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Abstract: Tire tread of running vehicles generates rolling resistance with the pavement, thereby influencing energy consumption. Thus, developing low rolling resistance
pavement can improve the service function of tires. Common matrix asphalt and high module binder modifier (HMB-W) was used to obtain low rolling resistance of asphalt
and effectively reduce energy consumption. Its low rolling resistance performance was analyzed via internal heat-generating test, rolling resistance test, and dynamic shear

rheological test. Then, a rolling resistance model was constructed to evaluate its thermal losses. Test results show that compared with
modified asphalt and its mastic, the heat generation rates of HMB-W modified asphalt and its mastic are reduced by 14.4% and 15.5%
be effectively reduced. The generated heat quantity and power loss were reduced by 3.7% and 5%, respectively, compared with t
low rolling resistance is evident. HMB-W asphalt has low-temperature sensitivity and superior high-temperature stability. Unde
module G* of HMB-W asphalt is evidently higher than that of SBS modified asphalt. Under the same temperature condition,

goes through elastic deformation with small viscosity loss.

Keywords: low rolling resistance modified asphalt; low rolling resistance model; pavement engineering; rolling resi

1 INTRODUCTION

Polymer modified asphalt is generally applied to
existing asphalt pavement to improve the damage
resistance. However, under the action of repeated load,
dynamic heat generation occurs inside the modified asphalt
due to the mechanical energy of vehicle load. As the
temperature rises, the elasticity modulus of asphalt
material is reduced, whereas the loss modulus is incre$
Especially during summer, at high temperature,
elasticity loss of modified asphalt materials with hi
generation rate is serious. Viscous cg
remarkably increased with easy flow and

relieving rutting problems o
low rolling resistance pa

Specifically, rubb
structural design.

oce tires. The studies on tires are
the principle of rheology [2].

asphalt pavement, such as rutting, fatigue,
and cracking, ar@irectly related to rheological properties
and viscoelasticity of asphalt [3]. Rheology is a science
studying flow and deformation of time and temperature-
dependent materials. In general, asphalt rheology is a
science characterizing asphalt flow and deformation,
including the determination and calculation of a series of
asphalt viscoelasticity indexes. The studies on rolling
resistance of asphalt pavement, which is the most
extensively applied pavement, are still in the preliminary
stage. Generally, damping characteristics and parameters
of polymer materials are used to characterize the materials'
ability to dissipate mechanical energy in the form of heat.
This index can reflect the motion behaviour caused when
the materials impede mechanical energy; it can also be

ene-butadiene-styrene (SBS)
Thus, energy loss can
phalt. In addition, the

BS modifich

e moment of force generated by tire
nt deformations. Pavement deformation
sphalt material and pavement structural
, which are dissipated by the mechanical
vehicle load in the form of internal heat
geration of the material. The strain delay and energy loss
e asphalt material under sine alternating tensile stress
load are primary factors leading to damping [5].

On this basis, a type of low rolling resistance asphalt
was studied and developed. Its rolling resistance and
elasticity were analyzed by combining internal heat-
generating test. In addition, rolling resistance test and
viscoelasticity test, and a rolling resistance model used to
evaluate heat loss were constructed to lay a foundation for
further exploring the pavement performance of its mixture.

2 STATE OF THE ART

When a vehicle is normally running on the pavement,
its tires experience rolling on the pavement surface. The
central symmetrical plane of tire outer edges is consistent
with the rolling direction, the resistance opposite to the
rolling direction is called tire rolling resistance, and the
rolling resistance consists of tire deformation caused by
pavement extrusion, pavement deformation occurring
under loading action and tire-pavement reverse friction [6-
8]. On the basis of truck fuel consumption, measurement
of tire rolling resistance, and verified modelling via
business software AVL-CRUISE, Laclair and Russell et al.
[9-11] found that automobile fuel consumption could be
saved by 4.77 1t/100 km on a secondary road and by 5.49
1t/100 km on the expressway when the rolling resistance
was reduced by 1 kN. Present studies on regarding low
rolling resistance pavement mainly focus on rubber tire
field. Strain hysteresis of rubber is reduced, and low rolling
resistance tires are produced based on the mechanical
theory of viscoelasticity [12, 13]. For vehicles without a
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suspension system, Wang [14] established a radial spring
tire-ground contact model, the time-domain model of
filtered white noise pavement roughness, and energy loss
model in the vehicle wheel vacant process. Then, he
analyzed the energy loss caused by the wheel passing
through an uneven road surface. For axle load, Jaime A.
Hernandez [15] calculated the rolling resistance based on
three values, namely, tire inflation pressure, temperature,
and velocity. He proposed a mathematical expression via
regression analysis, so as to predict the rolling resistance
encountered by tires running on pavements, considering
these variables.

