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Abstract: The usage of polymer-modified 

asphalt binders has increased as a result of 

the significant increase in the number of 

conventional cars operating on Iraqi roads in 

recent years. This has resulted in increased 

strains being placed on pavement structures 

and materials. Global exploration has focused 

on the development of stabilizing Stone 

Mastic Asphalt mixtures for improved 

pavement behavior. Numerous effective 

efforts were made to stabilize stone mastic 

asphalt mixes with polymers and fibers. Iraq 

produces a considerable amount of waste 

polymer materials each year. Usually, they 

are sent to landfills for disposal. These wastes 

are dumped, occupying a sizable portion of 

landfill space and creating various serious 

environmental issues. The study focuses on 

how waste polymer additions, such as 

recycled plastic bottles, shopping boxes, and 

tire crumb rubber, affect the mechanical 

performance and durability of stone mastic 

asphalt mixtures. The mechanical 

performance attributes were assessed. It is 

evident from the findings that the drain-

down amounts were within the permissible 

requirement range. The findings also showed 

that the indirect tensile strength, Marshall 

Stability, moisture damage resistance, and 

resistance for permanent deformation of 

stone mastic asphalt mixtures have all 

increased as a result of the use of waste 

polymer components. The recycled polymer-

modified mixes are the combinations that are 

most resistant to rutting, according to the 

results of the repeated load axial creep tests. 

Iraq may have new options to employ the 

significant volumes of recycled polymers that 

are becoming accessible as a result of 

recycling waste polymers. 

Keywords: Mechanical performance; stone 

mastic asphalt; drain-down; tensile strength 

ratio; repeated load axial test; rutting test; 

Marshall stability 

1. Introduction 

The improvement of pavement 

characteristics is the most essential aim of 

every pavement behavior investigation. This 

objective could be realized by altering the 

mixtures conventionally used with proper 

additives to boost the characteristics of the 
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advanced mixtures. Knowledge from earlier 

research experiments showed the advantage 

of stone mastic asphalt (SMA) mixes 

concerning durability and rutting 

endurance[1]. Many investigations on 

enhancing the quality of road materials have 

been described recently [2-4]. 

Stone mastic asphalt (SMA) is a hot mixture 

with a gap-classified aggregate gradation that 

has gotten worldwide popularity due to its 

desired properties. SMA was first established 

in Germany in the 1960s and then began to 

progress in the United States in the early 

1990s. Ever after, it has been utilized widely 

around the globe. Previous research has 

reported the potential of SMA mixes to resist 

permanent deformation, as well as their high 

durability, reduced skid resistance, and good 

resistance to fatigue and reflective cracking. 

Nevertheless, the drain-down of asphalt 

mastic and higher initial prices might be 

drawbacks of this sort of mix. SMA mixes 

need stabilization to prevent the drain-down 

of asphalt mastic and this could be realized 

by the addition of polymers or fibers [5-11]. 

Rutting properties of SMA have been 

explored by several scholars utilizing various 

combinations of test protocols and analysis 

techniques [12-17]. 

Even though using neat additives in the 

bituminous mix may enhance the rutting 

features of the asphalt concrete, in numerous 

circumstances highway construction prices 

raises significantly. Therefore, many studies 

were made concerning asphalt mixes 

comprising recycled materials as modifiers to 

enhance bituminous mixture properties and 

decrease cost due to the utilization of neat 

materials. Moreover, this could be a 

substitute to solve ecological problems by the 

utilization of recycled polymer materials. 

Steel slag, waste glass, recycled polymers, 

and waste tires are samples of waste materials 

that have been utilized in HMA mixes in 

earlier research [18-21]. 

Usually, fibers are used as the inhibitor 

materials for the drain-down of asphalt 

mastic from SMA mixes. However, several 

sorts of recycled polymers such as 

polypropylene (PP), polyethylene 

terephthalate (PET), crumb rubber (CR), 

polyvinyl chloride (PVC), or styrene-

butadiene-styrene (SBS) modified binders 

could be utilized as a substitution for the 

fibrous materials [10, 22-24]. Several 

explorations have been conducted on adding 

recycled polymers in asphalt binders to 

enhance the behavior of asphalt mixtures. 

The polymer-modified mixes demonstrated 

higher rutting resistance than the unmodified 

mixes. The effectiveness of polymeric 

modifiers was noticed [25-28]. 

SMA has no application yet in Iraq. Recycled 

polymers are increasingly used because there 

is a need for proper alternatives to the 

additives used in the pavement industry 

nowadays. The main reason for this research 

is to explore the effect of adding various sorts 

of recycled polymers to the conventional 

SMA asphalt mixture. Thus, this study makes 

a comprehensive investigation of the 

mechanical performance of stone matrix 

asphalt (SMA) mixes enhanced by recycled 

polymers (PET, PVC, and CR) through 

laboratory evaluation. The mechanical 

performance behaviors evaluated include 

Marshall Stability, indirect tensile strength, 
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moisture resistance, drain-down, and rutting 

performance. 

2. Materials and Methods 

2.1. Asphalt binder 

The (40-50) penetration grade asphalt cement 

used in this study is the plain asphalt binder. 

Since the space does not allow displaying the 

properties of the modified asphalt binder 

modified with recycled polymeric materials 

in different proportions, the physical 

properties were included only for the optimal 

addition ratios for each type of recycled 

material. Based on the outcomes of the 

preliminary tests conducted on the SMA 

samples with neat asphalt binder (40-50) and 

the modified binders, the optimal addition 

contents for each recycled polymer modifier 

were (4%) for both RPET and RPVC and 

(12%) for RCR, as it is shown in Table 1. 

These results fulfill the requirements as per 

Iraqi specifications. 

The percentages of addition for each type of 

recycled polymer were chosen based on 

previous work under publication by choosing 

the optimum percentage of addition, and this 

was consistent with previous research 

published in this field [8, 29-34].

Table 1. Properties of base and polymer-modified bituminous materials. 

Type of test 
Standard 

used 

Test Results 

40/50 

pen. 

4% PET-

modified 

4% PVC-

modified 

12% CR-

modified 

Penetration @ 25 °C *ASTM D5 44 40.5 40 32 

The softening point, °C ASTM D36 52 55.5 53.5 72 

Ductility @ (25℃), (cm) ASTM D 113 117 125 80 148 

Flashpoint, °C ASTM D92 253 315 339 245 

Fire point, °C ASTM D92 274 323 343 253 

Specific Gravity ASTM D70 1.02    

Viscosity @ 135 °C (cpoise) ASTM D4402 437 682 672 902 

Viscosity @ 165 °C (cpoise) ASTM D4402 132 312 301 420 

*American Society for Testing and Material 

2.2. Aggregate 

The Al-Nibaae quarry at Al-Taji, Baghdad, 

provided the crushed aggregates, both fine 

and coarse. This study chose an aggregate 

gradation that follows the recommendations 

of the National Asphalt Pavement 

Association [35], as can be described in Fig. 

1. Table 2 lists the physical characteristics of 

Al-Nibaee aggregate. Common Portland 

cement, which has a bulk specific gravity of 

3.12, is dry, clump-free, and used as a filler 

in the creation of SMA Mix. 

