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Abstract Issues like limitation of natural resources

of aggregates, global warming, need for eco-friendly,

cost-effective, and high performance and durable

asphalt mixture, have made the Reclaimed Asphalt

Pavements Warm Mix Asphalt (RAP-WMA) and

Steel Slag Warm Mix Asphalt (SS-WMA) interesting

substitutions for conventional Hot Mix Asphalt mix-

tures. Furthermore, presence of moisture initiates and

accelerates the deterioration of both of these mixtures.

In this way, the response of the RAP-WMA to the

moisture damage was compared with the SS-WMA

using experimental tests including Indirect Tensile

fatigue failure, Resilient Modulus, Indirect Tensile

Strength, Semi-circular Bending, and Dynamic Creep

tests. The obtained results show that although the

RAP-WMA and SS-WMA mixtures contain hydro-

philic and moisture sensitive aggregates and aged

binder, they had an appropriate performance against

the effect of moisture. Also, the SS-WMA mixtures

showed better performance against moisture than the

RAP-WMA mixtures, and therefore, they can be

recommended as a substitution for RAP-WMA in

regions where moisture damage is prevailing.

Keywords Asphalt mixture � Moisture damage �
Warm mix asphalt � Steel slag � Reclaimed asphalt

pavement

1 Introduction

Considering the environmental compatibility and the

need for eco-friendly, cost-effective, and high-perfor-

mance and durable asphalt mixtures have changed the

road construction industry. To be more specific, issues

such as natural resources of raw materials and fossil

fuels limitations, the harmful effects of the utilization

of these resources on the natural ecosystem, and also

global warming due to the high level of greenhouse

gasses emission in high production level and wide-

spread asphalt mixture industries, have made it

necessary and inevitable for the asphalt mixture

technologist to put all their efforts on making the

asphalt mixture production more consistent with the

principals of ‘‘sustainable development’’ [1–5]. Other

aspects of the issue that increase the importance of

sustainability are the decisive role of the road pave-

ments as a part of transportation system
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infrastructures, and also, the ‘‘high’’ amount of the

natural resources (fuel, bitumen and aggregates)

consumed in production of asphalt pavements [6–9].

In this way, the RAP-WMA (Warm Mix Asphalt

containing Reclaimed Asphalt Pavement) and SS-

WMA (Warm Mix Asphalt containing Steel Slag)

mixtures are the two advantageous alternatives that

can be properly used as a substitution for conventional

Hot Mix Asphalt (HMA), in order to benefit from the

multi-aspect advantages of the Reclaimed Asphalt

Pavement (RAP), Steel Slag (SS), and the WMA

mixtures simultaneously. The main groups of justify-

ing reasons include [10–32]:

• Lower cost due to lower production and com-

paction temperature which is more beneficial

specifically in cold regions with significant limi-

tation of haul distance and compaction temperature

• Environmental, ecosystem and underground water

resources protection due to lower disposed haz-

ardous pollution in production process and leakage

of hazardous emissions from the stockpiles of RAP

and SS, and lower amount of occupied space by the

wastes in nature

• Better performance due to lower mixing and

compaction temperature (lower aging rate and

quicker construction and undergo to the traffic),

improved compaction efficiency and workability

(more soft binder in compaction temperature), and

high aggregate interlock and dust and organic free

surface of SS (high angularity and stiffness of SS

aggregates).

• Resource utilization due to recycling of high

amount of the old damaged asphalt pavements

and SS as a by-product in steel industries which are

both considered as waste.

In addition to these advantages, laboratory and field

evaluations have been conducted on the behavioral

characteristics of these mixtures [7, 13–15, 27, 28].

But it should be considered that they can be beneficial

if the behavioral characteristics are not affected

negatively. From the other point of view, better

performance prevents all of those aforementioned

hazardous effects on the environment and ecosystem

that originate from the production of the conventional

asphalt mixture.

Asphalt mixtures behave differently in the high,

intermediate, and low service temperatures. Different

phenomena and responses are predominantly observed

in each range of temperature (e.g. thermal cracking,

fatigue cracking, rutting) [33]. In all ranges of the

service temperatures, moisture damage can signifi-

cantly accelerate the initiation and propagation of

other damages in asphalt mixture mainly by adhesion

and cohesion deterioration mechanisms in the binder

and aggregate binder interface. In addition, while

pavements experience different ranges of service

temperature during their service life and react differ-

ently in each temperature range, any defect would lead

to augment damages in the following periods. There-

fore, performance of the asphalt pavements under the

effect of moisture in different ranges of service

temperature plays an important role in their overall

response.

Based on previous studies, moisture damage is a

major concern in the RAP-WMA and SS-WMA

mixtures; this is because of the lower production and

compaction temperature which leads to incomplete

drying and the adhesion and coating problems

[34–37]. Also, RAP contains aged binder that leads

to high potential for cracking in this mixture. The

potential of high cracking facilitates the penetration of

the moisture into these mixtures which deteriorates the

adhesion and cohesion of the binder. In addition, the

expansion of the oxides like CaO and MgO in

chemical composition of SS in the vicinity of moisture

would result in accelerated damage in the mixtures

containing SS [38]. This is because of the swelling of

the CaO and MgO during the hydration process. This

problem is more crucial in bound mixtures (e.g.

asphalt mixtures) than unbound materials due to the

occurrence of the adhesive and cohesive deterioration

[39, 40]. Therefore, more attention must be paid to

scrutinizing the mechanisms of how moisture affects

the behavior of RAP-WMA and SS-WMA mixtures.

