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Abstract: The major goal of sustainable practices is to preserve raw resources through the utilization
of waste materials as an alternative to natural resources. Decreasing the temperature required to
produce asphalt mixes contributes to environmental sustainability by reducing energy consumption
and toxic emissions. In this study, warm mix asphalt incorporating coarse steel slag aggregates was
investigated. Warm mix asphalt was produced at different temperatures lower than the control
asphalt mixes (hot mix asphalt) by 10, 20, and 30 ◦C. The performances of the control and warm mix
asphalt were assessed through laboratory tests examining stiffness modulus, dynamic creep, and
moisture sensitivity. Furthermore, a response surface methodology (RSM) was conducted by means
of DESIGN EXPERT 11 to develop prediction models for the performance of warm mix asphalt. The
findings of this study illustrate that producing warm mix asphalt at a temperature 10 ◦C lower than
that of hot mix asphalt exhibited the best results, compared to the other mixes. Additionally, the warm
mix asphalt produced at 30 ◦C lower than the hot mix asphalt exhibited comparable performance
to the hot mix asphalt. However, as the production temperature increases, the performance of the
warm mix asphalt improves.

Keywords: steel slag aggregate; warm mix asphalt; RSM; stiffness modulus; dynamic creep; mois-
ture sensitivity

1. Introduction

In most cases, hot mix asphalt (HMA) is manufactured at a temperature ranging
from 150 ◦C to 180 ◦C. A high production temperature is necessary to dry the aggregates,
coat them with bitumen, and achieve the desired workability. However, carbon dioxide
emissions associated with the production of HMA have become a serious concern due
to the negative effects of these emissions on the environment. Accordingly, warm mix
asphalt (WMA) has recently acquired salability because of its effective ability to reduce
toxic emissions and contribute to the preservation of the environment. The main function
of WMA is to produce asphalt mixes at temperatures ranging from 20 ◦C to 40 ◦C lower
than HMA, at which time the materials are blended, compacted, and placed on roads. The
decreased production temperature is attributed to warm-mix asphalt technologies such as
chemical additives, organic additives, and foaming that reduces binder viscosity [1,2]. Also,
WMA decreases the energy required to produce asphalt mixes and provides a less harmful
environment for workers and the areas surrounding asphalt mixing plants because its
production process features reduced carcinogenic polycyclic aromatic hydrocarbon (PAH)
emissions [3]. The production of WMA may decrease greenhouse emissions and energy
consumption up to 40%, compared to the conventional asphalt mix [4]. Young [5] concluded
that the fuel consumption is decreased by 2–3% for every 6 ◦C reduction to the production
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temperature. Similarly, Olard et al. [6] reported that for every 10 ◦C decrease in mixing
temperature, energy and CO2 are reduced by 5.5%. Furthermore, WMA technologies have
minimized the influence of short- and long-term aging on the performance of the asphalt
mix in comparison to HMA, due to the reduced oxidation of binders modified by WMA
technologies [7,8].

