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ABSTRACT

Sustainability plays an integral role in ensuring the continued existence of life on Earth and the protection
of the natural environment. The recycling process is one of the most significant methods through which
this strategy can be implemented. The potential environmental benefits of recycled concrete aggregates
and polymer waste have attracted considerable interest within the asphalt industry. The present study
focuses on the recycling of two materials to create asphalt mixtures. The first of these is polypropylene,
which is mixed with asphalt cement at weight rates of 2%, 4%, and 6%. The second is treated and
untreated Recycled Concrete Aggregate (RCA), which is substituted with coarse aggregate at weight rates
of 20%, 40%, and 60%. The experimental work comprised the identification of the optimum asphalt
content through the utilization of the Marshall design approach, the assessment of Marshall and
volumetric characteristics, and the evaluation of moisture susceptibility through the measurement of
Indirect Tensile Strength (ITS) and compressive strength. The findings indicated that all mixtures
containing recycled polypropylene polymers and treated/untreated RCA exhibited a higher Tensile
Strength Ratio (TSR) of approximately 6.1-14.7% and compressive strength of approximately 3.1-17.6 %
compared to control asphalt mixtures. This suggests that the mixture's resilience against moisture damage
has been enhanced.

Keywords-recycled polypropylene; Recycled Concrete Aggregate (RCA); Tensile Strength Ratio (TSR); hot mix
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I.  INTRODUCTION

It is well established that moisture is a significant factor in
the premature deterioration of asphalt pavements. A number of
studies have been conducted with the objective of collecting,
describing and measuring the moisture susceptibility of asphalt
mixtures [1]. The extent of moisture damage in an asphalt
mixture is influenced by a number of factors, including the
materials used, such as aggregate and bitumen in Hot Mix
Asphalt (HMA) [2]. An asphalt mixture is a complex
combination of three principal phases: aggregate, binder, and
air voids. Furthermore, a variety of additives, including fibers
and polymers, are frequently employed to augment its
functionality [3]. HMA is primarily composed of natural
aggregates, representing approximately 95% of its total weight
[4]. The production of asphalt paving materials necessitates the
use of natural resources, including bitumen and natural
aggregates. The extraction of natural aggregates results in the
release of dust emissions, vibrations, and noise into the

atmosphere. Furthermore, the exponential expansion of the
construction industry is resulting in the depletion of natural
aggregate resources, which could ultimately lead to the loss of
these natural resources [5]. There has been a recent surge in the
development of tools designed to facilitate decision-making in
the context of local and national solid waste management
planning [6]. The increasing costs of landfill and the reduction
in natural resources highlight the necessity of reusing
Construction and Demolition (C&D) waste materials as an
alternative to Natural Aggregates (NA) in pavement
construction [7]. The building and construction industry is
responsible for the generation of approximately 1,200 million
tons of waste materials, the majority of which is concrete [8].
The negative impact of construction materials on the
environment makes recycling a crucial process. It plays a
crucial role in the conservation of natural resources and the
advancement of sustainable development. Moreover, it
contributes to the reduction of waste from the demolition of old
concrete structures [9]. The quality of RCA is typically not
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superior to that of natural aggregates. This is primarily
attributable to the presence of two supplementary components:
adhered mortar, which is more porous than the NA, rendering it
more brittle and more prone to absorbing water. A number of
treatment methods have been put forth with the aim of
improving the quality of RCA [10]. One such treatment
technique is the use of an acid solution, which effectively
cleans and refines the surface of the RCA by dissolving the
mortar that has adhered to it. The optimal acid concentration is
0.1 mol of hydrochloric acid (HCI) [11].

Despite the necessity for a greater quantity of asphalt
cement, the substitution of natural aggregate with RCA
rendered the process economically viable. This is indicated by
the maximum value of $2 per ton of asphalt concrete when
using 100% RCA treated mechanically [12]. The HMA
industry frequently employs the use of polymers, including
virgin elastomers and plastomers, as modifiers or additives.
Recently, researchers have examined the use of polymers
derived from plastic waste, which have the potential to enhance
asphalt binder properties, improve performance and durability,
and offer environmental and economic benefits. It can therefore
be concluded that waste plastics can serve as a partial
replacement for asphalt [13, 14]. Previous studies have shown
that the addition of recycled concrete aggregates to asphalt
mixtures results in a weakening of their resistance to moisture,
due to the presence of air voids in the cement mortar. This
presents a research gap that must be addressed. In order to
improve the resistance of asphalt mixtures to moisture damage,
the asphalt was modified with polypropylene waste and the
mixtures were enhanced with the use of RCA as a partial
substitute for aggregate. The objective of this research is to
develop a sustainable methodology that employs recycled
polypropylene as an asphalt cement modifier and RCA as a
partial substitute for aggregate. This will reduce the probability
of asphalt mixtures sustaining damage from moisture ingress,
while also facilitating the disposal of this waste.

II. METHODOLOGY

This section outlines the raw materials employed in the
study, compares the results of their examinations to the
requisite standards, and provides a detailed account of the
research methodology and testing methods used to reach the
study's conclusions.

