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Abstract

Bitumen is a temperature-susceptible material. The performance of the bitumen largely depends on the sensitivity of its
characteristic properties to the variation in temperature. This paper uses the Arrhenius equation to predict the
temperature-sensitive properties of various bitumens. Three modified and unmodified binders of various grades were
tested under study shear, frequency mode (oscillatory shearing), and time mode (multiple stress creep and recovery) at
different temperatures from 10 to 70°C. This paper focuses on the activation energy to understand the temperature-
susceptible behavior of the bitumen and the influence of aging on the bitumen. To analyze the temperature susceptibility
of the bitumen, Steady shear, MSCR, and LAOS tests were performed. From these tests, parameters such as viscosity,
dynamic modulus, energy dissipation, and creep compliance at different temperatures were observed to follow the
Arrhenius equation. The activation energy constant of the Arrhenius equation is found to vary with the characteristic
function used. It is also statistically proven that the activation energy depends on the shear rate or shear stress, indicating
that the temperature-susceptible properties of the bitumen are shear rate-dependent. Also, as the bitumen ages, its
temperature-susceptible properties improve.

Keywords: Activation Energy; Aging of Bitumen; Arrhenius Equation; Creep Compliance; Energy Dissipation; F Test; Temperature
Susceptibility.

1. Introduction

Bitumen is extensively used as a binder in the paving of roads. Bitumen is a viscoelastic material, and its
characteristic properties largely depend on temperature. The temperature of bitumen in the pavement may vary
from -10 °C to 70°C [1]. This range of temperature depends on the geographical location. At higher temperatures,
bitumen exhibits viscoelastic fluid-like behavior and as the temperature reduces, the behavior changes to
viscoelastic solid-like and further to elastic [2, 3]. The performance of bitumen largely depends on its temperature-
sensitive nature. For instance, if one considers pavement deformation in the pavement, bitumen plays a key role in
controlling the deformation. One may demand ‘high’ viscosity bitumen to control pavement deformation. It is
understood that the viscosity of the bitumen depends on the temperature and hence the accumulation of permanent
deformation depends on the sensitivity of the viscosity variation with the temperature. The material that exhibits
the least variation in its characteristic properties over a range of temperatures is said to be more temperature-
susceptible. The temperature-susceptible nature of the binder plays a key role in the selection of the binder.
However, the existing methods of grading (viscosity grade and performance grade) do not consider the
temperature-susceptible properties of bitumen [4, 5].
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Heukelom [6] made a first attempt to understand the temperature susceptibility of bitumen. The temperature
susceptibility chart for bitumen was plotted using penetration, softening temperature, Flash point, and viscosity. The
temperature-sensitive characteristics of the bitumen can be understood better using shear viscosity and oscillatory
shear tests [2, 7]. Padmarekha and Krishnan [2] captured the viscoelastic solid-fluid transition in the temperature range
of 20 to 70 ° C using linear viscoelastic parameters. Nivitha et al. [8] studied the temperature sensitivity of the
bitumen using Fourier transform infrared (FTIR) spectroscopy and observed viscoelastic solid-fluid transformation in
the temperature range of 35 to 65 °C. The time-temperature superposition principle (TTSP) has been widely applied to
predict the response of bitumen at any temperature if the response of the bitumen at a reference temperature is known.
For this purpose, it is assumed that the temperature sensitivity characteristics of the bitumen follow the William-
Landel-Ferry equation (WLF) [9] or the Arrhenius equation [10].

WLF equation was introduced for the polymers, and it is derived based on the free volume theory. A shift factor is
introduced to shift the characteristic properties measured at any temperature to the reference temperature. The shift
factor (ar) is given in Equation 1.

_Cl(T - Tref)
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where, T, is the reference temperature, C; and C, are constants. Williams et al. [9], proposed C; as 8.86 and C; as
101.6 K and these constants are considered universal constants. WLF equation is applicable above the glass transition
temperature. Literature on bitumen proposed different combinations of WLF constants for bitumen [11, 12]. There is a
complexity in applying the WLF equation is the transitory regime of bitumen [13].

Arrhenius’s equation describes the effect of temperature on the viscosity of the material and it is given in Equation
2.

