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e Temperature susceptibility of Asphalt cements modified
with CR and rPET was investigated

e The Temperature susceptibility was investigated by using PI,
PVN, VTS, and AE methods

e CR and rPET decreased the temperature susceptibility

e CRand rPET increased the high temperature performance

e Correlation between the methods used to evaluate the
temperature sensitivity

CR and rPET improved the rheological characteristics

Abstract Information
There is significant evidence that utilizing polymers improves asphalt cement characteristics, Received:
preserve the environment, and increases industrial-economic benefits. Consequently, the use of 18.08.2021

such modifier in asphalt cements via sustainable technology is strongly encouraged. The major
goal of this research is to study the effect of modified asphalt cement with crumb rubber (CR)
(10%, 15%, and 20% CR) and recycled polyethylene terephthalate (rPET) (1.5%, and 2.5% rPET) on
the physical and rheological characteristics of asphalt cements. Asphalt cement experiments such
as softening point, penetration, and rotational viscosity (RV), were performed on both the virgin
and modified asphalt cements. The effect of CR and rPET on the temperature sensitivity of the
asphalt cement was also evaluated by checking the penetration index (Pl), penetration viscosity
number (PVN), viscosity-temperature sensitivity (VTS), activation energy flow methods (AE) of all
the modified asphalt cements. The rutting index (G*/sin 8) was calculated using Bari and Witczak
model. The findings revealed that the addition of CR and rPET in the asphalt cement reduced the
temperature sensitivity and enhanced the rheological characteristics of the asphalt cements.
Moreover, incorporating the CR and rPET into virgin asphalt cements increased the high
temperature performance of all percentage of CR and 2.5% WP modified asphalt. There was a
considerable correlation between temperature sensitivity methods; PI, PVN, VTS, and AE. Finally,
virgin asphalt modified with CR is better than rPET.
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1. Introduction behavior of asphalt pavements exhibits extreme

sensitivity to temperature, including permanent high

Asphalt cements are viscoelastic materials, which are a
tough elastic at temperatures that are low and a viscous
liquid at high temperatures. Pavement performance is
intimately related to the viscoelastic characteristics of
asphalt cements and is gradually deteriorated when there
is a heavy traffic volume and high-temperatures. In
general, the loading period and temperature have a
negative effect on the properties of asphalt cements [1,
2]. Hence, it is necessary to characterize asphalt cements
with the aim of estimating the influences of temperature
and stress on important engineering parameters. The

temperature deformation, service temperature fatigue,
and thermal cracking due to low temperature [3, 4].
Temperature sensitivity is a significant factor in terms of
rheological characteristics of asphalt cements. The term
"temperature susceptibility" refers to a variation in the
consistency of the asphalt cement s as a function of
temperature. However, asphalt cements that have been
modified to enhance the characteristics and function of
the asphalt mixture is a viable approach to overcome the
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problems of asphalt cements arising from their tendency
to degrade performance against temperature.

Polymer modifications are a common technology to
improve the quality of asphalt cements, which have an
effect on asphalt pavement permeant deformation and
thermal cracking. It is commonly recognized that polymer
additives tend to enhance the characteristics of the
asphalt cements considerably [5-8]. Polymers, for
example, enhance cohesion, elasticity, and temperature
sensitivity of asphalt cements, improve durability, low
temperature thermal cracking, and high temperatures
rutting in asphalt concretes concretes [9-13]. The
polymers that are utilized as asphalt cement modifiers
comprise three groups of plastomers, elastomer, and
reactivity, depending to their composition and chemical
properties. Although polymer modifiers reduce asphalt
cements' thermal sensitivity, each kind of polymer has a
different effect on the characteristics of asphalt cements
[14]. Reactive and plastomer polymers generally raise
stiffness and rutting resistance, while elastomer polymers
enhance the elastic characteristics (fatigue resistance) of
bitumen asphalt cements [15, 16]. Polyethylene,
ethylene-butyl acrylate (EBA), and ethylene-vinyl acetate
(EVA) copolymers are the most commonly used
plastomers in the manufacturing of asphalt mixes,
whereas styrene-butadiene natural rubber (SBR) is the
most commonly used elastomer in the pavement
industry.