Industrial waste and by-product materials are utilized in pavement applications as
an alternative for natural aggregates to contribute toward environmental sustainability.
One of the common by-products used in pavement applications is electric arc furnace
steel slag aggregate. The common use of steel slag aggregate is attributed to its superior
mechanical properties. Many studies have investigated the suitability of utilizing steel
slag aggregate in asphalt mixes. Behnood and Ameri [9] assessed the performance of
the stone mastic asphalt (SMA) containing steel slag aggregate as a coarse portion. The
findings of the study illustrated that utilizing steel slag aggregates in stone mastic asphalt
improved the resilient modulus, Marshal stability, and tensile strength. Ziari et al. [10]
noted that hot mix asphalt containing steel slag aggregate as a coarse portion showed
higher Marshal stability, indirect tensile strength, and higher fatigue life in comparison
to the control mix. These enhancements were attributed to the angularity, toughness,
and roughness of the steel slag aggregate [11]. Similarly, Ahmedzade and Sengoz [12]
conducted a study assessing hot mix asphalt performance incorporated coarse steel slag
aggregates. The study concluded that the characteristics of asphalt mixes consisting
of coarse steel slag aggregates exhibited higher cracking resistance, stiffness modulus,
and moisture sensitivity than the control mixes. Chen and Wei [13] investigated the
characteristics of hot mix asphalt incorporating basic oxygen furnace steel slag as a coarse
aggregate. The outputs of the laboratory tests indicated that utilizing steel slag aggregate
improved the rutting resistance and moisture damage resistance of the asphalt. Alnadish
et al. [14,15] carried out several investigations on the performance of hot mix asphalt
incorporating coarse steel slag aggregate. The findings of the studies showed that asphalt
mixtures composed of steel slag aggregate as a coarse portion enhanced the stiffness
modulus, rutting resistance, and cracking resistance, as well as it displayed slightly lower
tensile strength ratio as compared to the control mix. Furthermore, limited studies have
investigated WMA containing steel slag aggregates. Ameri et al. [16] observed that the
WMA produced by Sasobit additive and composed of steel slag aggregates as a coarse
portion has improved Marshal stability, resilient modulus, permanent deformation, and
moisture sensitivity. Goli et al. [17] investigated the performance of WMA incorporating
steel slag aggregates. The incorporation of additives Sasobit and Rediset at a dosage
of 2% by weight of the bitumen was used to produce WMA. The findings of the study
showed that the WMA composed coarse steel aggregate exhibited better performance than
HMA and steel slag aggregate replacements in terms of permanent deformation, fatigue
life, and moisture susceptibility. Similarly, Amelian et al. [18] concluded that utilizing
coarse basic oxygen furnace steel slag aggregate in warm mix asphalt manifested better
performance than asphalt mixtures incorporating conventional aggregates. Ziaee and
Behnia [19] assessed WMA modified with 1.5% of Sasobit and coarse steel slag aggregates.
The laboratory experiments of the study showed that WMA incorporating coarse steel slag
aggregate was significantly improved in stiffness modulus, permanent deformation, and
tensile strength, in comparison to HMA.

Permanent deformation and moisture damage are among the main drawbacks of
warm mix asphalt, due to the fact that reducing the production temperature may cause
inchoate drying of the aggregates, insufficient film thickness, and reduced hardening of the
binder [20].

Few studies have evaluated warm mix asphalt at various production temperatures.
Furthermore, all the previous studies have assessed the performance of warm mix asphalt
incorporating steel slag aggregates using the additive Sasobit. Therefore, the objectives
of this study are to investigate the characteristics of warm mix asphalt containing coarse
steel slag aggregates, modified with LEADCAP. The warm mix asphalt was investigated at
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different mixing temperatures of, 150, 140, and 130 ◦C to introduce a better understanding
and evaluation of the behavior of warm mix asphalt at different production temperatures.
A response surface methodology by means of DESIGN EXPERT 11 [21] was conducted to
develop prediction models for the performance of the warm mix asphalt as a contribution
in terms of identifying the performances of the asphalt mixes at various production tem-
peratures. The laboratory performance tests were stiffness modulus at the temperatures
of 25 ◦C and 40 ◦C, dynamic stability, and moisture sensitivity. This study focused on the
tests for permanent deformation and moisture sensitivity because warm mix asphalt is
highly susceptible to permanent deformation and moisture damage.

2. Materials and Methods
2.1. Materials

The grade of the bitumen utilized to produce the asphalt mixes was 80/100, which is
suitable for the wearing course. The characteristics of the base and modified bitumen are
listed in Table 1. Also, an organic additive called LEADCAP was utilized to produce warm
mix asphalt. LEADCAP is a wax-based component that consists of a crystal controller
and an adhesion promoter to control the crystallization of the wax components at low
temperatures and to improve the bonding between the aggregates and the binder [22].
LEADCAP is produced by KUMHO petrochemical (Seoul, South Korea). Figure 1 shows
the LEADCAP additive. Electric arc furnace (EAF) steel slag was used as the coarse
aggregate, while granite aggregates were utilized as the fine aggregates in the preparation
of the asphalt mixes. The EAF steel slag was supplied by NCL chemicals Ltd. chemical
products, Singapore. Table 2 displays the characteristics of the electric arc furnace steel slag
and granite aggregates. The gradations of the aggregates are listed in Table 3.

Table 1. Characteristics of the base and modified binders.