Asphalt pavement is the most extensively applied road
surface. Reducing energy consumption of pavement by
investigating low rolling resistance modified asphalt has
been the focus of emerging research fields on asphalt
materials. Bi [16] investigated and developed low rolling
resistance asphalt modifier HPT and determined the
influence of different adulterate amounts on conventional
indexes of modified asphalt through a series of tests. The
study results showed that as the adulterate amount of HPT
increased, the softening point of modified asphalt was
elevated, the penetration and ductility were reduced, the
viscosity was strengthened, the segregation characteristic
was effectively improved, and the non-uniform dispersion
phenomenon generated by SBS under high-temperature
condition was relieved. Thus, SBS formed a net structure,
and its performance was enhanced. If the low rolling
resistance asphalt was standardized according to the I-D
standard of SBS modified asphalt, then the adulteras
amount of its low rolling resistance modifier HPT woul
be within 0.25% - 1.62%. Espinoza-Lque [17] probed the
laboratory performance of two low rolling ras
modified asphalt mixtures specially designed j
Road Bureau and explored their effects on
resistance and tested their dynamic mo
and rutting possibilities of the mixtur

respectively. They found that
modified asphalt mixture
presented low modulus
modulus under high t

resistance
, but high

material under 10% 'g action, and stress-strain hysteresis
is the internal causcr energy loss. Greater stress-strain
hysteresis causes larger damping and energy loss, and
smaller stress-strain hysteresis indicates smaller damping
and energy loss [18-22]. Biligiri [23, 24] studied the
damping characteristics of different pavements, collected
and analyzed massive data through tests, obtained physical
parameter damping of asphalt material and established the
relation between phase angle and noise of pavement
materials. Zhang [25] attempted to develop low-damping
modified asphalt to reduce rolling resistance and internal
heat generation during the automobile running process and
to solve problems, such as fuel consumption and pavement
damage. He also introduced loss factor, which
characterized fuel consumption during automobile tire

running process, into asphalt to characterize the internal
heat generation and mechanical loss of asphalt materials.
Four polymers with different molecular structures were
selected as modifiers and combined with SBS to prepare
low-damping modified asphalt. Polymer modifiers were
selected through loss factor and complex modulus. The
results of internal heat-generating test and rolling
resistance test showed that the low-damping modifier
could reduce power loss and internal heat generation of
SBS modified asphalt. A microstructure analysis showed
that the low-damping modifier enlarged the swelling area
of the SBS phase. Thus, more light components in asphalt
could fill into the SBS phase to increase the elasticity
modulus of modified asphalt and reduce the internal heat

mixture.
asphalt

modifier on the perfo
However, few studi
viscoelasticity.

alt, four different asphalt
asphalt, SBS modified asphalt,
er, and SBS modified asphalt +
were prepared. Then, internal heat-
d rolling resistance test were conducted.
h rheological theory of pavement asphalt
aterial viscoelasticity test method, the
etween low rolling resistance modified asphalt
modified asphalt in terms of rheological
properties was analyzed.

The remainder of this study is arranged as follows:
Section 3 explains the related test materials and analysis
method of the rolling resistance and viscoelasticity.
Section 4 presents the result analysis of internal heat-
generating test, rolling resistance test, and temperature
sensitivity test. The final section summarizes the whole
study and provides related conclusions.

3 METHODOLOGY
3.1 Preparation of the Low Rolling Resistance Modified
Asphalt

The low rolling resistance asphalt pavement mainly
modifies the rubber on the precondition of vehicle safety to
relieve strain hysteresis of rubber tire and reduce the rolling
resistance between the tire and the pavement. Therefore,
the low rolling resistance asphalt modifies the asphalt
through a certain method to mitigate pavement
deformation and strain hysteresis to reduce rolling
resistance. Asphalt, as common road material, has certain
viscoelasticity. Asphalt is modified using several
approaches to elevate the modulus of asphalt mixture and
reduce the elastic deformation of pavement, its strain
hysteresis is an effective means to realize low rolling
resistance performance of asphalt pavement.