E
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where A is the relaxation time, T is the temperature, E is an activation energy constant, K and R are other constants.
Cheung & Cebon [14] proposed that the temperature sensitivity of the bitumen below its glass transition temperature
follows the Arrhenius relationship, and at higher temperatures, the WLF relationship was found to be valid. Atul
Narayan et al. [15] quantified the temperature-susceptible property of modified and unmodified bitumen at the high-
temperature region using the Arrhenius equation and suggested a methodology for high-temperature bitumen grading
activation energy constant. In the current investigation activation energy is used to understand the temperature-
susceptible properties of the bitumen.

Viscoelastic characteristic parameters such as viscosity, dynamic modulus, and creep compliances were used to
determine the activation energy of the binder. Maze [16] applied this activation energy concept to the EVA-modified
binder, and the typical activation energy was observed to be 67 kJ/mol. Salomon & Zhai [17] observed the activation
energy of the bitumen to vary from 44 kJ/mol to 90 kJ/mol for neat and modified binders. These activation energy
values were obtained from the viscosity of the binders measured at 110 and 160 °C. It was also observed that the same
grade (PG) of binders exhibited significantly different activation energy. Dongre et al. [18] reported activation energy
between 192 to 243 kJ/mol for six different bitumen’s. Salomon & Zhai [19] used the activation energy obtained from
the viscosity measured between 80 and 200 °C to rank the temperature susceptibility of different asphalt binders.
Saboo et al. [20] reported the activation energy values calculated from the creep compliance, and a new ranking
parameter was defined.

The activation energy of bitumen was found to vary with factors such as binder type, aging condition, modifier
type, and viscoelastic characteristic parameters used. Literature shows inconsistencies in the trend in the variation of
activation energy with the above-mentioned parameters. For instance, Garcia-Morales et al. [21] found that polymer
addition leads to a reduction in activation energy, while Ait-Kadi et al. [22] found that the presence of polymer in
asphalt results in an activation energy increase. Wang et al. [23] observed that chemical-based additives had
insignificant effects on the activation energies while wax-based additives significantly decreased the activation
energies. Various hypotheses based on the trend in the variation of activation energy have also been proposed. For
Instance, Jamshidi et al. [24] related the trend in variation of activation energy with the phase angle and it was
observed that the binder with a higher phase angle has higher activation energy. The activation energy was observed to
increase on aging [25, 26]. Haider et al. [27] correlated activation energy and performance grading parameters and
showed that high viscous binders have higher activation energy. Notani et al. [28] observed that the increase in the
percentage of crumb rubber increases the activation energy. Wang et al. [23] established the relation between
molecular weight and activation energy. The activation energy decreases as the molecular weight increases.

In addition to the temperature-susceptible characteristic behavior, the response of the bitumen is also shear-
susceptible. Raouf and Williams [29], have studied the shear rate susceptibilities of bio-oils, it was observed that the
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relationship between the viscosity of bio-oils and temperature and shear rates are log-linear—like bitumen binders.
Ingram et al. [30], stated that reduction in the viscosity due to temperature is more significant as compared with shear
rate. One can expect that the temperature behavior of the bitumen may depend on its shear susceptibility.

One can see many complexities related to the activation energy, and irrespective of the extent of complexity
evolved, AE can be viewed as a tool to predict the temperature-susceptible behavior of bitumen. For this purpose, one
needs a clear understanding of how the activation energy of bitumen differs with test protocol, binder type, and aging
of bitumen. The steady shear test (for determining mixing and compaction temperature), oscillatory shear test (for
performing grading and fatigue damage-related studies), and multiple stress creep and recovery (rutting-related
studies) are the widely used test protocols in bitumen characterization. In this experimental investigation, various
grades of unmodified bitumen and modified bitumen with different additives (crumb rubber, elastomer, and plastomer)
were subjected to steady shear, oscillatory shear, and multiple stress creep and recovery, and the viscosity, dynamic
modulus, energy dissipation, and creep compliance were measured at different temperatures. The application of the
Arrhenius equation to these parameters was studied and AE’s were determined. The significance of the variation in the
AE among these characteristic functions was statistically verified. This paper focuses on the activation energy as a tool
to understand the temperature susceptible behavior of the bitumen. To understand the influence of aging, the AE was
determined for three different aging conditions includes unaged, short-term aged, and long-term aged bitumen. The
details of the material used, and the experimental protocol are given in the following section.

2. Research Methodology

Figure 1 shows the flowchart of the research methodology through which the objectives of this study were
achieved.

