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Asphalt suffers from a series of aging processes in the natural environment. .is is a significant factor in asphalt pavement
diseases. Research of the properties of the decay processes in the natural weathering of asphalt will be helpful in distinguishing the
characteristics of the various types of asphalt and in the selection of pavement materials. Neat asphalt A70, a styrene-butadiene-
styrene- (SBS-) modified asphalt, and crumb-rubber-modified asphalt AR are exposed to outdoor conditions to weather naturally.
.is process is traced by testing the basic physical properties and the surface free energy of asphalts, using the sessile drop method.
Results illustrate that the basic physical properties of asphalt change significantly during the natural weathering process and that
the rubber asphalt has the superior aging resistance, while the neat asphalt A70 has a high aging susceptibility. Furthermore, the
presence of the SBS and rubber-powder modifiers transforms the change trend of the surface free energy of neat asphalt. .e
adhesion work between aggregate and asphalt can be used to quantitatively evaluate the adhesive properties between them.
Meanwhile, the presence of moisture between the asphalt and aggregate changes cohesive failure into adhesive failure.

1. Introduction

In the natural environment, asphalt will undergo complex
physical and chemical reactions under the influence of
sunlight, oxygen, and heat and lead to the deterioration of
asphalt performance [1–3]. .e adhesion failure of asphalt
that manifests as the peeling off from the aggregate surface
(caused by the presence of moisture) is another important
factor that affects the durability of the asphalt pavement
[4–6]. .us, understanding the physical and adhesive
properties of the naturally weathering asphalt is crucial.

Currently, research on the simulation of the aging of
asphalt is widespread. Most of this research is carried out in
laboratories. Aging methods include the thin-film oven test
(TFOT), the rolling TFOT, and the pressurized aging vessel
[7]. .ese standard laboratory-aging methods are the short-
term and long-term aging simulations of asphalt [8–11]. To
simulate natural weathering conditions optimally, re-
searchers evaluate the performance of asphalt after
accelerated weather aging. An asphalt sample with a certain

thickness is irradiated for a period of time at a designated
temperature and with an irradiance of ultraviolet radiation
intensity [12–14]. However, the methods of the laboratory
simulation of the asphalt sample still cannot reflect the
natural environment fully..us, to study the real situation of
asphalt aging in the natural environment, some researchers
are exposing modified asphalts to outdoor conditions to
subject them to natural weathering for one year at most
[2, 15, 16]..is is insufficient time for achieving a simulation
of the entire service life of asphalt exposed to outdoor
conditions.

Asphalt-aging research aims mainly to establish per-
formance indicators to quantify the aging-degree of asphalt
in order to improve predictions of the properties of asphalt.
At present, the traditional evaluation indexes of asphalt-
aging performance include basic physical properties (e.g.,
penetration, softening point, and ductility) and rheological
indicators (e.g., viscosity, complex modulus (G∗ ), and
phase angle (δ)) [7]. Many modern test methods, such as the
atom force microscope (AFM), have been applied. AFM has
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the potential to measure adhesion differences among mi-
cron-sized domains in asphalt binders [17]. Yu et al. eval-
uated the adhesive property of aging asphalt binders
quantitatively by using the AFM method [18]. Research
shows that asphalt pavement performance is related to the
cohesive and adhesive bonding within the asphalt-aggregate
system, and the cohesive-adhesive bonding is related to the
surface free energy characteristics of the system [19].
However, studies of the changes of cohesive and adhesive
properties of asphalt after natural weathering (based on
surface free energy theory) are few.

Generally, traditional and advanced performance indi-
cators can realize the evaluation and prediction of asphalt-
aging performance by standard laboratory aging methods
and by self-designed aging methods. However, research on
the natural weathering of asphalt in regard to aging methods
is still insufficient, and the allowed natural-aging times are
not long enough. However, studies of the cohesive and
adhesive properties of asphalt after natural weathering
(based on surface free energy theory) are significant.

To evaluate the physical and adhesive properties of
naturally weathered asphalt, three kinds of asphalt are ex-
posed to natural weathering. Every year, samples are re-
trieved for performance evaluation. At this point, they have
been aging for 4 years. .e performance indicators include
penetration, softening point, ductility, and viscosity. .e
surface free energy of the asphalt samples is investigated at
various aging times.

2. Materials and Experiment Design

2.1. Materials. Neat asphalt A70 with penetration grade 70
and SBS-modified asphalt (SBSMA) were used in this study.
.ree kinds of rubber asphalt were made, using the ‘‘wet
process.” .e performance indexes of rubber asphalt are
shown in Table 1. According to the “Specification for As-
phalt Rubber Pavement and Construction” provisions in
China, the elastic recovery rate shall not be less than 70%
when the softening point is greater than 60°C. Finally, rubber
asphalt with 22 wt. % crumb-rubber-powder content was
used. .e PG grades of A70, SBSMA, and AR-22% were
PG64-22, PG82-22, and PG82-28, respectively. .e aggre-
gates used were limestone, basalt, and granite.

2.2. Aging Procedure. A certain amount of asphalt was
weighed and poured on folded and fixed-size silver paper.
.en, the silver paper with its asphalt load was placed on a
glass plate and then into the oven. .e glass plate was ad-
justed with a level ruler to be horizontal. .e oven tem-
perature was controlled at 100°C and 135°C, so that the base
and modified asphalts distribute evenly, such that the
thickness of the asphalt film is 2mm. Finally, all the samples
were exposed to outdoor conditions—in this case, to the
weather in Beijing City, a temperate-zone monsoon climate
area—to age in the natural environment (see Figure 1). .e
weather-aging was carried out over 4 years, from January
2016 to January 2020. .e asphalts were retrieved for testing
at yearly intervals.

2.3. Characterization Methods

2.3.1. Basic Performance Test. Penetration, softening point,
and ductility were measured according to ASTM D5, ASTM
D36, and ASTM D113, respectively. Viscosity was obtained
by using a Brookfield viscometer. Approximately 8.5 g of
sample was placed into a Brookfield viscometer test tube and
tested with a spindle rotating at 20 rpm, for neat asphalt and
SBSMA (ASTM D4402) [7]. .e torque was controlled at
50% in the viscosity test for AR, and the stretching speed in
the ductility test for AR asphalt was 1 cm/min, in accordance
with the provisions of the “Guidelines for Design and
Construction of Asphalt Rubber and Mixture in Beijing”
(2006).

2.3.2. Contact Angle Test. To calculate the surface energy of
asphalt, the contact angle of the standard liquid with known
surface-energy parameters on the asphalt surface must be
measured. In this research, the contact angle was measured
by the sessile drop method on a drop-shape analysis in-
strument made in Germany. .e sessile drop method
schematic is shown in Figure 2.

According to the theory of van Oss et al., the total surface
free energy can be divided into two components, namely, the
nonpolar Lifshitz–van der Waals (LW) component and the
polar Lewis acid-base (AB) component [20].

c � c
d

+ c
p
, (1)

where c is the surface free energy of the solid material, cd is
the dispersive component of surface free energy, and cp is
the polarity component of the surface free energy.

.e contact angle (θ) can be measured when a liquid (L)
is wetted on a solid (S) surface, and the interaction energy
between L and S can be described by Young’s equation as
follows [21, 22]:

cL cos θ � cS − cSL, (2)

where cL is the surface energy (or surface tension) of the
liquid, cS is the surface energy of the solid, and cSL is the
interfacial tension between L and S.

According to the theory of interfacial tension, the L-S
interface free energy can be expressed as follows [23, 24]:
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where cd
S is the dispersive component of S

surface free energy, cp

S is the polarity component of S surface
free energy,cd

L is the dispersive component of L surface free
energy, and c

p
L is the polarity component of L surface

free energy.
Equation (4) can be obtained by combining equations (2)

and (3) as follows:
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.e transposed form equation (4) is shown as follows:
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According to equation (5), the surface energy parameters
of S can be obtained by linear analysis when the surface
energy parameters of more than two standard reagents are
known, and the contact angle on the S surface is measured.
In this study, the reagents used to test the surface free energy
include distilled water, formamide, glycerol, and ethylene
glycol. .e surface free energy and components of the re-
agents are shown in Table 2.

3. Results and Discussion

3.1. Basic Physical Properties. .e penetration index is used
to evaluate the consistency of asphalt. .e result can be

considered a property of the material, and its softness is
described. Figure 3 shows the penetration of asphalts of
different natural weathering times. .e penetration index of
asphalt decreases greatly after one year of natural weath-
ering, and the attenuation rate slows down in the three
following years. Table 3 presents the residual penetration
ratio (penetration ratio after aging and before aging) of
asphalt. Among the three kinds of asphalt, the penetration of
A70 asphalt decreases the fastest. Its residual penetration
ratio is only 39.4% and 18.5% after 1 year and after 4 years of
natural weathering, respectively. .e penetration of AR
asphalt decreases the slowest, and its residual penetration
ratio is 59.4% and 37.0% after 1 year and after 4 years of
natural weathering, respectively. .e penetration change
rate of modified asphalt SBSMA falls between the two. .e
pavement will be prone to cracking when the penetration
value of asphalt at 25°C drops below 20 (0.1mm). .e
penetration value of A70 and SBSMA dropped below 20 in
the second and third year, respectively. However, the value
of AR is still higher than 20 after four years of natural
weathering. .is finding indicates that rubber asphalt AR is
still soft and difficult to crack after weathering.

.e softening point can be used to evaluate the asphalt’s
susceptibility to heat. Figure 4 presents the softening point of
the asphalts with different natural weathering times. Com-
parison shows that, after the first year of aging, the softening
point of asphalt increases the most and rises steadily in the
subsequent aging process. .e effect of natural weathering on
the softening point of neat asphalt A70 is the most significant,
but the effect on the modified asphalt is relatively small, and
the change rate of the softening point of the two modified
asphalts is close. After four years of natural weathering, the
softening point change rates of A70, SBSMA, and AR are
48.8%, 22.3%, and 26.2% respectively, as Table 4 shows.

.e rheological properties of asphalt are evaluated by
viscosity indicator, and its viscosity at 160°C is studied.
Figure 5 presents the viscosity of the asphalts with different
natural weathering times. .e viscosity (160°C) of asphalt
increases gradually with the progress of aging. .e viscosity
change rate of rubber asphalt AR is smaller when compared
to the other two kinds of asphalt, and the increase in vis-
cosity after four years of aging is only 45.7%, whereas the
viscosity increases of neat asphalt and SBS-modified asphalt
reach as high as 432.4% and 372.9%, respectively, as shown
in Table 5. .is also shows that viscosity is the most sensitive
property index of aging asphalt and that the rubber asphalt
has superior aging resistance.

Asphalt ductility is an important performance indicator in
evaluating crack resistance. Table 6 presents the ductility dates

Table 1: Performance indexes of AR at three contents.

Crumb-rubber
content (%)

Penetration
0.1mm (25°C)

Softening
point °C

Elastic
recovery rate

%
22 55.1 64.7 74.0
20 55.8 62.1 68.9
18 56.5 60.2 65.2

Table 2: Surface free energy components of reagents [25].

Liquids
Surface free energy components

(mJ·m−2)
c cd cp

Distilled water 72.30 18.70 53.60
Formamide 59.00 39.40 19.60
Glycerol 65.20 28.30 36.90
Ethylene glycol 48.20 29.29 18.91

Figure 1: Aging environment conditions of natural weathering.
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Figure 2: Schematic of contact angle measurement.
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of the asphalt at various weathering times. .e data in Table 5
show that brittle fracturing occurs in neat asphalt A70 and
that in the modified asphalt SBSMA, the ductility test after
natural-weather aging for 1 year. Ductility data are at value 0.
.e ductility dates of SBS-modified asphalt are 11.6 (10°C)
and 0 (5°C) after weathering for 1 year. In subsequent ex-
periments, when the test temperature is increased to 10°C,
brittle fracture still occurs in asphalt A70 and SBSMA, while
the ductility value of rubber asphalt continues to be mea-
surable. .is finding indicates that rubber asphalt has good
ductility under natural weathering conditions.

.e above analysis suggests that natural weathering has a
significant impact on the basic physical properties of asphalt.
After 4 years of aging, the penetration, softening point,
viscosity, and ductility of asphalt exhibited different degrees
of attenuation; the aging in the first year has the most
significant effect. .e performance of rubber asphalt is
relatively stable, and base asphalt A70 has a high aging
susceptibility.

