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Abstract

The resilient characteristics is a measure to the flexibility of asphalt concrete. Asphalt concrete mixtures were prepared using
the hot mix HMA and the warm mix WMA techniques. Specimens of 102 mm diameter and 63.5 mm height for hot mix were
mixed and compacted using Marshal method at 150°C, while the two type of warm mixtures were mixed and compacted at
110°C using medium curing cutback and cationic emulsion. Specimens were subjected to repeated indirect tensile stresses ITS,
and repeated double punch shear stress. Another group of specimens were subjected to moisture damage. A third group of
specimens of 102 mm in diameter and 102 mm in height were tested under repeated compressive stress. Beam specimens 380
mm in length, 80 mm width and 50 mm height were prepared under static compaction to the same target density. The
deformation (total, permanent and resilient) were monitored and the resilient modulus Mr under each testing technique was
calculated. Higher Mr could be observed for HMA mixture under tensile and shear stresses when compared to the WMA
mixtures, while the WMA shows higher Mr values than HMA under compressive and flexural stresses.
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and 130)°C tried, the mixes prepared at 120°C with bitumen-
1. Introduction emulsion composition warm mix, offer highest Marshall
stability and highest indirect tensile strength ITS, while
satisfying the other Marshall parameters. The tensile strength
ratio and retained stability parameters are also found to be
reasonably satisfactory in such warm mixes. It was
concluded by Vaitkus et al [3] that the properties of WMA
mixture produced in 120°C showed best results when
compared to another studied technologies. Stability, flow and
values of indirect tensile strength were less scattered and
were like those of control mixture produced in 150°C
temperature. Laboratory tests were carried out by Jalali [4] to
characterize the WMA mixtures and their counterpart
reference HMA mixtures through studying and understanding
the influence of reduced production temperatures on their

The resilient characteristics is a measure to the flexibility of
asphalt concrete, when implementing new mixing and
compaction techniques such as in the case of warm mix, the
resilient properties of the mix should be assessed, [1]. Use of
warm mix asphalt WMA is gaining popularity in the asphalt
industry. Warm mix asphalt WMA technologies are capable
of significantly reducing the production and placement
temperatures of asphalt mixes. An attempt has been made by
Panda et al [2] to prepare warm mixes by first pre-coating the
aggregates with medium setting bitumen emulsion MS and
then mixing the semi-coated aggregates with bitumen at a
lower temperature than normally required. It has been
observed that out of three mixing temperatures of (110, 120
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mechanical performance characteristics, including volumetric
properties, stiffness modulus, fatigue resistance, rutting
potential and viscoelastic behavior. The results show that
compaction at lower temperatures does not have a
considerable effect on the performance of asphalt mixtures,
unless it occurs below 100°C, in which case, despite some
limited negative influences on asphalt performance, overall
behavior remains in acceptable ranges. The lower the
compaction temperature, the more the damage of freezing on
asphalt Mixtures. The resistance of the WMA mixtures to
permanent deformation, in general, is as much as or much
more than the standard reference HMA. It was stated by Wu
et al [5] that it is generally believed that rutting and moisture
damage are the two major concerns for WMA. These two
distresses are thought to be due to less ageing of the binder at
the lower mixing/compaction temperatures used to produce
WMA and the possibility of moisture in the water-
based/containing WMA products, respectively. On the other
hand, fatigue and thermal cracking are of less concern, again,
due to less ageing of the binder in WMA. As for the rutting
behavior, the study by Prowell et al, [6] reveals quite
controversial results with most of the WMA showing an
increase in rut depth. The results indicate that for WMA, the
resistance against permanent deformation could become
critical. As opposed to this finding, fatigue resistance of all
aged WMA compared to unaged mixtures improved
significantly resulting in an increase of fatigue life for the
aged mixtures as expected due to increasing binder stiffness.
The influence of moisture damage on the resilient properties
of hot and warm mixtures asphalt concrete was investigated
by Hasan et al, [7]. Based on the TSR test, it was reported
that WMA mixes resulted in an increase in moisture-induced
damage potential compared to HMA mixes. The fatigue
behavior, indirect tensile strength ITS and resilient modulus
test results for warm mix asphalt WMA as well as hot mix
asphalt HMA at different ageing levels were evaluated by
Sarsam, [8]. It was concluded that The ITS values increase as
the ageing level of the mixture increases from unaged to long
term aged. Warm mixes show higher tensile strength as
opposed to control mixtures. ITS values do not have
significant changes from long term aged to extra aged. The
warm asphalt additives do not have a significant effect on
moisture susceptibility of the mixes compared with the
control mixes. A recent study by Nihad and Sarsam, [9] had
concluded that HMA specimen can sustain more than 100%
of load repetitions to failure higher as compared to WMA,
On the other hand, the tensile strain of WMA with cutback
and emulsion was (37.5 and 54)% lower than that of HMA
respectively. It was reported by Sarsam and Zainalabiden
[10] that the WMA has less Mr than HMA under repeated
ITS. The Mr at 25 °C under repeated ITS are (230 and 276)
MPa for WMA-cutback asphalt and WMA-emulsified

