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1. Introduction

Asphalt pavements suffer greatly from moisture
deterioration, which reduces their overall effectiveness
in a number of nations. Water damage manifests in

Abstract

Moisture-induced damage in asphalt pavements, is defined by
adhesive failure at the binder-aggregate interface and decreased
mechanical integrity, severely reduce pavement durability. The research
examines the mechanical properties and moisture sensitivity of hot mix
asphalt (HMA) enhanced with styrene-butadiene-styrene (SBS) polymer
including reclaimed asphalt pavement (RAP). Laboratory
assessments, including indirect tensile strength (ITS) and tensile strength
ratio (T'SR) tests, were performed on conventional HMA, SBS-modified
HMA (4% SBS), and SBS-modified HMA contained 20% RAP. The
indicated that SBS modification
mechanical and moisture resistance properties, where unconditioned ITS
specimens increased by 37.1% and TSR value enhanced by 13.5%. The
incorporation of RAP decreased ITS value by about 21 % relative to pure
SBS-modified HMA; nevertheless, the SBS+RAP combination still show
higher ITS and TSR values than conventional HMA.

and

results significantly improved

Keywords: Indirect Tensile Strength (ITS), Polymer Modified Bitumen
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Asphalt Pavement (RAP)
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diminished mix durability, and reduced service life.
AC stripping occurs when water seeps into the asphalt
cement and aggregate particles, weakening the
adhesive bond. [1].

roadways using asphalt concrete (AC) separating,
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The process of moisture damage has been defined
through two primary steps: (a) water transport, which
refers to the mechanisms by which liquid or vaporized
water infiltrates the asphalt mixture, the asphalt binder,
or the mastic, ultimately reaching the asphalt binder-
aggregate interface; and (b) system response, which
encompasses alterations in the internal structure that
diminish  the mixtute's load-bearing capacity.
Throughout the years, six distinct micro- or macro-
scale processes clarify the mechanisms by which water
deteriorates asphalt mixtures: separation,
displacement, hydraulic scour, pore pressure-induced
degradation,  spontaneous  emulsification, and
environmental effects on the aggregate-asphalt
system. It is evident that the overall damage from
water must be ascribed to several factors, and more
investigation is required to understand the adhesion
between asphalt and aggregate. [2].

According  to literature, the hydrophilic
characteristic of silanol groups makes acidic aggregate
asphalt mixes prone to moisture degradation and
cutting, therefore, materials like granite and gravel,
which are high in silica increase this degradation.
Pavement structures generally make heavy use of
locally accessible rocks, which leads to the frequent
usage of acidic materials[3]. Most often, liquid
antistripping agents (ASA) such as cationic surface-
active amines, amides, fatty polyamines, and
substituted imidazoline are employed to reduce
moisture damage. The exact process by which ASA
improves asphalt-aggregate adhesion is unclear,
although it is known that it does so[4]. Rock asphalt,
styrene-butadiene  styrene  (SBS), double rock
composite, silane coupling agents, and silane are
among the asphalt modifiers that have been shown to
improve water resistance [5].

Both pavement design and material selection have
a role in reducing the possibility of stripping in asphalt
pavements [6]. In order to speed up the process of
water removal from the pavement structure, granular
courses with strong drainage capabilities are usually
used together with impermeable surface layers [7].
Several Iraqi case studies suggested that asphalt
pavement moisture degradation may be restricted,
occurring only in places whetre water and/or vapors
were oversaturated due to unfavorable subsurface
drainage [8]. Regardless of drainage conditions, asphalt
pavement stripping may occur in poorly designed
mixes made from not suitable materials. According to
[9], acidic aggregates including granite, gravel, and
quartz were shown to be more likely to strip asphalt
when used in asphalt mixes. Use of the antistripping
agent (ASA) is the quickest and most dependable way
to improve the asphalt mixture's resistance to moisture
[10]. Many different types of commercial liquid asphalt
admixtures are now staples in asphalt batching plants.
Improved asphalt moisture resistance was also seen
polymer modified bitumen (PMB) with plastic, SBS,
hydrated lime, and other materials [11] .

