. And the specimens should be put at the designed
temperatures for at least 4 h under a dry atmosphere. A
haversine compression loading pulse at 1Hz was applied in
the form of 0.1 s loading period and 0.9 s rest period. Four
stress levels (increasing from 0.3MPa to 0.6MPa with an
interval of 0.1MPa) and three temperatures (40°C, 50°C, and
60°C) were preset.

*e standard wheel-tracking test (WTT) was currently
conducted to evaluate the rutting resistance of asphalt
mixtures. A square slab specimen with a size of

300× 300× 50mm was prepared according to the Chinese
specification. *e rolling speed of the wheel was 42 times/
min. *e applied stresses ranged from 0.5MPa to 0.9MPa
with an interval of 0.2MPa and three high temperatures
(50°C, 60°C, and 70°C) and water condition were selected as
experiment variables.

3. Results and Discussion

3.1. Characteristics of Steel Slag

3.1.1. Chemical Components. Table 4 shows the XRF results
of steel slag and basalt. It can be inferred that the chemical
composition of steel slags mainly contains CaO, SiO2, and
Fe2O3, which accounts for approximately 80% of the total
composition, while the highest contents of basalt are SiO2,
followed by Al2O3 and CaO. *e composition difference of
steel slag and basalt is attributed to the discrepancy in the
molding process. For steel slag, oxide cosolvent is required
during its production process. Steel slag with higher content
of alkaline oxide can neutralize the carboxylic acid in as-
phalt, resulting in emergence of alkaline salt with strong
absorbability. *en, an interface layer transmitting stress
between steel slag and asphalt is formed, thus enhancing the
adhesion of both of them.

3.1.2. Microscopic Structure and Texture. It can be seen from
the SEM images as shown in Figure 5 that steel slag owns a
rougher surface than basalt, and its shape is irregular. Steel
slag with rich surface textures will increase its effective
contact area with asphalt so as to improve its adhesion to
asphalt.*ere aremanymicropores in steel slag, whichmake
the water absorption rate of steel slag higher and also
promote the absorption of asphalt. *e surface of steel slag
and basalt demonstrates the accumulation phenomenon of
tiny dust, which is due to the hydration product of CaCO3
and other minerals in the aggregate.

Figure 5(a) shows the results of the texture index for steel
slag and basalt. *e texture index of samples can be divided
into four levels: low grade (0 to 200), medium grade (200 to
500), high grade (500–750), and very high grade (750–1000).
Results in Figure 5(a) show that the texture indexes of steel
slags are mainly distributed in the high grade, in contrast
with a medium grade for basalt. *e average value of texture
index for steel slag is 645.8, which is approximately 1.5 times
of basalt. Microtexture from AFM result as shown in
Figure 6(b) is consistent with the conclusion of the AIMS
test. In general, the surface texture and roughness of steel
slag are much higher than that of basalt. Researches indi-
cated that aggregate with a higher value of texture index
implies richer surface texture and better adsorption capacity
to asphalt. It means that the application of steel slag instead
of basalt in asphalt mixture can improve its adhesion with
asphalt.

3.1.3. Volume Stability. When f-CaO is mixed with water, its
molar volume will nearly double, so the content of f-CaO in
steel slag directly affects its volume stability. *e
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specification requires that the f-CaO content of steel slag in
asphalt mixture should not exceed 3% [36]. Figure 7(a) il-
lustrates the content of f-CaO of steel slag with different
particle size. Results exhibit that contents of f-CaO in steel
slag are all lower than 2% except sample with a size of
5–10mm.

*e autoclave chalked ratio of steel slag with different
particle size is shown in Figure 7(b). With the increased
particle size for steel slag, its autoclave chalked ratio de-
creases obviously. *is is ascribed to the fact that the de-
crease of contact area between steel slag and steam leads to

the decrease of their chemical reaction rate. *e autoclave
chalked ratio of steel slag with different particle sizes is less
than 2.5%, which is far lower than the requirement of 5% in
the specification [35].

