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Abstract: A steel slag porous asphalt (SSPA) mixture, as the surfacing layer of permeable asphalt
pavements, not only ensures the pavement surface drainage and noise reduction functions, but
also improves the comprehensive utilization of steel slag resources and the inherent protection of
the ecological environment. However, compared with ordinary asphalt mixtures, SSPA is more
susceptible to water damage, such as scouring and frost swelling caused by external rainwater
intrusion, resulting in the deterioration of the pavement performance. Therefore, it is of good practical
imperative to study the water stability and moisture damage mechanism of SSPAs. In this study, the
water stability of SSPA, that was subjected to a series of time–temperature H2O-immersion schemes,
was investigated using the pull-out and H2O-immersion Marshall tests, whilst the microscopic
mechanism of moisture damage was studied using the scanning electron microscopy (SEM), Fourier
infrared spectroscopy (FTIR), and X-ray diffraction (XRD) tests. The corresponding results showed
that: (a) with the increase in the H2O immersion time, the water stability of SSPA first increased
and then decreased; and (b) the water stability of SSPA was strong under medium-temperature
H2O-immersion or short-term high-temperature H2O-immersion. SEM, on the other hand, showed
that the transition zone spacing was closely related to the chemical adhesion mechanism between
the asphalt and steel slag aggregate. Additionally, the FTIR analysis further showed that the steel
slag asphalt mastic spectra had new absorption peaks at 3200~3750 cm−1, inherently indicating the
existence of chemical bonding between the asphalt and steel slag, with the XRD results showing that
CaSO4·2H2O had a beneficial effect on the water stability of SSPA.

Keywords: steel slag porous asphalt mixture (SSPA); time–temperature H2O-immersion; water
stability; microscopic mechanism; pull-out test; Marshall test; SEM; FTIR; XRD

1. Introduction

Under the background of more and more attention to environmental protection, an
environmentally friendly asphalt mixture has been widely studied in the field of road
engineering [1,2]. However, the production of environmentally friendly asphalt mixtures or
other asphalt mixtures for road construction consumes a large amount of natural aggregates,
whose quarrying is not only a depletion of natural resources but also an environmental
degradation and atmospheric pollution [3–7]. For countries like China, which is one
of the world’s largest steel makers, a lot of steel slag that is produced as a byproduct
of steelmaking also detrimentally contributes to environmental degradation, including
land occupation problems, disposal issues, water contamination, etc. [8–10]. To aid in
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conserving the limited natural resources, address disposal problems, competing land use
issues, and minimize environmental pollution, research into recycling and re-use of steel
slag waste has become a hot topic in the past decades [11–14]. Various research studies
have found that there is a good adhesion performance between asphalt and steel slag,
meaning that steel slag can be potentially substituted for natural aggregates to fabricate
steel slag asphalt mixtures [15–17]. Likewise, the literature has also reported excellent
anti-cracking properties, good high-temperature performance, durability, etc., for steel
slag asphalt mixtures [18–22]. Therefore, steel slag asphalt mixtures constitute a viable
candidate for use in road construction [23].

On the other hand, several dense-graded asphalt mixtures that are commonly used
in pavements for urban road construction often tend to have poor drainage performance,
leading to frequent urban waterlogging problems. However, the use of permeable or
porous asphalt mixtures, with superior surface drainage characteristics, has demonstrated
to be one of the viable engineering solutions to mitigate this issue [24–26]. Thus, to
improve urban flood control and drainage capacity, many cities in China have set off
on a wave of constructing sponge cities, with permeable or porous asphalt pavements
becoming an integral transportation infrastructure for urban road construction in these
sponge cities [27–31].

Likewise, steel slag can be substituted for natural aggregates to prepare steel slag
porous asphalt mixtures (SSPAs). However, SSPA has a large gap gradation structure.
Therefore, rainwater is more likely to enter its internal structure, with the interface between
the asphalt and steel slag potentially suffering moisture damage, resulting in the weakening
of the adhesion of the asphalt–steel slag bonding and asphalt itself (i.e., cohesive bonding),
ultimately changing the morphological and internal structure of the SSPA matrix [32–36].
Particularly during heavy prolonged rainfall seasons and cold weather, the SSPA mixtures
are more susceptible to suffering from moisture damage, including scouring, frost swelling,
interfacial debonding, spalling, peeling off, etc., resulting in the decay of pavement per-
formance, durability, and longevity [37]. To aid in mitigating this issue, and optimize the
pavement performance, it is thus imperative to study the water stability and moisture
damage mechanism of SSPA.

Two methodological approaches are often employed to measure and quantitatively
evaluate the water stability of asphalt mixtures. One approach is to assess the water
stability of the asphalt mixture indirectly through H2O immersion tests, pull-out tests,
surface energy tests, etc., to quantify the adhesive bonding between the aggregate and
the asphalt [35,38–41]. Another approach is to directly measure the overall water spalling
resistance of the asphalt mixture through the immersion Marshall tests, freeze-thaw splitting
tests, immersion Cantabro loss tests, etc. [5,24,42–44]. Whilst the former approach is
largely based on the subjective judgment and interpretation of the experimenter on the test
results, the latter is based on a quantitative analysis of the test results and some measured
parametric indices [45,46].

To quantitatively and morphologically explain the moisture damage mechanism of
the asphalt mixture, the changes in the functional groups and chemical composition of the
asphalt mortar before and after H2O-immersion are typically analyzed using the Fourier
transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) tests [47–49]. On the
other hand, the literature has reported that changes in the micro-interface of the asphalt
mixture before and after H2O-immersion can be easily assessed using the scanning electron
microscopy (SEM) or atomic force microscopy (AFM) tests [5,50–52]. Additionally, more
advanced tests, such as nanoindentation, can be readily used to quantitatively analyze the
water stability of the asphalt mixture from the asphalt, interfacial, and aggregate phases
within the asphalt mixture itself [53].