A. Materials

All materials are acquired from local sources, including
crushed coarse and fine aggregates from the Al-Nibaai quarry.
The aggregates are subjected to testing by SCRB R/9 in order
to ensure compliance with Iraqi specifications for road and
bridge construction [15]. Table I shows the physical properties
of RCA and coarse virgin aggregate. Limestone dust is
employed as a conventional filler in the mixture, and its
properties are presented in Table II, while asphalt cement with
a 40/50 penetration grade was employed, and its properties are
presented in Table III. To achieve sustainability, the debris of a
building was crushed in order to produce a coarse aggregate of
a size ranging from 19 mm to 4.75 mm. The resulting material
was immersed in a diluted HCL solution with a 0.1 mole
concentration for 24 hours to treat the weak cement mortar in

RCA and reduce the thickness of this layer. Subsequently, the
treated RCA was permitted to dry and was finally subjected to
a sieving process in order to meet the requisite gradation
standards for the wearing course. In addition, the resistance of
the asphalt mixture to moisture damage is enhanced by the
incorporation of a recycled polypropylene polymer in the
bitumen at a weight ratio [16].

TABLE L. PHYSICAL PROPERTIES OF RCA AND COARSE
Bulk Water
Test specific- absorption I[;(I)lssellg; ](‘;s)- CrII:se}gniI:e ?{7 )
gravity (%) g ° g (%
Virgin 2.54 0.48 14 94
Untreated
(RCA) 2.39 39 21 100
Treated (RCA) 2.4 3.7 20 100
SCRB- - - 30 max 90 min
Specification
ASTM C-127 C-127 C-131 D-5821
TABLE II. PHYSICAL PROPERTIES OF LIMESTONE DUST
Test Bulk Specific gravity | % Passing Sieve No. 200
Value 2.96 96
SCRB-Specification - 70 min
ASTM C-188 -
TABLE IIL. PHYSICAL PROPERTIES OF ASPHALT CEMENT
Test Test Method Resul S?RB
t [Requirements|
Penetration, 0.1 mm AASHTO -T49 47 40-50
Ductility, cm AASHTO-T51 135 > 100
Flashpoint, °C AASHTO-T48 248 232 min
Retained penetration after thin AASHTO -T49 64 >55
film oven test, % of original, %
Ductility after thin film oven AASHTO-T51 72 >25
test, cm

The material was subjected to processing at a
manufacturing facility, where it was initially reduced to a fine
powder through cutting and grinding. Subsequently, the ground
polymer was subjected to a sieving process using a No. 50
sieve. The material that passed the sieve was incorporated into
the asphalt at varying rates, namely 2%, 4%, and 6% by weight
of bitumen, as shown in Figure 1.

Fig. 1.

Recycled polypropylene polymer.
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An Atomic Force Microscopy (AFM) examination of small
particles of recycled polypropylene polymer was performed at
the nanoscale prior to milling. Three-dimensional images of the
sample's surface topography were produced with nanometer-
level resolution, as shown in Figure 2. The surface roughness
was determined with high precision during the course of the
analysis.

(a)

(b)

(©

Fig. 2. AFM image of surface topography: (a)xx30 um, yx30 pm,(b)
xx12.8 um, yx12.8 um,(c) xx10.5 pm, yx10.5 pm.

Figure 3 shows the aggregate gradation for the surface
course (type IIIA), as outlined in SCRB R/9. The coarse
aggregate, representing 52% of the aggregate weight, was
replaced with RCA at rates of 0%, 20%, 40%, and 60%.

100

sesebee++ design value
80 === upper limit

° === Jower limit
©. 60
eo
£ a0
1]
<
a 20

0

0.01 0.1 X 1 10 100
Sieve size, mm
Fig. 3. Aggregate gradation for wearing course (type IIIA).

B. Mixture Preparation

The Marshall mix design method was employed to
ascertain the ts (OAC) for the specified aggregate gradation
[17, 18]. A range of 4-6% asphalt cement content was selected,
with a 0.5 increment for the wearing course layer, in
accordance with the recommendations set forth in SCRB R/9.
The cylindrical specimens, with a diameter of 101.6 mm and a
height of 63.5 mm , were prepared in accordance with the
procedure described in ASTM D6926 [19]. The compactor,
with a mass of 4.54 kilograms, was employed for the purpose
of compacting the specimen. The specimens were dropped
from a height of 455 mm, with 75 blows applied to each face,
in accordance with the specifications for heavy loads road
designs. Three samples were taken for each percentage of
asphalt, and the average value was used. The OAC was
determined in accordance with the guidelines set forth by the
Asphalt Institute, which specified an OAC that results in 4% air
voids while also meeting the required Marshall stability, flow
limits, and density void limits as per local regulations. This air
void percentage was selected for its potential resistance to
moisture damage [20]. Figure 4 describes the preparation steps
for the Marshall specimen.

Fig. 4.

Preparation of Marshall specimens.

a) Marshall Test

The control specimens and others with varying RCA
content were subjected to the test method outlined in ASTM
D6927, with the objective of determining the Marshall stability
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and flow. This was followed by a bulk specific gravity test
(ASTM D2726) and a maximum theoretical specific gravity
test (ASTM D2041), the objective of which was to obtain the
volumetric properties of the asphalt mixture. The apparatus
used for the Marshall test is presented in Figure 5. Following
the identification of the OAC stages, the recycled
polypropylene polymer was incorporated into the asphalt
mixture at varying percentages (2%, 4%, and 6%) by the
weight of bitumen.