[ Problem ldentification ]

\
[ Literature Review ]

/

Materials \ /

(VG10, VG30, VG40, PMB(P), Basic prOperties
PMB(E), & CRMB) of bitumen

\

Characterization at
various temperatures
(10 to 70 °C)

Short — term aged \\ /
\\ Long — term aged j

Aging conditions
Unaged

Analysis of parameters by

Conclusions g .
Arrhenius equation and F test

Figure 1. Research methodology flowchart

3. Experimental Investigation
3.1. Materials

This experimental investigation is conducted using six types of bitumen out of which three are unmodified bitumen
and others are modified bitumen. The unmodified bitumen of grade VG10, VG30 and VG40 as per 1S73, 2018 [4] is
used in this experimental investigation. Table 1 lists the basic properties of the unmodified bitumen. From the three
modified bitumen used, one is the plastomer-modified bitumen (PMB(P)), the second is elastomer-modified bitumen
(PMB(E)), and the third one is the crumb-rubber-modified bitumen(CRMB). The basic properties of modified binders
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used in this investigation are given in Table 2. All six binders were tested at unaged (UA), short-term aged (STA) and
long-term aged (LTA) conditions. The short-term aging is carried out using a rolling thin film oven following ASTM
D2872, 2022 [31]. The short-term aged sample is then subjected to long-term aging in pressure aging vessel following
ASTM D6521, 2022 [32].

Table 1. Basic properties of unmodified bitumen

Characteristic properties VG10 VG30 VG40
Penetration at 25°C, 0.1 mm, 100 g, 55, 0.1 mm 99 61 40
Softening Point, (R&B), °C 42 48 53
Absolute viscosity at 60°C, Poises 1143 2677 3640
Kinematic viscosity at 135°C, cSt 365 510 652

Tests on residue from rolling thin film oven test:

a) Viscosity ratio at 60°C 2.29 254 38

b) Ductility at 25°C, cm >100 >100 28
Temperature corresponding to the |G*|/sin 8 of 2.1 kPa of short-term aged binder (25 mm plate, 1 mm gap at 10 rad/s), in °C 66.3 71.4 76.1
Temperature corresponding to |G*|sin & of 5000 kPa of long-term aged binder (8 mm plate, 2 mm gap at 10 rad/s), in °C 15.2 22.9 19.7

Table 2. Basic properties of modified bitumen

Characteristic properties PMB(P) PMB(E) CRMB60

Penetration at 25°C, 0.1 mm, 100 g, 55, 0.1 mm 31 34 25
Softening Point, (R&B), °C 76 57 66
The elastic recovery of half thread in ductilometer at 15°C, percent 25 64 69
Separation, the difference in softening point (R&B), °C 34 3 11
Viscosity at 150°C, Poise 2.6 5

Temperature corresponding to the |G*|/sin 8 of 2.1 kPa of short-term aged binder (25 mm plate, 1 mm gap at 10 rad/s), in °C 77.9 84.0 93.7
Temperature corresponding to |G*|sin 8 of 5000 kPa of long-term aged binder (8 mm plate, 2 mm gap at 10 rad/s), in °C 25.0 17.0 14.7

4. Experimental Methods

Three different sets of experiments were conducted using a dynamic shear rheometer (DSR) of the MCR102 model
(Anton Paar make). The first set of experimental investigations is a steady shear test, the second is the large amplitude
oscillatory shear testing (LAOS) and the third one is the multiple stress creep and recovery (MSCR) test. All these
tests were conducted using parallel plate geometry of 25 mm diameter with a sample height of 2 mm. In the steady
shear test, all the materials were sheared at a constant shear rate of 0.5 s™* as shown in Figure 2-a. The temperature of
the sample during the test was maintained constant and the material was sheared for 10 minutes. The test was
conducted for every 10° C temperature increment in the range of 40 to 80° C.

In the second set of experimental investigations, the bitumen was subjected to repeated oscillatory shearing in
strain-controlled mode using LAOS protocol and the material was continuously sheared for 10 minutes. The strain
amplitude, frequency and temperature during shearing were maintained constant during testing as shown in Figure 2-
b. The test was conducted for three different strain amplitudes of 1, 5 and 10% and three different frequencies of 1, 5
and 10 Hz. The test was conducted for every 5° C temperature increment up to 70° C. The lowest temperature for
testing each sample is fixed based on the maximum torque of 200 mNm. Also, sufficient care was taken while testing
the material at a lower temperature with a 25 mm diameter plate. Table 3 shows the details of LAOS tests conducted
for the VG30 grade of bitumen. A total of 224 numbers of LAQOS tests were conducted using VG30 bitumen grade.
Likewise, the total number of LAOS test conducted on VG10, VG40, PMB(E), PMB(P) and CRMB bitumen were
252, 211, 217, 220 and 217 respectively. During testing, the complete torque and stress waveform data were collected
for every 10 cycles of shearing and each waveform data consisted of 512 data points.
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Figure 2. Experimental test protocols

