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1. Introduction
Since the Paris Agreement, the target of global average 
temperature rise was set to be below 2 °C relative to the 
pre-industrial levels, and the absolute carbon emissions 
must be reduced by between 40% and 70% by 2050 com-
pared to the 2010 levels and to achieve a net zero emis-
sions of CO2 and other greenhouse gases (GHGs) before 
2100 (United Nations Framework Convention on Climate 
Change [UNFCCC], 2015). However, the situation of glob-
al carbon emission control is not as effective as expected. 
It is reported that only 35% of sustainable development 
goals (SDGs) were achieved as scheduled, while nearly 
half of SDGs were falling behind and 18% of SDGs were 
even regressed (Sachs et al., 2025). The United Nation En-
vironment Programme [UNEP] has warned that the tar-
get set by the Paris Agreement would fail if the carbon 
emission by 2030 is failed to be reduced by 42% (for the 
1.5 °C target) and 28% (for the 2 °C target) compared to 

carbon emissions in 2019 (UNEP, 2024). To urgently chase 
the SDGs, some major productive countries like China 
have proposed their own proactive strategies and meas-
ures for carbon peaking and carbon neutrality. It is report-
ed that material production is responsible for about 23% 
of the total GHG emissions, predominantly by construc-
tion materials (International Resource Panel, 2020). There-
fore, recycling materials such as end-of-life tire rubbers 
or reclaimed asphalt pavement (RAP) as much as possi-
ble in engineering constructions is one of the key paths 
to achieving carbon peaking and carbon neutrality. Solid 
waste materials (SWM) is one of major recyclable materi-
als in construction engineering, in which industrial SWM 
takes proportion of 83.34%, while municipal and agricul-
tural SWM took proportions of 9.9% and 6.27%, respec-
tively (Kanwal et al., 2021).
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Asphalt pavement is the core components of modern 
transportation infrastructure system, which demands sig-
nificant amounts of construction materials including natu-
ral aggregates and asphalt. The construction, maintenance 
and operation of traditional pavements could, however, 
lead to substantial environmental consequences (Garraín 
& Lechón, 2019). Hence, the recyclability of SWM, espe-
cially industrial SWM in asphalt pavement engineering can 
not only reduce the natural resource consumption but also 
significantly reduce the environmental impact. With dec-
ades of technological development, some major SWM 
have been utilized as replacements or additives in sus-
tainable asphalt pavement, and the service performances 
of sustainable asphalt pavement were enhanced. For ex-
ample, as products from end-of-life tyres, crumb rubber 
(CR) were found to be positive on improving the rheo-
logical performances (Ren et al., 2021; Zhou et al., 2024), 
storage ability (Lei et al., 2021; Guo et al., 2024a), crack-
ing resistance (Qian et  al., 2020), fatigue resistance (Ja-
mal et al., 2021), and low- and high-temperature perfor-
mances (Liu et  al., 2021b). Steel slag (SS), a  by-product 
derived from the steelmaking industry, is utilized as ag-
gregates in asphalt mixtures. Experimental assessments 
proved that steel slag asphalt mixture (SSAM) exhibited 
improvement in permanent deformation resistance (Chen 
& Wei, 2016; Kim et al., 2018), skid resistance (Cui et al., 
2023; Yang et al., 2022a), as well as thermal performance 
(Cui et al., 2021b; He et al., 2024). RAP is another typical 
SWM from urbanization. Experimental investigations dem-
onstrated the RAP modified asphalt mixtures could have 
equivalent or better performances including fatigue per-
formances (Riccardi et al., 2016), moisture resistance (Ab-
del-Jaber et al., 2022), and rutting resistance (Jahanbakhsh 
et al., 2020). Although there have been plenty of literatures 
investigating the performance improvements of SWM as-
phalt mixtures, the service performance of SWM asphalt 
mixtures is sensitive to multiple factors such as material 
properties, treatment methods, production design and pa-
rameters, and storage conditions. The efficiency of SWM 
utilization in sustainable asphalt pavement still needs to be 
improved to seek the optimal performance.

Environmental impact is another important issue in the 
performance assessment of SWM asphalt pavement, which 
is mostly quantitatively evaluated by life cycle assessment 
(LCA) theory on whole material life from material produc-
tion, construction to maintenance (Anastasiou et al., 2015; 
Fanijo et al., 2023). For utilization of SWM, a balance must 
be sought between the service performances and envi-
ronmental impacts of asphalt mixtures. Despite significant 
research attempts have been made in this area, there still 
exists some research gaps in balancing the service perfor-
mance and environmental impacts of SWM. Therefore, it is 
imperative that both the material properties of SWMs and 
the production design are carefully chosen for the optimal 
design of SWM asphalt pavements.

This paper provides a  state-of-the-art review about 
recycling SWM in sustainable asphalt mixtures and the 

environmental impact assessment, starting with a  scien-
tometric approach focusing on the quantitative study of 
high-quality articles, producing more objective and unbi-
ased results and discovering systematic literature-related 
findings. Three typical SWM (CR, RAP, and SS) in recent 
five-year literatures (2020–2025) are discussed in terms of 
service performances and environmental impacts, which is 
selected based on the scientometric analysis results. The 
effects of material properties and content of SWMs on the 
physical, mechanical, microstructure, and durability perfor-
mance of asphalt pavements are discussed in detail. Addi-
tionally, the review highlights the environmental impacts 
of recycling SWMs in concrete pavements.

2. Methodological approach  
and scientometric analysis
To achieve the objectives of this state-of-the-art review, 
searching engine from the database of Web of Science 
Core Collection was utilized. The acquired literature re-
cords were thoroughly assessed and scientometric analy-
sis was conducted in VOSviewer (version 1.6.20). A scien-
tometric analysis is necessary for obtaining more objec-
tive and unbiased results than subjective analysis in com-
prehensive bodies of literature, immune to the influences 
of individual perspectives. The scientometric analysis from 
VOSviewer includes the network visualization map, over-
lay visualization map, and density visualization map, which 
can reflect the occurrence and distribution, the evolution 
over period, and the weight of selected topics, respective-
ly. The selected topics come from the literature informa-
tion, covering the keywords, co-authorships, publications, 
affiliations and countries. With these scientometric anal-
yses, it holds potential to discover the literature-related 
research hotspots and prospectives that may have been 
overseen in manual review methods.

To investigate the research hotspots in solid wast-
ed material modified asphalt pavement in recent years, 
a preliminary search was conducted with keywords SOLID 
WASTE and ASPHALT over the past ten years (publication 
year between 2015–2025). With this searching condition, 
467 documents were acquired from Web of Science Core 
Collection and imported into VOSviewer for scientomet-
ric analysis.

2.1. Co-occurrence analysis of SWMs  
in sustainable asphalt pavements
The SWMs can be obtained from keywords. Keywords is 
one of the major indexes of publications in database and 
can significantly reflect the research topics and themes. 
With importing the acquired documents from preliminary 
search into VOSviewer, the keywords could be retrieved 
automatically. Data screening was applied by combin-
ing similar keywords such as “rubber”, “waste tyre”, and 
“crumb rubber”. It should be noted that the only the key-
words within the category of SWMs and the least occur-
rence number of 10 were selected. 



278 Z. Xu et al. Recyclability and environmental impact of typical solid waste materials (rubber, RAP, SS) in asphalt mixtures ...

Figures 1a–1c illustrate the network visualization, over-
lay visualization, and density visualization of the co-oc-
curring keywords, respectively. Network visualization (Fig-
ure  1a) focuses more on the weights and relatedness 
among the items. Larger label and larger circle denot-
ed higher weight of the item. Smaller distance denoted 
stronger relations. The colour of items indicates the cluster 
that items belong to. Overlay visualization (Figure 1b) indi-
cates the research impact of items varying with time. Ac-
cording to the spectrum in overlay visualization, the colour 
indicates the corresponding average time of occurrence of 
the keywords. Item density visualization (Figure 1c) is sim-
ilar to network visualization. The rainbow colour around 
the item indicated the weight of item, while the distance 
between items indicated the relation between the items.

It could be concluded from Figure 1a that rubber, fly 
ash, SS, RAP, PET, municipal solid-waste, and red mud are 
the major keywords that meet the selected threshold, in-
dicating that above materials are the major SWMs in as-

phalt modification. The size of the nodes indicated rubber, 
fly ash, and steel slag were the top research hotspots. The 
overlay visualization in Figure  1b indicated that the re-
search interests in asphalt modification mainly transferred 
from rubber and fly ash to RAP and PET, while steel slag 
seems to be the newest one. Density visualization in Fig-
ure 1c offered a more direct illustration about the weights 
of above keywords.

However, it should be noted that the preliminary 
searching condition (SOLID WASTE and ASPHALT) may 
not fully reflect the literature of all SWMs employed in as-
phalt modifications, because i) a considerable number of 
publications may not include the keyword SOLID WASTE; 
ii) municipal solid-waste is a collection of several different 
waste materials, and their keywords may not include SOL-
ID WASTE as well. Hence, based on the output of prelimi-
nary search as shown in Figure 1, another round of search-
ing with several types of SWMs combined with ASPHALT 
was conducted. According to the literature, municipal sol-

Figure 1. Mapping of scientometric analysis of SWMs in sustainable asphalt pavements: a – Network visualization;  
b – Overlay visualization; c – Item density visualization

a)

b)

c)
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id-waste materials covered recycled materials from urban 
life and constructions such as brick, ceramic, used medical 
mask, polyurethane, and RCA. The number of publications 
regarding to above SWMs is summarized in Figure 2. It 
is indicated that rubber, RAP, and SS are the three most 
employed waste materials in asphalt modification, and the 
number of their publications have broken 1000 in past ten 
years. Therefore, the utilization of rubber, RAP, and SS in 
asphalt modification will be mainly analysed in this state-
of-the-art review.

2.2. Mapping of leading countries with 
research in sustainable asphalt pavements
Based on the 467 documents were acquired from Web of 
Science Core Collection, the minimum number of docu-
ments of a country was set as 5, and 29 of the 67 countries 
meet the threshold. Figure 3  illustrates the scientometric 
analysis of the selected countries in sustainable asphalt 
pavements. In the network visualization map (shown in 
Figure 3a), China (including regions of Hong Kong, Macau, 
and Taiwan) is the leading country that published more 
papers than others in the past ten years. It is followed by 
the USA and Italy as the second and third research im-
pact contributor. In Figure 3b, overlay visualization map 
clearly indicates the research impact development in coun-
tries with time. Countries such as USA and Canada were 
first ones to carry out solid waste employment in asphalt 
mixtures, then followed by countries such as China and 
Pakistan. Australia and Switzerland also joined in the re-
search impact recently. Density visualization map in Fig-
ure 3c have summarized the contribution of the leading 
countries. This graphical visualization and statistics of ac-
tive countries will aid future research collaborations, ex-
change of knowledge, resources and developing innova-
tive solutions to the existing problems. 

3. Employment of recyclable SWMs  
in sustainable asphalt pavement
3.1. Rubber
3.1.1. Materials and pre-treatment

The rubbers employed in sustainable asphalt pavement 
are usually derived from waste tyres, which has become 
a concerning issue since the automotive industry was de-
veloped (Xu et  al., 2021b). Compared to traditional dis-
posal methods of such as landfill or combustion, the em-
ployment of waste tyres in asphalt mixtures can obvious-
ly reduce the environment impact and improve the eco-
nomic efficiency (Riekstins et al., 2024). On the other hand, 
although the elasticity and durability of the waste tyres 
were compromised to some degrees, the resilient elastic-
ity of waste tyres can still improve the long-term mechani-
cal performance of asphalt mixtures, such as the cracking 
resistance, rutting resistance, anti-fatigue, and high tem-
perature stability (Radeef et al., 2021; Pan & Pang, 2022; 
Hu et al., 2024; Ziari & Abdipour, 2024).

Figure 2. Number of publications in Web of Science Core 
Collection in past ten years, regarding to selected SWMs
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Before rubbers were utilized in asphalt pavements, 
some treatments on the rubbers were necessary to guar-
antee the well service performances of rubberized asphalt 
mixtures (Zhang et al., 2024a). Since most of rubbers were 
derived from waste tyres, physical grinding was usually the 
first step. To ensure the purity of rubbers, physical grind-
ing included the washing, crushing, and screening pro-
cesses, during which substances such as dirt and metal 
debris would be eliminated, and the waste tyres would be 
grinded into rubber particles with designed diameter (Li 
et al., 2021a). Hence, in the literature, the waste tyre de-
rived rubbers were also usually referred as “crumb rub-
ber” (CR). Although the CR could be directly utilized in the 
asphalt mixture preparation, it is found that the asphalt 
pavement modified by CR showed better service perfor-
mance such as anti-cracking if some chemical modifica-
tions or physical treatments were included (Wang et al., 
2017; Zhou et al., 2020).