Hard asphalt with low penetration is considered low
rolling resistance asphalt binder to elevate mixture
modulus. With zero penetration and high softening point,
natural asphalt is a superior material used to prepare low
rolling resistance asphalt. Raw natural asphalt was selected
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in accordance with asphalt content and composition of four
asphalt components and mineral substances of natural
asphalt from different places of origin. Its particle size was
reduced by unique processing methods. As a result, the
surface effect of trichloroethylene undissolved particles
became prominent, the specific surface area was enlarged,
the surface activity was enhanced, and the particles were
dispersed in asphalt through physical actions. Meanwhile,
asphalt storage stability was further guaranteed through
chemical stabilization. On this basis, a type of low rolling
resistance modified asphalt was prepared. The concrete
preparation process is presented in the following section.
The low rolling resistance modified asphalt was
prepared using dispersing shearing machine and motor
stirrer through a blending process. The matrix asphalt was
initially heated to above 160 °C to obtain good fluidity.
SBS, HPT, and extract oil were successively added at shear
rate of 4000 rpm and temperature of 170 - 180 °C, and the
shearing lasted 45 min. Lastly, the stabilizer was added at
180 °C and 700 rpm conditions for 150 min low-speed

stirring. Then, low rolling resistance modified asphalt was
acquired. In the low rolling resistance modified asphalt, the
additive amounts of low rolling resistance modifier
(calculated by asphalt mass), SBS, extract oil, and
stabilizer were 1.5%, 4%, 5%, and 0.2%, respectively.

3.2 Conventional Performance Study on Low Rolling
Resistance Modified Asphalt

The conventional performance indexes of the low
rolling resistance modified asphalt, namely, penetration,
ductility, softening point, density, and ageing performance
were detected in accordance to the test method specified in
Standard Test Methods of Bitumen and Bituminous
Mixtures for Highway Engineg E20-2011). The
Pen70 asphalt
ompared with

Test result .
Test item Unit Low rolling resistance pe for SBS modified asp halt
modified asphalt cording to standard requirement
Penetration (25 °C, 5 s, 100 g) 0.1 mm 28.0 60 - 80
Softening point (25 °C) °C 70.1 >55
Ductility (5 °C, 5 cm/min) cm 313 36.0 >30
15 °C density g/em’ 1.30 03 Measured
Flashing point °C 278 5 >230
Elasticity recovery % 71.7 3 > 65
48 h Segregation 2.0 <25
Mass change —0.142 <#£1.0
After TFOT | Residual penetration ratio 71.7 >60
Residual ductility 24.1 >20

Tab. 1 shows that:
1) The fluidity of the low rolling

2) The 4

ratio and % of the low rolling resistance
modified ass t were higher than those of SBS modified
asphalt. This ding indicated that the low rolling
resistance modiffed asphalt had superior anti-ageing
performance;

3) The 48 h segregation test result of the low rolling
resistance modified asphalt was better than that of the SBS
modified asphalt. This result suggested the favourable
storage stability of the low rolling resistance modified
asphalt because its main component was natural asphalt,
and special processing technology was adopted.

3.3 Internal Heat-Generating Test Method

To simulate the effect of aggregate on the low rolling
resistance modified asphalt, HMB-W was combined with

mineral powder at a proportion of 50:50. Meanwhile, the
SBS modified asphalt was combined with mineral powder
at a proportion of 50:50, and then asphalt mastic was
prepared. The prepared low rolling resistance modified
asphalt, SBS modified asphalt, and their mastics were
injected into a specially fabricated flexural and
compression-type internal heat-generating test die, which
was then heated at high temperature. Then, vulcanized
flexural and compression-type internal heat-generating test
model was used. The specimen was cylindrical with a
diameter of 17.8 mm #0.15 mm and height of 25.00 mm
+0.25 mm.

The stipulated compressive load was applied to the
specimen via a balanced lever with high inertia, followed
by high-frequency cyclic compression with constant
amplitude. The temperature rise at the bottom of the
specimen was measured using a thermocouple. This
thermocouple could be used to determine heat generation
situation of the specimen during the flexing process, and
the cycle index was recorded when fatigue failure was
generated.

After bearing a constant load, the specimen was
initially compressed during the test process and the height
change of the specimen was continuously tested. After the
test, the permanent compressive deformation of the
specimen could be calculated.

