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1. Introduction

Abstract

Reclaimed (recycled) asphalt pavement (RAP), the most recycled
material worldwide, is the mostly reclaimed material utilized in hot mix
asphalt. Polymer (Crumb rubber) incorporation frequently leads to
enhanced durability and resistance to heat cracking and rutting, two
forms of permanent deformation. It also relieves stiffness and
minimizes fatigue damage. This study aims to gather all previous RAP-
related research and crumb rubber CR, so that the impact of using these
materials on mechanical, physical properties of asphalt pavement,
environmental effect and cost effective are clarify and explained. The
finding of this research proved that the use of RAP and CR provide
considerable structural and financial enhancements to the construction.
Keywords: Crumb Rubber CR, Reclaimed Asphalt Pavement RAP |
Pavement Sustainability, Pavement Cost-Effective Materials, Sustainable
Pavement Materials

Cro ) e gzl Bllally Lelucd) Zdeat Gl b plaseal s
dole oJL; : 6‘5\“'“\/\

2 e ¢ Sgesll e ¢ el ola

sdoNd

A o AW g sl slae 33(8 lebasiad J8Y1 5alll s 18 hasial slal) Rl L 41
Gogsll 3 e A o2 4l Lllall plaseral Lol )W) Adeuyt Sl (3 e 33187 8l
o dp Ll IS eyt (3 lbusadl ) BloYl 54 e 42U sl delae ) BloYl ()
Gl plsial ol gl Sl g Q) Bag Zonll n SEY) e S, 5330
Sl oo plasal dls jad iy o gedal) Dllall 41 dsloYl Aol o) Ihasan) slal) dslawy)
o Al sl £l Alladl STl sl ol ) 2LVl glaid) ol AL ol e
SV ) o st Slad ) o pedall bllally Lol ddauyt B sl
QU

the world. FHWA (The Federal Highway

Any improvement in the service life of road
pavements will be of course of great economical
advantage and any modifications of asphalt are
attempted to increase the performance and increase
the service life of asphalt pavements [1]. Long ago,
the process of replacing the asphalt paving
component began, and previous efforts integrating
rubber that are naturally found with asphalt materials
in the years of 1840s tried to recreate rubbet's flexible
quality in a more durable surface of pavement.
Unfortunately, the objective was so difficult, and the
asphalt with rubber mixtures provided a slight
advantage. As a result, the enhanced asphaltic
pavement material was so costly and was a shorter in
lifespan than standard asphalt. [2]. RAP use has
become the standard procedure in many regions of

Administration) reports, states that about 70 of such
90 million tons of road pavements discarded every
year in the US while overlaying projects and expand
of projects are recycled as parts of highways,
shoulders, barriers, and roadbeds [3]. New pavements
are created by recycling the old asphalt pavement
materials, which results in significant material,
financial, and energy savings. Even though these
pavements have served their purpose, the material
and binder they comprise are all still significant.. They
have been used for many years to create fresh asphalt
pavements with virgin aggregates and binders,
proving to be both cost-efficient and successful in
conserving the environment. Furthermore, it has
been discovered that blends containing RAP function
on par with virgin mixtures [4]. However, even if it
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increases rut resistance and decreases the use of new
asphalt binder. The aged RAP binder is considered a
possible contributing element for thermal and fatigue
cracking failures in asphalt pavement. Picture 1 by [5]
shows Fatigue cracking in flexible pavement. Over
the past few decades, crumb rubber demand in the
US and other nations has increased. The majority of
field and laboratory tests have shown that rubberized
asphalt concretes (RAC) exhibit improved durability,
fracture reflect, stress and skidding resistances, and
susceptibility to rutting in addition to an resurfacing
but also in layers of (stress-absorbing membrane)
which abbreviated as SAM. [6,7]

Picture (1): Fatigue cracking in flexible
pavement [5]

Due to the different processing procedures, The
HMA uses two different kinds of CR (cryogenic and
ambient). Previous studies showed that the
interaction effect and fragment effect values for
crumb rubber modified (CRM) binders with ambient
rubber were more significant than those for CRM
binders manufactured with cryogenic rub er.
Additionally, utilizing crumb rubber in road
pavement has various benefits, including a lighter lift,
a longer asphalt lifetime, resistant to pavement
deteriorations such as cracking and rutting, decreased
noise made by traffic, and lowering the cost of
maintenance/repait. [8]

The physical characteristics of the bitumen binder
contains rubber were improved by the addition of CR
crumb rubber, as evidenced by a drop in penetration

and ductility [9].