Asphalt will suffer from a series of complex physi-
ochemical reactions in the natural environment, such as
volatilization, oxidation, and condensation. .ese reactions
will happen in asphalt, and they make it even harder and
more brittle. Oxidation plays an important role in asphalt
performance. According to the research of Zhao et al. [16],
when the asphalt is exposed to the natural environment,
oxidation will occur and lead to an increase in its carbonyl
and sulfoxide content..e change of the carbonyl index (CI)
agrees with the obvious change in rheological properties.
Meanwhile, the increase of carbonyl content is less in
SBSMA, compared with that of neat asphalt. .is indicates
that SBSMA is, in terms of oxidation, the superior of neat
asphalt in regard to the resistance to the aging process. .e
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Figure 3: Penetration of asphalt with different weathering time.

Table 3: Residual penetration ratio of asphalt.

Asphalt
Residual penetration ratio (%)

1 year 2 years 3 years 4 years
A70 39.4 27.8 23.6 18.5
SBSMA 45.1 36.2 30.5 27.3
AR 59.4 46.2 44.3 37.0

40.0

55.0

70.0

85.0

100.0

So
�e

ni
ng

 p
oi

nt
 (°

C)

A70 SBSMA AR

Virgin
1 year
2 years

3 years
4 years

Figure 4: Softening point comparison of asphalts with different
weathering times.

Table 4: Change rate of softening point.

Asphalt
Change rate of softening point (%)

1 year 2 years 3 years 4 years
A70 23.6 31.0 35.5 48.8
SBSMA 10.7 13.2 18.5 22.3
AR 11.3 18.0 19.8 26.2
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Figure 5: Viscosity of asphalt with different weathering time.

Table 5: Viscosity change rate of asphalt.

Asphalt
Viscosity increase rate (%)

1 year 2 years 3 years 4 years
A70 84.5 143.2 233.8 432.4
SBSMA 105.6 171.1 306.0 372.9
AR 10.7 15.1 23.9 45.7
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higher viscosity of SBSMA results in the slower flow of the
asphalt, which reduces the chance of oxidation. .is leads to
a change in the physical properties of base asphalt, more so
than in that of SBS-modified asphalt. .e carbonyl content
increase is lesser in crumb-rubber-modified asphalt than in
SBSMA [2]. .is indicates that the aging resistance of AR is
superior to that of SBSMA. .e change rates of carbonyl
content are also in agreement with the change ratio of
rheological properties. .is is consistent with the research
findings outlined in this paper. .at is, rubber asphalt has
superior aging resistance, and base asphalt A70 has high
aging susceptibility.

3.2. Cohesive and Adhesive Performance. .e contact angle
values of asphalt with distilled water, formamide, glycerol,
and ethylene glycol reagents are measured by sessile drop
testing. .e surface energy components of asphalt can be
obtained by equation (5), a calculation of the relationship
between contact angle and surface free energy. Table 7 lists
the surface free energy components of the asphalt with
various natural weathering times.

.e comparative analysis of the data in Table 7 indicates
that the surface free energy of base asphalt A70 increases
with aging time, and the change rate reaches 16.9% after 4
years of aging. However, the surface free energy of SBSMA
and AR first increases, reaches the maximum value after the
second year of aging, and then decreases gradually in the
next 2 years. Asphalt is composed mainly of nonpolar hy-
drocarbons that cause the dispersive component of asphalt
to become far greater than the polarity component. How-
ever, the existence of polar chemical groups in asphalt, such
as in some functional groups that include carbonyl (C�O)
and sulfoxide (S�O), has an important role in asphalt
performance. After natural weathering, the change char-
acteristics of the polar component of surface energy are also
significant..e polarity component of A70 asphalt decreases
with aging time, whereas the polar component of the two
other kinds of modified asphalt reaches the lowest value after
3 years of aging and increases in the 4th year. .e influence
of aging on asphalt composition and the relationship be-
tween asphalt chemical composition and surface free energy
need further study.

.e work of cohesion is defined as the energy consumed
when a homogeneous material is divided into two new
surfaces. Value can be calculated from the surface free
energy on the following equation:

Wcohesion � 2casphalt � 2 c
d
asphalt + c

p

asphalt , (6)

where Wcohesion is the work of cohesion, casphalt is the surface
free energy of asphalt, cd

asphalt is the dispersive component,
and c

p

asphalt is the polarity component.
Figure 6 presents the work of asphalt cohesion with

different natural weathering times..e work of cohesion has
the same change trend as the surface free energy of asphalt.
.e cohesive work of base asphalt increases gradually with
aging time, and the cohesive work of modified asphalt rises
initially, reaches the maximum value after the second year of
aging, and then decreases gradually in the next two years.
.e results show that the presence of SBS and rubber powder
transforms the change trend of the cohesive work of the
matrix asphalt. .is phenomenon causes the modified as-
phalt to become more prone to cohesive failure after long-
term natural weathering.

.e work of adhesion can be observed in the decrease in
free energy when a two-phase material is separated. In dry
conditions, the value can be calculated from the surface free
energy according to the following equation [25]:

Wadhesion,dry � casphalt + caggregate − casphalt−aggregate
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(7)

Under water conditions, the work of adhesion between
asphalt and aggregate can be formulated as follows [25]:

Table 6: Ductility dates of asphalt.

Asphalt
Ductility (cm)

Virgin 1 year 2 years 3 years 4 years
10°C 5°C 10°C 5°C 10°C 10°C 10°C

A70 37.3 — 0 — 0 0 0
SBSMA 48.7 28.5 11.6 0 0 0 0
AR — 15.0 — 5.1 6.3 5.5 3.3

Table 7: Surface free energy components of asphalt.

Asphalt Aging time
(year) c (mJ·m−2) cd

(mJ·m−2)
cp

(mJ·m−2)

A70

0 14.49 11.95 2.55
1 16.17 14.69 1.48
2 16.20 14.72 1.48
3 16.52 15.35 1.17
4 16.94 15.86 1.08

SBSMA

0 14.48 11.52 2.97
1 15.68 13.80 1.87
2 17.16 15.82 1.34
3 17.00 15.88 1.12
4 16.92 15.78 1.15

AR

0 15.63 13.60 2.03
1 17.24 15.72 1.52
2 17.44 16.17 1.27
3 17.15 15.90 1.25
4 16.77 15.16 1.61
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Wadhesion,wet � casphalt−water + caggregate−water − casphalt−aggregate
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(8)

where Wadhesion,dry is the work of adhesion under dry
conditions,Wadhesion,wet is the work of adhesion under water
condition, caggregate is the surface free energy of the aggregate,
cd
aggregate c

p
aggregate are the dispersive and polarity components

of aggregate surface free energy, casphalt−water is the interface
of the free energy between asphalt and water, caggregate−water is
the interface of free energy between aggregate and water, and
casphalt−aggregate is the interface free energy between aggregate
and asphalt.

.e surface free energy components of aggregates are
listed in Table 8..e surface free energy of limestone is lower
than those of basalt and granite. .e dispersion components
of limestone and basalt are slightly larger than that of the
polar component, whereas the dispersion component of
granite is much smaller than that of the polar component.
According to equations (7) and (8), the adhesion work of
asphalt and aggregate under dry and water conditions can be
obtained.

.e work of adhesion between asphalt and aggregate
under dry conditions is shown in Figure 7..e results in this
study show that the surface energy of the aggregate is the
main factor that affects adhesive performance. Under dry
conditions, the work of adhesion between asphalt and basalt
is maximal and that of granite is minimal. .is result in-
dicates that the adhesive property and antispalling ability of

asphalt and basalt are better than that of granite. Compared
with the cohesion work of asphalt, as shown in Figure 6, the
adhesion work of asphalt and the three kinds of aggregate is
greater than that of asphalt cohesion work under dry
conditions. .is indicates that the cohesive failure of the
asphalt mixture will occur preferentially when subjected to
external forces under dry conditions.

However, with the deepening of the natural weathering
of asphalt, the work of adhesion between asphalt and ag-
gregate under dry conditions shows a decreasing trend, and
the numerical value changes slightly. Nevertheless, its in-
fluence on the adhesion of granite is relatively significant.
Natural weathering reduces the adhesive properties of
asphalt.

.e presence of moisture is an important factor in the
acceleration of the water damage of the asphalt mixture. .e
work of adhesion between asphalt and aggregate under water
conditions is shown in Figure 8. .e adhesion work of
asphalt and aggregate in a water environment is significantly
reduced and is less than the cohesion work of asphalt in dry
conditions. .e presence of water leads to the poor adhesive
strength of asphalt and aggregate. When moisture damage
occurs, asphalt will tend to peel off from the surface of the
aggregate, rather than fail cohesively. Comparing the three
aggregates, the order of adhesion work, from the greatest to
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Figure 6: Work of cohesion of asphalt.

Table 8: Surface free energy components of aggregates.

Aggregates c (mJ·m−2) cd (mJ·m−2) cp (mJ·m−2)
Limestone 47.1 24.3 22.8
Basalt 58.5 30.1 28.4
Granite 57.3 16.9 40.4
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Figure 7: Work of adhesion between asphalt and (a) limestone, (b) basalt, and (c) granite under dry conditions.
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Figure 8: Continued.
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the least, is limestone, basalt, and granite. Asphalt is a kind of
weak acid material that easily adheres to alkaline aggregates.
However, granite is an acid stone, and the adhesion work of
granite and asphalt is less than those of the two other ag-
gregates, regardless of whether water is present. .erefore,
from the point of view of adhesion work theory, granite and
asphalt have a poor adhesive performance.

Furthermore, under water conditions, the work of ad-
hesion with neat asphalt A70 increases gradually with aging
time and that of modified asphalt increases initially and then
decreases after 4 years of natural aging. .is observation is
consistent with the change trend of the surface free energy of
asphalt but different from that under dry conditions.

Asphalt will suffer from a series of complex physical and
chemical reactions in the natural environment because of
sunlight, heat, oxygen, and moisture. When the asphalt is
exposed to the natural environment, some light components
will volatilize. .e components of asphalt will also change in
sequence. .at is, the aromatics will be converted into the
resin, the resin will be transformed into asphaltene, and the
asphaltene can be transformed also into a toluene insoluble
substance, because of molecular association and conden-
sation. Carbonyl sulfoxide and other compound groups will
be produced because of the reaction of the functional groups
to oxygen.

Overall, the molecular weight of asphalt increases.
However, the aging process of modified asphalt is more
complex..e interaction between SBS copolymer, which has
a higher molecular weight, and neat asphalt causes the
modified asphalt to have better oxidation resistance. .e
deepening of the aging of SBS will degrade into small
molecular substances [16]. Similarly, in rubber asphalt, the
rubber powder will pyrolyze, and the pyrolysis products will
oxidize and condense, thereby making the aging mechanism
of rubber asphalt more complex. .is phenomenon may be
the reason for the change trend of surface energy. Alter-
nately, the adhesion work of modified asphalt differs from
that of neat asphalt.

.e above analysis of the adhesion of asphalt and the
aggregates shows that the property of each aggregate is the
main factor in adhesion, whereas the influences of asphalt
properties and natural weathering are relatively mild. For
granite, whether water is present or absent, adhesion to
asphalt is less likely than it is for the two other aggregates.
Compared with limestone, basalt has better adhesion under
dry conditions, whereas limestone has better adhesion when
water is present. .e presence of moisture changes cohesive
failure into adhesion failure between asphalt and aggregate.
.e adhesive performance indicator is relatively indepen-
dent of basic physical properties and needs further research.

4. Conclusions

.e neat asphalt A70, SBS-modified asphalt SBSMA, and
crumb-rubber-modified asphalt AR were exposed to out-
door conditions for four years, for natural weathering. .e
physical properties, surface free energy, and adhesive
properties of asphalt were evaluated. .e following con-
clusions can be drawn:

(1) Natural weathering causes asphalt to harden and
become brittle, thereby reducing penetrability and
increasing softening points and viscosity. After four
years of aging, the residual penetration ratio of as-
phalt is only 18.5%∼37.0%, and the increased rates of
the softening point reach 22.3%∼48.8%. Meanwhile,
aging in the first year has the most significant effect.