Properties Base Binder Modified Binder Test Basis

Grade of binder 80/100 80/100 -
Penetration grade (0.1 mm) 93 84 ASTM D5 [23]

Softening Point (◦C) 45 47 ASTM D36 [24]
Viscosity @ 135 ◦C (cP) 487 398 -
Viscosity @ 165 ◦C (cP) 144 123 ASTM D4402 [25]
Ductility @ 25 ◦C (cm) >100 >100 ASTM D113 [26]

Figure 1. LEADCAP additive.
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Table 2. Characteristics of the aggregates.

Properties Granite EAF Steel Slag Limits Test Basis

Loss Angeles Abrasion (%) 22 17.80 ≤25% ASTM C131 [27]
Aggregate Crushing Value (%) 25 22.60 ≤25% IS: 2386 (Part IV) [28]

Density (g/cm3) 2.63 3.22 N/A ASTM C127 [29]
Absorption (%) 0.84 2.75 ≤3% ASTM C127

Elongated and Flat Particles (%) 8.40 3.90 ≤10% ASTM D4791 [30]
Coarse angularity (%) 84 95 ≥80% ASTM D5821 [31]

Content of free CaO (%) - 1.17 ≤4% -

Table 3. Gradation of the EAF steel slag and granite aggregates.

Sieve Size (mm) Passing (%) Retained (%)

19 100 -
12.5 95 5
9.5 85 10

4.75 60 25
2.36 43 17
1.18 33 10
0.6 26 7
0.3 20 6

0.075 5 15
Pan - 5

2.2. Preparation of the Samples

In this study, the base binder (80/100) was modified with the warm mix asphalt
additive LEADCAP with the wet process, using a high-shear mixer at 1000 RPM until
homogeneity was achieved (i.e., 10 min). LEADCAP was introduced to the base binder
at the dosage recommended by the supplier (2% by weight of the bitumen). The hot
mix asphalt (HMA) was produced at a mixing temperature of 160 ◦C and compacted at
a temperature of 150 ◦C. The warm mix asphalt was manufactured at different mixing
temperatures (i.e., 150, 140, and 130 ◦C), and compacted at the compaction temperatures of
140, 130, and 120 ◦C, respectively. The control asphalt mixes incorporating the granite and
steel slag aggregates were labeled as HG160◦C and HS160◦C, while the produced WMA
containing steel slag aggregate at the temperatures of 150, 140, and 130 ◦C were coded
as WS150◦C, WS140◦C, and WS130◦C, respectively. The asphalt mixtures were produced
in accordance with the specifications stated in Superpave mix design (SHRP-A-407) [32].
The aggregates were conditioned at the production temperature for at least four hours.
Thereafter, the aggregates were blended with a binder using a 20 L auto mixer with a mixing
speed of 75 RPM. The loose asphalt mixes were kept in the oven for at least two hours at the
compaction temperature to simulate the short-term aging. Then, the conditioned asphalt
mixes were compacted using a Superpave gyratory compactor (SGC, Controls Group,
Milan, Italy) at 100 revolutions. The diameter and height of manufactured specimens were
100 ± 1 mm and 63 ± 2.5 mm, respectively. The optimum bitumen contents of the hot mix
asphalt incorporating the granite and the coarse steel slag aggregate asphalt were 4.78%
and 4.9%, respectively, while the optimum bitumen content of the warm mix asphalt was
4.8%. The slight decrease in the optimum bitumen content of the warm mix asphalt was
caused by the LEADCAP additive, which decreased the viscosity of the bitumen due to the
wax component. The densities of the asphalt mixes containing granite, steel slag aggregate,
and LEADCAP were 2.343, 2.56, 2.564 g/cm3, respectively.

2.3. Laboratory Tests

The stiffness modulus (resilient modulus) test was carried out to investigate the
stiffness of the asphalt mixes. The stiffness modulus of the asphalt mixes was used to
describe the characteristics of the asphalt mixes. A universal testing machine (UTM-5P)
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(Inopave Group, Singapore) was utilized to conduct the stiffness modulus test. The stiffness
modulus test was carried out in accordance with ASTM D7369 [33]. The test was conducted
at two testing temperatures, i.e., 25 ◦C and 40 ◦C. However, a total of 15 samples with air
void contents of 4 ± 1% were manufactured for this test. The specimens were conditioned
in the environmental chamber for four hours at every testing temperature prior to the test.
Thereafter, a load of 1000 N was applied to the specimens. The duration of the applied load
with the haversine wave pulse was 0.1 s, while the rest period was 0.9 s.

