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Abstract - Due to the increased demand for aggregates in road construction, intensifying 

environmental issues including soil erosion, water pollution, and ecosystem degradation 

caused by aggregate extraction. To mitigate these impacts, this study utilized recycled 

materials such as reclaimed asphalt pavement (RAP) and crumb rubber (CR) as partial 

aggregate replacements, incorporating 40% RAP and 2–6% CR in the mix. Marshall 

stability, resilient modulus, and dynamic creep tests were performed to assess load-bearing 

capacity, stiffness, and deformation behaviour under different conditions. The Marshall test 

results also provided insights into the relationship between stability, flow, and stiffness. 

Additionally, based on existing literature and current findings, the study identifies key 

limitations, discusses practical applications, and proposes directions for future research. The 

test results showed that recycled mixes, particularly RAP40 and RAP40CR2, performed 

better than traditional hot mix asphalt (HMA) in the Marshall test. In the resilient modulus 

test, both RAP40 and RAP40CR2 outperformed the control mixture, with RAP40CR2 

achieving the greatest values 42.23% and 69.9% higher at 25°C and 40°C, respectively.  

Similarly, dynamic creep results revealed that mixtures containing RAP40, RAP40CR2, and 

RAP40CR6 exhibited enhanced resistance to permanent deformation compared to the 

control, with RAP40CR2 providing the most significant stability improvement. Overall, the 

study concludes that combining RAP and CR helps mitigate environmental impacts by 

incorporating waste materials, while also performing well across different temperatures and 

loading conditions. 
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1. Introduction 

With the rapid growth of urban areas and extensive infrastructure endeavours, developing nations face a heightened 

demand for natural aggregate to keep pace with the expanding infrastructure. The production of traditional hot mix asphalt 

(HMA) requires a large volume of high-quality virgin aggregates and asphalt binder, both of which have considerable 

environmental impacts due to activities such as quarrying, transportation, and emissions-intensive production methods. 

However, the extensive use of natural aggregates in large-scale pavement construction and maintenance worldwide runs 

counter to the key goal of sustainable infrastructure development [1]. Thus, a wide range of research has been conducted 

to utilise the waste product in pavement construction with the objective of mitigating concerns related to environmental 

sustainability and fiscal viability [2]-[5]. According to the literature, the worldwide annual disposal of waste materials 

contributes about 3–4% of total GHG emissions to the atmosphere [6].  In addition, it incurs a substantial management 

cost of USD 205.4 per ton, which is anticipated to increase fivefold by 2030. These waste materials have a serious impact 

on landfills [7]. In pavement construction, integrating recycled waste materials not only mitigates the environmental risks 

associated with inadequate waste disposal but also reduces dependence on increasingly depleted natural aggregates, 

promoting more sustainable practices in pavement engineering [8]. Sustainable pavement technologies increasingly 

promote the use of reclaimed asphalt pavement (RAP) and crumb rubber (CR) because both materials reduce the 

consumption of virgin aggregates and help divert waste tyres from landfills. Consequently, the use of recycled materials 

in highway pavement construction offers considerable benefits both environmentally and economically [9] RAP, as a 

substitute for a portion of aggregates in HMA, offers a financially advantageous and environmentally sustainable 

approach that reduces the need for waste transportation and disposal, reduces reliance on landfills, preserves natural 

aggregate resources, and decreases the energy consumption associated with the extraction and transportation of raw 

materials [10]. According to the National Asphalt Pavement Association's 2021 industry survey, the average RAP content 

in recycled asphalt mixtures reached 22%, reflecting a growing interest in RAP utilisation; in total, 85.3 million tons of 

RAP were used, conserving approximately 4,134 million litres of asphalt binder and replacing more than 80.3 million 

tons of virgin aggregate [11]. Moreover, incorporating RAP materials into HMA significantly reduces the paving costs 

of asphalt pavements [12]. Several studies highlight the potential to incorporate high RAP contents in recycled asphalt 

mixtures without compromising pavement performance. RAP typically contains around 4% aged asphalt binder, enabling 

substantial binder replacement in HMA. For example, increasing RAP content from 15% to 40% can raise fresh binder 

savings from approximately 10% to 30% [11]. Cost reductions of up to 14% have been observed with recycled asphalt 

mixtures compared to conventional mixtures [13]. RAP has been found to enhance workability and reduce viscosity at 
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lower temperatures [14]. Although earlier research reported that high RAP contents may increase mixture stiffness and 

heighten cracking susceptibility [15], more recent work demonstrates that the use of rejuvenators can effectively restore 

aged RAP binders and improve the overall performance of RAP-containing mixtures [16]-[18]. Recent research has 

focused on evaluating the rutting resistance, and dynamic modulus of asphalt mixtures incorporating varying proportions 

of RAP [19]-[21]. When RAP is used in an asphalt mixture, the high viscosity and hardness of the aged binder reduce the 

mixture’s low-temperature cracking resistance [22]. Another study by Wang et al. [20] evaluated the rutting resistance of 

HMA with RAP content from 0% to 60%, showing increased rut resistance of 25–39%, while raising the low-frequency 

dynamic modulus and reducing low-temperature cracking performance by only 10–20%, confirming the feasibility of 

high-RAP mixtures. According to the literature, 40% of RAP replacement, as an overall aggregate, shows better resistance 

to fatigue cracking, rutting, and moisture damage [23], [24]. 

CR, which is generated from waste tyres, is another waste product that has raised concern for environmental scientists. 

In recent decades, notable progress has occurred in the transportation and automotive industries, leading to a marked 

uptick in the utilisation of rubber tyres. Consequently, there has been a rapid accumulation of scrap tyres stemming from 

a diverse range of vehicles [25]. Around 1 billion tires are discarded as solid waste each year, and this is projected to rise 

to 1.2 billion by 2030 [26] [27]. In 2023, the global CR market was valued at $1,040 million and is expected to grow to 

$1,378.8 million by 2030, reflecting a Compound Annual Growth Rate of 3.9% from 2024 to 2030 [28]. Despite this 

market growth, improper disposal of waste tyres presents a major environmental issue. Tyres are highly flammable due 

to their volatile components, posing a significant fire risk and releasing toxic smoke harmful to human health [29]. 

Moreover, their combustion can emit styrene, a hazardous gas that contributes to air pollution and poses serious health 

risks [30]. As a result, tyre disposal has become a pressing environmental concern, leading to bans on landfill disposal. 

Open-air disposal of tires leads to water being trapped within them, creating an environment conducive to breeding 

various insects and pests [31], [32]. To solve this problem, scholars have suggested a practical method of grinding tyres 

into fragments or crumbs and reusing them in asphalt pavement as a partial replacement for aggregate [33]-[35]. Zeleke 

and Tsegaye [36] found that 3% CR replacement increases pavement thickness; however, it reduces stability, indirect 

tensile strength, and bulk specific gravity. A mechanistic evaluation was conducted by Souliman et al. [37] to understand 

the long-term performance of HMA incorporating rubber. The results showed that asphalt rubber mixtures fabricated by 

replacing fine aggregates increase fatigue life by 6 times in new pavements and 40 times in overlays, improve rutting life, 

and deliver better cost-effectiveness than conventional HMA. Moreover, most CR particles maintain a solid form within 

the asphalt, creating a network structure. This modification in asphalt composition, including CR particles, has notably 

enhanced the base asphalt performance [38]. 