 

Figure 1. Gradation of the aggregate used. 

2.3. Date Palm Fibers 

In the present investigations, one type of 

natural fiber (Date Palm Natural Fiber) was 
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utilized as a stabilizing agent in SMA 

Mixture. The physical features namely 

diameter, length, and specific gravity of date 

palm fibers were 0.1mm, 5 to 10 mm, and 0.5, 

respectively [61]. The addition of cellulose 

fiber to the mixture was accomplished using 

a dry method. 

Table 2. Physical properties of the aggregate used  

Property Specification 
C
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Percent Wear 

(Los-Angeles 

Abrasion) 

(ASTM C131-

14) 
23.1 …… 

Bulk Specific 

Gravity 

(ASTM C127-

128-15) 
2.647 2.63 

Specific 

Gravity 

(apparent) 

(ASTM C127-

128-15) 
2.653 2.668 

Water 

Absorption (%) 

(ASTM C127-

128-15) 
0.57 0.66 

2.4. Recycled Polyethylene Terephthalate 

(RPET) 

Polyester-like polyethylene terephthalate 

(PET) is frequently used in the food and 

beverage sectors for packaging. The recycled 

PET material came from used water bottle 

trash. PET bottles were broken into tiny bits 

and then shred by a crushing machine to be 

used as a modifier in SMA mixes. The PET 

scraps were then sieved and put through a 

2.36 mm sieve to be utilized in this research. 

The characteristics of PET material are 

displayed in Table 3. 

 

Table 3. Attributes of recycled PET [21] 

Properties Result 

Melting point (℃) 250 

Density (g/cm3) 1.35 

Tensile strength (psi) 11500 

Water absorption (%) 0.1 

2.5. Recycled waste polyvinyl chloride 

(RPVC) 

As they were shredded into little bits and 

placed in the asphalt binder, the used 

supermarket boxes helped the asphalt 

binder's qualities. The characteristics of 

polyvinyl chloride made from recycled waste 

are shown in Table 4. 

Table 4. Attributes of recycled PVC [36] 

Attributes Results 

Density (g/cm3) 1.3-1.6 

Tensile strength (MPa) 40-50 

Flexural modulus (GPa)                                       2.1-3.4 

Thermal coefficient expansion 80*10-6 

2.6. Recycled tire crumb rubber (RCR) 

A form of elastomer polymer made from 

recycled tires is known as recycled crumb 

rubber [37]. It is blended into the clean 

asphalt binder in the form of crumbs. Table 5 

displays the characteristics of the crumb 

rubber modifier. 

Table 5. Attributes of recycled crumb rubber. 

Specifications Result  

Physical State Solid 

Color dark 

Density (g/cm3) 0.34–0.35 

2.7. Recycled Polymers-Modified Binder 

Preparation 

A medium-speed shear mixer at a shear speed 

of 1000 rpm for 1h is used to prepare the 

modified asphalt binders. The blending 

procedure is done by gradually adding the 

recycled materials to the base asphalt binder 
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at a moderate speed of rotation while not 

allowing the temperature to exceed 180°C to 

avoid losing a lot of volatile substances. The 

blending process is continued until it is 

ensured that the additive is dispersed in the 

asphalt or spreads fairly in it without 

agglomeration. The compaction and mixing 

temperatures for every enhanced binder were 

carried out at various temperature ranges 

based on the kind of enhanced asphalt, as it is 

indicated in Table 6, since each modified 

binder has a distinct viscosity, as shown in 

Fig. 2. Before being used in the pertinent 

laboratory experiments, the mixes were then 

put in metal cans coated with foil. The 

description of the blends before being 

evaluated is shown in Table 7. 

 

Figure 2. Viscosity-temperature chart for waste 

polymer-modified asphalts. 

Table 6. Temperatures for mixing modified binders 

that have been pre-treated. 

Asphalt type Temperature 

range for 

mixing (°C) 

Temperature 

range for 

compaction 

40/50 pen. 158±5 146±5 

Asphalt + PET 180±5 168±5 

Asphalt + PVC 179±5 167±5 

Asphalt + CR 183±5 175±5 

2.8. Design of SMA Mixture 

The first step in the design process of SMA 

mixes is to determine the voids in coarse 

aggregate using the dry-rodded method 

(VCADRC) for aggregate compaction 

according to AASHTO T-19. This parameter 

is then utilized to determine stone-on-stone 

contact which can be calculated as in Eq. (1) 

[38]. 

Table 7. A description of the enhanced SMA mixes. 

Mixture 

designation 
Description 

40/50 

(control) 

40/50 penetration grade asphalt 

binder 

ARPET 40/50 + 4% recycled PET 

ARPVC 40/50 + 4% recycled PVC 

ARCR 40/50 + 12% recycled CR 

AF 40/50 + Fiber 

AFRPET 40/50 + Fiber + 4% recycled PET 

AFRPVC 40/50 + Fiber + 4% recycled PVC 

AFRCR 40/50 + Fiber + 12% recycled CR 

 

 VCADRC =
(GCA×γw)− γs

GCA×γw
 × 100                       (1) 

The determination of the voids in the coarse 

aggregate of the whole mix (VCAmix) can be 

calculated by utilizing Eq. (2) (AASHTO 

T19). The stone-on-stone contact can exist in 

case the VCAmix/VCAdrc ratio is less than one 

[39]. 

VCAMIX =  100 ─ (
Gmb

GCA
PCA)                            (2) 

where GCA stands for coarse aggregate bulk 

specific gravity, γs for coarse aggregate unit 

weight following dry-rodded compaction, γw 

for water unit weight (998 kg/m3), Gmb for the 

compacted mix bulk specific gravity, and Pca 

for the proportion of coarse aggregates in the 

whole mixture. The value of VCADRC for 

coarse aggregate fraction was determined to 

be 44%. The calculation of VCAMIX was 

performed for the SMA mixtures at optimum 

asphalt content (asphalt content that achieves 

4% air voids in the SMA mix) and it was 

found to be 39.56%, which indicates the 
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fulfillment of the stone-on-stone condition in 

the gradation chosen for this SMA mixture. 

The second step is to prepare fifteen 

cylindrical specimens of 100mm diameter at 

bitumen percentage ranging from 5%-7% 

with an increase of 0.5%. Three samples were 

arranged for every asphalt percent. The 

optimum binder content is governed by 

measuring the samples for final air void 

content of 4%, maximum stability, and 

maximum specific gravity. To estimate the 

recycled polymer's effect on mixtures’ 

performances, three replicate samples were 

prepared to be evaluated through the 

Marshall stability, Indirect Tensile Strength, 

moisture-induced performance, and repeated 

load axial rutting experiments. It was 

observed that the optimum binder content for 

the control SMA mixture was found to be 

6.2% by weight of the total mix. 

2.9. Drain-down 

The test technique was recommended by 

NCHRP Report No. 425 [40]. A typical wire 

basket with a loose SMA specimen and a flat 

surface was placed in an oven set at the 

mixing temperature for one hour for each 

group of blends. The percent of asphalt 

mastic drain-down is determined using 

Equation (3) [41]. The allowed drain-down 

percent should not be more than 0.3% by the 

total weight of the mix [42]. 