Table 3. LAOS test details of VG30 bitumen

Material aging LAOS
condition Temperature interval (°C) ~ Strain (%) Frequency (Hz)  Number of tests
20-70 1 11
25-70 5 1 10
30-70 10 9
25-70 1 10
UA 35-70 5 5 8
35-70 10 8
25-70 1 10
35-70 5 10 8
40-70 10 7
20-70 1 11
30-70 5 1 9
30-70 10 9
25-70 1 10
STA 35-70 5 5 8
40-70 10 7
30-70 1 9
40-70 5 10 7
45 -70 10 6
25-70 1 10
35-70 5 1 8
35-70 10 8
30-70 1 9
LTA 40-70 5 5 7
45 -70 10 6
35-70 1 8
45 -70 5 10 6
50-70 10 5
Total 224
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The third set of experimental investigations is the repeated creep and recovery test with each cycle of shearing
consisting of the application of constant shear stress for 15 seconds followed by a recovery time of 150 seconds. The
test was conducted for five different stress magnitudes of 0.1, 1, 3.2, 10 and 32 kPa. Five cycles of loading and
unloading were applied at each stress level and the schematic of the MSCR test is shown in Figure 2-c. The
temperature during testing was maintained constant and the experiment was conducted for every 5° C increment in the
temperature range of 20 to 70° C.Figure 3 shows the images of the equipment, sample preparations, sample testing.

7 ‘ |

(a) Equipment

}‘i—\ Antan Dasr

(c)Placing of sample in the equipment (d) Testing of sample

Figure 3. Images of the equipment, sample preparations, sample testing

5. Results and Discussion
5.1. Steady Shear Test

Figure 4 shows the apparent viscosity of selected samples (VG30-UA and PMB(P)-UA) measured at different
temperatures. As expected, the apparent viscosity reduced with an increase in temperature. The viscosity reached a
steady state after a few seconds of shearing and a steady viscosity value at 200" seconds was selected for further
analysis. Figure 5 compares the viscosity of different binders at different aging conditions. At any given temperature,
the addition of a modifier increased the viscosity of the binder. As expected, the viscosity increased with aging and the
percentage increase with aging varied with binder and temperature of interest. PMB(E) binder at 30°C exhibited a
maximum percentage increase of 92% from UA to LTA condition and CRMB binder at 80°C exhibited a minimum

percentage increase of 53%.
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Among six binders tested, the viscosity of CRMB binder is found to be less prone to aging change. The variation
of viscosity with temperature of all binders tested and for all aging conditions is shown in Figure 6. The logarithm of
viscosity exhibited a linear relation with the inverse of temperature measured in K. The Arrhenius equation
(discussed in equation 1) is fitted to the viscosity-temperature experimental data and the slope of the linear line is
considered as the Activation Energy (AE). The AE of all the samples tested are tabulated in Table 4. All the values
tabulated here correspond to R? of 0.99 or more. The AE constant represents the temperature-susceptible nature of the
binder. The material with high value of AE indicates high sensitivity to changes in temperature. AE determined based
on viscosity was observed to increase with aging. In the unmodified binder, VG10 is observed to be least susceptible
to change in temperature when compared to VG30 and VG40. In a modified binder CRMB is least susceptible to
change in temperature. From Table 4 one can state that the AE of all STA binders except VG30 increases to about 2
%, whereas the VG30 STA binder increases to about 7 % when compared with the UA binder. Similarly, the AE of all

LTA binders except CRMB increases to about 10 %, whereas CRMB LTA binder increases to about 4 % when
compared with the UA binder.
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Figure 6. Viscosity — temperature relation of various binders and the corresponding AE fit

Table 4. Activation energy for different bitumen based on the viscosity

Activation Energy (kJ/mol)

Binder
UA STA LTA

VG10 123 122 134

VG30 127 135 137

VG40 134 135 141
PMB(P) 127 130 138
PMB(E) 133 139 146
CRMB 124 129 127

The AE of the binders was compared with Salomon and Zhai [17, 19] and was observed to follow the trend.