2. RAP (Recycled Asphalt Pavement)

Early in the 20th century, recycling of roads
materials that constructed with asphalt pavement
became commonplace. Recycling of asphaltic
pavement materials became popular at first in the US
during the embargo of oil in 1970s and rising crude
oil prices. Economic reductions and environmental
advantages are currently the two major factors
promoting the implementation of resclaimed/
recycled asphalt pavement RAP in asphaltic
pavements [10]. However, If the amount of RAP
throughout this area is more significant than 15%, the
amount of asphalt cement must be changed,
meaning recycle asphalt pavement RAP cannot be
classified as black rocks. Most US institutions clearly
state that introducing 15% or less of RAP to the
asphalt mix does not alter how much bitumen has
been added., i.e., RAP is considered black rocks
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[11,12]. RAP ingredients are blended with fresh
materials to create hot mix asphalt mixes during the
recycling process.

A lab experiments used to analyze the impact of
varying RAP contents on the efficiency of hot
recycled  mixtures[13]. The study examined
combinations of 4 groups of RAP and aggregate
(percentages were 0% RAP for virgin mix, 15% RAP
content, 25% RAP and the last percentage were 35%)
in order to determine the OBC for the asphalt mixes.
It also examined the strength to resist rutting of
asphalt mixtures with various pavement waste
materials content percentages. Making sure the result
met the requirements, the Marshall mix design
technique was applied. Volumetric analysis was done.
The test of the modulus of resilient was used to
gauge the mixtures' stiffness, and the wheel tracking
test (Hamburg test) used to determine how well they
could withstand rutting. According to the study's
results, there were no appreciable variations in
stiffness, Stability, or volumetric qualities between the
control and recycling mixtures. In terms of robust
modulus and rutting, it can be said that recycled
mixes performed on par with conventional Hot Mix
Asphalt (HMA). A researcher produced three high-
modulus asphalt mixes with varying ratios of RAP
materials (15, 30, and 50%) and a control
combination without RAP components. The results
showed that the performance of asphaltic mixtures
with high modulus incorporating RAP has rutting
resistance that are superior to that of the virgin one.
[12]. A study [14] also performed experimental
studies with somewhat limited outcomes and
scenarios to assess the applicability of adding RAP
materials to combinations of base and surface layers.
Investigation of other RAP sources and their
regeneration was also suggested. The study also
designed four mixes with three different RAP
percentages; they are (0%, 5%, and 15%) and the use
of (40-50) asphalt grade and (25%) with the use of
(60-70) asphalt grade. The asphalt grade was modified
when adding (25%) of RAP to make up for the aged
binder in the RAP. All tests revealed that all
combinations had beneficial characteristics compared
to the virgin mixture. Shows that it was possible to
successfully create mixes with RAP content to satisfy
the regional  volumetric and  performance-
specification criteria. A research examined using RAP
components in a cold asphalt composition. In
actuality, cement mixed with water may be to blame
for the improvement in moisture resistance.
Therefore, more research is required [15].

A study primary focus is on using lean concepts
in the process of asphaltic pavement production,
especially in the HMA Quality Control (QC) process.
Asphalt cement (Bitumen), a waste material produced
as result of industry of crude oil, is used to bind the
aggregate, gravel, and filler that make up roughly 95%
of HMA. This study compares traditional and
unconventional mixes' flow and stability values using
the Marshal Stability test. According to the test
results, the current research involves using RAP to
decrease the amount of new aggregate in the
suggested mix without affecting the mix's qualities.;
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For normal concrete mixtures NCM, we use 10%
RAP with 90% new aggregate. Maximum aggregate
size (MAS) is 23.0 mm, while nominal full aggregate
size (NMAS) is 19.0 mm. Binder is VG 30 grade
bitumen. For standard mixes, cement is utilized as a
filler, whereas used foundry sand UFS and sand are
used for both the third normal conventional mix
NCM-III and the second normal conventional mix
NCM-II, respectively. Finally, 1% lime is added to
bitumen as an antistripping agent to reduce the
suggested mix's susceptibility to moisture or to raise
its resistance to moisture sensitivity. As a
consequence of this investigation, We can see that
Normal CM-II outperforms other non-conventional
mixes in terms of performance, has slightly lower
values in stability than conventional mixes, and has
significantly superior Marshall characteristics. The
optimal binder content OBC was about 5.71% for
Normal CM-I1I, which is smaller than the 5.75% of
the conventional mix [16].