asphalt respectively. Both were lower than HMA by (39.95
and 27.94)% respectively. The Mr at 25 °C under repeated
compression load were (184 and 135) MPa for WMA-
cutback asphalt and WMA-emulsified asphalt respectively.
Both were higher than HMA by (43.75 and 5.47)%,
respectively. One of the advantages of WMA is that the low
viscosity of liquid asphalt will furnish the required perfect
coating of aggregates and the workability for compaction,
while the curing period will provide the increment in
mechanical strength, and durability during traffic exposure,
[11, 12]. Another investigation that was conducted by Miller
and Bahia [13] indicated that the indirect tensile strength
exhibits no significant difference between the WMAC mixes
and the HMAC control mix. It was observed by Izadi and
Mirzaiyan [14] that the critical stress intensity factor of HMA
mixtures was higher than that of WMA mixtures. The ITS
value for WMA mixtures was higher than HMA mixes. It
was stated by Cucalon et al, [15] that the available WMA
technologies can improve, deteriorate, or have a minimal
effect on mixture performance. The selection of modifier
type should be optimized for binder/aggregate combinations.
The study by Du, [16] used dense-graded aggregate with
three nominal maximum aggregate sizes of 9.5mm, 12.5mm
and 19mm, it was evaluated by stability, indirect tensile
strength, moisture sensitivity and permanent deformation
test. The results show that the stabilities are satisfied by the
specification requirements and indirect tensile strengths of
tensile strength ratios are higher than the requirement of
80%. Based on two-way analysis of variance, the stability,
tensile strength ratios TSR and permanent deformation
values by different aggregate types have no significant effect.
It was concluded that WMA with asphalt emulsion can be an
alternate for pavement construction. Guidelines for the
asphalt WMA  moisture
susceptibility, including a flowchart and several thresholds
for laboratory tests, were developed by Yin et al, [17] based
on a limited number of WMA mixtures. A laboratory
experiment was completed to evaluate the effect of various
moisture conditioning protocols and
methods on moisture susceptibility laboratory test
parameters. The influence of mixing and compaction
temperature on mix design and mechanical and workability
properties of WMA mixtures have been evaluated by Kumar
and Suresha [18]. Asphalt mix design properties were
evaluated by the Marshall method and the Superpave
method. Mechanical properties such as rutting resistance
were evaluated by wheel tracking test, and the resistance to
moisture-induced damage was evaluated by the Tensile
Strength Ratio (TSR) approach. It was concluded that WMA
mixtures prepared at lower temperatures
exhibited higher resistance to rut deformation because of
higher Traffic Densification Index values. A comprehensive