The flexural and compression-type internal heat-
generating test model is shown in Fig. 1.
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Figure 1 Flexural and compression-type internal heat-generating test model

The specimen was placed between two pressing plates
fabricated using heat-insulating materials. The upper
pressing plate was connected to an adjustable eccentric
gear, and the oscillation frequency was generally 30 Hz
+0.2 Hz.

The load was applied through a lever placed on the
cutter edge. A 24 kg weight was suspended at each of the
two ends of the lever system to reduce the inherent
frequency of the lever and to enlarge its rotational inertia.
The lower pressing plate moved up and down relative to
the lever by adjusting a calibrated vernier device. With
reference marks at the pointer and lever ends, the lever
system was maintained at a horizontal position during the
test process.

The temperature rise at the bottom of the specimen was
measured with the thermocouple installed at the center of
the lower pressing plate.

3.4 Rolling Resistance Test Method

The rubber rolling resistance testing machine is
brand new test instrument designed on the basis of t
original Dunlop Rotary Power Loss Machine, followin,
the advanced modular design concept and combining

its internal structure is shown in Fig.
SBS modified asphalt were mixed i

Figure 2 Rubber rolling resistance testing machine

The mixed rubber sample was placed into the die
specially fabricated by the rubber rolling resistance testing
machine in the rubber vulcanization machine. Then, it was
heated at high temperature and vulcanized into a rolling
resistance test model (outer diameter: 102 mm, inner
diameter: 63.5 mm, and width: 19 mm).

Figure 3 Internal structure of rubber rolling resistance testing machine

The circular wheel-shaped rubber specimen moving at
constant speed closely contacted thg drum under a

en during the
igher than that
to point C due to

hen, the rolling resistance
er solved. In accordance with the
Resistance for Motor Vehicle
specimens were placed under rolling
ing the rubber rolling resistance testing

iscoelasticity Theory and Test Method

The main method of viscoelasticity analysis is based
on a theoretical analysis of test characteristics. The test
analysis mainly investigates the dependence of stress and
strain to loading rate and sensitivity to temperature. The
mechanical behaviour of the viscoelastic material is related
to excitation time (); thus, its stress and strain constitute a
function of time. Assuming that the strain &(f) of the
viscoelastic body at any time t under the action of external
force depends on the stress o(f) until this time, the
functional relation between stress and strain can be
expressed in Eq. (1), as follows:

o(t)=F.,[o(1)] M

Dynamic viscoelasticity refers to the mechanical
behaviour and characteristics of a viscoelastic object, as
shown under the action of oscillation load (sine wave under
normal circumstances); its mechanical property is between
elastic solid and viscous fluid. The basic features of
dynamic viscoelasticity analysis are small deformation,
linear characteristic, time lag (phase difference), and
complex number method. The most important parameters
are modulus and compliance of complex number. Similar
to the definition of elasticity modulus given in Hooke's
Law, the ratio of complex stress to complex strain is
generally defined as complex modulus in the dynamic
viscoelasticity analysis; it is recorded as R"(iw). When
oscillation excitation of &(f) = gosin(w?) was applied to the
viscoelastic body, the time lag was generated between
stress and strain, and phase angle difference J existed.
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Generally, the hysteresis effect of viscoelasticity is
manifested by the time lag of strain to stress. Thus, when
the phase angle difference of strain lagging behind stress is
0, time lag ¢ = d/w. According to the constitutive equation
of Maxwell model, the complex modulus can be obtained
using Eq. (2), as follows:

R*(ia,)za_(t):@.e“f =

@) & @)
- ‘R*‘(cosé +i-sind) = R (@) + iR, (o)

where |R"| is the modulus of complex modulus R*(iw), and
its expression is shown in Eq. (3), as follows:

O,
= =R +R;] 3)

€0

*

R

A4 is the phase angle difference between oscillation
excitation and response (0 < <n/2), and the following Eq.
(4) holds:

tans = 12 4)
Rl

The actual component R; of complex modulus R*(iw)
is dynamic elasticity modulus or storage modulus, and it
reflects storage and release of elastic energy gund
characterizes elastic property. Imaginary part
viscosity loss modulus or energy dissipation modulus,
it reflects loss and dissipation of viscous e

closer material to fluid. In
complex modulus is express
the complex modulus is ¢

. shear theometer (DSR) test can be used
to determine coNg@lex shear modulus and phase angle of
the asphalt to characterize its viscoelastic property. The
complex shear modulus is shown in Eq. (7), and the phase

angle 0 is the phase angle difference between oscillation
excitation and response. Since load is applied in the test, its
working principle and stress-strain curve are presented in
Fig. 1. The complex shear modulus consists of two parts,
namely, dynamic elasticity modulus or storage modulus
and viscosity loss modulus or dissipation modulus. Within
the interval of linear viscoelasticity, greater elasticity
modulus indicates a stronger elastic property of the
material. Viscosity loss modulus characterizes viscosity
loss modulus during the asphalt deformation process, and
greater G, indicates greater viscosity loss of the asphalt

material under stress action. Fig. 4 presents DSR test
principle and stress-strain curve.