It can be seen from Figure 7(c) that the immersion
expansion ratio of steel slag is kept below 1% within 10 days,
and the highest value only reaches 0.78%. *is meets the
requirement that the immersion expansion ratio of steel slag
should not exceed 1.8% [36]. It is illustrated that steel slag
can be applied in asphalt mixture without special treatment.
Figure 7(c) shows that the immersion expansion ratio
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Figure 2: Testing device for volume stability of steel slag: (a) contents of f-CaO; (b) autoclave chalked ratio; (c) immersion expansion ratio.
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Figure 3: Hybrid mixture gradation of steel slag asphalt mixture (a) AC-16; (b) AC-20.

Table 3: Basic properties of steel slag asphalt mixtures.

Indexes AC-16 AC-20
Asphalt-aggregate ratio (%) 4.5 4.4
Bulk gravity (g/cm3) 2.879 2.927
Marshall stability (kN) 21.0 12.5
VMA (%) 14.1 14.2
VFA (%) 71.4 72.3
Residual Marshall stability (%) 94.1 93.8
Tensile strength ratio (%) 91.3 89.1
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increases gradually with the increase of immersion time.
And the increase rate was fast in the first 5 days, gradually
increased slowly in the last five days, and tended to be stable
at about 0.77% at 8–10 days. *is shows that most of f-CaO
in steel slag has fully reacted with water within 10 d water
bath time. It is concluded that the steel slag exhibits fine
volume stability, which can also be verified from the results
of f-CaO content and autoclave chalked ratio.

3.2. Permanent Deformation Behavior of Steel Slag Asphalt
Mixture

3.2.1. Results of Uniaxial Repeated Loading Test. *e per-
manent deformation of asphalt pavement is divided into
three stages. *e primary stage is corresponding to the
compaction stage, in which the deformation rate of asphalt

mixture decreases with the increase of cycle times. *is is
mainly due to the compaction effect of vehicle load on the
pavement and the decrease of pavement layer thickness. *e
secondary stage is corresponding to the plastic flow stage, in
which the deformation rate remains unchanged with the
increase of cycle times. Asphalt mixture on both sides of the
action point demonstrates the phenomenon of uplift, which
is ascribed to transverse shear stress caused by the different
loads on the same horizontal surface. Under the tertiary
stage-shear failure stage, it mainly shows that the defor-
mation rate increases with the increasing number of cycles.
*e formation can be explained that the skeleton stability of
asphalt pavement decreases and the deformation rate in-
creases exponentially for fatigue crack and rutting.

Figure 8 shows uniaxial repeated permanent deformation
of AC-16 and AC-20 steel slag asphalt mixtures under

(a) (b)

Figure 4: Experimental devices in this study: (a) UTM-25 apparatus for uniaxial repeated loading test; (b) rutting apparatus for
wheel-tracking test.

Table 4: Chemical components of steel slag and basalt.

Content (wt%)
Compound

CaO MgO SiO2 Al2O3 Fe2O3 P2O5 LOI
Steel slag 45.43 5.96 13.47 2.25 19.43 0.85 1.37
Basalt 7.14 5.59 58.09 18.42 0.53 0.73 1.02

(a) (b)

Figure 5: Microscopic structure of steel slag and basalt: (a) steel slag; (b) basalt.

6 Advances in Civil Engineering



200 300 400 500 600 700 800 900 1000
Texture index

0

20

40

60

80

100

Cu
m

ul
at

iv
e d

ist
rib

ut
io

n 
(%

)

Steel slag
Basalt

Steel slag: 645.8
Basalt: 421.7

Average value

(a)

201.25

2.50
0

15 10

10

5

5

0

0

0

5

10

20

5

1

20

15

(m)

(
m

)(
m

)

(m)

201.25

2.50
0

15 10 5 0
0

10

20

15

5

10

20

15

(m)

(
m

)

(m)

Steel slag

Basalt

0.00

0.42

0.83

1.25

1.67

2.08

2.50

(
m

)

0.00

0.42

0.83

1.25

1.67

2.08

2.50

(b)

Figure 6: Texture of steel slag and basalt: (a) texture index from AIMS; (b) microtexture from AFM.
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Figure 7: Volume stability of steel slag: (a) content of f-CaO; (b) autoclave chalked ratio; (c) immersion expansion ratio.
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Figure 8: Uniaxial repeated loading test results of steel slag asphalt mixtures under different stress levels (a) AC-16; (b) AC-20.