To assess the permanent deformation of the asphalt mixes, the dynamic creep test
was performed. The test was conducted using a universal testing machine (UTM-5P).
The procedures of the dynamic stability test were conducted in accordance with BS DD
226 [34]. To accomplish this test, a total of 30 specimens with air void contents of 4 ± 1%
were produced. The specimens were kept in the environmental chamber for four hours at
the testing temperature of 40 ◦C. Thereafter, a stress of 10 kPa was applied for 120 s as a
pre-load. Then, the specimens were subjected to different compressive stress i.e., 100 kPa
and 200 kPa, for 1 h. The stress was applied with a square wave pulse consisting of 1 s for
loading and 1 s for the rest period. The total number of load applications was 1800 cycles.

The test of moisture sensitivity was carried out to investigate the resistance to moisture
damage of the asphalt mixes. The moisture sensitivity test was conducted according to the
procedures stated in AASHTO T 283 [35]. To perform this test, 30 samples were produced.
The air void content of the produced specimens was targeted at 7 ± 0.5%. Six specimens
were manufactured for every mix. Three represented the dry condition, while the rest
corresponded to the wet condition. In the dry condition, the specimens were kept in
the environmental chamber for at least two hours at a temperature of 25 ◦C. Then, the
specimens were subjected to an indirect tensile strength. For the wet condition, the samples
were exposed to a water saturation of 70–80%. Thereafter, the specimens were conditioned
in a water bath for 24 h at a temperature of 60 ◦C. Then, the specimens were immersed
in the water bath for at least 2 h at a temperature of 25 ◦C. Thereafter, every sample was
subjected to the applied indirect tensile strength at a constant rate of 50 mm/minute. The
tensile strength of the asphalt mix should be higher than 80%. Figure 2 shows the tests
setup of the stiffness modulus, dynamic creep, and moisture sensitivity.

Figure 2. Laboratory tests: (a) stiffness modulus (b) dynamic creep; (c) Indirect tensile strength.

3. Results and Discussion
3.1. The Stiffness Modulus of the Asphalt Mixes

The stiffness modulus of the asphalt mixes at 25 ◦C and 40 ◦C are shown in
Figures 3 and 4. As it is seen in the figures, the asphalt mixes composed of steel slag
aggregate as the coarse portion exhibited better stiffness modulus results than the refer-
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ence asphalt mix incorporating conventional aggregates. The higher stiffness modulus
of HS160◦C was caused by the superior toughness and angularity of the EAF steel slag
aggregates. Furthermore, warm mix asphalt produced at 150 ◦C exhibited the highest
stiffness modulus at 25 ◦C and 40 ◦C as compared to the other mixtures. The stiffness
modulus of WS150◦C at 25 ◦C was higher than that of the HS160◦C by 18.6%, while at the
40 ◦C WS150◦C showed a higher stiffness modulus than that of the HS160◦C by about 11%.
Also, the stiffness modulus of WS140◦C at 25 ◦C and 40 ◦C were higher than that of the
HS160◦C by about 10% and 3%, respectively. The warm asphalt mix produced at the mixing
temperature of 130 ◦C, which was lower than the control mix by 30 ◦C, showed similar
stiffness modulus results to the HS160◦C at the temperatures of 25 ◦C and 40 ◦C. Moreover,
WMA produced at 150, 140, and 130 ◦C revealed better stiffness modulus than HG160◦C.
The higher stiffness modulus of the warm mix asphalt produced at the temperatures of
150 ◦C and 140 ◦C was attributed to the hardening and crystallization of the wax competent
in the modified binder during the conditioning of the specimens to simulate short-term
aging. As the production temperature of the warm mix asphalt increased, the bitumen
hardening increased, and this, in turn, improved the stiffness of the asphalt mixes.

Figure 3. Stiffness modulus and the standard error bars of the mixes at 25 ◦C.

Figure 4. Stiffness modulus and the standard error bars of the mixes at 40 ◦C.