G* = Tmax /}/max (7)

() DSR test principle

strain

.1 stress
phase lag

(b) Stress curve
Figure 4 DSR test principle and stress-strain curve

4 TEST RESULT AND ANALYSIS
4.1 Internal Heat-Generating Test

The compression and flexural tests were carried out for
the four samples, and the heat quantities generated inside
them were tested (Tab. 2).

Table 2 Compression and flexural test data

. . . Internal Terminal dynamic
Terminal dynamic Temperature rise at . . .
Sample . o temperature rise / Static load / kg maximum load /
maximum load / kg bottom / °C oC ke
HMB-W 0.8 6.1 6.5 2.1 0.4
SBS modified asphalt 0.9 6.3 7.6 1.2 0.5
HMB-W + mineral powder 1.6 5.6 7.1 33 0.8
SBS modified asphalt + mineral powder 1.3 59 8.4 1.3 0.6

Tab. 2 shows that the temperature rise at the bottom of
the low rolling resistance modified asphalt was 6.1 °C,
which was lower than that of SBS modified asphalt

(6.3 °C). In addition, the critical internal temperature rise
at 6.5 °C of the low rolling resistance modified asphalt was
much lower than that of SBS modified asphalt (7.6 °C),
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with reduction amplitude reaching 14.4%. In addition,
compared with SBS modified asphalt mastic, the
temperature rise at the bottom of the mastic prepared by
mixing the low rolling resistance modified asphalt and
mineral powder was reduced by 0.3 °C. Moreover, the
reduction amplitude of the internal temperature rise was
larger, at 1.3 °C, which was 15.5% of that of SBS modified
asphalt. Evidently, by combining the four samples
generated by the heat quantity, the low rolling resistance
modified asphalt was small, and the energy consumed by
internal friction was low when deformation occurred. Thus
energy loss was effectively reduced, thereby verifying the
low phase angle phenomenon in the previous section, the
reason for small phase angle could be explained from
macroperspective.

4.2 Rolling Resistance Test
The rolling resistance test of the two samples was

implemented, and the test results are shown in Fig. 5 to Fig.
7.

260
~2.55¢
E 250
A
B24s5f
2240+ —— low rolling resistance asphalt
—— SBS modified asphalt

(1] 200 400 600 800

time (s)
Figure 5 Deformation change in two asphalt rolling resi

time (s)
hange in two asphalt rolling resistance models

s
(=)
T

—— SBS modified asphalt
—— low rolling resistance asphalt

temperature (°C)
w w
g &

N
w
T

(1] 200 400 600 800 1000
time (s)

[
(=]

Figure 7 Temperature change in two asphalt rolling resistance models

As shown in Fig. 5, the deformation values of the
rolling resistance models of the two samples were
consistent. The increased amplitude in deformation value
was initially enlarged and then slowed down with time.
When the deformation value was 2.5 mm, the deformation
would no longer change and reach critical values.

Fig. 6 shows that the power loss values of the rolling
resistance models of both samples gradually declined with
time. After 100 s, their loss values would no longer
decrease. However, they would tend to be stable, following
the inflection point. The power loss of the low rolling
resistance modified asphalt was smaller than that of SBS
modified asphalt, and its initial value, inflection point and
final value were smaller than those of SBS modified

reduced.
Fig. 7 shows that t

However, the fi
model of the odified asphalt was
asphalt after 900 s,
change amplitude was
modified asphalt mode during the

1 process, the heat generated on

after the test, the heat quantity generated
resistance modified asphalt model was

- This finding corresponds to the internal heat-
pig test data. Therefore, the heat generation rate
could be decreased, and energy loss could be effectively
reduced.

