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Abstract: The Sultanate of Oman has experienced rapid development over the last thirty years and
has constructed environmentally friendly and sustainable infrastructure while it continues to find
economical alternative resources to achieve the goals of the Oman 2040 vision. The primary concerns
are preserving natural resources and reducing the impact of carbon dioxide (CO; emissions on the
environment. This review aims to encourage the sustainable use of reclaimed asphalt pavement
(RAP) materials in pavement construction and focuses primarily on employing RAP materials in new
pavement projects. Currently, new construction projects utilise a significant percentage of demolished
asphalt pavement to save costs and natural resources. The key issue that arises when mixing RAP
into new asphalt mixtures is the effects on the mixtures’ resistance to permanent disfigurements,
such as fatigue cracks, that influence asphalt mixture performance. Numerous studies have assessed
the impact of using RAP in asphalt mixtures and found that RAP increases the stiffness of asphalt
mixtures, and thus improves rutting resistance at high temperatures. Nevertheless, the findings for
thermal and fatigue cracking were found to be contradictory. This review will address the primary
concerns regarding the use of RAP in asphalt pavements, and aims to encourage highway agencies
and academic researchers in the Gulf countries to develop frameworks for the practical usage of RAP
in the construction of sustainable pavement systems.

Keywords: asphalt recycling; reclaimed asphalt pavement (RAP); sustainable development;
rejuvenators; flexible pavement

1. Introduction

Researchers are dedicated to promoting the construction of sustainable asphalt pave-
ments that are energy efficient and require fewer natural resources [1]. Despite the advances
in RAP mixture technology and the performance and durability of waste asphalt pavement,
waste recycling still poses significant challenges in Oman due to the shortage of disposal
sites and the high rate of waste generation [2]. In 2021, Oman had a population of almost
four million and generated about 1.6 million tonnes of solid waste, which is more than
1.5 kg per day; the amount of waste generated in Oman is among the highest globally [3].
The waste materials generated in Oman contain a high percentage of recyclables, namely
5% glass, 11% metals, 12% plastics and 26% paper [4]. Most waste materials were dis-
posed of in authorised and unauthorised dumpsites and created health and environmental
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problems [5-7]. Recycling waste pavement materials is a sustainable alternative to road
maintenance and rehabilitation [8]. Reusing RAP is an economically attractive option
in Oman since some areas face a shortage of virgin aggregate and asphalt binder. Road
network rehabilitation offers a valuable resource in highway construction [9-11]. The
primary reason for using RAP is to remove the pavement materials containing asphalt
and aggregates from the existing pavement. The pavement materials are recycled through
a milling process that removes the upper pavement layers and replaces them with new
pavement, or full-depth removal of existing pavement and reprocessing of the removed
pavement [12,13]. Furthermore, the maintenance of road infrastructure produces a consid-
erable amount of RAP that can be recycled without degrading its functionality, as shown in
Figure 1. Consequently, it is essential to evaluate the multi-recycling capacity of the asphalt
mixtures.

Multi-Reeyeling

Recycled Asphalt Pavement

Serviced Asphalt Pavement

Figure 1. RAP recycling process.

RAP is suitable for re-construction or re-surfacing roads. RAP contains well-graded
fine aggregates covered with asphalt cement and must be properly crushed and categorised.
The four most frequently used processes for recycling RAP conserve natural resources and
make pavement construction sustainable [14,15]. RAP is a suitable substitute for virgin
materials because it reduces the use of virgin aggregates, thus reducing the quantity of
new overpriced asphalt binder required for asphalt paving mixtures [16]. Three critical
factors ensure the successful use of RAP, (i) cost-effectiveness, (ii) good performance,
and (iii) environmentally friendly. To meet these requirements, the Federal Highway
Administration of the US Department of Transportation (FHWA) has set the following
objectives to encourage asphalt pavement recycling [17]:

e  Gain utilization of recycled materials on highways in the most economical and practical
range, likely with equal or improved public accomplishment.

e  Encouragement of the purpose of RAP is intended to apply the considerable economic,
environmental, and engineering influences to asphalt pavement recycling.

This review aims to encourage experimentation with recycled RAP mixtures; deter-
mine the performance of the asphalt mixtures, particularly concerning the cost, energy
consumption, and materials; and evaluate the RAP mixture design methods adopted in the
Gulf countries with the recommendation of guidelines to incorporate the RAP mixture in
the newly approved designs.