A researcher found that increasing the mass
quantity of RAP in the surface layet's hot asphaltic
mixture including a restoration agent made of about
10% by mass of asphalt cement led to stronger
rutting resistance than the virgin combination [17].

Researchers used resilient modulus (Mt) from
laboratory tests to examine the behavior of base layer
mixtures incorporating RAP in various amounts.
Various amounts of RAP from millings were mixed
with local aggregates. Furthermore, densities differed
across test specimens. Resilient modulus studies
revealed that M R rose as RAP concentration
increased. The relationship between M R and density
was likewise quite positive, according to the results.
Conclusions show indicated RAP might be used in
base layer application for pavement in significant
amounts. By doing this, a solid pavement base may
be created, and a developing environmental concern
may be reduced [18].

A research paper examined the impact on
material stiffness; 20 resilient moduli (MR) tests were
performed on samples with various ratios of
aggregate and recycled asphalt pavement (RAP).
Because of a gyratory-compacted example had a
density that was more similar to the density of the
field, it was used to prepare samples rather than a
vibratory hammer. According to the specifications of
the National Cooperative Highway Research Program
1-28A procedure, estimates of the moist amount and
density were made both before the test and during it.
The standatds for quality control\quality assurance
(QC\QA) for MR data, including the rotation angle,
signal\noise ratio, and variation co - efficient, wete
met by approximately 95% of the sequences. At all
confining pressures, specimens with a 65% ideal
moist amount had better stamina than those with a
100% optimum moisture content. The stiffness of
(50% RAP, 50% virgin aggregate) specimens was
equivalent to that of specimens made of 100%
aggregate under lower squeezing forces; The recycled
asphalt pavement RAP specimens were stiffer under
tighter confinement. However, On the basis of the
observation of axial deformation throughout the
conditioning process, it was demonstrated that the
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models incorporating RAP had much more persistent
displacement than that of the 100% aggregate
material. [18].

3. Crumbed Rubber as a sustainable
material

Asphalt pavements were from
recycled tire rubber waste more than a century ago.
In the 1840s, bitumen and natural rubber were first
mixed together. A study looked at how asphalt and
rubbet's natural flexibility could be used to make a
long-lasting pavement surface. California Public
record investigated the effects of rubber coatings on
pavements in the 1950s by using powder of reclaimed
tire rubber into asphalt mixtures. In 1960s, a
researcher (Charles H. McDonald) developed and
researched the wet asphalt method, which primarily
comprises recycled tire rubber reacting with asphalt
cement [20]. Hicks greatly enhanced the rubber
asphalt for use in hot mix asphalt cement, crack
repairs, and spray solutions [21]. In the same time
frame, the pavement industries in Sweden and the
USA utilized discarded tires. Non-biodegradable
inorganic tire wastes offer significant environmental
and public health risks [22,23].

Every year, with about one billion tires (also
called as end-of-life tyres, or ELTSs), near the end of
their useful lives. More than half of these tires are
disposed of impropetly[24]. By 2030, it is predicted to
be a total of at around 1.2 billion ELTs worldwide.
Tire trash burning further worsens contamination of

once made

the air, water, and soil, which has another detrimental
effect on the environment. [25]. Hence, the looking
for alternate storage and/or disposal options for the
massive quantity of tyres debris is crucial to
preventing environmental impact and disposal sites
depletion [26] .Reusing and recycling tire rubber in
various applications has been investigated using many
methods. For instance, research has demonstrated
that discarded tires may be burned to create biofuel in
boilers and burners for energy recovery [27, 28]. A
study claimed that waste tires can be turned into
fuels. Their claim is made using thermochemical
methods  such as  gasification, hydrothermal
liquefaction, and pyrolysis [29].

