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Abstract:
aims to reduce the consumption of raw

Sustainable waste management

materials by reusing as many RCA materials as
possible. This research aims to evaluate the
influence treated and untreated recycling
coarse aggregate on the hot asphalt mixture’s
properties using asphalt grade (40-50)
modified with 3% Polyphosphoric Acid (PPA).
RCA was used in different proportions (25%,
50%, 75%, and 100%) as a substitute for raw
coarse aggregate; the effect of treatment on
improving the RCA’s quality was tested.
Volumetric properties associated with the
Marshall test for asphalt concrete were tested.
Tensile strength ratio (TSR) and index of
retained strength (IRS) measurements were
used to assess the moisture effect. The study
findings indicated that 25% RCA is the
maximum amount of RCA from concrete that
should be added to asphalt mixtures. This
percentage recorded the highest values for TSR
and IRS, with the ideal modified asphalt
content of 4.86%. Based on the results of this
study, asphalt durability will
generally grow with RCA wuse, while its
susceptibility to moisture will
However, treated RCA improved the results
compared to untreated RCA. Using asphalt
modified with polyphosphoric acid remarkably
improved the asphalt mixtures’ performance
and reduced the asphalt consumption rate.

concrete's

increase.
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1. INTRODUCTION

Using recycled asphalt mixes is a practical
engineering solution for addressing the
difficulties  associated with  sustainable
development and climate change. The recent
surge in material prices and heightened public
concern for the environment strongly moved
toward adopting technology for eco-friendly
buildings in the asphalt concrete industry [1,2].
Additional improvement ingredients are
necessary as long as using recycled aggregate
produces poor-performing asphalt mixtures
[3]. There has been a lot of interest and several
studies evaluating using crushed concrete as a
replacement for coarse aggregates in hot-mix
asphalt [4]. Moisture damage in asphalt
mixtures refers to the strength and durability
loss due to the presence of water. This distress,
which causes damage to asphalt concrete, has
received significant interest over the past
decades, as its negative consequences extend to
the deterioration of other stresses, such as
fatigue and rutting [4,5]. RCA contains voids
due to the cement mortar. Other RCA
characteristics are “higher permeability and a
lower density” than the original natural
aggregate [6]. Several treatments are being
conducted to improve the low quality of the
recycled physical and chemical properties.
Hydrochloric is among these treatments acid
(HCL), which removes the cement slurry,
adhering to the aggregates; it works well for
cleaning cement slurry, according to Abass and
Albayati [7]. Improving asphalt significantly
improved the hot asphalt mixes’ performance,
especially those containing recycled aggregates.
Among those improvers is polyphosphoric acid,
considered one of the best improvers that
improve the Iraqi asphalt pavement [8].
According to Ismael [3], the sustainable
approach to replacing natural aggregates with
recycled aggregates showed low levels of
volumetric properties and increased the
optimum content of asphalt from 4.1% in