3.2. Permanent Deformation of the Asphalt Mixes

Figure 5 presents the results of the permanent deformation test at the applied stresses
of 100 kPa and 200 kPa. It is clearly seen in Figure 5 that the higher accumulated strain
indicates the lower resistance to permanent deformation of the asphalt mixes. As shown
in Figure 5, HG160◦C exhibited a slight decrease in permanent deformation resistance in
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comparison to HS160◦C. On the other hand, the produced asphalt mix at the mixing tem-
perature of 150 ◦C incorporated 2% of LEADCAP exhibited the lowest accumulated strain
in comparison to the other mixes. The accumulated strain was lower than the HS160◦C
by about 25% and 20% for the applied stresses of 100 kPa and 200 kPa, respectively. Addi-
tionally, WS140◦C exhibited better permanent deformation resistance than the HS160◦C
by about 15% and 9% for compressive stresses of 100 kPa and 200 kPa, respectively. The
permanent deformation of the mixtures produced at the mixing temperature of 130 ◦C
(WS130◦C) was approximately comparable to that of the HS160◦C mix. Furthermore, the
warm mix asphalt produced at 150, 140, and 130 ◦C displayed lower accumulated strain
than the reference mix incorporating natural aggregates (HG160◦C). The better resistance
to permanent deformation of the mixes incorporating the LEADCAP additive was caused
by the crystallization of the wax component in the additive, which stiffened the binder [22].

Figure 5. Accumulated strain and the standard error bars of the asphalt mixtures.

3.3. Resisitance of the Aspahlt Mixes to Moisture Damage

Moisture susceptibility is the most serious concern associated with producing warm
mix asphalt. The damage of moisture sensitivity in WMA is attributed to the incomplete
drying of the aggregates and the coating of the aggregate with bitumen due to the lowering
of the production temperature. Modifying the binder with WMA additive may decrease
the efficacy of the bonding between the binder and the surface of the aggregates. In this
study, the efficiency of using LEADCAP in producing WMA was investigated through
a test of moisture susceptibility. The conditioned and unconditioned indirect tensile
strengths, as well as the ratio of the tensile strength of the asphalt mixes, are demonstrated
in Figures 6 and 7. It is shown in Figure 7 that HG160◦C demonstrated slightly higher
resistance to moisture damage, compared to HS160◦C. This was caused by the high porosity
of the EAF steel slag aggregates. Additionally, it is seen in the figures that WS150◦C
displayed a higher tensile strength ratio (TSR) and indirect tensile strength (ITS) than the
reference asphalt mixes. Production of the warm mix asphalt at 140 ◦C exhibited higher
ITS and TSR than that of the HS160◦C. This is because the LEADCAP additive contained
an adhesion promoter. Decreasing the production temperature by 30 ◦C slightly decreased
the indirect tensile strength and tensile strength ratios in comparison to the control mixes
produced at 160 ◦C. As the manufacturing temperature of the warm mix asphalt increased,
the tensile strength and ratio of tensile strength improved.
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Figure 6. Indirect tensile strength and the standard error bars of the asphalt mixes.

Figure 7. Tensile strength ratio and the standard error bars of the mixes.

4. Developing Prediction Models for the Performance of the Warm Mix Asphalt

Response surface methodology (RSM) was utilized, by means of DESIGN EXPERT
11, to develop prediction models for the stiffness modulus and accumulated strain of
the warm mix asphalt incorporating LEADCAP and the coarse steel slag aggregate. The
response surface methodology (RSM) approach is used to illustrate the relationship and
correlations between different factors (variables) and responses through the development
of a mathematical model. Hence, the responses are predicted based on the relationship
and correlation between the factors and the responses. The response surface methodology
approach offers different mathematical equations i.e., linear, 2FI, quadratic, cubic, fifth-,
and sixth-order, to introduce the best equation to most accurately describe the correlations
between the factors and the responses.

The prediction models were developed to study the effect of the production tempera-
tures on the performance of WMA. This is because the WMA was produced at different
production temperatures i.e., 150, 140, and 130 ◦C. The prediction models were developed
for the stiffness modulus and accumulated strain because the results of these tests are based
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on the factors of the tests, such as the testing and production temperatures for the stiffness
modulus test, while the factors of the dynamic creep test are the applied stress and the
production temperature. However, the results of the moisture sensitivity test were not
considered in developing the prediction model. This is because the tensile strength ratio
(TSR) is determined through the dry indirect tensile strength and the wet indirect tensile
strength. Therefore, the factors of the moisture sensitivity are the results of the test, and in
this case, the model cannot be considered as a prediction model since the factors are the
obtained results. Moreover, developing a prediction model for the moisture susceptibility
test based on the factor of production temperature and the response of TSR may introduce
an inappropriate model. This is because that the main factors that affect the TSR, the dry
and wet indirect tensile strength, are not included.