(2) .e rubber asphalt AR has superior aging resistance,
and base asphalt A70 has a high aging susceptibility.
.e viscosity change rate of rubber asphalt AR is only
45.7% after four years of aging, whereas viscosity
increases for neat asphalt and SBS-modified asphalt
reaches as high as 432.4% and 372.9%. After four
years of aging, the ductility value of rubber asphalt is
still greater than 3 cm, while the other two kinds of
asphalt have deteriorated to a state of brittle fracture.
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Figure 8: Work of adhesion with asphalt and (a) limestone, (b) basalt, and (c) granite under water condition.
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(3) .e surface free energy of neat asphalt gradually
increases with aging time, while that of modified
asphalt increases initially, reaches the maximum
value after the second year of aging, and then de-
creases gradually in the next two years. .e presence
of SBS and rubber powder transform the change
trend of the surface free energy of neat asphalt.

(4) .e work of adhesion can evaluate adhesive prop-
erties effectively, and the surface free energy of ag-
gregate and moisture are the main factors that affect
adhesive performance. Under dry conditions, the
adhesion work is about 50mJ·m−2, but when
moisture is present, the adhesion work of limestone,
basalt, and granite decrease to about 30mJ·m−2,
23mJ·m−2, and 12mJ·m−2, respectively. .ese are
less than the cohesion work of asphalt, which is about
33mJ·m−2. .is means that the presence of moisture
changes cohesive failure into adhesive failure.

Asphalt will suffer from a series of complex physical and
chemical reactions in the natural environment because of
sunlight, heat, oxygen, and moisture. .e change in asphalt
chemical components should be studied further to discover
the natural weathering law that should guide the production
and application of asphalt.
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In order to investigate the influences of emulsifier types on properties of cement bitumen emulsion mortars (CBEM), anionic and
cationic emulsifiers were used to prepare CBEM in this work. Influences of anionic and cationic bitumen emulsions on
workability, mechanical properties, and viscoelastic property of CBEM were studied. .e workability of CBEM was evaluated by
fluidity and extensibility tests. .e mechanical properties were assessed by compressive strength and flexural strength tests. XRD
was used to analyze the phase before and after bitumen emulsion was added. .e viscoelastic property was studied by a dynamic
mechanical analyzer (DMA). .e results show that CBEM prepared by cationic bitumen emulsion (CBE) has better workability.
.e mechanical properties of CBEM are negatively affected by bitumen emulsion. .e impact on the compressive strength of
CBEM prepared by CBE is higher. Bitumen emulsion can significantly improve the viscoelastic property of CBEM. With the
increase of bitumen emulsion dosage, the loss factor of CBEM increases. .e viscoelastic property at low frequency is better than
that at high frequency. In contrast to CBEM prepared by CBE, CBEM prepared with anionic bitumen emulsion (ABE) possesses
better viscoelastic property.

1. Introduction

Cement bitumen emulsion mortars (CBEM) are prepared by
cement, bitumen emulsion, water, fine aggregate, and ad-
mixtures. .e elasticity of bitumen materials and high
strength of cement materials are combined in CBEM, which
have been widely used in high-speed railway construction.
Nowadays, more and more attentions are paid to CBEM
[1–4]. Pure bitumen and bitumen emulsion have different
influences on the property of CBEM [5]. Studies have shown
that anionic bitumen emulsion (ABE) has retarding effect on
hydration of cement in CBEM [6]. As the ratio of bitumen to
cement increases, the setting time of the new bitumen
emulsion cement paste increases [7]. Generally speaking, the
cement hydration is insufficient when the content of the
emulsifier is low, but the cement hydration is more complete
when the content of the emulsifier is high. It is mainly due to
the demulsification process of bitumen emulsion in CBEM
[8]. Another study shows that the presence of the emulsifier

can accelerate the hydration of cement [9]. .e demulsifi-
cation process of bitumen emulsion can be studied and
evaluated by ultraviolet spectroscopy [10].

Because of the influence of bitumen emulsion on the
mechanical properties of CBEM, the mechanical properties
of CBEM have been widely concerned by researchers
[11, 12]. .e mechanical behavior of cement bitumen
blends is affected by the bitumen/cement (B/C) ratio [13].
In addition, environmental factors also have a great in-
fluence on the mechanical properties of CBEM [14]. Mi-
crowave heating environment has an effect on the early
strength of CBEM [15]. High-temperature environment
has a certain negative impact on the compressive strength
and elastic modulus of CBEM [16]. CBEM in acidic en-
vironment for a long time can also affect its mechanical
properties. .e compressive strength of CBEM soaked in
ammonium nitrate solution has a certain decrease [17].
Moreover, the deterioration of its external surface seriously
affects the railway traffic safety [18]. In addition, the higher
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B/C ratio can promote the bond strength between CBEM
and concrete slab [19]. Bitumen emulsion has a certain
effect on the properties of CBEM. Some studies have shown
that CBEM with a high B/C ratio has better workability
[20, 21]. In addition, the sand-to-cement ratio of CBEM has
a certain influence on its flow property [22]. .e work-
ability of CBEM can be evaluated by orthogonal test, and
CBEM with excellent workability can be prepared [23].

As a viscoelastic material, the viscoelastic property of
CBEM should be paid more attention to. .e results show
that the viscoelastic property of CBEM is the main reason for
decreasing the track slab degumming phenomenon [24]..e
addition of superplasticizers can stabilize the viscosity of
CBEM [25]. However, the superplasticizers have a negative
effect on the plastic viscosity of bitumen emulsion [26].
Dynamic mechanical analysis (DMA) is widely used as a
method to evaluate the viscoelastic property of asphaltic
materials [27–29]. .e stress relaxation stage of CBEM can
be explored by a dynamic mechanical thermal spectrometer
[30]. In addition, the B/C ratio has an effect on the visco-
elastic property of CBEM [31], and the viscosity of bitumen
emulsion increases sharply with the addition of cement [32].
.e type of emulsifier also has a certain influence on the
viscoelastic property of CBEM [33]. In addition, cement can
improve the microstructure of CBEM, so as to improve the
adhesion between bitumen and aggregate [34].

In this paper, the influences of emulsifier types on the
workability, mechanical properties, and viscoelastic prop-
erty of CBEM were studied. .e workability of CBEM was
evaluated by fluidity and extensibility tests. .e CBE and
ABE were used to improve the workability of CBEM. .e
mechanical properties of CBEM were evaluated by com-
pressive strength and flexural strength tests. .e influences
of CBE and ABE on the mechanical properties of CBEM are
discussed. Dynamic mechanical analysis (DMA) was used to
study the influence of different bitumen emulsion content,
loading frequency, and bitumen emulsion types on the
viscoelastic properties of CBEM. .e CBE and ABE were
used to improve the viscoelastic properties of CBEM. .e
CBEM samples with bitumen emulsions prepared by two
different emulsifiers are treated with XRD because the
mechanism of the anion-cation bitumen emulsion in the
demulsification process is different.

2. Raw Materials and Test Methods

2.1. Raw Materials. Composite Portland cement was used
and its properties are shown in Table 1. Properties of bi-
tumen are shown in Table 2. .e properties of fine aggregate
are shown in Table 3. Cationic emulsifier and anionic
emulsifier were used as emulsifiers, and the properties of the
emulsifiers are shown in Table 4. .e organosilicon
defoaming agent was used as a defoaming agent and its
properties are shown in Table 5.

2.2. Preparation of CBEM. Firstly, cationic and anionic
emulsifiers were used to prepare bitumen emulsion with
solid content of 60%..e emulsion soap liquid was set up by

400 g water (60°C), 20–24 g emulsifier (cationic/anionic),
and 15 g CaCl2. .e pH value of the cationic emulsifier was
adjusted to 2-3 by HCl, and the anionic emulsifier was
adjusted to 9-10 by NaOH. After melting bitumen to the
temperature of 180°C, the emulsifier was first poured into the
colloid mill, and the melted bitumen with a mass of 600 g
was poured into the running colloid mill and emulsified to
prepare cationic bitumen emulsion (CBE) and anionic bi-
tumen emulsion (ABE). .e water-cement ratio (w/c) was
0.4 (including the water content in bitumen emulsion), the
sand-cement ratio (s/c) was 1.2, and the amount of

Table 1: Properties of composite Portland cement.

Properties Test results
Density (g/cm3) 2.923
Average pore size (μm) 20.689

Compressive strength (MPa) 3 d 18.9
28 d 32.2

Flexural strength (MPa) 3 d 2.5
28 d 5.7

Setting time (MPa) Initial setting 123
Final setting 169

Table 2: Properties of original bitumen.

Properties Specification Test
values

Needle penetration (25°C, 100 g, 5 s)
(0.1mm) 60–80 78

Ductility (5°C, 5 cm/min) (cm) ≥40 47
Softening point (°C) ≥50 53.4
Density (15°C, g/cm3) — 1.036
Wax content (%) — 1.4

Table 3: Properties of fine aggregate.

Properties Test results
Apparent density (g/cm3) 2.605
Sediment percentage (%) 0.5
Fineness modulus 2.44
Bulk density (g/cm3) 1.465
Water absorption (%) 1.5

Table 4: Properties of emulsifiers.

Types Component Density
(25°C, g/cm3)

Viscosity
(25°C, Pa·s)

CBE Quaternary ammonium salt 1.180 9.13
ABE Sodium hexadecyl acetate 1.210 8.75

Table 5: Properties of defoaming agent.

Project Results
Appearance White liquid at normal temperature
Solid content (%) 60%
pH value 6–8
Stability No stratification and no precipitation
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defoaming agent was 2% of the water weight. .e different
bitumen emulsion content was allocated according to the
cement quality of 0–50% with 5% interval. Firstly, the dry
materials (cement and sand), water, and bitumen emulsion
were mixed into an agitator. .en, the defoaming agent of
2.0% water quality was added to the agitator. .e mixing
process is slowly stirred by 20 r/min–30 r/min for 5 minutes
to avoid more bubbles. .e mortars were put into steel
modules at room temperature for maintenance. After 24
hours, the samples were cured for 3 d, 7 d, or 28 d at the
temperature of 20°C and relative humidity of 90%. .e
flowchart of CBEM preparation is shown in Figure 1.

2.3. Experiments

2.3.1. Workability Tests. Fluidity and extensibility were
tested to evaluate CBEM workability. .e fluidity was tested
by a fluidity tester. .e funnel was wetted and placed on the
funnel rack. .e axis of the hopper was vertical to the
ground, and the container bucket was placed below the
funnel..e funnel hole was blocked by fingers and 1L CBEM
was poured into the funnel slowly and evenly. Release the
fingers and start the stopwatch at the same time and then
measure the time required for the completion of CBEM in
the funnel. .e extensibility was tested by the relevant
national standard method. .e surface of the glass plate and
the extension cylinder were wetted and the cylinder was
vertical in the middle of the glass plate. .e mixed CBEM
was filled into the cylinder till the upper edge of the cylinder.
.e cylinder was raised by 15± 2 cm vertically and the height
was kept for 10 s. Meanwhile, the time of extensibility of
CBEM reaching 280mm was recorded by stopwatch. After
CBEM stopped flowing, the extension diameter of two
perpendicular directions was measured.

2.3.2. Mechanical Properties Tests. Compressive strength
and flexural strength of the CBEM with 3 d, 7 d, and 28 d
curing ages were tested according to the instructions for
Type II cement bitumen emulsion mortar [35]. .e sizes of
specimens were 40 mm× 40 mm× 160mm. .e loading
rate is 500N/s and the test temperature is 20°C. .ree
samples with different bitumen emulsion content were se-
lected for each group and the average of the three specimens
was adopted as the strength value of each group.

2.3.3. Viscoelastic Property Tests. .e viscoelastic property
of the CBEM was tested by the DMA-Q800 dynamic me-
chanical analyzer. .e 35 mm× 15 mm× 5mm specimens
with 28-day curing ages were used according to the size of
the double cantilever mold. .e test amplitude was set to
15 μm and the test temperature was 25°C. .e viscoelastic
property of CBEM at 24 frequency points from 0.0Hz to
12.0Hz was tested.