natural aggregate mixtures to 4.5% in recycled
mixtures. The RCA is more absorbent than
natural aggregates, as RCA consists of natural
entireties and a layer of adhering mortar or
cement paste, as water absorption depends on
the natural cement matrix porosity [3, 9].
According to Kavussi et al. [10], the treatment
of recycled aggregates reduced the sensitivity of
asphalt mixtures to moisture, which is
attributed to the lower water absorption by the
recycled aggregates. The treatment succeeded
in improving the recycled aggregates’ quality
and allowing for increased use of this waste in
construction projects, which positively
impacted the environment. Nazal and Ismael
[4] concluded that the volumetric properties of
asphalt mixtures containing RCA, such as
“VMA and AV, in addition to stability and flow,
meet the requirements of the Iraqi
specifications SCRB (2003).” Also, asphalt
mixtures containing recycled aggregate
consume more asphalt percentages than
asphalt mixtures with natural asphalt, as the
increase was 15.4% in the optimum asphalt
content when the RCA ratio increased from 0%
to 100% due to the absorption property and
proved that using RCA reduced the moisture
susceptibility of asphalt mixtures, as the results
showed that the indirect tensile strength ratio
for all mixtures that contain RCA was higher
than the control mixtures except for the “tensile
strength ratios” for mixtures that have 100%
RCA and the “index of the retained strength”
values for all mixtures RCA was higher than
typical aggregate mixtures. Xu et al. [11]
concluded that it is possible to reach the total
replacement of coarse aggregates in hot asphalt
mixes as long as the engineering properties,
especially  moisture  susceptibility, are
satisfactorily dealt with, where RCA is
considered a promising candidate to replace the
excessive using natural aggregates, as high-
quality and sustainable pavements can be built
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at the same time. Giri et al. [12] found that the
RCA blend satisfied the Marshall test standards
and moisture requirements. Refs. [13-16] also
showed that using RCA made HMA with less
damage from water. Ossa et al. [17] stated that
up to 20% of RCA was acceptable for use in
wear courses of urban road pavements;
percentages up to 40% of RCA was proper only
when anti-stripping additives were included.
Qasrawi and Asi [18] demonstrated that
substituting RCA up to 50% led the mixtures to
meet water resistance requirements. However,
The authors also reported that RCA yielded
mixtures with lower stripping resistance. The
binder’s properties are among the factors that
may affect the bituminous mixtures’ resistance
to water. Some investigations have shown that
high-viscosity asphalt improved moisture
damage to HMA [19], whereas increasing the
viscosity of asphalt improved resistance to
moisture damage [20-22]. In this regard, it is
interesting that polyphosphoric acid has been
used since the 1970s in road paving and that
one of the main effects of adding PPA to asphalt
is to increase its viscosity [23, 24]. Hilal [8]
stated that when PPA was added to the binder,
the asphaltene content increased, the resin
concentration decreased, and the asphalt
became more solid and viscous. Increasing the
PPA content, the softening point increased and
improved, as well as increased Marshall
stability and enhanced the asphalt pavement’s
performance.

2 MATERIALS AND TESTING
2.1.Materials

The raw materials used in this study were the
treated and untreated recycled coarse aggregate
as a substitute for the natural aggregate in the
hot asphalt mixes at rates of (25%, 50%, 75%,
and 100%). Before processing, the RCA was
“rinsed and dried in an oven at 105.5 °C for 24
hours.” Then, it was treated by immersing it in
an acidic solution consisting of 37%
hydrochloric acid (HCL) at a low concentration
of 0.1 mol/L for 24 hours at room temperature
at 25 °C and then immersed in distilled water
and drained to remove the acid solution [5].
Followed by a drying and sieving operation to
determine the actual gradation and
appropriately combine it with natural aggregate
(NA). Table 1 combines the physical properties
of NA and types of RCA treated (TRCA) and
untreated (UTRCA). For a closer view, Figs. 1
and 2 show a masterpiece of the used
aggregates combined with corresponding SEM
images. Two figures show that a large
percentage of the cement slurry stuck to the
RCA particles was removed after acid
treatment. The coarse aggregates are replaced
by the RCA ratios of 25, 50%, 75%, and 100%
except for control mixtures. Limestone was
employed as a “filler.” The aggregates were
combined with asphalt grade (40—-50) that had

been treated with polyphosphoric acid at a rate
of 3% by the asphalt weight. Polyphosphoric
acid is an inorganic chemical, i.e., pure and
viscous. Polyphosphoric acid is a short-chain
polymer, as shown in Fig. 3. Due to its
interactions with specific asphalt components,
it is regarded as a chemical improver. Its
characteristics are shown in Table 2, and the
physical attributes of virgin and treated asphalt
are shown in Table 3.

Table 1 The Physical Characteristics of the

Used Aggregate.
Property ASTM Natural Coarse RCA
Des. Aggregate

No Coarse Fine Treated Untreated
Bulk Sp. Ci127& 2.633 2.559 2.451 2.332
Gr. C128
% of water C127 & 0.28 0.81 2.66 2.89
absorption C128
% of C131 17 - 21 27
abrasion
Flatand D4791 4 -7 7
elongated
(5:1) (%)
Soundness C88
loss by
magnesium
sulfate
solution, %

0.1 == 0.2 1.07

0D kx SEM HV. 30.00 kV VEGAW TESCAN
-

WD: 3381 mm
Daletmicdy): 120122 View field: 216.7 pm

(b) SEM Images
Fig. 1 Masterpiece and SEM Images of
Untreated RCA.
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¥ A large amount of

cement slurry was
removed after

tment

X243

. i e
= = N
SEM MAG 202 % SEM HV. 20.00 kv VEGAWTESCAN

.