4.1. Developing a Prediction Model for the Stiffness Modulus of Warm Mix Asphalt

Table 4 summarizes the input data of the response surface methodology to develop a
prediction model for the stiffness modulus of the warm mix asphalt. Table 4 consists of
two factors: the testing temperatures and the production temperatures, while the response
is the results obtained from the stiffness modulus test. Table 5 presents the fit summary of
the models. As reported in Table 5, the two-factor interaction model (2FI) adequately fits
the data, since the lack of fit is insignificant and the coefficient of determination (R2) is very
strong. Lack of fit is used to describe the adequacy of the model based on the functional
relationship between the independent and the dependent variables. The insignificant lack
of fit (p-value > 0.05) indicates that the model fits the data well, while the significant lack
of fit implies that the model does not accurately fit the data, which in turn requires the
addition of new terms or a transformation of the data. Furthermore, the difference between
the adjusted and predicted coefficient of determination (R2) of the 2FI model was less than
0.2, which implies that the model fits the data. Table 6 shows the outputs of the ANOVA
for the 2FI model. It can be seen that the model is significant since the p-value is less than
0.05. Also, the significant p-value of the factors indicates that the testing temperatures and
production temperatures have a significant influence on the stiffness modulus. This reveals
that there is a very strong agreement between the factors and the response. The 2FI model
is described in Equation (1).

Table 4. Input data of the stiffness modulus model.

Testing Temperature (◦C) Production Temperature (◦C) Stiffness Modulus (MPa)

25.00 130.00 6079
25.00 130.00 6301
25.00 130.00 6507
40.00 130.00 825
40.00 130.00 811
40.00 130.00 715
25.00 140.00 6570
25.00 140.00 7010
25.00 140.00 6897
40.00 140.00 925
40.00 140.00 725
40.00 140.00 832
25.00 150.00 7105
25.00 150.00 7422
25.00 150.00 7542
40.00 150.00 905
40.00 150.00 815
40.00 150.00 955
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Table 5. Fit summary of the models.

Source Sequential p-Value Lack of Fit p-Value R2 Adjusted R2 Predicted R2 Performance

Linear <0.0001 0.0032 0.9938 0.9930 0.9906
2FI 0.0001 0.9962 0.9979 0.9975 0.9966 Suggested

Quadratic 0.9481 0.9533 0.9979 0.9973 0.9961 Aliased

Table 6. ANOVA for the 2FI model.

Source Sum of Squares df Mean Square F-Value p-Value Performance

Model 1.633 × 108 3 5.442 × 107 2270.79 <0.0001 Significant
A-Testing temperature (◦C) 5.475 × 107 1 5.475 × 107 2284.79 <0.0001 Significant

B-Production temperature (◦C) 1.024 × 106 1 1.024 × 106 42.74 <0.0001 Significant
AB 6.807 × 105 1 6.807 × 105 28.40 0.0001 Significant

Residual 3.355 × 105 14 23,964.56
Lack of Fit 213.78 2 106.89 0.0038 0.9962 Not significant
Pure Error 3.353 × 105 12 27,940.83
Cor Total 1.636 × 108 17

Stiffness Modulus (MPa) = −1727.11 + 45.13 × testing temperature (◦C) + 132.42 × production temperature (◦C) − 3.176 × testing
temperature (◦C) × production temperature ◦C (1).

Figure 8 displays the error distributions of the relationships between the testing
temperatures, production temperatures, and stiffness modulus at 25 ◦C and 40 ◦C. The error
distribution refers to normality. As seen in Figure 8, the residuals are close to the straight
line, which indicates that the residuals are distributed normally. Also, the Anderson–
Darling test was conducted to check the residual distribution. The outputs of the Anderson–
Darling displayed test that the p-value was insignificant (p-value = 0.255 > 0.05), which
indicates that the residuals are distributed normally. Figure 9 shows the correlation between
the actual and predicted values. The correlation between the actual and predicted values
was used to check the ability of the model to predict the dependent variables. It is seen
in Figure 9 that the actual and predicted values were close to the 1:1 line, which indicates
that the model is capable of predicting the stiffness modulus at 25 ◦C and 40 ◦C. Figure 10
illustrates the interaction between the factors and the responses. The function of this figure
is to introduce a better understanding of the relationship between the testing temperatures,
production temperatures, and stiffness modulus. As can be observed from Figure 10, there
was a significant influence of the testing temperatures and production temperatures on the
stiffness modulus. The higher the production temperature, the better the stiffness modulus
was, while the higher the testing temperature, the lower the stiffness modulus.