Based on the foregoing background, this study employed the time–temperature im-
mersion scheme to macroscopically evaluate the water stability of SSPA using the pull-out
and H2O-immersion Marshall tests. The moisture damage mechanism of SSPA was corre-
spondingly analyzed using the SEM, FTIR, and XRD test methods. Similarly, the interactive
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effects of the immersion temperature and immersion time on the water stability of SSPA
were also assessed and are discussed in this paper. In the subsequent section, the materials
and test methods were discussed, followed by a presentation, analysis, and synthesis of the
experimental results. This paper then concluded with a summation of key findings and
recommendations.

2. Materials and Test Methods
2.1. Raw Materials

Styrene–butadiene–styrene (SBS) modified asphalt, which was obtained from Suzhou
Sanchuang Road Engineering Co., Ltd. (Suzhou, China) in Jiangsu Province, was used in
this study. The SBS content was 4.50% by weight. Its technical properties include after the
RTFOT, based on the Chinese specification JTG E20-2011 [54], are listed in Table 1.

Table 1. Technical properties of the SBS-modified asphalt.

Test Unit Test Result Spec Requirement [55]

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm 55.9 40~60
Softening point ◦C 82.5 ≥60
5 ◦C ductility cm 34.6 ≥20

Elastic recovery (25 ◦C) % 94 ≥70
Kinematic viscosity (135 ◦C) Pa·s 2.36 ≤3

After RTFOT
Mass loss ratio % 0.14 ≤0.6

Penetration ratio (25 ◦C) % 80 ≥65
Ductility (5 ◦C) cm 22.6 ≥15

Legend: RTFOT = rolling thin-film oven test.

The coarse aggregate used was converter steel slag, which was provided by the Jiangsu
Yonggang Group of Companies (Zhangjiagang, China). Its technical indices are shown in Table 2.

Table 2. Technical indices of the steel slag coarse aggregates.

Test Unit Test Result Spec Requirement [56]

Apparent relative density - 3.549 ≥2.90
Water absorption rate % 1.59 ≤3.0

Crushing value % 13.4 ≤26
Los Angeles abrasion loss % 10.7 ≤26

Flat elongated particles content % 10.1 ≤12
Water washing method

<0.075 mm particle content % 0.47 ≤1

Adhesive performance - 5 ≥4
Polished stone value (PSV) - 52 ≥42

The fine aggregate used in this study was steel slag, with a particle size of 0~5 mm,
which was also supplied by the Jiangsu Yonggang Group Companies (Zhangjiagang,
China)—the same source as for the coarse steel slag aggregate. The technical indices
are shown in Table 3. Likewise, the technical indices of the limestone powder used are
summarized in Table 4.

Table 3. Technical indices of the steel slag fine aggregates.

Test Unit Test Result Spec Requirement [56]

Apparent relative density - 3.408 ≥2.90
Water absorption rate % 4.75 -

Sand equivalent % 95 ≥60
Water washing method

<0.075 mm particle content s 2.0 ≤3

Angularity (flow time) s 45 ≥40
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Table 4. Technical indices of the limestone powder.

Test Test Result Spec Requirement [57]

Apparent relative density 2.684 ≥2.60
Water content/% 0.6 ≤1

Particle size range
<0.6 mm 100 100

<0.15 mm 100 90~100
<0.075 mm 99.3 75~100

Appearance Uniform, no agglomerate No agglomerate
Hydrophilicity coefficient 0.52 ≤0.8

Heating stability No change in color No change in color

The Tafpack Super (TPS) modifier was sourced from Japan. Its dosage was 8% of the
SBS-modified asphalt by weight, and its technical indices are shown in Table 5.

Table 5. Technical indices of the TPS modifier.

Test Unit Test Result Spec Requirement [58]

Appearance - Uniform, yellow, granular,
and full

Granular, uniform, and
full-bodied

Density g/cm3 0.58 ≤1.0
Melt index g/10 min 8 ≥2.0

Single particle mass g 0.023 ≤0.03

The polyester fibers were sourced from Xutai Company (Taicang, China), and the
dosage was 0.3% of the total asphalt mixture by weight. Their technical indices are shown
in Table 6.

Table 6. Technical indexes of the polyester fibers.

Test Unit Test Result Spec Requirement [59]

Oil absorption rate times 5.5 -
Average length mm 6 4.5~7.5

Average diameter µm 15.2 15~25
Fracture strength MPa 527 ≥450

Fracture elongation % 25 ≥20
Density g/cm3 1.34 -

Melting point ◦C 255~265 ≥240

2.2. Preparation of the Steel Slag Asphalt Mortar

When the volume ratio of the filler to asphalt (i.e., F/A) is 0.4~0.5, the interaction
between the asphalt and aggregate can be fully developed [60]. In this study, the F/A ratio
of 0.4 and the density of the material were used to determine the weight ratio of steel slag
powder to asphalt, and then to prepare the steel slag asphalt mortar (SSAM). The specific
preparation process was as follows: the dried steel slag aggregate was first ground into
powder using an electromagnetic sample mill, and thereafter, the steel slag powder of
0.075~0.15 mm sieve size was screened for its use as a filler. Then, the steel slag powder was
poured into the 170 ◦C SBS-modified asphalt based on the F/A ratio of 0.4. The blend was
then stirred at a rate of 100 rpm for about 30 min to ensure that the asphalt and steel slag
powder were homogeneously mixed. Thereafter, the hot asphalt mortar was poured into
the corresponding molds for subsequent sample fabrication. At minimum, three sample
replicates were fabricated per test type per material per test variable.
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2.3. Preparation of the SSPA Mixture

This study adhered to the Chinese specification CJJ/T 190 [61], with the aggregate
gradations blended as shown in Table 7 and Figure 1. In line with typical porous asphalt
mixtures, the design air void ratio was 20 ± 2% [24,62,63], with 16% of the gradation
passing the 2.36 mm sieve size (Table 7) and an optimal asphalt–aggregate ratio of 5.1%
by weight. The mixing time of the SSPA was 3 min at 180 ◦C, with a 70~80 rpm mixing
rate. The molding and compaction temperature was 160 ◦C. For each material and test
condition, three sample replicates were fabricated at 50 blows using the Marshall double-
sided compaction method [64].