8 Advances in Civil Engineering



different stress levels. *e experimental constant temperature
was 40°C for all samples. It can be seen from Figure 8(a) that
the permanent deformation of the AC-16 steel slag asphalt
mixture increases with the increase of stress levels. All asphalt
mixtures under various stress levels have entered the third
stage of permanent deformation, and its permanent defor-
mation rate increases rapidly with the increase of load times
under this stage.When the number of cycles reaches 2000, the
deformation of asphalt mixtures at 0.3MPa, 0.4MPa, and
0.5MPa is 1.322mm, 1.519mm, and 2.250mm, while for
0.6MPa, its deformation approaches 6mm. It is also found
that the number of cycles that caused deformation of 3.0mm
of the four stress levels of 0.6MPa, 0.5MPa, 0.4MPa, and
0.3MPa is 980, 2994, 5518, and 8806, respectively. It can be
inferred that permanent deformation of mixtures demon-
strates a gentle increasing tendency at low-stress levels (less
than 0.5MPa) with the increase of stress, while it increases
rapidly under the high-stress levels stage.

*e uniaxial repeated loading test results of the AC-20 steel
slag asphalt mixture are shown in Figure 8(b). *e general
tendency of deformation for AC-20 asphalt mixture is con-
sistent with that of AC-16 asphalt mixture as the variation of
stress levels. But deformation for AC-20 asphalt mixture is
slightly higher thanAC-16 asphaltmixture, whichmeans that it
is more inferior to resist permanent deformation. *e number
of cycles for AC-20 asphalt mixture that caused deformation of
3.0mm of the four stress levels of 0.6MPa, 0.5MPa, 0.4MPa,
and 0.3MPa is 618, 2227, 4617, and 7770, respectively. *e
results show that the number of cycles of AC-20 asphalt
mixture required to reach the same deformation is less than
AC-16 asphaltmixture. It then leads to an assumption that steel
slag asphalt mixture with a larger nominal maximum size
shows greater permanent deformation.

Figure 9 indicates the uniaxial repeated loading test
results of steel slag asphalt mixtures under different tem-
peratures. *e constant stress levels of 0.5MPa were ap-
plied in this experiment. *e permanent deformation of
both AC-16 and AC-20 asphalt mixture increases with
increasing experimental temperature. All samples at three
temperatures have entered the tertiary stage of permanent
deformation. As shown in Figure 9(a), the number of cycles
that caused deformation of 3.0mm of the three tempera-
tures of 40°C, 50°C, and 60°C is 2984, 1732, and 509, re-
spectively. *e corresponding number of cycles is 2567,
1363, and 407 for the AC-20 asphalt mixture in Figure 9(b).
*e fastest shear failure is all observed when the temper-
ature rises to 60°C in two steel slag asphalt mixtures, in-
dicating that they are more inclined to reach the tertiary
stage of permanent deformation under higher temperature.
*e trend of the deformation-cycle curve with a temper-
ature of 40°C or 50°C is gentle, but it turns steeper under
60°C. It is indicated that the deformation of asphalt mixture
becomes extremely sensitive to the number of loads at a
higher temperature.

3.2.2. Results of Rutting Test. Rutting disease of asphalt
pavement is mainly caused by traffic load, temperature, and
water damage, which seriously affects the durability of

pavement. *e WTT, a common evaluation method for
rutting resistance of asphalt mixture, is involved in this test
with the above three influence factors. Figure 10 exhibits the
rutting deformation of steel slag asphalt mixtures at different
temperature. *e standard stress of 0.7MPa was selected as
the constant load. It can be found from Figure 10(a) that the
rutting deformation of asphalt mixture increases with the
increase of the number of cycles and temperature. *e
rutting deformation of AC-16 asphalt mixture with a
maximum cycle of 15000 reaches 3.78mm, 6.16mm, and
8.39mm under a temperature of 50°C, 60°C, and 70°C, re-
spectively. When the temperature is 50°C, the rutting de-
formation of the asphalt mixture is only 3.42mm with a
cycle of 10000, but its deformation increases to 1.7 times and
2.3 times at 60°C and 70°C, respectively.