Draindown =  (
𝐵−𝐴

𝑊
)                                          (3) 

where A is the plate's starting mass, B is the 

plate's weight after the materials have been 

drained, and W is the weight of the loose 

specimen. 

2.10. Marshall Stability 

Marshall Stability values were determined 

according to ASTM D6927-06 [43] for the 

SMA mixes. The high value of Marshall 

Stability exhibits a higher capacity to 

withstand heavier traffic loads and better 

resistance against permanent deformation at 

high service temperatures [44, 45]. 

2.11. Indirect Tensile Strength (ITS) Test 

A majority of assessments of the relative 

qualities of materials make use of the indirect 

tensile test values. In the indirect tensile 

strength test, a cylindrical specimen is 

compressed between two loading strips to 

produce a fairly uniform tensile stress along 

the vertical diametrical plane. Splitting along 

this loaded plane almost causes failure [46]. 

This test was done according to ASTM 

D6931 [47]. For each SMA Mixture type, 

three samples with the ideal asphalt content 

were created. The samples have been loaded 

at a temperature of 25 °C and a deformation 

rate of 50 mm/min. The tensile strength value 

of the asphalt specimen was determined 

utilizing Equation 4. 

ITS = 2Pmax/πDt                                                       (4) 

where D is the sample diameter (mm), t is the 

sample thickness (mm), ITS is the indirect 

tensile strength of the specimen (kPa), Pmax is 

the maximum applied load (kN). 

2.12. Moisture Damage Resistance Test 

Moisture susceptibility test was conducted 

according to Modified Lottman Test (ASTM 

D 4867, 1996) [48] or (AASHTO T 283, 

2007) [49]. Six samples from each mixture 

type were prepared. Three of them underwent 

vacuum saturation conditioning before 
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spending 24 hours in a 60°C warm water 

bath. Another group of three specimens of 

each mix type was denoted as unconditioned 

specimens and tested without being wet but 

following 40 minutes of submersion in a 

25°C water bath. Then, using Equation 5, the 

indirect tensile strength ratio (TSR) was 

determined. 

TSR = (ITS2/ITS1)*100                                      (5)  

where ITS1 represents the average indirect 

tensile strength value of dry specimens 

(unconditioned) and ITS2 represents the 

average indirect tensile strength value of the 

conditioned specimens (kPa). For SMA 

mixtures, a TSR of 70% or above is regarded 

as an acceptable minimum value [45, 50]. 

2.13. Repeated Load Axial Test Setup 

The dynamic creep test, also known as the 

repeated load axial test, is frequently utilized 

in experimentation to measure the asphalt 

mixtures’ permanent deformation under 

certain loading conditions. It is utilized to 

analyze the rutting possibility for the SMA 

mixtures in the present study. In this work, 

cylindrical SMA mixture specimens are 

subjected to a dynamic creep test that 

provides uniaxial vertical repeated loads in 

the form of haversine waves with a stress 

value of 207 kPa, a loading period of 0.1 

seconds, a rest period of 0.9 seconds, and an 

operating temperature of (50°C). Every 

sample test is finished after 10,000 load 

cycles or when the total amount of permanent 

deformation exceeds 10mm. The amount of 

repeated load, the average vertical 

deformation, the number of loading cycles, 

and the duration of each test were all noted. 

At Dyala University's College of 

Engineering's Highway and Transportation 

Engineering Department, a repeated load test 

was performed. Using UTM equipment and 

the Repeated Load Axial Test (RLAT) 

following NCHRP 465, the resistance of 

SMA mixes to rutting was evaluated. For 

each blend, the average of three samples was 

determined. Fig. 3 shows an example of 

estimated strain data for the control SMA 

combination (40-50 asphalt binder) during 

the RLAT test at a temperature of (50°C). 

 

Figure 3. Example of creep strain measurement data 

from RLAT tests. 

Drawing the link between axial creep strain 

and load repetition cycles often results in 

three typical phases, which are the primary 

stage, secondary stage, and tertiary stage, as 

shown in Fig. 2. The flow number (FN) is a 

crucial parameter in assessing the asphalt 

mixtures for rutting resistance, and it can be 

determined. The primary analysis elements 

utilized for calculating the resistance to 

rutting of asphalt mixes examined by the 

RLAT are (i) the cumulative axial creep 

strain at the time of failure, (ii) the slope of 

the steady-state stage (creep rate fc), and (iii) 

the creep modulus (En) at the failure time 

[51]. The flow number, on the other hand, is 

the lowest rate of strain buildup recorded 

throughout the test and is known as the 

loading cycle number at which the specimen 

starts to fail rapidly [12]. 
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The slope of the second stage (creep rate fc), 

i.e. the steady state stage, is calculated from a 

selected segment along the steady state line 

as in Equation (6) (EN 12697-25, 2016) [52]. 

𝑓𝑐 = (
𝑓𝑛1−𝑓𝑛2

𝑛1−𝑛2
) . 10000                                       (6) 

where fc is the creep rate (μm/m/loading 

cycles), n1 and n2 are the total number of 

loading cycles, and Ꜫn1 and Ꜫn2 are the 

cumulative axial strains at n1 and n2 loading 

cycles (in percent). 

According to Equation (7), the creep modulus 

(En) can be determined for a given loading 

cycle’s number (n) [53]. 

𝐸𝑛 = (
𝜎

10𝑓𝑛

)                                                              (7) 

In this equation, En is the creep modulus after 

n cycles of loading (in MPa), Ꜫn is the 

cumulative axial strain of the assessed 

sample at n cycles of loading (in %), and σ 

(in kPa) is the applied stress. 

2.14. Rutting Testing Sample Preparation 

As indicated in (NCHRP Report 465, 

Appendix B) [12], cylindrical specimens 

with a diameter of (100 mm) and a height of 

(150 mm) were created, for control and 

recycled polymer-modified SMA mixes were 

used with a target air content of 4%. The 

specimen is compressed using the double 

piston technique in the Material Laboratory 

of the Civil Engineering Department, 

University of Nahrain, with a weight of 

(15,000 kg) delivered using a hydraulic 

compression machine. 24 total specimens 

were produced in this manner. 

3. Results and Discussion 

3.1. Marshall Stability 

The Marshall Stability values for each 

modified SMA mix type were displayed in 

Fig. 4. With or without natural fibers, the 

control group's Marshall Stability was often 

lower than that of the mixes changed with 

waste polymers. Due to the presence of 

polymers that increase the mix's resistance to 

loading, these results may have helped the 

creation of a stiffer mix. Nevertheless, there 

is no noticeable significant difference 

between the effect of the different types of 

recycled polymers on the stability values at 

the optimum addition ratios for each type of 

additive (4% RPVC and RPET, and 12% 

RCR). The outcomes of the Marshall stability 

evaluations display that the kind of reclaimed 

polymer has minimal effect on how well 

HMA mixtures resist deformation. To 

determine the degree of this improvement in 

rutting performance, more testing using a 

more complex testing approach is necessary. 

To learn more about the impact of the 

reclaimed polymer additions without and 

with natural fiber, the scientists chose to 

study the rutting possibility using the 

repeated loading axial test method.  