A research explained that wet and dry processes
are the two fundamental methods for incorporating
crumb rubber into asphalt mixtures [30]. According
to Cao [31], heated asphalt is mixed with crumb
rubber in the damp procedure, allowing the two
materials to interact. The rubber expansion during
the wet process is a significant step. Before adding
the bitumen in the method of “dry process”, CR
(Crumb Rubber) is combined directly the hot virgin
aggregate. In order to make dried asphalt mixtures to
be have better resistance to cracking and permanent
deformation at lower temperatures, tire rubber may
be added. Zhang [32] proved that the elastomeric
asphalt might requisite
volumettic characteristics by using a wet procedure.

Gong et al. [33] prove that there are fewer
applications for the dry approach than for the wet
process. Despite being simpler to employ than the

mixture achieve the
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wet method, the dry method, Because some particles
were substituted with rubber granules, the mixtures
produced by the technique of dry process exhibit
instability of volume and decreased stiffness.

3. RAP and crumbed rubber applications

Ebrahim [34] undertook a study to determine the
benefits of the ( economy and environment ) of using
HMA, which is created from recycled asphalt
pavement. This study was carried out to protect
collective resources and save money. Gradation,
Coarse Aggregate Angularity (CAA), specific gravity,
Los Angeles Abrasion (LA), Flat and Elongation
(F&E), and impact test were only a few of the tests
carried out to assess the qualities of the RAP
aggregate. Styrene Butadiene—Styrene SBS, CR, and
recycled atactic polypropylene PP, three different
additive material types, were combined in three
percentages of 3%, 5%, and 7% with the recovered
asphalt mixtures. The aged and recovered binders
passed the standard testing for asphalt binders. The
value of penetration and flexibility of the asphalt
cement reduced as the proportion of additional
elements rose. When varying quantities of the SBS
component were added, the blends' elastic recovery
rose from around 7% to 80%. The softening points
of the mix rose as the proportion of the added
elements increased. After adding additions, the
specific gravities of the recovered combinations were
little altered. When the percentage of PP admixture
material was added to blends, the temperatures of fire
and flash points went up; however, when the ratio of
SBS and CR additive material was added, the flash
and fire point temperatures went down. Depending
upon the usual variance of the RAP binder contents,
it was concluded that the mixture blend should be
40% RAP and 60% fresh matetial. The 60/70 grade
virgin soft-grade asphalt binder was mixed with the
aged RAP binder. The process
Superpave mixes was carried out to determine the
ideal asphalt concentration and understand the
impact of additives on the mixtures' susceptibility to
moisture. The recovered mixes' susceptibility to
moisture is improved by adding additional
ingredients. The additives with the best impact on the
recycled mixes' moistute sensitivity were 3% CR, 7%
SBS, and 5% of PP, which resulted in ITSRs of
99.71%, 97.1%, and 90.7%, respectively, using
Superpave efficiency grade tests, the chosen most
good mixes of the recovered binder with additives
were further examined. The addition of the additives
caused the PG of the blending recycled binder to
alter for 7% SBS, from 64 -22 °C through over 88 °C,
76 °C for 3% CR, and 82 °C for 5% PP, respectively.
For warmer areas, it was advised to add 7% SBS to
the recovered asphalt mixes and 3% CR for cold
climates.

Shen [35] proved that because some recycled
asphalt pavements with modified binders with CR are
more than ten to fifteen years old in parts of the US
of America, recycling is a significant concern. This
study investigated whether RAP that had been
changed in the lab to incorporate crumb rubber could

of designing
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be recycled in Superpave mixes under standard
recycling procedures. Three mixtures containing lab-
made modified rubber with RAP with three basic
reference mixtures were developed and analyzed,
totaling six mixtures. The combinations contained
two kinds of asphalt cement AS and three kinds of
raw aggregates treated with CR. The crumb rubber-
modified RAP utilized in the study underwent an
accelerated ageing process in the lab. Fifteen per cent

of the RAP was included in the recycled
combinations. Indirect tensile strength, resilient
modulus,  asphalt pavement analyzer, and gel
permeation  chromatography were the testing

methods used to evaluate each combination. The
study demonstrated that (a) 15% crumb rubber-
modified RAP may be added to HMA using standard
recycling techniques. In addition to, (b) There is no
apparent distinction between the raw and recycled
combinations regarding the attributes stated.