Despite the extensive literature on only RAP mixtures or CR-modified mixtures, very few studies have examined their 

combined use within the same mix design. Existing RAP and CR studies rely on field-extracted pavement cores with 

uncontrolled ageing histories; for example, the Islamabad–Lahore motorway investigation used fixed levels of 15% RAP 

and 7% CR but lacked laboratory control over mix variables [39]. Studies on CR-RAP or reclaimed asphalt rubber 

pavement (RARP) primarily address the recyclability of aged, rubberised materials rather than evaluating performance 

when RAP and CR are introduced simultaneously into fresh HMA mixtures. Furthermore, binder contents and mix 

gradations vary substantially across the literature, making it difficult to isolate the true interaction between RAP stiffness 

and the elastic response contributed by CR. There is no systematic study evaluating high RAP content combined with 

low and moderate CR levels under identical binder content, identical gradation, and identical mixture preparation 

conditions. This study aims to understand the feasibility of using a combination of RAP and CR in HMA by conducting 

a laboratory-controlled evaluation with fixed RAP contents and varying CR contents. By controlling RAP at a high, 

practical value and systematically varying CR content, the study isolates the interaction between RAP-induced stiffness 

and CR-induced elasticity under a fully controlled laboratory mix design, enabling a clearer understanding of their 

combined influence on asphalt performance. 

2. Materials and Methods 

Following AC14 standards [40], waste derived from RAP and CR were substituted, by weight, for a specific portion of 

the aggregate. This section provides a detailed explanation of the material properties and the research methodology used 

in this study. An overview of the adopted research approach is presented in Figure 1. The flowchart illustrates the process 

of preparing and testing HMA using natural aggregates, RAP, and CR. After collecting materials, different mix 

proportions were selected, including a control sample and three RAP–CR combinations. Based on the literature, this 

research utilises a fixed 40% RAP with varying CR contents because 40% represents the upper limit at which RAP can 

be incorporated without significantly compromising mixture workability, moisture resistance, or compaction, while still 

providing substantial binder replacement and environmental benefits [41]. At the same time, using 2% and 6% CR allows 

evaluation of low and moderate modification levels that have been widely reported in the literature to improve elasticity, 

rutting resistance, and resilient modulus without causing excessive air voids or workability issues [42]. These mixtures 

were then used to prepare HMA, followed by Marshall and resilient modulus and dynamic creep tests to evaluate 

performance. 
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Figure 1. Research flow diagram 

2.1 Aggregates 

The aggregate gradation applied in this study followed the standards set by Malaysia's Public Works Department [43]. 

The particle size distribution of the aggregates is shown in Figure 2. This study requires particles to pass through a 14 

mm sieve. These particles were sourced from East Rock Quarry Sdn. Bhd., Malaysia. Subsequently, all samples were 

sieved to achieve the appropriate particle size for incorporation into the HMA mixture. Table 1 presents the weight of 

natural aggregates used, in accordance with the AC14 specification [40]. 

 

Figure 2. Sieve analysis size distribution 

2.2 Reclaimed Asphalt Pavement  

RAP is obtained from the removal of existing HMA surfaces during rehabilitation or resurfacing works. Its composition 

is similar to that of conventional HMA, containing both coarse and fine aggregate particles. The specific gravity of the 

aggregates ranges from 2.26 to 2.63, while the binder has a specific gravity of approximately 1.0-1.1 [44]. In this study, 

untreated RAP initially undergoes sieving to ensure passage through a 5 mm sieve. The RAP was collected from Plateau 

Enterprise Sdn. Bhd., located at Kuantan, Pahang, Malaysia. Subsequently, the specimens were sieved to attain the 
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requisite sizes for the HMA mixture, following the specifications outlined in Table 1. RAP was collected in three size 

fractions (5 mm, 3.35 mm, and 1.18 mm), with a 40% replacement level used as a substitute for natural aggregates. 

2.3 Crumb Rubber  

CR is made by grinding used tyres into small particles, typically under 4.75 mm, for use in asphalt or other applications. 

Its specific gravity ranges from 0.53 to 1.17, thereby enhancing asphalt properties such as elasticity and durability [45]. 

This research selected a particle size of 0.150 mm, with the material sourced from the online marketplace Shopee, 

Malaysia. The CR content was adjusted by incorporating 2% and 6% of the total aggregate weight per sample, as detailed 

in Table 1. 

Table 1. Particle size gradation of used aggregates. 

Sieve size 

(mm), AC14 
Passing (%) 

Sample weight 

(g) 

Replacement material (g) 

40% RAP 2% CR 6% CR 

14 90 – 100 56.90 - - - 

10 76 – 86 159.32 - - - 

5 50 – 62 284.50 284.50 - - 

3.35 40 – 54 102.42 102.42 - - 

1.18 18 – 34 238.98 68.28 - - 

0.425 12 – 28 91.04 - - - 

0.150 6 – 14 91.04 - 22.76 68.28 

0.075 4 – 8 45.52 - - - 

Pan  68.28 - - - 

Total  1138.00 455.20 22.76 68.28 

2.4 Bitumen 

According to JKR, the standard optimum binder content for AC-14 is 4-6% [46]. Based on prior studies, this research 

used a 60/70 PEN-grade bitumen at a proportion of 4.5% by weight of the aggregate[47], [48]. The bitumen was sourced 

from the highway laboratory at the Faculty of Civil Engineering Technology, Universiti Malaysia Pahang Al-Sultan 

Abdullah (UMPSA), Malaysia. The testing procedure involved diluting the bitumen and maintaining it at 40°C for 24 

hours. The properties of the bitumen are summarised in Table 2. 

Table 2. Bitumen properties 

Properties ASTM code Specifications Obtained value 

Specific gravity (g/cc) ASTM D 70 − 82 1.01 – 1.06 1.03 

Penetration (1/10 mm) ASTM D 5 − 86 60 – 70 63 

Flash point (ºC) ASTM D 92 −05 230 ºC Minimum 321 ºC 

Fire point (ºC) ASTM D 92 – 05 – 334 ºC 

Loss on heat (%) ASTM D 6 – 95 <1% 0.95% 

Solubility ASTM D 4 95% Minimum 97.82% 

Ductility (cm) ASTM D 113 − 99 100 cm Minimum 100 + cm 

2.5 Mix Design 

Once the materials such as aggregate, RAP, and CR were prepared, the sieves were arranged in descending order, with 

the largest openings at the top and the smallest at the bottom. The natural aggregates, RAP, and CR were proportioned as 

previously described before being mixed with 60/70 grade bitumen. Samples were prepared according to the laboratory 

mould size of 100 mm diameter and 74 mm height. The test principle involved using diluted bitumen, heated to 40°C for 

24 hours. The materials were mixed using a dry mixing method, with the temperature kept between 150°C and 155°C 

throughout the process. Subsequently, 75 blows were applied to the mould using the Marshall Compactor. Following 

AC14 standards [40], RAP and CR were used as aggregate replacements in asphalt samples, as shown in Table 3. 

Table 3. Particle size gradation of used aggregates 

Mix 
Natural aggregate 

(gm) 

Reclaimed asphalt 

pavement (gm) 

Crumb rubber 

(gm) 

Bitumen 

(gm) 

Control 1138.00 − − 45.52 

RAP40 682.80 455.20 − 45.52 

RAP40CR2 660.04 455.20 22.76 45.52 

RAP40 CR6 614.52 455.20 68.28 45.52 
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2.6 Methods 

2.6.1 Marshall stability test 

The experiment was conducted on 12 asphalt samples, with three specimens prepared for each mix type: Control, RAP40 

(40% RAP and 0% CR), RAP40CR2 (40% RAP and 2% CR), and RAP40CR6 (40% RAP and 6% CR), in accordance 

with the ASTM D6927 standard [47]. Each sample was weighed and placed into a mould measuring 101.6 mm in diameter 

and 76.2 mm in height, fitted with a base plate and extension collar. The samples were then oven-heated at temperatures 

between 160°C and 165°C for 24 hours. Prior to testing, they were conditioned in a water bath at 60°C for 30 minutes. 