Fig. 5.

Marshall test.

b) Tensile Strength Ratio

The influence of moisture damage was determined through
the utilisation of the test method delineated in the ASTM
DA4867 standard. The requisite materials are combined to create
dry and wet samples of HMA at the optimal asphalt binder
percentage. The samples were then subjected to standard
testing in a machine. A load of 0.5 mm per minute was applied,
and the temperature was maintained at 25 °C. The point of
rupture for each specimen was calculated based on the
maximum load it was subjected to. Three samples of each
mixture were prepared for the test [21-23]. It was essential to
maintain the air voids of the compacted samples at a target
value of 7 = 1%. The test method described in ASTM D-6931
is used to determine the ITS of the asphalt cement specimens.
For each mixture, six identical samples were prepared. Three
were tested in dry conditions, while the remaining sample was
tested in wet conditions. The latter was first exposed to a
freezer at -18 °C for 24 hours and then to a water bath
maintained at 60 °C for an additional 24 hours, as shown in
Figure 6.

The ITS and TSR are given as:

2xPu

ITS = X t XD (1)
ITS con
TSR % = 75 wmeom X 100 2)

where ITS is the indirect tensile strength, Pu is the ultimate
applied load required to cause failure, ¢ is the thickness of the
sample, D is the diameter of the sample, TSR is the tensile
strength ratio, ITS con is the indirect tensile strength for a
conditioned sample, and ITS uncon is the indirect tensile
strength for an unconditioned sample.

c) Compressive Strength Test

This test method is employed to ascertain the compressive
strength of compacted bituminous mixtures when subjected to
water, as specified in ASTM D1074 [24]. The cylindrical

specimens, with a diameter of 101.6 mm and a height of 101.6
mm, were created by subjecting the asphalt mixture to a
compressive force until the specified height of 101.6 mm was
reached [25]. For each mixture, six specimens were prepared.
To ascertain the impact of moisture on compressive strength,
three specimens were subjected to dry testing after being stored
at 25°C for four hours, and three were tested in a wet
environment after being placed in a 60°C water bath for 24
hours and then in a 25°C water bath for two hours.
Subsequently, the specimens were subjected to a compressive
strength test, the results of which are presented in Figure 7.

Fig. 6. Conditioned of the TSR test samples.

Fig. 7.

Testing of compressive strength.

III. RESULTS AND DISCUSSION

A. Marshall Test

The outcomes of the Marshall test are presented in Table IV
for the treated and untreated RCA, in addition to the control
mixture. These results comply with the SCRB 2003
specification for the wearing course type IIIA [26]. Figure 8
and Table IV show that all RCA mixtures exhibited a higher
OAC in comparison to the control mix. This was due to the fact
that the cement mortar adhering to the aggregate absorbed a
portion of the asphalt cement through its pores, as evidenced by
previous research [26, 27]. The test results demonstrate that
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mixtures incorporating RCA exhibit enhanced stability and
flow characteristics compared to control mixtures. The
irregular surface of the recycled aggregate contributed to the
enhanced stability of the specimen by facilitating improved
adhesion and bonding between the binder and aggregates.

increase in RCA results in the absorption of asphalt from the
mixture due to the presence of surface pores. This absorption
results in a reduction in the effective asphalt content of HMA,
which in turn leads to a decrease in VMA. As the void in
mineral aggregate (VMA) decreased and the air void level in
HMA remained relatively constant with increasing RCA, the

void filled with asphalt (VFA) also reduced [31, 34, 35].

(a)

Stability.kN
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TABLEIV. MARSHALL TEST RESULTS
Gbm, | Stability, | Flow, | AV, | VMA,
RCA %| OAC gm/cm? KN mm % % VFA, %
Control
0% | 49 2338 | 1112 [ 346 [400] 1572 | 74.13
Untreated RCA
20% 5.03 2.329 11.54 3.58 | 4.00 | 15.57 | 74.01
40% 5.11 2317 11.93 3.67 | 4.00 | 1524 | 73.62
60% 52 2.295 12.21 3,79 |14.00 | 1505 | 73.18
Treated RCA
20% 4.99 2.334 11.68 3.51 4.00 | 1548 | 73.84
40% 5.04 2.321 12.22 3.60 | 4.00 | 1520 | 73.34
60% 5.17 2.298 12.57 3.71 4.00 | 15.01 | 72.97
5.2 8
5.15 s
5.1 s
s 505 & o
g o° O
< 495
© 49 @
4.85 =@ untreated —@=—treated
4.8
0% 20% RCA.% 40% 60%
Fig. 8. Effect of RCA on OAC.