Rubber and elastomer materials have been widely used
for a long time as asphalt cement's modifiers and have
received considerable attention from asphalt scientists
due to their suitable properties, which have the ability to
enhance various aspects of the asphalt cements and
mixtures [17-20]. Furthermore, as a result of the
environmental demand to reuse waste products, the
utilization of rubber materials in asphalt mixtures offers
alternative or more engineering application than
recovered scrap tires. Elastomer's polymer additives such
as styrene-butadiene rubber (SBR) and reclaimed
polymers for instance crumb rubber (CR) have been
applied to improve the temperature sensitivity of asphalt
cements [21-24]. The combination of SBR with an asphalt
cement results in the formation of a Split-phase block
copolymer that absorbs oil and swells up to 9 times its
original volume [25]. This leads to a significant variation in
the characteristics of the original asphalt cement. The
rheological behavior of asphalt cements containing SBR
and CR has been evaluated by several studies [26-31].
They found that the inclusion of SBR and CR increased the
fatigue life of the base asphalt cements. Furthermore, the
performance of asphalt pavements such as rutting
properties, resilient modulus, and tensile strength, were
improved.

The global use of plastics is increasing substantially above
the recycling rate, and the need for recycled materials is
developing. The use of waste materials from recycled

plastics in asphalt mixtures is being recognized as a
practical approach to producing polymer modified
asphalt to replace chemically pure virgin polymers and to
provide environmental and economic benefits [32, 33]. As
a result of the demand for recycling with the support of
several governments, studies on recycled plastics in
asphalt have increased dramatically in recent years.
Joohari and Giustozzi, [34] investigated the commercial
plastomers i.e., ethylene vinyl acetate (EVA), low density
polyethylene (LDPE) and linear low-density polyethylene
(LLDPE) as asphalt cements’ modifiers. It was found that
modification of asphalt cements enhanced stiffness at
high temperatures and increased elasticity at moderate
temperature. It was also shown that the incorporation of
the plastomer into the asphalt cements led to an increase
in stiffness and elastic behaviors at high temperatures
and viscosity at low-temperatures. Bensaada et al., [35]
found that modifying the asphalt cement with 3% waste
plastics increased the softening point and decreased
penetration. Furthermore, at superior temperatures, the
rheological properties of asphalt cements were
enhanced, resulting in a decrease in kinetic sensitivity and
an enhancement in rutting resistance.

2. Objectives

The purpose of this study was to investigate how
modifiers i.e., CR derived from scrap tires and recycled
polyethylene terephthalate (rPET) produced from waste
plastic cups (WP) affect the characteristics and
temperature sensitivity of asphalt cements. To
accomplish  this, the rheological and physical
characteristics of CR and WP modified- asphalt cements
were assessed via the softening point test (SP),
penetration test (Pen), and rotational viscometer (RV).
Temperature susceptibility of the modified asphalt
cements was measured using various methods in this
study, including penetration index (Pl), penetration
viscosity number (PVN), viscosity-temperature
susceptibility (VTS), activation energy flow methods (AE),
rutting index (G*/sind) for unaged asphalt cement using
Bari and Witczak models [36].

3. Materials

The important steps that have been undertaken in this
study are shown in Figure 1. Base asphalt cement was
used, which was supplied from a nearby petroleum
refinery and had PG 64-16. Table 1 represents the
characteristics of the base asphalt cement utilized in this
research. In this work, shredded waste plastic water cup
(WP) and crumb tire rubber (CR) were utilized as asphalt
cement modifications to improve the temperature
susceptibility of asphalt cements, as shown in Figure 2.
The WP was extracted from the waste plastic cup with
particle size ranging from 2- to 5-mm length and 0.4-mm
width, sourced from a cup-making company. The main
constitute of WP is rPET polymers and Table 2 reveals
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their physical properties. On the other side, the CR in fine
particles forming with a maximum particle size of 300 um
(passing sieve No. 50), was derived from scrap tires. Table
3 illustrates the properties of the CR.