There are some reasons which show the necessity of

comparing the overall response of the RAP-WMA

mixtures with the SS-WMA mixtures under the effect

of the moisture. First, as described above, despite the

economic and environmental advantages of these two

mixtures, the moisture damage is a major concern in

both of the mixtures. Therefore, selecting better

performance mixture against moisture damage would

be essential. Second, although RAP is available in any

rehabilitation or reconstruction project, availability of

the SS is dependent on the steel industries. Hence, if

the WMA mixture containing SS would have better

performance against moisture, it would be used as
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asphalt pavement instead of considering them as

waste.

Despite the available literature on the issue, these

two mixtures are not compared in terms of moisture

damage. There seems to be more comprehensive

investigations needed on how the moisture affects

different behavioral characteristics of these mixtures

in different service temperatures.

Another important issue that has to be considered is

that, despite the popularity of the AASHTO T-283

(Lottman method) for evaluation of the moisture

damage, this method has some major significant

deficiencies that make it necessary to use a different

approach to evaluate moisture damage in asphalt

mixtures. Issues like incompatibility between the

loading condition and obtained results in the labora-

tory and the field performance, not simulating all

service temperature ranges, incompatibility between

the conditioning process and the real moisture damage

process in the field, not using the obtained results in

the mechanistic design of asphalt pavement, are some

of the most important deficiencies of the Lottman

method [41–44].

2 Objectives and goals

Considering the economic and environmental advan-

tages of the RAP-WMA and SS-WMA mixtures and

the deficiencies in the conventional moisture evalua-

tion method (the Lottman method), this research study

primarily aims to compare the aforementioned mix-

tures in terms of moisture damage in all ranges of the

service temperature. These two mixtures have been

investigated separately in comparison with the natural

aggregate (limestone) and the results of the studies

confirmed the improvement in performance of the two

mixtures against the moisture [7, 45]. However, there

is no study comparing these two mixtures when the

moisture is prevailing.

In other words, the main goal of this study is to

comprehensively investigate one of the main concerns

about asphalt mixtures with multi-beneficial advan-

tages. This comparison would help to select one of

these two multi-beneficial and advantageous mixtures

in substitution of the other one when there are natural

resources limitations, environmental concerns, and

high risk of moisture damage. The issue of this

comparison and the method used was not used in other

studies. This goal is pursued in this research study by

conducting multiple laboratory tests on the binder,

aggregates, and the mixtures.

3 Laboratory testing procedure

3.1 Materials

Electric Arc Furnace (EAF) steel slag, limestone (LS),

and RAP were utilized as aggregates in this study. The

steel slag was the byproduct of Ahvaz steel manufac-

turing facility and the aggregate has not undergone any

aging process. The LS was obtained from Asbcharan

quarry located in Damavand and the RAP was

obtained from a stockpile of material reclaimed

through rehabilitation of the surface of Shahid Babayi

highway in Tehran. The gradation of the aggregates

for all types of specimens is shown in Fig. 1. The

upper and the lower limits of aggregate for each sieve

size and the selected percentages of the weight of the

aggregate in each sieve size are demonstrated in

Fig. 1. By using the extraction test method, the binder

and aggregate of RAP were separated. Then, the

weight-size distribution of the mixtures containing

RAP (specifically the weight-size distribution of the

remained limestone aggregates in these mixtures) and

the bitumen content of RAP (4.8%) were obtained.

Therefore, the weight-size distribution of the lime-

stone aggregates is calculated. The weight-size distri-

bution of the mixtures containing RAP is

demonstrated in Table 1. The table demonstrates the

percentage of aggregate used in each standard sieve
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Fig. 1 Gradation of the all types of aggregates used in this study
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size. Also, it should be mentioned that SS aggregate

was used only as the coarse fraction of the lithic

skeleton based on the recommendation of the previous

studies [2, 7, 9]. The expansion and adsorption of the

SS have been examined by the provider. The values

are 2.8 and 3.2 percent respectively.

A PG 64–22 with penetration grade of 60/70

determined by the producer (the Pasargard Oil Com-

pany in Tehran) was utilized for producing the asphalt

mixtures. The Sasobit was utilized as the additive to

produce WMA mixture (3% by weight of the binder).

Sasobit is homogeneously resolved in bitumen and

reduces the binder viscosity and the production and

asphalt layer construction temperatures significantly.

Solidification of Sasobit into a microscopic matrix in a

temperature range of 70–115 �C, increases the stiff-

ness of the modified binder [9].

3.2 Mix design methodology

There are two types of aggregate composition used in

this study; type ‘‘R’’ that 40% of the weight of the

limestone aggregates are substituted by RAP, and type

‘‘S’’ which contain LS fine and SS coarse aggregates.