4.3 Temperature Sensitivity Test
4.3.1 Stress Scanning

Fig. 8 indicates the following:

1) At test temperature of 60 °C, the complex shear
modulus G* of the two asphalts attenuated with a
continuous increase in stress. However, they did not go
through rapid attenuation within the scope of vibration
stress, that is 0 - 1000 Pa. Therefore, approximately, G" did
not present stress-dependent change. Furthermore, the
interval of linear viscoelasticity was the scope of vibration
stress, namely 0 - 1000Pa.

11000
10000
9000 E

8000

F low rolling resistance asphalt
4000 F

SBS modified asphalt

3000 Ll TV T | i PP |
0.1 1 10 100 1000 10000

Vibration stress (Pa)
Figure 8 Stress scanning curves of two asphalt types
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2) Under the same stress level, the complex shear
modulus G” of the low rolling resistance modified asphalt
was evidently higher than that of SBS modified asphalt.
Linear viscoelasticity theory in 3.1 indicates that the
complex shear modulus G* consisted of two parts, namely,
dynamic elasticity modulus (storage modulus) and viscous
loss modulus (dissipation modulus). Therefore, dynamic
elasticity modulus (storage modulus) and viscous loss
modulus (dissipation modulus) should be further
investigated to compare the viscoelastic properties of these
asphalts.

4.3.2 Temperature Scanning

The temperature scanning test of the low rolling
resistance modified asphalt and SBS modified asphalt was
carried out with a dynamic shear rheometer, the
temperature scanning scope was 58 - 75 °C, the heating rate
was 1 °C/min, and the scanning frequency was 10 rad/s.
The temperature-dependent changes in dynamic elasticity
modulus (storage modulus) G| and viscous loss modulus
(dissipation modulus) G, are shown in Fig. 9 and Fig. 10.
The test results were linearly fitted, as shown in Tab. 3.

As shown in Fig. 9 and Fig. 10 and Tab. 3:

1) The dynamic elasticity modulus (storage modulus)
G, and viscosity loss modulus (dissipation modulus) G of
both asphalts declined as the temperature rose. The linear
fitting results analysis of the curves shows that the absolute
value of the curve slope of the low rolling resistance
modified asphalt was small. This finding manifests th
sensitivity of the low rolling resistance modified asph
temperature was smaller than that of SBS modified asp
and reflects its stable high-temperature perforzas

modulus (storage modulus) G, and viscg
(dissipation modulus) G, of the t
same temperature show that the
resistance modified asphalt
modified asphalt. This findi
resistance modified asph

modulus (storage modulus) G under stress action. Thus,
the elastic deformation of the pavement was small; the
viscosity loss modulus (dissipation modulus) G- of the low
rolling resistance modified asphalt was small, this finding
suggests that its viscosity loss was small, viscoelasticity
transformation was fast, and strain hysteresis was minor.

G (Pa)

s SBS modified asphalt

e low rolling resistance asphalt

100 1 1 1 1
60 65 70 75

temperature  (°C)

Figure 10 Temperature-dependent change curves of Gz of two asphalts

le 3 Linear fitting results and correlation coefficients

Dynamic elasticity modulus (storage modulus) Viscous loss modulus (dissipation modulus)
Fitting formula R? Fitting formula R’

Y=-7.537X+16.284 0.997 Y=-6.364X+16.284 0.998

Y=-4.526X+11.842 0.998 Y=-5.251X+13.121 0.999

modified asphalf§hternal heat-generating test and rolling
resistance test were conducted. Besides, Dynamic shear
tests in the form of stress scanning and temperature
scanning were carried out for the low rolling resistance
modified asphalt and SBS modified asphalt, and their
difference in viscoelasticity was comparatively analyzed.
The following conclusions could be drawn:

(1) The stress scanning results at the test temperature
of 60 °C showed that both asphalts were within the scope
of vibration stress with linear viscoelasticity interval of 0 -
1000 Pa. Under the same stress level, the complex shear
modulus G*of the low rolling resistance modified asphalt
was evidently higher than that of SBS modified asphalt;

(2) The heat generation rate of the low rolling

resistance modified asphalt was evidently lower than that
of the low rolling resistance modified asphalt mastic, and
that of the SBS modified asphalt was evidently lower than
that of SBS modified asphalt mastic, indicating that the
addition of the low rolling resistance modifier could
effectively reduce energy consumption. According to the
constructed asphalt rolling resistance model, the heat
quantity generated was reduced by 3.7% comparison with
that generated in the SBS modified asphalt, the power loss
was reduced by 5%, and the low rolling resistance
characteristic was evident;