Several samples were prepared to investigate the quality
of modified asphalt cements in terms of temperature
susceptibility. The first group of samples was made from
modified base asphalt cement with CR in various
amounts; 10%, 15%, and 20% by the weight of asphalt
cement. The other group of samples was rPET
incorporated to the base asphalt cement with
percentages of 1.5 % and 2.5 %, by weight of the asphalt
cement. All modified asphalt cements were made with
high-speed shear blender (5000 r/minute) for one hour
and the modification was constantly stirred at a
temperature of 180 °C for 20 minutes at 1000 r/minutes
to reduced bubbles [2].

Crumb Fubber (CE)

Statistica] analysis

Conclusions

Figure 1. Experimental flowchart

Table 1. Base asphalt cement properties (PG 64-16).

Property Value Standards

RV @135 °C, cP 814 ASTM D 4402
RV @150 °C, cP 275 -

RV @165 °C, cP 150 -

Penetration @25°C, 5s, (0.1 mm) 46 ASTM D5
Softening point (°C) 52 ASTM D 36
Flash point (°C) 305 ASTM D 92
Specific gravity 1.13 ASTM D 70
Penetration indicator (PI) -091 -

Penetration viscosity number 059 -

(PVN)

Table 2. Characteristics of waste plastic (WP).

Properties Values

Density, g/cm3 0.91

Tensile-strength, MPa 8.7

Tensile-elongation (%) 355

Melting temperature (°C) 109

Flexural modulus (MPa) 7.6

Table 3. Properties of crumb rubber (CR).

Property Value Standards

Specific gravity 0.88 ASTM D6270-98
1.5-2.5

. . (uncompacted)

Void ratio, e 1.2:09
(compacted)

:g:“g smodulus, 5 40-5173 ASTM D6270-98

Poisson's ratio, (1) (0) -

Capacity of water 94 :

absorption (%)

Density (g/cm3) 1.3 -

(@)
Figure.2. Materials used in this study, (a) crumb rubber (b)
shredded plastic water cup.

4. Methodology

Several experimental tests i.e., the Pen, SP, and RV, were
conducted in the laboratory to study rheological and
physical characteristics of virgin and modified asphalt
cements. ASTM-D36 [37] was used for the SP testing. The
ring and ball device was employed to measure the
softening point of asphalt cements which is explained as
the temperature at which the asphalt cement must be
heated for different road applications. Further, the
penetration test at 25 °C was performed according to
ASTM-D5 [38] standards, for consistency of asphalt
cements measurement. The RV tester has been utilized to
measure the viscosity of asphalt cements in the
production and construction high temperature. RV testing
ensures that the asphalt cement is a suitable temperature
for mixing and compaction. According to the ASTM-D4402
[39] specification, the viscosity of the asphalt cement shall
be less than 3000 MPa at 135°C.

5. Methods Used for Temperature Sensitivity Evaluation

Temperature sensitivity is a significant rheological feature
of asphalt cements which is related to the final
deformation performance. Temperature susceptibility is
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described as a parameter for determining how quickly the
temperature changes in the asphalt cement properties.
Recently, several different methods have been used to
assess the temperature sensitivity of pure and modified
asphalt cements. In this study, the methods of PI, VTS, and
flow activation energy (AE) were utilized to evaluate the
asphalt cement's performance in terms of their
susceptibility to temperatures ranging from low to high
temperatures.

5.1. Penetration index (Pl) method

The Pl method evaluates the temperature sensitivity of
asphalt cements using data from penetration and SP
tests. The Pl can be utilized to quickly determine the
temperature sensitivity of asphalt cements even if it is
sometimes unsuitable with polymer modified asphalt
cements. The Handbook of Shell Bitumen [40] provides a
traditional method for calculating PI, as illustrated by the
equation below

_ 1950-500.0x log (Pen)-20 xS P

Pl
50.0 xlog (Pen) -S P-120.0

(1)
Where;

Pen = penetration @ 25°C,

S P = temperature of softening point.