As shown in Figure 9, a comparison of the maximum
stability values of treated and untreated RCA specimens reveals
that acid treatment has the effect of increasing the stability of
the 60% RCA mixture by 13.04%, whereas the stability of the
untreated specimens is 9.8%. These findings align with those of
authors in [28]. The incorporation of RCA into all mixtures
resulted in enhanced flow characteristics compared to the
reference mixture, potentially attributable to the asphaltene
content. The results are consistent with those previously
reported by authors in [29, 30]. Figure 10 presents the impact
of RCA on the bulk density of asphalt mixtures. The bulk
density of compacted specimens was observed to decrease as
the percentage of RCA increased. However, the bulk density
value of treated RCA appears to be slightly higher than that of
the untreated RCA at all RCA percentages. This may be
attributed to the removal of the lightweight cement mortar
layer. These findings are in accordance with those reported by
authors in [31-33]. In comparison to the control mixtures, the
mixtures containing RCA exhibited a diminished proportion of
Volatile Fatty Acids (VFA). As shown in Figure 11 and Table
IV, the specimens comprising 20%, 40%, and 60% untreated
RCA as coarse aggregate exhibited a diminished VFA.
Subsequently, the control mixture exhibited values of 0.17%,
0.69%, and 1.28%, in that order. The specimens produced with
20%, 40%, and 60% treated RCA exhibited a reduction in
voids filled with asphalt compared to the control mix, with a
decrease of 0.40%, 1.07%, and 1.57%, respectively. An

RCA, %

(b) g
[
3.2
={3== untreated —=treated
3
0% 20% 40% 60%
RCA, %
Fig. 9. Marshall test results (a) stability and (b) flow.
o, 2.34
g
)
= 2.33
1)
? 2.32
& 231
D
a
g 23 == untreated —O=—treated
R 2.29
0% 20% 40% 60%
RCA, %

Fig. 10.  Effect of RCA on bulk density.

Following the Marshall test, which was conducted to
determine the OAC, recycled RPP at rates of 2%, 4%, and 6%
by weight was added to the asphalt cement in order to
manufacture asphalt mixtures containing different contents of
coarse treated and untreated RCA (20%, 40%, and 60%). The
Marshall test was conducted on all mixtures for the purpose of
evaluating their stability. All mixtures exhibited enhanced
Marshall stability relative to the control mixture. The mixtures
containing 4% RPP with varying proportions of treated and
untreated RCA demonstrated the most noticeable improvement
in Marshall stability. The observed increase was 12.05%,
13.85%, and 14.57% for samples containing 20%, 40%, and
60% untreated RCA, respectively. The corresponding increases
were 19.16%, 19.79%, and 20.60% for samples containing
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20%, 40%, and 60% treated RCA, respectively. This
improvement in stability can be attributed to the enhanced
adhesion between the binder and aggregate particles, which
results in a stronger bond and a more stable asphalt mix. Table
V presents the Marshall stability results for mixtures containing
RPP and RCA.

15.8
15.6
X 154
<
(a) E 15.2
15
={3= untreated —O=treated
14.8
0% 20% 40% 60%
RCA, %
74.2
74
73.8
& 73.6
< 734
(b B 732
73 —{=untreated —O=—treated
72.8
0% 20% 40% 60%
RCA, %
Fig. 11.  Effect of RCA on (a) VMA (b) VFA.
TABLE V. MARSHALL STABILITY
Marshall stability, kN
RCA, % RPP, % Treated RCA Untreated RCA
2 12.56 11.83
20 4 13.25 12.46
6 12.32 11.89
2 12.61 11.97
40 4 13.32 12.66
6 12.39 12.03
2 12.69 12.32
60 4 1341 12.74
6 12.46 12.44

B. Tensile Strength Test Results

The ITS test is employed for the purpose of estimating the
sensitivity of mixtures to moisture. Subsequently, the TSR is
employed to differentiate between mixtures that are susceptible
to moisture and those that are resistant, with a minimum
recommended threshold of 80%. A high TSR value is
indicative of the mixture's enhanced efficacy in preventing
moisture-related deterioration. In order to enhance the moisture
damage resistance, recycled polypropylene polymer was
incorporated into the mixtures comprising both treated and
untreated RCA at concentrations of 2%, 4%, and 6%. Figure 12
shows the impact of the specified recycled polypropylene
polymer dosage on the change in ITS for unconditional
specimens of treated and untreated RCA. It can be concluded
that the addition of RPP results in an increase in ITS for the dry

specimens of both treated and untreated RCA. The mixtures are
composed of 20% untreated RCA and 2%, 4%, and 6% RPP,
respectively. The increase in ITS was found to be 18.67%,
24.40%, and 32.90%, respectively. The mixtures consist of
40% untreated RCA and 2, 4, and 6% RPP, resulting in an
increase in ITS of 23.38%, 30.66%, and 40.13%, respectively.
Mixtures comprising 60% untreated RCA and 2%, 4%, and 6%
RPP exhibited an increase in ITS of 37.83%, 44.08%, and
49.32%, respectively. For treated RCA, the increase in ITS was
observed to be approximately 22.12%, 30.18%, and 36.13% for
mixtures comprising 20% treated RCA and 2%, 4%, and 6%
RPP, respectively. The observed increase was 29.24%, 36.99%,
and 49.72% for mixtures containing 40% treated RCA and 2, 4,
and 6% RPP, respectively. The final increase was 46.72%,
54.29%, and 56.87% for mixtures comprising 60% treated
RCA and 2%, 4%, and 6% RPP, respectively.