Figure 8. Plot of normality of 2FI model.
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Figure 9. Plot of actual versus predicted values of the 2FI model.
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4.2. Developing a Prediction Model for the Accumlated Strain of the Warm Mix Asphalt

Table 7 displays the data input to DESIGN EXPERT. In Table 7, the factors represent
the compressive stress and the production temperatures applied, while the response was
the observed values of the accumulated strain at the applied loads of 100 kPa and 200 kPa.
The fit summary of the models is summarized in Table 8. As reported in Table 8, a linear
model is suggested to predict the accumulated strain of the warm mix asphalt. This is
because the sequential p-value is significant, while the sequential p-value of the other
models was not significant. Also, the lack of fit of the linear model is insignificant because
the p-value is greater than 0.05. This, in turn, suggests that the model suits the data. The
high coefficient of determination of the linear model implies that there is a very strong
relationship between the compressive stress, production temperatures, and accumulated
strain applied. In addition, the less difference between the adjusted R2 and predicted R2,
which was less than 0.2, refers to the high agreement between the factors and the response.
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Table 7. Input data of the accumulated strain model.

Compressive Stress (kPa) Production Temperature (◦C) Accumulated Strain (%)

100.00 130.00 0.284
100.00 130.00 0.315
100.00 130.00 0.305
200.00 130.00 0.559
200.00 130.00 0.542
200.00 130.00 0.525
100.00 140.00 0.270
100.00 140.00 0.241
100.00 140.00 0.281
200.00 140.00 0.520
200.00 140.00 0.512
200.00 140.00 0.490
100.00 150.00 0.239
100.00 150.00 0.245
100.00 150.00 0.212
200.00 150.00 0.459
200.00 150.00 0.427
200.00 150.00 0.438

Table 8. Fit summary of the models.

Source Sequential p-Value Lack of Fit p-Value R2 Adjusted R2 Predicted R2 Performance

Linear <0.0001 0.2923 0.9820 0.9796 0.9740 Suggested
2FI 0.1337 0.4513 0.9848 0.9815 0.9749

Quadratic 0.4662 0.3082 0.9854 0.9809 0.9722 Aliased

Table 9 shows the ANOVA for the linear model. As seen in Table 9, the significant
p-value of the factors implies that the applied compressive stress and production tempera-
tures had a considerable effect on the accumulated strain of the warm mix asphalt. The
linear model is expressed in Equation (2).

Table 9. ANOVA for the linear model.

Source Sum of Squares df Mean Square F-Value p-Value Performance

Model 0.2620 2 0.1310 409.13 <0.0001 Significant
A-Compressive stress (kPa) 0.2404 1 0.2404 750.57 <0.0001 Significant

B-Production temperature (◦C) 0.0217 1 0.0217 67.69 <0.0001 Significant
Residual 0.0048 15 0.0003

Lack of Fit 0.0012 3 0.0004 1.39 0.2923 Insignificant
Pure Error 0.0036 12 0.0003
Cor Total 0.2668 17

Accumulated strain (%) = 0.629667 + 0.002311 × compressive stress (kPa) − 0.004250 × production temperature ◦C (2).

The assumptions of the linear model should be investigated to examine its adequacy.
Figure 11 illustrates the assumptions of the normality of the linear regression. The plot of
normal probability displays the shape of the error distribution. The straight distribution of
the errors indicates that linear regression fits the data well, whereas the other shapes such
as right skew, left skew, S, or long and short tails, imply that the error distribution is not
normal, and thus that linear regression is not suitable. As seen in Figure 11, the residuals
are distributed normally, since the points are close to the line of the theoretical residual. In
addition, the Anderson–Darling test was carried out to check the assumption of normality.
The p-value of the Anderson–Darling test was insignificant (p-value = 0.3505 > 0.05), which
indicates that the errors were normally distributed.



Appl. Sci. 2021, 11, 3708 13 of 17

Figure 11. Plot of the normal probability of the linear model.