2. The Use of RAP in the Gulf Countries

Countries across the globe are exploring the use of sustainable and environmentally
friendly materials, and RAP is currently a trendy new pavement material in road construc-
tion. The Gulf countries are transitioning to sustainable practices. For instance, the United
Arab Emirates (UAE) uses RAP mixes in its current projects (such as the Kadra-Shawka
road) without clear guidelines on cost reduction, while ensuring good pavement perfor-
mance [18,19]. In 2020, Hasan et al. [20] investigated the utilisation of RAP in a segment
of a 3.5 km highway. However, the study compared using RAP with Warm Mix Asphalt
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(WM) and Hot Mix Asphalt (HMA) with recycled top-distressed asphalt pavement as
natural aggregates and the environmental benefits of these alternatives for a life cycle of
30 years [21]. The study revealed that using RAP in the WMA by using about 15% of RAP
content in the binder and wearing courses coupled with WMA resulted in significantly
lower environmental impacts across all indicators [22].

Furthermore, at some stage in the rehabilitation, using a milled wearing course demon-
strated that WMA has the capability of using high RAP content in the production mix.
About 85% of in-plant WMA recycling of milled RAP was assessed and compared to virgin
HMA asphalt. In Oman and the Gulf countries, RAP recycling is one of the best road
maintenance options [9]. Road re-construction produces large amounts of RAP, which
can be recycled into new asphalt pavement mixes. However, RAP is infrequently used in
Oman because of the lack of expertise. Laboratory evaluation of cement stabilised RAP
and RAP-virgin aggregate blends as base materials showed that the optimum moisture
content, maximum dry density, and strength of RAP generally increase with the addition
of virgin aggregate and cement, while longer curing time increases the yield strength. It
is not feasible to use 100% RAP aggregate as a base material unless it is stabilised with
cement [10].

In Egypt, the increasing demand for using HMA mixtures is produced merely from
virgin material converted to green asphalt pavement worldwide [23]. However, recently,
the existing waste RAP material, about 4 million tonnes annually, affecting landfills has
led to environmental impacts by reducing energy consumption [24]. In 2015, El-Maaty &
Elmohr [25] determined the mechanical properties and durability of dense-graded HMA
mixtures by incorporating RAP materials. The results showed that a replacement ratio of
50% to 100% produced better durability, mechanical properties, and stripping resistance.
Alwetaishi et al. [18] investigated the effects of incorporating 0%, 30%, 60% and 90% RAP
and found that 90% RAP is the optimum percentage for road construction. The study
similarly found that asphalt concrete mix with 90% RAP has the ideal energy efficiency;
however, it is only suitable for building applications in regions with cold climates.

Compared to other recycled materials used globally, RAP is the most frequently
recycled material [18]. In 2013, Sultan developed a technique to enhance the mechanical
properties of RAP by mixing 40% RAP with virgin material to produce RAP with the
minimum required mechanical properties for road construction. Analysis of the new mix
showed that using RAP could save around 39% of the total pavement cost, hence providing
Iraq with a cost-effective, environmentally friendly, and sustainable road construction
technique [19]. RAP is used as a substitute for virgin aggregates throughout the globe.
The UK, the USA, Japan, Canada, and other developed countries have well-established
procedures, guidelines, and standards to classify and reuse recycled asphalt materials. The
Gulf countries, the Middle East, and other developing countries do not have adequate
standards, guidelines, and efficient procedures for determining the reclaimed asphalt
materials [26-29].

3. Classification of RAP Recycling Methods

The in situ recycling and central plant recycling methods for RAP are: cold central plant
recycling (CCPR), hot in-place recycling (HIR), cold recycling, or cold in-place recycling
(CIR), and full depth reclamation (FDR). In the in-situ recycling method, RAP modification
is completed at the construction site, whereas in the central plant recycling method, the
RAP modification is accomplished at a plant away from the construction site. Figure 2
shows the classification of RAP based on the recycling technique.
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Figure 2. Classification of asphalt pavement recycling methods.

RAP recycling is classified as hot or cold recycling, depending on the use of heat. Cold
recycling uses cutback or emulsion as recycling agents [30,31]. The recycling methods are
also determined by the removal depth of the old pavement. Surface recycling involves
removing and relaying the upper layer of the pavement, while full-depth reclamation
requires removing and relaying all pavement layers, including the base [32]. Another
method, hot-in-place recycling, requires heating and scarifying the pavement to the required
depth, and depending on the characteristics of the milled RAP materials, this is followed
by adding bitumen and new aggregates. The resulting mixture is then laid and compacted.
This method reduces transportation costs, causes minor traffic disruption, and is less time
consuming, but requires bulky machinery [33].