2500
2000
< 1500
2
vy 1000
=
500
0
2% 4% 6%
Recycled Polypropylene Polymer %
M control W 20% RCA 20% T RCA 40% RCA
40% TRCA m60%RCA 60% T RCA
Fig.12. ITS for unconditional specimens of treated and untreated RCA
with RPP.

Figure 13 shows the alteration in ITS for wet specimens of
both treated and untreated RCA. The ITS for wet specimens of
untreated RCA demonstrates an increase of 34.74%, 39.37%,
and 44.20% for mixtures comprising 20% untreated RCA and
2%, 4%, and 6% RPP, respectively. The results for mixtures
composed of 40% untreated RCA and 2%, 4%, and 6% RPP,
respectively, were 39.17%, 43.48%, and 49.71%, while the
results for mixtures composed of 60% untreated RCA and 2%,
4%, and 6% RPP, respectively, were 52.80%, 56.39%, and
58.39%. In contrast, for treated RCA, ITS increased by
40.04%, 46.97%, and 50.27% for mixtures composed of 20%
treated RCA and 2%, 4%, and 6% RPP, respectively 46.58%,
52.57%, and 60.61% for mixtures composed of 40% treated
RCA and 2%, 4%, and 6% RPP, respectively, and 63.28%,
70.05%, and 68.51% for mixtures composed of 60% treated
RCA and 2, 4, and 6% RPP, respectively. Figures 14 and 15
present these results. The TSR obtained can be seen to increase
for 2% RPP, then the increase decreases slightly for 4% and
6% RPP, but remains greater than for the control mix. The
rough surface of RCA facilitates enhanced bonding with
binders, thereby increasing the mixture's resistance to
compression and strengthening its ITS. Furthermore, the
addition of recycled polypropylene polymer serves to reinforce
the bond between the aggregate and asphalt, thereby enhancing
the structural integrity of the asphalt mixture. The material in
question exhibits favorable mechanical properties, including
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strength and flexibility. When incorporated into the mixture,
these properties are enhanced, resulting in an increased ITS
percentage. Furthermore, the addition of this material improves
the adhesion between the asphalt binder and the aggregate,
thereby maintaining the integrity of the mixture under wet
conditions and resulting in an enhanced TSR.

2500
2000 \‘: S < §
N N |}
1500 \ N § N § §
NN NETNN N NN N
< \ N \ N X N
» N N N \ = X N
£ 500 N N N N X N
= MR INER INER
0 N N N N N N
2% 4% 6%
Recycled Polypropylene Polymer %
H control 20% RCA §20% T RCA 40% RCA
40% TRCA m60% RCA W 60% T RCA
Fig. 13.  ITS for conditional specimens of treated and tntreated RCA with
RPP.
96
N
o
wn
=
80 =—2=—20% RCA =—8=—=40% RCA =tx—60% RCA
76
0% 2% 4% 6%
Recycled Polypropylene Polymer, %
Fig. 14. TSR of recycled PPR percentages and untreated RCA.
96
2
92 rS
X g8 ?
o
& 84
80 @-20% RCA 40% RCA 60% RCA
76
0% 2% 4% 6%
Recycled Polypropylene Polymer, %
Fig. 15. TSR of recycled PPR percentages and treated RCA.

C. Compressive Strength Test Results

The Iraqi specification uses IRS parameter to estimate
damage from moisture in asphaltic mixtures. The IRS is limited
to a minimum value of 70%, as indicated in SCRB R/9. Figure
16 shows that adding recycled polypropylene polymer to
mixtures containing RCA increased dry compressive strength
for both treated and untreated RCA. Mixtures with untreated
RCA had 14.48%, 18.18%, and 20.63% more strength when

they had 20% untreated RCA and 2%, 4%, and 6% of RPP.
The increase was 20.74%, 24.88% and 29.37% for mixtures
containing 40% untreated RCA and 2%, 4% and 6% of RPP.
The increase was 24.52%, 26.58%, and 41.01% for mixtures
containing 60% untreated RCA and 2%, 4%, and 6% of RPP.
Mixtures with treated RCA had an increase in strength of about
19.20%, 22.60%, and 24.46% for mixtures with 20% treated
RCA and 2%, 4%, and 6% of RPP, respectively. The increase
was 23.29%, 26.92% and 31.25% for mixtures containing 40%
treated RCA and 2, 4 and 6% of RPP. Additionally, the
increase was 24.80%, 29.91%, and 43.49% for mixtures
containing 60% treated RCA and 2%, 4%, and 6% of RPP.
Figure 17 shows the change in wet compressive strength of
treated and untreated RCA. Mixtures containing 20% untreated
RCA and 2%, 4%, and 6% RPP had a strength increase of
32.36%, 34.68%, and 36.18%, respectively.

6000
4000
2000
0
2% 4% 6%

Recycled Polypropylene Polymer %

8000

LSS Sy
LSS 7
SIS S

Compressive Strength ,kPa

20% RCA
60% RCA

20% T RCA
60% T RCA

M control W 40% RCA

N40%T RCA

Fig. 16.  Compressive strength for dry specimens of treated and untreated
RCA with RPP.
7000
< 6000 .
2 5000 3 N N
= N § §
B 4000 S N N
Z 3000 N S $
N
2 2000 N S $
g 1000 N N $
g N N s
S
o 2% 4% 6%
Recycled Polypropylene Polymer, %
M control 20% RCA 20% TRCA m40%RCA
N 40% T RCA 60% RCA 60% T RCA
Fig. 17.  Compressive strength for wet specimens of treated and untreated
RCA with RPP.

