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The process of renovating flexible pavement produces an extensive amount of reclaimed
asphalt pavement (RAP). These aggregates are frequently discarded, whether through
legal or illegal means, in nearby locations, thereby creating various challenges for
regulatory bodies. The incorporation of these aggregates into portland cement concrete
(PCC) mixtures represents an innovative strategy that could yield significant socio-
economic and environmental advantages. Nonetheless, the inclusion of RAP aggregates
may also adversely impact both the soundness and performance characteristics of the
concrete. This paper delivers a detailed and critical evaluation of the practicality of
employing RAP aggregates in concrete production, while also pinpointing several
shortcomings that must be rectified to enhance sustainability in construction
methodologies. This paper is structured in the following manner: it initiates with a detailed
characterization of RAP aggregates, followed by an analysis of the characteristics of fresh
concrete containing RAP, and culminates in an exploration of RAP containing concrete
mechanical and durability characteristics. According to the literature review, it is evident
that aggregates derived from RAP are generally of a lower quality than their natural
counterparts. This may not pose a significant issue regarding the characteristics of the
fresh concrete. The asphalt film and the presence of agglomerated particles within the
RAP were identified as key factors contributing to the diminished strength and durability
characteristics. The integration of RAP as aggregates has been associated with notable
advantages, including improved toughness. Furthermore, existing research suggests that
the performance of concrete containing RAP can be enhanced through the processing of
RAP in conjunction with using supplementary cementitious materials (SCMs) or fibres.

1 Introduction

Reinforced concrete stands as one of the most prevalent construction materials globally, with the extraction of its raw
materials contributing substantially to environmental degradation. This impact is characterized by considerable energy
consumption, elevated CO2 emissions, and the exhaustion of natural resources [1]. A significant concern in this context
pertains to the sourcing of aggregates, which constitutes approximately 70% of the concrete's total volume. These aggregates,

* Corresponding author. Tel.: +964 7702821323.
E-mail address: hanadid.lankrani@student.uokufa.edu.iq

e-ISSN: 2170-127X,

RESEARCH REVIEW of
Sciences and Technologies



http://creativecommons.org/licenses/by-sa/4.0/

368 JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 12 (2025) 367384

primarily composed of stones and sand, are typically obtained through quarrying or dredging activities in riverbeds [2].
Globally, the maintenance of roads and highways generates millions of tons of RAP, while substantial waste is produced
during road dismantling. In the United States alone, the anticipated annual volume of milled asphalt exceeds 100 million tons
[3]. The addition of RAP into new hot mix asphalt (HMA) represents a common sustainable practice. Research findings
suggest that the use of RAP as a substitute for a portion of natural aggregate (NA) and asphalt binder yields beneficial
economic and environmental outcomes [4, 5]. However, the asphalt present in RAP tends to be rigid and requires rejuvenation
before its application in HMA, with this rigidity being exacerbated by oxidation during storage [6-9]. Therefore, RAP
stockpiles are commonly regarded as inadequate for HMA applications and are usually disposed of in unregulated areas,
resulting in substantial environmental concerns [10]. Additionally, there is a global shortage of NA [11]. To address these
challenges, researchers are investigating the potential of using RAP as an alternative to NA in the production of concrete.
This strategy not only lessens the demand for NA and mitigates greenhouse gas emissions but also safeguards important land,
facilitating the advancement of sustainable concrete [12—14]. However, the introduction of RAP to concrete has the potential
to detrimentally influence its performance characteristics [15, 16]. The main factors contributing to reducing the general
strength of concrete that contains RAP have been identified as the existence of an asphalt coating and the presence of
agglomerated particles [17, 18]. Several studies have indicated different methods for the removal of asphalt coatings from
the RAP aggregates, which can lead to enhanced material characteristics and improved bonding between cement mortar and
the RAP aggregates [19, 20]. An immediate requirement exists for a comprehensive assessment that examines how RAP
influences the performance attributes of concrete. Conducting such an evaluation would bring to light the role of RAP as
aggregate material in concrete, consequently drawing the attention of engineers and contractors in the field. This study article
delivers an in-depth exploration of the different characteristics of concrete that are modified through the utilization of RAP
aggregates. In addition, it includes a concise review of the application of SCMs and fibres in augmenting the behaviour of
concrete containing RAP.

2 Reclaimed asphalt pavement (RAP)

The term reclaimed asphalt pavement refers to materials that are taken out of old pavement through either milling or full-
depth removal due to resurfacing, reconstruction, and rehabilitation, in addition to serving the purpose of facilitating access
to underground utilities. They comprise a mixture of asphalt combined with aggregates [21-25].

2.1 The process of reclamation
2.1.1  Reclaiming

The predominant techniques for acquiring RAP involve either the milling of the surface layer of the pavement or the full-
depth removal [26-28] as shown in figure 1.

Fig. 1 — RAP acquired by (a) milling and (b) full-depth removal.
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¢ Milling, often referred to as cold planning, is a technique that involves the removal of the uppermost layer of
pavement utilizing a milling machine capable of extracting up to 50 mm of thickness in a single operation. This
approach is employed to either lay down a new surface layer or to enhance and restore the pavement's frictional
characteristics [16, 27]. The RAP produced through milling is typically finer, denser, and with little dust
impurity as compared to that obtained through the full-depth removal method [19, 29].

o Full-depth removal refers to a technique in which the entire pavement structure, along with portions of the
underlying layers, is removed utilizing a rhino horn attachment on a bulldozer and/or pneumatic pavement
breakers [16].