Higher Pl values are the better performance in terms of
temperature sensitivity of asphalt cements. Asphalt
cements with an IP smaller than two for instance are
extremely sensitive to temperature. It has been found
that asphalt mixtures made of asphalt cements with low
Pl values are more susceptible to rutting and cracking at
low temperatures [41, 42].

5.2. Penetration viscosity number (PVN) method

The PVN method is applied to estimate the temperature
susceptibility of asphalt cements using the findings of
penetration and viscosity tests. PVN was determined
using the formula [43]:

PVN= 1.50 x (4.2580—0.79670 xlog (Pen)-log (RV))

0.79510-0.18580 x log (Pen) (2)
Where;

Pen = penetration @ 25°C in deci-millimeters,
RV = viscosity @ 135°C in centistokes.
Asphalt cements usually have PVN values ranging from

+0.5 to +2.0 [43]. The asphalt cement temperature
sensitivity is higher with declining in the PVN value.

5.3. Viscosity-temperature susceptibility (VTS) method

The VTS process has been commonly utilized to estimate
the susceptibility of an asphalt cement to temperatures.
The following equation is usually used to calculate VTS
[44]

Log [Log (n)] =VTS xLog (T)+A (€))
Where;
n = viscosity in centipoise,

T = temperature of asphalt cement in degrees Rankine
(R°),

A = intercept,
VTS = slope.
5.4. Activation energy of flow (AE) method

Viscosity may also be used to determine the fluid’s shear
resistance to a stream. As the temperature rises, the
thermal energy of the particles increases, decreasing the
flow resistance and reducing the viscosity of the liquid.
The AE, which acts as a boundary to viscous flow, must be
achieved before flow can occur [45]. Equation (4),
sometimes described as the “Arrhenius” formula, can be
applied to predict the temperature-viscosity relationship
with asphalt cements [46].

Inn =—L+In(A) (4)
Where;

n = viscosity of asphalt cement in Pascal second, Pa.s

A = regression constant,

Ef = activation energy, kJ/mol

T = temperature in degree Kelvin,°K

R = universal constant of gas equal to 8.314 J/mol/degree
Kelvin

5.5. Predict 6 and G* using Witczak models for base and
modified asphalt cements

Phase-angle (8) and shear complex modulus (G*) are the
two important parameters of Superpave determining
viscoelastic behavior and finding performance grade (PG)
of an asphalt cement. Bari and Witczak developed a
model to predict with a high level of correlation (R? = 0.99)
to calculate G* and & at a given frequency and
temperature according to the viscosity-temperature
relationship as shown in Equation (3). This equation has
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been modified to account for loading frequency (fs = 1.59
Hz)) to find & in degrees and G* in Pa.

Log ( Log Nis t ) =A + VTS Log (T) (5)
A'=A (0.96990 x f20%7) (6)
VTS =VTS (0.96680 x f-0°7°) 7)

90.0+(-7.3146 — 2.6162 VTS') log(f, xn,,,)
6= : (8)
+(0.1124 +0.2029. VTS') x(log(f, xn ))°

& o 2
G =0-0051fsxﬂfs tx( sin 6)7.1542 0.4929fs+0.0211f (9)

Where;

Ngg ¢ IS rotational viscosity as a function of f;, in cP,

A is modified A,

VTS is modified VTS

6. Results and Discussion

6.1. Influence of CR and WP on the Physical
Characteristics of Asphalt cements

Table 4 demonstrates the influence of CR and WP
additions on the physical characteristics of asphalt
cements as measured by softening point (S. P.) and
penetration tests. From the table, adding the CR and WP
led to reduce and increase the penetration and S. P. of the
modified asphalt cements, respectively. This pattern was
maintained as the contents of the additives increased.