It is noted that the difference is slight in the 

increase in the stability values in favor of 

mixtures that contain natural fibers. This 

result implies that the addition of natural fiber 

to HMA mixtures can enhance such mixes’ 

resistance to permanent deformation. Due to 

the fibers' adherence to bituminous binders 

and their ability to interconnect with 

aggregates, the insertion of fibers into HMA 

mixes acts as a three-dimensional secondary 
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reinforcement [53, 54]. Therefore, adding 

natural fiber to HMA mixes has an 

opportunity to boost such mixes’ resistance 

to rutting. 

 

Figure 4. Marshall Stability values for SMA mixes. 

3.2. Drain-Down Test 

The drain-down testing outcomes for SMA 

mixes of regular and modified bitumen are 

presented in Fig. 5. When recycled polymers 

are used, the drain-down percentage is seen 

to have improved, especially when fibers are 

added to SMA mixes at the ideal reclaimed 

polymer additives proportion (4% for RPVC 

and RPET mixes and 12% for RCR mixes), 

while maintaining a constant fiber content of 

0.3% by weight of the overall mix. This 

indicates that the reclaimed polymers added 

serve their purpose of lowering the 

proportion of asphalt mastic drain-down from 

the SMA composition. The rigidity of the 

mixture has been improved by the recycled 

components, which prevents the mastic from 

leaking. Because fibers adhere to asphalt 

binders, which helps to further reduce the 

drain-down of the asphalt binder from the 

mix, the inclusion of fibers into SMA mixes 

acts as a three-dimensional reinforcing. As 

required by NAPA [35], the drain-down 

outcomes were all lower than 0.3% by the 

weight of the mixture, and there was no 

discernible difference between the three 

additions in terms of their resistance to drain-

down. The outcomes were satisfactory 

regardless of the type of addition providing 

the additions did their function by lowering 

the percentage of asphalt drain-down from 

the mix to less than 0.3%. 

The findings demonstrated that no stabilizing 

agent was required in SMA with recycled 

polymer additions since these recycled 

materials would act as stabilizing agents on 

their own if they were added to the 

combination in an appropriate dose. 

 

Figure 5. Values for the drain-down test for 

unaltered and modified SMA mixes. 

3.3. Indirect Tensile Strength (ITS) test 

As indicated in Fig. 6, three samples were 

created at the Optimum Asphalt Content 

(OAC) for each mixture type for both 

conditioned and unconditioned specimens, 

and the indirect tensile test was performed on 

these specimens. According to the findings, 

SMA Mixes with recycled polymers exhibit 

greater indirect tensile strength values. This 

would suggest that the changed mixes seem 

to have internal resistance, or the capacity to 

endure greater tensile stresses before 

cracking [55]. This suggests an improvement 

in the capacity to withstand static stresses, 

which enhances the ability of the bituminous 

mixes including those recycled polymer 
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ingredients to withstand the property of 

resisting permanent deformation. When 

polymers are introduced to mixtures, they 

often cause the bitumen to become stiffer, 

increasing the mixture's resistance to tensile 

stresses, which are frequent in hot 

temperatures [56]. This improvement can be 

a result of increased bitumen and aggregate 

cohesion and adhesion [56]. 

 

Figure 6. The test's results for indirect tensile 

strength. 

3.4. Moisture Damage Resistance 

Fig. 7 illustrates how the recycled polymers 

affected the moisture damage indicators. The 

SMA Blends have met the required standard. 

Nevertheless, it should be noted that the 

mixes with fibers had greater TSR values, 

whilst the mixtures without fibers had the 

lowest TSR values. Additionally, it is noted 

that the mix enhanced with reclaimed crumb 

rubber, trailed by reclaimed PVC, and finally 

reclaimed PET, is the optimum mixture in 

terms of moisture susceptibility. 

Nevertheless, regarding resistance to 

moisture damage, the three additions do not 

significantly differ from one another.  These 

findings are in line with an earlier study [57], 

which came to the conclusion that using 

asphalt modified with recycled polymers had 

no appreciable impact on how sensitive the 

SMA mixtures are to moisture. 

 

Figure 7. The SMA mixes' Tensile Strength Ratio 

(TSR) values. 

3.5. Permanent Deformation Test 

Fig. 8 shows the results of the SMA 

specimens' permanent deformation test. 

Because the permanent deformation is 

influenced by high service temperature, the 

resultant dynamic creep curves often 

represent all three creep phases (primary, 

secondary, and tertiary). Fig. 8 demonstrates 

how the rut depth (creep strain) grows 

significantly during the main phase of testing, 

then gradually and more slowly during the 

secondary stage, and finally rapidly during 

the final step (tertiary stage). The values of 

the creep strain at failure, flow number, and 

creep modulus at failure for all examined 

SMA samples could therefore be easily 

compared. Table 8 displays the results of the 

dynamic creep test. 

 

Figure 8. Axial creep strain data from RLAT at 

50°C, shown against the number of load repetitions. 
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Table 8. Results of an RLAT (repeated load axial 

test) at 50 °C 

Mix 

type 
FN 

S
tr

ai
n

 a
t 

fa
il

u
re

 

(%
) 

E
n

 a
t 

fa
il

u
re

 

(M
P

a)
 

D
E

R
 a

t 
fa

il
u

re
 

fc
 

(μ
m

/m
/c

y
cl

es
) 

Asphalt 3000 4.4 4.617 13849 11.5 

APET 5000 5.46 3.793 18965 8.3 

ACR 5000 5.33 3.886 19414 7.96 

APVC 8000 5.66 3.656 29248 4.8 

AF 5000 3.57 5.799 28996 5.45 

AFPET 6000 2.9 7.146 42844 4.2 

AFCR 6000 3.92 5.276 31658 5 

AFPVC 10000 4.32 4.795 47951 2.95 

At the test temperature, it was found that the 

permanent axial strain values of the SMA 

mixtures containing reclaimed polymers 

were lower than those of samples of SMA 

with a clean binder. These results can be 

attributed to the formation of stiffer mixtures, 

which improves the rutting resistance of the 

asphalt mixture [29,56, 58]. 

Additionally, it should be noted that mixes 

with fibers had lower strain values than 

mixtures without fibers, which had higher 

strain values. By creating a three-

dimensional network to support the mixture 

and improve adhesion and interconnection 

between the aggregate and asphalt binder, the 

use of natural fiber in SMA mixtures has 

increased the resistance to rutting [53, 54]. 

The following creep indices following 

NCHRP 465 were identified for further 

comparison between the SMA mixes 

modified with recycled synthetic materials: 

the axial creep strain at failure, as depicted in 

Fig. 9, the creep modulus at the breaking 

point, as displayed in Fig. 10, the creep rate 

(fc), as displayed in Fig. 11, and the flow 

number, as displayed in Fig. 12. The modulus 

corresponding to the number of cycles at 

failure is the final creep modulus. 

With an increase in creep modulus and a 

decrease in the slope of the second stage of 

the axial creep curves (creep rate), the 

integration of recycled polymers in the lithic 

constitution of the asphalt mixes significantly 

improved the asphalt mix's resistance to 

rutting at high service temperatures. 

 

Figure 9. The RLAT test, the tested SMA samples 

showed axial creep strain at failure. 

 
Figure 10. The RLAT test, the tested SMA 

specimens showing creep modulus at failure. 