Rutting deformation of AC-20 asphalt mixture as shown
in Figure 10(b) displays that the general variation tendency
of the column is consistent with that of AC-20 asphalt
mixture. And yet AC-20 asphalt mixture reveals larger
rutting deformation than that of AC-16 asphalt mixture.
Deformation of asphalt mixture multiplies greatly as tem-
perature increases from 50°C to 70°C.

It is inferred that the rutting deformation of steel slag
asphalt mixture is sensitive to the variation of temperature.
And AC-20 steel slag asphalt mixture owns inferior resis-
tance to rutting deformation compared with AC-16 asphalt
mixture.

Figure 11 indicates the effect of stress on the rutting
deformation of steel slag asphalt mixtures. *e standard
temperature of 60°C was applied. *e rutting deformation of
AC-16 and AC-20 steel slag asphalt mixtures increases with
the increase of stress levels. As shown in Figure 11(a), de-
formation of AC-16 asphalt mixture with a cycle of 10000
reaches 4.75mm, 5.82mm, and 7.94mm under a temper-
ature of 0.5MPa, 0.7MPa, and 0.9MPa, respectively. When
the number of cycles achieves the maximum of 15000,
deformation at 0.9MPa reaches 8.32mm, which is 1.35 times
of standard stress of 0.7MPa and 1.62 times of 0.5MPa.

As for the AC-20 steel slag asphalt mixture, its rutting
deformation is higher than that of the AC-16 asphalt
mixture at the same stress levels and the number of cycles.
*e deformation of the mixture increases by 1.17mm with
stress increasing from 0.5MPa to 0.7MPa, and increment is
3.35mmwhen stress is further up to 0.9MPa. It is concluded
that the deformation increases gently with the increase of
stress levels under the low-stress stage (less than 0.7MPa),
and it raises sharply with further increasing stress. Com-
pared with Figure 9, it can be found that the sensitivity of
deformation to the fluctuation of stress levels is lower than
that of temperature.

Figure 12 presents the effect of moisture damage on the
rutting deformation of steel slag asphalt mixtures. *e
standard temperature of 60°C and stress of 0.7MPa was used
in this simulation experiment. It is observed from
Figure 12(a) that moisture damage demonstrates no obvious
influence on the deformation of AC-16 asphalt mixture
when the number of cycles is less than 10000. As the number
of cycles further increases, the harmful effect of water
conditions on rutting deformation is fully reflected. Rutting
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deformation of asphalt mixture under water condition
reaches 12.95mm with a number cycles of 15000, which is
2.1 times of blank control group. *e trend of deformation
variation of AC-20 asphalt mixture as shown in Figure 12(b)
under moisture damage is similar to that of AC-16 asphalt
mixture. For AC-20 asphalt mixture, its rutting deformation
under the same number of cycles exceeds AC-16 asphalt
mixture, and this conclusion is consistent with analysis
results of temperature and stress levels.

In order to evaluate the influence degree of tempera-
ture, stress, and water, the dynamic stability index is ap-
plied to represent the rutting resistance of steel slag asphalt
mixture. *e effect of the above three factors on the

dynamic stability is discussed based on an orthogonal
design experiment as an example of AC-16 steel slag as-
phalt mixture. *e analysis results of asphalt mixture under
different variables are shown in Table 5. K and x ̅ are defined
as sum and average of dynamic stability at the same level,
respectively. R refers to the range between the maximum
and minimum of x ̅. Table 5 indicates that R (temperature)
>R (water)> R (stress) for AC-16 steel slag asphalt mixture.
It is inferred that temperature shows the largest impact on
the rutting resistance of asphalt mixture, followed by water
damage and stress levels. *e conclusion is consistent with
the research results of the AC-20 limestone asphalt mixture
provided by Fang et al. [16].