Researchers have been trying to evaluate the
moisture sensitivity of asphalt mixes using recently
established laboratory tests [12]. There are three types
of tests: (a) tests for asphalt mix components
(bitumen, gravel, filler, etc.); (b) tests for loose
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mixtures; and (c) tests for pavement mixtures that have
been packed down. At first, loose asphalt mixes were
used for tests in the lab, such as the hot water test and
the static soaking test. [13]. Improved methods of
evaluating compacted asphalt mixes were subsequently
developed, which included comparing the strengths of
compacted specimens both before and after moisture
conditioning in order to determine the mixes'
sensitivity to moisture. [14].

Improved Lottman test (AASHTO T283) adopted
the indirect Tensile Strength Ratio (TSR) as the
criterion  for  assessing  moisture  resistance,
acknowledging  that freeze-thaw cycles may
significantly exacerbate moisture damage [4]. The
evaluation of moisture deterioration alongside rutting
performance was performed using the asphalt
pavement analyzer (APA) test and the Hamburg
wheel-tracking test. [15]. The TSR method is still used
to evaluate asphalt mixtures by the majority of US
states. A recent study by NCHRP RRD 316 provided
evidence of using Gibbs surface free energy (SFE) to
assess aggregate and asphalt adhesion and moisture
resistance. [16]. The surface energy values of asphalt
binders and aggregates may be quantified using
methods such as the Wilhelmy plate device, sessile
drop technique, sorption device, inverse gas
chromatography, atomic force microscopy, and micro
calorimetry. The energy ratio reflecting the
compatibility of an asphalt-aggregate combination may
be computed to assess moisture resistance [17].
Certain research used a novel approach to assess the
influence of additives and aging on the surface free
energy of asphalt binders [18].

This research aims to investigate moisture-related
degradation in asphalt pavements and to create
solutions to alleviate its detrimental impact on
pavement durability. The study goals include
characterization of the moisture susceptibility of
asphalt mixes and assessment of the efficiency of
material changes, particularly the incorporation of
polymer additives and reclaimed asphalt pavement
(RAP), in improving resistance to water-induced
degradation. This subject is crucial since moisture
damage is a primary factor in pavement deterioration,
compromising the asphalt-aggregate connection via
stripping and thus diminishing pavement durability.
Enhancing moisture resistance is essential for
pavement durability, particularly as moisture
degradation occurs via several processes at the binder—
aggregate interface, requiring a comprehensive
knowledge of adhesion and protective strategies. This
study evaluates asphalt mixtures modified with SBS
polymer, including blends containing 20% RAP, to
assess performance of HMA wunder moisture
conditioning. Parameters such as ITS and TSR were
utilized to quantify enhancements in durability.

2. Raw Materials
2.1. Asphalt Cement

The penetration grade of used bitumen binder was
(40-50). The physical properties and tests of the used
asphalt cement are illustrated in Table 1.

Test Test SCRB

Property . .
perty method | results | specification
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This research used hydrated lime filler materials
that pass-through sieve No. 200 (0.075 mm). Table 3
illustrates the properties of the mineral filler.

Table (3): Properties of the Mineral Filler.

Chafat et al.
(ASTM)
Penetration at 25
oC, (0.1 mm) D5 42 (40-50)
Duetlityat2> | p 445 | 104 >100
C’
Flash point, CC) | D 92 315 Min.232
Softening point,
(©C) D 36 (576 T I
Rotational
Viscosity @ 135 | D 4402 | 0.762 | MAX-Ipase
°C, Pa. Sec c
Rotational MAX 3
Viscosity @ 165 | D 4402 | 0.175 c pa.se
°C, Pa. Sec
0 T
./osolublhty in D 2042 | 99.60 i 99%
trichloroethylene

Storage stability. | D 7173 | 1.21 MAX. 4

Table (1): Physical properties and tests of the used
asphalt cement.

2.2. Aggregate

Crushed aggregates were used, this type of aggregate is
commonly and locally used in asphalt paving industry.
Coarse aggregate particles tend to have a dark color
and sharp edges, while fine aggregate particles consist
of stone screens. It consists of resilient grains, solid,
devoid of clay and other harmful substances. Table 2
presents the test results for coarse and fine aggregates.
Table (2): Physical characteristics of course and fine
aggregates.