 
Figure 11. The RLAT test, the tested SMA 

specimens showing creep rate. 
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Figure 12. The RLAT test, the tested SMA 

specimens showing flow number. 

The RPVC mix had the highest performance 

in terms of resistance to rutting out of the 

three recycled polymer mixtures because it 

had the least cumulative strain and creep rate. 

These findings are in line with earlier studies 

[55]. This improvement is almost entirely 

attributable to the enhanced stiffness and 

hardness of asphalt mixes as well as the 

improved viscosity of the asphalt binder 

made of recycled polymers [59, 60]. 

4. Conclusions 

This study was done to investigate the 

mechanical performance of SMA mixes 

consisting of three types of recycled polymer 

additives (reclaimed Tire Crumb Rubber, 

reclaimed plastic bottles, and reclaimed 

grocery boxes). Based on the research 

outcomes, it was found that the Marshall 

Stability and Tensile Strength values have 

enhanced as a result of the use of recycled 

polymer components in SMA Mixes. All of 

the reclaimed polymer enhancers used in the 

SMA mixture for the present investigation 

functioned as effective stabilizing agents, 

according to the drain-down test. Utilizing 

reclaimed polymers can increase the 

resistance of SMA mixtures to moisture 

degradation, according to the TSR values of 

SMA mixtures obtained from the modified 

Lottman tests. However, every SMA 

combination that has been created has 

complied with the strict moisture sensitivity 

criteria. The dynamic creep test showed that 

the SMA mixes' rutting capabilities had been 

improved by the inclusion of recycled 

polymers; the SMA mixtures that had been 

changed to contain RPVC were the least 

prone to rutting, followed by those that 

contained RPET and RCR, respectively. Last 

but not least, recycling waste polymers can 

provide Iraq with new chances to utilize the 

enormous amounts of recovered polymers 

that are readily and locally accessible in 

novel and efficient ways. 

Acknowledgements 

The authors acknowledge Mustansiriyah 

University for its continuous support to 

improve the research quality. 

Conflict of Interest 

No conflicts of interest exist, according to the 

authors, with the publishing of this work. 

Author Contribution Statement 

Author Doua Yousif Khalif: suggested the 

problem of the research, developed the 

theory, and conducted the experimental work 

and calculations. 

Author Sady A. Tayh: verified the analytical 

methods, conducted the structure of the 

manuscript, and organized the outcomes of 

this study. 

Both authors contributed to the final text and 

commented on the findings. 



Journal of Engineering and Sustainable Development (Vol. 27, No. 04, July 2023 )                         ISSN 2520-0917 

441 

References 

1. Sarang, G., Lekha, B. M., Krishna, 

G., and Shankar, A.U.R., (2016). 

Comparison of Stone Matrix Asphalt 

mixtures with polymer-modified 

bitumen and shredded waste 

plastics. Road Materials and 

Pavement Design. Vol. 17, Issue 4, 

pp. 933-945. 

https://doi.org/10.1080/14680629.20

15.1124799 

2. Wu, S., and Montalvo, L., (2021). 

Repurposing waste plastics into 

cleaner asphalt pavement materials: 

A critical literature review. Journal of 

Cleaner Production. Vol. 280, pp. 

124355. 

https://doi.org/10.1016/j.jclepro.2020

.124355 

3. Soares, M.P., Cerqueira, N.A., 

Almeida, F.F.D., Azevedo, A.R., and 

Marvila, M.T., (2021). Technical, 

Environmental, and Economic 

Advantages in the Use of Asphalt 

Rubber. in Characterization of 

Minerals, Metals, and Materials 2021. 

Springer, Cham. 

https://doi.org/10.1007/978-3-030-

65493-1_59 

4. Padhan, R.K., Sreeram, A., and 

Mohanta, C.S., (2019). Chemically 

recycled polyvinyl chloride as a 

bitumen modifier: Synthesis, 

characterisation and performance 

evaluation. Road Materials and 

Pavement Design. Vol. 22, Issue 3, 

pp. 639-652. 

https://doi.org/10.1080/14680629.20

19.1614968 

5. Lum, K.M., and Hassabo, N.I., 

(2003). Binder influence type on 

deformation resistance of stone 

mastic asphalt. in Proceedings of the 

Institution of Civil Engineers-

Transport. Vol. 156, No. 1, pp. 43-49. 

Thomas Telford Ltd. 

https://doi.org/10.1680/tran.2003.156

.1.43 

6. Asi, I.M., (2006). Laboratory 

comparison study for the use of stone 

matrix asphalt in hot weather 

climates. Construction and Building 

Materials. Vol. 20, Issue 10, pp. 982-

989. 

https://doi.org/10.1016/j.conbuildmat

.2005.06.011 

7. Nejad, F.M., Aflaki, E., and 

Mohammadi, M.A., (2010). Fatigue 

behavior of SMA and HMA 

mixtures. Construction and Building 

Materials. Vol. 24, Issue 7, pp. 1158-

1165. 

https://doi.org/10.1016/j.conbuildmat

.2009.12.025 

8. Ahmadinia, E., Zargar, M., Karim, M. 

R., Abdelaziz, M., and Shafigh, P. 

(2011). Using waste plastic bottles as 

additive for stone mastic 

asphalt. Materials & Design. Vol. 32. 

Issue 10, pp. 4844-4849. 

https://doi.org/10.1016/j.matdes.201

1.06.016  

9. Hafeez, I., Kamal, M.A., and Mahir, 

M., (2012a). Characterization of hot 

mix asphalt using the dynamic 

https://doi.org/10.1080/14680629.2015.1124799
https://doi.org/10.1080/14680629.2015.1124799
https://doi.org/10.1016/j.jclepro.2020.124355
https://doi.org/10.1016/j.jclepro.2020.124355
https://doi.org/10.1007/978-3-030-65493-1_59
https://doi.org/10.1007/978-3-030-65493-1_59
https://doi.org/10.1080/14680629.2019.1614968
https://doi.org/10.1080/14680629.2019.1614968
https://doi.org/10.1680/tran.2003.156.1.43
https://doi.org/10.1680/tran.2003.156.1.43
https://doi.org/10.1016/j.conbuildmat.2005.06.011
https://doi.org/10.1016/j.conbuildmat.2005.06.011
https://doi.org/10.1016/j.conbuildmat.2009.12.025
https://doi.org/10.1016/j.conbuildmat.2009.12.025
https://doi.org/10.1016/j.matdes.2011.06.016
https://doi.org/10.1016/j.matdes.2011.06.016


Journal of Engineering and Sustainable Development (Vol. 27, No. 04, July 2023 )                         ISSN 2520-0917 

442 

modulus and wheel tracking 

testing. PAKISTAN ACADEMY OF 

SCIENCES. Vol. 49, Issue 2, p. 71. 

10. Sengul, C.E., Oruc, S., Iskender, E., 

and Aksoy, A., (2013). Evaluation of 

SBS modified stone mastic asphalt 

pavement performance. Construction 

and Building Materials. Vol. 41, pp. 