2.1.2  Crushing

Once the asphalt material has been collected from the process of full-depth removal, it must undergo a crushing process.
It is worth mentioning that asphalt collected by means of milling usually doesn’t need this process. The procedure is not
designed to crush the stone components again; rather, its primary objective is to separate the RAP that is bonded by bitumen
into smaller fractions. Crushing is most effectively performed in colder temperatures, as warmer conditions tend to re-adhere
the bitumen. Following the crushing, the RAP is then subjected to sieving to obtain the desired particle sizes [28].

The process of reclaiming RAP is illustrated below in figure 2.

reclaiming of RAP material

h 4 Y

full-depth

milling removal

y

need yes crushing
crushing?

sieving and other processing of
RAP aggregate

A

v v
use in cement use in asphalt
concrete mixture mixture

Fig. 2 — Flowchart of the reclamation of RAP materials worldwide.
2.2 Benefits of using RAP

Each year, a substantial quantity of RAP, amounting to millions of tons, is generated globally. Following the reclamation
process, RAP is frequently disposed of in landfills or abandoned in open spaces [30, 31]. Figure 3 depicts the subsequent
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accumulation of RAP in outdoor settings. Incorporating RAP as a substitute for NA in concrete mixtures presents a variety
of advantages, including:

(b)

Fig. 3 — RAP stockpiles in an open environment.

RAP has the potential to markedly decrease the reliance on NA [19, 31-36]. Research demonstrates that up to
50% of NA in concrete mixtures can be substituted with RAP as aggregates while maintaining the essential
characteristics of the concrete [37].

Using RAP instead of NA can lower greenhouse gas emissions [30, 38—40]. The extraction and processing of
NA are responsible for approximately 1% of total greenhouse gas emissions globally [30, 41]. Incorporating
RAP as a partial alternative to these aggregates facilitates a reduction in emissions overall.

A notable benefit of utilizing RAP as aggregates is the considerable decrease in transportation costs [19, 30, 32,
42]. This advantage is especially pronounced in scenarios where the construction site is located at a considerable
distance from the market or quarrying facility, as RAP can be effectively employed directly at the site.

Preservation of valuable land resources. Using RAP offers two main land-related benefits: it reduces the need
for additional land for dumping RAP, which is crucial in densely populated areas, and it helps preserve roadside
agricultural farms by preventing the stockpiling of RAP [11, 19, 31, 42-44].

The addition of RAP in construction has been shown to significantly decrease the overall expenses associated
with producing one cubic meter of concrete, with estimates indicating a reduction of around 45% [11, 17, 30,
45]. This financial benefit primarily arises from a diminished demand for NA, coupled with a notable decrease
in transportation costs [17, 30, 45].

Other advantages exist, such as increased toughness with the introduction of RAP to concrete [20, 46, 47].
Furthermore, utilizing stockpiled RAP in concrete mixtures can enhance the visual appeal of highways by
minimizing the accumulation of RAP along the roadside. Additionally, a decrease in the size of trucks and
convoys transporting NA is likely to improve the flow of traffic on highways to some degree.

3 Characteristics of RAP aggregates

The characteristics of RAP aggregates differ based on their source, which in turn influences their efficacy. Table 1

summarizes a comparison of the physical characteristics of RAP aggregates against NA.

3.1 Physical characteristics

311

Gradation of RAP aggregates

The gradation characteristics of RAP aggregates frequently differ significantly from those of the NA. This variation is

influenced by the source of the RAP and the milling techniques employed, including milling speed and the depth of milling
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[48, 49]. Numerous studies indicate that coarse RAP aggregates tend to be finer than natural coarse aggregate (NCA) [19,
40, 50-52]. In contrast, the findings indicated that fine RAP aggregates are characterized by a coarser composition relative
to standard natural fine aggregates [40, 49]. It is common for the fineness modulus of fine RAP aggregates to be above 3
[52], while there are instances where the figure can exceed 4.4 [49]. The phenomenon in question is attributable to the effects
associated with agglomeration, which involves the grouping of fine RAP particles in the vicinity of the edges of coarser RAP
particles. As a result, the material produced is coarser and presents a more gap-graded profile than that found in natural fine
aggregates [49]. Conversely, coarse RAP aggregates have been noted to exhibit a more well-graded nature compared to NCA
[19].

3.1.2 Binder content

The proportion of asphalt surrounding the aggregates is documented to vary between 2% and 7.5% by mass. Several
factors contribute to this variation, such as the fraction of RAP, the initial asphalt content, the extraction methodology,
stockpiling methods, and the length of service [19, 37, 40, 49, 53, 54]. Several studies have indicated that this asphalt film
can yield multiple advantages, including reduced impact value [19, 55], reduced abrasion value [19], and a reduction in the
crushing value of aggregates [19].