Name: WD: 3.625 mm 100 pm n
Dato(mdly): 120122 Views fleld: 431.8 pm NAMRC/UeT
(B) SEM Images
Fig. 2 Masterpiece and SEM Images of
Treated RCA.

The basis of this conclusion has been covered
with an additional discussion of physical tests
for modified asphalt, which is evident from the
physical tests of asphalt modified with
polyphosphoric acid, reducing penetration
when adding 3% PPA from 46 to 37. Since the
penetration test evaluated the asphalt viscosity,
it was concluded that it had become more
viscous. The softening point of asphalt
indicated its tendency to flow at high

Table 2 Physical and Chemical Properties of PPA.

temperatures. Test results showed that when
3% PPA was added to virgin asphalt, the asphalt
softening point increased from 54 to 59,
indicating that the PPA has a hardening effect
on the asphalt, associated with a significant
change in the asphalt structure from liquid to
gel. The decrease in the penetration test is
another factor that supports this conclusion.
Adding PPA increased the asphalt stability at
high temperatures, dramatically fitting Iraq’s
road paving. Due to its hot weather, the
ductility substantially fell from 151 to 123 cm
when 3% wt. PPA was added, demonstrating
that PPA improved asphalt performance in
high-temperature conditions; however, adding
more PPA is anticipated to result in a lower low-
temperature deformation capacity.

W\ = ‘:

Fig. 3 Polyphosphoric Acid.

2.2, Mix Design

To determine the optimum asphalt content
(OAC), the Marshall method was used
according to ASTM D6927, as shown in Fi g.4.
The mixtures designed in Marshall molds were
compacted on both sides 75 times. Four asphalt
contents were added to each of the aggregate
mixtures, starting from 4.5% by the total mix
weight, with an increased rate of 0.5%. Three
replicate samples were made for each content.
4% of all air voids were used as the primary
criterion for selecting OAC. At the same time,
all other characteristics, such as stability, flow,
density, and mineral voids, were checked to
ascertain the desired requirements for control
mixtures, (UTRCA) mixtures with modified
asphalt by 3% PPA and TRCA mixtures with
modified asphalt by 3% PPA.

Appearance Color Odor Solubility  Assay Assay HsPO4 Density Boiling
P20s5 basis basis (g/ml) @ 20C
Viscous liquid ~ Colorless, Clear ~ Odorless  Soluble in 85% 115% 2.05 ~550C

ethanol and

water

Table 3 Physical Properties of Virgin and Modified Asphalt Binder.

Test Unit ASTM Result
Virgin Asphalt Modified Asphalt with 3%PPA
Penetration @ 25 °C 0.1 mm D5 46 37
Softening Point °C D36 54 59
Ductility @ 25 °C cm D113 151 125
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' freeze-thaw at -18 + 2 °C for 16 hours
immediately followed by 24 hours at 60 + 1°C
before testing at 25 °C. Fig. 5 shows the test
procedure.

Fig. 4 Mix Design Procedure.

2.3.Moisture Susceptibility
2.3.1.Indirect Tensile Strength Test
aIrs)

Tensile strength is important to the mixture’s
performance under moisture susceptibility,
fatigue, and rutting [25]. The moisture
susceptibility of all mixtures was evaluated
according to ASTMD-4867. Six samples were
prepared using the Marshall method for each
mix of the designed RCA. The desired air void
content in the prepared samples was in the
range of (6-8)%, attained by compacting
“cylindrical samples (101.6 mmx63 mm) using
51 to 64 blows per side “compacting the models
less than 75 times to achieve a void percentage
of 7% to weaken the model and be able to
determine the effect of moisture on it,
according to specification D4867.” The six
samples were divided equally into two groups.
The first unconditioned samples were tested at
room temperature of 25 °C, and the other
group, called conditioned samples, were placed
in a beaker filled with water at a temperature of
25 °C; a 70 kPa vacuum was applied for 5
minutes to the flask to achieve 55-80%
saturation after it was subjected to a cycle of

Fig. 5 Indirect Tensile Strength Test.
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2.3.2.Compressive Strength Test

This method measures the cohesion loss caused
by the water influence on compressed asphalt
mixtures. “Six prototypes with a diameter of
101.6 mm and a height of 101.6 mm were
created for this purpose. Three samples were
evaluated after four hours of storage in 25 °C air
immersion. Before the compressive strength
test, the remaining three samples were
deposited in a water bath at 60 °C for 24 hours
and then transferred to a water bath at 25 °C for
two hours.” Calculating retained strength index
according to ASTM D-1075, which must be a
minimum value of 70% as approved in SCRB
(R9), as shown in Fig. 6.