.e DMA method is always used to test the viscoelastic
property of materials. When the material has viscoelastic
property, the deformation lags behind the applied load and

there is a phase difference between the load and the defor-
mation. Generally, the complex constantmodulus is defined as

E
∗

�
σ
ε

�
σ0
ε0

(cosφ + i sinφ) � E(cosφ + i sinφ), (1)

where E∗represents the complex modulus of the material; σ
represents the stress of the material; ε represents the strain
generated after the material is stressed; and φ represents the
phase angle.

Compared with the general elastic complex modulus
definition

E
∗

� E′ + iE
’′ � E′(1 + iη), (2)

it can get that as equations (3), (4), and (5):

E′ � E cosφ, (3)

E″ � E sinφ, (4)

η � tanφ �
E sinφ
E cosφ

�
E″

E′
. (5)

.e loss factor η, which represents the viscoelastic
property of the material, is an important parameter that
represents the material’s ability to dissipate.

2.3.4. XRD Analyses. CBEM with 50% bitumen emulsion
and cement mortars without bitumen emulsion were used
for the XRD test. .e specimens were selected for the curing
of 28 days. After the sample was crushed, an appropriate
amount of small particles was used and fully ground into
powder (up to 0.063mm). .e ground powder was used in
the XRD test. .e test temperature is 20°C, the test angle is
0–90°, the voltage is 40 kV, and the current is 30mA.

3. Results

3.1. Influences of Bitumen Emulsion on CBEM Workability.
As shown in Figure 2, the average fluidity of CBEM without
bitumen emulsion is 209 s, and the fluidity of CBEM mixed
with 50% bitumen emulsion increases to 102 s (ABE) and
99S (CBE), respectively, which is 52% higher than that of the
control group. With the increase of bitumen emulsion
content, the growth rate of fluidity decreased. .e results
showed that the fluidity of CBEM increased with the increase
of bitumen emulsion content. Compared with CBEM pre-
pared by ABE, the fluidity of CBEM prepared by CBE is
better. Figure 3 shows the influences of bitumen emulsion
content on CBEM extensibility. It can be seen from Figure 3
that the extensibility of CBEM can be improved by adding
bitumen emulsion. It increases to 308mm (CBE) and
316mm (ABE) from 240mm, and bitumen emulsion con-
tent has no significant influence on the extensibility of the
CBEM. .e addition of bitumen emulsion can effectively
improve the extensibility of the CBEM and the influence of
the emulsifier types is not significant. .e extensibility of
CBEM was more than 280mm.

Advances in Materials Science and Engineering 3



3.2. Influences of Bitumen Emulsion on CBEM Mechanical
Properties. As shown in Figures 4 and 5, it can be seen that
adding bitumen emulsion can significantly reduce the
compressive and flexural strength of CBEM in the early 3
and 7 days. It also can reduce the compressive and flexural
strength of CBEM at 28-day curing age. .e higher the
content of the bitumen emulsion is, the greater the strength
loss of CBEM can be. With the increase of cationic bitumen
emulsion content, the compressive strength of CBEM is
decreased by 63.9%, 43.7%, and 44.1% in 3 d, 7 d, and 28 d,
respectively. With the increase of ABE content, the com-
pressive strength of CBEM is decreased by 51.8%, 33.3%, and
39.0% in 3 d, 7 d, and 28 d, respectively.

With the increase of cationic bitumen emulsion content,
the flexural strength of CBEM is decreased by 60.9%, 55.3%,
and 40.6% in 3 d, 7 d, and 28 d, respectively. With the in-
crease of ABE content, the flexural strength of CBEM is
decreased by 63.4%, 57.4%, and 44.0% at 3 d, 7 d, and 28 d,
respectively. .e strength loss of CBEM prepared by CBE is
lower than that of CBEM prepared by ABE.

Hydration of tricalcium silicate produces hydrated cal-
cium silicate and calcium hydroxide. .e chemistry reaction
equation is shown in

3CaO · SiO2 + nH2O � x·CaO · SiO2 · y·H2O

+(3 − x)Ca(OH)2·

(6)

As shown in Figure 6, the XRD result shows that the
tricalcium silicate phase, limestone phase, and hydrated lime
phase appeared in the CBEM materials after bitumen
emulsion demulsification and cement hydration. It shows
that there is no chemical reaction between bitumen and
cement as an inert admixture and no new mineral phase is
formed. Compared with the cement mortars without bitu-
men emulsion, the addition of bitumen emulsion cannot
change the type of cement hydration products.

3.3. Viscoelastic Property of CBEM

3.3.1. Influences of Bitumen Emulsion Types. In this work,
two groups of different types of emulsifier with bitumen
emulsion content of 50% were selected for the DMA test. As
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shown in Figure 7, with the increase of frequency, the loss
factor η of CBEM decreases. .e loss factor of the CBEM
prepared with CBE and the 50% bitumen emulsion dosage
group is 0.120, which is 3 times higher than that of the
control group. Under the same amount of bitumen emul-
sion, the loss factor η at 12.0Hz is 0.094, which is 21% lower
than that at 0.5Hz. .e loss factor of the CBEM prepared
with ABE and the 50% bitumen emulsion dosage group is
0.129, which is 3.5 times higher than that of the control
group. Under the same amount of bitumen emulsion, the
loss factor η at 12.0Hz is 0.117, which is 9% lower than that
at 0.5Hz.

.e complex modulus E∗ can be used to characterize the
viscoelastic property of materials. Among them, the real part
of the complex modulus represents the strain energy of the
material, which is the storage modulus E′. .e imaginary

part of the complex modulus represents the thermal energy
of the material, namely, the loss modulus E″. .erefore, the
viscoelastic property of the material is positively related to
the loss factor. With the increase of the loss factor, the
dissipation capacity of the material increases, and the vis-
coelastic property of the material is better. .erefore, it can
be seen from Figure 7 that the viscoelastic property of CBEM
prepared by ABE is better than that of CBEM prepared by
CBE.

3.3.2. Influences of Bitumen Emulsion Dosage and Frequency.
As shown in Figures 8 and 9, in contrast to the control group,
the loss factor of CBEM can be significantly improved by
adding a different amount of bitumen emulsion. .e loss
factor η of CBEM prepared with CBE increased from 0.039
to 0.059, 0.063, 0.058, 0.064, 0.070, 0.083, 0.088, 0.092, 0.097,
and 0.107. When the bitumen emulsion content was 0.107,
the maximum increase of loss factor η was 64%. .e loss
factor η of CBEM prepared with ABE increased from 0.039
to 0.066, 0.069, 0.072, 0.077, 0.084, 0.093, 0.101, 0.109, 0.114,
and 0.118. When the bitumen emulsion content was 0.118,
the maximum increase of loss factor η was 67%. At the same
frequency, the loss factor η of CBEM increases with the
increase of bitumen emulsion content, and the energy
dissipation capacity of the material increases.

.e results are influenced by the frequency and the loss
factor η values of each group decrease by 18% and 12%. High
frequency causes CBEM to deform more and the CBEM
needs to convert this part of the deformation into heat
energy through its own energy consumption to dissipate the
energy. With the increase of vibration frequency, the energy
consumption increases, and the energy consumption ca-
pacity of materials decreases. .erefore, under high fre-
quency, the viscoelastic property of the material is not as
good as that of the low frequency.

4. Discussion

4.1. Reason Analyses for Bitumen Emulsion on CBEM
Workability. CBEM can be regarded as the coexistence
system of bitumen emulsion and cement mortars. Because of
the particle size of cement and sand and the double action of
interfacial film and interfacial charge layer, the CBEM
system has good stability. When the dry materials and bi-
tumen emulsion just contacted, the system is still in a rel-
atively stable state. Figure 10 shows the influence of bitumen
emulsion on CBEM workability. Figure 10(a) shows dis-
persion distribution of cement, sand, bitumen particles, and
emulsifier molecules. When the dry materials contacted with
bitumen emulsion, the hydration reaction of cement with
water can produce a large number of Ca2 +, K+, Na+, OH−,
SO4

2-, and HSO3
- plasma, attracting the surrounding free

emulsifier molecules (Figure 10(b)).
From 3.1 test conclusions, it is known that the fluidity

and extensibility of CBEM can be improved by bitumen
emulsion and the fluidity of CBEM is influenced by the
bitumen emulsion dosage. .e main reason is that when the
molecular content of free emulsifier is low, the cement
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Figure 5: Influences of bitumen emulsion content on the flexural
strength.
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particles begin to absorb bitumen emulsion around the
cement particles (Figure 10(c)). Due to the reduction of free
water in the system caused by cement hydration reaction and
the adsorption of cement particles on bitumen emulsion, the
mortars can gradually lose stability and demulsification and
condensation occurred on the surface of cement particles.
.e hydration of cement particles and water is prevented
and the volume fraction of the continuous phase is not
decreased. .us, the increase of internal friction between
dispersed phases in CBEM is prevented and the fluidity of
CBEM is improved (Figure 10(d)).

4.2. Reason Analyses for Emulsifier Types on CBEM
Workability. .e cationic emulsifiers are the main deriva-
tives of an organic amine. .e molecular structure of the

cationic bitumen emulsifier used in this work is shown in
Figure 11. When the dry materials are mixed with CBE, the
nitrogen atom in the cationic emulsifier has strong ad-
sorption and affinity with the acid alkali aggregate, which
can pull the bitumen emulsion bead particles to the surface
of the dry materials. As the cement hydration, the pressure
between the emulsifier molecules and the dry materials can
squeeze the water from the two and this process can make
the bitumen form a film between the cement hydration
product and the gravel. At the same time, due to the positive
charge of the cationic emulsifier and the negative charge of
the particles after the cement hydration, the bitumen par-
ticles are easily adsorbed on the surface of the cement
particles. CBE is faster in demulsification, condensation, and
molding, so the water consumption of CBEM prepared by
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Figure 6: XRD pattern of CBEM: (a) without bitumen emulsion; (b) with ABE; (c) with CBE.
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CBE is less. .e improvement of the fluidity of CBEM
prepared by CBE is better than that of CBEM prepared by
ABE. .e experimental conclusions of 3.1 are verified.

.e lipophilic group of the anionic emulsifier molecular
is the same as the cationic emulsifier, but the hydrophobic
group contains many oxygen atoms except the sulfur atom
and the carbon atom. .e molecular structure of the an-
ionic bitumen emulsifier used in this work is shown in
Figure 12. When the dry materials are mixed with ABE, the
affinity and adsorption of the oxygen, sulfur, and carbon
atoms of the hydrophilic group of the anionic emulsifier
with the dry materials are worse compared with the

nitrogen atoms in the hydrophilic group of the cationic
emulsifier molecule. At the same time, the oxygen atoms in
the hydrophilic group adsorb the hydrogen atoms in the
water molecules and form a large number of hydrogen
bonds in the bitumen emulsion. .e combination of hy-
drogen bonds and water molecules occupies a large space,
which makes it difficult for emulsifier molecules to contact
the surface of dry materials directly. .e aqueous phase
between the bitumen emulsion and the cement hydration
products cannot be easily squeezed out.

At the same time, because the particles after hydration of
anionic emulsifier and cement had a large number of
negative charges, bitumen and aggregate repelled each other,
whichmakes it difficult to get close to bitumen and aggregate
and hinder the demulsification of bitumen. .e hydrogen
bonding water of the hydrophilic group of the anionic
emulsifier molecules is relatively strong and the water
volatilizes at a slow speed, which results in the fact that the
bitumen film cannot wrap up the dry materials in a short
time. .erefore, in contrast to cationic emulsifier, the im-
provement of CBEM fluidity by anionic emulsifier is not as
good as that by cationic emulsifier.

4.3. Reason Analyses for Mechanical Property Changes.
Due to the addition of bitumen emulsion, the hydration of
some cement particles is hindered. .e water after demul-
sification of bitumen emulsion contacts with cement par-
ticles, which makes the hydration reaction continue. When
the demulsification process of bitumen emulsion reaches a
certain process, the bitumen emulsion penetrates between
the cement particles and the hydration products, and the
cement hydration process is hindered. .is is why the
compressive strength of CBEM at different ages after the
addition of bitumen emulsion in Figure 4 is significantly
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Figure 7: Influences of bitumen emulsion on CBEM viscoelastic
property.
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reduced. .e interaction of the entire cement hydration-
bitumen demulsification causes the mechanical strength of
the CBEM to be reduced, and the compressive and flexural
strength is decreased correspondingly.