3.1.3  Water absorption

It is commonly noted that water absorption of RAP aggregates, including coarse and fine, is typically observed to be less
than that of NA [19, 40, 47, 52, 56, 57]. This occurrence can be explained by the water-repellent characteristics of the asphalt
coating that encases the aggregates [40]. Conversely, some research has reported a greater water absorption capacity in RAP
aggregates in comparison to NA [19, 37, 49, 51, 53, 58-61]. The heightened water absorption observed in contaminated RAP
can be largely ascribed to the buildup of dust layers on their surfaces.

3.1.4  Unitweight

The unit weight of RAP aggregates is influenced by the specific type of aggregate incorporated within the pavement, as
well as the moisture content of the material [51, 62]. Existing studies on RAP aggregates indicate that their unit weight is
less than that of the NA [52, 63-65].

3.1.5  Specific gravity

It has been noted that the values of specific gravity of RAP aggregates tend to be less than those of NA. This discrepancy
is largely a result of the low-density asphalt coating that encases the aggregates in RAP [20, 33, 37, 40, 46, 53, 58, 62, 66,
67]. The range of specific gravity for NA is usually between 2.4 and 2.8. In contrast, coarse RAP is reported to have a specific
gravity that varies from 2.1 to 2.69, while fine RAP is characterized by a specific gravity range of 1.81 to 2.49 [49, 52, 59].

Table 1 - Comparative analysis of the physical properties of NA and RAP aggregates

RAP aggregate characteristic Compared to NA References
Grading (coarse) Finer [19, 40, 50-52]
Grading (fine) Coarser and gap-graded [40, 49]
Binder content existent [19, 37, 40, 49, 53, 54]
) ) Higher (when contaminated) [19, 37,49, 51, 53, 58-61]

Water absorption (both coarse and fine)

Lower [19, 40, 47, 52, 56, 57]
Unit weight (both coarse and fine) Lower [52, 63-65]

Specific gravity (both coarse and fine) Lower [20, 33, 37, 40, 46, 53, 58, 62, 66, 67]
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3.2 Chemical characteristics

RAP is composed of 93% to 97% mineral aggregates and 3% to 7% hardened asphalt cement. Its chemical makeup
closely resembles that of NA, with predominant elements including SiO2, Fe203, and CaO [68]. The asphalt cement found
in RAP consists of a blend of high molecular weight aliphatic hydrocarbons, along with low levels of sulfur, nitrogen, and
polycyclic hydrocarbons, as well as a mixture of asphaltenes and maltenes [69]. The asphalt in RAP exhibits viscoelastic
characteristics, with its characteristics influenced by temperature and loading conditions. Oxidation processes elevate the
viscosity of the asphalt by transforming oils into resins and resins into asphaltenes, resulting in age hardening. This increase
in viscosity can mitigate alkali-silica reactions within the aggregates [70]. When incorporated into concrete, the workability
of RAP is frequently compromised by the asphalt film that envelops the aggregates. Enhancing the workability of RAP can
be achieved by reducing the viscosity of bitumen. Nevertheless, RAP can influence concrete characteristics such as creep
and shrinkage, particularly at elevated temperatures, which soften the asphalt and exacerbate creep [71].

4 Characteristics of concrete incorporating RAP
4.1 Characteristics of fresh concrete

The attributes of fresh concrete are crucial, as they are directly associated with the equipment selection for its processing
and compaction, and they have a substantial impact on the qualities of the concrete after it has set [72]. Key characteristics
in this context encompass workability and slump, and unit weight.

4.1.1  Workability and slump

It is widely recognized that utilizing spherical aggregates that possess a diminished capacity for water absorption can
significantly enhance the workability of concrete mixtures. Nevertheless, this claim is not entirely applicable to mixtures that
include RAP as aggregates, even considering their reduced absorption characteristics and relative sphericity compared to NA.
A variety of research investigations have demonstrated that the addition of RAP generally results in a reduction of the slump
value of the mixtures when compared to control mixtures. In contrast, some research has reported improved workability with
the addition of RAP. For instance, the investigation by Al-Oraimi et al. [67] revealed that, although RAP and NA exhibit
similar water absorption capacities, concrete mixtures composed entirely of coarse RAP demonstrated approximately 80%
of the workability of the control mix. Similarly, Okafor [73] noted that, despite RAP's lower water absorption compared to
NA, workability was diminished in RAP mixtures. Huang et al. [20] found that the inclusion of coarse and fine aggregates
of RAP together may enhance the workability of concrete mixtures, while the addition of either coarse or fine RAP would
significantly lower it. The viscous characteristics of the asphalt coating were determined to be a significant factor in the
observed decrease in slump value, while the reduced capacity for water absorption was related to the enhanced workability
of the combined RAP mixtures. Furthermore, Huang et al. [46] have shown that incorporating a minor proportion of RAP
can enhance the workability of concrete mixtures; although a larger percentage of RAP aggregate, particularly fine RAP,
may lead to stiffer mixtures with zero slump. A similar finding was noted by Katkhuda et al. [74], where the inclusion of fine
RAP significantly reduced workability in comparison to coarse RAP mixtures. Singh et al. [19] observed that coarse RAP
produced through the full-depth reclamation method could exhibit an increased capacity for water absorption in comparison
to NA. This led to a decrease in the original slump by roughly 30%, although pre-washing the aggregates before usage may
improve the slump value by approximately 65%. Huang et al. [46] noted that increased amounts of water-reducing admixture
are advantageous to RAP mixtures. Erdem and Blankson [75] discovered that during the mixing process, the adhered asphalt
may detach from the aggregate surface, leading to a reduction in the workability of the mixtures by roughly 45% due to water
absorption by the RAP surface. In contrast to the aforementioned studies that highlight a reduction in workability, some
research suggests that the inclusion of RAP can improve the workability of fresh concrete mixtures. As an illustration, Brand
and Roesler [51] found that using RAP aggregates of lower water absorption at a 50% ratio can enhance workability by about
40%. The existing literature presents an ambiguous trend regarding the impact of RAP inclusion on fresh mixtures'
workability. Notably, in comparison to fine RAP aggregates, coarse RAP aggregates are associated with a reduced adverse
effect on the workability of concrete mixtures [54]. Nevertheless, further research is essential to establish a more definitive
understanding. Future studies should explore various factors related to RAP, including shape characteristics, aggregate water
absorption, and the effects of milling and processing techniques.
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4.1.2  Unitweight