Standard
Prober Test Test | Specificati
operty method results on No.
807/2004
Bulk Specific ASTM 270
Gravity C127,128 SE e
Apparent Specific ASTM 5751
Gravity c127,128 | =720 | e
Cao + MgO % 92.65% | Min. 85%
MgO% 0.2% Max. 5%
Fex O3% 0285 | ...
Al O3% 08 | ...
SiO2% Reference | 2965 | .......
Oxides% G“Ithhne 405 | Max. 5%
SO3% 337/1991 029 | ...
Loss of ignition 124 | ...
Activity (CaO) 89.725 | .......
Co2 % 2.36 Max. 5%
Slaking time 11.5 5—15
minutes

Test Coatse Fine
Property method aooteonte | avoreoate SCRB
(ASTM) £Ereg gEreg
Bulk Specific | C 127
Gravity C 128 2.622 2.632 | -
Apparent
Specific €127 2.651 2.670 | ---—--
. C 128
Gravity
Percent
Water €127 0.732 1.420 | -
. C 128
Absorption
Soundness
Test by .
Sodium C88 | 206 | oo 12%
Max.
Sulfate
Solution
Percent Wear )
(Loss Angeles | C 131 | /A [—— i/? /0
Abrasion) ax.
Percent Flat
and 10%
Elongated D 4791 L5 e Max.
Particles
Passing sieve
No.200, % C 117 1.09 2.68 -
Deleterious 3%
Materials, % cl4a 040 26 Max.
Fractured 97 90%
faces, % I I Min.
%Sand 459,
Equivalent e 47 Min.

2.3. Mineral Filler

2.4. Polymers

SBS polymer was used to enhance the properties
and performance of bitumen binder under different
traffic loads and environmental conditions. SBS
particles shown in Figure 1, are linear block copolymer
composed of styrene and butadiene, with a 31.5%
styrene content by mass. It enhances flexibility, impact
characteristics, wear resistance, and is easily
processed[19]. The chemical composition of the
polymer was determined through an AT-FTIR test.

Figure (1): Polymers used in asphalt modification:
2.5. Polymer modified bitumen (PMB)

PMB incorporates 4% SBS called PMB-SBS is
used as a modified bitumen at this study. The
composition comprises and mixed with a high-shear
mixer.

In order to clarify the reasons on differences in
moisture susceptibility for different HMA specimens
contained PMB-SBS, the chemical composition for
these specimens were investigated using FTIR analysis.
Figure 2 displays the FTIR results for the net bitumen
and PMB.

The results show that all binders have absorption
peaks around wavenumbers of 1600 cm-1, 1460 cm-1,
1400 cm-1,1375 cm-1, 1175 em-1, 1125 cm-1, 110 cm-
1, 1100 em-1, 1000 cm-1, 985.8 cm-1, 900 cm-1, 700,
592.91 ¢m-1, and 557.38 cm-1.The above functional
groups are represented by the absorption peaks:
hydroxyl groups, aromatics, aliphatic hydrocarbons,
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carbonyls, sulfoxides, butadiene, polyaromatics[19-
22].

The test results for all asphalt binder types utilized
in the research adhered to standard procedures aligned
with international specifications and the AASHTO
M320 specification. The asphalt performance grade
(PG), rotational viscosity (RV) and other properties of
net bitumen and PMB as shown in Table 4.

" w 1o a ] T 1 o "

Waenrte o |

Figure (2): FTIR spectroscopic results for all PMB
Table (4): Asphalt performance grade (PG) and
properties of PMBs test Results.

Property Test Test results
perty method | Net asphalt | 4%SBS
Original Binder
1.9084 1'1@;21
(G*/sin ) Asyr | @ 00cC 82)C°
min. 1.00 kPa, O T315 0.6326
AASHTOM320 0.8752 ' @
[e]
@ (76)C (88)C°
After RTEFOT (Test Method AASHTO T240)
3.1020 2‘%@7/43
(G*/sin &) aasr | @0OC° | gy o
min. 2.20 kPa, O 'T315 1.1422
AASHTOM320 1.5499

o | @

After PAV @ 110C (AASHTO R28)

S value
Creep mpa,
Stiffness | max 300 | AASHT 72 130
Test MPa, O T313
@ -10C°| m value,
min. 0.300 0.401 0.361
AASHT
PG OM 320 70-10 82-10
RV @ 135 °C MAX. | ASTM
3 pasec D 4402 0.76 Pa. Sec | 1.791
RV @ 165 °C, MAX. | ASTM 0.175Pa. 0.460
3pa.sec D 4402 Sec ]
Storage stability, ASTM 1.4 0.9
MAX. 4 D 71713 ) )
%Solubility in
trichloroethylene SSZF{)IZIZ 99.69 99.81
Min. 99%
%kElastic recovery, | AASHT 77 81
MIN. 75% O T 301