(3) The curve fitting results of the temperature
scanning test showed that the temperature sensitivity of the
low rolling resistance modified asphalt was low with
superior high-temperature stability. Under the same
temperature level, the low rolling resistance modified
asphalt had large G, and small G,. This finding indicates
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that the low rolling resistance modified asphalt not only
had high dynamic elasticity modulus, which resulted in
small elastic deformation of the pavement, but also small
viscosity loss and fast deformation recovery. In addition,
the strain hysteresis of the low rolling resistance asphalt
pavement could be effectively mitigated.

In summary, the low rolling resistance modified
asphalt had excellent low rolling resistance. The
temperature scanning test results indicated its small
temperature sensitivity and superior high-temperature
performance. These findings laid a foundation for further
analysing the pavement performance of low rolling
resistance modified asphalt mixture under high and low—
temperature conditions. However, as the low rolling
resistance asphalt pavement mitigates the rolling resistance
between the pavement and tire of a running vehicle, the
vehicle may slip due to insufficient frictional force. Hence,
the emphasis is placed on the anti-slide performance and
waterproof performance of low rolling resistance
pavement in the future research to ensure that vehicles can
continue running safely with reduced energy consumption.

Acknowledgements

This work was supported by the Science and
Technology Project of Henan Department of
Transportation (2020J-2-3), Science and Technology
Project of Shaanxi Department of Transportation (No.17-
32T, No.17-05K, No.19-10K, No.19-28K), and Rising
Tech Star Project of Shaanxi Department of Science a
Technology (No. 2019KJXX-035).

6 REFERENCES

(1]

Al-Omari, A., Taamneh,
Hosainat, A. (2018).
microcrystalline synth

779. https://doi.org/10.
Guolin, W., Zilaao,

¢ of radial tire. Journal of
186-192.

' and Field Aging Effect on Bitumen
Chemistry and MMeology in Porous Asphalt Mixture.
Transportation Research Record, 2673(3), 365-374.
https://doi.org/10.1177/0361198119833362

Rahman, M. S., Podolsky, J. H., Williams, R. C., & Scholz,
T. (2018). A study of top-down cracking in the state of
Oregon. Road materials and pavement design, 19(7-8),
1771-1795. https://doi.org/10.1080/14680629.2017.1345782
Zhou, M. Y., Li, F. Z., Yang, H. B., & Zhang, L. Q. (2020).
Tire rolling and heat generation based on nonlinear
viscoelastic constitutive model. Polymer materials science
and engineering, 36(3), 73-78.

Pahlavan, F., Hung, A., & Fini, E. H. (2018). Evolution of
molecular packing and rheology in asphalt binder during
rejuvenation. Fuel, 222(JUN.15), 457-464.
https://doi.org/10.1016/.fuel.2018.02.184

[8] Giustozzi, F., Mansour, K., Patti, F., Pannirselvam, M., &
Fiori, F. (2018). Shear rheology and microstructure of
mining material-bitumen composites as filler replacement in
asphalt mastics. Construction and Building Materials,
171(MAY20), 726-735.
https://doi.org/10.1016/j.conbuildmat.2018.03.190
Laclair, T. J. & Truemner, R. (2012). Modeling of Fuel
Consumption for Heavy-Duty Trucks and the Impact of Tire
Rolling Resistance. Sae Commercial Vehicle Engineering
Conference. hitps://doi.org/10.4271/2005-01-3550
[10] Mammetti, M., Gallegos, D., Freixas, A., & Muioz, J.
(2013). The influence of rolling resistance on fuel
consumption in heavy-duty vehicles. SAE Technical Paper
Series, 1343(1), 1-13. https://doi.org/10.4271/2013-01-1343
[11] Peide, C., Yue, X., Mingjing, F., Zongwu, C., Mingwei, Y.,
& Mingliang, L. (2018). Residualgaéioue properties of
asphalt pavement after long-terpgpfc ice. Materials,

Ludovit, Z. (2015).
modified with SBS,
Processing Techn

., Tao, Z., & Fan, G. M. (2019). Study
by tire runout under uneven road

., Al-Qadi, I L., & Ozer, H. (2017). Baseline

nce for tires' on-road fuel efficiency using

ent modeling. The international journal of

vement engineering, 18(5-6), 424-432.