777-783. 

https://doi.org/10.1016/j.conbuildmat

.2012.12.065 

11. Iskender, E., (2013). Rutting 

evaluation of stone mastic asphalt for 

basalt and basalt–limestone 

aggregate combinations. Composites 

Part B: Engineering. Vol. 54, pp. 255-

264. 

https://doi.org/10.1016/j.compositesb

.2013.05.019 

12. Witczak, M.W., (2002). Simple 

performance test for Superpave mix 

design. National Cooperative 

Highway Research Program 

(NCHRP) Report 465. Transportation 

Research Board, National Research 

Council, Washington, DC, USA. 

https://doi.org/10.17226/22046 

13. Seo, Y., El-Haggan, O., King, M., 

Joon Lee, S., and Richard Kim, Y., 

(2007). Air void models for the 

dynamic modulus, fatigue cracking, 

and rutting of asphalt 

concrete. Journal of Materials in 

Civil Engineering. Vol. 19, Issue 10, 

pp. 874-883. 

https://doi.org/10.1061/(asce)0899-

1561(2007)19:10(874) 

14. Su, K., Sun, L.J., and Hachiya, Y. 

(2008). A new method for predicting 

rutting in asphalt pavements 

employing static uniaxial penetration 

test. International Journal of 

Pavement Research and Technology. 

Vol. 1, Issue 1, pp. 24-33. 

15. Goh, S.W., You, Z., Williams, R.C., 

and Li, X., (2011). Preliminary 

dynamic modulus criteria of HMA for 

field rutting of asphalt pavements: 

Michigan’s experience. Journal of 

Transportation Engineering. Vol. 

137, Issue 1, pp. 37-45. 

https://doi.org/10.1061/(asce)te.1943

-5436.0000191 

16. Hafeez, I., Kamal, M. A., Mirza, M. 

W., and Aziz, A., (2012b). 

Investigating the effects of maximum 

size of aggregate on rutting potential 

of stone mastic asphalt. Pakistan 

Journal of Engineering and Applied 

Sciences. Vol. 10, pp. 89-96.  

17. Hafeez, I., Kamal, M.A., and Mirza, 

M.W., (2015). An experimental study 

to select aggregate gradation for 

stone mastic asphalt. Journal of the 

Chinese Institute of Engineers. Vol. 

38, Issue 1, pp. 1-8. 

https://doi.org/10.1080/02533839.20

14.953242 

18. Huang, Y., Bird, R.N., and Heidrich, 

O., (2007). A review of the use of 

recycled solid waste materials in 

asphalt pavements. Resources, 

Conservation and Recycling. Vol. 52, 

Issue 1, pp. 58-73. 

https://doi.org/10.1016/j.conbuildmat.2012.12.065
https://doi.org/10.1016/j.conbuildmat.2012.12.065
https://doi.org/10.1016/j.compositesb.2013.05.019
https://doi.org/10.1016/j.compositesb.2013.05.019
https://doi.org/10.17226/22046
https://doi.org/10.1061/(asce)0899-1561(2007)19:10(874)
https://doi.org/10.1061/(asce)0899-1561(2007)19:10(874)
https://doi.org/10.1061/(asce)te.1943-5436.0000191
https://doi.org/10.1061/(asce)te.1943-5436.0000191
https://doi.org/10.1080/02533839.2014.953242
https://doi.org/10.1080/02533839.2014.953242


Journal of Engineering and Sustainable Development (Vol. 27, No. 04, July 2023 )                         ISSN 2520-0917 

443 

https://doi.org/10.1016/j.resconrec.2

007.02.002 

19. Casey, D., McNally, C., Gibney, A., 

and Gilchrist, M.D., (2008). 

Development of a recycled polymer 

modified binder for use in stone 

mastic asphalt. Resources, 

Conservation and Recycling. Vol. 52, 

Issue 10, pp. 1167-1174. 

https://doi.org/10.1016/j.resconrec.2

008.06.002 

20. Arabani, M., Mirabdolazimi, S.M., 

and Sasani, A.R., (2010). The effect of 

waste tire thread mesh on the 

dynamic behaviour of asphalt 

mixtures. Construction and Building 

Materials. Vol. 24, Issue 6, pp. 1060-

1068. 

https://doi.org/10.1016/j.conbuildmat

.2009.11.011 

21. Moghaddam, T.B., Karim, M.R., and 

Syammaun, T., (2012). Dynamic 

properties of stone mastic asphalt 

mixtures containing waste plastic 

bottles. Construction and Building 

Materials. Vol. 34, pp. 236-242. 

https://doi.org/10.1016/j.conbuildmat

.2012.02.054 

22. Mokhtari, A., and Nejad, F. M., 

(2012). Mechanistic approach for 

fiber and polymer modified SMA 

mixtures. Construction and Building 

Materials. Vol. 36, pp.381-390. 

https://doi.org/10.1016/j.conbuildmat

.2012.05.032 

23. Awanti, S.S., (2013). Laboratory 

evaluation of SMA mixes prepared 

with SBS modified and neat 

bitumen. Procedia-Social and 

Behavioral Sciences. Vol. 104, pp. 

59-68. 

https://doi.org/10.1016/j.sbspro.2013

.11.098 

24. Leng, Z., Padhan, R.K., and Sreeram, 

A., (2018). Production of a 

sustainable paving material through 

chemical recycling of waste PET into 

crumb rubber modified 

asphalt. Journal of cleaner 

production. Vol. 180, pp. 682-688. 

https://doi.org/10.1016/j.jclepro.2018

.01.171 

25. Aksoy, A., and Iskender, E.R.O.L., 

(2008). Creep in conventional and 

modified asphalt mixtures. 

in Proceedings of the Institution of 

Civil Engineers-Transport. Vol. 161, 

No. 4, pp. 185-195. Thomas Telford 

Ltd. 

https://doi.org/10.1680/tran.2008.161

.4.185 

26. Sirin, O., Kim, H. J., Tia, M., and 

Choubane, B., (2008). Comparison of 

rutting resistance of unmodified and 

SBS-modified Superpave mixtures by 

accelerated pavement 

testing. Construction and Building 

Materials. Vol. 22, Issue 3, pp. 286-

294. 

https://doi.org/10.1016/j.conbuildmat

.2006.08.018 

27. Yildirim, Y., (2007). Polymer 

modified asphalt 

binders. Construction and Building 

Materials. Vol. 21, Issue 1, pp. 66-72. 

https://doi.org/10.1016/j.resconrec.2007.02.002
https://doi.org/10.1016/j.resconrec.2007.02.002
https://doi.org/10.1016/j.resconrec.2008.06.002
https://doi.org/10.1016/j.resconrec.2008.06.002
https://doi.org/10.1016/j.conbuildmat.2009.11.011
https://doi.org/10.1016/j.conbuildmat.2009.11.011
https://doi.org/10.1016/j.conbuildmat.2012.02.054
https://doi.org/10.1016/j.conbuildmat.2012.02.054
https://doi.org/10.1016/j.conbuildmat.2012.05.032
https://doi.org/10.1016/j.conbuildmat.2012.05.032
https://doi.org/10.1016/j.sbspro.2013.11.098
https://doi.org/10.1016/j.sbspro.2013.11.098
https://doi.org/10.1016/j.jclepro.2018.01.171
https://doi.org/10.1016/j.jclepro.2018.01.171
https://doi.org/10.1680/tran.2008.161.4.185
https://doi.org/10.1680/tran.2008.161.4.185
https://doi.org/10.1016/j.conbuildmat.2006.08.018
https://doi.org/10.1016/j.conbuildmat.2006.08.018