1) Chemical treatments

Chemical treatment of crumb rubber aims at improving 
the compatibility of rubber in asphalt and enhancing the 
interfacial connection strength, mainly by employing des-
ulphurization method and surface activation method. Des-
ulphurization method could break the sulphur crosslinking 
bonds in rubber particles, while surface activation method 
aimed at modifying the chemical characteristics of rubber 
particle surface. Li et al. (2021a) summarized the practical 
surface activation methods to improve the compatibility of 
rubberized asphalt, and classified into five categories: pre-
reaction, oxidization, grafting, polymer coating, and solu-
tion soaking. Pre-reaction of rubbers was usually achieved 
by mixing some agents full of aromatic fractions, which 
could be roughly categorized as petroleum by-products 
(e.g., waste engine oil) and bio-oils. Oxidization method 
focused on breaking the C-C and C=C bonds on the rub-
ber surface and generate new groups by employing some 
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strong oxidants, in which the hydrogen peroxide (H2O2) 
was one of the most favourable in practice. Grafting meth-
od is also known as copolymerization reaction, in which 
the main chain of polymer was connected to the branched 
chain of one or several monomers. At present, there are 
several methods of the conversion monomers into poly-
mers, and classified as bulk polymerization, solution po-
lymerization, emulsion polymerization, and radiation graft-
ing. Polymer coating method utilized some polymers as 
compatibilizers to cover the rubber particles and enhanced 
the cohesion with asphalt matrix. Solution soaking was 
easy to operate, with objective to remove or dissolve the 
adverse impurities on the rubber surfaces. The details of 
chemical treatment methods are tabulated in Table 1, as 
well as their improvement on service performances.

2) Physical treatments

In addition to the chemical methods, the rubber surfac-
es could be activated by some physical methods as well, 
such as plasma treatment and gamma radiation. Known 
as the fourth fundamental state of matter after solid, liq-
uid and gas, plasma was an electrically neutral medium 
of unbound positive and negative particles, possessing an 
energy that was higher than the energy of most chemi-
cal bonds while much lower than the energy of high-fre-
quency rays (Cheng et  al., 2017). Therefore, the plasma 
treatment could only modify the top few nanometres of 
the material surface, without affecting the bulk proper-
ties. Gamma ray was another physical approach to acti-
vate rubber surfaces, including the microwave, X-rays, in-
frared radiation, ultraviolet radiation, and radio waves. El-
naggar’s  research group firstly employed gamma rays to 
modify CR surfaces in asphalt preparation (Elnaggar et al., 
2019; Fathy et  al., 2018, 2019; Ibrahim et  al., 2015), and 
concluded the main effects of gamma rays on polymer 
were the grafting, cross-linking, and degradation, as the 
further evolution of the generated free radicals by gam-
ma radiation on the polymer surface. The details of physi-
cal treatment methods are tabulated in Table 2, as well as 
their improvement on service performances.

In some practice cases, multiple chemical and physical 
treatments were simultaneously employed to improve the 
compatibility of rubbers in asphalt (Xu et al., 2023), such as 
the combination of microwave activation and chemical ad-
ditives like waste engine oils. Xu et al. (2021a) desulfurized 
the CRs with the combination of waste engine oils and 
microwave activation, which enhanced the low-tempera-
ture flexibility and storage stability and improved the rub-
ber solubility by 40%. Chen et al. (2024b) reported similar 
conclusions, noting that waste engine oil reduced rubber 
aggregate binding energy and promoting homogeneity. 
Similarly, Li et  al. (2023) highlighted the combination of 
diesel pre-swelling and microwave activation was effective 
to disrupt rubber crosslinking, resulting in viscosity reduc-
tion and deformation resistance improvement.

Figure 3. Mapping of scientometric analysis of countries  
in sustainable asphalt pavements: a – Network visualization;  

b – Overlay visualization; c – Density visualization

a)

b)

c)
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Table 1. Categories, methods, mechanism, and performances of chemical treatment for rubber particles

Categories and methods Materials Mechanism Influenced performance References

Desulphurization method 	■ Coal tar
	■ NaOH

Break the sulphur 
crosslinking bonds in 
rubber particles

	■ Reducing crosslink density
	■ Improving high- and low-tem-
perature performance
	■ Reducing viscosity

Song et al. (2023)
Liu et al. (2021a)

Surface activation method:
Pre-reaction Petroleum by-

products
Similar to the oil 
components of asphalt 
matrix to increase the 
cohesion between rubber 
and asphalt

	■ Reducing the viscosity, phase 
separation 
	■ Improving storage stability, 
elasticity

Chen et al. (2024b)
Xu et al. (2021a)

Bio-oils 	■ Doubling elastic recovery (from 
13% to 24%)
	■ Reducing rubber-bitumen sepa-
ration by 82%, viscosity
	■ Enhancing ductility by 85% and 
toughness by 75.6% 

Kabir et al. (2020)
Zhang et al. 
(2024a)
Dong et al. (2012)

Oxidization Hydrogen 
peroxide (H₂O₂)

Breaking the C-C and 
C=C bonds on the rubber 
surface and generate new 
groups

	■ Enhancing the rheological per-
formance
	■ Reducing pore size in CR
	■ Reducing viscosity, elasticity, 
and rutting resistance

Shatanawi et al. 
(2013)
Li et al. (2019)

Grafting: 	■ Bulk polymeri-
zation
	■ Solution polym-
erization
	■ Emulsion polym-
erization
	■ Radiation graft-
ing

	■ Styrene
	■ Maleic anhy-
dride
	■ Methyl meth-
acrylate

Copolymerization reaction, 
the main chain of polymer 
was connected to the 
branched chain of one or 
several monomers.

	■ Improving roughness of rubber 
particle surface, and creating 
network structure
	■ Improving rheological perfor-
mance and durability
	■ Improving thermal stability and 
storage ability

Kocevski et al. 
(2012)
Li et al. (2021a)
Mahida et al. 
(2022)
Liu et al. (2020c)

Polymer 
coating:

	■ Melting method
	■ Spraying meth-
od
	■ Solvent method

	■ KH-550
	■ Polyamide

Utilized as compatibilizers 
to cover the rubber 
particles and enhance 
the cohesion with asphalt 
matrix

	■ Enhancing high-temperature 
creep resistance
	■ Improving rheological proper-
ties and storage stability

Xiang et al. (2020)
Xie et al. (2020)
Tan and Wang 
(2020)

Solution soaking NaOH Removing adverse 
impurities on the rubber 
surfaces such as zinc 
stearate and carboxyl 
groups

	■ Reducing viscosity
	■ Enhancing storage stability and 
low- and high-temperature per-
formance

Liu et al. (2021a)

Table 2. Categories, methods, mechanism, and performances of physical treatment for rubber particles

Categories and methods Mechanism Influenced performance References
Plasma treatment Plasma treatment could only 

modify the top few nanometres 
of the material surface, without 
affecting the bulk properties

	■ Improving high-temperature perfor-
mance
	■ Reducing penetration
	■ Increased softening point
	■ Improving rutting resistance and non-
linear viscoelastic behaviour

Xiao et al. (2020)
Li et al. (2020c)
Li et al. (2020a)
Li et al. (2020b, 2022)

Gamma ray treatment
	■ Microwave
	■ X-rays
	■ Infrared radiation
	■ Ultraviolet radiation
	■ Radio waves

Main effects of gamma rays on 
polymer were the grafting, cross-
linking, and degradation

	■ Increasing surface area and porosity
	■ Improving aging resistance of fatigue 
life
	■ Reducing carbonyl indices
	■ Improving swelling efficiency, high-
temperature performance
	■ Reducing toxic gas emissions during 
pyrolysis

Li et al. (2020d)
Zhu et al. (2024)
Yang et al. (2020)
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3.1.2. Producing technologies and  
performances of rubberized asphalt

From the view of literatures, there were three main tech-
nologies employed to use the rubber in producing asphalt 
mixtures, namely the wet process, the dry process and the 
terminal blend process. The wet process refers to mix 
the rubber particles in asphalt under high temperatures 
(170~190 °C) to guarantee the swelling of rubbers, with 
the aim of increasing the durability, adhesion and mechan-
ical properties of asphalt mixtures. The dry process refers 
to employ the rubber particles as replacement of partial 
fine aggregates in asphalt mixtures, in which the rubbers 
were directly mixed with aggregates and asphalt binders. 
The terminal blend process refers to mix the rubber par-
ticles in asphalt with high speed of shearing under high 
temperature, to guarantee the fully digestion and degra-
dation of rubbers in asphalt, and thereby significantly de-
crease the viscosity of asphalt binder. However, it should 
be noted that the distinction between the wet process and 
terminal blend process was not that clear in recent years. 
Lo Presti et al. (2013) and Bressi et al. (2019), for instance, 
considered the terminal blend as a  specific case of wet 
process. 

1) Wet process
The wet process of rubber could be viewed as a modifica-
tion of asphalt binders, where the viscosity of asphalt bind-
ers would be influenced by the interaction mechanisms 
between the rubber and asphalt matrix. Ren et al. (2021) 
made clear explanation about the physical and chemical 
interactions between the rubber and asphalt matrix. Gen-
erally speaking, with the agitation energy input, the rub-
ber particles in asphalt matrix mainly endured two pro-
cesses consequently: the swelling process and the degra-
dation process.

When rubbers were mixed with asphalt under high 
temperature, the rubber particles would absorb the light 
component in asphalt matrix, resulting in the volume ex-

pansion and formation of porous structures. Such process 
was described as swelling process, in which the apparent 
viscosity of asphalt would increase, and the elasticity and 
anti-fatigue performance would be improved. For a certain 
combination of agitating temperature and speed, the ap-
parent viscosity of asphalt binders would reach a peak val-
ue and stable afterwards, which was denoted as “swelling 
equilibrium state” (Ren et al., 2021). If the agitation energy 
was increased continuedly, thermal-oxidative degradation 
process was initiated, which will be discussed later in ter-
minal blend process.

The period of swelling process could be influenced by 
multiple factors involving rubber particle size and ratio, 
agitating temperature, and shearing speed. It is proved 
that increasing the agitating temperature and the level of 
agitation allowed a considerable reduction of both peak 
viscosity and time of reaching swelling equilibrium (Neto 
et  al., 2006). However, it should be noted that the agi-
tating temperature, shearing speed and agitating period 
varied in different research (Ge et al., 2024). Figure 4 sta-
tistically analysed the agitating time, agitating tempera-
ture, and shearing speed collected from 122 wet process 
cases of rubberized asphalt from literature. The agitating 
time mostly ranged from 30 to 90 min, in which 60 min 
was mostly used in agitating period. The agitating tem-
perature concentrated between 170~200 °C, in which 
180  °C was mostly used. The shearing speed was rela-
tively scattered, distributing between 1000~5000 r/min. In 
wet process, longer agitating time was equivalent to larger 
shearing speed, but agitating temperature played a more 
important role. Only when agitating temperature reached 
a  critical value, could the shearing speed and agitating 
time effectively promote the interaction between rubbers 
and asphalt matrix. Based on the literature, the wet pro-
cess in laboratory was suggested to be conducted under 
the agitating temperature ranging from 170~190 °C, with 
a shearing speed ranging from 1000~4500 r/min, and for 
a period of 45~60 min. 

Figure 4. Preparation parameters of rubber-modified asphalt in wet process (Reproduced from Ge et al., 2024)
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It is widely proved that the rubber modification in wet 
process could improve the service performances of asphalt 
mixtures including the rutting resistance, fatigue cracking 
resistance, low temperature performance and noise reduc-
tion. The chemical and physical interactions between rub-
ber and asphalt in wet process enhanced the viscoelasticity 
and resilient modulus of asphalt binders. The higher vis-
cosity of asphalt binders allowed stronger cohesions be-
tween asphalt binders and aggregates, resulting in good 
resistance to permanent deformation of asphalt mixtures, 
especially in high service temperature (Faccin et al., 2022; 
Vamsikrishna & Singh, 2023). Fatigue cracking resistance 
was another most perceived performance of rubberized as-
phalt. Venudharan et al. (2017) summarized the application 
cases of rubberized asphalt and confirmed the enhanced 
performance in terms of cracking resistance of rubberized 
asphalt in pavements built in different geographic loca-
tions and different traffic and climate conditions. The su-
perior performances of rubber on elastic recovery and fa-
tigue life of asphalt modification were also demonstrated 
by viscoelastic continuum damage (VECD) theory by Lee 
et al. (2024). In addition to the fatigue cracking, the rubber 
modified asphalt mixtures showed improvement on the 
low temperature crack resistance. As reported by Razmi 
and Mirsavar (2018), the rubber in asphalt could effective-
ly enhance the low temperature flexibility and fracture re-
sistance, which was critical for pavement longevity in cold 
climates. Wang et al. (2017) concluded that the anti-crack-
ing performance of rubber in asphalt could be further im-
proved if some chemical and physical pre-treatment meth-
ods were included. Benefitting from the elasticity of rubber 
particles, the transmission of acoustic wave in air could 
be weakened, and the noise of asphalt mixtures could be 
reduced. Obviously, the noise reduction effect would be 
more significant in open-graded mixtures. Li et al. (2020e) 
reported that rubberized asphalt mixtures with open gra-
dation reduced noise by 1.6 dB and improved skid resist-
ance. Similarly, a  significant noise reduction (3.6–8.6 dB) 
was achieved by Wang et al. (2021), who produced a fric-
tion course by utilizing crumb rubber modified asphalt 
(CRMA) and open-graded aggregates.