On the other hand, the CIPR approach does not require on-site heat application and
uses cutback or emulsion as a binder. This method requires adequate time to cure the
freshly laid layer. Additives, such as cement, quick lime or fly ash, can be used to reduce the
emission of harmful gases [34,35]. Hot central plant recycling requires adding a bituminous
binder and new aggregates to the RAP material in a hot mix plant away from the site. The
properties and performance of the mixtures produced using this method are similar to the
virgin hot mixture [35] because of the better-quality control in the central plant recycling
method [31].

It is essential to store RAP material properly at construction sites that do not have
sufficient storage because the RAP material is vulnerable to moisture [36,37]. Cold central
plant recycling does not involve heat application at the plant and instead uses cutback or
emulsion as a binder. The mixing time is critical because overmixing may prematurely
break the emulsified binder. However, undermixing may cause an insufficient coating of
the aggregates [30]. Table 1 summarises the research sought to determine the best RAP
methods for pavement construction and rehabilitation.
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Table 1. Previous research on RAP production methods.

Method
Researchers [Refs] Country Year Cold Recycling Hot Recycling
CIR CCPR FDR HIR HMAR
Cross et al. [38] The US.A 2010 vV
Kamran et al. [39] Pakistan 2012 vV
Apeagyei et al. [40] The U.S.A. 2013 Vv
Stimilli et al. [41] Italy 2013 Vv
Feisthauer et al. [42] Canada 2013 N4
Hafeez et al. [43] The US.A. 2014 vV
Bhavsar et al. [44] India 2016 Vv
Turk et al. [45] Slovenia 2016 V4
Noferini et al. [46] Australia 2017 N4
Zhao & Liu [47] The U.S.A. 2018 v
Graziani et al. [48] Italy 2018 Vv
Vazquez et al. [49] Spain 2018 Vv
Bowers et al. [50] The US.A. 2019 v
Gonzalo et al. [51] Spain 2020 Vv
Jovanovi¢ et al. [52] Serbia 2021 v
Iwanski et al. [53] Poland 2022 v

4. RAP Standards and Mixed Design

Recently, the Oman government encouraged agencies to use RAP. The government reg-
ulations or standards for the mixing ratio, RAP analysis, and assembly /testing procedures
should be established for the public and private contractors for the use of RAP [10,54]. Taha
et al. [9] performed numerous tests on the feasibility of using 100/0, 80/20, 60/40, 20/80,
and 0/100% RAP with virgin aggregates in road base and sub-base following the AASHTO
T180 and AASHTO T193 [55]. The results showed that the maximum dry density decreased
with higher RAP aggregate percentages and the California bearing ratio (CBR) increased
with higher virgin aggregate contents in the blend, but the CBR decreased when using
RAP as a complete replacement. Furthermore, the guideline established by the Superpave
Mixtures Expert Task Group states that the design of HMA with RAP is based on a three-tier
system [56,57]. Up to 15% of RAP can be utilised without changing the virgin binder grade
of those chosen for the project conditions and locations. A 15 to 25% RAP content reduces
the virgin binder’s low- and high-temperature by one grade, causing the ageing binder’s
stiffening effect.

Lee et al. (1999) [58] examined the mechanical and rheological properties of blended
asphalts containing RAP binders. However, the binders used were PG 58-28 and PG 64-22.
When the amount of RAP in HMA exceeds 25%, blending charts are used to determine
the suitable percentage of RAP with a given virgin binder. When using a blending chart,
the RAP binder must be extracted, recovered, and tested following the specifications and
guidelines presented in Table 2. Several factors determine the quantity of RAP in the new
mixture, such as the specification limits for the type of mixtures; plant type; gradation;
aggregate consensus properties; binder properties; the drying, heating and exhaust capacity
of the plant; the moisture content of the RAP and the virgin aggregates; temperature of
the virgin aggregate must be the superheated; and the ambient temperature of the RAP
and virgin aggregate [59,60]. The limiting factors could be related to the material or the
production process. An example of a production-related factor is the plant’s capacity to dry
and heat the virgin aggregates and the RAP, where more energy is used to heat and dry the
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materials when the ambient temperature is low or when the material has a high moisture

content. These factors influence the production rate of HMA.