Mixtures with 40% untreated RCA and 2%, 4%, and 6%
RPP showed strength increases of 37.46%, 41.55%, and
41.87%. Mixtures with 60% untreated RCA and 2%, 4%, and
6% RPP had strength increases of 40.18%, 42.11%, and
45.33% respectively. Mixtures with 20% treated RCA and 2%,
4%, or 6% RPP had strength increases of 40.19%, 40.76%, and
41.61%, respectively. Mixtures containing 40% treated RCA
and 2%, 4%, and 6% RPP had strength increases of 42.02%,
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44.09%, and 47.08% respectively. Mixtures containing 60%
treated RCA and 2%, 4%, and 6% RPP had strength increases
of 42.47%, 43.78%, and 53.54% respectively. The increase in
strength is also due to better adhesion. Recycled polypropylene
enhances the bond between particles in the asphalt mixture.
Replacing RCA with coarse aggregate and adding recycled
polypropylene caused an increase in IRS, as shown in Figures
18 and 19. The mixtures containing 20% treated or untreated
RCA with 2% RPP demonstrate the greatest IRS.

=—S=—20% RCA =—&¥=40% RCA 60% RCA

2 4
Recycled Polypropylene Polymer, %

Fig. 18. Index of retained strength of recycled PPR percentages and
untreated RCA.

=S=—20% RCA ==£3—40% RCA

60% RCA

2 4
Recycled Polypropylene Polymer, %

Fig. 19.
RCA.

Index of retained strength of recycled PPR percentages and treated

IV. CONCLUSIONS

This study employed the Marshall mix design and
conducted moisture damage resistance tests to evaluate the
resilience of Hot Mix Asphalt (HMA) to moisture damage
through the assessment of Indirect Tensile Strength (ITS) and
compressive strength. In accordance with the findings of the
experimental investigation:

e The replacement of virgin coarse aggregate with Recycled
Coarse Aggregate (RCA) has been observed to enhance the
Marshall stability of the asphalt mix associated with the
reference mixture. The asphaltic mixture exhibited a
reduction in bulk density due to the lightweight nature of
the RCA.

e The Optimal Asphalt Content (OAC) of the mixes
incorporating RCA increased by 2.65%, 4.29%, and 6.12%
for untreated RCA content of 20%, 40%, and 60%,

(11

(2]

(31

(4]

[5]

respectively, and by 1.83%, 2.86%, and 5.51% for treated
RCA.

The application of acid treatment to the RCA resulted in an
average increase in stability of 2.2% and a corresponding
decrease in Marshall flow of 2%. Concurrently, the density
of the mixtures prepared with treated RCA exhibited a
minimal increase, with an average value of less than 1%.

The incorporation of Recycled Polypropylene Polymer
(RPP) into mixtures containing RCA led to enhanced
resistance to moisture damage, as evidenced by the elevated
Tensile Strength Ratio (TSR) and IRS values.

The use of recycled polypropylene polymer at all dose
levels resulted in enhanced stability, with the most notable
improvement observed at 4% in the RCA mixture for both
treated and untreated samples.

The greatest increase in the TSR and IRS values is observed
when 2% of recycled polypropylene polymer is added to
the asphalt mixture, irrespective of the RCA ratio.

The specimens demonstrate the highest values of the tensile
strength ratio in comparison to the control specimens. In the
case of the untreated RCA, the values observed ranged from
6.1% at a ratio of 60% RCA and 6% recycled
polypropylene polymer to 13.5% at a ratio of 20% RCA
and 2% recycled polypropylene polymer. In the case of
treated RCA, the values range from 7.42% at 60% RCA and
6% recycled polypropylene polymer to 14.7% at 20% RCA
and 2% recycled polypropylene polymer.

The highest value of compressive strength was observed
when compared with the control specimens. The value is
approximately 3.1 to 17.6 times higher than that of the
control asphalt mixtures.

Based on the findings of this research, recommendations
can be made for future studies, including the usage of
higher percentages of recycled concrete aggregates, up to
100% of coarse aggregates. An alternative method of
treating concrete aggregates may prove to be a more
effective means of improving moisture resistance.

REFERENCES

S. Tayh and D. Y. K. Khalif, "Investigation of the Mechanical
Performance of Stone Mastic Asphalt Mixtures Modified by Recycled
Waste Polymers," Journal of Engineering and Sustainable Development,
vol. 27, no. 4, pp. 429-447, Jul. 2023, https://doi.org/10.31272/
jeasd.27.4.2.

A. E. A. E.-M. Behiry, "Laboratory evaluation of resistance to moisture
damage in asphalt mixtures," Ain Shams Engineering Journal, vol. 4, no.
3, pp. 351-363, Sep. 2013, https://doi.org/10.1016/j.asej.2012.10.009.

L. D. Poulikakos et al., "Harvesting the unexplored potential of
European waste materials for road construction," Resources,
Conservation and Recycling, vol. 116, pp. 32-44, Jan. 2017,
https://doi.org/10.1016/j.resconrec.2016.09.008.