Table 4. The softening point and penetration for base and

Asphalt Penetration,5s, @25°C Softening point
cement type (0.1 mm) ()
Base 46 52
Base+10%CR 40 59
Base+15%CR 37 63
Base+20%CR 31 66
Base+1.5%WP 41 58
Base+2.5%WP 34 62

Figure 3 displays the influence of CR and WP on the RV of
base and modified asphalt cements at different
temperatures. Viscosity was determined at temperatures
between 135 °C and 165°C for all specimens in this
investigation. However, according to Figure 3, the RV of
the asphalt cement raised with the increasing the content
of the additive. The findings also indicated that the RV at
135 °C of the 20% CR-modified asphalt cement was about
2.5 times greater than the 1.5% and 2.5% WP-modified
asphalt cements.

Base+10%CR
e ek e Base+20%CR
= 3 == Base+2.5% WP

el Base
Base+15%CR

e Base+1.5%WP
4000

w
o
o
o

°
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°
A

o
o
-
>
=
w
o
o
2
>

[y
o
o
o

140 150 ‘)l60
Temperature (°C

Figure. 3. Rotational viscosity of modified asphalt cements.

6.2. Effect of WP and CR on the Temperature
Susceptibility of Asphalt cements

6.2.1. Results of Pl method

Figure 4 illustrates the effect of incorporating crumb
rubber and waste plastic on the penetration index (PI) of
the reference and modified asphalt cements based on the
penetration and softening point values. It was clear that
the addition of waste plastics and crumb rubber
enhanced the resistance to temperature susceptibility.
This trend continued with the increase in the quantity of
additives. Several previous studies showed the same
results of this study [47, 48]. The PI values for modified
asphalt cements were within the acceptable range from -
1.0 to +1.0. Comparing CR with WP, the base asphalt
cement (PG 64-16) with 20% had the maximum, while the
base asphalt cement with 1.5% contained the minimum
PI, respectively, indicating that CR-modified asphalt
cements were less temperature susceptible than WP-
modified asphalt cements. However, all the modified
asphalt cements were shown to be less sensitive to
changes in temperature compared to the base asphalt
cement

Figure 4. Results of Pl for base and modified asphalt cements
with CR and WP.

6.2.2. Results of PVN method

The Penetration viscosity number (PVN) of the base and
modified asphalt cement with CR and WP are shown in
Figure 5. It was seen that increasing the contents of CR
and WP led to increase the VPN values, however, this was
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not always the case; for example, at 15% CR, there was a
slight decrease in PVN. The figure also showed that all
PVN values of asphalt cement specimens were in the +1.0
and -1.0 ranges. Typical PVN values for paving asphalt
cements are in ranges of -0.5 to +2.0 and lower PVN
values indicate higher temperature sensitivity, as said by
Roberts, Kandhal [43]. Therefore, it can be concluded that
the asphalt cement incorporating CR and WP had a lower
susceptibility to the temperature than the base asphalt
cement

6.2.3. Results of VTS method

Viscosity temperature sensitivity (VTS) was calculated to
assess the temperature susceptibility at mixing and
compaction temperatures (135, 150 and 165°C). An
increase in VTS values means that the asphalt cement is
more sensitive to change with temperatures [44]. Figures
6 and 7 show the VTS values for the modified asphalt
cements with various contents of CR and WP. As can be
seen, increasing CR and WP contents contributed to lower
the VTS values of asphalt cements. The Base+20%CR
provided the lowest value for the VTS, while the base
asphalt cement exhibited the highest value. Therefore,
the inclusion of CR and WP reduced the sensitivity of the
modified asphalt cements to temperature variation.

6.2.4. Results of AE method

Figures 8 and 9 show the influence of CR and WP additives
on the activation energy of the modified asphalt cement,
and it was revealed that they were typically in the range
of 58-70 kJ/mol and 84 kJ/mol for base asphalt cement.
This results were consistent with findings of previous
studies [46, 49]. It was also found that the asphalt cement
containing CR and WP had a lower activation energy than
the base asphalt cement, which means that the modified
asphalt cements are less sensitive to change in
temperature. This is due to the lower asphaltene content
in the modified asphalt cement [50]. It was clear that as
the CR percentages increased, the values of activation
energy were reduced, indicating that asphalt cements
with a greater concentration of CR were therefore less
sensitive to the change in temperature. Conversely,
increasing the WP content led to an increase in the
activation energy.