4.4. Reason Analyses for Viscoelastic Property Changes.
Because the CBEM with anion has a poor affinity to the
aggregate surface and has no influence on activating ag-
gregate, the adhesion between ABE and dry materials

depends on the adhesion between bitumen itself and dry
materials. .e addition of cement in CBEM improves the
alkaline component of the mortars and makes the aggregate
alkaline [36]. As shown in Figure 13, because the bitumen
contains acid active groups, such as carboxyl, anhydrides,
and phenols, it can react with Ca2 + and Mg2 + on the surface
of aggregate to form water-insoluble organic acid salts.
.rough the organic acid salt, the cement hydrate surface is
formed as a chemical adsorption layer, which can tightly
absorb the cement hydration product and bitumen together,
greatly enhancing the adhesion between them [37]. When
CBEM with anion is completely demulsified, the bitumen
emulsion fills the pores of CBEM. .e bitumen emulsion is
interwoven with hydration products to form a network
structure after demulsification. .e deformation ability of
CBEM is improved, so the viscoelastic property of CBEM is
improved.

For CBEM prepared by CBE, there is no evident
chemical reaction between CBE and dry materials, so there is
no chemical adsorption between bitumen emulsion and
cement hydration products. After demulsification, most of
the hydration reaction of cement has been completed, and
the ion concentration is greatly reduced. .erefore, the
adsorption between bitumen and cement hydration prod-
ucts is only physical adsorption or molecular directed ad-
sorption. Because the influence of chemical adsorption is
better than that of physical adsorption and molecular di-
rected adsorption, the viscoelastic property of CBEM pre-
pared by ABE is better than that of CBEM prepared by CBE.

Bitumen Sand

Emulsifier molecule
Cement

(a)

Na+

HSO3
–

SO4
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Figure 10: Influences of bitumen emulsion onCBEMworkability: (a) contact stage; (b) prereaction stage; (c) late stage of reaction; (d) demulsification
and coagulation stage.
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5. Conclusions

In this work, the influences of emulsifier types on the
workability, mechanical properties, and viscoelastic prop-
erty of CBEM were systematically investigated. .e work-
ability of CBEM was evaluated by fluidity and extensibility,
the mechanical properties of CBEM were evaluated by
compressive strength and flexural strength tests, and the
viscoelastic property of CBEM was evaluated by DMA test.
In addition, the phase of CBEM was analyzed by XRD. .e
following conclusions could be drawn:

(1) .e addition of anionic and cationic bitumen
emulsion can significantly improve the workability
of CBEM. .e CBEM prepared by CBE has high
fluidity. When the content of bitumen emulsion is
between 35% and 50%, the CBEM possesses high
workability.

(2) .e addition of anionic and cationic bitumen
emulsion can reduce the compressive strength and
flexural strength of CBEM and adversely affect the
mechanical properties. CBE has a more negative
influence on the compressive strength of CBEM than
ABE.

(3) .e loss factor η can reflect the viscoelastic property
of CBEM. After adding the bitumen emulsion, the
dissipative capacity of the CBEM was improved.
.e loss factor η of two different CBEM increased
by 67% (ABE) and 64% (CBE) compared with ce-
ment mortars without bitumen emulsion. .e
viscoelastic property of CBEM has been obviously
improved.

(4) Frequency is the main factor affecting the viscoelastic
property of CBEM. .e loss factor η of two different
CBEM is decreased by 18% (ABE) and 12% (CBE),
respectively, under when the high frequency
(12.0Hz) compared with the low frequency (0.5Hz).
In high frequency, the loss factor η loss rate is re-
duced by 9%, while the influence of frequency on the
loss factor is low. .e viscoelastic property of CBEM
is improved obviously.

(5) .e viscoelastic property and mechanical properties
of CBEM should be considered according to dif-
ferent needs in practical engineering. CBEM pre-
pared by CBE has better workability, while CBEM
prepared by ABE has better mechanical properties
and viscoelastic properties.
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Aiming to evaluate the high-temperature performance of asphalt binders and asphalt mixtures and to investigate the reliability of
the standard technical indexes to evaluate the performance of the asphalt, six typically used asphalt types were employed in this
study.+e standard high-temperature rheological test, the multiple stress creep recovery (MSCR) test, and the zero-shear viscosity
(ZSV) test were employed to characterize the high-temperature performance and non-Newtonian fluid properties of the asphalt.
Meanwhile, the high-temperature performance of the asphalt mixture was evaluated through the rutting tests based on the
mixture design of AC-13. In general, the modified asphalt performed better than the unmodified asphalt according to the high-
temperature rheological properties tests.+e ranking of the six kinds of asphalt was confirmed to be different in various laboratory
tests. +e test results of the asphalt binders showed that the Tafpack Super- (TPS-) modified asphalt performed best in the MSCR
and ZSV tests, while the low-grade asphalt PEN20 had the best technical indexes in the dynamic shear rheometer (DSR) test.
Besides, the relation between the asphalt and the asphalt mixture was analyzed by gray relational analysis (GRA) method. +e
present rutting indicator (G∗ /sin δ andG∗ /(1 − (sin δ · tan δ)− 1)) for evaluating the asphalt mixtures’ high-temperature per-
formance might no longer be suitable. +e Cross/Williamson model was the most suitable for calculating and fitting the ZSV,
which could be used as the key indicator of the high-temperature performance evaluation of the asphalt. +is work lays a
foundation for the further study of the high-temperature performance evaluation of asphalt binders.

1. Introduction

At present, the Superpave asphalt performance evaluation
system is widely used, which is a main outcome of the
Strategic Highway Research Program (SHRP). In the
Superpave specification, the shear complex modulus (G∗),
the phase angle (δ), and the rutting factor (G∗/sin δ) from
dynamic shear rheometer (DSR) test are used to evaluate the
high-temperature mechanical performance of asphalt
binders based on the law of energy dissipation and the
rutting resistance [1–4]. For the base asphalt, some

researches indicated that the rutting factor (G∗/sin δ) had a
good relation with the rutting resistance of the asphalt
mixtures. However, for the modified asphalt, the applica-
bility of traditional rutting factor (G∗/sin δ) in the evalua-
tion of high-temperature performance has been discussed
over the years [5, 6]. It was because, under the uninterrupted
sinusoidal alternating loading in DSR test, the influence of
the delayed elasticity was neglected, which played an im-
portant role in the deformation response of the modified
asphalt [7]. In the research of National Cooperative Highway
Research Program (NCHRP), the relational coefficient
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between the rutting factor and the permanent deformation
rate of the mixture, measured by the repeated shear test
(constant height) (RSCH), was only 0.23.

Recently, some new test methods and evaluation indexes
have been proposed [8–11]. Considering the viscoelastic
properties of asphalt, the elastic and viscous terms of shear
complex modulus were defined, respectively. In the United
States, Shenoy et al. [12, 13] put forward modified rutting
factors (G∗/1 − (sin δ · tan δ)− 1) and (G∗/(sin δ)9) on the
basis of the traditional rutting factor, which were proved to
be more accurate in judging the rutting resistance of the
modified asphalt. At the same time, the repeated creep-
recovery test (RCRT) was suggested [14]. Based on RCRT,
two new evaluation indexes in the multistress creep recovery
(MSCR) test, percent deformation recovery (R) and non-
recoverable deformation compliance (Jnr), were also pro-
posed to solve the nonlinearity associated with the modified
asphalt [15, 16]. According to the AASHTO TP70 test
method [17], two stress levels (0.1 and 3.2 kPa) were adopted
as the test loads. +e stress sensitivity indexes (Rdiff , Jnr,diff )

were also calculated from the difference in R and Jnr between
two stress levels to evaluate the high-temperature perfor-
mance of asphalt. Since the loading method in MSCR test
takes into account the delayed elasticity of asphalt, this test
method is applicable for predicting the high-temperature
stability of both unmodified asphalt and polymer-modified
asphalt [18–21], especially adopting higher stress load to
simulate the actual situation [22, 23]. Besides, the zero-shear
viscosity (ZSV) test has attracted much attention in Europe.
+e polymer-modified asphalt is a typical non-Newtonian
fluid at high temperatures, and the viscosity decreases with
the increasing shear rate. Some researches found that the
viscosity of the asphalt tended to have a stable value when
the shear rate was very small or extremely large. +us, in
order to exclude the effect of shear rate on the test results, the
zero-shear viscosity (ZSV) was proposed as an evaluation
index to characterize rutting resistance of the asphalt, es-
pecially the polymer-modified asphalt [2, 24–26]. +erefore,
in this study, the ZSV and MSCR tests, as well as their
technical indexes, were used for the high-temperature
performance evaluations on both the base asphalt and
modified asphalt.

Gray relation analysis (GRA)method has been applied in
many fields to explain the problems of the uncertain systems
with the multiple input, incomplete information and dis-
crete data. In road engineering fields, it is indicated that
GRA is applicable to research the performance of asphalt
and its mixture [27]. Based on gray system approach, the
relationship between composition of the asphalt and the
service performance was analyzed to study the asphalt aging
mechanism [28]. Wu et al. [29] predict normal incidence
sound absorption coefficient and tire/road noise on asphalt
pavements using the gray system model with Fourier re-
sidual correction. Zhang et al. [30] evaluated the effects of
the regenerant’s viscosity and acid value on the basic,
rheological, and chemical properties of a typical rejuvenated
asphalt by using GRA method. In Gao’s work [31], the
highest gray entropy relation between the dynamic viscosity
of bioasphalt and the dynamic stability of the mixture

provided a key index of bioasphalt’s high-temperature
performance evaluation. +ese results showed that GRA
method could be considered as an alternative to the asphalt
performance evaluation and mixture design analysis, of
which the analysis results were accurate and reliable.

Although a lot of effort has been made to investigate
high-temperature performance of various types of asphalt
including the base asphalt binders and modifiers in recent
years, the existing relationship models between the asphalt
and its mixture still have application limitations and ac-
curacy problems. Most of the existing literatures focus on the
materials and properties evolution, instead of the develop-
ment of technical indexes for characterizing the high-tem-
perature performance of both the unmodified and modified
asphalt mixtures. +erefore, aiming to evaluate the high-
temperature performance of the asphalt binders and their
mixtures and to investigate the relation between the per-
formance indexes of the asphalt binders and their mixture,
six typically used asphalt types (including three types be-
longing to base asphalt and three types belonging to poly-
mer-modified asphalt) were employed in this study. +e
standard high-temperature rheological test, the MSCR test,
and the ZSV test were employed to characterize the high-
temperature performance. Meanwhile, the high-tempera-
ture performance of the asphalt mixture was evaluated
through Marshall stability and rutting tests based on the
mixture design of AC-13. Furthermore, the relation was
determined by the gray relational analysis method. +is
study will provide a more systematic perspective for the
further study of the high-temperature performance evalu-
ation of asphalt binders.

2. Materials

2.1. Asphalt Binders. Because the applicability of the rela-
tionship between different kind of asphalt and asphalt
mixture is controversial, the study is to investigate the re-
liability of the standard technical indexes to evaluate the
performance of both the base asphalt and modified asphalt.
+us, in this study, three penetration grades of asphalt
(PEN20, PEN50, and PEN90) and three types of polymer-
modified asphalt, which are two kinds of SBS- (styrene-
butadiene-styrene-) modified asphalt named SBS I-C and
SBS I-D (from Jiangsu Sinopec) and TPS- (Tafpack Super-)
modified asphalt (from Gansu), were selected to investigate
the high-temperature performance. +e basic physical
properties of six asphalt binders are shown in Table 1. Note
that since the TPS is a kind of new modifier, one of the
objectives of the study is to compare the high-temperature
performance of SBS-modified asphalt and that of TPS-
modified asphalt.