Following this, the samples were tested using a Marshall testing machine to measure their stability and deformation. The 

bulk density of each compacted HMA sample was also determined by calculating its specific gravity, defined as the ratio 

of the sample’s weight to the weight of an equal volume of water, in accordance with ASTM D2726 [48]. 

2.6.2 Resilient modulus test 

In this research, the testing was conducted using a Universal Testing Machine (UTM) at controlled temperatures of 25°C 

and 40°C, following the ASTM D4123 standard [42]. A peak load of 1000 N was applied vertically along the diametral 

axis of cylindrical specimens, and the resulting horizontal deformation was recorded. As specified in ASTM D4123, the 

load should fall between 10% and 50% of the specimen’s tensile strength [42]. In this study, the applied load corresponded 

to 15% of the direct tensile strength. Each specimen was tested in two orientations: 0° and 90°. 

2.6.3 Dynamic creep test 

The purpose of this test was to evaluate the rutting susceptibility of the asphalt mixture using a UTM in conjunction with 

specialised computer software to analyse permanent deformation. Prior to testing, the sample was conditioned within the 

machine at a temperature of 40°C. During the initial setup phase, a fixed delay of 30 minutes was programmed, during 

which no stress was applied. Once the test began, continuous loading pulses were administered, and two Linear Variable 

Displacement Transducers (LVDTs) were used to monitor the resulting strain. The test lasted approximately one hour 

and thirty minutes, involving 1800 loading cycles at a stress level of 10 kPa, after which the software generated the 

deformation data. 

3. Results and Discussion 

3.1 Marshall Stability  

3.1.1 Bulk density  

Bulk density is a fundamental property of HMA, as it is essential for calculating other key parameters such as air voids, 

voids in mineral aggregates (VMA), and maximum theoretical density. As shown in Figure 3, the bulk density of the 

control mix was recorded at 2.28 g/cm³. For the modified mixtures RAP40, RAP40CR2, and RAP40CR6, the values were 

2.32 g/cm³, 2.23 g/cm³, and 2.09 g/cm³, respectively. The results demonstrate that incorporating 40% RAP increased the 

bulk density of asphalt pavement. This is because its aged binder creates thin coating films that let the aggregates fit 

together more closely. Moreover, RAP’s dense, well-graded particle structure reduces air voids, resulting in a higher 

compacted density [49]. In contrast, the addition of CR led to a reduction in bulk density. Specifically, the mix containing 

40% RAP and 6% CR showed a 9.1% decrease in bulk density compared to the control. This reduction is attributed to 

CR particles creating additional voids in the asphalt matrix, thereby lowering the overall density [50]. Moreover, CR has 

a much lower specific gravity than the aggregates and binder it replaces. Its irregular shape can hinder particle packing 

during compaction, increasing air voids in the mixture and ultimately reducing the overall bulk density [51], [52]. A 

reduction in bulk density is observed with increasing CR at a given bitumen content [53].  

 

Figure 3. Bulk density of the modified asphalt mixtures 

3.1.2 Stiffness 

Measuring stiffness is a common technique for understanding the structural behaviour of bituminous mixtures in road 

construction [54]. Figure 4 presents the stiffness values of asphalt mixtures modified with RAP and CR. The recorded 



K. Hasan et al. │ Construction │ Volume 6, Issue 1 (2026) 

journal.ump.edu.my/construction  67 

stiffness for the control mixture, RAP40, RAP40CR2, and RAP40CR6 was 3115.88 MPa, 6078 MPa, 5677.53 MPa, and 

3192.53 MPa, respectively. Based on the results, it is conspicuous that RAP40-modified asphalt was 95% stiffer, while 

RAP40CR2-modified asphalt was 82% stiffer than the control sample. The addition of RAP40 mixture exhibited the 

greatest stiffness because incorporating RAP introduces aged binder that is significantly harder and more brittle than 

virgin binder. This binder has undergone substantial physical and chemical changes during its previous service life, 

resulting in a noticeably stiffer asphalt mixture [55], [56]. The stiffness modulus values of RAP40CR2 and RAP40CR6 

declined due to the further injection of CR with the RAP. The probable reason for this reduction in the stiffness modulus 

with increasing CR content might be insufficient bond in the binder [57]. Additionally, all asphalt mixtures modified with 

RAP and CR met the minimum standard requirement of 2 kN as specified by JKR. Mixtures with higher stiffness values 

exhibit greater resistance to creep deformation and are more effective in distributing applied loads [58]. 

 
Percentage of RAP and CR 

Figure 4. Stiffness of the modified asphalt mixtures 

3.1.3 Stability 

The stability of the asphalt mixture was affected by the addition of RAP and CR, as well as the consistency of the asphalt 

binder. Figure 5 presents the stability test results, revealing a notable trend. Stability initially rose by incorporating 

RAP40, which was higher than other mixes. The RAP40 mixture achieved a stability value of 20,744.58 N, which is 

approximately 77% higher than that of the control mixture, which had a stability of 11,718.5 N. This is because 

incorporating RAP introduces aged, stiff binder that strengthens the mixture, increasing its stiffness and viscosity when 

blended with new binder. As a result, the pavement exhibits improved high-temperature performance, greater resistance 

to heavy loads, and reduced susceptibility to permanent deformation, such as rutting [59]. On the contrary, the stability 

values had declined with the addition of different percentages of CR (2% and 6%). Incorporating CR aggregates into an 

asphalt mix resulted in lower stability at 4.5% binder content, which corresponds to increased CR content [60]. The 

inclusion of CR reduces pavement stability by decreasing the contact between coarse aggregates, which softens the 

mixture and makes it more susceptible to deformation. CR absorbs lighter oils from the binder, causing the rubber particles 

to swell—sometimes three to five times their original size—which increases binder viscosity and flexibility while 

reducing the mixture’s resistance to loading and flow [61]. At higher contents, this effect further diminishes overall 

stability and durability [62]. 

 
Figure 5. Stability of the modified asphalt mixtures 
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3.1.4 Flow test 

Flow value reflects the flexibility of asphalt mixtures. As shown in Figure 6, the flow values of the modified mixtures 

decreased compared to the control mix. Specifically, the RAP40 and RAP40CR2 mixtures recorded flow values of 3.42 

mm and 3.37 mm, respectively, whereas the control sample showed a flow value of 3.77 mm. The incorporation of RAP 

and a small amount of CR reduce pavement flow, which represents permanent deformation, by increasing the mixture’s 

stiffness and elasticity. This improvement enhances the pavement's durability, allowing it to better withstand traffic loads 

and high temperatures [63]. However, a slight increase in flow was noted for the RAP40CR6 mixture. The addition of 

excessive CR increases the flow value because these materials contribute to a higher binder content and improved 

flexibility, leading to increased deformation under loading [64]. Importantly, all mixture results meet the standard 

specification requirements, stipulating a flow range of 2.0 mm to 4.0 mm for road applications [58]. This variation in flow 

values can be attributed to the different content compositions in the mixture. Higher flow values may indicate the potential 

for permanent deformations such as rutting or shoving during pavement service life, while excessively low values may 

lead to cracking under heavy loads.  