evaluation of warm-mix
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laboratory programme was conducted by Sebaaly et al, [19]
to assess the impact of WMA in terms of stiffness and
mixtures’ resistance to moisture damage, rutting, fatigue
cracking, and thermal cracking. Overall, the WMA mixtures
performed comparatively like the hot mix asphalt HMA
mixtures. The impact of the WMA technology was found to
be aggregate dependent. A study by Kamarudin et al [20] has
concluded that WMA mixture has lower rate of cooling in the
field where the temperature of WMA mixture decreases
slowly but still provides higher density. WMA also has
higher degree of compaction which provides better
workability of compaction compared to HMA mixture. Other
than that, WMA mixture has lower resilient modulus than
HMA mixture which could suggest that WMA mixture is
more susceptible to rutting. Cracking and permanent
deformation resistance were assessed by Bhargava et al, [21]
in terms of tensile strength. The influence of temperature on
the tensile strength and both stress and temperature levels on
the permanent deformation response of aged and moisture
conditioned warm mix asphalt were investigated. Results
show that moisture and increase in temperature had a
negative impact on the tensile strength of warm mix asphalt
while aging had a positive impact. However, the variation in
tensile strength of mixtures was strongly related to variation
in percent air voids. Aging and interestingly moisture

conditioning found to increase the resistance to permanent
deformation of warm mix asphalt. It was stated by Bower et
al, [22] that the effects of WMA production temperature on
rutting (negatively) and thermal cracking (positively) seem to
be pronounced when the WMA production temperature is
less than 130°C.

The aim of this investigation is to compare the resilient
characteristics (deformation and modulus) of hot and warm
mix asphalt concrete under various loading conditions of
(flexure, shear, compressive and tensile) stresses applied
through an intensive testing program. The influence of
moisture damage and testing temperature on the resilient
modulus was also investigated.

2. Materials and Methods
2.1. Asphalt Cement

Asphalt cement of penetration grade 40-50 was brought from
Al-Dura refinery and used for hot mix asphalt concrete
specimens. Tests conducted on asphalt cement confirmed that
its properties complied with the specifications of State
Commission of Roads and Bridges SCRB [23]. Table 1
presents the physical properties of asphalt cement.

Table 1. Physical Properties of Asphalt Cement.

Property as per ASTM, [24] Result Unit SCRB Specification, [23]
Penetration (25°C, 100g, 5 sec) ASTM D5-97 43 1/10mm 40-50

Softening Point (Ring & Ball) ASTM D5-36 48 °c e

Ductility (25°C, Sem/min) ASTM D113-07 156 cm >100

Kinematic viscosity at 135°C ASTM D-2170 551 C St.

Specific gravity at 25°C ASTM D-70 1.04 (1.01-1.05)

After Thin-Film Oven ASTM D1754

Retained penetration of original,% D946 67 % >55%

Ductility at 25°C, Scm/min. 96 cm >25

Loss in weight (163°C, 50g, Sh) ASTM D1754 0.22 % <0.75

2.2. Emulsified Asphalt

Cationic Emulsified asphalt was used as binder for warm mix
asphalt concrete production, it was brought from state
company for mining industries. Tests conducted on
Emulsified asphalt confirmed that its properties comply with
the ASTM, [24]. Table 2 exhibit its properties as supplied by
the producer.

2.3. Cutback Asphalt

Medium curing Cutback asphalt (MC-30) was used as a
binder for warm mix asphalt concrete production. It was
brought from Al-Dura refinery. Tests conducted on Cutback
Asphalt confirmed that its properties complied with the
ASTM, [24]. Table 3 shows its properties as supplied by the
refinery.

Table 2. Physical Properties of Cationic Emulsified Asphalt.

Specification Limits ASTM [24]

Test ASTM Designation Results Min. Max.
Particle Charge Test ASTM D244 Positive Positive —_
Saybolt Furol viscosity at (50°C) ASTM D245 250 50 450
Storage Stability Test, 24 h (%) 0 — 1
Coating Stability and Water Resistant
Coating - Dry Aggregate Good Good —
Coating - After Spraying Fair Fair —
Fair Fair —

Coating - Wet Aggregate
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Specification Limits ASTM [24]