Table 7. Aggregate gradation for the SSPA mixture.

Gradation
Mass Percentage (%) Passing in Each Sieve Size (mm)

16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Design grading 100 98.5 64.7 21.0 16.2 12.4 9.0 7.2 6.1 4.8
Upper limit 100 100 80 30 22 18 15 12 8 6
Lower limit 100 90 50 12 10 6 4 3 3 3

Median 100 95 65 21 16 12 9.5 7.5 5.5 4.5
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2.4. Test Methods
2.4.1. Time–Temperature H2O-Immersion Testing

In this study, the time–temperature H2O-immersion test [65] was used to pretreat
the asphalt mixture samples for moisture damage assessment. The degree of moisture
damage and performance changes of the SSPA were evaluated after subjecting the SSPA to
different H2O immersion temperatures (namely 20 ◦C, 40 ◦C, 60 ◦C, and 80 ◦C) and H2O
immersion times (namely 2 d, 4 d, 6 d, and 8 d) to simulate in-service permeable asphalt
pavements under different field conditions, with respect to temperature variations and
moisture submersion. The 20 ◦C and 40 ◦C H2O immersion temperatures were selected
to simulate the Chinese medium-temperature conditions, whilst the 60 ◦C and 80 ◦C
H2O immersion temperatures were used to simulate the high-temperature environmental
conditions [66].

2.4.2. Pull-Out Testing

The pull-out test is the process of testing the structural layer under the action of a
constant vertical pull-out force until the maximum pull-out tensile force is generated, which
is known to measure the bonding performance of the interlayer, such as road base-subbase
layers or granular material layers [67,68]. In this paper, the pull-out test was used to study
the adhesion of steel slag and asphalt after time–temperature H2O-immersion, and to
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evaluate the water stability of SSPA, and is photographically shown in Figure 2 [40]. The
first step was to cut the large steel slag aggregates into small blocks using a SYD-0850
asphalt mixture plate cutting machine. Thereafter, cement mortar was prepared to affix the
steel slag cubes to the test molds. The test mold, containing the steel slag cubes and cement
mortar, was then put into a wet-air protection box for 24 h, curing at ambient temperature,
followed by the removal of the molds. Thereafter, liquefied asphalt was evenly coated onto
the aggregate surfaces, following the time–temperature H2O-immersion curing sequence
that was described in Section 2.4.1 of this paper.
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After sample curing, a 20 mm diameter pull-out head was slowly pressed vertically
onto the surface of the asphalt film with WD1001 high-performance structural glue. There-
after, the pull-out head was affixed onto the asphalt film and left to cure/harden for 24 h
at ambient temperature. Lastly, a PosiTest At-M manual adhesion tester was used for
conducting the pull-out test in a 20 ◦C constant temperature oven. The maximum pull-out
tensile force to sample failure (i.e., fracture separation) was accordingly recorded during
this test. The pull-out test was repeated three times for each sample group, with the average
of the three replicates taken as the final test result.

2.4.3. H2O-Immersion Immersion Marshall Testing

In this study, the SSPA cylindrical samples (101.6 mm ± 0.25 mm diameter by
63.5 mm ± 1.3 mm in height) were compacted using an electric Marshall compaction
machine (i.e., 50 times on each sample side), in accordance with the T 0709 test method of
the Chinese specification JTG E20-2011 [54]. Thereafter, the samples were randomly divided
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into 20 different groups and accordingly numbered, namely the control and experimental
groups. The samples, both control and experimental groups, were then subjected to a
series of temperature (20 ◦C, 40 ◦C, 60 ◦C, and 80 ◦C) and time (0.5 h, 2 d, 4 d, 6 d, and
8 d) H2O-immersion tests, with no less than four samples in each group. Thereafter, the
time–temperature H2O-immersion Marshall test was performed on the SSPA samples.

2.4.4. Scanning Electron Microscopy (SEM) Testing

For SEM testing [50,69], the SSPA samples were first cut and polished into 1 cm3

cubic specimens. After time–temperature H2O-immersion curing, as previously described
in Section 2.4.1, they (the 1 cm3 cubic specimens) were then sprayed with gold using a
Q150TS high-resolution sputter coater. Thereafter, the specimens were morphologically and
microstructurally observed using a FEI Inspect F50 scanning electron microscope. Three
surface positions for each test sample were scanned at different magnifications of ×200,
×500 and ×1000, from which one best representative surface position of each sample was
selected for morphological and microstructure analysis.

2.4.5. Fourier Transform Infrared (FTIR) Spectroscopy Testing

In this study, the FTIR testing [47,70] of the steel slag powder, SBS-modified asphalt,
and the steel slag asphalt mortar, after a series of time–temperature H2O-immersion se-
quences (see Section 2.4.1), was carried out using a Nicolet IS10 Fourier transform infrared
spectrometer sourced from Thermo Company, Waltham, MA, USA. The test wave number
range was 400~4000 cm−1, with a resolution of 2 cm−1. The captured test data were pro-
cessed and analyzed by converting the time domain function interferometric images into
ordinary infrared spectrograms using a Fourier transformation [71] and the OMINIC8.0 soft-
ware [72]. The FTIR test was repeated three times for each sample, with the corresponding
average serving as the final test result.