Table 2. The RAP recycling formulas for development and estimation [56-64].

Equation No.

Purpose of Use

Calculation Model
_ RAPY—_RAP?
Mc = NG x 100
where:

Mc = Moisture content expressed as a percentage
RAPY™ = Weight of aggregate in stockpile condition
RAPY = Weight of aggregate in SSD condition

Calculate the Moisture
content of RAP

Gse — _100-P,

100 _ Py
Gmm Gb
where:

Calculate the effective

Gmm = Maximum specific gravity of the mixture specific gravity of RAP
Gy, = Specific gravity of the asphalt cement
Py, = Asphalt cement content as a percentage of the total mixture
— Gse
b = e
where:
Gse = Effective specific aggregate gravity of aggregate Calculate the bulk
Gsb = Bulk Specific Gravity of the aggregate specific gravity of RAP

Pba = Asphalt absorption of the aggregate
Gb = Specific gravity of the asphalt cement

T —Tyirgin
%RAP = lend —_virgin_

Trar —Tvirgin
where:

Tyirgin = Critical temperature of the virgin asphalt binder
Tplend = Critical temperature of the blended asphalt binder

%RAP = Percentage of RAP to be used; and

Trap = Critical temperature of the recovered RAP binder.

Calculate the
percentage of RAP

_ MRgaragg
MdryRAP = {100—Py) x 100

where:
Maryrap = Mass of dry RAP
Maryagg = Mass of RAP aggregate and binder
Py, = RAP binder content

Calculate the mass of
dry RAP

Tc(High) = (L 1;1°gcl> +T
where:
T (high) = at which G*/sin$ is equal to 1.00 kPa
G1 = G*/sind at temperature T;
Ty = Critical temperature
a = slope of the stiffness-temperature curve

Determine the critical
high temperature

TC(High) _ (log 2.2;10gGl ) Iy
where:
T. (high) = At which G*/sin? is equal to 2.2 kPa
G1 = G*/sind at temperature Ty
Ty = Critical temperature
a = Slope of the stiffness-temperature curve

Determine the critical
high temperature
based on RTFO

Tc(lnt) _ <log500(3;10gG]> T
where:
T, (Int) = At which G*sin? is equal to 5000 kPa
G1 = G*/sind at temperature Ty
T = Critical temperature
a = Slope of the stiffness-temperature curve

Determine the critical
intermediate
temperature
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Table 2. Cont.

Equation No. Calculation Model Purpose of Use
Te(S) = <%) Ty
where: Determine the critical
9 T¢ (S) = Critical low temperature low temperature
S; = S-value at temperature T,
Ty = Critical temperature
Tc(m) _ <O.3gm1 > + Tl
where: . "
10 T (m) = Critical low temperature Determine the critical
m; = m-value at temperature T; low temperature
Ty = Critical temperature
a = Slope of the stiffness-temperature curve
Tolend = Tvirgin (1 — %RAP) + Trap X %RAP
where: . .
Tyirein = Critical temperature of the virgin asphalt binder Determine the critical
11 & . . temperature of the
Trap = Critical temperature of the blended asphalt binder blended asphalt binder
%RAP = Percentage of RAP to be used p
Trap = Critical temperature of the recovered RAP binder.
T — Tplend —(%RAPXTgrap )
virgin = (T—%RAD)
where: Determine the critical
12 Tyirgin = C.ri.tical temperature of the virgin asphalt bir~1der temperature of the
Tplend = critical temperature of the blended asphalt binder virgin asphalt binder
%RAP = percentage of RAP to be used; and
Trap = critical temperature of the recovered RAP binder.
X _ RAP content (%) RAP binder content (%)
RAP binder (s) — 100 Asphalt mix binder content (%) Calculate the binder
13 where: content for the asphalt
XRAP binder(s) = RAP binder volume fraction mix
Xrejuvenator = Rejuvenator oil volume fraction
D= 10g]3%
14 where: Calculate the
A = RAP percent blpder’content rejuvenator dosage
B = RAP percent in mixture
D = Rejuvenator dosePEN = the penetration x 0.1 mm
E — 05Pd
t
where:
E = energy (Ib.in/in) Calculate the absorbed
15 . .
P = ultimate load at failure energy
d = specimen vertical deformation at the ultimate load (in)
t = specimen thickness (in)
PER = Econditioned
where: Calculate the
16 PER = Percent of absorbed energy percentage of absorbed