 

Figure 6. Flow of the modified asphalt mixtures 

 

Figure 7. Correlation of RAP and CR modified asphalt mixture 
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3.2 Relationship of Volumetric Properties of Reclaimed Asphalt Pavement and Crumb Rubber 

The results of the Marshall test reveal a relationship between stability, flow, and stiffness in the asphalt mixtures. 

Correlation analysis was conducted to evaluate the strength and direction of these relationships based on varying 

percentages of RAP and CR, as shown in Figure 7. Figure 7(a) illustrates the correlation between stability and stiffness. 

Both parameters increased with higher RAP and CR content, demonstrating a strong positive linear relationship. This is 

supported by a correlation coefficient (r-value) of 0.987, which is very close to 1.0, indicating a strong positive correlation. 

The combined use of RAP and a small amount of CR enhances pavement stiffness and stability by strengthening the 

asphalt binder and increasing resistance to permanent deformation. RAP contributes aged binder and aggregates, while 

CR improves the binder’s viscoelastic properties [65]. Figure 7(b) presents the correlation between stability and flow. As 

the RAP and CR content increased, stability improved while flow decreased. This is because the aged, stiffer binder in 

RAP and the swelling of CR particles both increase the overall stiffness and internal friction of the asphalt mixture. The 

stiffer RAP binder enhances load-bearing capacity (higher stability), while CR absorbs lighter oils, swells, and increases 

binder viscosity and elasticity, limiting excessive deformation and plastic flow under load [66]. This inverse relationship 

is represented by a strong negative linear correlation, with an r-value of 0.9276, again indicating a strong association 

between the two variables. Meanwhile, Figure 7(c) shows the relationship between stiffness and density. An increase in 

RAP and CR percentages led to higher values in both stiffness and density, suggesting a positive linear correlation. This 

effect is attributed to the aged, hardened binder in RAP, while the small amount of CR increases stiffness through its 

elastic properties and interaction with the binder. Together, these materials create a denser pavement structure, enhancing 

overall performance and durability [67]. However, the correlation coefficient here is 0.537, which indicates a moderate 

relationship, as the value is relatively distant from 1.0. 

3.3 Resilient Modulus 

Figure 8 displays the resilient modulus values of the asphalt mixtures containing RAP and CR, as well as the control mix, 

tested at temperatures of 25°C and 40°C. At 25°C, the RAP40CR2 mixture found the highest resilient modulus at 6567 

MPa, followed by RAP40 at 4652.50 MPa, and the control mix at 4617 MPa. These results indicate that the mixture 

containing 40% RAP and 2% CR exhibited superior recoverability after loading at medium and high temperatures. This 

is attributed to the combined effect of increased stiffness from the aged RAP binder and improved elasticity from the CR 

particles at intermediate temperatures [65]. Furthermore, the RAP40CR2 mixture showed a higher complex shear 

modulus (G) and a lower phase angle (δ) with the bitumen, resulting in the greatest rutting resistance, while the reduced 

phase angle at low temperatures enhanced its resistance to fatigue cracking [68]. 

On the other hand, at 40°C, the resilient modulus decreased across all samples, with values of 3596 MPa for 

RAP40CR2, 2763 MPa for RAP40, 2116.50 MPa for the control mix, and the lowest value of 1378 MPa for RAP40CR6. 

An increase in heating temperature reduces the resilient modulus due to variations in the coefficients α and β [69]. 

Additionally, CR increases the binder's viscosity, making the asphalt mix stiffer and more durable. Because of its 

increased stiffness, the pavement can withstand heavy loads without changing shape, reducing the risk of rutting [70]. At 

both temperature points, RAP40 and RAP40CR2 showed greater robust modulus values than the control mix. However, 

RAP40CR6 showed lower resilient modulus values than the control mixes at both temperatures. The strong connection 

and high adhesiveness between RAP and CR enabled the formation of the aggregate particle [56]. The development of 

the RAP40CR2 asphalt mixture's stiffness and elasticity improved the mixture's resistance performance. 

 

Figure 8. Resilient modulus of modified asphalt mixtures 

3.4 Dynamic Creep 

Dynamic creep tests assess permanent strain and deformation in asphalt mixtures. At 40 °C, the total permanent strain of 

the control mix was lower compared with that of the RAP and CR-modified HMA mixtures. As shown in Figure 9, 

incorporating RAP and CR did not lead to a substantial improvement in rutting resistance relative to the control mixture. 

Li et al. [71] showed that using RAP in HMA yields higher dynamic modulus values than in control specimens. The 
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RAP40 thus properly complies with the proven experiments in terms of dynamic strain. Among the modified mixtures, 

RAP40CR2 exhibited the highest permanent strain compared to RAP40 and RAP40CR6. Since permanent strain directly 

influences permanent deformation, this had a notable impact on the mixture’s performance. The graph shows that asphalt 

mixtures containing RAP and CR underwent greater permanent deformation up to failure when compared to the control 

mixture. Notably, the deformation curves for RAP40 and RAP40CR2 overlapped at around 1800 cycles, after which 

RAP40 consistently showed lower deformation than RAP40CR2, indicating the higher susceptibility of RAP40CR2 to 

strain-induced deformation. This is because the permanent strain values of RAP40 and RAP40CR6 are similar. It is 

noteworthy to mention that all samples exhibited the tertiary zone, indicating a high level of resistance to irreversible 

deformation.  

 
Figure 9. Permanent strain of RAP and CR modified asphalt mixture 

Figure 10 presents the progression of permanent deformation as a function of loading cycles for the control and RAP-

modified asphalt mixtures incorporating different crumb rubber contents. The observed differences in strain accumulation 

are governed by the combined effects of binder rheology, aggregate structure, and viscoelastic energy dissipation 

mechanisms introduced by the modification of RAP and CR [72]. The control mixture exhibits the lowest permanent 

deformation throughout the loading history, which can be attributed to its relatively higher effective binder content and 

more uniform binder coating, allowing for improved stress redistribution and reduced localised shear deformation [39]. 

In contrast, the incorporation of 40% RAP introduces a stiffer aged binder, which restricts stress relaxation and increases 

susceptibility to irreversible strain accumulation, particularly during the early loading cycles. All mixtures exhibit a rapid 

increase in permanent deformation during the initial loading stage, corresponding to the primary strain accumulation zone. 

This is followed by a gradual and stable deformation rate associated with the secondary zone, suggesting enhanced 

internal resistance to shear flow [72]. The absence of an abrupt acceleration in deformation at higher cycles indicates a 

delayed or suppressed tertiary flow region, highlighting the mixtures’ ability to withstand long-term repetitive loading 

[73]. 

 
Figure 10. Permanent deformation of RAP and CR modified asphalt mixture 

Creep stiffness values for the tested mixtures are presented in Figure 11. The results indicate that incorporating RAP 

and CR generally reduced creep stiffness compared to the control mixture. However, the inclusion of CR slightly 

increased the stiffness within the modified mixtures. This is because the rubber particles swell and absorb lighter 
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components of the asphalt binder. This raises the binder’s viscosity and elasticity, producing a more resilient material that 

resists deformation and offers higher high-temperature stiffness, thereby improving rutting resistance [74]. Among all 

samples, RAP40 showed the highest stiffness, followed by RAP40CR2 and then RAP40CR6. Incorporating RAP 

significantly increases a mixture’s creep stiffness because RAP contains a hardened, aged asphalt binder [75]. This 

indicates that while the presence of CR enhances stiffness to some extent, the RAP40 mixture without CR demonstrated 

the greatest stiffness overall, with the stiffness decreasing as the CR content increased in the RAP-modified mixtures. 