The ‘‘S’’ type aggregate composition was used based

on the recommendation of the other research studies

[2, 7, 9]. In addition, two types of binders are used for

production of the mixtures including the ‘‘Base’’ type

which is the unmodified bitumen, and the ‘‘3S’’ type

which is the base binder modified by 3% Sasobit. The

specimen types and their design properties are

presented in Table 2. The optimum bitumen content

(OBC) was obtained using the Superpave mix design

method. For the RAP mixture, first, the old bitumen

content of the mix has been determined by extraction

test and then by adding the new bitumen (PG 64–22

with penetration grade of 60/70) to the mix, the

volumetric design parameters have been checked to

meet the requirement. It should be mentioned that the

characteristics of the RAP binder have not been

examined in this study. Also, due to the popularity of

the PG 64–22 (common binder used in Iran), it has

been selected to be mixed for all specimen types. Note,

that selecting the most compatible binder with RAP

binder is out of scope of this study.

The final mixture characteristics are presented in

Table 2. In addition to the mentioned characteristics,

the air voids of all of the samples are 7 ± 1%. The air

voids have been checked for all of the samples because

they can affect the result of the performance tests.

Before mentioning the dimension of the samples,

the mixing and compaction temperatures should be

stated. The mixing temperature was 175 �C for the

HMA and 145 �C for the WMA. The compaction

temperature was 120 �C. It should be mentioned that

there was no pre-heating of the aggregate.

The cylindrical specimens with 100 mm diameter,

and with 63.5 ± 2.5 mm, 63.5 ± 2.5 mm,

40 ± 2.5 mm, and 130 ± 2.5 mm height were fabri-

cated using the Superpave gyratory compactor for

resilient modulus, ITS (Indirect Tensile Strength), IDT

(Indirect Tensile) fatigue failure, and the dynamic

creep tests respectively. For the SCB (Semi-circular

Bending) test, the specimens were 150 mm in diam-

eter and 175 mm in high. Each of the specimens was

cut into eight half-disk shaped slices with

50 ± 2.5 mm thickness, and with a notch 2.5 mm

wide and 25 mm long. The four specimens from the

two center slices were selected for the test.

As recommended by AASHTO T 283 conditioning

method, the final air void for all the specimens were

considered to be 7 ± 1%. For moisture damage

evaluation, specimens were tested in unconditioned

and conditioned states. In this method, the specimens

were saturated between 70 to 80%. The saturated

specimens were kept for 16 h at - 18 �C; then, the
frozen specimens were moved to 60 �C water and

remained for 24 h. Ten replicate specimens for each

specimen type (five in conditioned state and five in

unconditioned state) were tested separately and the

average value for conditioned state to the average

value of the obtained result for dry state is used as an

index for the damage resulted by the effect of the

moisture on the mixtures. The index ratios include: the

Resilient Modulus Ratio (RMR), Tensile Strength

Table 1 RAP weight distribution

Sieve Size Percentage of RAP

3/4 6

1/2 1

4 46

8 22

50 17

200 5

Filler 3
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Ratio (TSR), Indirect Tensile Strength Ratio (IDTR),

Gf Ratio (GFR) and Peak Load Ratio (PLR), and

Creep Ratio (CR). It should be emphasized that all of

the mentioned ratios are the proportion of the condi-

tioned sample to the unconditioned sample (dry

sample).

3.3 Materials testing program

Material properties affect the response of the pave-

ment under various loading, different temperature and

moisture conditions. Therefore, the effective proper-

ties of the materials were evaluated by experimental

tests.

The chemical composition of LS, SS, and the RAP

aggregates were analyzed with XRF (X-ray fluores-

cence). XRF test is not one of the main tests for this

study and it was just used to clarify the chemical

composition of the used aggregates. However, the

results of the test can be confirmed the results of the

main tests in the next sections. The results of this test

are presented in Table 4.

The morphology, roughness and the porosity of the

aggregates were explicitly observed using Scanning

Electron Microscope (SEM) and the results are

presented in Fig. 2. The test uses electron interaction

as the main source of collecting information. The

electron interacts with the atoms of a sample and

spreads different signals that can have various infor-

mation about the sample surface. Similar to the XRF,

this test is also used for confirmation of the main test

results.

Also, the frequency sweep and the physical prop-

erties tests were used to better evaluate the stiffness

and cohesion of the binders containing different

percent of Sasobit (Fig. 3 and Table 5). The test

temperature for the binders was 25 �C. The selected

percentages of additives in the frequency sweep test

are based on the two percent interval (2 and 4 percent)

to better show the effect of additive increasing content.

This means that selecting these two percent is just for

showing the effect of Sasobit on the binder. As

mentioned earlier, 3 percent of Sasobit has been used

for this study because this percent is the optimum

content for the WMA mixture recommended by the

previous studies [2, 7, 9, 45].

In the next sections, the test methods for all of the

performance temperatures were evaluated.

3.4 Low temperature performance test

for mixtures

The SCB test is one of the popular tests that clarifies

the resistance of the mixtures against cracking under

constant rate loading. To evaluate the low temperature

cracking of the asphalt mixtures under moisture

effects, the SCB test was performed on the uncondi-

tioned and conditioned mixtures in accordance with

the AASHTO TP 105 at - 12 �C (the notched half

disk-shaped specimens). The peak bearing load and

the area under the load–displacement curve for each

specimen were considered as SCB strength and an

equivalent for fracture energy (Gf) in the SCB test

respectively.