2.2. Asphalt Mixture Design. In this study, the fine-grained
continuous gradation asphalt concrete (AC-13) mixtures
with the six kinds of asphalt binder were adopted for the
high-temperature performance evaluations, according to the
Chinese standard of JTG F40-2004 [32]. Table 2 shows the
detailed gradation of AC-13.
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Based on the gradation of aggregate for AC-13 mixtures,
different asphalt contents were selected for applying in the
Marshall test to determine the optimum asphalt content
(OAC) of the six kinds of asphalt binder. According to the
Chinese standard of JTG F40-2004 [32], the testing data of
the asphalt mixture Marshall specimen are shown in Table 3,
including the asphalt-aggregate ratio, the apparent density,
the theoretical maximum density, the air void (VV), the
voids in mineral aggregate (VMA), and the voids filled with
asphalt (VFA). +e Marshall tests mentioned earlier were
based on the SBS-modified asphalt binder.+e air void (VV)
of the Marshall specimen could be calculated through
measuring the apparent density and the theoretical maxi-
mum density. In order to ensure that the air void of the
Marshall specimen was around 4%, the different asphalt
binders had various OACs. +e final determined OAC of
AC-13 mixtures in the study was 4.6 wt% for PEN50 and
PEN90 asphalt binder, 4.8 wt% for PEN20 asphalt binder,
4.9 wt% for SBS-modified asphalt binder, and 5.1 wt% for
TPS-modified asphalt binder, respectively.

3. Testing Methods and Analysis Models

3.1. DSR Test. DSR tests were performed in accordance with
the method specified in AASHTO T315 [33]. +e complex
modulus G∗, the phase angle δ, and the rutting indicator
(G∗/sin δ) were obtained on the virgin asphalt binder
samples (except for the correlation analysis in Section 4.3)
via Kinexus Ultra+ (Malvern Panalytical) DSR at 64°C, 70°C,
76°C, 82°C, and 88°C, with the sample diameter of 25mm
and the thickness of 1mm.+e loading frequency in the DSR
tests was 10 rad/s. For the correlation analysis, the DSR tests
were conducted on both the unaged asphalt and the aged
asphalt (rolling thin film oven test (RTFOT)).+ree repeated
tests were employed to ensure the reliability of the results.

3.2. MSCR Test. MSCR tests were performed on Kinexus
Ultra+ (Malvern Panalytical) DSR at 64°C, 70°C, 76°C, 82°C,

and 88°C. +e sample was the rolling thin film oven test
(RTFOT) residue of asphalt binder, which is applied to
simulate the short-term aging condition of asphalt. +e
percent recovery and nonrecoverable creep compliance were
obtained by applying a continuous cyclic load to the samples,
with the sample diameter of 25mm and the thickness of
1mm. Each creep recovery cycle consisted of a stress loading
period (1 s) and then a zero-stress recovery period (9 s). +e
test process was under two stress levels (0.1 and 3.2 kPa).+e
first 20 cycles of creep recovery were conducted under the
shear load stress of 0.1 kPa, followed by additional 10 cycles
under 3.2 kPa. Besides, the RTFOTwere conducted at 163°C
for 85min [34]. It is worth noting that three repeated tests
were carried out on each type of asphalt binder to ensure the
reliability of the results.

3.3. ZSV Test. ZSV tests were performed on Kinexus Ultra+
(Malvern Panalytical) DSR at the test temperature of 60°C.
+e sample was the rolling thin film oven test (RTFOT)
residue of asphalt binder, with the same diameter and
thickness as those of the samples in MSCR tests (25mm and
1mm). +e steady-state flow test was used to determine the
viscosity at different shear frequencies, which ranged from
10 to 0.01 rad/s. +en the zero-shear viscosity (ZSV) was
calculated by the shear rheological fitting curve. For each
type of asphalt binder, at least ten repeated tests were
conducted within each order of magnitude to ensure the
reliability. At present, the commonly used fitting models,
which were used to calculate the value of ZSV, include the
Cross/Sybilski model, Cross/Williamson model, and Car-
reau model. +e Cross/Sybilski model, Cross/Williamson
model, and Carreau model were expressed as follows:

η
η0

�
1

1 +(Kω)
m, (1)

η − η∞
η0 − η∞

�
1

1 +(Kω)
m, (2)

Table 1: +e basic physical properties of six asphalt binders.

Asphalt binders Penetration (25°C, 100 g, 5 g),
0.1mm

Penetration index n/
a

Softening point,
°C

Ductility (5/15°C),
cm

Viscosity
(60°C), Pa·s

Unmodified
PEN20 23 0.81 64.2 10/62 3315.2
PEN50 54 0.29 52.4 1/87 393.8
PEN90 91 − 0.94 47.7 0.5/˃100 198

Modified
SBS I-C 74 0.03 66.0 56/˃100 27360
SBS I-D 57 − 0.05 66.9 26/˃100 49755
TPS 69 0.89 80.7 38/˃100 82459

Note that the date of ductility before “/” was tested at 5°C, and date of ductility after “/” was tested at 15°C.

Table 2: Gradation of aggregate for AC-13.

Sieve size, mm 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Selected (%) 97 82 47 31 21.5 15 11 8 6
Upper (%) 100 85 68 50 38 28 20 15 8
Lower (%) 90 68 38 24 15 10 7 5 4
Intermediate (%) 95 76.5 53 37 26.5 19 13.5 10 6
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η − η∞
η0 − η∞

�
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1 +(Kω)
2

 
(m/2)

. (3)

Equation (1) was for the Cross/Sybilski model, equation
(2) was for the Cross/Williamson model, and equation (3)
was for the Carreau model. η was the complex viscosity of
the asphalt sample, η0 was the ZSV of the asphalt sample,
and η∞ was the complex viscosity when the shear frequency
is infinite. Note that the value of η∞ cannot be directly
obtained from the tests and was replaced with the complex
viscosity at 10 rad/s. K and m are the property coefficients of
the asphalt sample.

+e accelerated loading facility test in the United States
showed that the Carreau model was more suitable than the
Cross/Williamson model for calculating the value of ZSV. In
this paper, the three models were all adopted and compared
to characterize rutting resistance of the asphalt sample
better.

3.4. Rutting Test. In order to evaluate the high-temperature
performance of the asphalt mixtures, the rutting test adopted
in this paper was carried out in accordance with the method
specified in the Chinese standard of JTG E20-2011 [35]. +e
test pieces of asphalt mixture should have the size of
300 × 300 × 50(L × b × h)mm3. +e rutting formed on the
test piece surface under the repeated passing action of the
wheel along the same trajectory at a frequency of 42± 1
cycles/min. +e dynamic stability (DS) of the test piece was
calculated, as shown in the following equation:

DS �
t2 − t1(  × N

d2 − d1
, (4)

where d1 and d2were the rutting depths at t1 (45min) and t2
(60min), respectively. N was the frequency of the wheel
passing through the test pieces. +e antirutting property of
asphalt mixture was evaluated by the dynamic stability. It is
worth noting that three repeated tests were carried out on
each type of asphalt binder to ensure the reliability of the
results.

3.5. GRAMethod. Gray relational analysis (GRA) method is
a mathematical analysis method to measure the relationship

between the factors and the system behaviors based on the
finite and irregular data [36, 37]. In the principle of GRA, the
relation among the data array curves is usually judged based
on the similarity among geometric shapes. +e gray rela-
tional coefficient can be calculated quantitatively by the
normalization and comparison of the data arrays. +e gray
relational degree is subsequently calculated by taking the
arithmetic average of the gray relational coefficients at
different time point. A larger relational degree means a
higher similarity among the data.

+e detailed calculating methods of the gray relational
coefficient and gray relational degree are as follows.

Suppose that there was a matrix, composed of a series of
data arrays:

X
(0)
0 (r) , r � 1, 2 , 3, . . . , n,

X
(0)
1 (r) , r � 1, 2, 3, . . . , n,

X
(0)
2 (r) , r � 1, 2, 3, . . . , n,

. . .

X
(0)
k (r) , r � 1, 2, 3, . . . , n.

(5)

X was the gray relational factor set, and the k arrays were
k factors. n was the dimension of different k factors, which
was the same value in this paper. X(0)

0 was the main array (or
the reference array) and X(0)

m (m � 1, 2, 3, . . . , k) were the
subarrays (or the comparison arrays).

As different values in the matrix have a great difference,
the normalization of the arrays is necessary for comparing
different factors directly and eliminating the dimension
divergence. In this paper, the equalization method was
utilized for normalizing treatment. +e main array and the
subarrays were processed as follows:

X
(1)
m (r)  �

X
(0)
m (r) 

Xm

, (6)

Xm �
1

Nm



Nm

r�1
X

(0)
m (r)

⎧⎨

⎩

⎫⎬

⎭. (7)

X(1)
m (m � 0, 1, 2, 3, . . . , k) were the normalized arrays

and Xm was the arithmetic average value of the original
arrays.

Table 3: Testing data of the asphalt mixture Marshall specimen.

Asphalt binders Asphalt-aggregate ratio Apparent density +eoretical maximum density VV VMA VFA
% g/cm3 g/cm3 % % %

Unmodified
PEN20 4.8 2.431 2.542 4.35 14.28 69.5
PEN50 4.6 2.433 2.547 4.42 14.21 68.7
PEN90 4.6 2.437 2.553 4.55 14.11 67.8

Modified
SBS I-C 4.9 2.414 2.522 4.30 14.83 71
SBS I-D 4.9 2.419 2.528 4.33 14.66 70.5
TPS 5.1 2.409 2.516 4.25 14.97 71.6
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+e gray relational coefficient (cm(r)) between X
(0)
0 and

X(0)
m was expressed as follows:

cm(r) �
min(m)min(r) X

(1)
0 (r) − X

(1)
m (r)



 + ξmax(m)max(r) X
(1)
0 (r) − X

(1)
m (r)





X
(1)
0 (r) − X

(1)
m (r)



 + ξmax(m)max(r) X
(1)
0 (r) − X

(1)
m (r)




. (8)

+e gray relational degree (Γm) indicated the relational
degree between the main array and the subarrays, which was
calculated as follows:

Γm � 
n

r�1
βrcm(r), (9)

and ξ was the distinguishing coefficient, which was 0.2 in this
paper [31], according to the previous research. βr was the
weighting of gray relational coefficient.

Gray relational entropy is a kind of gray entropy to
characterize the distances between the points and each
reference point. +e density value of distribution of the
subarrays (Pm) was calculated as follows:

Rm � cm(r) , r � 1, 2, 3, . . . , n; m � 0, 1, 2, 3, . . . , k,

(10)

Pm ≜
cm(r)


n
r�1 cm(r)

, m � 0, 1, 2, 3, . . . , k, (11)

H Rm(  ≜ 
n

r�1
PmInPm, m � 0, 1, 2, 3, . . . , k. (12)

Rm is a matrix composed of the gray relational coefficient
(cm(r)). +e gray relational entropy of the sequence Xm was
introduced as follows:

+e entropy relational degree E(Xm) of the sequence
Xm was calculated as follows:

E Xm(  ≜
H Rm( 

Hm

, (13)

where Hm was the maximum value of the gray relational
entropy.

+e entropy relational degree was used to characterize
the correlation between the subarrays and the main arrays.
+e larger the gray relational degree of the sequence Xm was,
the closer the geometry of the sequence Xm to that of the
reference sequence would be. +erefore, using the GRA
model, the degree of correlation between the high-tem-
perature performance of asphalt binders and the dynamic
stability of the mixtures was determined.

When studying the relationship between the asphalt and
mixture, the steps used to calculate the gray correlation
degree and the entropy relational degree are listed as follows.
Firstly, the test results of asphalt binders, including the
penetration, softening point, viscosity, rutting factor,
modified rutting factor, percent recovery, nonrecoverable

creep compliance, and zero-shear viscosity, were the sub-
arrays. +e DS of asphalt mixtures was the main array.+en,
the main array and subarrays were both normalized. Finally,
the gray relational coefficients and gray relational degree
could be calculated according to equations (8)∼(13).

4. Results and Discussion

4.1. High-Temperature Rheological Properties of Asphalt

4.1.1. DSR Test Results. +e high-temperature rheological
properties of six asphalt binders including the complex
modulus G∗, the phase angle δ, and the rutting indicator
(G∗/sin δ) are shown in Figure 1, respectively. +e high-
temperature grades of the polymer-modified asphalt were
82, 70, 64, 76, 82, and 82°C for PEN20, PEN50, PEN90, SBS
I-C, SBS I-C, and TPS-modified asphalt. It was found that
the phase angle curves had different forms in Figure 1(b),
which was related to whether the modifiers were added and
the properties of various modifiers. For the unmodified
asphalt, the phase angle curves both rose with the increasing
of the temperature. Meanwhile, for the modified asphalt, the
trend of rising had slowed down, and there was a certain
degree of decline in the temperature range of 76–88°C. +e
phase angle was an important feature to characterize the
viscosity change of asphalt under the external shear force,
which reflected that the addition of SBS and TPS was
beneficial for the asphalt to maintain a relatively good shear
strain recovery ability at higher temperatures. Among them,
TPS-modified asphalt was the preferred except in the
temperature range of 82–88°C, at which SBS I-D-modified
asphalt had the smaller phase angle.