The analyses showed that the RAP40 and RAP40CR2 modified can increase the permanent deformation of the asphalt 

mixture. 

 
Figure 11. Creep stiffness of RAP and CR modified asphalt mixture 

4. Conclusions 

This research examined the performance of asphalt mixes containing RAP and varying amounts of CR used as aggregate 

replacements. The incorporation of 40% RAP resulted in enhanced Marshall stability, exceeding that of the control 

samples. Furthermore, the addition of 2% and 6% CR further improved stability and stiffness while reducing flow values 

compared to the control mixtures. Among all the mixtures, RAP40CR2 exhibited the lowest flow value as well as the 

highest stability and stiffness, and it met the requirements specified by the standard specifications. In addition, the 

correlation analysis of Marshall stability revealed a strong relationship between RAP–CR–modified asphalt mixtures. The 

resilient modulus increased at both 25 °C and 40 °C with the incorporation of RAP and CR, indicating an improved ability 

of the asphalt mixtures to recover their original shape after deformation. Notably, the mixture containing RAP40CR2 

demonstrated the highest resistance to permanent deformation, highlighting the importance of bitumen elasticity in 

enhancing recovery performance. According to the dynamic creep test results, the permanent deformation behaviour, 

strain characteristics, and creep stiffness of both the control and RAP–CR–modified asphalt mixtures were effectively 

evaluated. Compared with the control samples, mixtures containing 40% RAP, RAP40CR2, and RAP40CR6 exhibited 

superior resistance to failure. However, due to its lower creep stiffness, RAP40CR2 showed relatively higher strain and 

deformation. Nevertheless, RAP40CR2 had a significant impact on improving stability. The findings of this study 

demonstrate that RAP–CR–modified asphalt mixtures can be successfully produced to meet the required volumetric and 

performance standards. Therefore, incorporating RAP and CR into asphalt mixtures represents a practical, cost-effective, 

and environmentally sustainable alternative. 

The study effectively met its goals by examining the material's resilience and recoverable strain under repeated stress 

after adding coarse RAP and CR particles to HMA. Therefore, adding RAP and CR to the asphalt mix could be a practical, 

economical, and environmentally beneficial alternative. The study on HMA incorporating RAP and CR presents several 

limitations, such as the potential variability in the quality and characteristics of the RAP and CR materials, which can 

affect consistency in performance. Additionally, the long-term durability and performance of the modified asphalt under 

varying environmental and traffic conditions require further investigation. Practical applications of this research could 

include enhanced sustainability in asphalt pavement design by reducing the need for virgin materials and promoting 

recycling. Future research should focus on optimising the proportion of RAP and CR for different climate zones, 

evaluating the economic feasibility of large-scale implementation, and exploring alternative additives to improve the 

overall performance and lifespan of the modified asphalt. 

Acknowledgements 

The authors would like to thank the Faculty of Civil Engineering Technology for providing the experimental facilities 

and all technicians at the Concrete and Material Laboratory, Universiti Malaysia Pahang Al-Sultan Abdullah.  

 

Funding  

The support provided by the Ministry of Higher Education Malaysia through the Konsortium Kecemerlangan 

Penyelidikan (KKP) Program (Grant No. JPT(BPKI)1000/016/018/25 Jld. 11 (98)), as well as Universiti Malaysia Pahang 

Al-Sultan Abdullah under Research Grant ID RDU263904 and PGRS2303116. 

Declaration of Competing Interests 

The authors declare no conflicts of interest. 

0

10

20

30

40

50

C o n t r o l  R A P 4 0  R A P 4 0 C R 2  R A P 4 0 C R 6

C
re

ep
 s

ti
ff

n
es

s 
(M

P
a)

Percentage of RAP and CR



K. Hasan et al. │ Construction │ Volume 6, Issue 1 (2026) 

journal.ump.edu.my/construction  72 

Credit Authorship Contribution Statement 

K. Hasan (Methodology; Formal analysis; Writing—original draft; Writing – review and editing) 

R. Ferdaus (Methodology; Data curation; Software; Writing – review and editing) 

A. Chowdhury (Methodology; Data curation, Software; Writing – review and editing) 

S. S. Toha (Methodology; Formal analysis; Software; Writing – review and editing) 

S. Ghosh (Methodology; Conceptualization, Supervision; Writing – review and editing) 

R. P. Jaya (Analysis; Supervision; Conceptualization; Writing – review and editing)  

F. M. Yahaya (Investigation; Validation; Supervision; Funding acquisition; Writing – review and editing) 

Availability of Data and Materials 

The data supporting this study’s findings are available on request from the corresponding author. 

Ethics Declarations  

This study did not involve human participants or animals. Ethical approval was therefore not required. 

Generative Artificial Intelligence Declarations 

The authors claim that artificially intelligent-assisted technologies, such as generative AI, were not used to generate 

content, ideas, or theories. We have just utilised AI to enhance readability and refine the language. This was used with 

extreme human control and oversight. The authors take full responsibility for reviewing and approving the content. 

References 

[1] C. R. Rusnak, “Sustainable strategies for concrete infrastructure preservation: a comprehensive review and 

perspective,” Infrastructures, 2025, Vol. 10, Page 99, vol. 10, no. 4, p. 99, 2025, 

https://doi.org/10.3390/INFRASTRUCTURES10040099. 

[2] K. Hasan, N. A. Fariha, J. B. Bashar, A. K. Alakhali, and F. M. Yahaya, “An experimental investigation on the 

mechanical performance of sustainable asphalt pavement incorporating waste glass powder,” IOP Conference 

Series: Earth and Environmental Science, vol. 1444, no. 1, p. 012003, 2025, https://doi.org/10.1088/1755-

1315/1444/1/012003. 

[3] A. Jamshidi and G. White, “Evaluation of performance and challenges of use of waste materials in pavement 

construction: A critical review,” Applied Sciences, vol. 10, no. 1, p. 226, 2019, 

https://doi.org/10.3390/APP10010226. 

[4] W. Victory, “A review on the utilization of waste material in asphalt pavements,” Environmental Science and 

Pollution Research, 2022 2918, vol. 29, no. 18, pp. 27279–27282, 2022, https://doi.org/10.1007/S11356-021-18245-

0. 

[5] K. A. Masri, N. H. Katini, A. K. Arshad, S. Shahnewaz, and R. Ferdaus, “Microstructure analysis of porous asphalt 

incorporating kenaf fiber in the pavement,” Materials Today: Proceedings, vol. 57, pp. 1191–1195, 2022, 

https://doi.org/10.1016/j.matpr.2021.10.194. 

[6] E. Abdollahi Saadatlu, F. Barzinpour, and S. Yaghoubi, “A sustainable model for municipal solid waste system 

considering global warming potential impact: A case study,” Computers & Industrial Engineering, vol. 169, p. 

108127, 2022, https://doi.org/10.1016/J.CIE.2022.108127. 

[7] S. Das, S. H. Lee, P. Kumar, K. H. Kim, S. S. Lee, and S. S. Bhattacharya, “Solid waste management: Scope and 

the challenge of sustainability,” Journal of Cleaner Production, vol. 228, pp. 658–678, 2019, 

https://doi.org/10.1016/J.JCLEPRO.2019.04.323. 