Journal of Engineering and Sustainable Development (Vol. 27, No. 04, July 2023 )                         ISSN 2520-0917 

444 

https://doi.org/10.1016/j.conbuildmat

.2005.07.007 

28. Gibreil, H.A., and Feng, C.P., (2017). 

Effects of high-density polyethylene 

and crumb rubber powder as 

modifiers on properties of hot mix 

asphalt. Construction and building 

materials. Vol. 142, pp. 101-108. 

https://doi.org/10.1016/j.conbuildmat

.2017.03.062 

29. Hınıslıoğlu, S., and Ağar, E., (2004). 

Use of waste high density 

polyethylene as bitumen modifier in 

asphalt concrete mix. Materials 

letters. Vol. 58, Issue (3-4), pp. 267-

271. https://doi.org/10.1016/s0167-

577x(03)00458-0 

30. Kök, B. V., and Çolak, H., (2011). 

Laboratory comparison of the crumb-

rubber and SBS modified bitumen and 

hot mix asphalt. Construction and 

Building Materials. Vol. 25, Issue 8, 

pp. 3204-3212. 

https://doi.org/10.1016/j.conbuildmat

.2011.03.005 

31. González, V., Martínez-Boza, F. J., 

Gallegos, C., Pérez-Lepe, A., and 

Páez, A., (2012). A study into the 

processing of bitumen modified with 

tire crumb rubber and polymeric 

additives. Fuel processing 

technology. Vol. 95, pp. 137-143. 

https://doi.org/10.1016/j.fuproc.2011

.11.018 

32. Mashaan, N. S., Ali, A. H., Koting, 

S., and Karim, M. R., (2013). 

Performance evaluation of crumb 

rubber modified stone mastic asphalt 

pavement in Malaysia. Advances in 

Materials Science and Engineering. 

Vol. 2013. 

https://doi.org/10.1155/2013/304676 

33. Khan, I. M., Kabir, S., Alhussain, M. 

A., and Almansoor, F. F., (2016). 

Asphalt design using recycled plastic 

and crumb-rubber waste for 

sustainable pavement construction. 

Procedia Engineering Vol. 145, pp. 

1557-1564. 

https://doi.org/10.1016/j.proeng.2016

.04.196 

34. Köfteci, S., Gunay, T., and 

Ahmedzade, P., (2020). Rheological 

Analysis of Modified Bitumen by PVC 

Based Various Recycled Plastics. 

Journal of Transportation 

Engineering, Part B: Pavements. Vol. 

146 Issue 4, p. 04020063. 

https://doi.org/10.1061/jpeodx.00002

14 

35. National Asphalt Pavement 

Association (NAPA) (2002). 

Designing and Constructing SMA 

Mixtures: State-of-the-Practice. QIP 

122. Lanham, Maryland, USA. 

36. Salman, N., and Jaleel, Z., (2018). 

Effects of waste PVC addition on the 

properties of (40-50) grade asphalt. 

in MATEC Web of Conferences. Vol. 

162, p. 01046. EDP Sciences. 

https://doi.org/10.1051/matecconf/20

1816201046 

37. Sharma, V., and Goyal, S., (2006). 

Comparative study of performance of 

natural fibers and crumb rubber 

modified stone matrix asphalt 

https://doi.org/10.1016/j.conbuildmat.2005.07.007
https://doi.org/10.1016/j.conbuildmat.2005.07.007
https://doi.org/10.1016/j.conbuildmat.2017.03.062
https://doi.org/10.1016/j.conbuildmat.2017.03.062
https://doi.org/10.1016/s0167-577x(03)00458-0
https://doi.org/10.1016/s0167-577x(03)00458-0
https://doi.org/10.1016/j.conbuildmat.2011.03.005
https://doi.org/10.1016/j.conbuildmat.2011.03.005
https://doi.org/10.1016/j.fuproc.2011.11.018
https://doi.org/10.1016/j.fuproc.2011.11.018
https://doi.org/10.1155/2013/304676
https://doi.org/10.1016/j.proeng.2016.04.196
https://doi.org/10.1016/j.proeng.2016.04.196
https://doi.org/10.1061/jpeodx.0000214
https://doi.org/10.1061/jpeodx.0000214
https://doi.org/10.1051/matecconf/201816201046
https://doi.org/10.1051/matecconf/201816201046


Journal of Engineering and Sustainable Development (Vol. 27, No. 04, July 2023 )                         ISSN 2520-0917 

445 

mixtures. Canadian Journal of Civil 

Engineering. Vol. 33, Issue 2, pp. 

134-139. https://doi.org/10.1139/l05-

096 

38. Kamaraj, C., Lakshmi, S., Rose, C., 

and Muralidharan, C., (2017). Wet 

blue fiber and lime from leather 

industry solid waste as stabilizing 

additive and filler in design of stone 

matrix asphalt. Asian Journal of 

Research in Social Sciences and 

Humanities. Vol. 7, Issue 11, pp. 240-

257. https://doi.org/10.5958/2249-

7315.2017.00547.0 

39. Kandhal, P.S., (2002). Designing and 

Constructing SMA Mixtures: State-

of-the-practice. NAPA. Lanham, 

Maryland, USA. 

40. Brown, E.R., and Cooley, L.A., 

(1999). Designing stone matrix 

asphalt mixtures for rut-resistant 

pavements. Washington, USA: 

Transportation Research Board. 

ISBN: 0-309-06319-1. 

41. Babagoli, R., and Ziari, H., (2017). 

Evaluation of rutting performance of 

stone matrix asphalt mixtures 

containing warm mix 

additives. Journal of Central South 

University. Vol. 24, Issue 2, pp. 360-

373. https://doi.org/10.1007/s11771-

017-3438-4 

42. AASHTO T305 (2000). 

Determination of Draindown 

Characteristics in Uncompacted 

Asphalt Mixtures. American 

Association of State Highway and 

Transportation Officials, Washington 

DC., USA. 

https://doi.org/10.1520/d6390-05r10 

43. ASTM D6927 (2006). Standard Test 

Method for Marshall Stability and 

Flow of Asphalt Mixtures. American 

Society for Testing and Materials, 

West Conshohocken, PA, USA. 

44. Yilmaz, M., Kök, B. V., and Kuloğlu, 

N., (2011). Effects of using asphaltite 

as filler on mechanical properties of 

hot mix asphalt. Construction and 

Building Materials. Vol. 25, Issue 11, 

pp. 4279-4286. 

https://doi.org/10.1016/j.conbuildmat

.2011.04.072 

45. Ameri, M., and Behnood, A., (2012). 

Laboratory studies to investigate the 

properties of CIR mixes containing 

steel slag as a substitute for virgin 

aggregates. Construction and 

Building Materials. Vol. 26, Issue 1, 

pp. 475-480. 

https://doi.org/10.1016/j.conbuildmat

.2011.06.047 

46. Aksoy, A., Şamlioglu, K., Tayfur, S., 

and Özen, H., (2005). Effects of 

various additives on the moisture 

damage sensitivity of asphalt 

mixtures. Construction and Building 

Materials. Vol. 19, Issue 1, pp. 11-18. 

https://doi.org/10.1016/j.conbuildmat

.2004.05.003 

47. ASTM D6931 (2017). Standard Test 

Method for Indirect Tensile (IDT) 

Strength of Asphalt Mixtures. 