P. C. Taylor and G. F. Voigt, "Integrated Materials and Construction
Practices for Concrete Pavement: A State-of-the-Practice Manual,"
Federal Highway Administration, Tech Report FHWA HIF-07-004, Oct.
2007.

A. R. Pasandin and I. Pérez, "Performance of hot-mix asphalt involving
recycled concrete aggregates," International Journal of Pavement

www.etasr.com

Abdulghafour & Ismael: Assessment of Moisture Susceptibility of Hot Asphalt Mixtures Sustainable by ...



Engineering, Technology & Applied Science Research

Vol. 14, No. 5, 2024, 17308-17316 17316

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Engineering, vol. 21, no. 9, pp. 1044-1056, Jul. 2020, https://doi.org/
10.1080/10298436.2018.1518525.

I. T. Mercante, M. D. Bovea, V. Ibafiez-Forés, and A. P. Arena, "Life
cycle assessment of construction and demolition waste management
systems: a Spanish case study," The International Journal of Life Cycle
Assessment, vol. 17, no. 2, pp. 232-241, Feb. 2012, https://doi.org/
10.1007/s11367-011-0350-2.

N. Albayati and M. Ismael, "Rutting performance of asphalt mixtures
containing treated RCA and reinforced by carbon fibers," Aibi revista de
investigacion administracion e ingenieria, vol. 12, pp. 18-28, Jan. 2024,

https://doi.org/10.15649/2346030X.3436.

R. Purushothaman, R. R. Amirthavalli, and L. Karan, "Influence of
Treatment Methods on the Strength and Performance Characteristics of
Recycled Aggregate Concrete," Journal of Materials in Civil
Engineering, vol. 27, mno. 5, May 2015, Art. no. 04014168,
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001128.

N. Albayati and M. Q. Ismael, "Effect of carbon fibers (length, dosage)
on the Marshall and volumetric properties of HMA mixtures," AiBi
Revista de Investigacion, Administracion e Ingenieria, vol. 11, no. 3, pp.

71-80, Sep. 2023, https://doi.org/10.15649/2346030X.3243.

C. Shi, Y. Li, J. Zhang, W. Li, L. Chong, and Z. Xie, "Performance
enhancement of recycled concrete aggregate — A review," Journal of
Cleaner Production, vol. 112, pp. 466472, Jan. 2016, https://doi.org/
10.1016/j.jclepro.2015.08.057.

A. Radevic, I. Despotovi¢, D. Zakic, M. Oreskovi¢, and D. Jevtic,
"Influence of acid treatment and carbonation on the properties of
recycled concrete aggregate," Chemical Industry and Chemical
Engineering Quarterly, vol. 24, no. 1, pp. 23-30, Jan. 2017,
https://doi.org/10.2298/CICEQ161202014R.

N. K. Al-Bayati and M. Q. Ismael, "Effect of differently treated recycled
concrete aggregates on Marshall properties and cost-benefit of asphalt

mixtures," Sustainable Engineering and Innovation, vol. 5, no. 2, pp.
127-140, Oct. 2023, https://doi.org/10.37868/sei.v5i2.id201.

S. R. M. Fernandes, L. M. B. Costa, H. M. R. D. da Silva, and J.
Oliveira, "Utilization of waste materials to improve asphalt mixtures
performance," in 6th International Conference on Mechanics and
Materials in Design, Ponta Delgada, Azores, Portugal, Jul. 2015.

A. M. Emmaima, S. I. A. Ali, and K. S. Gallouz, "Experimental
Investigation of Polymer and Nanomaterial modified Asphalt Binder,"
Engineering, Technology & Applied Science Research, vol. 14, no. 1, pp.
12869-12874, Feb. 2024, https://doi.org/10.48084/etasr.6607.

General Specification for Roads and Bridges (SORB/R9)—Hot Mix
Asphaltic Concrete Pavement, Revised. Baghdad, Iraq: Ministry of
Housing and Construction, 2003.

H. Hamedi, A. Azarhoosh, and M. Khodadadi, "Effects of Asphalt
Binder Modifying with Polypropylene on Moisture Susceptibility of
Asphalt Mixtures with Thermodynamically Concepts," Periodica
Polytechnica Civil Engineering, vol. 62, no. 4, pp. 901-910, May 2018,
https://doi.org/10.3311/PPci.11570.

A. A. Al-Saadi and M. Q. Ismael, "Improvement of Moisture
Susceptibility for Asphalt Mixture with Ceramic Fiber," Journal of
Engineering, vol. 29, no. 04, pp. 78-91, Apr. 2023, https://doi.org/
10.31026/j.eng.2023.04.05.

Z. K. Taher and M. Q. Ismael, "Moisture Susceptibility of Hot Mix
Asphalt Mixtures Modified by Nano Silica and Subjected to Aging
Process," Journal of Engineering, vol. 29, no. 04, pp. 128-143, Apr.
2023, https://doi.org/10.31026/j.eng.2023.04.09.

ASTM International, Road And Paving Materials; Vehicle-Pavement
Systems. Pennsylvania, USA: ASTM International, 2018.