Figure 5. Results of PVN for the base and modified asphalt
cements.

(%)
[

o/ocy\ O/OC?\ 0/0(;?\

e)( A (30/0 (30/0

2% 339?' %age" o ceXt
Figure 6. VTS results for modified and base asphalt cements @
135, 150, and 165°C.

Base+10%CR
X Base+1.5%WP

Base+15%CR
® Base+2.5%WP

y =-3.7886x + 11.2500
(Base), R? =0.9921

X Base
A Base+20%CR

y = -2.6640x + 8.1800
(+10%CR), R? = 0.9924

y=-1.9173x +6.1200
(+15%CR), R? = 0.9898

y=-1.1333x+3.9523
(+20%CR), R? = 0.9435

y =-2.2511x + 7.0200
(+1.5%WP), R? = 0.9806

y =-1.9702x + 6.2530

(+2.5%WP), R? = 0.994
2.80

Figure 7. Viscosity-temperature relationship for the modified
and base asphalt cements.

2.2%E-3 !9@3 2.35E-3 2.40E-3 2.45E-3 2.50E-3

9.5 1/T (°K-1)
B Base Base+10%CR
Base+15%CR X Base+20%CR
X  Base+1.5%WP ® Base+2.5%WP
Figure 8. Results of RV test for the modified and base asphalt

cements.

|
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Activation energy, AE (J/mol)

Figure 9. Results of AE for the modified and base asphalt
cements.
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Table 5. Values of A and VTS for the base and modified asphalt

cements
Asphalt Base+ Base Base Ease Ease
0, 0,
fe":z”t Base é?f’ E;s % 20%  15%  2.5%
o CR WP WP
VTS 379 266 -1.92 -113 -225 -1.97
A 1125 818 612 395 7.02 625

el Base

emmm» Base + 10% CR
g Base +20% CR
e e @®e o Base +2.0% WP

eam@ e Base + 15% CR
Series5
«» B ®Base +2.5% WP

70 76
Tempreature (°C)
Figure 10. Results of performance grade at high temperature of
base and modified asphalt cements.

6.3. Effect of WP and CR on the high-temperature
performance grade

From the results of Figure 6 and Equation 3, VTS is the
slope of the regression and A is the regression intercept
of the linear logarithmic model of the relationship of
temperature and viscosity shown in the following table
for different asphalt cements. According to Bari and
Witczak model with values of A and VTS from Table 5,
Figure 10 is drawn from the range (52-88) °C.

Figure 10 shows the influences of WP and CR on the high
temperature characteristics of asphalt cements. G* / Sin
(6) values for unaged asphalt cement must be > 1.0 kPa as
per Superpave requirements to help avoid rutting failure.
The base asphalt cement mixed with CR and WP increased
the G* / Sin (8) as seen in Figure 10. This means that the
rutting resistance of modified asphalt cement was higher
than the base asphalt cement. In addition, it can be
observed that, with higher percentages of CR and WP,
one can see that the pattern was still present. As can be
seen, adding a CR of 20%, 15%, and 10% to the base
asphalt cement caused to upgrade the PG64-16 to PG82-
xx, PG76-xx, and PG70-xx, respectively. A similar trend can
be seen with WP modified asphalt cements, but with less
significance; the base asphalt cement of PG 64-16 was
affected by high temperature and 1.5%WP and 2.5%
modified asphalt cements have upgraded to PG 70-xx
(with one-grade increase). Mirzaiyan, Ameri [25] also
studied the effect of using elastomer polymer modifier on
high-temperature-performance grading-modified asphalt
cements, and their results support the findings of this
study.