2.4.6. X-ray Diffraction (XRD) Testing

For XRD testing [73], a D8-Discover X-ray diffractometer from Bruker (Hamburg,
Germany) was used to analyze the chemical phases of the steel slag powder and steel slag
asphalt mortar after a series of time–temperature H2O-immersion sequences, which have
been described in Section 2.4.1 of this paper. A step scan, with an angle range from 5◦ to
80◦ and a scan rate of 2◦/min, was used. The XRD test data were processed and analyzed
using the Jade9.0 software [74]. For each sample, the XRD test was repeated three times,
with the corresponding average serving as the final test result.

3. Experimental Test Results and Analysis
3.1. Macro Test

In this study, the effects of H2O immersion temperature and time on the water stability
of SSPA was evaluated from a macro multiscale perspective. The pull-out test was used
for indirectly evaluating the water stability of SSPA by analyzing the adhesion properties
between the asphalt and steel slag aggregates, while the H2O-immersion Marshall test was
used for the direct evaluation of the water stability of SSPA. The results of these tests have
been analyzed and synthesized below.

3.1.1. Analysis of the Results of the Pull-Out Test

(1) Damage Evaluation Indicators

The pull-out test causes adhesion, cohesive, mixed, and dislodgement damage. These
damage mechanisms, along with their corresponding results, have been discussed in the
subsequent text [75].

1. As shown in Figure 3a, adhesion damage refers to the damage of the adhesive interface
between the asphalt and aggregate [69]. When this occurs, there is either almost no
residual asphalt film or only a small amount of asphalt film on the aggregate surface.
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However, there is typically no significant damage within the aggregate or within
the asphalt.

2. As shown in Figure 3b, cohesive damage refers to the internal damage within the
asphalt itself [69], without the adhesion damage between the asphalt and aggregate.

3. As shown in Figure 3c, mixed damage refers to the damage of the adhesive interface
between the asphalt and aggregate, accompanied by internal damage within the as-
phalt [69]. With this damage mechanism, some asphalt film remains on the aggregate
surface, but cannot be completely determined as adhesion or cohesive damage.

4. As shown in Figure 3d, dislodgement damage refers to the form of damage that occurs
between the asphalt and the pull-out head [69]; that is, there is dislodgement of the
asphalt from the pull-out head. Under this condition, the surface of the asphalt film on
the surface of the aggregate is flat, with all the asphalt film remaining on the surface
of the aggregates. On the surface of the pull-out head, there would be none or only a
very small amount of the asphalt film remaining.
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(2) Test Results

The damage results from the pull-out test for the asphalt and steel slag after a series of
time–temperature H2O-immersion sequences are shown in Table 8.

Table 8. Damage pull-out test results after time–temperature H2O-immersion sequences.

Immersion Time/d
Damage Mechanism at Different Temperatures

20 ◦C 40 ◦C 60 ◦C 80 ◦C

0 Dislodgement Dislodgement Dislodgement Dislodgement
2 Cohesive Cohesive Cohesive Cohesive
4 Cohesive Cohesive Cohesive Cohesive
6 Cohesive Cohesive Mixed Adhesion
8 Cohesive Mixed Adhesion Adhesion
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As can be seen from Table 8, under dry different temperature conditions without
H2O immersion, the prevalent damage mechanism is dislodgement, indicating that the
adhesion strength between the asphalt and steel slag aggregates prior to time–temperature
immersion was greater than the adhesion strength between the asphalt and the pull-out
head; meanwhile, the adhesive force within the asphalt itself prior to time–temperature
immersion was also greater than the adhesion strength between the asphalt and the pull-
out head. After 2~8 d–20 ◦C H2O immersion and 2~6 d–40 ◦C H2O immersion, pull-out
damage mainly occurred in the interior of the asphalt, resulting in cohesive damage,
with the degree of damage strength depending on the asphalt’s cohesive strength. After
8 d–40 ◦C H2O immersion, mixed damage occurred, indicating that after a long time
of medium-temperature H2O-immersion action, the adhesion within the asphalt itself
gradually decreased. During this stage, as the surface energy of the water molecules was
lower than that of asphalt, and the polarity of the water molecules was also higher than
that of asphalt, it can separate or replace the asphalt on the steel slag surface partially [76];
at medium temperature, the water molecules continued to erode the interface between the
asphalt and steel slag aggregates for eight days; ultimately, cohesive damage transformed
into mixed damage. At high-temperature conditions, and with the H2O immersion time
having been increased, the pull-out damage evolved rapidly from cohesive to mixed
failure. Thereafter, adhesion damage occurred, indicating that the asphalt adhesion under
high-temperature H2O-immersion conditions significantly reduced; that is, the increase in
temperature and time resulted in the following effects: (a) made the asphalt softer to flow,
and (b) increased the diffusion speed and destructive power of the high-temperature water
molecules at the interface between the asphalt and steel slag. Water molecules are more
likely to remove the asphalt from the steel slag surface, which correspondingly reduced
the adhesion bonding between the asphalt and steel slag. Under these conditions, the
asphalt film was easily peeled off from the surface of the steel slag aggregates during the
pull-out test.

Based on the pull-out damage mechanism, the pull-out strength was categorized into
adhesion strength, cohesive strength, mixed strength, and dislodgement damage strength.
The results of the pull-out strength after time–temperature H2O-immersion are shown
in Figure 4.
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As can be seen from Figure 4, the pull-out strength at different H2O immersion
temperatures for 0 days were quantitatively the largest, with all of them associated with
dislodgement damage. With an increase in the H2O immersion time (except 0 days of H2O
immersion), the pull-out strength, at different temperatures, firstly indicated an increasing
trend and thereafter decreased. With an increase in the H2O immersion temperature, the
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pull-out strengths showed different degrees of decay. After 2~4 days of H2O immersion
at different temperatures, the pull-out strength was predominantly cohesive strength,
mostly depending on the cohesive strength of the asphalt. Under these conditions, the
water molecules mainly eroded the asphalt film. This was exacerbated by the fact that the
increase in temperature makes the asphalt softer and reduces the asphalt viscosity, resulting
in a decay in the asphalt’s cohesive strength. Likewise, the asphalt film on the surface of
the steel slag aggregates will also begin to flow, inherently allowing the water molecules
from the side of the asphalt film to diffuse into the interface between the asphalt and steel
slag aggregate.