5.2. Oscillatory Shear Testing
5.2.1. Activation Energy form Dynamic Modulus

In the experimental investigation, the oscillatory shear test was conducted by selecting the strain amplitude in the
linear and nonlinear regime, and the complete stress, strain, and strain rate waveform was recorded using the LAOS
protocol. The sample stress, strain, and strain rate waveform data recorded for CRMB-LTA binder at 10% strain
amplitude, 10 Hz frequency, and 50°C is shown in Figure 7-a. The dynamic modulus is computed as the ratio of first
harmonic stress to strain amplitude. The harmonic stress intensity is computed using the Fast Fourier Transform (FFT)
algorithm. The FFT of the sample stress waveform is shown in Figure 7-b. From the FFT results, first-order harmonic
is used in the computation of dynamic modulus.
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" -+~ Shear Stress” 5 40000+ o
23 0.054 AR g % 30000
s | g PR
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(a) Sample waveform (b) Harmonic intensity of stress waveform

Figure 7. Shear stress waveform and the corresponding harmonic intensity
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Figure 8 shows the dynamic modulus of long-term aged CRMB binder when tested at 1 and 10 Hz frequency. The
variation in dynamic modulus with the inverse of temperature follows the Arrhenius equation and the slope (AE) is
observed to be independent of frequency and the strain amplitude. The dynamic modulus of various binders measured
at 5% strain amplitude, 5 Hz frequency at different temperatures and the corresponding AE fit for each binder is
shown in Figure 9. The corresponding AE is tabulated in Table 5. The AE based on dynamic modulus decreased on
aging unlike AE obtained based on the steady shear viscosity value. From Table 5 one can state that the AE of all STA
binders decreased to about 1 % when compared with the UA binder. Similarly, the AE of all LTA binders except
CRMB decreased to about 3 %, whereas the CRMB LTA binder decreased to about 9 % when compared with the UA

binder.
v
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Figure 8. Variation of dynamic modulus with temperature inverse — CRMB-LTA binder
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Table 5. Activation energy for different bitumen based on Dynamic modulus

Activation Energy (kJ/mol)

Binder
UA STA LTA
VG10 129 129 128
VG30 138 137 134
VG40 127 122 114
PMB(P) 128 128 123
PMB(E) 117 113 113
CRMB 103 99 94

5.2.2. Activation Energy form Energy Dissipation (ED)

The viscoelastic material dissipates energy and the extent of dissipation depends on the temperature of interest.
When the material is subjected to sinusoidal strain, the resultant stress waveform may contain higher-order harmonic
contribution. It is understood that the energy dissipation due to sinusoidal strain is purely due do the first-order
harmonic stress [33]. Hence, the energy dissipation is computed using Equation 3, where €, represents first-order
harmonic strain, g, is the first-order harmonic stress and &; is the corresponding lag. Here, in the strain-controlled test,
the material is subjected to sinusoidal strain and hence ¢, is the same as the strain amplitude.

ED = me, 0y sin §;. (3)

Figure 10 shows the comparison ED of different binders at UA, STA, and LTA conditions. In the strain-controlled
test, ED decreases with temperature and it exhibited exponential decrease with temperature. The ED at any given
temperature increases with aging. The ED is also expected to be dependent on frequency and strain amplitude. The
variation of ED with temperature and shear rate is shown in Figure 11. At any given ED increased with an increase in
shear rate. Further, the temperature dependency of ED is captured using the Arrhenius equation. The shear rate
dependency of ED is captured from the variation of AE with the shear rate.
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Figure 10. ED of unmodified and modified binders at different aging conditions at 5% strain amplitude and 5 Hz frequency
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(a) VG30-UA (b) PMB(E)-UA

Figure 11. Variation of ED with shear rate and temperature

Figure 12 shows the logarithm variation of ED of selected samples with the inverse of temperature. The logarithm
of ED with the inverse of temperature at all frequencies and strain amplitude tested exhibited a linear relation. The
Arrhenius equation is fitted to an ED function and the corresponding slope value (AE) for the R2 of 0.99 for CRMB
binder at UA, STA, and LTA condition is tabulated in Table 6. AE decreased with aging. Also, AE is found to depend
on the shear rate. From Table 6 one can state that AE is a dependent of shear rate. It was also observed that the AE of

all the STA binders decreased to about 2 % at the low shear rate and 18 % at the high shear rate. A similar, trend was
observed in the other bonders also.
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Figure 12. Variation of ED with temperature inverse for different UA binders
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Table 6. Activation Energy of CRMB binder computed from Energy dissipation