5000 7500 10000 12500 15000
Number of cycles

0.00

2.00

4.00

6.00

8.00

10.00

Ru
tti

ng
 d

ef
or

m
at

io
n 

(m
m

)

2.88

5.34

7.45

3.13

5.67

7.74

3.42

5.82

8.01

3.66

6.05

8.21

3.78

6.16

8.39

70°C50°C
60°C

(a)

5000 7500 10000 12500 15000
Number of cycles

0.00

2.00

4.00

6.00

8.00

10.00

Ru
tti

ng
 d

ef
or

m
at

io
n 

(m
m

)

1.00

3.00

5.00

7.00

9.00

3.02

5.57

7.67

3.39

5.83

7.96

3.67

6.03

8.27

3.81

6.24

8.43

3.93

6.37

8.56

70°C50°C
60°C

(b)

Figure 10: Effect of temperature on the rutting deformation of steel slag asphalt mixtures: (a) AC-16; (b) AC-20.
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Figure 9: Uniaxial repeated loading test results of steel slag asphalt mixtures under different temperatures (a) AC-16; (b) AC-20.
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Figure 12: Effect of moisture damage on the rutting deformation of steel slag asphalt mixtures: (a) AC-16; (b) AC-20.
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Figure 11: Effect of stress levels on the rutting deformation of steel slag asphalt mixtures: (a) AC-16; (b) AC-20.

Table 5: Analysis results of dynamic stability for AC-16 steel slag asphalt mixture.

Number Temperature (°C) Stress (MPa) Wet or dry Dynamic stability (times/mm)
1 50 0.5 Wet 1625
2 50 0.7 Wet 1163
3 50 0.9 Dry 1747
4 60 0.5 Dry 2274
5 60 0.7 Wet 1058
6 60 0.9 Wet 876
7 70 0.5 Wet 806
8 70 0.7 Dry 1089
9 70 0.9 Wet 131
K1 4535 4705 5110
K2 4208 3310 2845
K3 2026 2754 2814
x̅1 1512 1568 1703
x̅2 1403 1103 948
x̅3 675 918 938
Rj 836 650 765
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4. Conclusions

*is work investigated the characteristics of steel slag, in-
cluding chemical composition, microscopic structure, sur-
face texture, and volume stability. *e influence of
temperature, stress levels, and water damage on the per-
manent deformation of steel slag asphalt mixtures was also
discussed. Based on the above results, the following con-
clusions can be obtained:

(1) Steel slag displays higher content of alkaline oxide
and average texture index than basalt. *e content of
f-CaO and autoclave chalked ratio are far less than
the maximum requirements in the specification and
immersion expansion ratio is kept below 1% within
10 days for steel slag, indicating its fine volume
stability.

(2) *e permanent deformation of steel slag asphalt
mixtures demonstrates a gentle increasing tendency
with an increase in the number of cycles at low stress
and temperature, while it rises rapidly at higher
stress and temperature. Steel slag asphalt mixture
displays larger rutting deformation under higher
stress and higher temperatures and water condition,
which means its inferior rutting resistance. AC-16
steel slag asphalt mixture reveals superior resistance
to permanent deformation compared with AC-20
asphalt mixture.

(3) Results of dynamic stability illustrate that temper-
ature exhibits the largest influence on the rutting
resistance of steel slag asphalt mixture due to its
maximum range, followed by water damage and
stress levels. It is consistent with the established
knowledge about asphalt mixture prepared with
natural aggregate.

(4) Asphalt mixture with coarse aggregate of steel slag
shows nonexistence of poor volume stability, while it
exhibits fine ability to resist permanent deformation
conversely. So the application of steel slag in the
upper and middle surface of asphalt pavement be-
comes a better scheme that contributes to the sus-
tainable development and cleaner pavement
construction for road engineering.
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