Besides, as shown in Figures 1(a) and 1(c), the complex
modulus G∗ and the rutting indicator (G∗/sin δ) value of
low-grade asphalt PEN20 were significantly larger than the
other five kinds of asphalt in the interval of 64–82°C. When
the temperature was higher than 82°C, the rutting indicator
(G∗/sin δ) of TPS-modified asphalt was the best, while the
high-temperature performances of PEN90 and PEN50 as-
phalt were always weak. +e rheological properties of the six
kinds of asphalt at the PG grade temperatures were sum-
marized in Figure 1(d). It can be observed that the SBS I-D
presented the lowest complex modulus G∗ and rutting in-
dicator (G∗/sin δ), and PEN20 had the largest phase angle δ.
Since the difference between the SBS I-D and TPS-modified
asphalt was less than 20%, TPS had similar high-temperature
responses to SBS, and it could be considered for replacing
the traditional SBS with proper regard to the high-tem-
perature performances.
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4.1.2. MSCR Test Results. +e MSCR test results of the six
asphalt binders at different temperature are shown in Fig-
ure 2. +ese results indicated the significant viscoelastic-
plastic properties of the asphalt. Figure 2(a) illustrates the
nonrecoverable deformation compliance Jnr of the six as-
phalt binders at 3.2 kPa. It could be found that the non-
recoverable deformation compliance Jnr values all had an
exponential relationship with the temperature, indicating
that the high-temperature stability of asphalt would be
significantly weakened as the temperature increased. +e
difference in Jnr between two stress levels (0.1 kPa and
3.2 kPa) was an important indicator to evaluate the high-
temperature performance related to the external stress re-
sponse. +e larger Jnr diff value indicated the greater stress
sensitivity of the resistance to cumulative deformation. As

shown in Figure 2(b), TPS-modified asphalt showed the
greatest stress sensitivity, followed by SBS I-D-modified
asphalt. It was concluded that the modified asphalt had
greater stress sensitivity of the resistance to cumulative
deformation than the base asphalt.

Figure 2(c) shows the creep and recovery rate of the
asphalt at 3.2 kPa. +e curves had different forms, which
were automatically divided into two shapes according to
whether the modifiers were added. Under the creep load
condition, the PEN90 asphalt had a significant degree of
deformation and a low deformation recovery rate, which
indicated that the PEN90 asphalt performed soft viscosities
compared with the other types of asphalt. Note that the R3.2
value of the PEN90 asphalt was lower than zero, indicating
that the destruction of the structure made the asphalt
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Figure 1: High-temperature rheological properties of six asphalt binders: (a) complex modulus, (b) phase angles, (c) rutting indicator, and
(d) rheological parameters at the PG grade temperatures.
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completely lose its elasticity and become a fluid. Figure 2(d)
shows the change in the stress sensitivity index Rdiff of the
asphalt with temperature. +e large Rdiff value indicated the
recovery capability of asphalt was sensitive to the applied
stress. It was reconfirmed that the six asphalt binders all
exhibited greater sensitivity to the stress at the high tem-
perature, as shown in Figure 2(b). Generally speaking, the
TPS-modified asphalt performed best in the MSCR test,
followed by the SBS I-D-modified asphalt, because they had
the least deformation and the most substantial deformation
recovery ability. It is worth noting that the low-grade PEN20
asphalt also had the low deformation, while its deformation
recovery ability was poor.

4.1.3. ZSV Test Results. +eZSV test results of the six asphalt
binders at 60°C are shown in Figure 3 as well as the complex
viscosity η-frequency ω curves, the fitted K, m, and ZSV
values using the Cross/Sybilski model, Cross/Williamson
model, and Carreau model.

As shown in Figure 3, there were substantial differences
in K, m, and ZSV values between different kinds of asphalt
using three different models, especially the base asphalt and
modified asphalt. In order to present the data more clearly
and in detail, the standard deviation σ for data is shown in
Table 4.

It has been proved that the parametermmainly reflected
the sensitivity of the asphalt to shear stress, and the closer the
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Figure 2: Multiple stress creep recovery (MSCR) test results of six asphalt binders.
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K and m values were to zero, the closer the property of the
material was to Newtonian fluid based on the Cross/Sybilski
model [38].+us, the largem value indicated that the asphalt
was sensitive to the shear frequency. As shown in
Figure 3(b), the K value of SBS I-D-modified asphalt was the
highest, which reflected that the SBS I-D-modified asphalt
was more similar to the non-Newtonian fluid. +us, it was
necessary to adopt ZSV value to analyze the high-temper-
ature performance.

Based on the fitted m value from Cross/Williamson
model in Figure 3(c), the viscosity values of the modified
asphalt were more sensitive to the shearing frequency than
those of the base asphalt. +e TPS-modified asphalt had the
most considerable m value, indicating that the viscosity test
result was most affected by the shear frequency. In the results
of the SBS-modified asphalt, it was found that the fitted m

from the Cross/Sybilski model were negative values, which
may be caused by the small range of the selected shear
frequency in this study. As shown in in Figure 3(d), the ZSV
value obtained by the Cross/Sybilski model fluctuated
greatly between different types of asphalt; in particular, the
standard errors of ZSV of the base asphalt binders were
large. In order to distinguish the high-temperature perfor-
mance of different asphalt by using ZSV test, it is necessary
to perform relational analysis with the calculation results
through three different calculation models.

In addition, it could be concluded that the SBS I-D-
modified asphalt performed best to resist high-tempera-
ture deformations, followed by the SBS I-C-modified
asphalt, due to the large and harmonious ZSV value in
three different models. +e ZSV of the PEN90 asphalt was
significantly less than the other five types of asphalt, which
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Figure 3: Zero-shear viscosity (ZSV) test results of six asphalt binders.
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was similar to the MSCR and DSR test results. +us, the
PEN90 asphalt performance was significantly soft-
viscoelastic.

In summary, for the SBS-modified asphalt with high
viscosity, the high-temperature performance could be well
characterized by using three ZSV models, of which the
results coincided with each other. Meanwhile, for the asphalt
with low viscosity but large complex modulus G∗ (such as
the low-grade PEN20 asphalt) and the asphalt with especially
high viscosity (such as TPS-modified asphalt), the ZSV value
by one ZSV model did not reflect their low stress sensitivity
and good rutting resistance. +is result was consistent with
the results of previous studies [16].

4.2. High-Temperature Properties of Asphalt Mixtures. As
shown in Table 5, the dynamic stability (DS) of the TPS-
modified asphalt mixture was 9965 times/mm, while the DS
of SBS I-D, PEN20, SBS I-C, PEN50, and PEN90 asphalt
mixture were 8150, 5415, 4603, 1986, and 580 times/mm,
respectively. +e DS results concluded that the TPS-modi-
fied asphalt mixture performed best for resisting the rutting
deformations.

4.3. GRA for the Technical Indexes. In order to compre-
hensively analyze the high-temperature performance of the
asphalt and its mixtures, the high-temperature performance
technical indexes were normalized based on the maximum
test values of the different series, as shown in equation (14).
It is worth noting that the DSR and MSCR data were all at
the temperature of 64°C. Aiming to ensure the reliability of
the conclusions, DSR data were also obtained from the
RTFOT residue of asphalt binders to study the correlation
between rutting factor and dynamic stability under different
experimental conditions.

Normalizedxi(k) �
xi(k)

xmax(k)
, (14)

where x was the technical index, such as softening point,
viscosity, rutting indicator, R, and ZSV. k was the type of the
asphalt binders, which includes the unmodified asphalt and
modified asphalt.

As shown in Figure 4, the normalized high-temperature
performance technical indexes of the asphalt were drawn in
hexagonal envelope diagram. +e asphalt with the largest
hexagonal envelope area should have the best high-tem-
perature overall performance. +us, the high-temperature
performance ranking of the asphalt was TPS-modified as-
phalt, followed by SBS I-D, SBS I-C, PEN20, PEN50, and
PEN90. +e presented analysis results had a good match
with the viscosity at 60°C and the Carreau modeled ZSV test,
while they were different from the traditional DSR and
MSCR results. In general, the modified asphalt performed
better than the unmodified asphalt according to the high-
temperature rheological properties tests. Despite the ex-
cellent performance in some test results, such as the low
deformation in MSCR, the hexagonal envelope area analysis
showed that the PEN20 asphalt presented the unbalanced
high-temperature performance.

Besides, in the previous research, dynamic stability (DS)
was a useful indicator to characterize the high-temperature

Table 5: Rutting testing data of six asphalt mixtures.

Parameters
Unmodified Modified

PEN20 PEN50 PEN90 SBS I-
C

SBS I-
D TPS

DS, times/
mm 5415 1986 580 4603 8150 9965

σ, times/mm 601.1 186.7 45.8 580 1352.9 1135.3
σ denotes the standard deviation.

Table 4: Fitting K, m, and ZSV values in three ZSV models.

Asphalt binders K σK m σm ZSV (kPa·s) σZSV (kPa·s)

PEN20
Sybilski 5.06×10− 4 2.33×10− 12 4.86 4.54 1.71 80.4

Williamson 2.21× 10− 6 7.97×10− 10 0.08 0.06 13483.06 4521.4
Carreau 392.95 297.34 6.04×10− 4 2.07×10− 3 6694.85 424.38

PEN50
Sybilski 1.56×10− 3 4.67 3.83 1.11 1.56 46.74

Williamson 1.45×10− 6 5.35×10− 9 0.07 0.06 8106.44 3400.58
Carreau 753.61 195.47 7.83×10− 4 2×10− 3 3926.12 812.54

PEN90
Sybilski 3.3×10− 3 3.89×10− 2 9.29 2.93 2.08 10.24

Williamson 8.62×10− 9 1.41× 10− 11 0.34 0.25 630.81 36.71
Carreau 11.63 8.16 1.44×10− 4 8.29×10− 3 599.17 8.32

SBS I-C
Sybilski 12435.68 0 − 5147.37 0 5622.27 704.7

Williamson 4.64 0.25 1.51 0.12 10841.59 183.54
Carreau 8.78 0.91 0.88 0.05 10718.52 108.85

SBS I-D
Sybilski 18747.94 0 − 3965.67 0 8845.34 1155.74

Williamson 3.59 0.18 1.98 0.18 16295.35 253.91
Carreau 4.62 0.73 1.39 0.14 16365.79 220.56

TPS
Sybilski 0.02 0 26.44 0 17.46 2.92

Williamson 5.45 0.43 2.12 0.31 25233.52 729.53
Carreau 6.28 1.71 1.63 0.28 25453.75 670.56
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Table 6: Data preprocessing for GRA.