Econditioned = Average level of absorbed energy for conditioned specimens
Ecotrol = Average level of absorbed energy for control specimens

energy

5. RAP Performance Analysis

Even though RAP was first used in 1915, it was seldom used until the early 1970s,
when the price of asphalt binder increased due to the Arab oil embargo. In 1973, RAP was
used in civil engineering despite the lack of knowledge about the optimal RAP ratio and
the performance of asphalt mixes containing RAP [11,65]. Currently, virgin asphalt mixes
contain high percentages of RAP to reduce cost and ensure a more sustainable construction
by recycling old asphalt pavements [66]. Researchers across the globe sought to understand
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the technical aspects of RAP, its performance with thermal and fatigue cracks, and its
resistance to continuous deformation (rutting strength) [67] since rutting is a critical factor
in RAP performance [68,69]. Pradyumna et al. [70] found that, relative to virgin mixes,
the asphalt mixes containing 20% RAP had better rutting resistance. The addition of RAP
increased the rutting resistance as the RAP stiffened; the penetration and softening points
for the RAP binder were 39 (0.1 mm) and 62 (°C). The results of previous tests showed
less ageing in RAP binders. Other studies showed that mixes with 50% and 100% RAP
enhanced the asphalt pavement performance and that higher RAP mixing ratios could
improve the rutting strength and resilient modulus [71]. Boriack et al. [68] conducted four
trials using 0%, 20%, 40%, and 100% RAP and found that higher RAP percentages increased
the stiffness and reduced the permanent deformation.

Analysis of the mixes containing 0%, 5%, 10%, and 15% RAP showed that mixtures
with higher RAP percentages have higher rutting resistance due to the lower creep strain.
The continuous loading on the asphalt layer imposed higher stress and strain on the bottom
layer and caused fatigue cracking [72]. Tabakovic et al. [73] found that incorporating 30%
RAP improved the fatigue resistance and the mechanical properties. Pradyumna et al.
showed that adding 20% RAP increased fatigue by 67.2% [70]. Sunil et al. [74] tested three
different stress ratios of 60%, 70%, and 80% to determine the fatigue resistance. When
adding different RAP ratios, they found that higher RAP percentages reduced fatigue
resistance as the number of cycles to failure decreased with the higher RAP percentages.

Chaitanyaa et al. [75] investigated the results of incorporating 0%, 15%, 25%, 35%,
and 50% RAP and found that the mixtures containing up to 35% RAP improved fatigue
resistance by increasing the pavement stiffness and strain while reducing fatigue. The
continuous loading on the asphalt pavement could cause thermal cracking in cold tempera-
tures; however, there is no risk of fatigue cracking occurring in Oman because the daily
average temperature is about 20 °C during winter [76]. Johnson et al. [77] performed an
indirect tensile test (IDT) and found that the creep stiffness increased at lower temperatures,
and the crack resistance and fracture resistance reduced with higher RAP ratios. Another
study showed that higher RAP percentages reduced the fracture energy and thus did not
meet the minimum limit or recommended levels in the USA. The average RAP percentage
in a blended asphalt mixture is between 12 and 15% [78]. Researchers in the USA and
Canada have shown that the performance of blends with at least 30% RAP was similar
to that of blends containing virgin aggregates [79-82]. The ideal percentage of 30% RAP
replacement improved all asphalt mixture properties.

6. Characteristics of Incorporating RAP

The primary concern when analysing RAP properties is the performance of recycled
asphalt (RA) mixtures [83]. Asphalt binders lose some of their original properties during the
ageing process. Figure 3 shows that a complete blending occurred after the new binder was
added to the RAP and the further distribution during storage resulted in almost complete
mixing.