[8] S. Barbhuiya, B. A. Uk, T. Qureshi, and B. B. Das, “Advancing sustainable pavements: a review of low-carbon 

construction materials and practices,” Discover Concrete and Cement, vol. 1, no. 1, p. 19, 2025, 

https://doi.org/10.1007/S44416-025-00020-W. 

[9] A. F. Jasim, Z. K. Ali, and I. F. Al-Saadi, “A comprehensive review of life cycle cost assessment of recycled 

materials in asphalt pavements rehabilitation,” Advances in Civil Engineering, vol. 2024, no. 1, p. 2004803, 2024, 

https://doi.org/10.1155/2024/2004803. 

[10] M. Pasetto, A. Baliello, G. Giacomello, and E. Pasquini, “Towards very high RAP content asphalt mixes: A 

comprehensive performance-based study of rejuvenated binders,” Journal of Traffic and Transportation 

Engineering, vol. 8, no. 6, pp. 1022–1035, 2021, https://doi.org/10.1016/J.JTTE.2020.12.007. 

[11] J. Yu, Z. Lin, G. Zou, H. Yu, Z. Leng, and Y. Zhang, “Long-term performance of recycled asphalt mixtures 

containing high RAP and RAS,” Journal of Road Engineering, vol. 4, no. 1, pp. 36–53, 2024, 

https://doi.org/10.1016/J.JRENG.2024.01.003. 

[12] D. Feng, J. Cao, L. Gao, and J. Yi, “Recent developments in asphalt-aggregate separation technology for reclaimed 

asphalt pavement,” Journal of Road Engineering, vol. 2, no. 4, pp. 332–347, 2022, 

https://doi.org/10.1016/J.JRENG.2022.07.002. 

[13] W. Rafiq, M. A. Musarat, M. Altaf, et al., “Life cycle cost analysis comparison of hot mix asphalt and reclaimed 

asphalt pavement: A case study,” Sustainability, vol. 13, no. 8, p. 4411, 2021, https://doi.org/10.3390/SU13084411. 

[14] K. Kim and T. H. M. Le, “Feasibility and sustainable performance of RAP mixtures with low-viscosity binder and 

castor wax–corn oil rejuvenators,” Buildings, vol. 13, no. 7, p. 1578, 2023, 

https://doi.org/10.3390/BUILDINGS13071578. 



K. Hasan et al. │ Construction │ Volume 6, Issue 1 (2026) 

journal.ump.edu.my/construction  73 

[15] J. Yu, Z. Lin, G. Zou, H. Yu, Z. Leng, and Y. Zhang, “Long-term performance of recycled asphalt mixtures 

containing high RAP and RAS,” Journal of Road Engineering, vol. 4, no. 1, pp. 36–53, 2024, 

https://doi.org/10.1016/j.jreng.2024.01.003. 

[16] Y. Sun, U. Wijepala, D. Wang, F. Zhang, and A. Cannone Falchetto, “Optimizing rejuvenator dosage for high RAP 

content asphalt binders under multiple recycling cycles: A study based on an alternative rheological approach,” Case 

Studies in Construction Materials, vol. 22, p. e04690, 2025, https://doi.org/10.1016/J.CSCM.2025.E04690. 

[17] B. Basant, W. Shenghua, B. Basant, and W. Shenghua, “A comprehensive state-of-art review on the use of 

rejuvenators in asphalt pavement,” Journal of Road Engineering, vol. 5, no. 1, pp. 1–20, 2025, 

https://doi.org/10.1016/J.JRENG.2024.10.001. 

[18] M. Sabaei, S. A. Hosseini, B. Salami, and R. Shirinabadi, “Performance evaluation of rejuvenators in recycled 

asphalt mixtures based on mechanical and rheological properties,” Scientific Reports, vol. 15, no. 1, p. 39223, 2025, 

https://doi.org/10.1038/s41598-025-21557-7. 

[19] X. Ma, J. Wang, and Y. Xu, “Investigation on the effects of RAP proportions on the pavement performance of 

recycled asphalt mixtures,” Frontiers in Materials, vol. 8, p. 842809, 2022, 

https://doi.org/10.3389/FMATS.2021.842809/BIBTEX. 

[20] X. Wang, B. Wu, Z. Wu, and B. Li, “Experimental study on RAP with high recycling content based on high-modulus 

asphalt mixture,” Materials, vol. 18, no. 12, p. 2835, 2025, https://doi.org/10.3390/MA18122835. 

[21] A. Zalghout, S. Castro, J. Karam, and K. Kaloush, “Laboratory and field evaluation of plant produced asphalt 

mixtures containing RAP in hot climate: A case study from Phoenix, Arizona,” Construction and Building Materials, 

vol. 351, p. 128322, 2022, https://doi.org/10.1016/J.CONBUILDMAT.2022.128322. 

[22] Q. Tushar, J. Santos, G. Zhang, D. Robert, and F. Giustozzi, “Recycled used cooking oil (UCO) as a rejuvenator in 

high content reclaimed asphalt pavement (RAP) mixes: A life cycle assessment (LCA),” Science of The Total 

Environment, vol. 961, p. 178376, 2025, https://doi.org/10.1016/J.SCITOTENV.2025.178376. 

[23] C. Zhang, Q. Ren, Z. Qian, and X. Wang, “Evaluating the effects of high RAP content and rejuvenating agents on 

fatigue performance of fine aggregate matrix through DMA flexural bending test,” Materials, vol. 12, no. 9, p. 1508, 

2019, https://doi.org/10.3390/MA12091508. 

[24] S. Zhao, B. Huang, X. Shu, and M. Woods, “Comparative evaluation of warm mix asphalt containing high 

percentages of reclaimed asphalt pavement,” Construction and Building Materials, vol. 44, pp. 92–100, 2013, 

https://doi.org/10.1016/J.CONBUILDMAT.2013.03.010. 

[25] M. T. Islam, K. Hasan, Z. Bin Khalid, and F. M. Yahaya, “A comprehensive review of the features of self-

compacting rubberized concrete in the fresh and hardened states,” Architecture, Structures and Construction, vol. 

3, no. 1, pp. 41–63, 2022, https://doi.org/10.1007/S44150-022-00067-4. 

[26] L. Liu, G. Cai, J. Zhang, X. Liu, and K. Liu, “Evaluation of engineering properties and environmental effect of 

recycled waste tire-sand/soil in geotechnical engineering: A compressive review,” Renewable and Sustainable 

Energy Reviews, vol. 126, p. 109831, 2020, https://doi.org/10.1016/J.RSER.2020.109831. 

[27] Y. Zhang, Z. Zhang, A. M. Wemyss et al., “Effective thermal-oxidative reclamation of waste tire rubbers for 

producing high-performance rubber composites,” ACS Sustainable Chemistry and Engineering, vol. 8, no. 24, pp. 

9079–9087, 2020, https://doi.org/10.1021/acssuschemeng.0c02292. 

[28] Market Growth Reports, “Rubber Crumbs and Natural Rubber Market Size, Share & Report [2035],” Market Growth 

Reports, Report MGR114116, Jan. 2026. [Online]. Available: https://www.marketgrowthreports.com/market-

reports/rubber-crumbs-and-natural-rubber-market-114116. 

[29] A. M. Moasas, M. N. Amin, K. Khan et al., “A worldwide development in the accumulation of waste tires and its 

utilization in concrete as a sustainable construction material: A review,” Case Studies in Construction Materials, 

vol. 17, pp. 01677, 2022, https://doi.org/10.1016/J.CSCM.2022.E01677. 