The existence of a lower-density asphalt coating that envelopes the aggregates significantly contributes to a reduction in
the total weight of the RAP matrix. Thus, the integration of either coarse or fine RAP, whether employed individually or
together, can result in a concrete mix that is distinguished by its lower density. Research conducted by Brand and Roesler
[51] demonstrated that a mix comprising approximately 50% coarse RAP could exhibit a 5-6% density reduction compared
to the control mix. Additionally, Singh et al. [19] indicated that a mixture consisting solely of 100% coarse RAP, produced
through a full-depth removal process, demonstrated a unit weight variation of under 2% with conventional concrete mixtures.

4.2 Characteristics of hardened concrete

This section examines the characteristics of hardened concrete, specifically focusing on mechanical, toughness, and
durability characteristics. The influence of integrating RAP as aggregates on the mechanical properties of portland cement
concrete (PCC) mixtures is detailed in Table 2, which is based on findings from various studies.

4.2.1  Compressive strength characteristics

Within the field of civil engineering, compressive strength is regarded as the essential design criterion, particularly for
applications involving structural concrete. Investigations have repeatedly revealed that integrating RAP into PCC mixtures
leads to a reduction in compressive strength as the percentage of RAP increases. It has been determined that the asphalt
coating encasing the RAP serves as an obstacle to the bonding between the aggregate of RAP surfaces and the mortar matrix
[19]. Furthermore, the high amount of agglomerated particles present in RAP has been linked to a decline in the desirable
characteristics of concrete mixtures [19]. Okafor [73] utilized 100% coarse RAP in his research, the outcomes indicated that
the compressive strengths were lower in comparison to concrete containing NA. The study by Bensahnoune et al. [37]
reported a reduction of approximately 8.5% to 37.2% when 25% to 100% coarse RAP was incorporated into concrete
mixtures. The authors recommended using RAP at 50% replacement ratio for producing cement concrete. Soltanabadi and
Behfarnia [47] used coarse RAP with (50%-100%) replacement ratios. According to their results, the authors suggested using
RAP in concrete mixes when aiming for compressive strength lower than 35MPa. When lower percentages of coarse RAP,
ranging from 10% to 30%, were employed, a reduced strength loss of between 8% and 29% was observed [58].

Research conducted on fine RAP has been less extensive compared to coarse RAP, as using the latter is more sought
after. The underlying causes of this occurrence are primarily linked to factors including the gap-graded distribution, a higher
content of asphalt, and the increased water absorption of fine RAP as opposed to regular fine aggregates, although studies
comparing both RAP portions have demonstrated superior performance of concrete containing fine RAP compared to those
with coarse RAP [21, 49]. In a study by Huang et al. [46], it was determined that fine RAP mixtures exhibited approximately
66% superior performance compared to coarse RAP mixtures. This finding contradicted the results of an earlier investigation
by the same authors [20]. The discrepancy was primarily attributed to the higher concentration of agglomerated particles
present in the field coarse RAP, in contrast to the laboratory-produced coarse RAP utilized in the previous study [20].

Applying 100% combined RAP aggregates in concrete mixtures is generally discouraged because of their inferior
effectiveness relative to mixtures that incorporate either coarse or fine RAP. Multiple researchers have reported a compressive
strength reduction ranging from 62% to 81% in control mixtures as 100% combined RAP was put in PCC mixtures [20, 65,
75, 76]. Erdem and Blankson [75] examined the impact of integrating 100% combined RAP in precast concrete mixtures,
noting a 60% decrease in compressive strength.

Given that the compressive strength of concrete is significantly compromised by the use of RAP, researchers have
explored alternative methods to enhance this property, such as the incorporation of SCMs and fibres [57, 77-79]. In a study
conducted by Singh [77], the authors used SCMs such as silica fume, bagasse ash, and fly ash in RAP concrete. Results
showed a slight improvement in compressive strength by about (3%-16%). The failure to achieve better improvement is
mainly attributed to the weakness of the bonding between asphalt and cement paste, as applying SCMs didn’t enhance that
connection [62].
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Table 2 - The mechanical properties of concrete after the inclusion of RAP.