Fig. 6 Compressive Strength.

3.RESULTS AND DISCUSSION

3.1.Mix Design

The volumetric analysis and the results of the
“Marshall design method” for mixtures
containing NA and RCA of both types, i.e.,
UTRCA and TRCA, showed that the optimum
content of asphalt, i.e., when using virgin
asphalt, was 4.9%, 5.09%, and 5.01%. In
comparison, the optimum content of asphalt
when using modified asphalt with 3% PPA was
4.8%,4.91%, and 4.86, i.e., the mixture
optimum  values according to  the
recommendations of the Asphalt Institute.
Observations revealed that the RCA mixtures
required approximately (2-4) % more asphalt
binder than the NA mixtures to attain the peak
of Marshall feature and volumetric properties.
These results concur with numerous previous
research [26, 27]. This increased need is likely
related to the adhesive cement slurry and the
increase in the porosity of the aggregate texture,

which led to the absorption of more asphalt
cement. The results also showed that the
mixtures containing TRCA were less consuming
asphalt cement than the mixtures containing
UTRCA, as the treatment reduced the sticky
cement slurry while using modified asphalt
reduced consuming asphalt cement compared
to the mixtures in which virgin asphalt was used
because the modified asphalt was more viscous
than virgin asphalt and adding polyphosphoric
acid was a percentage of the asphalt weight.
Hence, the O.A.C decreased, as shown in Fig. 7.
Fig. 8 shows the test results for the laboratory
density of asphalt concrete, in which the coarse
aggregate was replaced with treated and
untreated recycled aggregate and the control
mixtures, where the recycled mixtures resulted
in a much lower density than the control
mixtures. Based on the stability requirements
of 8kN as specified in SCRB, the recycled
mixtures resulted in higher stability than the
control mixtures “because the recycled
aggregate was created by crushing large parts of
concrete, and this process increased the
particles angularity, increasing the stability
value in the mixtures in which the recycled
aggregate was used,” as shown in Fig. 9. The
results agree with [5], maybe because the pieces
of broken concrete aggregate were stuck
together, causing friction between the pieces
stronger. The flow also increased with the rise
of asphalt content. It was observed that TRCA
mixtures had a lower flow than TURCA;
however, all mixtures met the standard range of
2-4 mm specified in SCRB, as shown in Fig. 10.
The results indicated that the VMA of UTRCA
was higher than that of TRCA, attributed to the
adhesion of cement mortar decreased after
treatment, as shown in Fig. 11.

3.2.Effect of PPA on Marshall Result and
Volumetric Properties

Figures 12 to 15 show the volumetric properties
and Marshall results for the control mixtures, in
addition to the two recycled mixtures with
asphalt modified with 3% polyphosphoric acid.
The results of Marshall proved that the
mixtures containing modified asphalt had a
higher stability value than the control mixtures
and the recycled mixtures in which virgin
asphalt was used; such material behavior
complies with the finding of [28-30]. The
results showed that using asphalt modified with
polyphosphoric acid reduced the flow values in
the recycled mixtures. The mixtures’ density
decreased with increasing RCA using virgin
asphalt, while the mixtures in which modified
asphalt was used gave a higher density. The
results agree with previous studies [8, 24]. The
VMA % decreased using modified asphalt
compared to mixtures in which virgin asphalt
was used. The results are consistent with [28]
and These tests were done in accordance with

[31-33].
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221
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5.01

4.91

4.86
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NA+ 3%PPA

UTRCA

UTRCA+
3%PPA

TRCA

TRCA+
3%PPA

Fig. 7 The Effect of PPA on O.A.C of RCA- Mixtures.
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Fig. 8 The Effect of RCA Content on Density.
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Fig. 9 The Effect of RCA on Stability.
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g v \\ —=—UTRCA
2 31 |32 3.2
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3.08
2.9
2.7
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0 25 50 75 100
RCA,%
Fig. 10. The Effect of RCA on Flow.
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Fig. 11 The Effect of Asphalt Content on VMA.
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Fig. 12 Effect of PPA on Stability.
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Fig. 13 Effect of PPA on Flow.
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Fig. 14 Effect of PPA on Density.
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Fig. 15 Effect of PPA on VMA.
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3.3-Moisture Susceptibility
3.3.1.Tensile Strength Ratio (TSR)