/\g <)
3.Aggregate gradation

Aggregate gradation with NMAS of (12.5) mm was
used in this work as shown in Figure 3. The coarse and
fine aggregates were sieved according to Superpave
requirements for the 12.5 mm NMAS gradation.

e - -

. - M Om
L, imm > )

—éil! & Contl e }

H —» - Meusted 13w

) A I's
- —=- Uned Gwdene /
T ) !,'/ |
2 7/

s
7 Ax s
- P
e —
a0 A
(¥1} aie 10 1w 10000

e S0 ()

Figure (3): Asphalt Mixture Gradation with
Superpave Specification Limits for 12.5mm, NMAS.

4.Design Binder Content for HMAs

Mixtures

There are many design methods proposed by
different institute or agencies to design HMA. At this
study Superpave design method was adopted HMA
using different percentage of asphalt binder ranging
between (4%-5%), whereas two samples were
prepared for each asphalt percent (eight for each
mixture). The design (optimum) binder contents are
4.8%, 4.9%, and 4.95% for control, 4% PMB-SBS, and
4% PMB-SBS with 20% RAP mixtures, respectively.
5. Test Method and Preparation of

Specimens

AASHTO 283 procedure is followed for
conducting moisture sensitivity evaluations. Before the
test, six Superpave specimens shown in Figure 4, were
prepared, which included the suggested aggregate mix
and binder at the design binder content, compacted to
a height of 95£5 mm with an air void percentage of
7.0% £ 0.5%. There are two categories for these
specimens, half of the specimens were tested as dry
specimens (unconditioned), and the other half were
tested as wet specimens (conditioned) after completing
a freeze-thaw cycle to condition the moisture and
achieve partial saturation. After the conditioning phase
was ovet, the specimens were subjected to indirect
stress until they break. After that, ITS values for
unconditional and condition specimens were
determined. The mixture is considered to have passed
the test (satisfactory)if the retained strength ratio,
which measures the average strength of the
conditioned subset relative to the control subset, is
equal to or greater than 80% [23]. Thirty specimens
were used for this section in total. Number of samples
and percent of saturation are shown in Table 5.

ks W 9 ~

\‘4.'

e S

Figure (4): Prepared Sampl for Moisture Damage.
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Table (5): Number of samples and percent of

saturation.
AASHT Test results
O 0
Property Test Net 49SBS 4%SBS
method asphalt +RAP
Number of T 283 5 6 6
samples
Percent of
. T 283 73 72 74
saturation

6. Results and Discussions:
6.1. Indirect Tensile Strength (ITS) test
results

Figure 5 displays the I'TS results for three different
types of HMAs: conventional HMA (Control), HMA
with 4% PMB-SBS, and HMA with 4% PMB-SBS +
20% RAP. The results illustrate that the I'TS value of
unconditioned samples for the control mix is 819 kPa,
while the PMB-SBS mix achieves 1123 kPa, indicating
about 37 % increase in tensile strength. The ITS value
of 4% PMB-SBS + RAP is 888 kPa, showing an 8.4%
rise relative to the control, although that it shows
about 21% drop compared to the 4% PMB-SBS. In
other words, adding RAP, which may contain older,
harder bitumen, could decrease some of the benefits
of adding SBS, even though SBS makes the mixture
stronget.

ITS value for condition specimens is 662 kPa of
the control mix, whereas for SBS-modified mix
achieve 1029 kPa, indicating an increase of around
55.5%. The ITS of 4% PMB-SBS + RAP is 760 kPa,
which is 14.8% higher than the control and 26.1%
lower than the SBS-only combination. This shows
how the aged properties of RAP affect conditioned
strength. The results show that PMB-SBS has better
mechanical integrity compared to bitumen that has not
been modified. It is more resistant to moisture
degradation and tensile stresses.