3.5 Intermediate temperature performance test

for mixtures

For the evaluation of the mixtures at intermediate

temperature, the resilient modulus, ITS, and the IDT

fatigue failure tests were used in accordance with

ASTM D4123, AASHTO T322 and BS EN 12,697-24

Table 2 Specimen types descriptions

Specimen Type Description OBC (%) Gmm (g/cm3) Gmb (g/cm3) Air Void (%)

S HMA containing type S aggregate 5.5 2.84 2.64 7.1

WS WMA containing type S aggregate 5.5 2.84 2.64 7.2

R HMA containing type R aggregate 3.75 2.45 2.27 7

WR WMA containing type R aggregate 3.75 2.45 2.27 6.9

The OBC (Optimum Bitumen Content) shown for the RAP mixture is just the amount of virgin binder added to the mixtures

Gmm = theoretical maximum specific gravity

Gmb = bulk specific gravity
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Fig. 2 SEMmicrographs of

the aggregates captured in

3000X: a Limestone; b RAP

aggregate; c SS aggregate
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respectively. The tests were conducted on the condi-

tioned and unconditioned specimens. Before testing

the specimens, they were kept at 25 �C for 4 h.

To obtain resilient modulus and ITS, a 570 N

haversine load pulse at 10 Hz and a compressive

diametrical load with 50 mm/min deformation rate is

applied to the specimen between two loading strips

respectively. Fracture energy (FE) is another param-

eter that can be obtained from ITS test and is

equivalent to the area under the load–deflection curve

at failure load.

For the IDT fatigue failure test, a stress-controlled

haversine load was used and the loading is continued

until the failure of the specimens [45–47]. The

specimens were tested in the force level of 1.6 kN.

which is 40 percent of the ITS value for the weakest

specimen.

3.6 High temperature performance test

for mixtures

The dynamic creep test was conducted in accordance

with US.NCHRP 9–19 Superpave W2 at 50 �C. The
test evaluates the high temperature performance of the

mixtures subjected to the moisture conditioning. In

this test, a repeated compressive haversine loading at

the stress level of 450 kPa was used. For comparing

the effect of mixtures and moisture on different

mixtures, the flow number was used as an index.

4 Results and discussions

4.1 Results of tests on materials

4.1.1 Aggregates

The chemical composition and surface morphology of

the aggregates are the main factors that directly affect

the initiation and development of moisture damage in

asphalt mixtures [48, 49]. The result of physical

properties and chemical composition analysis of the

aggregates byXRF are demonstrated in Tables 3 and 4.

As the results demonstrate, the higher CaO/SiO2

ratio value for limestone than other aggregates (which

is defined as the alkalinity index of the aggregate)

resulted in better adhesion with binder, which has

weak acidic properties and lower hydrophilic proper-

ties in the unconditioned state.

Based on the XRF test results, the aggregate used in

RAP is silica-based aggregate that have well loading

resistance, high adhesive properties, and low resis-

tance against moisture damage. The weak acidic

nature of bitumen leads to a consistent bond with metal

oxides silica in aggregate. But, when the moisture

comes, this bond is deteriorated easily [48]. Thus, for

the SS and the aggregate that was applied in RAP, the

higher percentage of silica and oxides like Fe2O3,

MgO and Al2O3 increase the stiffness of the aggre-

gates and makes themmore prone to moisture damage.

It has to keep in mind that the chemistry of the

aggregate surface itself is passive in the response of

the aggregate in adhesive deterioration in the presence

or absence of the moisture. The activating factor is

whether the moisture reaches the aggregate binder

interface or not. Therefore, although SS and the

aggregates used in RAP had the potential for moisture

damage, if completely and soundly coated with

bitumen, there would be no arrived moisture and

hence, lower adhesive deterioration.

The surface texture and morphology of the aggre-

gates are appraised using SEM images. In aggregates

like SS (as demonstrated in Fig. 2c) with higher pores

and cavities on surface, there would be better bitumen-

aggregate surface adhesion and gripping of the

bitumen to the aggregate surface in macroscopic

scale. Also, as SEM images demonstrated the aggre-

gates used in RAP had higher surface porosity than LS

which can result in better adhesion of the binder to

these aggregates in unconditioned state.
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Fig. 3 Frequency sweep test results for base and modified

binders (G*) at 25 �C
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Crushing the aggregates create new surfaces that

the bitumen chemically bond with them. These new

surfaces can also be contaminated with water or

organics. Higher crushing index of the SS than

limestone and the aggregates used in RAP (Table 3)

would increase the moisture sensitivity of these

aggregates in mixture. But there is nearly no clay or

organic contaminants on the surface of SS and it had

higher amount of untouched surface compared to the

other aggregates that results in lower moisture damage

potential for the mixtures containing these aggregates.

It should be mentioned that in the aggregate used in

RAP, the pores and cavities in the surface of the

aggregate were filled with the binder. Therefore, in

mixtures containing RAP, there were fewer surface

pores or cavities to be filled with contaminant or

reached with the moisture to start adhesive deteriora-

tion in presence of moisture. Besides, like SS aggre-

gates, RAP is fairly free of any clay, dust, and

organics.