Compared with 2 days of H2O immersion, the samples at 20 ◦C, 40 ◦C, 60 ◦C, and 80 ◦C
had an increase in the pull-out strength of about 7%, 10.7%, 10.4%, and 11.0%, respectively.
After 4 days of H2O immersion, the overall adhesion performance between the asphalt and
steel slag aggregates improved. This was partly because the chemical reaction between
the more alkaline compounds contained in the steel slag aggregates and the acidic asphalt
formed a stronger chemical bond during the H2O-immersion process. With an increase
in the H2O immersion temperature, the chemical reaction between the asphalt and steel
slag aggregates was also accelerated, and further contributed to enhancing the interfacial
bonding strength.

After medium-temperature (i.e., 6~8 d at 20 or 40 ◦C) H2O-immersion, the pull-out
strength was mostly related to cohesive damage. With an increase in the immersion time
and temperature, the pull-out strength gradually decreased, evolving from cohesive to
mixed damage strength. After high-temperature (i.e., 6~8 d at 60 or 80 ◦C) H2O immersion,
the pull-out strength gradually evolved from cohesive to mixed damage strength; that is,
the damage mechanism changed from cohesive to mixed damage. With respect to adhesive
damage, the associated pull-out strength (adhesion) between the asphalt and steel slag
aggregates was relatively smaller and significantly decreased with an increase in the H2O
immersion time and temperature. After long-term H2O immersion, the water molecules
tended to erode into the interface between the asphalt and steel slag aggregate. This is partly
because the adhesion properties between the water molecules and steel slag aggregates are
greater than that between the asphalt and steel slag aggregates [15,77,78], with the water
film replacing the asphalt film on the surface of the steel slag aggregates, inherently leading
to the asphalt film on the surface of the steel slag aggregate to be easily pulled off during the
pull-out test. Compared with medium-temperature H2O immersion, the high-temperature
water molecules at the asphalt and steel slag aggregate interface diffused rapidly due to the
high temperature effects and correspondingly enhanced the emulsification of the asphalt.
The long-term effects of this high-temperature H2O-immersion sequence is poor volume
stability of the steel slag aggregates with potential for swelling [79], further reducing the
stability of the asphalt and steel slag aggregate interface, including the adhesion strength.

3.1.2. Analysis of the Results of the H2O-Immersion Marshall Test

As can be seen from Figure 5, at 20 ◦C, 40 ◦C, 60 ◦C, and 80 ◦C temperature condi-
tioning after 2 days of H2O immersion, the residual stability of the SSPA samples were
103%, 100%, 94%, and 88%, respectively. All these numbers are greater than 85% and
satisfactorily meet the Chinese specification JTG/T 3350-03 [57] of a minimum residual
stability requirement of 85%. Therefore, the SSPA’s high-temperature water stability after
2 days of H2O immersion was deemed to be satisfactory.

However, after 6 d–80 ◦C H2O immersion, the residual stability of the SSPA dropped
to 81%, i.e., about four percentage points below the Chinese specification JTG/T 3350-
03 [57] requirement of 85%. This indicated that the water stability of the SSPA reduced
after a long duration (>4 days) of high-temperature H2O immersion at 80 ◦C; that is, the
moisture damage under high-temperature H2O immersion was more severe than that
under medium-temperature H2O immersion.
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From two to four days, the residual stability first increased and thereafter decreased,
with an increase in the H2O immersion time at different H2O immersion temperatures.
However, the residual stability significantly decreased with an increase in temperature.
As the surface of the steel slag aggregates is rough and alkaline, it tends to have a better
adhesion with the weakly acidic asphalt [80]. In the early stages of H2O immersion, an
acid–base chemical reaction occurred between the steel slag aggregates and asphalt; the
alkanes in asphalt are easy to react with the silicon-containing compound on the surface
of the steel slag to generate the silane [15,81], which inherently provided the chemical
adhesive force and correspondingly improved the water stability of the SSPA. Furthermore,
the asphalt film on the steel slag aggregate surfaces played a crucial role in enhancing the
water resistance and reducing the possibility of hydration of the steel slag aggregates, as
well as inhibiting the volume expansion of the steel slag aggregates. However, with an
increase in the H2O immersion time and temperature, the adhesion between the asphalt
and steel slag aggregates decreased; this led to the asphalt film on the surfaces of the
steel slag aggregates to gradually fall off, with the pores on the surfaces of the steel slag
aggregates quickly absorbing a lot of water [82]; that is, the volume stability of the steel
slag aggregates declines and contributes to weakening the internal stability of the structure
of SSPA, causing surface volume expansion of the SSPA and, ultimately, a decrease in the
water stability.

3.2. Microscopic Test

At a macroscopic level, the pull-out test results indicated that after 2~6 d–60 ◦C H2O
immersion, the damage mechanism rapidly evolved from cohesive to mixed damage,
while adhesion damage appeared after a long time (>4 days) of high-temperature H2O
immersion. On the other hand, the H2O-immersion Marshall test results indicated that
after 2~6 d–60 ◦C or 80 ◦C H2O immersion, the residual stability of SSPA first increased
and then decreased. At 6 d–80 ◦C H2O immersion, the residual stability of SSPA was 81%,
which does not meet the 85% Chinese JTG/T 3350-03 [57] specification requirements. In
addition, after medium-temperature H2O immersion, the results of the pull-out test were
mostly cohesive damage, and the residual stability of SSPA was greater than 85%, which
met the Chinese JTG/T 3350-03 specification requirements. Therefore, we selected the
most representative experimental data, and analyzed the reason for why the water stability
of SSPA first increased and then decreased through 2~6 d–60 ◦C H2O immersion, and
comparatively analyzed the reason for why the residual stability of SSPA was lower than
85% through 6 d–60 ◦C or 80 ◦C H2O immersion. To sum up, based on the macroscopic
test data, SEM, FTIR, and XRD tests on SSPA and SSAM samples after 2~6 d–60 ◦C and
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6 d–80 ◦C H2O immersion were conducted to microscopically analyze the moisture damage
mechanism of SSPA after time–temperature H2O-immersion curing.