Although there were abovementioned advantages of 
modifying asphalt with rubber, it should be noted that in-
appropriate employment of rubber in asphalt could lead 
to negative effects. Saberi et al. (2017) concluded that CR 
tended to improve the cohesion of the mixture; howev-
er, rubber particles absorbed light components of asphalt, 
and thus increased the viscosity of asphalt, making the 
coating of the aggregates difficult.

2) Dry process

The dry process directly employed rubber particles as a re-
placement of the fine aggregates in asphalt mixtures, indi-
cating the application of dry process was more appropri-
ate for gap-graded aggregates. Compared to the wet pro-
cess, dry process of rubber modification could be conduct-
ed by conventional mixing equipment with smaller shear 
speed and lower temperature (160~180 °C). 

However, many works in recent years have proved that 
rubberized asphalt mixtures from dry process could pos-
sess mechanical responses equivalent to the mixtures from 
wet process by employing modified asphalt or special ad-
ditives. Liang et al. (2022, 2023) employed pretreatment 
methods such as high-temperature pre-swelling and mi-
crowave radiation to activate CRs before the dry process, 
and concluded that activated CRs could enhanced low 
temperature cracking resistance and moisture ability of 
asphalt mixtures. Their microscopic analyses also revealed 
improved homogeneity and interaction between rubber 
and asphalt. Rath et  al. (2021) evaluated chemically en-
gineered dry-process ground tire rubber in field and lab-
oratory settings, and demonstrated improved high-tem-
perature performance, rut resistance, and fracture energy, 
though conventional cracking tests sometimes underrat-
ed the field performances of dry-process ground tire rub-
ber mixtures. Yucel et  al. (2021) employed warm mixing 
additives during the dry process of CR modified asphalt 
mixtures, and concluded that warm mixing additives could 
reduce segregation in CR mixtures, though there might 
slightly decreased the contact length and contact points 
between particles. Despite this trade-off, both control and 
WMA mixtures demonstrated comparable performance 
when compaction is adjusted for lower temperatures or 
reduced effort. The study highlights the environmental and 
logistical advantages of WMA, including reduced energy 
consumption, extended hauling distances, and lower fume 
exposure. 

3) Terminal blend process

As stated in the wet process, rubber particles would swell 
and absorb light components from asphalt matrix during 
the early agitation and reached the swelling equilibrium 
state. With continuous input of agitation energy (for exam-
ple, increasing the temperature to 200 °C), thermal-oxida-
tive degradation process was initiated, which is described 
as terminal blend (TB) process.

Compared to the wet process, TB process was usually 
conducted under higher temperature and longer agitating 
period. During this process, depolymerization and disso-
lution reactions were mainly triggered, in which the main 
chain and crosslinking bonds were fractured by the oxy-
gen. This oxidation reaction produced low molecular sub-
stances such as free radicals, ketones, and carboxylic acids, 
which were easy to dissolve in asphalt matrix, and influ-
enced the rheological property of asphalt. The degrada-
tion process was positive on the ductility performance of 
asphalt binders in low temperature, but at a cost of part 
of elasticity. 

TB rubberized asphalt mixtures have gained reputa-
tion of good storage stability and low-temperature per-
formance due to the full digestion of CR into the asphalt 
binder. Wen et al. (2020) emphasized the storage stabil-
ity assessment methods for TB rubberized asphalt binders 
with various testing approaches such as softening point 
difference, separation index, and degradation ratios. The 
conclusion came to that CR content positively influenced 
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the storage ability, and the reliable indicators of storage 
stability were suggested to be the high-temperature deg-
radation ratio and percentage of separation. In addition to 
the storage ability, some other performances of TB rub-
berized asphalt were also investigated. Obaid et al. (2020) 
made comparisons among four pavement sections includ-
ing a  styrene-butadiene-styrene (SBS) polymer-modified 
binder and three rubber-modified asphalt binders (cryo-
genic rubber, cryogenic rubber with anti-settling agent, 
and ambient rubber) to assess the fatigue cracking, low-
temperature cracking, moisture damage and rutting re-
sistance. The comparison strongly proves that rubberized 
mixtures exhibited comparable performance to the poly-
mer-modified control, with superior rutting resistance.

Although possessing good storage ability and low-
temperature performance, TB rubberized asphalt gained 
these advantages with risking on the high-temperature 
performances. Sun et al. (2021) investigated the potential 
of utilizing waste non-tire rubber particles in TB rubber-
ized asphalt binders, and highlighted the improvement of 
the thermal stability and fatigue resistance of TB rubber-
ized asphalt. However, although pretreated by microwave 
and engine oils, the viscosity and high-temperature per-
formance of TB rubberized asphalt were reduced, espe-
cially with fine rubber particles.

3.1.3. Rubber particle size

Since the development of rubberized asphalt mixtures is 
mainly induced by the recyclability of waste tyres, increas-
ing the usage of CR in asphalt mixtures to the maximum 
extent is positive on this target. However, due to rubber 
particles absorbed light components from asphalt matrix, 
excessive rubber content would increase the viscosity of 
asphalt binders and make it difficult for the coating of 
aggregates, resulting in deterioration of mechanical per-
formance of asphalt mixtures (Saberi et  al., 2017). Sum-
marized from the pre-treatment methods and producing 
technologies as stated above, the interaction between rub-
ber and asphalt played a  crucial role in the mechanical 
performance of asphalt mixtures. Therefore, there should 
seek a balance between the recyclability of CR to the max-
imum usage and the enhancement of rubber-asphalt in-
teraction, which on one hand, was influenced by additives 
or treatment methods; on the other hand, was influenced 
by the geometric features of rubber particles such as con-
tent and size. 

1) In wet process and terminal blend process

Current specifications or standards mainly focused on the 
performances of rubberized asphalt mixtures, neglecting 
the requirements on particle size of CRs, which left enough 
room for researchers to choose the size of CRs, only if the 
performances of final products satisfied the requirements. 
However, recent investigations have demonstrated compli-
cated responses of rubberized asphalt mixtures influenced 
by different particle sizes. The responses could be broadly 
categorized into the following four groups.

	■ Rheological Properties and Thermal Stability
Several researchers investigated the influence of CR 

size on the rheological behaviour of asphalt under thermal 
conditions. Zhou et al. (2024) found that larger rubber par-
ticles (larger than 40 mesh) slowed the swelling rates and 
enhanced elasticity, improving rutting resistance, whereas 
smaller particles (larger than 60  mesh) degraded faster, 
negatively affecting performance but improving fatigue 
resistance. Similarly, Ren et al. (2021) demonstrated that 
finer – rubber particles (70–100 mesh) accelerated swell-
ing-degradation, increasing viscosity and reducing worka-
bility, while coarser particles (30–40 mesh) improved high-
temperature stability. Guo et al. (2024b) highlighted that 
composite CR ratios (80 mesh:60 mesh:40 mesh = 6:2:2) 
enhanced both high- and low-temperature performance 
in SBS-modified asphalt.

	■ Storage Stability
Despite of above-mentioned additives or treatment 

methods, the storage stability of rubberized asphalt mix-
ture could be influenced by the rubber particle size to 
some extent. Lei et al. (2021) and Guo et al. (2024b) em-
phasized bio-oil pretreatment as a  method to mitigate 
aging and improved compatibility in rubberized asphalt, 
particularly with finer CR particles (60–80 mesh). Vigne-
swaran et  al. (2023) concluded that smaller CR particles 
(less than 0.5 mm) reduced phase separation, improving 
storage stability.

	■ Mechanical Performance and Durability
Multiple studies evaluated rubber-modified as-

phalt’s  resistance to cracking, moisture damage, and ag-
ing. Bilema et  al. (2021) found that larger rubber parti-
cles (0.3  mm) improved indirect tensile strength (ITS), 
while finer particles (0.075 mm) enhanced moisture resist-
ance. Qian et al. (2020) showed that larger rubber parti-
cles (0.60–0.75 mm) improved rutting resistance but re-
duce low-temperature flexibility. Some works explored 
sustainability aspects, such as reducing natural resource 
dependence (Almusawi et al., 2020) and optimizing rubber 
size for cost-effectiveness (Qian et al., 2020). Jamal et al. 
(2021) noted that coarser CR (30 mesh) improved ultra-
violet (UV) resistance.

Figure 5 summarizes abovementioned literatures and 
illustrates the effect of rubber particle size on the perfor-
mances of asphalt mixtures. Generally, there existed con-
tradictions in rubber particle size regarding to the per-
formances of asphalt mixtures. For wet process, in which 
swelling behaviour was mainly observed, larger rubber 
particles improved the high-temperature performance, 
elasticity, and resistance for ultraviolet radiation and plas-
tic deformation, while smaller rubber particles were posi-
tive on viscosity and resistance for moisture and fatigue. 
For terminal blend process, in which degradation behav-
iour was mainly observed, smaller rubber particles in as-
phalt mixture could improve the storage ability and low 
temperature performances such as cracking resistance and 
flexibility. This also indicated that only for smaller rubber 



Journal of Civil Engineering and Management, 2026, 32(3), 276–308 285

particles could terminal blend process demonstrate the 
advantages on storage stability or low temperature per-
formances.

2) In dry process

All abovementioned works about rubber modified as-
phalt mixtures were categorized as wet process and ter-
minal blend process, in which the swelling-degradation 
behaviour of rubber particles was the main factor of per-
formance of asphalt mixtures. In dry process, due to the 
direct mixing of rubber particles in asphalt mixtures, the 
swelling and degradation processes were less completed, 
in which case, the rubber particle size effect on perfor-
mances of asphalt mixtures was different from the wet and 
terminal blend modifications.

One of the aspects that all the researchers agreed is 
that higher rubber–asphalt interaction could be obtained 
with the use of fine rubber size and high asphalt content in 
dry process. López-Moro et al. (2013) made comparing in-
vestigations about rubber-asphalt interactions among dif-
ferent rubber size less than 0.5 mm, and concluded rubber 
particles with less than 0.2 mm showed strong interactions. 
Farouk et al. (2017) observed higher rubber-asphalt inter-
action with finer rubber particles (1.18 mm) in dry process, 
and concluded that finer rubberized mixtures were easier 
to be compacted and showed 30% higher resilient mod-

ulus than coarse (5  mm) rubberized mixtures. Díaz and 
Sandoval (2023) demonstrated that finer rubber-enhanced 
(0.425–0.075  mm) mixtures exhibited better fatigue life 
and plastic deformation resistance than conventional as-
phalt. Feiteira Dias et al. (2014) employed dry process to 
mix the fine rubber particles (maximum size of 0.6 mm) 
with aggregates and asphalt and concluded the mixtures 
showed a  satisfactory stability under high temperature 
(above 30 °C). Da Silva et al. (2018) produced asphalt mix-
tures modified with rubber particles of less than 1 mm by 
the dry process (20% by weight of asphalt in the mixture) 
and claimed that the resistances for fatigue, permanent 
deformation and reflection cracking under high temper-
ature (40 °C) were improved significantly. Moreno et  al. 
(2013) made comparisons between rubberized (0.6 mm) 
mixtures produced by wet process and dry process, and 
concluded that resistance for permanent deformation was 
equally improved regardless of the producing process, and 
dry process showed better efficiency of utilizing rubbers 
and generally higher stiffness compared to wet process. 

Figure 6 summarizes abovementioned literatures and 
illustrates the effect of rubber particle size on the per-
formances of asphalt mixtures in dry process. Compared 
to wet process, the average size of rubber in dry process 
was generally larger. However, all the study cases indi-
cated better rubber-asphalt interaction could be observed 

Figure 5. Performance of asphalt mixtures distributed on rubber particle size in wet and terminal blend process

Figure 6. Performance of asphalt mixtures distributed on rubber particle size in dry process
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with smaller rubber particle size. Currently, the rubber size 
was smaller than 1 mm in the most of dry process cases. 
With smaller rubber particle size, it is inferred that perfor-
mances of dry process rubberized asphalt mixtures could 
be improved further.

It should be noted that there were conflicting findings 
in the literature regarding the performance improvement 
effect of crumb rubbers in asphalt mixtures, especially in 
the comparisons of wet and dry processes of rubberized 
asphalt mixtures. This review makes effort to organize as-
phalt mixture performance in terms of rubber particle size, 
in which the reasons leading to the conflicting findings 
were various and out of scope. Therefore, in Figures 5 and 
6, the conflicting findings were filtered according to the 
simplified statistics analysis of literatures.