RAP Percentage
cchoanr(;::etteeristics Type of fraction replacement decline at References
ratio% 28 days (%)
Compressive strength Coarse-grade RAP 100% 13%-15% Delwar et al. [76]
100% 41% Huang et al. [20]
10%-100% 22%—71% Huang et al. [46]
10%-30% 8% — 29% Abedalqgader et al. [58]
25%-100% 8.5%-37.2% Bensahnoune et al.[37]
100% 42% Okafor [73]

20%-50%

16%-39%

Brand and Roesler [51]

10%-30%

10%—-27%

Paluri et al. [57]

40%-80%

10.5%-37.6%

Ashteyat et al. [61]

50%-100%

19%-30%

Soltanabadi and Behfarnia [47]

Fine-grade RAP 100% 19%—-22% Delwar et al. [76]
100% 50% Huang et al. [20]
10%-100% 15-67% Huang et al. [46]
Combined-grade RAP 25%-100% 49-81% Delwar et al. [76]
209%-100% ~21%-62% Said et al. [15]
100% 60% Erdem and Blankson[75]
100% 2% Huang et al. [20]
Flexural strength Coarse-grade RAP 100% 35% Hassan et al.[65]
100% 26.18% Singh et al.[19]
100% 29% -32.5 Al-Oraimi et al.[67]
10%-30% 7%-20% Paluri et al. [57]
45% 25% Brand et al.[80]
25%-100% 8%-33% Bensahnoune et al. [37]

10%-30%

27% - 31%

Abedalgader et al.[58]

Fine-grade RAP

25%-100%

17%-42%

Singh et al. [49]

100% 39.3% Abraham and Ransinchung [59]
Combined-grade RAP 100% 45% Hassan et al. [65]
100% 26%—-36% Erdem and Blankson [75]

20%-100%

10.4%-48%

Said et al. [15]

STS Coarse-grade RAP 20%-50% 27%-52% Brand and Roesler [51]
100% 26% Singh et al. [19]
10%-100% 15%-57% Huang et al. [46]
Fine-grade RAP 10%-100% 7%-55% Huang et al. [46]
100% 21% Huang et al. [20]
25%-100% 13%-44.4% Singh et al. [49]
Combined-grade RAP 100% 50.5% Huang et al. [20]
209%-100% ~10% - 45% Said et al. [15]
MOE Coarse-grade RAP 20%-50% 16%-30% Brand and Roesler [51]

25%-100%

12%- 48%

Bensahnoune et al. [37]

50%-100%

46% —53%

Soltanabadi and Behfarnia [47]

Combined-grade RAP

100%

~18% — 60%

Erdem and Blankson [75]

20%-100%

~7%-53%

Said et al. [15]
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4.2.2  Flexural strength characteristics

Evidence from existing literature reveals that the flexural strength of concrete mixes incorporating RAP diminishes as
the percentage of RAP increases, regardless of the curing age, due to the asphalt coating that surrounds the RAP, resulting in
a weakened bond at the interface between the RAP and the cement paste [15, 19, 37, 51, 58, 67, 73, 75]. Several papers [19,
65, 67] reported that the incorporation of 100% coarse RAP into PCC mixtures led to a decrease in flexural strength in the
range of 26.18% to 35%. Flexural strength suffered a lower reduction of (4% - 25%) when lower proportions of coarse RAP
(20% to 50%) were employed [51, 80]. Furthermore, Bensahnoune et al. [37] reported reductions ranging from 8% to 33%
for coarse RAP inclusions from 25% to 100%. Abedalgader et al. [58] found that the decrease in flexural strength for mixtures
containing 10%, 20%, and 30% coarse RAP compared to a 100% NCA mix ranged from 27% to 31%. Singh et al. [19]
indicated that washing coarse RAP has the potential to mitigate the reduction rate by 4% while employing abrasion and
attrition (AB&AT) methods to RAP could further decrease it by 20%. The incorporation of fine RAP mixtures into PCC
mixtures has been associated with a reduction in flexural strength ranging from approximately 17% to 42% as fine RAP was
introduced in increments of 25% to 100% [49]. Additionally, Abraham and Ransinchung [59] observed a 39.3% decrease in
flexural strength when natural fine aggregates were entirely substituted by mass with fine RAP. However, when fine RAP
was integrated using a volumetric approach, the observed reduction was notably less, falling between 6% and 25%. Attempts
continued by researchers to improve this property, as several researchers [57, 81] introduced steel fibre into the RAP concrete
mix. The results led to an improvement in the flexural strength by 45%. These improvements are attributed to the contribution
of fibres in bridging the microcracks developed in the specimen.