(a)
vy =0.0002x - 10.666 %@
1 ..

y = -8E-05x + 5.4497 ®
R?=0.9933

y = -8E-05x + 6.6988
R*=0.8543

y = 6E-05x - 3.472
RZ=1

0
(c) y = 9E-05x - 4.0944."
R?=0.9555 .
o

y =-0.0001x + 10.645 €.~

R? 1 ..
80000

20000 40000 60000 100000
AE

y =-2.0793x + 3.42%2¢
RZ=1 y=-0.9455x+3.2959%
R?=,0.783

y = 0.7893x - 0.4478
R? = 0.9024

y=-1.2397/x+ 2.7725
R?=0.9293

s 4
y =-0.7761x + 2.3658
RZ=1

-1.50 -1.00 -0.50 0.00 050 1.00

Pl

Figure 11. Correction between temperature susceptibility
methods, (a) Pl vs AE, (b) PVN vs AE, (c) VTS vs AE, (d) VTS vs
PVN, (e) Pl vs PVN, (f) VTS vs PI.
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6.4. Correlation between the methods of temperature
susceptibility

This study used a variety of approaches to test the
temperature susceptibility of modified asphalt cements,
including PI, PVN, VTS, and AE methods. These methods
showed different results and interpretations for
temperature susceptibility; therefore, it is useful to
conduct a statistical analysis to determine if there is a
relationship between these methods. The correlation
coefficient (r) was used for the degree and strength of the
correlation. The value of r coefficient is in the range of -
1.0 and +1.0 where the value is always absolute. The r
coefficient of 0 suggests that there is no connection
between the variables being examined. The stronger the
present correlation, regardless of direction, the closer the
r coefficient approachesl, suggesting a more linear
relationship between the variables. The closer the
coefficient r towards 1, direction regardless, the
stronger the correlation revealing a more linear
relationship between the variables. Table 6 and Figure 11
show the correlations between temperature
susceptibility methods; PI, PVN, VTS, and AE. The results
showed that there was a significant correction among all
methods, with the r coefficient for all methods
approaching *1.0, regardless of the waste polymer
modifier types.

Table 6. Correlation coefficient of different methods of
temperature susceptibility evaluation.

AE PVN Pl VTS
AE 1
PVN -0.83 1
Pl -0.95 0.92 1
VTS 0.96 -0.82 -0.95 1

7. Conclusion

The following conclusion can be reached based on the
experimental and theoretical findings of this study:

e The asphalt cement modified with CR and WP
increased the softening point while penetration was
reduced.

e The rotational viscosity of the modified asphalt
cement was improved with increasing the additive
content and was still less than 3000 cP at 135 °C
according to Superpave requirements. Also, the
viscosity at 135 °C for the 20% CR modified asphalt
cement was two and a half times greater than that of
the 2.5% WP modified asphalt cement.

e The penetration index of 20% CR-modified asphalt
cement was higher than 2.5% WP, which indicated
that CR-modified asphalt cements were less sensitive
to temperature than WP-modified asphalt cements.

e The penetration viscosity number (PVN) of CR-
modified asphalt cements was higher than WP-
modified asphalt cements. This shows that the CR-

modified asphalt cement was less susceptible to
temperature than WP-modified asphalt cement.

e The viscosity-to-temperature sensitivity (VTS) of
asphalt cement modified with 20% CR is less than all
percentage of WP-modified asphalt cements in
absolute terms.

e The 15% and 20% CR modified asphalt cement had
lower activation energy values than 1.5% and 2.5%
WP-modified asphalt cements. This means that the
CR-modified asphalt cement was less susceptible to
temperature changes than the WP-modified asphalt
cement.

e 20% CR-modified asphalt cement upgrade
performance from PG64-xx to PG82-xx, while 2.5%
WP-modified asphalt cement and base asphalt
cement have upgraded by one grade increment.

e There was a strong correlation coefficient among all
methods of analysis. In conclusion, the CR-modified
asphalt cement was better to the WP-modified
asphalt cement
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