3.2. RAP
3.2.1. Evolution of RAP in asphalt modification

Asphalt pavement is prone to multiple deterioration mech-
anisms during its service life (Li et  al., 2021b), including 
oxidation, thermal cracking, fatigue cracking, UV degrada-
tion and stripping. In the asphalt pavement rehabilitation 
process, milling and full-depth pavement removal gener-
ate a  large amount of RAP, which is composed of high-
quality aggregates coated with aged asphalt. It serves as 
a valuable reclaimed resource and can be effectively used 
for a variety of construction and rehabilitation scenarios, 
contributing to conserving raw materials and reducing car-
bon footprint. The actual RAP particle and its possible in-
ternal structure configurations are shown in Figure 7. RAP 
recycling methods can be classified into four primary cate-
gories based on processing temperature and location: hot 
in-place, cold in-place, hot central plant, and cold cen-
tral plant recycling (Xing et  al., 2023). Hot in-place and 
hot central plant are used for pavements needing quick 
restoration and high quality, while cold in-place and cold 
central plant recycling are suited for cost-effective, envi-
ronmentally friendly projects. Hot central plant, renowned 
for its excellent performance and lower equipment invest-
ment, has become the most widely adopted reclamation 
technology in pavement engineering (Zhu et al., 2020).

Research and literature surveys (Karthikeyan et  al., 
2023; Tsakoumaki & Plati, 2024; Panda & Biswal, 2025) 
have highlighted the substantial global production and 
widespread application of RAP, with an estimated annu-
al output exceeding 500 million tons. Encouragingly, RAP 

utilization rates are particularly high in North America 
and Europe. In 2020, the United States produced approxi-
mately 85 million tons of RAP, with nearly 93% being re-
claimed for asphalt layers (Williams et al., 2020). 17 Euro-
pean nations collectively produced around 36 million tons 
of RAP, with 76% successfully reincorporated into asphalt 
mixtures (European Asphalt Pavement Association, 2022). 
Countries such as the Netherlands, Belgium, Germany, and 
Denmark have demonstrated longstanding leadership in 
adopting RAP across all pavement layers (Akker, 2022; Eu-
ropean Asphalt Pavement Association, 2022). Across Asia 
and Oceania, RAP recycling has also gained considerable 
attention. Japan stands out with an impressive 99% recy-
cling rate, ensuring that nearly all reclaimed asphalt is re-
used in new road pavements (Akatsu et al., 2022). In rap-
idly developing countries with extensive road construction 
projects, RAP presents significant potential for sustainable 
infrastructure. For instance, China produces approximate-
ly 220 million tons of RAP annually, with a  recycling rate 
of 30% (Ministry of Transport, 2019). With an estimated 
annual RAP production of 5 million tons, India possesses 
a  vast and extensive road infrastructure network. Nota-
bly, countries such as South Korea, Singapore, Thailand, 
Malaysia, Saudi Arabia, Australia, and New Zealand have 
implemented technical guidelines to regulate RAP utiliza-
tion in asphalt mixtures (Tsakoumaki & Plati, 2024). De-
spite its global expansion, RAP utilization remains relative-
ly underdeveloped in certain regions, particularly Africa. 
For instance, Egypt produces approximately 4 million tons 
of RAP annually, and South Africa approximately 3.5 mil-
lion tons, with an estimated 10% currently being recycled 
(Mousa et al., 2021; Southern African Bitumen Association, 
2021). Expanding RAP recycling initiatives in these regions 
could substantially enhance sustainability efforts. As illus-
trated in Figure 8, 26 countries have implemented national 
regulations for RAP utilization, signifying a growing global 
commitment to sustainable road construction and circular 
economy principles.

Growing environmental concerns and a push for sus-
tainability have led to increased research and industry in-
terest in RAP as an alternative to virgin asphalt. The glob-
al warming potential (GWP) of RAP is 16.1 kg CO2-eq per 
ton, which is lower than that of natural coarse aggregate 
production (21.1  kg CO2-eq per ton) (Panda & Biswal, 
2025). For the construction of a 10 km single-lane road-
way, a RAP replacement rate of 40% could reduce carbon 
emissions by approximately 16.7  tons of CO2-eq, equiv-
alent to the carbon sequestration of approximately 830 
trees (assuming an average annual absorption of 20  kg 
CO2 per tree). Higher RAP proportions would further en-
hance these benefits, highlighting RAP’s potential to sig-
nificantly reduce carbon emissions in pavement construc-
tion. Ongoing research continues to improve RAP mixture 
performance, construction methods, and longevity. Future 
development will focus on enhancing RAP recycling ef-
ficiency, optimizing design strategies, and adopting low-
carbon pavement practices.

Figure 7. Illustration of RAP particles: a – Photo of a RAP particle; 
b – RAP particle with a  single core aggregate; c – RAP particle 
containing a  coarse aggregate particle; d  – RAP particle with 

agglomerated fine aggregates (Fonseca da Costa et al., 2024)
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3.2.2. Materials

1) Optimal dosage of RAP

Numerous studies have been undertaken to investigate 
the optimal RAP content in different types of asphalt mix-
tures to balance mechanical performance, durability, and 
environmental benefits. In the case of hot mix asphalt 
(HMA), Wang et al. (2022a) employed the discrete element 
method (DEM) to investigate the impact of different RAP 
contents on the mechanical properties of recycled asphalt 
mixtures (RAM). Using compressive strength as the sole 
evaluation criterion, the theoretically optimal RAP content 
in RAM was determined to be 28%. Furthermore, several 
studies have indicated that RAP contents of up to 50% can 
be incorporated into HMA without significant deteriora-
tion in performance, provided that proper binder blending 
strategies and mix design modifications are implemented. 
However, when RAP content exceeds 50%, aging-related 
issues become prominent. Imaninasab et al. (2022) modi-
fied the gradation of 100% RAP using the Bailey meth-
od’s  coarse dense-graded (CDG) and fine dense-graded 
(FDG) concepts, resulting in mixtures containing 73%, 65% 
CDG, and 57% FDG RAP. They developed a performance-
based ranking system integrating rutting, cracking, aging, 
and moisture resistance. The findings demonstrated that 
balanced performance was achieved in rejuvenated mix-
tures containing 65–73% RAP. In contrast, mixtures with 
100% RAP exhibited higher air voids and diminished du-
rability. For Warm Mix Asphalt (WMA), which allows low-
er production temperatures, studies suggest that 40–50% 
RAP can be used effectively, especially when additives or 
rejuvenators are applied to enhance blending and restore 
aged binder properties. Obaid et al. (2026) conducted a re-
sponse surface methodology (RSM) analysis to evaluate 
the effects of varying RAP contents (25–50%), WMA addi-
tive types, and dosages (1.5–4%) on the rutting resistance 
and moisture stability of asphalt mixtures. Through multi-
objective numerical optimization, the optimal mixture was 
identified as containing 50% RAP and 1.5% WMA-type A. 
Wang et al. (2022b) evaluated the high-temperature, low-

temperature, fatigue, and moisture resistance performance 
of recycled warm-mix asphalt (RWMA) mixtures containing 
50% and 70% RAP. The results showed that WMA additive 
(wax R and surfactant M) effectively mitigated the negative 
effects associated with high RAP content. Moreover, an 
appropriate dosage of these additives can enhance rutting 
resistance and fatigue performance. The experimental re-
sults underscore the WMA additive type as a principal de-
terminant influencing the moisture resistance behaviour of 
asphalt mixtures. In Stone Mastic Asphalt (SMA), due to its 
high binder content and reliance on stone-on-stone con-
tact, the recommended RAP content is typically limited to 
20–30%, as excessive RAP may affect mixture stability and 
binder film thickness. Devulapalli et  al. (2020) designed 
four RAP gradations and evaluated 29 different SMA mix-
ture combinations to investigate the influence of RAP 
content on mixture performance. A statistical analysis was 
conducted using a three-way analysis of variance (ANOVA) 
and main effect plots. The analysis identified 20–30% RAP 
as the optimal range for achieving balanced performance 
in SMA mix design. Barazi Jomoor et al. (2019) investigated 
the effect of increasing RAP content (0–50%) on the rut-
ting resistance of SMA mixtures. Their results demonstrat-
ed that an RAP content of 30% yields a structurally sound 
and performance-consistent mixture design. Porous As-
phalt (PA), designed for enhanced permeability and noise 
reduction, typically permits only low RAP contents (≤ 20%) 
to maintain its interconnected air void structure and drain-
age functionality (De Pascale et al., 2023). However, when 
the RAP content increases to 30%, reductions in air void 
ratio and fatigue resistance have been observed (Mousa-
vi Rad et al., 2022). Moreover, recent field-based studies 
emphasize that optimal RAP dosage should also consider 
pavement type, traffic loading, and environmental condi-
tions (Nian et al., 2024; Zhang et al., 2022). For example, 
Liu et al. (2024) demonstrated that the combined effects 
of climate change and traffic growth substantially accel-
erate pavement deterioration, leading to more frequent 
maintenance needs and higher carbon emissions. These 
findings highlight that external service conditions critically 

Figure 8. Countries with national specifications (Tsakoumaki & Plati, 2024)
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influence the long-term performance of RAP mixtures and 
must be factored into mixture design and RAP content op-
timization. Overall, the optimal RAP content is inherently 
dependent not only on the asphalt mixture type but also 
on service conditions, necessitating a tailored design ap-
proach that accounts for structural, rheological, durability, 
and environmental attributes.

2) RAP processing strategies

Proper fractionation and pre-treatment of RAP are ben-
eficial for enhancing the performance of recycled asphalt 
mixtures. Fractionation and screening technologies enable 
the separation of RAP materials by controlling aggregate 
size and binder content. Fonseca da Costa et  al. (2024) 
demonstrated a  practical sieve analysis method to esti-
mate recycled binder availability (RBA), simplifying previ-
ous approaches. Pre-treatment strategies such as rejuve-
nation and foaming restore the rheological properties of 
aged asphalt binders. Rejuvenators (e.g., bio-oils, aromat-
ic extracts, polymers) replenish light fractions lost during 
aging, improving binder ductility and reducing brittleness. 
The incorporation of rejuvenators rebalances the ratio be-
tween maltenes and asphaltenes, thereby enhancing the 
viscoelastic properties and workability of the aged bind-
er (Al-Saffar et  al., 2021). However, the effectiveness of 
rejuvenators varies depending on their dosage, chemical 
compatibility, and mode of interaction with aged bind-
ers. Insufficient dosing may result in incomplete recov-
ery of viscoelastic behavior, while excessive amounts can 
compromise mixture stiffness. Furthermore, the long-term 
reversibility of aging in rejuvenated binders remains un-
certain, as most mechanisms of binder rejuvenation are 
based on restoring physical balance rather than chemi-
cally reversing oxidation. These challenges suggest the 
need for careful optimization of rejuvenator type and dos-
age, alongside more comprehensive performance evalua-
tion over extended aging cycles. Moreover, foaming tech-
niques, especially water-induced foaming of virgin binders, 
temporarily reduce binder viscosity, enhancing the coating 
of RAP aggregates and allowing lower production temper-
atures, which aligns with the principles of WMA technol-
ogy (Zhao et al., 2016).

3) Recent advances in high-RAP content

To maximize the environmental benefits of RAP, research-
ers have explored a wide range of strategies to enhance 
the performance of asphalt mixtures incorporating high 
proportions of RAP. Given the inherent limitations of aged 
binders and recycled aggregates, various modifiers and 
technologies have been proposed to restore or even im-
prove the mechanical and durability properties of these 
mixtures. Buritatum et al. (2023) investigated the use of 
natural hemp fiber (HF) as a functional additive and found 
that, despite reductions in Marshall stability associated 
with 100% RAP, the incorporation of HF significantly im-
proved structural integrity and rutting resistance. Laomuad 
et al. (2024) evaluated the mechanical behavior and failure 
modes of asphalt concrete incorporating 100% RAP ag-
gregate, modified with varying dosages of polyethylene 
terephthalate (PET, 0% to 1.0% by aggregate weight). The 
results revealed that PET enhanced binder–aggregate ad-
hesion and increased air void content, leading to notable 
improvements in tensile strength and rutting performance, 
with an optimal PET dosage of 0.6% yielding the most fa-
vorable performance. As a  thermosetting material, epoxy 
resin undergoes a chemical reaction with a curing agent 
to form a  crosslinked polymer network, which enables 
strong bonding with RAP aggregates and compensates 
for the poor adhesion of aged asphalt. To further address 
the challenges of binder aging, Fan et al. (2024) employed 
epoxy asphalt as a binder to facilitate the full utilization 
of the RAP. Their study confirmed that increasing epoxy 
content significantly extended the fatigue life of RAP mix-
tures. In another approach, Song et al. (2024) combined 
epoxy asphalt with SS aggregate, leveraging the high sur-
face roughness and alkaline nature of SS to improve both 
moisture resistance and fatigue performance. Besides, Ja-
hanbakhsh et al. (2020) reported that waste engine oil and 
a supplementary binder modified with CR effectively re-
stored RAP functionality and produced mixtures with com-
parable or superior mechanical and durability character-
istics relative to conventional asphalt. A summary of the 
strategies reviewed for enhancing the performance of mix-
tures with high proportions of RAP is presented in Table 3.  