3.2.1. Changes in the SSPA’s Micro-Interface after Time–Temperature H2O-Immersion

Figures 6–9 show the SEM results of the asphalt–steel slag aggregate interface in the
SSPA after medium- and high-temperature H2O immersion. In the figure, 1© referred
to the adhesion area of asphalt film on the surface of steel slag aggregates; 2© referred
to the compound phase area of asphalt and steel slag formed by physical and chemical
interaction between asphalt and steel slag aggregates. As shown in Figure 6, the asphalt
film thickness was uniform and tightly wrapped on the surface of the steel slag aggregates
after the 2 d–60 ◦C H2O-immersion curing. The interface transitional zone of the asphalt–
steel slag aggregates was also uniform and flat. After 4 d–60 ◦C H2O immersion, Figure 7
shows a substance with a white color (i.e., possibly CaCO3, C-S-H, and CaSO4·2H2O, etc.)
produced via the chemical reaction between the asphalt and hydration product of steel
slag. Additionally, it was also observed that the white substance was uniformly distributed
in the transitional zone of the asphalt–steel slag interface, which ultimately filled up the
gap of the interfacial transition zone (ITZ) and provided a good mechanical bond. This
indicates the asphalt film closely adhered to the surface of the steel slag aggregate and can
adsorb more free asphalt to form structural asphalt, leading the ITZ to be denser and flatter,
ultimately improving the water stability of SSPA. Furthermore, in Figure 7c, compared
with Figure 6c, it can be found that there were many more pores on the asphalt surface,
which was due to the water molecules gradually eroding the asphalt with an increase in
the H2O immersion time, and the surface of the steel slag was even denser, indicating that
under these H2O immersion conditions the asphalt itself is damaged by water molecules,
and the products of the chemical reaction between the steel slag and the asphalt adhered to
the steel slag surface, protecting the steel slag from the water molecules.
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(b) ×500 magnification; and (c) ×1000 magnification.

As shown in Figure 8, a substance with a white color in the ITZ disappeared after
6 d–60 ◦C H2O immersion, possibly because the high-temperature and longer H2O immer-
sion time made calcium carbonate, hydrated calcium silicate, and calcium sulfate dihydrate
to decompose and flake off. The water film in the micro gap replaced the asphalt film
wrapped on the surface of the steel slag aggregates, with the asphalt film thickness de-
creasing and gradually flaking off from the surface of the steel slag aggregates, ultimately
reducing the adhesion bond between the asphalt and steel slag aggregates. Furthermore,
pores appeared on the surface of the steel slag, indicating that water molecules are begin-
ning to erode the steel slag.

In Figure 9, the asphalt film on the surface of the steel slag aggregates peeled off
after 6 d–80 ◦C H2O immersion, indicating that the surface area between the steel slag
aggregates and asphalt film becomes smaller; the ITZ also increased, while the adhesion
force decreased [83,84]. Under these conditions, the high-temperature water molecules
diffused within the interface between the asphalt and steel slag aggregates at a relatively
high speed with considerable destructive force. In addition, asphalt is a viscoelastic and
temperature-sensitive material [85–87]. Therefore, the 80 ◦C high temperature would
inherently reduce the viscosity and enhance the fluidity of the asphalt, ultimately leading
to a decay in the water stability of SSPA. Figure 10 shows a plot of the ITZ as a function of
H2O immersion temperature and time.

As shown in Figure 10, the width of the ITZ between the asphalt and steel slag kept
on increasing with an increase in the H2O immersion temperature and time. Under this
condition, the adhesion between the asphalt and steel slag aggregates decreased, and
moisture damage phenomena, such as cracking, bulging, peeling off, and aggregate loss,
appeared. To mitigate this and improve the water stability of SSPA, an appropriate amount
of anti-stripping agent, such as desulphurization ash, can be added to the SSPA to improve
the adhesion between the asphalt and steel slag aggregates [88].
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Figure 10. Width of the ITZ of SSPA after H2O immersion.

3.2.2. Changes in the SSAM’s Functional Groups after Time–Temperature H2O-Immersion

From Figures 10 and 11, it is seen that in the functional group region of the infrared
spectrum 1330 cm−1~4000 cm−1, the absorption peaks of each group of steel slag asphalt
mortar appear around the wave numbers of 3554 cm−1, 2923 cm−1, 2852 cm−1, 1600 cm−1,
1523 cm−1, 1460 cm−1, and 1380 cm−1. These absorption peaks were generated via the
stretching vibration of the chemical bonds. The infrared spectrum fingerprint region of
400 cm−1~1300 cm−1 not only contains simple stretching vibrations of the single bonds,
but also includes the characteristic spectrum generated via the deformation vibration,
reflecting the subtle changes in the molecular structure [15]. In Figure 11, there are
966 cm−1, 862 cm−1, and 513 cm−1 characteristic peaks in the fingerprint area of the
infrared spectrum, namely: (a) the 966 cm−1 peak is the out-plane bending vibration of
the trans-CH molecules in the asphalt, (b) the 862 cm−1 peak is the out-plane bending
vibration of the CH molecules in the benzene ring, and (c) the 513 cm−1 absorption peak is
more consistent with the inorganic compound group profile of CaO, Al2O3, and Fe2O3 of
β-dicalcium silicate, or tricalcium silicate contained in steel slag [89].
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In Figure 12, the absorption bands near the absorption peaks at 3554 cm−1 and
1523 cm−1 are unique to the steel slag asphalt mortar, whilst the absorption peaks at
3554 cm−1 are generated via the stretching vibrations of amine and amide N-H and
SiO-H. The absorption peak at 1523 cm−1, on the other hand, may have been caused
by the stretching vibrations of the aromatic nitro-NO2, which could be attributed to the
chemical bond between the asphalt and steel slag aggregates. In addition, 2923 cm−1