Xiao et al. [36] investigated the utilization of the
reused and output components in asphalt blends, A
greater comprehension of the technical and
rheological properties of “Rubberized Asphalt
Concrete RAC” pavement, which includes RAP, is
requited. RAP and polymer asphalt has a history of
being used in hot mixed concrete asphalt (HMA)
combinations throughout the USA and the rest of the
world. It is cost-efficient, ecologically friendly, and
efficient. Investigating was the goal of this study. The
bitumen and mix quality features of these modified
asphaltic mixtures were evaluated in a number of
laboratory experiments, including parameter of
fatigue, G*sind, ability to resist rutting , elastic
modulus, and fatigue life. The findings of this study
showed that the testing revealed that applying CR &
RAP to HMA can considerably enhance these
pairings' engineering qualities.

The characteristics (engineering characteristics) of
size and type of the CR effects on RAP mixes were
assessed by Xiao et al. [37]. Two kinds of rubber
(cryogenic or ambient) with different three sizes were
used in the compound containing 25% RAP mixes in
the experimental for this investigation. The
conclusions of this study's studies showed that
regardless of the size and kind of rubber used, adding
crumb rubber helped to increase the air voids in the
mineral aggregate (VMA) in the Superpave design
mix and improve the mixture's resistance to rutting.
On the contrary, ITS wvalues for combinations
prepared with three types of rubber diameters show
no discernible differences. Nevertheless, regardless of
the kind of rubber used, increasing rubber size
decreased resilience modulus values while extending
the overall fatigue performance of the changed mixes.

Researchers Xiao and Amirkhanian [38] examined
how dampness affected RAC containing RAP. ITS
“the indirect tensile strength” analysis, toughness, and
viscosity of the binder were all determined in the
tests. Several combinations with crumb rubber kinds,
two separate sources of RAP, and vatious rubber and
RAP content ratios were assessed. The outcomes
showed that including RAP in mixtures leading to
improving the indirect tensile strength values and
decreased the mixture's susceptibility to moisture.
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However, the use of crumb rubber had a slight
adverse impact.

Fakhri and Azami [39] explores the possible
application of CR and RAP in “warm mix asphalt”
WMA. Aims of this study were to reduce the
environmental impacts of used tires and ageing
asphalt pavement while also enhancing the
effectiveness of asphalt pavement. In the current
study, three different amounts of crumb rubber
powder (0, 10%, and 20%) were added to seven
distinct asphalt mixes, which included RAP with 30%
and 60% percentages (through the weight of 19 virgin
aggregates). Various proportions of RAP and rubber
crumbed were added to the asphaltic mixtures in
place of natural aggregate to accomplish that.
Additionally, mixtures containing 30% and 60% RAP
were added to large amounts of the organic additive
Sasobit (4% and 5.5%, respectively). This
investigation's  tests on  Marshall  Stability,
susceptibility of moisture, fatigue cracking, and
instant deformation show that adding a lot of Sasobit
to an asphalt mixture lowers the temperature degree
of both mixing and compacting and produces a
sophisticated asphalt mixture with rubber crumbed
modifications. In addition, it allows for storing waste
materials like tites wastes and RAP, which is a
practical way to combat global warming. Comparison
to the reference sample, the rubberized asphalt
mixtures with high RAP, and the Sasobit addition
demonstrated better performance versus humidity

sensitivity, permanent deformation and fatigue
cracking.
Xiao and Amirkhanian [40] examined the

properties of rubberized asphalt binders. They mixed
formed with 64-22 performance grade PG and softer
binders 52-28 performance grade that had a
significant amount of recycled asphalt pavement 30%
RAP in the laboratory. Dynamic shear rheometer
(DSR), viscosity, bending beam rheometer (BBR),
robust modulus, indirect tensile strength (ITS) and
fatigue life assessments were a few of the tests
utilized in this study. The experimental design
involved the use of two raw aggregate and RAP
origins, as well as two virgin binder grades with
performance grade PG of (64-22 and 52-28),two
kinds of rubber crumbed particles cryogenic and
ambient, and four different rubber contents of (0, 5,
10, and 15) percentages. The findings showed that:
(1) the fatigue performance of combinations
containing 0% RAP was prolonged and the aged
bindet's deteriorating resistance was increased.
Additionally, the outcomes demonstrated that,
irrespective of the kind of rubber employed, the ITS
and resilient modulus values decreased as rubber
content increased. (2) The softer binder lessened the
impact of the aged binder and decreased the
mixtures' resilient modulus  values. Generally
speaking, regardless of the kind of rubber used,
rubberized mixes that contains RAP of 30% and
created with performance grade 52-28 polymer did
not exhibit a noticeably longer fatigue life than those
prepared with 64-22 performance grade binder.