Frequency  Strain  Shear rate AE (kJ/mol)
(Hz) (%) ) UA RTFO  PAV
1 0.0625 99 97 9
1 5 0312 97 92 92
10 0.623 112 91 81
1 0.312 98 92 91
5 5 157 91 91 90
10 3.12 95 87 79
1 0.623 110 20 81
10 5 3.12 94 88 79
10 6.23 91 85 77

Figure 13 shows the variation of AE with shear rate. With the increase in shear rate, the activation energy
constant decreased for all the binders. The shear rate dependency is more prominently observed at the lower shear
rate.

140 —o0— VG10 —%— PMB(P)
—o— VG10 —*—PMB(P) —%— VG30 —&— PMB(E)
—%— VG30 —— PMB(E) VG0 CRMB
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_ 120+
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= =
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2 < 100
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90 = — = 80 ‘ . .
0 2 4 6 0 2 4 6
Shear Rate (1/s) Shear Rate (1/s)
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—+— VG40 —— CRMB

1201

AE (kJ/mol)
2

|

0 2 4 6
Shear Rate (1/s)

(©) LTA
Figure 13. Variation of AE as a function of shear rate for all binders of different aging conditions

To check whether the influence of shear rate on AE is significant, ANOVA analysis (F test) is carried out. For this
purpose, AE is separated into three groups based on the shear rate (SR). AE corresponding to SR < 0.315 are grouped
under one, AE corresponding to SR between 0.315 and 1.570 are considered under the second group and AE
corresponding to SR greater than 1.570 under the third group. Table 7 shows the grouped data of the VG30-UA binder
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for ANOVA analysis. It is hypothesized that the mean activation energy of the binder is the same for each of the three
levels of shear rate and the F value was determined using Equation 4.

SSTT/D
P @)
SSE/
error
Here, ZSZ; represents the mean sum of squares of AE between the groups and % represents the mean sum of
squares of AE within the groups. SS;,.andSSg are computed using Equations 5to 7.
k n
SSy = 2 L2 5
T = . Xij — In (%)
=1 j=1
1% 1
SSyy = —ZT-Z . 6
Tr n ' 14 kn ( )
=1
SSy = SS; — SS;, (7

Here, x;; represents activation energy, T represents the group total, k is the number of groups, and, n is the number
of observations in a group. Dof represents the degree of freedom which is n — 1and, error is given by n(n — 1).The
F value of all the samples were documented in Table 8. The F value corresponding 5% level of significance was found
to be 5.143. From Table 8, it is clear that F values of energy dissipation-based AE for most of the binders are shear
rate dependent. Hence, the AE obtained from the energy dissipation was found to depend on the strain amplitude and
the frequency of shearing. Here, it has to be highlighted that AE obtained from the dynamic modulus is independent of
strain amplitude and frequency.

Table 7. Grouping of ED-based AE of VG30-UA binder for ANOVA

SI.No. SR - Shear Rate, AE - Activation Energy Observations Total (T) Mean (s)
1 SR <0.3150 0.0625 0.3120 0.3150 - -
AE 136 136 128 401 134
2 0.3150 < SR < 1.5700 0.6230 0.6250 1.5700 - -
AE 132 123 125 379 126
3 SR > 1.5700 3.1200 3.1500 6.2300 - -
AE 123 119 122 363 121
1143 127

Table 8. F value for Energy dissipation and Jnr

UA STA LTA
Binder
ED Jnr ED Jnr ED Jor

VG10 5.2 74.7 54 64.4 1.7 70.7
VG30 6.7 39.1 1.9 298.6 1.1 2605
VG40 5.6 40.8 53 208.6 52 94.1
PMB(P) 165 1255 1.6 193.1 52 96.7
PMB(E) 97 391 102 303 54 341
CRMB 6.4 43.3 8.7 225 9.0 31.6