As demonstrated in Table 3, the SS and the

aggregate applied in RAP had lower abrasion loss

and higher stiffness. This originates from their chem-

ical composition that includes high amount of Fe2O3

and SiO2. This results in higher loading and cracking

resistance, more angularity, and more stable lithic

skeleton for these aggregates, and therefore better

durability and resistance against the moisture damage

acceleration. It has to be kept in mind that the

aggregates used in RAP have been heated once near

180 �C and have been under repetitive loading for

years that can result in negative effects on load-

bearing capacity and durability of these aggregates

compared with the original ones. As the results

illustrated (Table 3), SS had higher angularity than

other aggregates. This would result in better stability

for the mixtures containing SS coarse aggregates. In

general, the results of the aggregate tests are in

agreement with the previous studies [7, 45].

4.1.2 Asphalt binders

Based on the frequency sweep test results on the

binders (Fig. 3) and the physical properties of the

binders (Table 5), the Sasobit modified binders had

higher stiffness than the unmodified ones. The reason

can be originated from the crystallization of the

Sasobit while cooling down, which leads to formation

of a lattice structure in microscopic scale that

increases the stiffness of the modified binder

[18, 19]. Improvement in stiffness and decrease in

penetration leads to better performance against rutting

Table 3 Physical

properties of all aggregates
Properties Value

Physical properties Limestone RAP aggregates SS aggregates

Los Angeles abrasion (%) 22.6 19.3 14.2

Specific gravity (Coarse agg.) 2.49 2.54 3.01

Specific gravity (Fine agg.) 2.48 2.55 3.06

Fractured faces (2 fractured face) 92.3 89.1 97.6

Table 4 Chemical

properties of all aggregates
Properties Value

Oxide content (%) Limestone RAP aggregates SS aggregates

SiO2 17.25 29.7 18.72

Fe2O3 0.93 1.72 35.16

Al2O3 2.11 2.01 2.75

CaO 43.01 16.9 25.58

MgO 0.75 4.54 7.50

Na2O 0.08 0.12 0.29

TiO2 0.1 0.99 1.60

K2O 0.66 1.04 0.13

MnO 0.05 0.09 0.30
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and cohesive deterioration. Also, based on the results

in Table 5, the Sasobit modified binder showed higher

value of ductility and lower value of viscosity than

base bitumen. The higher value of ductility for Sasobit

modified binder results in better coating and adhesion

of this binder to aggregate and therefore, better

performance in the prohibition of the moisture to

reach the aggregate surface and against adhesive

deterioration. Also, the lower viscosity modified

binder better penetrates into the aggregate surface,

resulting in better physical adhesion and durability for

the mix under moisture effects.

The bitumen content (Table 2) in the mixture is

another affecting factor in the response of the mixture

against moisture. Higher OBC in the mixture results in

higher thickness of bitumen coat around the aggre-

gates and lower possibility for the moisture to reach

the aggregate–binder interface. Therefore, better per-

formance of the mixture containing SS can be the

result of the higher OBC in these mixtures. In the

mixtures containing RAP, the aggregates used in RAP

were pre-coated before being utilized in the new

mixture. Therefore, there are lower porosities in these

aggregates to be filled with the new bitumen.

4.2 Effects of moisture on low temperature

performance of the mixtures

4.2.1 SCB test results

The effect of moisture on the low temperature

cracking properties of RAP-WMA and SS-WMA

mixtures are compared in this research study. Results

of the SCB test on the mixtures are presented in Fig. 4.

Based on the results, the average peak loads for

WMA mixtures are higher than HMA mixtures

Table 5 Properties for base and modified binder

Tests Base binder Modified binder

Softening point (8C) 51 63

Penetration (mm) 63 32

Ductility (cm) 104 115

Kinematic viscosity

135 �C (mm2/s)

420 371

Flash point 308 304
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(Fig. 4-(a)). This can be originated from the solidifi-

cation of the Sasobit in WMA modified binder in low

temperature which increases the stiffness of the

mixture. Although application of RAP and SS

increased the average peak load for these mixtures

due to the higher stiffness of these aggregates, the

oxidative aging of the binder in the mixtures contain-

ing RAP, increased the stiffness of the binder and

hence the stiffness of these mixtures. Therefore, the

mixtures containing RAP showed higher peak load

values than the mixtures containing SS. The increase

in the WMA mixtures is higher than the HMA

mixtures. The results can be confirmed based on the

previous studies [45, 46].

Although the aggregates used in RAP and SS

aggregates had high percent of SiO2 in the chemical

composition, the WMA mixtures containing RAP

were affected by the detrimental effects of the

moisture in low temperature less than those mixtures

that contain SS aggregates only. This can be originated

from the fact that despite high hydrophilic properties

of aggregates used in RAP and SS aggregates, the

surface porosities of the aggregates used in RAP are

filled with old bitumen and coated properly and

soundly by the binder. Therefore, there would be

lower possibility for the moisture to reach the aggre-

gate surface and therefor the moisture damage in

mixtures containing RAP than the mixtures containing

SS. Also, based on the PLR values presented in

Fig. 4b, WMA mixtures have lower resistance against

moisture.