Test ASTM Designation Results Min. Max.
Coating - After Spraying Fair Fair —_
Sieve Test (%) ASTM D6933 0 — 0.1
Distillation 6 — 12
Oil Distillate by Volume of Emulsion% 85 65 —_
Tests on Residue from Distillation Test
Penetration, 25°C, 100 g, 5 s ASTM D5 135 100 250
Ductility, 25°C, 5 cm/min ASTM D113 185 40 —
Solubility in Trichloroethylene ASTM D2042 99 97.5 —
Specific Gravity at 25°C ASTM D70 1.02 — —
Residue by Distillation,% ASTM D6997 55.3 57 —_
Residue By Evaporation ASTM D6934 54.9 50 70
Cement Mixing Test,% ASTM D6935 0.732 — 2
Settlement Test, Sday,% ASTM D6930 0.1 0 1
Day Storage Stability test, 24 h,% ASTM D6930 0.04 0 1

Table 3. Physical Properties of Cutback Asphalt.
Test Result limits of Specification . .
Grade MC-30 Min. Max. ASTM [24] Designation
Flash Point (C.0.C)°C (min) 38 38 — ASTM D3143
Kinematic Viscosity @ 60°C, Cst, 40 30 60 ASTM D2170
Dynamic Viscosity @ 60°C, Pa. s 30 120 ASTM D4402
Water% V (max) 0.2 — 0.2 ASTM D95
Density, kg/m’ 0.91 0.91 0.93
Distillation Test to 360°C, Distillate% V of Total Distilled
To 225°C (max) 25 — 35 ASTM D402
To 260°C (max) 30 75 ASTM D402
To 316°C (max) 75 95 ASTM D402
Residue from Distillation to 360°C% V (min) 50 — ASTM D402
Tests on Residue from Distillation
Penetration @ 25°C (100 g, 5 sec., 0.1 mm) 150 120 250 ASTM D2027
Ductility @ 25°C (cm) (min) 100 100 — ASTM D2027
Solubility in Trichloro Ethylene% wt. (min) 99 99 — ASTM D2027

2.4. Mineral Filler

Mineral filler used in this study is Portland cement, it was produced by Al-Mas Company and obtained from the local market,
the physical properties of the filler are listed in Table 4.

Table 4. Physical Properties of Portland cement.

Property Test result SCRB Requirements [23]
% Passing Sieve No. 200 (0.075mm) 98 95

Bulk Specific Gravity 3.1 —

Fineness by Blaine (mz/kg) 312.5 >230

2.5. Coarse and Fine Aggregate

Crushed coarse aggregate (retained on sieve No. 4) was obtained from AL-Nibaee quarry. Such aggregates are widely used in
Baghdad city for asphalt concrete mixes. Crushed sand and natural sand were used as Fine aggregate (particle size distribution
between sieve No. 4 and sieve No. 200). It consists of hard, tough grains, free from loam and other deleterious substances.
Coarse and fine aggregate were tested for physical properties and Table 5 exhibit the test results.

Table 5. Physical Properties of Coarse and Fine Aggregate.

Laboratory Test

ASTM [17] Designation Test Results SCRB [23] Specification

Coarse Aggregate

Apparent Specific Gravity ASTM C127 2.642 —_—

Bulk Specific Gravity ASTM C127 2.61 —_—

Water Absorption,% ASTM C127 1.471 —_

Emulsion Absorption,% ASTM D4469 1 —_—

Cutback Absorption,% ASTM D4470 0.6 —_

AC grade (40-50) Absorption,% ASTM D4471 0.4 —_

Percent Wear (Los Angeles Abrasion),% ASTM C131 19.5 30 Max

Fine Aggregate
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Laboratory Test

O L ASTM [17] Designation Test Results SCRB [23] Specification
Apparent Specific Gravity ASTM C128 2.683 —_
Bulk Specific Gravity ASTM C128 2.631 —_—
Water Absorption,% ASTM C128 3.734 —_—
Emulsion Absorption,% ASTM D4469 14 —_—
Cutback Absorption,% ASTM D4470 0.9 —_
Asphalt Cement Absorption,% ASTM D4471 0.6 —_

2.6. Selection of Aggregate Gradation and
Preparation of Hot Mix Asphalt
Concrete (HMA)

The selected gradation in this study followed the SCRB, [23]
specification, with 19 (mm) nominal maximum size. Table 6.
Shows the selected gradation for binder course. The
aggregates were sieved and separated to different sizes, then
combined to meet the specified gradation for binder course

layer, SCRB, [23]. The combined aggregate was heated to
temperature of 160°C, while the asphalt cement was heated
to a temperature of 150°C to produce a kinematic viscosity of
(170 + 20) centistokes. The hot asphalt cement was added to
the heated aggregate to achieve the required amount of
asphalt content. The aggregate and the asphalt were mixed in
mixing bowl by hand on hot plate for three minutes until
asphalt had sufficiently coated the surface of the aggregates,
while the mixing temperature was maintained to 145°C.