4.2.3  Split tensile strength (STS) characteristics

The integration of RAP tends to result in a reduced STS in PCC mixtures, regardless of the specific amount used. The
study revealed that the use of coarse RAP in PCC mixtures contributed to a reduction in splitting tensile strength, with
decreases noted in the range of 15% to 57% [20, 46]. Brand and Roesler [51] reported that the introduction of coarse RAP at
levels of 20% to 50% resulted in a decrease that varied from 27% to 52%. However, the research conducted by Singh et al.
[19] demonstrated that the incorporation of 100% coarse RAP in PCC mixtures led to a 26% lowering of the splitting tensile
strength. Furthermore, the application of coarse RAP after washing and after processing with the AB&AT technique resulted
in reducing the drop to that of 19% and 16%, respectively. The literature on fine RAP mixtures reveals a substantial reduction
in splitting tensile strength, with decreases varying from 7% to 55% [20, 46, 49, 59]. Huang et al. and Singh et al. [20, 49]
specifically noted a decrease of approximately 21-44.4% due to fine RAP incorporation in varying proportions from 25% to
100% for PCC mixture production. Notably, Huang et al. [46] found that fine RAP mixtures could outperform coarse RAP
mixtures, with the reduction in STS for PCC mixtures that included fine RAP being between 7% and 55%, compared to 15%
to 57% for coarse RAP mixtures. Regarding combined RAP mixtures, a notable decline in splitting tensile strength, with
reductions 10% to 50.5%, was observed [15, 20]. The review of existing literature points to the interfacial transition zone
(ITZ) weakness and/or issues related to asphalt cohesion as the main culprits. Moreover, the findings indicate a lack of a
clear trend in STS among coarse and fine RAP, although it is evident that the inclusion of coarse or fine RAP leads to a
reduction in strength. Consequently, further research is warranted to evaluate the optimal fraction of RAP based on its impact
on splitting tensile strength. Additionally, a comprehensive investigation into the behaviour of concrete with fine RAP, where
higher strengths have been reported in some studies, is essential [46].

4.2.4  Modulus of elasticity (MOE) characteristics

The modulus of elasticity (MOE) constitutes a significant mechanical feature of concrete, playing a vital role in the
design of structural elements under both service and ultimate loads. This parameter can be derived from the stress-strain
curve of concrete, which reflects its mechanical attributes. Research findings reveal that the integration of RAP aggregates
consistently results in a lower MOE in PCC mixtures, independent of the proportion utilized. For instance, a study by Brand
and Roesler [51] indicated that the reduction in MOE escalated from 16% to 30% as the percentage of coarse RAP increased
from 20% to 50%. Further research by Bensahnoune et al. [37] revealed that the inclusion of varying percentages of coarse
RAP, specifically 25%, 50%, 75%, and 100% resulted in MOE reductions of 12%, 32%, 36%, and 48%, respectively.
Soltanabadi and Behfarnia [47] also observed a decrease in MOE ranging from 46% to 53% for coarse RAP-50% and coarse
RAP-100% compared to NCA. They also indicated that while it is possible to achieve the desired compressive strength by
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adjusting the mix design and fully replacing NCA with RAP, the MOE continues to decrease. Given that the MOE is
indicative of structural stiffness, RAP material shows reduced rigidity in comparison to NCA at ambient temperatures [72].

According to Abedalgader et al. [58], the decrease in MOE is more acute than the decrease in compressive strength. A
similar decrease in the MOE was observed in the context of fine RAP mixtures, aligning with the trends observed in coarse
RAP mixtures [15].

The addition of combined RAP led to a significant MOE reduction of approximately 18% to 60% [75]. Interestingly, it
has been indicated that the thickness of the asphalt film may not serve as the primary influence on the MOE of concrete
containing RAP. The reduced bonding strength between RAP aggregates and the cement paste might be a more vital aspect
to consider [37, 47].

Based on Table 2, a general recommendation for using RAP in concrete mixes as a replacement for NA, according to the
targeted strength, can be shown in figure 4.

Assign the required compressive strength
according to application

h 4
30-35 MPa « What is the required compressive strength? 25 MPa or lower
y \
Less than 50% coarse RAP replacement More than 50% RAP replacement
ratio is possible [37, 471 ratio is possible [20, 73]

Fig. 4 — General recommendation for using RAP in concrete mixes.
425 Toughness

The incorporation of RAP into concrete has been shown to positively affect its toughness and ductility. Toughness, which
quantifies a material's capacity to absorb energy, can be assessed through the integration of the stress-strain curve [72]. In
concrete of medium to high strength grades, a crack typically propagates inside the NA. However, in concrete containing
RAP, cracks tend to navigate around the RAP aggregates’ surface due to the asphalt coating layer that envelops them (figure
5) [20]. According to several papers [20, 47, 82], specimens containing RAP were capable of withstanding peak loads while
undergoing significant displacements. Notably, these RAP specimens did not fail abruptly as the control specimens did,;
instead, only minor micro hairline cracks were observed on their surfaces post-failure [20]. The toughness index of concrete
mixtures that contain RAP was documented as linearly increasing with higher RAP content [20, 47, 83]. In terms of
comparing different RAP fractions, fine RAP has been found to exhibit toughness comparable to that of traditional materials,
while coarse RAP and combined RAP have shown superior toughness indexes [20]. Although the asphalt coating may
negatively impact strength characteristics, the majority of studies indicate its advantageous role in enhancing the toughness
of concrete matrices.
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crack going around the ° aggregate
RAP aggregate surrounded
by bitumen

N

RAP aggregate

crack going through
the aggregate

Fig. 5 — The progression of cracks in NA and RAP aggregate [20].
4.2.6  Durability

Concrete durability refers to its ability to endure weathering, abrasion, and chemical exposure while maintaining adequate
mechanical characteristics. Various factors influence this durability, including environmental conditions, concrete strength,
characteristics of aggregates, cementitious materials, curing methods, and surface treatments [14, 84]. Durability assessments
of concrete are crucial, particularly when alternative materials are incorporated into its composition.
Current research regarding the durability of structural concrete that includes RAP remains limited [85, 86] and necessitates
a more comprehensive investigation. Such studies are imperative to allow both structural and non-structural applications of
concrete.