This highlights the importance of exploring the appropriate mixing controlling pro-
cesses between recycled and virgin aggregates. Studies have shown that small percentages
of up to 20% aged asphalt binders did not enhance or affect the properties of RAP or
virgin aggregates [84]. However, higher aged asphalt binder content affected the mixture’s
performance and improved the binder grade. The rectification and balancing of the asphalt
binders in terms of missing elements can lead to early ravelling and cracking since the
binder serves as the glue. Thus, lower asphalt content can also mean that the mix is harder
to compact. Recycling agents comprise softening agents and rejuvenating agents. The
softening agents, such as asphalt flux oil, slurry oil, and lube stock, reduce viscosity and
thus the stiffness of RAP binders. Rejuvenating agents contain lubricant and extender oils
that have high percentages of constituents that restore the physical and chemical properties
of RAP [85].
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Mixing Time

+ . Temperature

Rejuvenator

RAP Aggregate Asphalt Binder Mixing Process Complete Blending
Figure 3. A complete blending of the virgin binder and RAP binder.
7. Case Studies for RAP Application

Road maintenance and rehabilitation are costly, and researchers have been looking for
methods to reduce the cost of maintenance and rehabilitation works. One way to minimise
costs associated with the maintenance and rehabilitation works is recycling pavement
materials using various recycling methods, and each country has its preferred recycling
methods.

7.1. Case Studies in the United States of America

The Virginia Department of Transportation (VDOT) finished a notable asphalt recy-
cling scheme that marked the first run through FDR in 2011. Both CCPR and CIR have been
utilised in the US interstate framework. The CCPR and CIR blends were produced using
hydraulic cement and foamed asphalt as the stabilising agents. After finishing the asphalt
recovery scheme, the building characteristics of the CCPR and CIR blends were resolved in
the lab from field cored examples. VDOT led this investigation because the organisation
was considering utilising a solitary arrangement of development details for both CCPR
and CIR materials if the building characteristics of the two procedures were observed to
be comparable [40]. In the study by VDOT, it was determined that the dynamic modulus
of field-cured and field-produced recycled asphalt materials was equal to 24 projects in
Canada and the United States. The study determined the effectiveness of using foamed
asphalt-stabilised RAP from full-depth reclamation (FAS-FDR) as a base material for flexible
pavements. The measurable test and perception of the developed ace bends showed that
the three asphalt recycling methods: full-depth reclamation, cold in-place recycling, and
cold central-plant recycling, had comparable dynamic modulus values [86]. Romanoschi
et al. (2004) determined that the adequacy of the utilisation of frothed asphalt balanced
the recovered asphalt from full-profundity recovery (FAS-FDR) as the base material for
adaptable asphalts. The trial by the Civil Engineering Infrastructure Systems Laboratory
at Kansas State University comprised the development of four asphalts, one with a 9 in.
Regular Kansas AB-3 granular base and one each with 6, 9, and 12 in [87].

Saskatchewan is experiencing a considerable increase in business truck traffic due to
grain transportation legitimization, the union of the provincial grain lift framework, country
monetary enhancement, and the extension of asset ventures. Therefore, the Saskatchewan
Department of Highways and Transportation is investigating the feasibility of using CIR
and FDR cementitious adjusted to reinforce the thin asphalts [88].

The Nevada Department of Transportation (NDOT) has been using CIR and FDR
for over 20 years, which has made it possible for NDOT to save more than $600 M in
contrasted and finished recreation costs in recent years. NDOT uses a proactive pavement
management system (PMS) to organise its asphalt protection schemes [89]. An overview
was conducted to get relevant data concerning current FDR practices in Minnesota. This
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review utilises mechanics-based material testing systems, MnPAVE recreations, an LCCA,
and a low-temperature execution investigation to assess FDR materials. These outcomes
will aid in the management of the improvement of execution-based particulars, for example,
the method utilised for other asphalt materials such as blends and asphalt fasteners [89].
The University of Illinois at Urbana-Champaign explored an in situ recycled material, a
trademark that incorporates the capability of asphalt blends for perpetual disfigurement,
weariness breaking, and low-temperature splitting, and the impact of a unique strategy
for hot set-up recycling and revival on asphalt fastener rheological properties. Findings
revealed that the solidness of the asphalt blends in the wake of recycling had expanded
in contrast to that before recycling [90]. The utilisation of FDR and HIR by organisations
was conveyed across the United States. Information on the degree, sort, and undertaking
highlights of FDR, CIR and HIR was gathered through an online review of state offices
and temporarily set up recycling workers [91]. Organisational and contractual worker
reactions were considered, and rules have been laid for the most suitable traffic, atmosphere,
and geometric highlights of tasks. Findings revealed that FDR tasks could be developed
in all areas, whereas HIR and CIR require caution when built into wet, hot, and chilly
atmospheres [92].