Table 6. Grain size distributions of the design mix.

Sieve size (mm) 254 19.2 12.5 9.5

4.75 2 1 0.6 0.25

0.125 0.075

% finer by weight 100 93 76 66

63 35 26 20 14 10 7

2.7. Preparation of Warm Mix Asphalt
Concrete (WMA) with Emulsion and
Cutback Asphalt

The aggregates were sieved and separated to different sizes,
then combined to meet the specified gradation for binder
course layer, SCRB, [23]. The combined aggregate mixture
was heated to temperature of 110 °C before mixing with
liquid asphalt (emulsion or cutback), then the optimum
requirement of liquid asphalt at 20°C was added to the heated
aggregate to achieve the desired amount and mixed
thoroughly by hand using a spatula for two minutes until all
aggregate particles were coated with asphalt. The procedure
of obtaining the optimum asphalt content and the volumetric
properties were published elsewhere, [9, 10]. The mixture of
liquid asphalt and aggregate was then transferred to the
cylinder 102 mm diameter and 63.5 mm height or to the
cylinder of 102 mm diameter and 102 mm height, or to beam
mold of 380 mm in length, 80 mm in width and 50 mm in
height. Cylinder and Beam mold and spatula, were heated in
the oven to a temperature of 110 °C, A piece of non-
absorbent paper, was placed in the bottom of the mold before
the mixture was poured into the mold, then the asphalt
mixture was placed in the preheated mold, and spaded
vigorously with a heated spatula 15 times around the
perimeter and 10 times around the interior and carefully
finished to have uniform surface elevation. Another piece of
non-absorbent paper was placed on the top of the mixture.
The beam mold was inserted into the compression device and
subjected to static compaction to the target density.
Specimens were withdrawn from the mold after 24 hours. For

cylinder mold, the mixture was poured into the mold and
spaded vigorously with a heated spatula 15 times around the
perimeter and 10 times around the interior and carefully
finished to have uniform surface elevation. The mixtures
practice the 75 blows of Marshall hammer on both sides. In
case of cutback asphalt mixtures, specimens were collapsed
after withdrawal from the mold, then it was decided to use
the short-term aging technique as prescribed by AASHTO,
[25].

2.8. Short Term Aging (STA)

The loose mixture of cutback-aggregate was placed in a pan
and spread to an even thickness ranging between 35 mm, the
mixture in the pan was placed in the conditioning oven for 4
h = 5 min. at 135 £ 3°C and the mix was stirred every 60
minutes during the short-term aging process to obtain a
homogeneous aging process. At the end of the aging period,
the mixture was cooled to the compaction temperature of
110°C and poured into the mold and practices the 75 blows
of Marshall hammer on both sides. This procedure was
carried out in accordance with AASHTO, [25]. Figure 1
shows the pneumatic repeated load system PRLS and part of
the prepared beam and cylinder specimens.

2.9. Repeated Flexural Bending Test

The beam specimens were subjected to repeated flexural
bending in the Laboratory using pneumatic repeated Load
system apparatus (PRLS) shown in Figure 1. Four-point
loading test with free rotation beam holding fixture at all
loading and reaction point was used to estimate deformation
and micro cracking potential in the flexural beam fatigue test.
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The numbers of loading cycles that initiates micro crack failure
of the beam is commonly considered as indicator of fatigue
cracking potential. The specimen was left in conditioned

Pnumatic repeated load system

chamber for one hour at testing temperature 25°C to allow
uniform distribution of temperature within the specimen and
the position of applied loading was marked on the specimens.

Part of the prepared specimens

Figure 1. PRLS and the prepared specimens.