Xiao et al. [41] enhanced understanding of asphalt
concrete with rubber and RAP's resilience to rutting.
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Promoting the usage of rubberized asphalt mixes,
RAP is crucial. RAP has been used in the past to
increase the resistance to rutting deformation of
asphalt mixes, and it has shown to be affordable,
ecologically friendly, and successful. Around the
nation and the world, asphalt pavement that is
rubberized has been utilized to successfully improve
the physical properties of typical HMA mixtures,
such as rutting resistance. Through a laboratory
testing program, this study aimed to explore the
rutting resistance properties of rubberized asphalt
mixtures. The cryogenically produced and ambient
are the two types of rubber that are included in the
experimental setup with four rubber contents and
three different sizes of crumb rubber. The trials'
findings showed that adding RAP and crumb rubber
to HMA may significantly increase these mixtures' rut
resistance.

Aghapour and Babagoli [42] showed that the
utilize of CR and RAP is a practical, ethical, and cost-
efficient technique to improve the quality of asphalt
pavement. This study's objective was to assess the
utilization of rubber crumbed in asphaltic pavements
with a significant amount of RAP. Wet processing
was used to combine the unmodified binder with CR
(0, 10, and 20 percentages by mass of bitumen), and
the RAP concentration was 0%, 20%, 40%, or 60%.
Through a series of laboratory experiments, the
performance traits of these modified asphalt mixes
were examined, including ITS, elastic modulus,
rutting resistance, moisture susceptibility and fatigue
behavior. The conclusions of the trials showed that
increased RAP concentration lowered the fatigue life
of the mixes. The addition of CR extended the
fatigue life of the compounds. Additionally, the rut
resistance of the CR-modified combinations
significantly increased as the quantity of RAP in the
mixtures rose. A statistical study revealed that
including RAP and CR significantly reduced the
mixes' persistent deformation. The findings indicate
that employing 10% CR and 40% RAP is wise
because it little affects the performance of the asphalt
mixture.

4. Cost-effective of using sustainable
materials

In the UAE, the projects of new roads are valued
at 122.6 billion USD [43]. From 2019 through 2038,
the nation is estimated to spend an additional USD
354 billion on constructing roads and other facilities
to sustain its planned economic development, or
almost USD 18 billion annually [44]. However, El
Gergawy's [45] research on Abu Dhabi infrastructure
projects indicated that average cost overruns were
over $10 million (adjusted for inflation). The study
found that a lack of understanding of lifetime costs
and poor estimation were the primary causes of cost
overruns, This provides an assessment opportunity
studied in this work. Also, the pricing of recycled
content vs the conventional materials approach for
roadworks was assessed in this study, includes
concrete roadside improvements and asphalt cross-
section; this study used the lifecycle cost analysis
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LCCA method. The "B1" example is based on actual
data for the section of road constructed of virgin
materials, conventional asphalt manufacturing
mixture for asphalt works, and concrete made with
Portland cement for the concrete outcomes. The
second base course, binding material, and wearing
courses all make use of virgin HMA asphalt concrete.
The sub-base and foundation courses use virgin,
unbound granular aggregates. For example, on a road
section, emulsion of HMA prime coat is applied on
top of a u-base layer, and the asphalt base layer and
asphalt binder course are both covered with a tack
coat that is applied at a rate of 0.5 kg/m2. The
consequences of employing RAP and WMA,
containing RCW recycled waste and Blast furnace
slag, are then explored as alternatives. Hasan et al.
[46] conducted a study to calculate the first agency
expenses for both options (raw and recycled
materials), The required government agencies and
local component suppliers in the case study site were
contacted to organize the input samples and unit
pricing data. This covers the price of the initial plans,
the expense of contracting site trucks and equipment,
as well as labor costs. The proposed approach can
then be used to examine alternative pavement
materials for any road transport system using the

recommended selection criteria based on the
anticipated ~ immediate = economic  discounting
operating, repair, and end-of-life (EOL) costs.

Additionally, it might be used as a possible case study
to begin an examination into the actual costs of
applying sustainable techniques and supplies for
underdeveloped countries' road construction, where a
sizable fraction of projects still use traditional
materials for construction.