As shown in Fig. 16 (a), the mixtures TSR made
of TRCA were more resistant to moisture
damage than the mixtures made of NA and the
mixtures modified with PPA. The mixtures, in
which the natural aggregate was replaced by
25% of TRCA, are most suited to guarantee the
long-term durability of the RCA HMA's water
resistance over its service life. The mixtures
made of UTRCA were less water resistant than
those made of TRCA and more than those made
of natural aggregates, as shown in Fig. 16 (b).
The results agree [12-15].

3.3.2.Index of Retained Strength (IRS)
The retained strength index (IRS) values for the
control mixtures were remarkably lower than
those for both RCA mixtures, i.e., UTRCA and
TRCA, except those containing 100% RCA, as
shown in Fig. 17. Also, the IRS values for the
mixtures containing 25% RCA were higher than
the mixtures containing 50%, 75%, and 100%.
The results of the mixtures in which modified
asphalt was used were higher than those in
which virgin asphalt was used. The results agree
with [4, 24].

90

88

86

34 83.4

82.5 82-1

TSR, %

82
80
78

76

HNA m NA+3%PPA
TRCA 25%+ 3%PPA = TRCA50%+3%PPA
BT RCA 75%+3%PPA m TRCA 100%+3%PPA

(a)

88
86
84
82

TSR, %

80
78

76
mNA m NA+3%PPA
UTRCA 25%+ 3%PPA = UTRCA 50%+3%PPA
W UTRCA 75%+3%PPA m UTRCA 100%+3%PPA
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Fig. 16 Tensile Strength Ratio Result (TSR).
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Fig. 17 Index of Retained Strength Results
(IRS).

4.CONCLUSIONS
Several conclusions can be made from this
work, as follows:

1- Maximum values of “the Tensile
Strength Ratio and the Index of retained
strength” were achieved with an RCA
content of 25%.

2- Using RCA in high proportions of more
than 25% produced asphalt mixtures of
low density. When replacing the TRCA
by 25%, the density decreased by 1.54%,
and mixtures of higher density were
produced when using asphalt modified
with polyphosphoric acid.

3- The results showed that the stability
value improved with increasing RCA
ratios, resulting in a 4.1% rise in stability
strength for NA mixtures when TRCA
was replaced by 25%. Also, using
polyphosphoric acid-modified asphalt
increased stability for the same
mixtures.

4- Due to the high porosity, RCA mixtures
consumed more asphalt binder than
control mixtures. The optimum asphalt
percentage increased by 3.9% in 25%
UTRCA mixtures and 2.24% in 25%
TRCA mixtures. The asphalt rate
increased as the RCA ratio increased.
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Using asphalt modified with
polyphosphoric acid reduced
consuming asphalt binder in recycled
mixtures, and using modified asphalt
reduced the optimum  asphalt
percentage increase in the UTRCA
mixtures, where the increase compared
to the NA mixtures was 0.2%. Using
modified asphalt in TRCA mixtures
reduced the optimum rate by 0.8%
compared to NA mixtures.

All TSR results exceeded the minimum
specification limits of 80% in TRCA
mixtures. In comparison, when UTRCA
was used in asphalt mixtures, it also
exceeded the minimum specifications
limits of 80% in the TSR test, except for
the RCA replacement rate of 100%, and
using asphalt modified with
polyphosphoric acid gave better results
than using virgin asphalt.

This work determined that using RCA
improved the asphalt concrete
durability and increased susceptibility
to moisture. However, treated RCA led
to better results than untreated RCA,
and using asphalt modified with
polyphosphoric acid gave better results
than using virgin asphalt in asphalt
concrete containing RCA.

The asphalt modified with
Polyphosphoric  acid  significantly
affected the asphalt binder rheology,
which allowed the modified asphalt to
resist high temperatures and stress level
conditions more than the unmodified
asphalt.

ENCLATURE

AV

AASHTO

0.A.C
PPA
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H3POa4

P20s5
TRCA

UTRCA
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Optimum Asphalt Content
Polyphosphoric Acid

State Corporation for Roads and Bridges
Void in Mineral Aggregate
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