Cracking resistance of the mixtures and the varia-

tion of the cracking responses of the mixtures due to

moisture effects were evaluated using Gf and the GFR.

Results of the Gf and the GFR values are presented in

Figs. 4c and d. As the results demonstrate, the SS-

WMAmixtures had higher Gf and GFR values than the

mixtures containing RAP. This can be related to the

aged binder in the mixtures containing RAP which

leads to more brittle response and hence, lower Gf for

these mixtures. In addition, although the RAP aggre-

gates in the mixtures containing RAP were pre-coated

by binder, there are still at least 60 percent of the lithic

skeleton that was not mixed with binder before and can

affect the overall reaction of the mixture under the

detrimental effects of the moisture. Also, the aggre-

gates used in RAP were heated before that result in

more sensitivity and brittle behavior against the

penetration of the moisture in low temperature.

But WMA mixtures containing SS showed higher

peak load and Gf values. This goes back to the higher

OBC content for these mixtures that leads to higher

potential for absorbing the input damage energy. Also,

the higher OBC value means that the SS aggregates are

soundly coated by the binder and there would be better

resistance against the reaching of the moisture to

aggregate surface.

The high stiffness of the WMA mixtures would

result in higher potential for cracking and hence,

higher decrease in Gf values due to the conditioning

process. This would result in higher damage from the

moisture for WMAmixtures than HMAmixtures. The

lower heating temperature and incomplete evapora-

tion of the entrapped moisture would increase the

probability of the moisture sensitivity in the WMA

mixtures. All in all, it can be concluded from the

results that WMA mixtures containing SS had overall

better performance against the detrimental effects of

the moisture in low temperature than the WMA

mixtures containing RAP.

4.3 Effects of moisture on intermediate

temperature performance of the mixtures

4.3.1 Resilient modulus (MR) test results

Figure 5a presents MR test results. As the results

demonstrate, generally WMAmixtures had higher MR

values than HMA mixtures. This is compatible with

the results of tests on the complex modulus of the

binders (Fig. 3). The higher complex modulus values

for Sasobit modified binder, that originates from the

crystallization and solidification of the Sasobit in the

cooling process of the binder, would result in higher

MR value forWMAmixtures. Also, utilization of RAP

in the mixtures has an increasing effect on the MR

values of the mixtures (the R and WR type mixtures).

This related to the higher stiffness of the aggregates

that are used in the RAP as mentioned previously.

Also, the aged binder in RAP would increase the

stiffness and hence the resilient modulus of these

mixtures [45]. Although SS aggregates had high

stiffness, they could not increase the MR value of the

mixtures containing SS significantly compared to the

mixtures containing RAP. This is for the reason

mentioned before, RAP contains aged binder that

increases the modulus of the mixtures containing

RAP. This effect is doubled in WMA mixtures
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containing RAP due to high stiffness of Sasobit

modified binder [45].

The resilient modulus test is an efficient and

suitable test to evaluate the net damage that occurred

due to moisture in the mixture based on the non-

destructive nature of this test. Figure 5b demonstrates

the RMR values for the mixtures. As the results of the

RMR values and the dry and conditioned resilient

modulus presents, the RMR value is higher for WMA

mixtures than HMA ones.

Sasobit decreases the viscosity of the binder and

facilitates the penetration of the binder into the

aggregate surface pores. Also, lower mixing temper-

ature in the WMAmixture would result in lower aging

and hence lower potential for cracking and infiltration

of moisture to binder-aggregate interface in the

conditioning process. Moreover, the promoted chem-

ical and mechanical adhesion of the Sasobit modified

binder that was mentioned before would result in

better resistance of the WMA mixtures against

moisture.

It is noteworthy that the positively affecting factors

(better mechanical and chemical adhesive and cohe-

sive properties) on better resistance of the mixtures

against the detrimental effects of moisture are more

active in mixtures containing SS. Although the

mixtures containing SS did not have higher MR values

in unconditioned or conditioned state, they have better

performance against moisture than the mixtures con-

taining RAP. The main reason could be high surface

texture porosity and OBC content for the mixtures

containing SS aggregates and the aged binder in RAP

[2, 9]. Despite higher MR values in unconditioned and

conditioned state for the mixtures containing RAP

than the mixtures containing SS, the moisture had

higher detrimental effect on these mixtures. Also,

higher surface texture porosity of the SS aggregates

leads to better mechanical adhesion of the binder to SS

aggregates and hence, better moistures resistance in

the mixtures containing SS than mixtures containing

RAP. This mechanism is empowered by the lower

viscosity of the binder in WMA mixtures.

4.3.2 Indirect tensile strength (ITS) test results

Figure 6 presents the ITS test results. As the results

demonstrate, WMA mixtures had higher ITS values

than HMA mixtures that clarifies the better cohesion

of WMA modified binder and also better adhesion of

the binder to the aggregates than HMA mixtures. This

confirms the previously obtained test results on

aggregates. Also, mixtures containing RAP had higher

tensile strength than the mixtures containing SS

aggregates which is related to the higher stiffness of

the aged binder.