"/ldoi.org/10.1080/10298436.2015.1095298

[16] Bi, F. (2019). Characterization and mechanism of low rolling
resistance modified asphalt. Master's Thesis, Shandong
Jianzhu University, Jinan, China.

[17] Espinoza-Luque, A. F., Al-Qadi, I. L., Ozer, H., & Pettinari,
M. (2019). Laboratory Characterization of Low—Rolling
Resistance Danish Stone-Matrix Asphalt. Journal of
Transportation Engineering Part B Pavements, 145(1), 1-9.
https://doi.org/10.1080/10298436.2015.1095298

[18] Zhangy, H. M., Ding, Q. Y., Liu, P., & Jiao, W. X. (2019).
Optimization of tread compound formula for low rolling
resistance passenger car tire. Tire industry, 39 (1), 40-44.

[19] Li, H., Wang, W., Li, W., Taoum, A., & Guo, P. (2019).
Replacement of Limestone with Volcanic Stone in Asphalt
Mastic Used for Road Pavement. Arabian Journal for
Science and Engineering, 44, 8629-8644.
https://doi.org/10.1007/s13369-019-04028-w

[20] Li, H., Liu, G., Dong, B., Zhao, G., & Sheng, Y. (2019).
Research on the development and regeneration performance
of asphalt rejuvenator based on the mixed waste engine oil
and waste cooking oil. International Journal of Pavement
Research and Technology, 12(3), 336-346.
https://doi.org/10.1007/s42947-019-0040-1

[21]Ma, F., Zhang, Y., Fu, Z., & Feng, Q. (2019). Gradation
optimization of new rubber powder and anti rut compound
modified asphalt mixture. Journal of Wuhan University
(Engineering Edition), 52 (8), 687-693 + 702.

[22] Wang, L. Z., Chang, Z. H., Zheng, G. S., Wang, P., & Zhang
T. (2019). Study on rheological properties and
microstructure of low damping modified asphalt. Journal of
Shandong Jianzhu University, 34(3), 1-8.

[23] Biligiri, K. P. (2013). Effect of pavement materials' damping
propertiesontyre/road noise characteristics. Construction
and Bulding Materials, 49, 223-232.
https://doi.org/10.1016/j.conbuildmat.2013.08.016

1304

Technical Gazette 28, 4(2021), 1297-1305



Haibin LI et al.: Preparation of Low Rolling Resistance Modified Asphalt and Analysis of Its Rolling Resistance and Viscoelasticity

[24] Biligiri, K. P., & Way, G. B. (2014). Noise-damping
character is tics of different pavement surface wearing
courses. Road Materials and Pavement Design, 15(4), 925-
941. hitps://doi.org/10.1080/14680629.2014.902768

[25] Zhang, T. (2019).Study on rheological properties of low
damping modified asphalt. Master's Thesis, Shandong
Jianzhu University, Jinan, China.

Contact information:

Haibin LI, PhD

(Corresponding author)

School of Architecture and Civil Engineering,

Xi'an University of Science and Technology,

NO. 58 Yanta North Road, Beilin district, Xi'an, Shaanxi, 710054, China
E-mail: lihaibin1212@126.com

Mingming Zhang

School of Architecture and Civil Engineering,

Xi'an University of Science and Technology,

NO. 58 Yanta North Road, Beilin district, Xi'an, Shaanxi, 710054, China
E-mail: 20204228117 @stu.xust.edu.cn

Wenbo LI

School of Architecture and Civil Engineering,

Xi'an University of Science and Technology,

NO. 58 Yanta North Road, Beilin district, Xi'an, Shaanxi, 710054, China
E-mail: yalwb@gqg.com

Yan LI, PhD

Xi'an Highway Research Institute,

NO. 60 Gaoxin 6th Road, Gaoxin district, Xi'an, Shaanxi, 710075, China
E-mail: yanli@126.com

Qinwei MA, PhD O
Xi'an Highway Research Institute,
NO. 60 Gaoxin 6th Road, Gaoxin district, Xi'an, Shaanxi, 710075, China
E-mail: 287314139@gqq.com

Guijuan ZHAO, PhD

School of Architecture and Civil Engineering,

Xi'an University of Science and Technology,

NO. 58 Yanta North Road, Beilin district, Xi'an, S|
E-mail: guijuanzhao@126.com

Ina

Tehnicki viesnik 28, 4(2021), 1297-1305 1305




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