Dial gages and a video capture have been used to monitor the
deformation (total, permanent, and resilient) of the beam
under each load cycle and Positioned onto the specimen and
set to zero. The repetitive flexural stress was through a
heavier sine pulse of (0.1 sec. load duration and 0.9sec. rest
period) applied to the specimen and the flexural deformation
at the central third of the specimen is measured under each
load repetitions as recommended by Nihad and Sarsam, [9]
and Sarsam and Zainalabiden, [10]. Before the test,
Specimens were stored in the chamber of the testing machine
at room temperature 25+1°C, dial gage of the deformation
reading was set to zero before test start and the pressure
actuator was adjusted to the specific stress level equal to 69
kPa. A digital video camera was fixed on the top surface of
the (PRLS) to capture dial gage reading. The test start to
allow for the initiation of micro cracks and stopped after
1200 load repetitions or when the specimen fail. Data have
been analyzed, and the plot of strain-load repetitions was
conducted.

2.10. Repeated Indirect Tensile Stress,
Double Punch Shear and Compressive
Stress Test

The test was conducted according to ASTM, [24]. The
Pneumatic repeated load system (PRLS) shown in Figure 1
was implemented. The first set of asphalt concrete specimens

was subjected to repeated indirect tensile stress for 1200 load
repetitions at 25°C to allow the initiation of micro cracks.
Such timing and test conditions were suggested by Nihad and
Sarsam, [10]. Compressive repeated loading was applied on
the specimen which was centered on the vertical diametrical
plane through two parallel loading strips 12.7 mm wide. Such
load assembly applies indirect tensile stress on the specimen
in the form of rectangular wave with constant loading
frequency of (60) cycles per minutes. A heavier sine pulse of
(0.1) sec load duration and (0.9) sec rest period was applied
over the test duration. Before the test, Specimens were stored
in the chamber of the testing machine at room temperature
25+1°C, dial gage of the deformation reading was set to zero
before test start and the pressure actuator was adjusted to the
specific stress level equal to 69 kPa. A digital video camera
was fixed on the top surface of the (PRLS) to capture dial
gage reading. The test was continued for 1200 load
repetitions, upon completion of test, the recording was
terminated. The average of two specimens was calculated
and considered for analysis as recommended by Sarsam and
Husain [26]. Figure 2 demonstrates the repeated (ITS) test
assembly. The second set of asphalt concrete specimens was
subjected to repeated double punch shear stresses for 1200
load repetitions at 25°C to allow the initiation of micro
cracks. Compressive repeated loading was applied on the
specimen which was centered between the two plungers of
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25.4mm diameter as per the procedure described by Sarsam
and Husain [26]. Such load assembly applies compressive
load which was resisted by the specimen through shear force
between the plunger and the surface of the specimen. The
stress on the specimen is in the form of rectangular wave
with constant loading frequency of (60) cycles per minutes.
A heavier sine pulse of (0.1) sec load duration and (0.9) sec
rest period was applied over the test duration. Before the test,
Specimens were stored in the chamber of the testing machine
at room temperature 25+1°C, dial gage of the deformation
reading was set to zero before test start and the pressure
actuator was adjusted to the specific stress level equal to 69
kPa. A digital video camera was fixed on the top surface of
the (PRLS) to capture dial gage reading. The test was
continued for 20 minutes, upon completion of test, the
recording was terminated. The average of two specimens was
calculated and considered for analysis. Figure 2 demonstrates
the repeated (PSS) test assembly. The specimens were
subjected to axial repeated compressive loading using the
pneumatic repeated load system PRLS shown in Figure 1.
The test was performed on cylindrical specimens, 102 mm in

Compre
BT -

diameter and 102 mm in height. In this tests, repetitive
compressive loading was applied to the specimen and the
axial deformation was measured under the successive loading
repetitions. Compressive loading was applied in the form of
rectangular wave with a constant loading frequency of 60
cycles per minute and includes 0.1 second load duration and
0.9 second rest period. The stress level of 69kP and
temperatures 25°C were used in the tests. The specimen was
left in the conditioned chamber for one hour at testing
temperature (25°C) to allow for uniform distribution of
temperature within the specimen. Dial gages and video
capture have been used to monitor the deformation of the
specimen under each load cycle and Positioned onto the
specimen and set to zero. Then, the recorded data was
analyzed for finding strain at any number of load cycles
desired for every test. The test start to allow for the initiation
of micro cracks and was stopped after 1200 repetitions or
when failure occurs, then specimens were withdrawn from
the testing chamber. Figure 2 demonstrates the test
techniques implemented.