Hasan et al. [47] conducted an urban expressway's
complete life cycle cost analysis (LCCA). Stretch
"E10" is a highway in Abu Dhabi, which has a hot,
humid environment as typical weather in the Middle
East. The study used basic cost information under
various situations, RCW through the layers of
aggregate, and RAP. The use was across base course,
binder layer, and asphalt wearing courses. Blast
furnace slag is now being analyzed as a potential
part of the asphalt in
construction projects. According to the findings,
sustainable building is less expensive. When RAP and
RCW consumption was aggregated, the cost decrease
was the greatest. Over a 30-year period, the best cost
scenario cut costs by $ 2.6 million ( about 15%), from
2015 to 2045, by utilizing 15% RAP in the binder and
wearing layer, 65% slag for concrete repairs, 25%
recycled construction waste in the sub-base, 80%
recycled construction waste in the unbound base,
25% warm-mix RAP (WMA) RAP in the bitumen
base.

A case study studied by Qiao et al. [48] found that
For the inquiry, a case study of different highways
constructions on Interstate in New Hampshire (NH),
United States of America, was done. The findings of
dynamic modulus testing on local virgin hot mix
asphalt and hot mix asphalt with 40% RAP (as
primary option of material) were used in the case
study to forecast the life cycle performance of the

replacement for road
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chosen pavement constructions while considering
future weather change with lower temperatures. A life
cycle cost analysis was then used to quantify and
compare the life cycle cash flow of the road
infrastructure under consideration (LCCA). This
study also considered responsive maintenance
(overlay) and efficacy. It was discovered that utilizing
40% RAP in HMA can lower agency expenses by up
to 18% under the expected climate for 2020—2040.
Therefore, In order to reduce agency expenses in the
future environment, NH should take this approach
into consideration.

Mousa and Mousa [49] studied a technique for
doing cost/benefit assessments for employing RAP-
sand blend in subgrade and subbase layers is
presented. This approach considers the overall
process of RAP-sand blend from various sources
until it is engaged in construction. Applications of
RAP-sand blends were thought of in eight different
circumstances. Each scenario was assessed using the
mechanistic-empirical method and comprised two
pavement portions (control and alternative). When
comparing the savings in asphalt thickness under
various equivalent single axle loads (ESALs) ranging
between 1 and 12 million, the advantage of adopting
the RAP-sand blend in the alternative section was
determined. The findings of Option 1 (new RAP and
site mixing) showed considerable savings ranging
from -$ 0.48 to $9.29/m?, depending on the scenatio
of RAP blend consumption. Four mixing possibilities
were discovered. This strategy likewise had the best
benefit-cost ratios. Depending on the method and
choice taken into consideration in the research, the
estimated benefit-cost percentages ranged from 0.58
to 18.64, with Scenario 3 being connected with
uneconomic conditions. In our investigation, ESALs
with values beyond one million had no appreciable
effects. The RAP-sand mixture generally reduces the
amount of asphalt used, mainly as a subgrade or
subbase layer under thinner unbound aggregate
layers. The considerable savings realized could
stimulate further use of this combination.

Franke and Ksaibati [50] identified the best cost-
effective technique to use recycled asphalt pavement
(RAP) in different road applications. A methodology
was built to evaluate the costs and advantages of
employing RAP in hot plant mix using a technique
created by the National Asphalt Pavement
Association. A comparable procedure was created to
gauge the benefits of using RAP in bases and gravel
roads. As a way of a fair comparison, the approach
normalizes all costs and gains into savings per ton of
RAP. Considerations were made for dust savings,
layer coefficients, transport, and reduced demand for
fresh aggregates. Finally, a case study utilizing these
three distinct applications was carried out. Other
organizations who want to find the best economical
ways to employ RAP in road building might use this
analysis. This research demonstrates that using RAP
in this roadway application results in financial savings.
RAP in gravel roads costs $18.82/ton less than
before ($17.07/ton of RAP). This was made possible
by the savings from using virgin aggregate and the
savings from dust reduction, which will preserve the
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small particles embedded in the road and maintain it
in better shape. The decrease in dust will also
enhance the quality of the air. The three RAP
applications each produced savings, particularly in
material costs. RHPM had a $45.07/ton cost
reduction. Savings of $17.30/ton were cteated using
RAP in the road base. Savings on gravel roads with
RAP were $18.82/ton.