American Society for Testing and 

Materials, West Conshohocken, PA, 

USA. 

https://doi.org/10.1139/l05-096
https://doi.org/10.1139/l05-096
https://doi.org/10.5958/2249-7315.2017.00547.0
https://doi.org/10.5958/2249-7315.2017.00547.0
https://doi.org/10.1007/s11771-017-3438-4
https://doi.org/10.1007/s11771-017-3438-4
https://doi.org/10.1520/d6390-05r10
https://doi.org/10.1016/j.conbuildmat.2011.04.072
https://doi.org/10.1016/j.conbuildmat.2011.04.072
https://doi.org/10.1016/j.conbuildmat.2011.06.047
https://doi.org/10.1016/j.conbuildmat.2011.06.047
https://doi.org/10.1016/j.conbuildmat.2004.05.003
https://doi.org/10.1016/j.conbuildmat.2004.05.003


Journal of Engineering and Sustainable Development (Vol. 27, No. 04, July 2023 )                         ISSN 2520-0917 

446 

48. ASTM D4867 (1996). Standard Test 

Method for Effect of Moisture on 

Asphalt Concrete Paving Mixtures. 

American Society for Testing and 

Materials, West Conshohocken, PA, 

USA. 

49. AASHTO T 283 (2007). Resistance 

of Compacted Asphalt Mixtures to 

Moisture-Induced Damage. 

American Association of State 

Highway and Transportation 

Officials, Washington DC. The USA. 

50. Niazi, Y., and Jalili, M., (2009). 

Effect of Portland cement and lime 

additives on properties of cold in-

place recycled mixtures with asphalt 

emulsion. Construction and Building 

Materials. Vol. 23, Issue 3, pp. 1338-

1343. 

https://doi.org/10.1016/j.conbuildmat

.2008.07.020 

51. Subhy, A., Lo Presti, D., Airey, G., 

and Widyatmoko, I. (2022). Rutting 

analysis of different rubberised stone 

mastic asphalt mixtures: from binders 

to mixtures. Road Materials and 

Pavement Design. Vol. 23, Issue 9, 

pp. 2098-2114. 

https://doi.org/10.1080/14680629.20

21.1950818 

52. EN 12697-25 (2016). Bituminous 

mixtures - Test methods for hot mix 

asphalt - Part 25: Cyclic compression 

test. Brussels, Belgium. ISBN: 

9780580840203 

https://doi.org/10.3403/03263824u 

53. Chen, J. S., and Lin, K. Y., (2005). 

Mechanism and behavior of bitumen 

strength reinforcement using fibers. 

Journal of materials science. Vol. 40, 

Issue 1, pp. 87-95. 

https://doi.org/10.1007/s10853-005-

5691-4 

54. Khanghahi, S. H., and Tortum, A., 

(2018). Determination of the optimum 

conditions for gilsonite and glass 

fiber in HMA under mixed mode I/III 

loading in fracture tests. Journal of 

Materials in Civil Engineering. Vol. 

30, Issue 7, p. 04018130. 

https://doi.org/10.1061/(asce)mt.194

3-5533.0002278 

55. Tayfur, S., Ozen, H., and Aksoy, A., 

(2007). Investigation of rutting 

performance of asphalt mixtures 

containing polymer 

modifiers. Construction and Building 

Materials. Vol. 21, Issue 2, pp. 328-

337. 

https://doi.org/10.1016/j.conbuildmat

.2005.08.014 

56. Awwad, M. T., and Shbeeb, L., 

(2007). The use of polyethylene in hot 

asphalt mixtures. American Journal 

of Applied Sciences. Vol. 4, Issue 6, 

pp. 390-396. 

https://doi.org/10.3844/ajassp.2007.3

90.396 

57. Chiu, C. T., and Lu, L. C., (2007). A 

laboratory study on stone matrix 

asphalt using ground tire rubber. 

Construction and Building Materials. 

Vol. 21, issue 5, pp. 1027-1033. 

https://doi.org/10.1016/j.conbuildmat

.2006.02.005 

https://doi.org/10.1016/j.conbuildmat.2008.07.020
https://doi.org/10.1016/j.conbuildmat.2008.07.020
https://doi.org/10.1080/14680629.2021.1950818
https://doi.org/10.1080/14680629.2021.1950818
https://doi.org/10.3403/03263824u
https://doi.org/10.1007/s10853-005-5691-4
https://doi.org/10.1007/s10853-005-5691-4
https://doi.org/10.1061/(asce)mt.1943-5533.0002278
https://doi.org/10.1061/(asce)mt.1943-5533.0002278
https://doi.org/10.1016/j.conbuildmat.2005.08.014
https://doi.org/10.1016/j.conbuildmat.2005.08.014
https://doi.org/10.3844/ajassp.2007.390.396
https://doi.org/10.3844/ajassp.2007.390.396
https://doi.org/10.1016/j.conbuildmat.2006.02.005
https://doi.org/10.1016/j.conbuildmat.2006.02.005


Journal of Engineering and Sustainable Development (Vol. 27, No. 04, July 2023 )                         ISSN 2520-0917 

447 

58. Xiao, F., Amirkhanian, S. N., Shen, 

J., and Putman, B., (2009). Influences 

of crumb rubber size and type on 

reclaimed asphalt pavement (RAP) 

mixtures. Construction and Building 

Materials. Vol. 23, Issue 2, pp. 1028-

1034. 

https://doi.org/10.1016/j.conbuildmat

.2008.05.002 

59. Amelian, S., Manian, M., Abtahi, S. 

M., and Goli, A., (2017). Moisture 

sensitivity and mechanical 

performance assessment of warm mix 

asphalt containing by-product steel 

slag. Journal of Cleaner Production. 

Vol. 176, pp. 329-337. 

https://doi.org/10.1016/j.jclepro.2017

.12.120 

60. Ziari, H., Nasiri, E., Amini, A., and 

Ferdosian, O., (2019). The effect of 

EAF dust and waste PVC on moisture 

sensitivity, rutting resistance, and 

fatigue performance of asphalt 

binders and mixtures. Construction 

and Building Materials. Vol. 203, pp. 

188-200. 

https://doi.org/10.1016/j.conbuildmat

.2019.01.101 

61. ALghrery, H. S. J., (2021). Utilization 

of local materials to design stone 

mastic asphalt mixture. Master 

Thesis, Highway and Transportation 

Engineering Department, 

Mustansiriyah University, Baghdad, 

Iraq. 

https://doi.org/10.1016/j.conbuildmat.2008.05.002
https://doi.org/10.1016/j.conbuildmat.2008.05.002
https://doi.org/10.1016/j.jclepro.2017.12.120
https://doi.org/10.1016/j.jclepro.2017.12.120
https://doi.org/10.1016/j.conbuildmat.2019.01.101
https://doi.org/10.1016/j.conbuildmat.2019.01.101