Findings from initial investigations demonstrated that fully replacing NA with coarse RAP led to a decrease in water
absorption, sorptivity coefficient, initial water absorption rate, and the overall void content in hardened concrete. However,
subsequent research revealed a slight decline in the durability characteristics of concrete when coarse RAP was utilized [19,
77]. This decline is attributed to the inadequate bonding characteristics between the mortar and the aggregates obtained from
RAP [17, 65]. According to ASTM C642, the temperature range for drying, set at 110 + 5 °C, could lead to the melting of
the asphalt found in aggregates derived from RAP, which can subsequently lead to pore blockage. To ensure a trustworthy
measurement of water absorption and the total permeable voids, the use of reduced drying temperatures, specifically 48 + 2
°C, is recommended, while the drying should be extended to a duration of 8 days [87]. When 50% fine RAP was integrated
into concrete, there was a 20% rise in the volume of permeable voids. In contrast, the use of 100% fine RAP led to a 38%
increase in the volume of permeable voids [81]. The interconnected voids in concrete containing RAP can pose durability
challenges if subjected to aggressive environmental conditions.

Drying shrinkage is a critical coefficient that significantly influences the initiation and propagation of cracking in
concrete. The research undertaken by Brand and Roesler [51] analysed how the addition of RAP influences the drying
shrinkage characteristics of concrete mixtures, concluding that there were no substantial differences observed. In contrast,
Abraham and Ransinchung [88] discovered that mortar mixtures incorporating fine RAP exhibited greater shrinkage
compared to those with NA during the initial drying period. Their findings indicated that the highest rate of shrinkage per
day occurred when 75% of the fine NA was substituted with fine RAP. Additionally, Bensahnoune et al. [37] reported that
total shrinkage (the sum of autogenous shrinkage, drying shrinkage, and thermal shrinkage) in PCC mixtures increased with
the incorporation of coarse RAP at levels of 25%, 50%, 75%, and 100%.

The thermal expansion coefficient of concrete plays a crucial role in the behaviour of construction joints during their
opening and closing phases. Asphalt materials exhibit considerable thermal expansion, which may result in an elevated
thermal expansion coefficient for concrete that incorporates RAP. Research conducted by Thomas et al. [86] indicates that
substituting up to 50% of NCA with RAP has a negligible influence on the thermal expansion coefficient of high-strength
concrete.
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Research has been conducted to evaluate the impact of concrete containing RAP when subjected to aggressive
environmental conditions, with particular attention to chloride ion penetration, carbonation, sulfate attack, and the effects of
acid exposure [50, 51, 77, 85, 86, 89]. Observations reveal that concrete containing coarse RAP has a lower degree of
sensitivity to acidic environments marked by chloride and sulfate ions when compared to concrete mixtures that contain fine
RAP. This phenomenon may be explained by the increased porosity and the improved interconnectivity of pores that fine
RAP mixtures exhibit [90]. Furthermore, research findings indicate that the implementation of washed or pre-treated RAP
significantly increases resistance to both sulfate and chloride attacks [19, 90]. In addition, studies focused on the role of
SCMs in the durability of concrete containing RAP reveal that the integration of SCMs can bolster durability by decreasing
the porosity of the concrete matrix [77, 87, 91]. The integration of SCMs in concrete containing RAP results in a higher
density I1TZ, increased calcium silicate hydrate (CSH) formation, reduced portlandite content, and fewer voids, all of which
contribute to improved durability of concrete containing RAP [77, 90].

5 Initiatives aimed at improving the characteristics of concrete containing RAP

Studies concerning RAP have revealed that the asphalt film surrounding the aggregates serves as a major obstacle to its
sustainable application in concrete mixtures. The presence of this film impedes the direct interaction between the aggregates
and the cementitious matrix, which consequently results in a bond of inferior quality between the asphalt and mortar [92],
which ultimately compromises the integrity of the concrete. There has been a paucity of endeavours focused on improving
the strength attributes of concrete containing RAP via the incorporation of different SCMs, including silica fume, bagasse
ash, and fly ash. However, these interventions have yielded only marginal enhancements in strength characteristics [17, 46,
93]. Specifically, the reported improvements in strength are approximately 3—16%. This limited enhancement is primarily
attributed to the cohesion failure linked to the asphalt in concrete containing RAP [62, 77, 94, 95], as the addition of mineral
admixtures tends to modify only the microstructural aspects without affecting the mode of failure. However, it has been
observed that the use of mineral admixtures leads to a notable improvement in durability characteristics [77]. Some
investigations have sought to enhance the strength characteristics of concrete containing RAP by lowering the water-cement
ratio, achieving improvements ranging from 5% to 33% with a reduction of approximately 20% in the water-cement ratio
[46, 76]. Brand et al. [80] conducted a related study in which they added fibres to a blend comprising 45% coarse RAP, but
found that this modification resulted in only minor changes to the compressive, flexural, and modulus values. A novel
approach to processing RAP for the purpose of improving RAP aggregates’ bonding to cement mortar is the implementation
of water jets or the use of water baths. This method effectively removes dust particles from the surface of RAP aggregates
[19]. Research findings indicate that the strategy of utilizing chemical etching, specifically soaking in turpentine for 24 hours
to eliminate the asphalt coating, did not lead to any notable enhancement in the RAP aggregates’ bonding strength to cement
mortar. [96]. Employing chemical oxidation techniques can effectively modify the surface features of asphalt coating,
resulting in improved bonding with the cement mortar. Various chemicals have been tested in many research studies, leading
to findings that suggest these chemical treatments improve the characteristics of the bonding between the mortar and the RAP
aggregates [94]. While the utilization of these treatments can aid in the thorough or partial eradication of asphalt coating,
they are often prohibitively expensive and unsuitable for large-scale applications. Furthermore, the utilization of mechanical
methods, particularly AB&AT, has been studied to optimize the bonding characteristics between the RAP aggregates and the
mortar. Using such a technique demonstrated effectiveness in improving adhesion, presenting a cost-effective alternative to
chemical etching [19, 96].