A. H. Abedali, MS-2 Asphalt Mix Design Methods, Tth ed. Lexington,
MA, USA: Asphalt Institute, 2014.

S. S. Hadi, "Impact of Preparing HMA with Modified Asphalt Cement
on Moisture and Temperature Susceptibility," Journal of Engineering,
vol. 23, no. 11, pp. 1-12, Nov. 2017, https://doi.org/10.31026/j.eng.
2017.11.01.

S. Sarsam and S. Nuaimi, "Assessing the Influence of Moisture Damage
under Repeated Load on Multilayer Interface Bond Strength of Asphalt

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Concrete," Journal of Engineering, vol. 26, pp. 21-42, Nov. 2020,
https://doi.org/10.31026/j.eng.2020.11.02.

S. Ali and M. Ismael, "Improving the Moisture Damage Resistance of
HMA by Using Ceramic Fiber and Hydrated Lime," Al-Qadisiyah
Journal for Engineering Sciences, vol. 12, pp. 48-58, Oct. 2021,
https://doi.org/10.30772/qjes.v13i4.681.

ASTM International, Standard Test Method for Compressive Strength of
Asphalt Mixtures. Pennsylvania, USA: ASTM International, 2017.

B. Francke and M. Wichowska, "Influence of Groundwater pH on Water
Absorption and Waterproofness of Polymer Modified Bituminous Thick
Coatings," Materials, vol. 14, no. 9, Jan. 2021, Art. no. 2272,
https://doi.org/10.3390/ma14092272.

N. Albayati and M. Ismael, "Influence of Carbon Fibers on the Rutting
Susceptibility of Sustainable HMA Mixtures with Untreated Recycled
Concrete Aggregates," Journal of Studies in Science and Engineering,
vol. 4, pp. 123-141, Jun. 2024, https://doi.org/10.53898/josse2024419.

S. K. Ugla and M. Q. Ismael, "Evaluating the Moisture Susceptibility of
Asphalt Mixtures Containing RCA and Modified by Waste Alumina,"
Civil Engineering Journal, vol. 9, pp. 250-262, Dec. 2023,
https://doi.org/10.28991/CEJ-SP2023-09-019.

A. Radevié, I. Isailovi¢, M. P. Wistuba, D. Zaki¢, M. Oreskovi¢, and G.
Mladenovi¢, "The Impact of Recycled Concrete Aggregate on the
Stiffness, Fatigue, and Low-Temperature Performance of Asphalt
Mixtures for Road Construction," Sustainability, vol. 12, no. 10, Jan.
2020, Art. no. 3949, https://doi.org/10.3390/su12103949.

A. I. Kareem, H. Nikraz, and H. Asadi, "Characterization of Asphalt
Mixtures Containing Double-Coated Recycled Concrete Aggregates,"”
Journal of Materials in Civil Engineering, vol. 32, no. 2, Feb. 2020, Art.
no. 04019359, https://doi.org/10.1061/(ASCE)MT.1943-5533.0003028.

S. Bhusal and H. Wen, "Evaluating Recycled Concrete Aggregate as Hot
Mix Asphalt Aggregate," Advances in Civil Engineering Materials, vol.
2, no. 1, pp. 252-265, May 2013, https://doi.org/10.1520/
ACEM20120053.

S. Daquan, T. Yang, S. Guoqgiang, P. Qi, Y. Fan, and Z. Xingyi,
"Performance evaluation of asphalt mixtures containing recycled
concrete aggregates,” International Journal of Pavement Engineering,
vol. 19, no. 5, pp. 422-428, May 2018, https://doi.org/10.1080/
10298436.2017.1402594.

E. H. Sanchez-Cotte, L. Fuentes, G. Martinez-Arguelles, H. A. Rondén
Quintana, L. F. Walubita, and J. M. Cantero-Durango, "Influence of
recycled concrete aggregates from different sources in hot mix asphalt
design," Construction and Building Materials, vol. 259, Oct. 2020, Art.
no. 120427, https://doi.org/10.1016/j.conbuildmat.2020.120427.

P. Mikhailenko, M. Rafiq Kakar, Z. Piao, M. Bueno, and L. Poulikakos,
"Incorporation of recycled concrete aggregate (RCA) fractions in semi-
dense asphalt (SDA) pavements: Volumetrics, durability and mechanical
properties," Construction and Building Materials, vol. 264, Dec. 2020,
Art. no. 120166, https://doi.org/10.1016/j.conbuildmat.2020.120166.

Y. Hou, X. Ji, J. Li, and X. Li, "Adhesion between Asphalt and Recycled
Concrete Aggregate and Its Impact on the Properties of Asphalt
Mixture," Materials, vol. 11, no. 12, Dec. 2018, Art. no. 2528,
https://doi.org/10.3390/mal1122528.

J. Cantero-Durango, R. Polo-Mendoza, G. Martinez-Arguelles, and L.
Fuentes, "Properties of Hot Mix Asphalt (HMA) with Several Contents
of Recycled Concrete Aggregate (RCA)," Infrastructures, vol. 8, no. 7,
Jul. 2023, Art. no. 109, https://doi.org/10.3390/infrastructures8070109.

www.etasr.com

Abdulghafour & Ismael: Assessment of Moisture Susceptibility of Hot Asphalt Mixtures Sustainable by ...