Table 3. Key strategies for enhancing the performance of RAM with high proportions of RAP

Strategy Testing content Main findings Authors

HF lengths of 20, 22, and 24 mm; 0, 0.05, 0.1, and 
0.25% by dry weight of the total aggregate

0.05% HF (24 mm length) was the optimal 
ingredient for enhancing rutting resistance

Buritatum et al. 
(2023)

PET 0%, 0.2%, 0.4%, 0.6%, 0.8%, and 1.0% relative to 
the total weight of RAP

Optimal PET dosage of 0.6% improved 
tensile strength and rutting resistance

Laomuad et al. 
(2024)

Epoxy-recycling 
technology

/ Epoxy content significantly extended 
fatigue life of RAP mixtures

Fan et al. (2024)

Epoxy asphalt and 
SS

SRAM-40 (40 %RAP, 60 % SS), RAM-
80 (80 %RAP, 20 % SS), and SRAM-100 
(100 %RAP)

Epoxy asphalt and SS improved moisture 
resistance and fatigue performance

Song et al. (2024)

Waste engine oil 
and CR

Waste engine oil: 10–12% (wt% RAP 
binder); rubber: 10% of the weight of the 
supplementary binder

CR modification restored RAP functionality 
and enhanced mechanical properties

Jahanbakhsh 
et al. (2020)
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While the widespread application of 100% RAP mixtures 
remains in the research phase, Zaumanis et  al. (2020) 
showed that, with appropriate techniques such as mate-
rial fractionation, binder rejuvenation, and gradation con-
trol, their implementation in base and subbase layers is 
technically feasible, offering a promising pathway toward 
fully recycled and sustainable pavement systems. However, 
it is worth noting that the usage of RAP must comply with 
local regulations. Taking the United States as an example, 
the maximum RAP percentage allowed in different regions 
is shown in Figure 9.

3.2.3. Performances of RAP modifications

1) Effect of RAP on asphalt performance

The incorporation of RAP has been shown to improve or 
maintain key mechanical properties of asphalt mixtures 
when applied within a suitable content range. In porous 
asphalt, RAP serves as a suitable substitute for virgin ma-
terials, offering comparable performance with reduced en-
vironmental impacts. For example, Riccardi et al. (2016) re-
ported no observable difference in the fatigue behavior of 
stone mastic asphalt (SMA) mixtures containing 23% RAP 
compared to virgin mixtures. In HMA, the addition of up 
to 40% RAP has been associated with improved moisture 
resistance, primarily due to the presence of aged binder 
coating the aggregates, which reduces moisture suscep-
tibility (Abdel-Jaber et al., 2022). Notably, permanent de-
formation is widely recognized as a major distress mech-
anism in asphalt pavements, particularly in the form of 
rutting under repeated traffic loading. Increasing the RAP 
content in asphalt mixtures has been shown to reduce 
permanent deformation, which directly translates into en-
hanced rutting resistance. This effect is largely attributed 
to the increased stiffness introduced by the aged bind-

er. Previous studies (Jahanbakhsh et al., 2020) have also 
shown that mixtures incorporating less than 30% RAP ex-
hibit mechanical performance comparable to virgin mix-
tures, particularly in terms of fatigue cracking resistance, 
rutting resistance, and tensile strength ratio. However, ex-
tensive research has revealed potential drawbacks at high-
er RAP contents, particularly regarding cracking resistance 
and low-temperature performance. A high proportion of 
RAP increases the brittleness of the aged binder, there-
by compromising the mixture’s resistance to low-temper-
ature cracking (Yu et al., 2024). Yan et al. (2017) evaluated 
14 RAP mixtures with polymer-modified asphalt binders 
and found that RAP gradation strongly influenced fracture 
behavior by controlling binder distribution and blending. 
They observed that higher RAP contents increased tensile 
strength but reduced ductility, as indicated by lower failure 
strain and fracture energy, and therefore recommended 
limiting RAP usage to 40%. Similarly, Li et al. (2025) report-
ed that the brittleness of aged RAP asphalt heightens sus-
ceptibility to low-temperature cracking, while insufficient 
bonding between virgin and aged binders reduces tough-
ness and overall mixture strength. Hoon Moon et al. (2017) 
further assessed the effect of RAP content using DSR and 
BBR tests, demonstrating that when RAP incorporation ex-
ceeds 25%, mixtures display inferior low-temperature per-
formance compared with conventional hot-mix asphalt. 
Collectively, these findings indicate that while RAP can be 
advantageous at moderate levels, excessive incorporation 
may adversely affect cracking resistance unless appropri-
ate rejuvenation strategies are employed. 

2) Mechanisms underlying RAP’s impact  
on binder properties

The performance of RAM is strongly influenced by the in-
trinsic properties of RAP, which is a heterogeneous mate-

Figure 9. The maximum allowable of RAP percentage in the surface course for different areas of the United States  
(Sukhija & Coleri, 2025)

Note: w/m and RBR denote by weight of mix and rap binder replacement, respectively.
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rial composed of aged binder and reclaimed aggregates. 
Research has shown that incorporating RAP can improve 
the modulus and rutting resistance of asphalt mixtures, 
particularly when the content is optimized (Ye et al., 2024). 
This enhancement is largely attributed to the increased 
stiffness provided by the aged binder, which contributes 
to greater resistance to deformation under repeated traffic 
loading, especially at elevated temperatures. However, the 
effectiveness of RAP integration depends on several critical 
factors, including the RAP content, the degree of binder 
aging, and the blending efficiency with virgin asphalt. De-
pending on the severity of aging, RAP can behave either 
as an inert material, commonly referred to as “black rock”, 
where the aged binder exhibits minimal interaction with 
the virgin binder, or as a partially active component that 
contributes to the blending and bonding process (Sukhi-
ja & Coleri, 2025). In cases where the RAP binder remains 
chemically active, it can reduce the overall demand for 
virgin binder by participating in the formation of a uni-
fied binder phase. Nevertheless, RAP undergoes oxidative 
aging over time due to exposure to environmental con-
ditions, heat, and traffic loads. This process involves the 
volatilization of light fractions, such as saturates and ar-
omatics, and the transformation of maltenes into high-
molecular-weight asphaltenes. These chemical changes 
are accompanied by the formation of carbonyl (C=O) and 
sulfoxide (S=O) functional groups, which are indicative of 
binder hardening (Omairey et al., 2019). Consequently, the 
aged binder becomes increasingly stiff and brittle, leading 
to reduced penetration, lower ductility, higher softening 
point, and elevated viscosity. These rheological changes 
significantly alter the viscoelastic behavior of the binder, 
resulting in RAM with higher stiffness modulus and lower 
phase angles. While this can be beneficial for rutting re-
sistance, it often comes at the expense of fatigue perfor-
mance and cracking resistance. As RAP content increases, 
these negative effects tend to become more pronounced, 
particularly when the blending between aged and virgin 
binders is incomplete. An excessive proportion of RAP can 
negatively impact the performance of the asphalt mixture, 
ultimately reducing the overall effectiveness of asphalt 
pavements (Laomuad et  al., 2024). Some studies (Wang 
et al., 2022c) indicate that the aged asphalt in RAP may 
adversely affect RAM’s  performance. High proportions 
of aged asphalt often exhibit lower adhesion, leading to 
greater susceptibility to cracking due to increased brittle-
ness. This adversely affects the overall crack resistance and 
fatigue performance of the mixture. In addition to bind-
er aging, the surface properties of RAP aggregates also 
play a decisive role in mixture performance. The presence 
of aged binder films on RAP aggregates can reduce sur-
face free energy and weaken adhesion with virgin binder. 
Luo et al. (2024) used molecular dynamics simulations to 
study moisture-induced damage in aged RAP binder. They 
showed that oxidative aging increases oxygen content and 
hydrophilicity, promoting moisture infiltration and partial 
asphalt detachment at the aggregate interface. Aging al-
so raises intermolecular friction and reduces binder flex-

ibility, compromising coating quality. Recent experimental 
studies (Zhang et al., 2025b) have further demonstrated 
that the fine separation and treatment of RAP, such as 
the use of finely separated RAP (FRAP), can substantially 
improve surface properties and interfacial bonding. The 
reduction of aged asphalt zones and formation of thin-
ner, more uniform asphalt films enhances blending with 
virgin binder, increasing cohesion and water stability of 
recycled mixtures. As RAP proportion increases, the chal-
lenge of achieving effective coating and bonding between 
virgin and aged binders becomes more significant (Ma-
jidifard et al., 2019). Moreover, achieving a uniform blend 
between aged and virgin asphalt remains challenging due 
to the heterogeneous surfaces of RAP aggregates. Inade-
quate mixing can reduce workability and structural integri-
ty, making placement and compaction more difficult. Low-
er workability may also weaken the mixture’s self-healing 
ability, accelerating pavement deterioration.

3) Approaches to alleviate performance degradation

To counteract the performance degradation associated 
with high RAP contents, a  range of mitigation strategies 
has been developed. The use of rejuvenators is consid-
ered one of the most effective methods, as they can re-
plenish the lost maltenes in aged binders, restoring duc-
tility, flexibility, and viscoelastic recovery (Elkashef et  al., 
2018; Jahanbakhsh et al., 2020). In addition, the application 
of soft binders with lower performance grades has been 
found to reduce overall mixture stiffness and enhance low-
temperature cracking resistance (Soleimani Golsefidi & Ali 
Sahaf, 2022). WMA additives are another recommended 
strategy for enhancing the performance of high-RAP mix-
tures. WMA technologies significantly contribute to this 
improvement by lowering production and compaction 
temperatures, promoting better blending between aged 
and virgin binders, and enhancing the overall workabil-
ity of the mixture (El Sharkawy et al., 2016). Furthermore, 
advanced production methods, including staged mixing, 
double-drum techniques, and the use of FRAP, have been 
demonstrated to improve binder distribution, reduce air 
voids, and enhance the mechanical integrity of recycled 
asphalt mixtures. The FRAP process, achieved through re-
fined separation techniques, effectively reduces the ag-
glomeration of RAP and the variability in both aggregate 
gradation and asphalt content (Wang et al., 2024c). Con-
sequently, it enables higher proportions of RAP to be in-
corporated into recycled asphalt mixtures while simultane-
ously enhancing mixture quality, interfacial cohesion, and 
water stability. Beyond these approaches, polymer modifi-
cation techniques, such as incorporating SBS or SBR modi-
fied emulsified asphalts, have demonstrated the potential 
to optimize the interfacial transition zone, thereby increas-
ing modulus and improving resistance to stripping and 
moisture damage (Zhang et al., 2025b). Table 4 summariz-
es the main mitigation approaches, their mechanisms, and 
relevant references. The combined use of these strategies, 
including rejuvenators, soft binders, WMA additives, ad-
vanced production methods, as well as polymer modifica-
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tion, has proven to be effective in mitigating the aging ef-
fects of RAP materials and supporting the successful incor-
poration of high RAP contents without compromising me-
chanical performance or long-term pavement durability.

3.3. SS
3.3.1. Evolution of SS in asphalt modification

As a by-product derived from the steelmaking industry, SS 
is primarily categorized into three types based on the dif-
ferences in smelting processes: Basic Oxygen Furnace slag 
(BOFS), Electric Arc Furnace slag (EAFS), and Ladle Refining 
slag (LFS) (Ameri et al., 2013; Cui et al., 2021b; Mahoutian 
et al., 2014; Yildirim & Prezzi, 2011). In the field of envi-
ronmental remediation research, numerous scholars have 
applied SS to atmospheric improvement (Huijgen et  al., 
2005), wastewater treatment (Yu et al., 2022), and marine 
environment management (Ogawa et  al., 2020). These 
studies have consistently demonstrated the remarkable 
efficacy of SS in significantly reducing airborne pollutants 
such as NOx and SO₂ (Sun et al., 2017; Xing et al., 2022), 
achieving high removal rates of heavy metals and organic 
contaminants in industrial wastewater (Yu et al., 2022), and 
effectively restoring marine ecosystems by enhancing wa-
ter clarity and biodiversity (Liu et al., 2021c; Yu et al., 2021).

The research on utilizing SS as an aggregate in as-
phalt mixture for road construction commenced at the 
dawn of the 21st century (Rohde et al., 2003). Prior to this, 
the predominant methods of handling SS were stacking 
and landfilling. However, these approaches not only oc-
cupy substantial space and squander land resources but 
also exacerbate the potential leaching of heavy metal el-

ements from the SS, posing a  threat to the natural en-
vironment (Nakase et  al., 2013; Nunes & Borges, 2021). 
Consequently, these methods are deemed unsustainable. 
Currently, developed nations represented by the United 
States and Japan, along with multiple European coun-
tries, have achieved large-scale application of SS mate-
rials in road engineering. In stark contrast, despite being 
the world’s largest steel producer, China demonstrates sig-
nificantly lower utilization rates of SS resources. At pre-
sent, domestic engineering practices employing SS as ag-
gregate in asphalt mixtures are primarily concentrated in 
provinces such as Jiangsu and Hubei (Nunes & Borges, 
2021). The primary reasons for this disparity lie in the in-
sufficient emphasis on the reuse of SS and the lack of in-
depth and comprehensive research in this field. Therefore, 
this paper focuses on the research of steel slag asphalt 
mixture (SSAM) in road infrastructure construction, sys-
tematically reviewing and summarizing the latest research 
findings in this field, with the aim of providing theoretical 
support and practical insights for the efficient utilization 
of SS in road engineering.