The scientific efforts of researchers to improve RAP concrete characteristics are targeted at taking advantage of the
sustainability and economic benefits that it provides. However, as RAP concrete is generally of lower quality compared to
conventional concrete, there are bureaucratic challenges that must be overcome before the practical adoption of this
sustainable technology can be utilized [97]. One of such challenges is the lack of regulations or codes about utilizing RAP in
structural applications due to the scarcity of research in the subject [16]. This leads contractors and clients to be reluctant
about incorporating RAP in their projects. Add to that the low awareness of the potential advantages that using RAP brings
to the table. In order to convince the guidelines authorities of producing regulations regarding the subject, deeper and more
nuanced investigations are needed.
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6 Conclusions

This study conducted a thorough review of research related to RAP usage in PCC mixtures. Findings highlight a number
of economic and environmental advantages of incorporating RAP, such as reduced dependence on NA, lower transportation
costs, and decreased landfill disposal of RAP, which collectively contribute to lower carbon emissions. However, the study
also notes that the existence of asphalt coatings and grouped particles in RAP can negatively impact the overall characteristics
of the concrete. Through an extensive literature review, several conclusions have been drawn from this critical analysis:

Apart from water absorption and specific gravity, the majority of RAP aggregates' physical properties are
comparable to those of NA.

RAP’s inclusion in PCC mixtures leads to decreases in unit weight and mechanical properties. Conversely, RAP
tends to enhance the toughness of PCC mixtures. However, RAP’s effects on slump and drying shrinkage in
PCC mixtures remain unclear.

The reduction in both flexural and tensile strengths when increasing RAP content is less pronounced compared
to the compressive strength decline.

The decline in the MOE is more pronounced than the decline in strength.

Concrete composed of substituting only coarse RAP yields better strength than that of fine RAP or both coarse
and fine RAP.

The treatment of RAP aggregates, whether through chemical or mechanical means, represents a method for
enhancement in bonding potential between RAP aggregate and cement mortar.

Adding steel fibres to concrete containing RAP showed an insignificant effect on compressive strength, yet it
significantly improved both flexural strength and split tensile strength.

Concrete containing RAP exhibits lower durability than conventional concrete.

Integrating SCMs into concrete containing RAP showed a notable improvement in durability by decreasing its
inherent porous structure.

7 Recommendations

The examination of existing literature regarding concrete mixtures that incorporate RAP revealed encouraging outcomes
that warrant additional research. The analysis identified several gaps within the current body of work, and addressing these
gaps could facilitate the comprehensive use of all RAP fractions in concrete applications:

Given that the aggregates’ mechanical characteristics can greatly influence concrete structures’ performance,
additional research is necessary to achieve a thorough characterization of RAP. Such investigations should
account for variations in RAP sampling, the characteristics of the adhered asphalt, the original composition of
the RAP, the types of parent aggregates involved, and the techniques employed for RAP extraction.

The existing literature reveals an ambiguous relationship regarding RAP inclusion’s impact in determining fresh
concrete mixtures’ workability characteristics. Consequently, additional research is necessary to explore various
factors associated with RAP, including shape characteristics, characteristics of adhered asphalt, the presence of
clustered particles, aggregate water absorption rates, and the methods employed in milling and processing. Such
investigations are essential to clarify the RAP addition's impact on the fresh concrete mixtures’ workability
characteristics.

RAP inclusion in concrete is associated with diminished structural performance, especially regarding
compressive strength, flexural strength, and MOE. These characteristics are vital for structural concrete,
requiring a balanced assessment of RAP proportions to optimize performance across all parameters.

While asphalt-cohesion failure is primarily linked to concrete containing RAP, limited research has shown
improved performance when mineral admixtures are incorporated. Consequently, a comprehensive study
focusing on the microstructural analysis of ITZ is necessary for concrete mixes that include RAP.
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e The durability characteristics of concrete containing RAP have received limited attention from researchers,
indicating a need for further investigation to comprehensively understand the diverse factors influencing them.

e The diminished performance of concrete containing RAP mixtures is primarily attributed to asphalt coatings
and particle clumping. Removing these coatings could enable RAP to perform comparably to new aggregate,
highlighting the potential for surface treatment techniques. Nonetheless, there is a need for the advancement of
more cost-effective beneficiation methods applicable to all RAP fractions to improve how cement mortar paste
interacts with the RAP aggregate.
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