; -
Indirect tensile '+ 4

- ———

Figure 2. Testing technique of the prepared specimens.

3. Results and Discussions

3.1. Assessment of Resilient Modulus Mr of
Asphalt Concrete

The resilient modulus Mr was assessed using four testing
techniques by implication of (tensile, shear, compressive, and
flexure) stresses application at 25°C using the pneumatic
repeated load system PRLS. Variation of Mr could be observed
among different testing techniques for various asphalt concrete
mixtures. The variation of Mr under testing techniques may be
attributed to the size of the specimen (cylinder or beam) and
the loading sequence (diametral, facial or four-point bending
scheme). Figure 3 exhibit the variation in resilient modulus
among testing technique and mixture type.

& 400 ® HMA
- 300 u WMA-Cutback
% » WMA-Emulsion
g
< 200
i
S
M0
Tensile Shear Compressive Flexure

Testing Technique

Figure 3. Influence of testing technique on Mr.

For HMA mixture, the values of Mr decreased by (70, 66.5,
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and 80)% for testing technique under (shear, compressive, and
flexure) stresses as compared to that under tensile stress.
Similar trend of reduction in Mr among various testing
techniques could be noticed for WMA with cutback and
emulsion. For WMA-Cutback mixture, the values of Mr
decreased by (66.5, 20, and 58)% for testing technique under
(shear, compressive, and flexure) stresses as compared to that
under tensile stress. For WMA-Emulsion mixture, the values
of Mr decreased by (70.5, 51, and 59)% for testing technique
under (shear, compressive, and flexure) stresses as compared
to that under tensile stress. On the other hand, higher Mr could
be observed for HMA mixture under tensile and shear stresses
when compared to the WMA mixtures, while the WMA
exhibits higher Mr values than HMA under compressive and
flexural stresses. Such findings agree well with the work

reported by Sarsam and Zainalabiden, [10], and Lopez, 11].

3.2. Influence of Moisture Damage on Mr

The influence of moisture damage on Mr under indirect
tensile stress is demonstrated in Figure 4, it can be observed
that the moisture damage has negative impact on Mr for
various asphalt concrete mixtures. The Mr decreases after
moisture damage by (42, 25, and 58)% for HMA, WMA-
Cutback, and WMA-Emulsion respectively when compared
to the case before moisture damage. Such behavior could be
attributed to the possible initiation of micro cracks and the
stripping of asphalt binder after practicing the moisture
damage. Similar findings were reported by Wu et al, [5],
Hasan et al, [7], Du, [16], Kumar and Suresha, [18].

400 ® Before moisture damage

350

300

250

200

Resilient Modulus MPa

Hot mix

m After moisture damage

Warm mix-cutback Warm mix-Emulsion

Figure 4. Influence of moisture damage on Mr.

3.3. Influence of Testing Temperature on Mr

The influence of testing temperature on Mr under indirect tensile stress is demonstrated in Figure 5, it can be noticed that lower
testing temperature of 5°C exhibit higher Mr by (12.5, 25, and 25)% than that at 25°C for HMA, WMA-Cutback, and WMA-
Emulsion respectively. Such behavior could be attributed to the fact that the liquid asphalt in WMA (cutback and emulsion)
exhibit increment of viscosity by two folds at low temperature of 5°C as compared to the asphalt binder in HMA. Such finding

agrees well with Bhargava et al, [21] work.

Resilient Modulus MPa

Hot mix

Warm mix-Cutback Warm mix-Emulsion

Figure 5. Influence of testing temperature on Mr.
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3.4. Assessment of Deformation of Asphalt
Concrete

As demonstrated in Figure 6, HMA is highly susceptible to the
increment of stress level, the stress levels implemented are
(0.069, 0.138, and 0.207) MPa representing low, medium and
high traffic loading. The resilient microstrain increases by (46
and 550)% after the application of moderate and high stress
level respectively. The permanent microstrain increases by
(140 and 630) while the total microstrain increases by (105 and
600)% after the application of moderate and high stress level
respectively. It can be observed that the resilient deformation
represents (37, 27, and 35)% of the total deformation under
low, medium and high traffic loading respectively.