5.3. Multiple Stress Creep and Recovery Test

Figure 14 shows the sample creep and recovery cycle of CRMB-STA at 1 kPa measured at 30°C. The non-
recoverable creep compliance (Jn) is computed from g,, the strain at the beginning of any creep cycle and ¢,, the
strain measured at the end of the recovery cycle. Jur is computed following Equation 8 stated in ASTM D7405 [34].
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& — &
Jar = = ®)
where, g represents the stress magnitude. Here, it has to be highlighted that the test procedure adopted in this paper
differs from the standard ASTM D7405 [34] in two ways. The first difference is the magnitude of stress used for
testing. To check the influence of stress on the activation energy, the test was conducted at five different shear stresses
0.1, 1, 3.2, 10, and 32 kPa. This test protocol also differs from the standard MSCR test in terms of creep and recovery
time used for testing. An extended creep time of 15 seconds and a recovery time of 150 seconds were chosen to give
sufficient time for the material to reach a steady state while shearing. Jnr for each cycle is computed and the average
of 5 cycles is used in the computation of activation energy.

1.0
S
R=
g
0.5
Sf
=)
0.0 T T T 1
850 900 950 1000
Time (s)

Figure 14. Sample creep and recovery cycle corresponding to CRMB-STA at 1 kPaand 30° C

Figure 15 shows the logarithm variation of J,r of selected samples with the inverse of temperature. The logarithm
of Jur with the inverse of temperature at all stress levels exhibited a linear relation. The Arrhenius equation is fitted to a
Jnr function and the corresponding slope value (AE) for the R? of 0.99 for PMB(E) binder at UA, STA, and LTA
condition is tabulated in Table 9. AE increase on aging. Also, AE is found to depend on the stress. The consolidated
AE of the binders was tabulated in Table 10.
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Figure 15. Variation of creep compliance with temperature inverse for different unaged binders
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Table 9. Activation Energy of PMB(E) binder from Jnr

AE (kJ/mol)
Stress

UA RTFO PAV

0.1 kPa 147 134 150
1 kPa 154 149 158

3.2 kPa 160 158 165
10 kPa 166 166 175
32 kPa 176 179 184

Table 10. Consolidate values of AE from Jnr

Activation Energy (kJ/mol)

Binder
UA STA LTA
VG10 143 -194 151 -188 166 — 179
VG30 152 - 183 156 — 190 165 - 197
VG40 163 -179 165 -204 171 -210
PMB(P) 148 - 176 155 -194 173 - 202
PMB(E) 146 — 176 134 -179 149 - 184
CRMB 156 — 187 139-195 140 - 194

To check the influence of stress in the Jnr-based activation energy, ANOVA analysis is carried out. For this
purpose, AE is separated into three groups based on stress levels (o). AE corresponding to o < 0.1 kPais considered
under Group 1, o between 0.1 and 10 kPa is considered under Group 2, and ¢ > 10 kPa is considered under Group 3.
The sample grouped data corresponding to VG30-UA is shown in Table 11. The F values for all the samples are
determined using Equation 4 and the values are tabulated in Table 8. For the 5% level of significance, the F value in
the table indicates that AE depends on the stress level.

Table 11. Grouping of Jnr-based AE of VG30-UA binder for ANOVA

SI. No. o— Stress (kPa), AE - Activation Energy (kJ/mol) Observations Total (T) Mean (s)
1 0<0.1 0.1 1.0000 -
AE 153 154 307 153
2 0.1<0<10 3.2000  10.0000 -
AE 155 160 315 157
3 o> 10 10.0000 10.0000 -
AE 183 183 365 183
T - Total and s — mean 987 165

6. Conclusions

The viscoelastic function of bitumen such as viscosity, dynamic modulus, energy dissipation and non-recoverable
creep compliance follows the Arrhenius equation. The activation energy of the Arrhenius equation is viewed as a tool
for predicting the temperature susceptibility of bitumen. The following conclusions were made from the detailed
experimental investigation:

o The activation energy of any bitumen varied with the choice of viscoelastic parameters.

e The activation energy of bitumen was found to be sensitive to the shear rate/stress variation. This indicates that
the temperature susceptibility of the bitumen is shear rate/stress-dependent. The variation is more dominant
when the test is conducted at a lower shear rate/stress.

o While comparing the activation energy of PMB(E), and PMB(P) with an unmodified binder, the variation in AE
of these binders does not follow any trend. This can be due to differences in shear rate/stress exhibiting low-
temperature susceptibility character when compared to unmodified bitumen.

Likewise, the variation in activation energy of bitumen on aging does not follow any trend. For instance, the
activation energy based on viscosity and Jnr increases on aging and the activation energy based on dynamic modulus
and energy dissipation decreases on aging. This non-trend can be attributed to the difference in the shear-susceptibility
of the binder.
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