Based on the TSR test results (Fig. 6b), despite

having higher tensile strength, the mixtures containing

RAP lost their tensile strength more than the mixtures

containing SS aggregates. This clarifies that under

penetration of the moisture, the aged binder in these

mixtures loses its cohesion and adhesion to aggregates

easier than the un-aged binder under monotonic tensile

loading. On the other hand, mixtures containing SS

aggregates are affected by the moisture less than the

mixture containing RAP aggregates. The results of the

ITS and TSR tests are confirmed based on the previous

studies [7, 50, 51].

In addition to the ITS strength and the TSR values,

the fractures energy of the mixtures and the ratio of the

conditioned to dry FE for all of the specimens are

calculated (Fig. 6c). As the results demonstrate,

despite lower aging in WMA modified binder the

WMA mixtures generally had slightly lower fracture
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energy values than HMA mixtures. This can originate

from the higher stiffness of the Sasobit modified

binder (Fig. 4) that decreases the ductility and the

deformation of the binder before the rapture. Sasobit

acts as a brittle phase that is widespread in the

modified binder in intermediate and low temperature.

This results in lower fracture energy values for WMA

mixtures compared with the HMAmixtures. It must be

mentioned that the loading method and mechanism

can play an important in the response of the mixture.

The monotonic tensile loading in this test results in the

net tensile resistance of the mixture. Besides, the

mixtures containing RAP had generally lower fracture

energies than the mixtures containing LS aggregates.

The hardened aged binder in the RAP is more brittle

and prone to cracking. Therefore, the deformation

before the rapture would decrease which results in

lower fracture energies for the mixtures containing

RAP [52]. Another reason can be the higher penetra-

tion, gripping, and interlocking of the binder to the

pores on the surface of SS.

Also, the moisture affected the FE values of the

mixtures significantly. As the results demonstrate

(Fig. 6d), the mixtures containing SS aggregates

showed better performance against moisture in terms

of fracture energy ratio (FER). Based on the previ-

ously mentioned discussion about SS aggregates, the

binder had better adhesion to the surface SS aggre-

gates and SS was coated with sound layer of binder

that results in better resistance against the detrimental

effects of the penetration of moisture. Also, WMA

mixtures generally demonstrated better resistance

against moisture. These results confirm the results

obtained in the MR test.

4.3.3 Indirect tensile (IDT) fatigue failure test results

Figures 7 presents the IDT fatigue failure test results.

As the results demonstrate, the mixtures containing

RAP had significantly higher Nf values than other

mixtures. The IDT test was conducted in stress

controlled mode and therefore in each loading cycle,

a specific amount of energy is transmitted to the

specimen and damped by it. Thus, the higher stiffness

of the mixtures containing RAP that have been

obtained in resilient modulus and ITS test leads to

higher Nf value for these mixtures. This inline with the

proper adhesive properties of the aggregates used in

RAP. As it was mentioned, the stiffness plays a

0

200

400

600

800

1000

1200

1400

R WR S WS

In
di

re
ct

 te
ns

ile
 st

re
ng

th
 (k

Pa
)

Specimen

Dry ITS

Conditioned ITS

0.00

0.20

0.40

0.60

0.80

1.00

1.20

R WR S WS

T
SR

 v
al

ue

Specimen

TSR value

0

2

4

6

8

10

12

14

16

R WR S WS

Fr
ac

tu
re

 e
ne

rg
y 

(J
/m

2 )

Specimen

Dry FE

Conditioned FE

0.00

0.20

0.40

0.60

0.80

1.00

1.20

R WR S WS

FE
R

 v
al

ue

Specimen

FER value

(a)

(b)

(c)

(d)

Fig. 6 ITS test result obtained at 25 �C: a ITS values; b TSR

(Tensile Strength Ration) values; c Fracture energy values;

d FER (Fracture Energy Ratio) values

   53 Page 12 of 17 Materials and Structures           (2022) 55:53 



significant role in the stress controlled mode tests

whereas, in the strain controlled mode tests, the

ductility of the mixture has a vital role; it means that

RAP mixtures, that has low ductility, has lower Nf

value in this type of tests [45, 46]. The WMA mixture

containing SS showed better fatigue failure resistance

than the HMAmixtures containing SS aggregates. The

higher stiffness of these mixtures and the better

adhesion of the modified binder to SS aggregates are

the main two reasons for this issue.

The IDTR was obtained to investigate the fatigue

failure resistance of the mixtures under the effects of

moisture. The IDTR values for the mixtures are

demonstrated in Fig. 7b. As the results demonstrate,

despite having the highest Nf values among the

mixtures, the mixtures containing RAP affected the

most by the damage made by the moisture under

repetitive loading in this test. This seems to be mainly

originated from the cohesion deteriorative of aged

binder and the moisture susceptible aggregates used in

these mixtures. It should be mentioned here that

repetitive nature of the loading in this test can have

significantly accelerating effect on the adhesive and

cohesive deterioration of the mixtures. WMA mix-

tures generally showed better performance against

moisture than HMA mixtures. The reasons seem to

remain the same as discussed in previous sections.

Also, the mixtures containing SS aggregates showed

better performance against moisture damage in terms

of IDTR values. As discussed in previous sections the

complete and sound coating of these aggregates due to

higher OBC content, better chemical and mechanical

adhesion of the binder are the major reasons for better

performance against moisture.