16000 - —
—e—hot mix (resilient)
14000 —e—hot mix (permanent)
12000 hot mix (total)
% 10000
2 8000
o
— 6000
-
4000
2000
0
0.069 0.138 0.207
Stress level (MPa)

Figure 6. Impact of compressive stress level on deformation for HMA.

—o—warm mix-cutback (resilient)
—e—warm mix-cuthback (permanent)
warm mix-cutback (total)

25000
= 20000
£ 15000
o
. 10000
= 5000 /
0
0.069 0.138 0.207
Stress level (MPa)

Figure 7. Impact of compressive stress level on deformation for WMA-
Cutback.

Figure 7 exhibit the behavior of WMA-Cutback under the
increment of stress level. The resilient microstrain increases by

(214 and 500)% after the application of moderate and high
stress level respectively. The permanent microstrain increases
by (126 and 170) while the total microstrain increases by (136
and 208)% after the application of moderate and high stress
level respectively. It can be noticed that the resilient
deformation represents (11.5, 15, and 22)% of the total
deformation under low, medium and high traffic loading
respectively.

As presented in Figure 8, for WMA-Emulsion, the resilient
microstrain increases by (60 and 1417)% after the application
of moderate and high stress level respectively. The
permanent microstrain increases by (25.5 and 229) while the
total microstrain increases by (28.5 and 335)% after the
application of moderate and high stress level respectively. It
can be observed that the resilient deformation represents (9,
11, and 31)% of the total deformation under low, medium
and high traffic loading respectively. Similar findings have

been reported by Du, [16].

—eo—warm mix-em ulsion (resilient)
~eo—Warm mix-emulsion (permanent)

13000 warm mix-emulsion (total)
16000 - - : -
14000
2 12000
"~
+ 10000
o
g 8000
= 6000
4000
2000
0
0.069 0.138 0.207
Stress level (MPa)

Figure 8. Impact of compressive stress level on deformation for WMA-
Emulsion.

It can be indicated that the HMA mixture exhibit more
flexibility under various traffic loading modes than that of
WMA.

4. Conclusions

Based on the testing program, it can be concluded that for
HMA mixture, the values of Mr decreased by (70, 66.5, and
80)% for testing technique under (shear, compressive, and
flexure) stresses as compared to that under tensile stress. On
the other hand, the values of Mr decreased by (66.5, 20, and
58)% for testing technique under (shear, compressive, and
flexure) stresses as compared to that under tensile stress for
WMA-Cutback mixture, while the values of Mr decreased by
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(70.5, 51, and 59)% for testing technique under (shear,
compressive, and flexure) stresses as compared to that under
tensile stress for WMA-Emulsion mixture. It can be noted
that higher Mr could be observed for HMA mixture under
tensile and shear stresses when compared to the WMA
mixtures, while the WMA shows higher Mr values than
HMA wunder compressive and flexural stresses. The Mr
decreases after moisture damage by (42, 25, and 58)% for
HMA, WMA-Cutback, and WMA-Emulsion respectively
when compared to the case before moisture damage. Lower
testing temperature of 5°C exhibit higher Mr by (12.5, 25,
and 25)% than that at 25°C for HMA, WMA-Cutback, and
WMA-Emulsion respectively. For HMA, the resilient
deformation represents (37, 27, and 35)% of the total
deformation under low, medium and high traffic loading
respectively. On the other hand, the resilient deformation
represents (11.5, 15, and 22)% of the total deformation under
low, medium and high traffic loading respectively for WMA-
Cutback, while the resilient deformation represents (9, 11,
and 31)% of the total deformation under low, medium and
high traffic loading respectively for WMA-Emulsion. It can
be indicated that the HMA mixture exhibit more flexibility
under various traffic loading modes than that of WMA.
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