3.3.2. Materials

SS is primarily composed of a variety of minerals, includ-
ing CaO, Fe2O3, and SiO2. Research indicates that SS pro-
duced by different processes exhibit significant variations 
in the content of their mineral compositions, yet there is 
no substantial distinction in the types of constituents pre-
sent, as shown in Table 5.

The Los Angeles Abrasion rate, Apparent Specific Grav-
ity, and Water Absorption rate are pivotal metrics for eval-
uating the physical properties of aggregates. These indi-

Table 4. Strategies to mitigate performance degradation in high-RAP asphalt mixtures

Strategy Mechanism Performance Improvement References

Rejuvenators Replenish lost maltenes in aged 
binder

Restores ductility, flexibility, and viscoelastic recovery Jahanbakhsh et al. 
(2020)

Soft binders Reduce overall mixture stiffness Enhance low-temperature cracking resistance Soleimani Golsefidi 
and Ali Sahaf (2022)

WMA additives Lower compaction temperatures, 
promote better blending

Improve workability and binder distribution El Sharkawy et al. 
(2016)

Advanced 
production 
methods

Staged mixing, double-drum 
techniques, and FRAP

Reduce air voids, improve binder distribution, enhance 
mechanical integrity, increase maximum RAP blending 
ratio, improve mixture cohesion and water stability

Wang et al. (2024c)

Polymer 
modification

Optimize interfacial transition 
zone, enhance binder elasticity

Increase modulus, improve stripping resistance and 
water damage resistance

Zhang et al. (2025b)

Table 5. The elemental composition of SS

Reference SS type
Oxide composition (%)

CaO Fe2O3 SiO2 MgO MnO Al2O3 P2O5

Ameri et al. (2013) EAFS 25.58 35.16 18.72 7.50 0.304 2.75 –
Fakhri and Ahmadi (2017) EAFS 40 27 16 5 1 5 2
Swathi et al. (2021) BOFS 52.27 22.87 14.69 2.75 0.83 2.80 2.21
Chen et al. (2024b) BOFS 31.49 16.28 14.6 13.83 – 5.71 0.3
Uibu et al. (2011) LFS 42.22 0.79 15.02 14.99 – 22.34 –
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cators comprehensively characterize critical attributes of 
aggregates, including abrasion resistance, durability, wa-
ter absorption, and porosity (Chen et  al., 2024a, 2022b; 
Song et al., 2024). They provide a robust scientific founda-
tion for assessing the performance of aggregates in engi-
neering applications, ensuring the reliability and longevity 
of construction materials. SS exhibits outstanding physical 
properties, characterized by high strength and substan-
tial density, which endow it with excellent wear resistance, 
remarkable stability and high density (Nunes & Borges, 
2021; Swathi et al., 2021). However, the water absorption 
rate of SS is significantly higher compared to convention-
al aggregates, which not only leads to volume expansion 
in SSAM but also increases the potential for leaching of 
heavy metal ions. Furthermore, SS exhibits a multi-angu-
lar morphology with a rough surface texture and an abun-
dance of pores, demonstrating a distinct porous structural 
characteristic (Chai et al., 2020; Gao et al., 2024). The dis-
tinctive physical properties of SS play a  decisive role in 
the superior pavement performance of SSAM. Moreover, 
in-depth research into the reinforcement mechanisms of 
SS in mixtures not only facilitates the optimization of ma-
terial design and enhances road durability but also holds 
significant theoretical and practical value for promoting 
the resource utilization of SS.

Currently, the reinforcement mechanisms of SSAM 
primarily encompass two aspects: the interfacial enhance-
ment between SS and the asphalt, and the structural en-
hancement effect of the skeleton within SSAM itself. The 
mainstream approach involves categorizing the morpho-
logical characteristics of SS aggregates into macro, meso, 
and micro scales, and systematically investigating the in-
terfacial enhancement mechanisms at these three distinct 
levels (Cui et al., 2018, 2022). At the mesoscopic level, the 
morphological features of aggregates are predominantly 
characterized by Texture, which encapsulates the degree of 
surface roughness. Collectively, Angularity, Sphericity, and 
Texture constitute the geometric characteristics of aggre-
gates, with their dimensional representations illustrated in 
the accompanying figure. Research has demonstrated that 
SS, owing to its pronounced angularity, low sphericity, and 
high surface texture characteristics, exhibits superior bond-
ing performance with asphalt. This conclusion has been 
substantiated through both direct and indirect experimen-
tal evidence (Cui et al., 2018; Yang et al., 2022a). Scanning 
Electron Microscopy (SEM) and Transmission Electron Mi-
croscopy (TEM) are sophisticated techniques employed for 
the characterization of the microscopic morphology of ag-
gregates, which can be utilized to observe the microporo-
us structures on the surface of SS. With the assistance of 
such techniques, the porous honeycomb-like structure on 
the surface of SS has been directly observed. These pores 
significantly increase the specific surface area of the SS, 
thereby providing an anchoring effect for the asphalt and 
further enhancing the interfacial adhesion between the SS 
and the asphalt (Chai et al., 2020; Yang et al., 2022a). Fur-
thermore, due to the presence of various alkaline oxides 
in SS, its alkaline nature readily facilitates chemical reac-

tions with acidic asphalt, forming chemical bonds that en-
hance the interfacial properties between the two (Liu et al., 
2019, 2020d). However, physical adsorption between the 
SS and asphalt remains the predominant mechanism (Liu 
et al., 2020b).

In the asphalt mixture, the aggregates interlock to form 
a skeleton structure, which plays an important role in bear-
ing and distributing external loads. However, attributing 
these enhancement of the SSAM skeleton structure to the 
morphological characteristics of SS, such as its angularity 
and rough texture, is considered overly simplistic (Wang 
et al., 2024a). Therefore, characterizing the skeleton struc-
ture of SSAM and investigating its reinforcement mecha-
nisms hold significant academic value and practical impor-
tance for enhancing material performance and advancing 
the relevant theoretical framework. Contact points, con-
tact length, and contact orientation are commonly utilized 
metrics for quantifying the skeleton structure of SSAM. As 
contact point represents the relatively weaker locations 
within the stress transmission path of the aggregate skel-
eton under vehicular loading, they play a critical role in de-
termining the structural stability of the aggregate frame-
work (Wan et al., 2024). From the aforementioned research 
perspective, numerous studies have demonstrated that the 
incorporation of SS significantly enhanced the skeleton 
structure of SSAM (Cui et al., 2021b; Wang et al., 2024a; 
Xu et al., 2024). Cui et al. (2021b) demonstrated that, com-
pared to conventional asphalt mixtures, SSAM exhibits su-
perior skeletal structure integrity and enhanced damage 
resistance. Wang et al. (2024a) pioneered the concept of 
the Horizontal Overall Contact Index (HCI), an integrated 
parameter for evaluating the contact characteristics and 
skeletal structure quality of mixtures by incorporating ag-
gregate property metrics. Research revealed that as the SS 
content increased, the HCI value exhibited a correspond-
ing rise. This indicates that incorporating SS as an aggre-
gate enhances the overall skeletal quality of the mixture, 
attributable to its pronounced angularity and rough sur-
face texture working synergistically.

The porous surface, rough texture, and intricate an-
gularity of SS endow it with significantly superior bond-
ing performance with asphalt compared to conventional 
aggregates. Through interparticle interlocking and dense 
packing within the mixture, SS forms a highly stable skel-
etal structure with enhanced mechanical integrity, which 
critically governs the pavement performance improvement 
of SSAM.

3.3.3. Performance

Compared to conventional asphalt mixtures, the incorpo-
ration of SS significantly enhances the interfacial proper-
ties and skeleton structure of SSAM. This improvement is 
most directly reflected in the superior pavement perfor-
mance exhibited by SSAM. Pavement performance refers 
to the comprehensive capability of road surfaces to with-
stand vehicle loads, environmental factors, and the effects 
of time, serving as a critical indicator for evaluating road 
quality and service life. Common pavement performance 



Journal of Civil Engineering and Management, 2026, 32(3), 276–308 293

metrics include resistance to permanent deformation, skid 
resistance, and self-healing properties. This chapter pro-
vides a systematic review of the pavement performance of 
SSAM and summarizes the key limiting factors hindering 
the large-scale application of SS.

1) Mechanical properties

The mechanical properties of pavement refer to its re-
sponse and performance under the influence of vehicular 
loads and environmental factors, which directly impact the 
service life, safety, and comfort of the road. Key perfor-
mance characteristics include resistance to permanent de-
formation, fatigue resistance, and the ability to withstand 
cracking under varying temperature conditions. Rutting is 
a  visible manifestation of permanent deformation in as-
phalt pavement, representing an irreversible alteration in 
its structure (Pasetto et al., 2022). Currently, research on 
the permanent deformation resistance of SSAM is relative-
ly comprehensive. Chen and Wei (2016), Kim et al. (2018) 
conducted tests on the permanent deformation resistance 
of SSAM using the wheel track test, revealing that SSAM 
exhibited varying degrees of improvement in permanent 
deformation resistance compared to conventional asphalt 
mixtures. Furthermore, Marshall stability serves as a criti-
cal indicator for evaluating the deformation resistance of 
asphalt mixtures under traffic loads. Numerous scholars 
conducted in-depth experimental studies on the Marshall 
stability and flow characteristics of asphalt mixtures, dem-
onstrating that the incorporation of SS significantly en-
hanced the resistance to permanent deformation under 
traffic loading conditions (Ahmedzade & Sengoz, 2009; Zi-
aee & Behnia, 2020). In flexible asphalt pavements, fatigue 
cracking represents a  critical failure mechanism. Studies 
showed that the incorporation of SS significantly improved 
the fatigue resistance of asphalt mixtures, thereby effec-
tively mitigating the occurrence of fatigue cracking and 
extending the pavement’s service life (Pasetto et al., 2017; 
Yang et al., 2022a). Alnadish et al. (2021) revealed that as-
phalt mixtures incorporating SS coarse aggregates exhibit 
markedly enhanced fatigue resistance compared to those 
utilizing conventional granite aggregates. As illustrated in 
Table 6, studies on the mechanical behavior of SSAM dem-
onstrate that the inclusion of SS markedly improves the 
mechanical properties of asphalt mixtures, with the opti-
mal SS dosage being 75% for maximum performance en-

hancement. Numerous studies demonstrated that the use 
of SS as an aggregate in asphalt mixtures significantly en-
hanced the mechanical properties of SSAM, showcasing 
its potential to replace conventional natural aggregates. 

2) Skid resistance

From the perspective of vehicular safety, skid resistance 
constitutes a  critical factor influencing road traffic safe-
ty (Pang et al., 2023). Consequently, in-depth research on 
the skid resistance performance of asphalt mixtures is of 
paramount significance for enhancing road safety stand-
ards and exploring their engineering application value. 
It is noteworthy that the incorporation of SS significant-
ly enhances the micro-roughness of aggregate surfaces 
and increases the proportion of positive texture, thereby 
exerting a substantial positive influence on the improve-
ment of anti-skid performance in SSAM (Cui et al., 2023; 
Yang et al., 2022a). To comprehensively evaluate the skid 
resistance performance of SSAM, Cui et  al. (2020) em-
ployed two complementary testing methodologies to val-
idate the superior skid resistance performance of SSAM: 
the research team initially conducted assessments using 
the British Pendulum Test (BPT), while innovatively incor-
porating advanced laser scanning technology to achieve 
precise capture and quantitative analysis of the intricate 
surface texture characteristics of the SSAM. Furthermore, 
conducting wear tests to simulate the degradation pro-
cess of skid resistance performance holds significant re-
search value, which is determined by the characteristic that 
the skid resistance performance of road surfaces gradual-
ly diminishes over time. Wang et al. (2024b) investigated 
the time-dependent characteristics of the skid resistance 
performance of SSAM, revealing that compared to natural 
aggregates, SS maintains superior macro-texture angles, 
more pronounced surface texture roughness, and more 
durable skid resistance properties even after prolonged 
wear. Systematic analysis based on extensive experimen-
tal data and research findings demonstrates that SSAM 
exhibits remarkable superiority in terms of skid resistance. 
As shown in Table 7, the incorporation of SS enhances the 
skid resistance of asphalt mixtures, with the optimal skid 
resistance of SSAM achieved at an SS content of 50–60%. 
These research discoveries not only establish a solid theo-
retical foundation for the practical application of SSAM in 
engineering projects but also provide essential guidance 
for their widespread implementation.