As an advantage, the IDT test method uses the

repetitive loading that nearly simulates the real

loading condition in the field; therefore, the obtained

results from this test can be trusted well [47]. Also, it

should be considered that the simultaneous resultant of

all the considered and undefined affecting factors on

load-bearing capacities and resistance of the mixture

against the moisture damage would finally specify the

overall response of the mixture.

4.4 Effects of moisture on high temperature

performance of the mixtures

4.4.1 Dynamic creep test

Figure 8 presents the results of the dynamic creep test.

As the results demonstrate, the utilization of RAP

improved the resistance of these mixtures against

permanent deformation. This can be due to the aged

binder and the high stiffness aggregates used in RAP

[51, 53–55]. Also, WMA mixtures generally had

higher flow number values than HMA mixtures that is

due to the better adhesion of the binder to aggregates

and high stiffness of the Sasobit modified binder.

Adding RAP and SS improved high temperature

performance of the mixtures. This is related to the fact

that the lithic skeleton of the mixture plays the main

role in permanent deformation at high temperature.

Therefore, the higher stiffness and angularity of the SS

and RAP result in better stability at high temperature

and improved resistance to permanent deformation.

The RAP-WMA mixtures showed better high temper-

ature performance than the SS-WMA mixtures. This

can originate from the fact that in the mixtures

containing RAP, the bitumen which is modified by

Sasobit is hardened and aged before and therefore

would have higher stiffness after modifying by
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Sasobit. The results of this test are in agreement with

the previous studies [7, 45].

Based on the results of CR values, the mixtures

containing SS showed better resistance against the

detrimental effects of moisture than the mixtures

containing RAP. This is mainly due to better mechan-

ical and chemical adhesion of the binder to surface of

SS. Other issues like that the SS aggregates are dust

free and have an uncontaminated surface can affect the

better adhesion of the binder to these aggregates and

hence, better performance against the detrimental

effects of moisture [9].

Finally, it should be mentioned that the significance

of the mentioned results for all of the experimental

tests has been checked with ANOVA test in SPSS

software. The results showed that the differences

between compared parameters in the above sections

are significant.

5 Comparing the effect of moisture on different

performance tests

The results of the comparison are shown in Table 6.

The results of the table indicated that there is no

moisture sensitivity in all mixtures based on the

Lottman method (TSR). This is because all of the TSR

ratios for all of the mixtures are more than 0.9.

However, by comparing the Lottman test results

(TSR) with the other performance tests, the results

are different. The main difference is explicit between

the TSR and IDTR (fatigue failure test). The IDTR

values for the HMA and WMA containing RAP are

0.51 and 0.63 respectively. This shows that these two

mixtures are significantly weak against moisture when

fatigue is the main deterioration. Hence, it is better to

measure the moisture sensitivity of the mixtures

directly on the performance tests. Furthermore, when

comparing the results of two different mixtures, it is

explicit that the mixtures containing SS are more

resistant against moisture.

6 Conclusions and recommendations

Above discussions lead to the following conclusions

about the effect of moisture on performance of the

mixtures containing RAP and SS in all ranges of

service temperatures:

(1) SS aggregates had higher roughness, porosity,

OBC, better physical adhesion and coating

properties, and lower alkalinity and affinity to

bitumen than other aggregates. Also, RAP

aggregates have more porosity than LS.

(2) WMAmixtures had better resistance against the

effects of moisture than HMA mixtures based

on the higher RMR, TSR, FER, and IDTR

values. In comparison between two mixtures

(RAP and SS), SS mixtures had better
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Table 6 Comparison of the results of moisture effects on

different performance tests

Performance tests

Specimen TSR RMR CR IDTR PLR

R 0.9 0.82 0.93 0.51 0.93

WR 0.94 0.9 0.89 0.63 0.89

S 0.95 0.91 0.96 0.78 0.9

WS 0.96 0.94 0.97 0.9 0.79
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performance against moisture in high and low

temperature than the RAP mixtures.

(3) In intermediate temperature, although using

RAP as a portion of lithic skeleton of the

aggregates improved the performance of the

mixtures in dry condition, these mixtures

showed generally lower resistance against the

detrimental effects of moisture than the mix-

tures containing SS aggregates.

(4) Based on the complexity of mechanism of the

moisture damage process in asphalt pavements

and results of different test methods applied in

this study, test method (loading condition) and

temperature range directly affect the obtained

results about the effect of the moisture on the

performance of the mixtures. Therefore, it is

essential to use different test methods to inves-

tigate and clarify the mechanism of this process

in all ranges of service temperature.

Better performance of the SS-WMA mixtures in

unconditioned state or against moisture than the RAP-

WMA mixtures, make them a good alternative for

RAP-WMA mixtures that can be recommended for a

range of intermediate to high service temperatures,

and for use in most countries with developed steel

production industries and with concerns about mois-

ture damage in pavements. Also, the behavior of the

mixtures at the intermediate temperature was different

between mixtures; therefore, more investigations

including different fatigue tests (Four-point flexural

or tension–compression fatigue tests) are required.
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