[30] S. Kaewunruen, D. Li, Y. Chen, and Z. Xiang, “Enhancement of dynamic damping in eco-friendly railway concrete 

sleepers using waste-tyre crumb rubber,” Materials, vol. 11, no. 7, p. 1169, 2018, 

https://doi.org/10.3390/ma11071169. 

[31] K. Hasan, M. M. Rahaman, M. B. Ali et al., “A comprehensive review of the application of waste tire rubber in 

concrete/mortar as fine aggregate replacement,” Architecture, Structures and Construction, vol. 1, pp. 1–21, 2023, 

https://doi.org/10.1007/S44150-023-00102-Y. 

[32] Q. Dong, B. Huang, and X. Shu, “Rubber modified concrete improved by chemically active coating and silane 

coupling agent,” Construction and Building Materials, vol. 48, pp. 116–123, 2013, 

https://doi.org/10.1016/J.CONBUILDMAT.2013.06.072. 

[33] D. Lo Presti, “Recycled tyre rubber modified bitumens for road asphalt mixtures: A literature review,” Construction 

and Building Materials, vol. 49, pp. 863–881, 2013, https://doi.org/10.1016/J.CONBUILDMAT.2013.09.007. 

[34] A. Adesina and S. Das, “Crack properties, toughness and absorption evaluation of FRCC incorporating reclaimed 

asphalt pavement and crumb rubber as aggregates,” Cleaner Materials, vol. 1, p. 100004, 2021, 

https://doi.org/10.1016/J.CLEMA.2021.100004. 

[35] P. L. Meyyappan, S. D. A. Selvasofia, M. Asmitha, S. J. Praveena, and P. Simika, “Experimental studies on partial 

replacement of crumb rubber as a fine aggregate in M30 grade concrete,” Materials Today: Proceedings, vol. 74, 

pp. 985–992, 2023, https://doi.org/10.1016/J.MATPR.2022.11.350. 

[36] Y. S. Zeleke and D. B. Tsegaye, “Investigating the effect of crumb rubber using as an aggregate in the hot mix 

asphalt mixture properties,” Green Energy and Technology, vol. Part F793, pp. 429–450, 2025, 



K. Hasan et al. │ Construction │ Volume 6, Issue 1 (2026) 

journal.ump.edu.my/construction  74 

https://doi.org/10.1007/978-3-031-87352-2_21. 

[37] M. I. Souliman, H. Gc, M. Isied, L. F. Walubita, J. Sousa, and N. R. Bastola, “Mechanistic analysis and cost-

effectiveness evaluation of asphalt rubber mixtures,” Road Materials and Pavement Design, vol. 21, no. S1, pp. 

S76–S90, 2020, https://doi.org/10.1080/14680629.2020.1735492 

[38] F. Zhang and C. Hu, “The research for structural characteristics and modification mechanism of crumb rubber 

compound modified asphalts,” Construction and Building Materials, vol. 76, pp. 330–342, 2015, 

https://doi.org/10.1016/J.CONBUILDMAT.2014.12.013. 

[39] H. Shams, H. Ullah, Y. Qiu, H. Abdrhman, J. Fu, and E. Yang, “Investigating the performance of asphalt pavements 

modified with reclaimed asphalt and crumb rubber,” Scientific Reports, vol. 15, no. 1, p. 32194, 2025, 

https://doi.org/10.1038/s41598-025-17909-y. 

[40] AC14 standards,” Jurnal Sains dan Seni ITS, vol. 6, no. 1, pp. 51–66, 2017. 

[41] G. Flores, J. Gallego, L. Miranda, and J. R. Marcobal, “Design methodology for in situ cold recycled mixtures with 

emulsion and 100% rap,” Construction and Building Materials, vol. 216, pp. 496–505, 2019, 

https://doi.org/10.1016/J.CONBUILDMAT.2019.05.042. 

[42] ASTM D4123, D4123 Standard test method for indirect tension test for resilient modulus of bituminous mixtures 

(Withdrawn 2003), 2017. https://www.astm.org/d4123-82r95.html. 

[43] Jabatan Kerja Raya Malaysia, Standard Specification for Road Works: Section 4 – Flexible Pavement, 

JKR/SPJ/2008-S4, Kuala Lumpur, Malaysia, 2008. [Online]. Available: https://www.kkr.gov.my/ms/node/135682. 

[44] M. K. D. Rout, S. K. Sahdeo, S. Biswas, K. Roy, A. K. Sinha, “Feasibility study of reclaimed asphalt pavements 

(rap) as recycled aggregates used in rigid pavement construction,” Materials, vol. 16, p. 1504, 

https://doi.org/10.3390/MA16041504. 

[45] M. Wu, M. Li, L. Yin, and Z. You, “Asphalt-rubber interaction in crumb rubber modified asphalt: a review,” Journal 

of Cleaner Production, vol. 546, p. 147766, 2026, https://doi.org/10.1016/J.JCLEPRO.2026.147766. 

[46] S. A. Mohammed, A. G. Ahmad, R. Santiagoo et al., “Optimum binder content of asphaltic concrete (ACW14) 

mixture incorporating limestone,” IOP Conference Series: Earth and Environmental Science, vol. 1216, p. 1, 2023, 

https://doi.org/10.1088/1755-1315/1216/1/012020. 

[47] ASTM International, Standard Test Method for Marshall Stability and Flow of Asphalt Mixtures, ASTM Standard 

D6927, West Conshohocken, PA, USA, 2022. [Online]. Available: https://www.astm.org/d6927-15.html. 

[48] ASTM International, Standard Test Method for Bulk Specific Gravity and Density of Non-Absorptive Compacted 

Bituminous Mixtures, ASTM Standard D2726, West Conshohocken, PA, USA, 2011. [Online]. Available: 

https://www.astm.org/d2726-11.html. 

[49] A. M. Memon, M. H. Sutanto, Z. A. Memon, S. H. Khahro, and R. A. Memon, “Valorization of petroleum sludge 

as rejuvenator for recycled asphalt binder and mixture,” Case Studies in Construction Materials, vol. 20, p. 3318, 

2024, https://doi.org/10.1016/J.CSCM.2024.E03318. 

[50] S. Bressi, N. Fiorentini, J. Huang, and M. Losa, “Crumb rubber modifier in road asphalt pavements: State of the art 

and statistics,” Coatings, vol. 9, p.384, 2019, https://doi.org/10.3390/COATINGS9060384. 

[51] S. U. Azunna, F. N. A. A. Aziz, R. S. M. Rashid, and N. B. A. Bakar, “Review on the characteristic properties of 

crumb rubber concrete,” Cleaner Materials, vol. 12, p. 100237, 2024, 

https://doi.org/10.1016/J.CLEMA.2024.100237. 

[52] K. Y. H. Al-Soudany, H. H. Mohammed, L. Y. Hussein, and Z. I. Qasim, “Experimental study of the effect of crumb 

rubber on properties of asphalt mix by wet process,” E3S Web of Conferences, vol. 427, pp. 1–7, 2023, 

https://doi.org/10.1051/e3sconf/202342703034. 

[53] N. S. A. Ali, H. H. Joni, and R. H. A. Al-Rubaee, “Effect of asphalt modified with waste engine oil on the durability 

properties of hot asphalt mixtures with reclaimed asphalt pavement,” Open Engineering, vol. 14, no. 1, 2024, 

https://doi.org/10.1515/ENG-2022-0529. 