Unlike other states, Alaska routinely incorporates RAP into WMA for pavement
construction. Generally, RAP is used in the construction of roadways and airport runways.
Some companies in Alaska specialise in processing RAP for future projects. Alaska is
experiencing depletion of high-quality natural resources, and many agencies are increasing
the utilisation of RAP in their projects [47].

7.2. Case Studies in European Countries

For the last 30 years, European countries have used recycled RAP asphalt pavement
in new asphalt production. On the other hand, at least one-third of RAP ends up as
non-asphalt concrete by optimising the application process [22]. Many rehabilitation and
maintenance works were done, but those were somewhat expensive, such as in Denmark,
France, Germany, Italy, Netherlands, and Spain [93]. In 2022, Iwaski et al. conducted
CIR methods that rely on a three-component hydraulic binder that was blended with 40%
cement, 20% hydrated lime, and 40% cement by-pass dust. However, the RAP quality can
be adapted to the needs of road-building practice [53].

Stimilli et al. investigated the potential of using a CIR asphalt mixture as a base
course for an Italian roadway. The mixture was produced in a central plant using high-
reclaimed asphalt (RA) and utilised to develop two experiments along an Italian roadway.
Specifically, a unique mixing system, including bituminous emulsion and water vapour
has been tested [41].

To achieve the key objectives of the 2013-2020 Spanish strategy for science, technology,
and innovation, which emphasizes environment and climate-friendly, resource-efficient in
providing a safe and comfortable European transport system, the pavements built must
be built using a CIR technique [94]. Moreover, the increasing awareness of environmental
impacts has made CIR the preferred method for constructing and rehabilitating pavement.

7.3. Case Studies in Asian Countries

Continuous traffic load caused distress, including segregation of aggregates, severe
crocodile cracks, and rutting, on the Vadodara Halol Road in India. For instance, in Asian
countries such as Japan, there are 1200 asphalt plants spread across the country. It is
found that the recycling ratio of the asphalt mixture and cement concrete is higher [94].
Moreover, several researchers provide their methodology and procedure to attempt the
use of pavement layers in Asian countries, such as China, Bangladesh, India, and Nepal,
which are also racing to use RAP as a pavement construction material, particularly as a
base and subbase material [95-97]. Therefore, the CIR method is then suggested to be used
to reduce rehabilitation and maintenance costs. In 2016, Bhavsar et al. [44] proved the
cost-effectiveness of the CIR method. By reviewing all three case studies presented above,
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the general trend for encouraging and practising recycled RAP mixtures and having a
clear picture of the performance characteristics of the asphalt mixtures, especially in terms
of cost, energy, and material in the Gulf countries, as well as methods of RAP based on
guidelines recommending the incorporation of RAP mix designs in the road government
sector becomes apparent.

8. Conclusions

Roadways are the foundation of any country’s social development and economy, which
is relied upon to be constructed to last with good road network management. The Oman
2040 vision for future smart cities could achieve its objective of constructing eco-friendly
roads and maintaining and upgrading low-volume roadways by using recycled materials
such as RAP and other end-of-life materials. Furthermore, using recycled materials provides
a long-term solution for reducing the disposal of end-of-life materials in the landfill and
reduces construction costs and the dependence on virgin materials. The findings of this
review are as follows:

e  The design and manufacture of a high-quality RAP mixture is more challenging than
conventional asphalt and thus should be done by experienced pavement engineers.

e  The RAP mixture design is dependent on the standards, scope of application and the
impact of RAP technologies on the environment and economy.

e  For the Oman scenario, this review guideline is for engorgement RAP applications for
flexible pavement layers using WMA and HMA.

e  Assembling homogeneousness in RAP material quality check is essential and should
be carried out from the commencement phase of old pavement reclamation to its final
paving.

e The maintenance and rehabilitation costs and the environmental influence, as RAP
methods use recycled materials, finally reducing waste established along the previous
research works stated.

o The CIR method is often used for rehabilitation and construction work because it
consumes less energy, emits fewer greenhouse gases and is more cost-effective than
other on-site pavement recycling methods.

o The RAP application encouragements as a value are used as a granular base material
for roadway, airport runways, shoulders, engineered fill, and culvert backfill.

e  This study suggests that using RAP can be used by adding a percentage less than 20%
because it is less complex and does not need additions of asphalt binder. Thus, it will
be an encouraging step toward improving environmental sustainability constructions
in Oman.
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