The molecular basis for these increases is shown in
Figure 2, which shows the FTIR spectra of every
asphalt binder. In contrast to the net bitumen, the
PMB-SBS displays supplementary absorption peaks at
about 699 cm™ and 966 cm™!, which are associated
with SBS's polystyrene and polybutadiene phases. The
existence of these peaks signifies the establishment of
a physically crosslinked polymer network inside the
bitumen matrix. This polymer network enhances
cohesion, elasticity, and viscoelastic recovery, hence
improving tensile strength. Molecular interactions
make the stress more evenly distributed throughout
the asphalt mixture. This makes the pavement last
longer and prevents cracks from forming.

ngth TTS (kpa)

<t termile stre

nchire

2 Uncondemn samples TS

m 123 )
(igu)

¥ condmon samples TS (kpa)| 62 9 W

Figure (5): Indirect tensile strength test results.

6.2. Tensile Strength Ratio (TSR) results

As an indication of moisture susceptibility, Figure
6 displays the TSR results for many mixtures that
comprised different types of bitumen. The TSR value
for 4% PMB-SBS is significantly higher at 91.6%,
compared to 80.72% for the control, indicating a
13.49% improvement in moisture resistance. The use
of SBS improves the bindet's adhesion and cohesion,
mitigating moisture-related degradation and thus
elevating the TSR. The 4% SBS+RAP combination
has a reduced TSR of 85.52%, which surpasses the
control but is lesser to the SBS-only mixture. The
reason for this drop might be the old binder in RAP,
which might not work as well with the SBS, making
the polymer less useful overall.

The FTIR spectral data shown in Figure 2,
illustrate there is a differentiate in the molecular
compositions of unmodified bitumen and 4% SBS-
MA. The spectrum of the SBS-MA exhibits extra
absorbance peaks absent in the spectra of the
unmodified bitumen. The peaks, particularly
noticeable at around 1600 cm™ and 1700 cm™, ate
ascribed to aromatic and carbonyl groups, respectively,
which are indicative of the styrene and butadiene
constituents in SBS. These polymers are recognized
for their capacity to increase the elasticity and thermal
stability of binders, hence enhancing adhesive qualities
and resistance to thermal and oxidative degradation.
The rise in TSR value for the PMB-SBS indicate a
significant enhancement in the quality and resilience of
the asphalt mixture against moisture-related
damage. The SBS-modified mixture works better
because of the molecular interactions found in the
FTIR test results.

Adding SBS changes the bitumen matrix to make
a stronger network that resists water stripping better
than conventional HMA. Furthermore, the
incorporation of RAP, while it reduces the TSR in
comparison to the SBS-only combination, still yields a
greater TSR than the control. This means that even
though RAP adds an older, probably stiffer binder that
might not mix well with SBS, the whole change is still
better than mixing the two substances the same way.
The incorporation of SBS significantly improves the
moisture resistance of asphalt, shown by the elevated
TSR and confirm by FTIR molecular analysis
indicating the integration of polymer chains inside the
bitumen matrix. This integration strengthens the
binder, increases its viscoelastic properties, and makes
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it more resistant to outside forces, which makes the
pavement last longer.

' TSR

Iatieenve

Figure (6): Relationship between the tensile strength
ratio and the bitumen types.

7.Conclusions

The research assessed moisture damage for
different HMA mixes contained PMB-SBS and RAP
compared with conventional HMA. The research
indicates that PMB-SBS, significantly enhances the
resilience of hot mix asphalt (HMA) for mechanical
stress and water exposure.

The SBS-modified HMA demonstrated the
greatest I'TS and TSR, with unconditioned ITS values
rising by 37.1% (1123 kPa compared to 819 kPa for
the control) and TSR enhancing by 13.49% (91.6%
compared to 80.72% for the control). The
improvements ate due to the creation of a physically
crosslinked polymer network, which enhances
cohesion, elasticity, and stress distribution, as shown
by FTIR spectroscopy.

Incorporating 20% RAP into SBS-modified HMA
resulted in a 20.9% reduction in performance
compared to pure SBS; nevertheless, the SBS+RAP
combination still exceeded the control, exhibiting an
8.4% increase in ITS and a TSR of 85.52%. While
there may be some compatibility between SBS and an
aged binder in RAP, the oxidative aging process in
RAP decreases the strength of the polymer network.
The FTIR investigation indicated that SBS was
incorporated into the bitumen matrix. Significant
absorbance peaks were observed at 699 c¢cm™ for
polystyrene and 966 cm™ for polybutadiene. These
peaks indicate interactions between polymer and
bitumen that improve viscoelasticity and adhesion,
reducing moisture-induced stripping.  Conversely,
unmodified bitumen exhibited an absence of these
polymeric  characteristics, leading to reduced
intermolecular forces.
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