[54] Á. Vega-Zamanillo, M. A. Calzada-Pérez, E. Sánchez-Alonso, and H. Gonzalo-Orden, “Density, adhesion and 

stiffness of warm mix asphalts,” Procedia - Social and Behavioral Sciences, vol. 160, pp. 323–331, 2014, 

https://doi.org/10.1016/J.SBSPRO.2014.12.144. 

[55] M. Nouali, A. Dony, S. Vignaud, and A. Carter, “Effect of aging kinetics on the fatigue behavior of asphalt mixtures 

incorporating various RAP contents,” Transportation Engineering, vol. 19, p. 100312, 2025, 

https://doi.org/10.1016/j.treng.2025.100312. 

[56] Y. Chen, Z. Chen, Q. Xiang, W. Qin, and J. Yi, “Research on the influence of RAP and aged asphalt on the 

performance of plant-mixed hot recycled asphalt mixture and blended asphalt,” Case Studies in Construction 

Materials, vol. 15, pp 722, 2021, https://doi.org/10.1016/J.CSCM.2021.E00722. 

[57] S. A. Tahami, A. F. Mirhosseini, S. Dessouky, H. Mork, and A. Kavussi, “The use of high content of fine crumb 

rubber in asphalt mixes using dry process,” Construction and Building Materials, vol. 222, pp. 643–653, 2019, 

https://doi.org/10.1016/J.CONBUILDMAT.2019.06.180. 

[58] Jabatan Kerja Raya Malaysia, Standard Specification for Road Works: Section 4 – Flexible Pavement, 

JKR/SPJ/2008-S4. Kuala Lumpur, Malaysia: Jabatan Kerja Raya Malaysia, 2008. 

[59] M. Y. Fattah, Z. I. Qasim, and Y. A. Zuhier, “Effects of reclaimed asphalt pavement on mechanical characteristics 

of asphaltic mixtures for surface layer,” E3S Web of Conferences, vol. 427, pp. 1–8, 2023, 

https://doi.org/10.1051/e3sconf/202342703028. 

[60] H. Jaf and A. A. Mamhusseini, “Enhancing asphalt mix performance through the incorporation of crumb,” Eurasian 



K. Hasan et al. │ Construction │ Volume 6, Issue 1 (2026) 

journal.ump.edu.my/construction  75 

Journal of Science and Engineering, vol. 10, no. 2, pp. 138–149, 2024, https://doi.org/10.23918/EAJSE.V10I2P10. 

[61] M. R. Ibrahim, H. Y. Katman, M. R. Karim, S. Koting, and N. S. Mashaan, “The effect of crumb rubber particle 

size to the optimum binder content for open graded friction course,” The Scientific World Journal, vol. 2014, p. 

240786, 2014, https://doi.org/10.1155/2014/240786. 

[62] K. Duan, C. Wang, J. Liu, L. Song, Q. Chen, and Y. Chen, “Research progress and performance evaluation of crumb-

rubber-modified asphalts and their mixtures,” Construction and Building Materials, vol. 361, p. 129687, 2022, 

https://doi.org/10.1016/J.CONBUILDMAT.2022.129687. 

[63] S. Hashim, H. Al-Mosawe, and H. Mohammed, “The influence of using recycled asphalt pavement and crumbed 

rubber on asphalt pavement: A review,” Al-Nahrain Journal for Engineering Sciences, vol. 26, no. 2, pp. 74–82, 

2023, https://doi.org/10.29194/NJES.26020074. 

[64] R. Rughooputh, H. Qasrawi, and A. Veeramah, “Sustainable, greener and safer asphalt pavements considerations 

under tropical conditions,” International Journal of Building Pathology and Adaptation, vol. 44, no. 2, 2026, 

https://doi.org/10.1108/IJBPA-12-2023-0182. 

[65] Z. Zhao, F. Xiao, E. Toraldo, M. Crispino, and M. Ketabdari, “Effect of crumb rubber and reclaimed asphalt 

pavement on viscoelastic property of asphalt mixture,” Journal of Cleaner Production, vol. 428, p. 139422, 2023, 

https://doi.org/10.1016/J.JCLEPRO.2023.139422. 

[66] J. Yu, Z. Lin, G. Zou, H. Yu, Z. Leng, and Y. Zhang, “Long-term performance of recycled asphalt mixtures 

containing high RAP and RAS,” Journal of Road Engineering, vol. 4, no. 1, pp. 36–53, 2024, 

https://doi.org/10.1016/J.JRENG.2024.01.003. 

[67] M. Bilema et al., “Mechanical performance of reclaimed asphalt pavement modified with waste frying oil and crumb 

rubber,” Materials, vol. 14, no. 11, p. 2781, 2021, https://doi.org/10.3390/MA14112781. 

[68] M. A. Notani et al., “Investigating the high-temperature performance and activation energy of carbon black-modified 

asphalt binder,” SN Applied Sciences, vol. 2, no. 2, p. 303, 2020, https://doi.org/10.1007/S42452-020-2102-Z. 

[69] D. D. Abdilah, S. P. Hadiwardoyo, and R. J. Sumabrata, “Resilient modulus of hot-mix asphalt gap graded with 

waste rubber tire additives,” AIP Conference Proceedings, vol. 2114, no. 1, p. 060024, 2019, 

https://doi.org/10.1063/1.5112495/913524. 

[70] A. Roy, K. Rajkumar, and B. Kapgate, Crumb Rubber Modified Asphalt: Fundamentals to Recent Developments, in 

Asphalt Materials – Recent Developments and New Perspective, F. Tahmoorian, Ed. London, U.K.: IntechOpen, 

2024, https://doi.org/10.5772/intechopen.1004314. 

[71] X. Li, M. O. Marasteanu, R. C. Williams, and T. R. Clyne, “Effect of reclaimed asphalt pavement (proportion and 

type) and binder grade on asphalt mixtures,” Sage Journals, no. 2051, pp. 90–97, 2008, 

https://doi.org/10.3141/2051-11. 

[72] R. Joumblat, Z. Al Basiouni Al Masri, G. Al Khateeb, A. Elkordi, A. R. El Tallis, and J. Absi, “State-of-the-art 

review on permanent deformation characterization of asphalt concrete pavements,” Sustainability, vol. 15, no. 2, p. 

1166, 2023, https://doi.org/10.3390/SU15021166. 

[73] Y. Zhang, R. Luo, and R. L. Lytton, “Characterizing permanent deformation and fracture of asphalt mixtures by 

using compressive dynamic modulus tests,” Journal of Materials in Civil Engineering, vol. 24, no. 7, pp. 898–906, 

2011, https://doi.org/10.1061/(ASCE)MT.1943-5533.0000471. 

[74] A.-H. Mohammed, Q. Yang, K. Al-Bukhaiti, A. K. Alakhali, F. M. Yahaya, and M. A. Almalik, “Study the effect 

of adding crumb rubber on the performance of hot mix asphalt,” IOP Conference Series: Earth and Environmental 

Science,, vol. 737, no. 1, p. 012129, 2020, https://doi.org/10.1088/1757-899X/737/1/012129. 

[75] I. N. Usanga, E. O. Inyang, and C. C. Ikeagwuani, “Investigation of deformation characteristics of asphalt mixtures 

containing Reclaimed Asphalt Pavement (RAP) binders using laboratory simulations,” Hybrid Advances, vol. 10, p. 

100426, 2025, https://doi.org/10.1016/J.HYBADV.2025.100426. 

 