Table 6. Research on the mechanical properties of SS

References SS type Control mix Mechanical 
properties

Particle size used 
(mm)

Percentage used 
(%)

Optimal content 
(%)

Yang et al. (2024) – diabase increase 5–15 0, 25, 50, 75, 100 75
Goli (2022) – limestone increase – 0, 25, 50, 75 75
Ziaee and Behnia 
(2020)

EAFS limestone increase 0–15 0, 25, 50, 75 75

Pasetto and Baldo 
(2011)

EAFS limestone increase 0-10 0, 30, 60, 90 90

Pattanaik et al. (2021) EAFS – increase 0–15 0, 25, 50, 75, 100 75
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3) Thermal performance

The thermal performance, as one of the critical character-
istics of SSAM, has also garnered widespread attention. 
The utilization of thermal properties for asphalt mixture 
has been demonstrated as an effective pavement mainte-
nance methodology, particularly in addressing prevalent 
distresses such as cracking and spalling in asphalt pave-
ments. Currently, electromagnetic induction heating and 
microwave heating are two leading pavement repair meth-
ods. They work by heating metal particles in the mixture, 
which improves asphalt binder flow through heat transfer, 
enabling pavement self-healing. Notably, SS contains met-
al oxides like Al2O3, CaO, Fe2O3, and Fe3O4, giving it ex-
cellent heating properties and high energy efficiency (Cui 
et al., 2021a; He et al., 2024). Through systematic experi-
mental investigations, Yang et  al. (2022b) have demon-
strated that the incorporation of SS significantly enhances 
the self-healing properties of asphalt mixtures compared 
to conventional ones. Benefiting from the superior self-
healing properties of SSAM, its application as a pavement 
material significantly reduces maintenance costs (Liu et al., 
2023). Notably, the self-healing capacity of SSAM may ex-
hibit a strong correlation with both the particle size com-
position of aggregates and the number of thermal cycling 
treatments (Liu et al., 2022; Yang et al., 2022b). As summa-
rized in Table 8, research on the thermal characteristics of 
SSAM indicates that the combination of 60% SS content 
and a particle size distribution of 4.75–9.5 mm yields the 
most favourable thermal performance.

4) Limitation

Despite demonstrating superior performance across mul-
tiple technical metrics, the widespread adoption of SSAM 
remains constrained by several practical limitations. Chief 
among these is the propensity of oxide-rich components 
in SS to undergo hydration reactions, resulting in volumet-
ric expansion – a characteristic that has been identified as 
a critical driver of pavement structural degradation (San-

tamaria et al., 2018; Sun et al., 2024, 2025). Currently, the 
modification of SS primarily involves pretreatment tech-
niques, including natural aging, surface modification treat-
ments, and chemical solution immersion methods (Sun 
et al., 2023, 2024). Sun et al. (2024) investigated various 
pretreatment methods for SS and evaluated their modi-
fication effects through comparative experiments. The re-
search findings demonstrate that pretreatment techniques 
can significantly improve the volume expansion character-
istics of SSAM, with surface treatment exhibiting the most 
optimal modification efficacy. Although these treatment 
methods have been proven effective in controlling the 
volume expansion of SS, the associated increase in eco-
nomic costs and reduction in time efficiency remain un-
resolved issues. Moreover, the leaching potential of heavy 
metal contaminants (Cu, As, Zn, etc.) from SS under hy-
drological conditions (e.g., precipitation events) presents 
non-negligible ecotoxicological risks, including bioaccu-
mulation hazards and ecosystem disruption (Barišić et al., 
2017; Francisca & Glatstein, 2020). This persistent envi-
ronmental concern constitutes a major technological bar-
rier to the widespread implementation of SSAM in civ-
il infrastructure applications. Gan et al. (2022) conducted 
a systematic investigation into the leaching mechanisms 
of heavy metals SS, revealing that Cu exhibits the high-
est migration potential and ecological risk. Further studies 
demonstrated that the leaching behavior of heavy met-
als in mixtures is predominantly governed by aggregate 
gradation types. These findings provide critical theoret-
ical foundations for controlling heavy metal contamina-
tion during the application of SSAM. In contrast to open-
air stockpiling disposal methods, the resource utilization 
of SS in road construction demonstrates significantly en-
hanced environmental benefits. Research confirms that the 
encapsulation effect of asphalt binder effectively immobi-
lizes heavy metals within SS, thereby substantially mitigat-
ing potential risks to surrounding ecosystems (Cui et al., 
2021a; Liu et al., 2020a). Through systematic experimen-
tal investigation, Sorlini et al. (2012) conclusively demon-

Table 7. Research on the skid resistance of SS

References SS type Control mix Skid resistance Particle size used (mm) Percentage used (%) Optimal content (%)

Ji et al. (2023a) BOFS limestone increase 2.35–9.5 0, 25, 50, 75, 100 50 
Yang et al. (2022a) BOFS basalt increase 2.36–16 30, 40, 50 50
Song et al. (2024) BOFS – increase 4.75–16 0, 20, 60 60
Zhang et al. (2024c) – limestone increase 2.36–13.2 0, 25, 50, 75 50
Ji et al. (2023b) – limestone increase 2.36–9.5 0, 25, 50, 75, 100 50

Table 8. Research on the thermal performance of SS

References SS type Control mix Thermal performance Percentage used (%) Optimal content (%) Optimal sizes (mm)

Lou et al. (2020) BOFS limestone increase 0, 20, 40, 60, 80,100 60 4.75–9.5
Liu et al. (2021c) BOFS limestone increase 0, 25, 50, 75, 100 – 4.75–9.5
Chen et al. (2022a) – basalt increase 0, 50, 100 50 4.75–13.2
Zhang et al. (2024d) BOFS limestone increase 0, 25, 50,75, 100 50 –
Luo et al. (2022) – limestone increase 0, 20, 40, 60, 80, 100 60 4.75–9.5



Journal of Civil Engineering and Management, 2026, 32(3), 276–308 295

strated that SS encapsulated with asphalt binder exhibits 
significantly reduced heavy metal leaching concentrations 
compared to untreated SS. This pivotal finding not only 
verifies the immobilization effect of asphalt encapsulation 
on heavy metals in SS, but more importantly, provides crit-
ical environmental safety and technical feasibility support 
for large-scale engineering applications of SSAM.

4. Sustainability performance of recyclable 
SWMs in asphalt pavement
4.1. Employment of life cycle  
assessment (LCA) analysis
As a systematic evaluation technology, LCA theory is wide-
ly employed to quantify the environmental impact of sus-
tainable asphalt pavement from material production, con-
struction, maintenance and even end-of-life (Anastasiou 
et al., 2015; Fanijo et al., 2023). It is widely accepted that 
the good sustainability and environmental impact reduc-
tion are the main advantages of recycling SWM in asphalt 
pavement. As representatives of climate change in LCA 
category, greenhouse gases (GHG) or global warming po-
tential (GWP) is the most representative index. The quan-
tified GHG reduction of three typical materials in asphalt 
mixtures is tabulated in Table 9.

LCA was mostly performed and interpreted on soft-
ware platforms such as SimaPro, OpenLCA, CMLCA, and 
GaBi (Medina et al., 2023). Most of LCA analysis followed 
the international standard ISO 14040:2006 (International 
Organization for Standardization, 2006) and comprised 
four sequent analysis steps including the definition of 
goal and scope, life cycle inventory (LCI), life cycle impact 
assessment (LCIA), and interpretation (Cao et  al., 2025), 
which varied with analysed material types and applica-
tions. Especially, LCIA covers multiple impact categories 
including but not limited to the climate change, fossil de-
pletion, freshwater ecotoxicity, freshwater eutrophication, 

human toxicity, marine ecotoxicity, marine eutrophication, 
particulate matter formation, terrestrial acidification, ozone 
depletion, terrestrial ecotoxicity and water depletion (Bres-
si et al., 2021). 

4.2. LCA analysis on rubberized  
asphalt pavement
Table  9  tabulated two sort of common system bounda-
ries in LCA of rubberized asphalt pavement: cradle-to-
gate and cradle-to-grave. The difference between these 
two boundaries focused on whether the maintenance and 
end-of-life of rubberized pavement was considered. It is 
obvious that cradle-to-grave could lead to more reduction 
of GHG emissions than cradle-to-gate. The CR employed 
in asphalt pavement was generally derived from the waste 
tires, which initiated the sustainable process of recycling 
of waste tires. Therefore, a  ‘cut-off’ approach was most-
ly adopted for the evaluation of the burdens and bene-
fits associated with the use of CRs, in which the process 
of tire production was not considered. According to this 
approach, the production process of rubberized asphalt 
pavement included shredding and granulating, pretreat-
ment (if there’s any), asphalt production, aggregate pro-
duction, asphalt mixtures production and layer construc-
tion, and transportation materials. 

Figure 10 illustrates an example of relative contribution 
of different life cycle phases for environmental impacts 
due to the use of CR in asphalt mixture. It is obvious that 
“Bitumen production” phase and “Asphalt mixture produc-
tion and layer construction” phase were the main phases 
that contributed to the environmental impacts. Addition-
ally, the “Ambient grinding” phase was directly influenced 
by the recyclability of CRs. It should be noted that the CR 
in the case of Figure 10 was mixed with asphalt without 
any treatment. If the CR was pretreated or mixed in dry 
process, the environmental impacts of crumb rubberized 
asphalt mixtures would be different (Bressi et al., 2021). 

Table 9. Quantification of LCA in sustainable asphalt mixtures

Materials Sources System boundaries Quantification of GHG reduction

Crumb 
rubber

Ibrahim et al. 
(2024) 

Cradle-to-Grave 83%, terminal blend vs. neat bitumen
63%, terminal blend vs. polymer-modified bitumen

Xin et al. (2024) Cradle-to-Gate 36–45%, vs. conventional bitumen
Cao et al. (2025) Cradle-to-Gate

Cradle-to-Grave
44.6%, terminal blend vs. dry process
7%, terminal blend vs. wet process

RAP Gruber and 
Hofko (2023)

Raw material-Transportation-Production-
Construction-Process-End-of-life

17%, major in production stage

Tushar et al. 
(2025)

Raw materials-Manufacturing-Mixing & 
construction-Maintenance-Operation

28.81%, major in maintenance stage

De Pascale et al. 
(2023)

Raw materials-Production-Transportation-
Recycling

25%, major in transportation stage

SS Zhong et al. 
(2024)

Material production-Transportation-Construction 1.1%–8.6%, major in material production stage

Liu et al. (2023) Raw materials-Transportation-Mixing, & 
construction-Maintenance

20%–28%, major in maintenance stage

Zhang et al. 
(2025a)

Materials-Recycling-Production-Distribution-
Construction-End-of-life

29.55%–53.95%, major in recycling stage
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1) Influence of treatment methods on  
environmental impacts of recycling CR
As mentioned in Section 3.1.1, chemical or physical treat-
ment methods has been proved to be effective on increas-
ing the compatibility between the CR particles and asphalt 
matrix. Although the service performances of crumb rub-
berized asphalt mixtures could be enhanced, the treatment 
methods inevitably increase the energy consumption and 
potential environmental impacts. As a comparison to the 
rubberized asphalt mixtures without treatments in Fig-
ure 10, Bressi et al. (2021) conducted LCA on rubberized 
asphalt mixtures with devulcanization of CR, in which plas-
ticisers (pine tar and rosin) were employed under a tem-

perature of 230 °C and a pressure of 2.2 MPa. Figure 11 
illustrates the environmental impact of rubberized asphalt 
mixtures considering devulcanization and refining process. 
It could be concluded from Figure 11 that the devulcani-
zation of CR significantly contributed to all categories of 
environmental impacts except for fossil depletion and ma-
rine ecotoxicity.

Similar conclusions were drawn by other researchers. 
Rajagopal et  al. (2024) investigated CR modification on 
concrete, and conducted LCA considering the chemical 
treatment on CR. Their findings supported that the usage 
of NaOH solution for pretreatment of CR marginally in-
creased the environmental impacts in comparison to the 

Figure 11. Relative contribution of the different life cycle phases and subphases for environmental impacts due to the use  
of asphalt mixture with devulcanized CR (Reproduced from Bressi et al., 2021)
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untreated modifications. Although the pretreatment on CR 
increased the environmental impact to some degrees, such 
increment in environmental impacts could be compensat-
ed by proper design of recyclable materials. Bressi et al. 
(2018) conducted a comparative LCA of asphalt mixtures 
containing CR and RAP for railway sub-ballast applications. 
It is reported that while CRMA had higher environmental 
impacts due to rubber treatment and increased bitumen 
usage, RAP-based mixtures showed significant environ-
mental improvements, especially with full binder blending. 
Currently, only few literatures focused on the LCA of treat-
ment methods of CRs in asphalt modification. The research 
on the optimal design of recyclable sustainable materials 
to reach minimum environmental impact is still needed.