Souliman et al. [51] studied three gap-graded
mixtures—unmodified, Asphalt Rubber (AR), and
polymer-modified—which were tested in a lab.
According to AASHTO T321, strain-controlled
fatigue tests were performed. The gap-graded mixes
with AR and polymer modifications would have
substantially longer fatigue lifetimes than the
reference (unmodified) mixture, according to the
findings of the beam fatigue tests. A cost-
effectiveness analysis was conducted based on the
three combinations' fatigue performance and a
mechanical analysis utilizing the 3D-Move program.
The research revealed that compared to the
unmodified HMA mixture, the AR and polymer-
modified asphalt mixes were much more cost-
effective. Although AR and polymer modification
raises the material's cost, studies revealed that they
are more cost-effective than the unmodified
combination.

Bueno et al. [52] used several construction types,
asphalt binders, and load intensities to calculate a
cost-benefit ratio. The program AEMC (SisPav) was
used to first identify typical pavements before
analyzing them to derive the horizontal tensile strain
(t) values at the base of the asphalt pavement layer
and then the NFATIGUE value which is the values
of permissible fatigue solicitations. It was discovered
that the repeated load NFATIGUE value for the
pavement constructions under study might decrease
by around 50% when weight increases within legal
bounds. Economic effects included a mean inctrease
of 120% in the cost of repeatedly loading pavement
constructions ( cost per repeated load R$
NFATIGUE-1) due to the same weight increase.
Additionally, it was discovered that buildings with
more robust asphalt concrete layers might offer the
most excellent R§ NFATIGUE-1 ratios. For granular
materials, smaller layers, in combination with a
thicker covering, produced the most significant
results. The assessments of the best structural
solutions demonstrated the advantages of modified
binders: both the polymer-modified binder and the
rubber asphalt binder provide considerable structural
and financial enhancements to the construction.

NFATIGUE can be calculated for each of the
three types of asphalt binders according to Franco
[53] as follows :

1-  The equation below is applicable to conventional
mixtures

2821 0.74
N=sf*1.904 *107* (i] * (L} R?=0.805
g, RM

2-  The equation below is applicable to SBS or
EVA-modified binders.
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/\%9)

1 3.798 1 1493
N=sf* 4455%107* (J * (} R2=0.813
g, RM

3- The equation below is applicable to asphalt
rubber binder.

3.103
N=sf* 726%107 * 1 +_1
g, RM

1918
] R2=0.676
Where:

e. = horizontal tensile strain on the bottom of surface
layer (m m-1);

RM = resilient modulus of AC (MPa);

sf = shift factor = 100000

5.Conclusion

Based on the previous researches presented in the
preceding headings, the following conclusion can be
illustrated in the following paragraph:

1-  The aged RAP binder is considered a possible
contributing element for thermal and fatigue
cracking failures in asphalt pavement.

2- When compared to the reference mix, the
resistance to rutting in samples with higher
modulus of asphalt mixtures containing RAP
was greater.

3- Adding of reclaimed asphalt pavement to the
surface layer's hot mixture, along with a
percentage of 10 by weight of bitumen
regeneration agent, resulted in greater resistance
to rutting. Rubber’s inherent flexibility may be
combined with asphalt to produce a long-lasting
pavement surface. By adding recycled tire rubber
powder to asphalt mixes.

4-  For warmer areas, it was advised to add 7% SBS
to the recovered asphalt mixes and 3% CR for
cold climates.

5- adding RAP and crumb rubber to HMA may
significantly enhance these mixtutres' engineering
qualities.

6- including RAP enhancing the indirect tensile
strength values and decreased the mixture's
susceptibility to moisture. However, the use of
crumb rubber had a slight adverse impact.

7-  Sustainable materials are less expensive. When
RAP and RCW consumption was aggregated, the
cost decrease was the greatest.

8- The RAP-sand mixture generally reduces the
amount of asphalt used, mainly as a subgrade or
subbase layer under thinner unbound aggregate
layers. The considerable savings realized could
stimulate further use of this combination.

9-  Polymer-enhanced and RAP asphalt mixtureses
were much more cost-effective.

10- the use of RAP and CR provide considerable
structural and financial enhancements to the
construction.
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