A plot of the externally studentized residuals versus the predicted values was used
to assess the assumption of homoscedasticity (equal variance). In other words, linear
regression assumes that the variance in the residual versus predicted value plot is constant,
with a symmetric shape. Therefore, a symmetrically shaped distribution of errors around
the zero in the scatter plot indicates homoscedasticity, while asymmetric shapes in the
scatter plot are heteroscedastic. The asymmetric shapes in the scatter plot indicate that
the linear model is not suitable. Figure 12 shows that the predicted values versus residual
values are distributed around zero in a symmetric shape. Thus, the linear model was
suitable to predict the accumulated strain of the warm mix asphalt.

Figure 12. Plot of the externally residuals versus predicted values of the linear model.

To check the assumption of independence in the linear regression, a plot of the
externally studentized residuals versus the run number is worthwhile. The residuals versus
run number plot is used to detect autocorrelation between disturbances. Autocorrelation
occurs when the residuals have a pattern where they remain positive or negative. As shown
in Figure 13, there was no autocorrelation among the disturbances, since the residuals
randomly transitioned between positive and negative values, which indicates that the
dependent variable of accumulated strain was not independent.
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Figure 13. Plot of the externally residuals versus run number of the linear model.

The plot of the actual versus predicted values is influential to understand the linear
relationship between the actual and the predicted values. Also, the assumption of linearity
was checked through a plot of the relationship between the actual and the predicted values.
As observed in Figure 14, there is a strong agreement between the actual and predicted
values, since the data of the actual values and predicted values are close to the 1:1 line. The
strong agreement indicates the capability of the linear model to predict the accumulated
strain. The regression coefficient of the variance inflation factor (VIF) was utilized to check
the assumption of multicollinearity in the models. The VIF is determined based on the
variance of the predicted model divided by the variance of every factor. Multicollinearity
occurs when the independent variables are highly correlated to each other, and thus a
large change may occur in the model if one of the factors is removed or changed. To
ensure that the multicollinearity assumption is met, the VIF value should not exceed
5. The variance inflation factor for the factors of the linear model was 1, which implies
that the multicollinearity assumption is met. To introduce a better understanding of the
effect of the applied compressive stress and production temperatures on the accumulated
strain of the warm mix asphalt, Figure 15 is worthwhile. As indicated in Figure 15, the
applied compressive stress and production temperatures have a great influence on the
accumulated strain of the warm mix asphalt. As the applied load increases, the accumulated
strain significantly increase. Also, the higher the production temperature, the better the
permanent deformation resistance.

Figure 14. Plot of the actual versus predicted values of the linear model.
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Figure 15. Plot of the interaction between the factors and the response of the linear model.

5. Conclusions

This study aimed to investigate the characteristics of warm mix asphalt incorporat-
ing coarse steel slag aggregate. The findings of the study illustrate that asphalt mixes
incorporating EAF steel slag exhibited better characteristics than the asphalt mixes made
with conventional mixes. The stiffness modulus of the produced warm mix asphalt at
150 ◦C was the best performing, as compared to the other production temperatures. The
warm mix asphalt produced at 30 ◦C lower than the reference mix (HMA) exhibited a
comparable stiffness modulus to the stiffness modulus of the reference mix incorporated
steel slag. Also, the warm mix asphalt produced at a mixing temperature of 10 ◦C lower
than the hot mix asphalt exhibited superior permanent deformation resistance than the
other mixes. Moreover, decreasing the production temperature up to 30 ◦C less than the
control mix resulted in a similar permanent deformation resistance to that of the control
asphalt mix (HMA). The results of the moisture susceptibility experiment demonstrated
that the resistance of the produced warm mix asphalt at 130 ◦C to moisture damage was
slightly lower than that of the reference mixes, while the moisture damage resistance of
the produced warm mix asphalt at 150 ◦C was the best. Furthermore, the produced warm
mix asphalt at 150, 140, and 130 ◦C revealed higher stiffness modulus and permanent
deformation resistance in comparison to the HMA incorporated natural aggregates. In
general, as the mixing temperatures increased, the performance of the warm mix asphalt
improved. However, producing the warm mix asphalt mixtures incorporating EAF coarse
steel slag aggregate at a temperature of 130 ◦C is recommended since the results of the
performance tests showed performance comparable to that of hot mix asphalt.
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