2) Influence of CR particle size on environmental impacts 

In many LCA cases that adopted “cut-off” strategy, the 
LCA phases usually started with the end-of-life tires, i.e. 
CRs. However, the CR particle size was mostly ignored al-
though it’s been proved that particle size showed signif-
icant influences on service performances of crumb rub-
berized asphalt mixtures (as stated in Section 3.1.3). Li-
ang et al. (2020) reported that the production of fine CR 
(0.5~2 mm) might increase energy consumption by 15–
20% compared to coarse particles (5~10 mm), which po-
tentially offset environmental benefits. Similarly, Patrisia 
et al. (2025) concluded that CR concrete with coarse par-
ticles demonstrated lower resource depletion and toxicity 
impacts compared to finer alternatives. Meanwhile, coarser 
rubber reduced reliance on virgin aggregates in construc-
tion, aligning with circular economy principles and lower-
ing global warming potential by 8–9% in cradle-to-gate 
scenarios. 

The above descriptions both support the conclusion 
that production of finer rubber particles increased ener-
gy consumption, toxicity impacts and emissions. Howev-
er, the acknowledged advantages of finer rubber particles 
on improvements of storage stability and durability could 
not be ignored in LCA categories. Liang et al. (2020) also 
reported that finer rubber particles only contributed mar-
ginally higher CO2 emissions (e.g., 0.33–3.05% variance) 
due to processing, but their improved performance in ap-
plications like asphalt can offset these impacts over the 
product lifecycle. 

Conclusively, current research gaps involved direct LCA 
comparisons across different particle sizes in CR produc-
tion, including the quantification of energy and emissions 
for specific size ranges, and the evaluations of trade-offs 
between the environmental impacts of CR production and 
the service performances.

4.3. LCA analysis on RAP modified  
asphalt pavement
1) Impact of RAP content on environmental sustainability

Numerous studies have shown that increasing the RAP 
content in asphalt mixtures can substantially reduce ener-
gy consumption and GHG emissions. For instance, Tushar 

et al. (2025) used SimaPro to conduct an LCA on RAP in-
corporation in asphalt mixtures. They found that replacing 
virgin materials with 60% rejuvenated RAP reduced carbon 
emissions by up to 31.85%. Similarly, Rout et al. (2023) ob-
served that using RAP as a recycled aggregate in concrete 
pavements could reduce GHG emissions by approximate-
ly 42% over a 30-year period. These findings highlight the 
potential of high RAP content to mitigate environmental 
impacts across the pavement lifecycle. Moreover, Yu et al. 
(2013) developed a  life cycle analysis and life cycle cost 
analysis (LCA-LCCA) model that optimizes pavement main-
tenance to reduce energy consumption, GHG emissions, 
and total costs. Abdalla et al. (2022) further confirmed that 
increasing RAP content (0%, 15%, 30%, 50%, 80%, and 
100%) consistently reduces environmental impacts across 
multiple indicators, reinforcing the environmental value of 
maximizing RAP use. However, concerns remain regarding 
long-term durability at high RAP levels, which may lead to 
increased maintenance needs. This underscores the need 
for further research into degradation models for high-RAP 
mixtures and more robust performance data from the con-
struction and service phases.

2) Environmental implications of RAP processing

Beyond material substitution benefits, the processing of 
RAP plays a  critical role in its overall environmental im-
pact. Tushar et al. (2025) noted that high moisture con-
tent in RAP significantly increased heating energy demand, 
thereby reducing the net environmental benefits of its use. 
Moisture management thus becomes a key factor in realiz-
ing the full sustainability potential of RAP-based mixtures. 
Furthermore, Zheng et al. (2019) conducted a  compara-
tive study between traditional thin hot mix asphalt lay-
ers and RAP-incorporated strategies, finding that although 
RAP use reduced economic costs by approximately 8.4%, 
the additional energy consumption required for crushing 
and reheating the reclaimed materials introduced nota-
ble environmental burdens. These findings underscore the 
need for balanced design approaches that consider both 
environmental performance and the energy intensity of 
processing operations when maximizing RAP utilization. 
To optimize the environmental benefits of RAP, future re-
search should focus on enhancing the performance and 
durability of high-RAP mixtures, alongside the develop-
ment of more energy-efficient processing techniques, en-
suring that both sustainability and performance are maxi-
mized across the lifecycle.

4.4. LCA analysis on SS modified  
asphalt pavement
De Pascale et al. (2023) conducted a comparative LCA of 
three distinct asphalt mixtures, demonstrating that the in-
corporation of EAFS with RAP yields optimal environmen-
tal benefits, achieving a 25% reduction in environmental 
impact. This demonstrates that the recycling of SS and 
other solid wastes in road construction can generate pos-
itive ecological impacts, aligning with the principles of 
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sustainable development. Research findings demonstrate 
that, compared to conventional asphalt mixtures, SS-mod-
ified asphalt mixtures exhibit significant advantages in 
CO₂ emissions when assessed using the LCA methodolo-
gy. Specifically, SS-modified mixtures show markedly low-
er carbon emissions throughout their life cycle, with this 
reduction being particularly pronounced during the raw 
material production and pavement maintenance units (De 
Pascale et al., 2023; Liu et al., 2023; Zhang et al., 2025a). 

1) Raw material production unit

When considering solely the CO₂ emissions from the raw 
material production unit, SS typically exhibits a higher car-
bon footprint compared to natural aggregates. However, 
when accounting for the avoided landfill disposal emis-
sions through slag recycling within the system bounda-
ries, its lifecycle carbon emission performance demon-
strates significant improvement (Liu et  al., 2023; Zhang 
et al., 2025). Zhang et al. (2025) revealed that SSAM ex-
hibited considerable potential as a  low-carbon construc-
tion material. The results demonstrated a significant de-
creasing trend in total carbon emissions with increasing 
SS content, primarily attributed to the emission reduction 
achieved through SS recycling. Distinctively, this study pio-
neered a comprehensive systematic evaluation integrating 
both environmental benefits and road performance char-
acteristics of SSAM. The research conclusively determined 
that a 60% SS incorporation ratio achieves optimal com-
prehensive performance.

2) Pavement maintenance unit

The experimental results confirmed that SSAM exhibited 
remarkable self-healing capabilities, primarily owing to the 
superior thermal conductivity properties of SS (Liu et al., 
2023; Luo et al., 2022). The findings demonstrated that the 
self-healing properties of SSAM could effectively eliminate 
the need for extensive manual repairs. Through its intrinsic 
thermal-activated self-restoration mechanism, SSAM sig-
nificantly reduces carbon emissions associated with main-
tenance activities. Liu et al. (2023) systematically charac-
terized the self-healing mechanisms and performance of 
SSAM, while also identifying its significant CO₂ emission 
reduction benefits during the maintenance phase.

5. Recommendations for future perspectives
This paper makes a general review of the mechanical per-
formance and life cycle assessment of asphalt pavements 
considering the involvement of three typical SWM (rubber, 
RAP, and SS). As mentioned in Section 2, the three typical 
SWM were selected from the scientometric analysis of lit-
erature database in recent years. Although not within the 
scope of this review, some other SWM such as bricks, fly 
ash, or reclaimed concrete aggregates (RCA) played im-
portant roles in performance improvement and decarboni-
sation of asphalt pavement (Ahmed et al., 2025). With the 
industrial and technological development, the employ-

ment and impact of SWM in asphalt mixtures may fur-
therly evolve (Xu et al., 2021a). Therefore, the research on 
SWM in mechanical and environmental impact in asphalt 
mixtures needs updates according to technological devel-
opments.

Additionally, the employment of three typical SWM 
(rubber, RAP, and SS) is not limited in asphalt pavement 
but also in other engineering fields. For example, rub-
bers derived from waste tyres have shown advantages 
on performance enhancement of concrete and soil. The 
concrete containing rubber particles have better perfor-
mances on sustaining freeze-thawing protection (Rich-
ardson et al., 2016) and strength improvement (Thomas 
& Gupta, 2016). In geotechnical application, crumb rub-
ber was beneficial in soil stabilization (Juliana et al., 2020; 
Ravi et al., 2024) and seismic isolation performance (Kuvat 
et al., 2024; Pitilakis et al., 2024). SS was also employed in 
atmospheric improvement (Huijgen et  al., 2005), waste-
water treatment (Yu et al., 2022), and marine environment 
management (Ogawa et al., 2020). These studies have con-
sistently demonstrated the remarkable efficacy of SS in 
significantly reducing airborne pollutants such as NOx and 
SO₂ (Sun et al., 2017; Xing et al., 2022), achieving high re-
moval rates of heavy metals and organic contaminants in 
industrial wastewater (Yu et al., 2022), and effectively re-
storing marine ecosystems by enhancing water clarity and 
biodiversity (Liu et al., 2021c; Yu et al., 2021). Although the 
SWM have been widely used in other engineering fields, 
the improvement mechanism of these materials is mutu-
ally shared. Hence, the application and treatment of SWM 
in other engineering fields could be a reference in asphalt 
mixtures improvement.

6. Conclusions
This paper makes the state-of-the-art review on recycling 
of SWMs in the production of sustainable low-carbon as-
phalt pavements based on recent five-years (2020–2025) 
literatures. According to the scientometric analysis of the 
literature, three typical SWMs (rubber, RAP and SS) are se-
lected to be mainly discussed over the influences on the 
service performance and environmental impacts of sus-
tainable asphalt pavements. Based on this overview, the 
following conclusive remarks could be drawn:

1.	Co-occurrence analysis showed that the most uti-
lized SWMs in asphalt pavement is crumb rubber, 
followed by RAP and SS. The leading country with 
most publications in sustainable asphalt pavements 
has shifted from USA to China in the past ten years.

2.	The service performance of rubberized asphalt pave-
ment is essentially decided by the compatibility and 
interfacial cohesion between rubber and asphalt 
matrix, which could be influenced by multiple fac-
tors. Besides the pre-treatment methods (chemical 
or physical treatment) and producing technologies 
(wet, dry or terminal blend process), the particle size 
of rubber plays an important role as well. Literature 
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review concludes that rubber particles with smaller 
size imposed more positive influences on the service 
performance of asphalt pavements such as storage 
stability, fatigue resistance, moisture resistance and 
cracking resistance. 

3.	In terms of pretreatment method and size of rubber 
particles, there exists trade-offs between the envi-
ronmental impacts and the service performances in 
production of rubberized asphalt pavements. Cur-
rent research gaps involved direct LCA comparisons 
of different particle sizes in rubberized asphalt pro-
duction, including the quantification of energy and 
emissions for specific size ranges, and the evalua-
tions of mentioned trade-offs.

4.	The incorporation of SS enhances the asphalt mix-
ture’s  mechanical properties, skid resistance, and 
thermal performance to varying degrees, with the 
optimal comprehensive performance achieved at 
approximately 60% SS content.

5.	Volume expansion and heavy metal leaching cur-
rently represent the primary limiting factors for 
large-scale application of SS in pavement infrastruc-
ture construction. However, appropriate pretreat-
ment of SS can effectively mitigate these challenges.

6.	The recycling and utilization of SS not only reduc-
es raw material consumption but also significantly 
decreases CO₂ emissions associated with landfilling. 
Furthermore, the superior self-healing properties of 
SSAM contribute substantially to emission reduction 
during the maintenance phase.

7.	The optimal RAP content varies by asphalt type, 
requiring adjustments based on the targeted per-
formance. While RAP fractionation and rejuvena-
tion techniques have improved mixture consisten-
cy and binder restoration, quantifying the effective 
blending degree and rejuvenation efficiency remains 
a  technical challenge, especially for mixtures with 
high RAP content. Notably, full utilization of 100% 
RAP is still limited primarily by cracking, poor ad-
hesion, and increased air voids. Moreover, optimal 
RAP content should be evaluated in the context of 
pavement type, traffic loading, and environmental 
conditions, as these factors critically influence the 
performance, durability, and service life of recycled 
asphalt mixtures.

8.	The effects of RAP on asphalt mixture performance 
and strategies to mitigate performance degrada-
tion are explored. Moderate RAP content improves 
stiffness and rutting resistance, yielding mechanical 
properties comparable to virgin mixtures. Howev-
er, at higher RAP levels, the aged binder introduces 
brittleness and blending challenges, compromising 
fatigue and cracking resistance. Although strategies 
such as rejuvenators and WMA additives have dem-
onstrated the potential to restore aged binder prop-
erties and improve mixture workability, their long-
term aging characteristics and durability under field 
conditions remain inadequately understood. 

9.	The integration of RAP in asphalt pavements dem-
onstrates notable environmental benefits, particu-
larly in terms of reducing energy consumption and 
greenhouse gas emissions over the pavement life-
cycle. LCA highlights the sustainability advantages 
of high RAP content in mitigating environmental 
impacts during production and use. However, re-
search gaps remain concerning long-term durability 
and processing energy consumption, particularly in 
balancing high-RAP content design with improved 
processing efficiency to enhance the overall envi-
ronmental benefits. 
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