represents the antisymmetric stretching vibration of the C-H molecules in the alkanes and
cycloalkanes, 2852 cm−1 is the symmetric stretching vibration of the C-H molecules in
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the alkanes and cycloalkanes, 1600 cm−1 is the backbone stretching vibration of the C=C
molecules in the asymmetrically substituted aromatic rings, 1460 cm−1 is the antisymmetric
angle change vibration of the CH3 molecules in the alkanes, and 1380 cm−1 is the symmetric
angle change vibration of CH3 molecules in the alkanes [90].
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In Figure 12, the peak heights and peak areas of the infrared spectra of the steel
slag asphalt mortar (SSAM) also changed with the change in the H2O immersion time
and temperature. The peak area ratios of N-H and SiO-H (3554 cm−1), as well as -NO2
(1523 cm−1), which are unique to the SSAM and reflect the chemical interaction between the
asphalt and slag aggregate, were selected as quantitative indicators to quantify the effects
of the time–temperature H2O-immersion scheme on the microstructural composition of the
SSAM. The peak area ratios of these characteristic peak functional groups were defined as
follows [91,92]:

IN−H, SiO−H = A3554/∑ A (1)

I−NO2 = A1523/∑ A (2)

∑ A = A3554 + A2923 + A2852 + A1602 + A1523 (3)

where IN-H, SiO-H = amine and amide N-H and SiO-H functional group indices,
I-NO2 = -NO2 functional group index, Ai = the peak area when the number of waves
is i, and ∑A = total peak area.

Figure 13 shows these functional groups as a function of H2O immersion time. From
Figure 13a, it is graphically evident that the difference between the N-H and SiO-H func-
tional group index of the SSAM at 2 d–60 ◦C versus 4 d–60 ◦C H2O immersion is not
significant but decreases significantly at 6 days of H2O immersion. This indicates that the
chemical bonding formed via the chemical reaction of the SSAM at the early stage of H2O
immersion was firmly maintained, with the chemical bonding beginning to decay at 6 days
of H2O immersion. In Figure 13b, the -NO2 functional group index of the SSAM increases
and then decreases with an increase in the H2O immersion time at 60 ◦C; this trend is
similar to the results of the macroscopic tests. The -NO2 functional group index was the
highest at 4 days of H2O immersion. This infers that the chemical reaction in the SSAM
reached its best or optimum state at 4 days of H2O immersion, which was largely consistent
with the results of the macroscopic pull-out and H2O-immersion Marshall tests. This is
partly because the chemical bonding between the asphalt and steel slag aggregates is much
stronger than the intermolecular forces [93,94]. This ultimately enhances the adhesion
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between the asphalt and steel slag aggregates, forming a thicker structural asphalt that is
beneficial to the improvement of the high-temperature stability and water stability of both
the SSAM and SSPA. In Figure 14, the functional group indices are plotted as a function of
H2O immersion temperature.
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Figure 13. SSAM functional group indices for various H2O immersion times at 60 ◦C: (a) N-H and
SiO-H functional group index; and (b) -NO2 functional group index.
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Figure 14. SSAM functional group indices at 6 days of H2O immersion at various temperatures:
(a) N-H and SiO-H functional group index; (b) −NO2 functional group index.

As shown in Figure 14, the N-H and SiO-H functional group index and -NO2 functional
group index at 6 days of H2O immersion decreased significantly with an increase in the
H2O immersion temperature. This suggests that the high-temperature H2O-immersion
scheme had a significant adverse effect on the chemical bonding between the asphalt
and steel slag, which severely weakened the interfacial chemisorption of the asphalt and
steel slag.

3.2.3. Changes in the SSAM’s Chemical Fraction after Time–Temperature H2O-Immersion

As can be seen in Figure 15, the XRD diffraction pattern of pure steel slag powder
exhibits strong diffraction peaks in the range of 2θ = 31◦~34◦, with crystalline peaks
appearing at diffraction angles of about 32.6◦, 33.2◦, and 33.7◦. This corresponds to the
crystalline surfaces of Ca3(SiO4)O, Ca2SiO4, and Ca3Al2(SiO4)3, respectively, indicating
a high content of calcium silicates and calcium aluminosilicates in the steel slag [95].
Additionally, the crystalline peaks corresponding to FeO appear at diffraction angles of
about 61.1◦ and 73.4◦, etc., indicating that the steel slag samples contained more FeO.
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In contrast, free calcium oxide (f-CaO) had a weaker diffraction peak intensity in the
XRD pattern of steel slag powder, which is partially because f-CaO is decomposed and
transformed during the natural aging process of steel slag and when grinding it (steel
slag) into powder. In summary, the XRD results showed that the samples contained the
main phases of Ca2SiO4, Ca3(SiO4)O, FeO, CaMg(CO3)2, Ca3Al2(SiO4)3, Mn3O4, and CaO.
The Mathematics tool under analysis in the menu bar of Origin [96] was used to integrate
all the peaks in the XRD patterns of the steel slag powder. The areas of the individual
peaks and the total area of all the peaks were calculated. Thereafter, the areas of the peaks
corresponding to each phase were divided by the total area of all the peaks to obtain the
relative contents of each phase in steel slag powder as 37.3%, 20.2%, 14.2%, 10.2%, 8.2%,
6.5%, and 2.3%.
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As visually observed in Figure 15, the XRD peaks of the steel slag powder and all
the steel slag asphalt mastic showed little change in the locations of the peaks after the
slag powder was mixed with asphalt as a filler. However, the intensity of the peaks
decreased, as the asphalt molecules wrapped on the surface of the steel slag powder
reduced its diffraction intensity. In contrast, the crystallization peak of CaCO3 at 2 θ = 29.7◦

showed a significant enhancement and increased with an increase in the H2O immersion
time. With an increase in the H2O immersion temperature, however, the crystallization
peaks mainly decreased due to the hydration reaction of the active components in the
steel slag, similar to cement during the H2O-immersion process, as illustrated below in
Equations (4)–(9) [97–99].

CaO + H2O = Ca(OH)2 (4)

2CaO · SiO2+nH2O = xCaO · SiO2 · (n− 2+x)H2O+(2−x)Ca(OH)2 (5)

3CaO · SiO2+nH2O = xCaO · SiO2 · (n− 3+x)H2O+(3−x)Ca(OH)2 (6)

Ca(OH)2+CO2= CaCO3+H2O (7)

CaCO3+H2SO4 = CaSO4+H2O + CO2 ↑ (8)

CaSO4 + 2H2O = CaSO4 · 2H2O (9)

In general, the hydration cementation products improved the ITZ, making the asphalt
and steel slag structure to be denser, which macroscopically showed an improvement in
moisture damage resistance performance. However, the high-temperature H2O-immersion
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environment has a detrimental effect on the hydration cementation products. Compared
with the steel slag powder, the crystalline peaks corresponding to FeO, that appeared
at diffraction angles of about 61.1◦ and 73.4◦, etc., in the steel slag asphalt mastic were
less intense and decreased with an increase in the H2O immersion temperature and time,
indicating that the steel slag asphalt mastic contained less iron compounds.

At 4 d–60 ◦C H2O immersion, the XRD patterns of the steel slag asphalt mastic
appeared at 2 θ = 11.8◦ with a characteristic CaSO4·2H2O crystalline peak. This was
largely due to the further acid–base chemical reaction between the various acidic groups
contained in the asphalt itself and the CaCO3 produced via the hydration reaction of the
steel slag, as shown in Equations (8)–(9) [99,100]. CaSO4·2H2O is the main component of
raw gypsum [100] that enhances the interfacial bonding strength between the asphalt and
steel slag aggregates, making it difficult for water to penetrate the interfacial zone. This
also substantiates the results that the pull-out strength and residual stability of the SSPA
reached its highest values at 4 d–60 ◦C H2O immersion in the macro test (refer to Section 3.1
of this paper) and indicates that the white substance observed at the interface between
the steel slag and asphalt in the SEM test was CaSO4·2H2O (refer to Section 3.2.1 of this
paper). The analysis of the SSAM-60 ◦C–6 d and SSAM-80 ◦C–6 d curves in Figure 15
show that the CaSO4·2H2O diffraction peaks disappeared with a further increase in the
H2O immersion time and temperature. Under these H2O-immersion conditions, both
the pull-out strength and the residual stability were greatly reduced, indicating that the
CaSO4·2H2O was closely related to the water stability of SSPA. This suggests that the high
temperature and long H2O immersion time caused the decomposition and exfoliation of
the calcium sulfate dihydrate that inherently reduced the adhesion performance between
the asphalt and steel slag aggregates.

4. Conclusions

In this study, the water stability of SSPA, that was subjected to a series of time–
temperature H2O-immersion sequences, was investigated using the pull-out and H2O-
immersion Marshall tests, while the microscopic mechanism of moisture damage was
studied using the SEM, FTIR, and XRD tests. The main findings and conclusions are
as follows:

• Both the macroscopic and microscopic tests showed that at a constant H2O immersion
temperature, the water stability of SSPA first increased and then decreased with an
increase in the H2O immersion time. The optimum water stability for SSPA was
attained at 4 days. The water stability of SSPA was generally excellent under short-
term high-temperature or medium-temperature H2O immersion, but significantly
deceased after long periods of high-temperature H2O-immersion schemes.

• The SEM results showed that under short-term, high-temperature H2O-immersion
conditions, the interfacial phase of asphalt and steel slag was generally continuous and
uniform; that is, the steel slag aggregates and asphalt contact had a firm mechanical
bonding force that enhanced the interfacial strength between the asphalt and steel slag
aggregates. The change in the spacing size of the ITZ reflected the chemical adhesion
mechanism between the asphalt and steel slag aggregates.

• The FTIR results showed that there was a chemical bonding reaction between the
asphalt and steel slag aggregates. This inherently enhanced the adhesion properties
between the asphalt and steel slag aggregates; however, the combination of long-
time and high-temperature H2O-immersion severely weakened the adhesive bonding
between the asphalt and steel slag aggregates.

• The XRD results showed that with an increase in the H2O immersion time, the crys-
tallization peak of CaCO3 produced via the hydration reaction of steel slag appeared
to be significantly enhanced. Furthermore, the CaSO4·2H2O formed via the chemical
reaction of various acidic groups contained in asphalt and the CaCO3 can enhance the
water stability of SSPA.
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In this paper, the influence of the adhesion mechanism between the asphalt and
steel slag aggregates on the water stability of SSPA was chemically and quantitatively
analyzed. For a country like China that is heavily involved in steel making, this study can
environmentally promote and accelerate the resource utilization of waste steel slag, while
for the industry, this study can valuably provide technical credence and reference data
for the construction of permeable-surfaced roads using SSPA. However, the influence of
asphalt aging and steel slag aging on the water stability of SSPA has not been thoroughly
analyzed in this paper. In the future, it is necessary to study the change law of asphalt
aging performance and steel slag aging performance under a high-temperature and high-
humidity environment, and comprehensively analyze the influence of various factors on
the water stability of SSPA.
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