Parameters Xm

Unmodified Modified
PEN20 PEN50 PEN90 SBS I-C SBS I-D TPS

Original sequence
DS (times/mm) X

(0)
0 5415 1986 580 4603 8150 9965

Penetration (25°C) (0.1mm) X
(0)
1 23 54 91 74 57 69

Softening point (°C) X
(0)
2 64.2 52.4 47.7 66 66.9 80.7

Viscosity (60°C) (Pa·s) X
(0)
3 3315 394 198 27360 49755 82459

(G∗/sin δ) (64°C) (OB) X
(0)
4 15.11 5.09 1.09 3.20 4.40 4.63

(G∗/1 − (sin δ · tan δ)− 1) (64°C) (OB) X
(0)
5 18.94 5.75 1.21 5.95 9.4 10.30

Jnr3.2 (kPa− 1) (64°C) X
(0)
6 0.2391 1.3976 3.43 0.3328 0.1369 0.0473

Jnr0.1 (kPa− 1) (64°C) X
(0)
7 0.2009 1.0635 2.175 0.0389 0.0297 0.0046

R3.2 (%) (64°C) X
(0)
8 23.6 12.6 1.5 91.3 88.4 96.7

R0.1 (%) (64°C) X
(0)
9 32.3 25.7 20.8 94.3 97.3 99.6

ZSV-Sybilski (Pa·s) X
(0)
10 1.71 1.56 2.08 5622.27 8845.34 17.46

ZSV-Williamson (Pa·s) X
(0)
11 13483.1 8106.44 630.81 10841.6 16295.4 25233.5

ZSV-Carreau (Pa·s) X
(0)
12 6694.85 3926.12 599.17 10718.5 16365.8 25453.8

(G∗/sin δ) (64°C) (RTFOT) X
(0)
13 27.59 8.81 1.98 5.20 6.85 5.87

Normalized sequence
DS (times/mm) X

(1)
0 1.06 0.39 0.11 0.90 1.59 1.95

Penetration (25°C) (0.1mm) X
(1)
1 0.38 0.88 1.48 1.21 0.93 1.13

Softening point (°C) X
(1)
2 1.02 0.83 0.76 1.05 1.06 1.28

Viscosity (60°C) (Pa·s) X
(1)
3 0.12 0.01 0.01 1.00 1.83 3.03

(G∗/sin δ) (64°C) X
(1)
4 2.71 0.91 0.20 0.57 0.79 0.83

(G∗/1 − (sin δ · tan δ)− 1) (64°C) X
(1)
5 2.20 0.67 0.14 0.69 1.10 1.20

Jnr3.2 (kPa− 1) (64°C) X
(1)
6 0.26 1.50 3.69 0.36 0.15 0.05

Jnr0.1 (kPa− 1) (64°C) X
(1)
7 0.34 1.82 3.72 0.07 0.05 0.01

R3.2 (%) (64°C) X
(1)
8 0.45 0.24 0.03 1.74 1.69 1.85

R0.1 (%) (64°C) X
(1)
9 0.52 0.42 0.34 1.53 1.58 1.62

ZSV-Sybilski (Pa·s) X
(1)
10 0.00 0.00 0.00 2.33 3.66 0.01

ZSV-Williamson (Pa·s) X
(1)
11 1.08 0.65 0.05 0.87 1.31 2.03

ZSV-Carreau (Pa·s) X
(1)
12 0.63 0.37 0.06 1.01 1.54 2.40

(G∗/sin δ) (64°C) (RTFOT) X
(1)
13 2.94 0.94 0.21 0.55 0.73 0.63

0
0.2
0.4
0.6
0.8

1
Softening point
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Figure 4: High-temperature performance distributions of six asphalt binders in hexagonal envelope diagram.
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performance of asphalt mixtures [39–41]. +e DS ranking of
the asphalt mixtures was TPS-modified asphalt, followed by
SBS I-D, PEN20, SBS I-C, PEN50, and PEN90, which was
also different from the result by the envelope area analysis.

In order to create the relationship between the perfor-
mance evaluation indexes of the asphalt and the perfor-
mance of the asphalt mixture, GRA was adopted and the
results of different asphalt binders and asphalt mixtures were
defined as X(0)

m (where m � 0, 1, 2, . . . , 13) and listed in
Table 6. +e DS of the asphalt mixture were selected for the
main arrays, while the high-temperature performance in-
dexes of asphalt were taken as the subarrays. In this section,
the normalized results were calculated based on equations
(6) and (7), as shown in Table 6.

In order to further analyze whether the rutting indicator
(G∗/sin δ) was the suitable candidate for the high-temper-
ature performance evaluation of the asphalt, both the unaged
samples (marked as OB) and RTFOTaged samples (marked
as RTFOT) were analyzed in this part. In addition, the
modified rutting indicator (G∗/1 − (sin δ · tan δ)− 1) was
also introduced. +e absolute difference between the two
sequences was calculated, and then the gray relational co-
efficients and gray relational degree were calculated, based
on equations (8) and (9). +e detailed results are shown in
Table 7.

+e gray entropy relational degree was calculated by
using equations (10)∼(13). Figure 5 shows the gray rela-
tional degree and entropy relational degree between asphalt
binder indexes and dynamic stability of the corresponding
asphalt mixtures. +e gray relational degree was to take the
arithmetic average of the gray relational coefficients of each
type of asphalt, which would cause the loss of the tendency
information of each local point. But the entropy relational
degree could effectively evaluate the correlation on the
entire sequence correlation degree rather than the influence
of the single-point correlation coefficient. According to the
entropy relational criterion, the larger the gray relational
degree and entropy relational degree values of the high-
temperature performance indexes were, the stronger the
correlation between the high-temperature performance of
the asphalt binder and the dynamic stability of asphalt

mixtures would be. For the gray relational degree,
Γ11 >Γ12 >Γ9 >Γ8 >Γ2 >Γ3 >Γ5 >Γ4 >Γ13 >Γ1 >Γ10 >Γ6 >Γ7,
while, for the entropy relational degree,
E(X11)>E(X12)>E(X1)>E(X9)>E(X2)>E(X8)>E (X5)

>E(X3)>E(X7)>E(X4)>E(X6)>E(X13)>E(X10). Al-
though the two indicators were arranged in different rank
order, the X11 sequence, representing the Cross/Wil-
liamson modeled ZSV value, was the most relevant to the
main array. Since the DS value would well reflect the high-
temperature performance of the asphalt mixture, the ZSV
test results fitted by the Cross/Williamson model had the
highest correlation with the DS and would best characterize
the high-temperature performance. +e Cross/Williamson
model was the most suitable for calculating and fitting the
ZSV. Besides, it was found that the rutting indicator
(G∗/sinδ) of the unaged asphalt (named X4) and the
RTFOT asphalt (named X13) had a similar trend, since the
values of the gray relational degree were close. +e results
indicated that the correlation between the rutting indicator
(G∗/sinδ) in the asphalt’s DSR tests and the DS value of
asphalt mixture was very poor. +e present rutting indi-
cator for evaluating the asphalt mixtures’ high-temperature
performance might no longer be suitable. Although the

Table 7: Gray relational coefficients between asphalt indexes and dynamic stability.

Parameters
Unmodified Modified

Gray relational degree
PEN20 PEN50 PEN90 SBS I-C SBS I-D TPS

c1 0.52 0.61 0.35 0.72 0.53 0.48 0.53
c2 0.97 0.63 0.54 0.85 0.59 0.53 0.68
c3 0.44 0.67 0.89 0.89 0.77 0.41 0.68
c4 0.31 0.59 0.92 0.70 0.48 0.40 0.57
c5 0.39 0.73 0.98 0.79 0.60 0.50 0.67
c6 0.48 0.40 0.17 0.58 0.34 0.28 0.38
c7 0.51 0.34 0.17 0.47 0.33 0.28 0.35
c8 0.55 0.85 0.91 0.47 0.90 0.90 0.76
c9 0.59 0.98 0.78 0.54 1.00 0.70 0.77
c10 0.41 0.66 0.88 0.34 0.26 0.28 0.47
c11 0.99 0.75 0.94 0.98 0.73 0.92 0.88
c12 0.64 1.00 0.95 0.89 0.95 0.63 0.84
c13 0.28 0.58 0.90 0.69 0.46 0.36 0.55
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Figure 5: Gray relational degree and entropy relational degree
between asphalt indexes and DS.
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correlation between the modified rutting factor (named
X5) and the DS value had improved, the accuracy of its
evaluation was still lower than the MSCR and ZSV test
results. However, the conclusion should be further proved
based on more laboratory tests for the asphalt binder and
its mixture.

5. Conclusion

Aiming to evaluate the relation between the high-tem-
perature performance of the asphalt binders and their
mixture, six typically used asphalt types were employed in
this study. +e DSR, MSCR, and ZSV tests were conducted
on the asphalt binders, and the rutting tests were con-
ducted on the asphalt mixture. Besides, to analyze the gray
relational degree and entropy relational degree of the
technical index, the correlation between the asphalt
binder and the dynamic stability of the mixture was
studied through the GRA method. Results in this paper
provided a more systematic perspective for the further
study of the high-temperature performance evaluation of
asphalt binders.

Conclusions are listed as follows:

(1) In general, the modified asphalt performed better
than the unmodified asphalt according to the high-
temperature rheological properties tests. Despite the
excellent performance in some test results, such as
the lowest deformation in MSCR test, the hexagonal
envelope area analysis showed that the PEN20 as-
phalt presented the unbalanced high-temperature
performance.

(2) +e ranking of the six kinds of asphalt binders from
various tests was different.+e TPS-modified asphalt
performed best in theMSCR and ZSV tests, while the
low-grade asphalt PEN20 had the best technical
indexes in the DSR test.

(3) +e Cross/Williamson model fitted zero-shear vis-
cosity of the asphalt and the dynamic stability of the
asphalt mixture had the highest gray relational de-
gree and entropy relational degree, which indicated
that the Cross/Williamson modeled ZSV value had
the highest correlation with the DS value. +us, the
Cross/Williamson model was the most suitable for
calculating and fitting the ZSV, which could be used
as the key indicator of the high-temperature per-
formance evaluation of the asphalt.

(4) Furthermore, according to the preliminary results on
the six kinds of asphalt and its mixtures, the cor-
relation between the rutting indicator in the asphalt’s
DSR tests and the DS value of asphalt mixture was
very poor. +e present rutting indicator
(G∗/sin δ andG∗/(1 − (sin δ · tan δ)− 1)) for evalu-
ating the asphalt mixtures’ high-temperature per-
formance might no longer be suitable. However, the
conclusion should be further proved based on more
laboratory tests for the asphalt binder and its
mixture.
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In order to explore the construction performance of zeolite asphalt mixture, the microproperties of zeolite and the macroproperties of
zeolite asphalt mixture were studied. ,e structure composition, surface properties, and pore characteristics of zeolite were analyzed by
infrared spectroscopy and pressure pump method. ,e structure, composition, and thermal stability of zeolite were analyzed by
differential scanning calorimetry and thermogravimetry, the mechanism of moisture absorption and loss of water was explored, and the
properties of moisture absorption and loss of water were studied.,e effect of the type and amount of zeolite on the viscosity of asphalt
was studied by the viscosity test. According to the mixing current and the compaction void ratio, the influence of zeolite on the
construction performance of zeolite asphalt mixture was studied.,e results show that zeolite contains special zeolite water and the pore
content of zeolite is much higher than that of mineral powder. Zeolite loses water at 90°C∼120°C, which is the necessary condition for
zeolite to be used in warm mix asphalt mixture. ,e water absorption and loss capacity of zeolite mainly depend on pore volume. ,e
larger the pore volume is, the stronger the water holding capacity of zeolite is. Meanwhile, the water holding capacity and loss capacity of
zeolite are related to pore size distribution. According to the viscosity temperature equation, the mixing and compaction temperature of
the asphaltmixture are determined.,emixing and initial pressure temperature of the zeolite asphaltmixture are lower than those of the
hot asphalt mixture. Based on the principle of mixing current equivalence, the mixing temperature of zeolite asphalt mixture can be
reduced by 20°C comparedwith that of hot asphaltmixture.,e better thewater loss performance of zeolite is, the easier themixture is to
be compacted. For the base asphalt mixture, the compaction temperature of the mixture is 120–130°C, and, for the modified asphalt
mixture, the compaction temperature is 130–140°C.

1. Introduction

Under the premise of ensuring the mechanical performance
and durability, warm mix asphalt mixture can effectively
reduce the construction temperature and mixing tempera-
ture, reduce the emission of harmful gases in the con-
struction process, the energy consumption in the
construction, and reduce the aging of asphalt. ,erefore,
warm mix asphalt mixture conforms to the green traffic
concept and is widely used in road construction [1–3]. In the
aspect of construction characteristics of warm mix asphalt
mixture, Ulmgren et al. [4] suggest that the method of
evaluating the working performance of cold mix asphalt

mixture and the method of rotating compaction of mixture
should be used to evaluate the working performance of
zeolite asphalt mortar under certain temperature conditions.
,ese two methods are helpful to analyze the mixing
characteristics of warm mix asphalt mixture to some extent,
so as to distinguish the performance of mixture. Vaiana et al.
[5] evaluated the volume andmechanical properties of warm
mix asphalt mixture and discussed the influence of foaming
time (between mixing and compaction) on mixture work-
ability. Sengoz et al. [6] found that the penetration of zeolite
asphalt decreased, but the softening point increased. Kutay
and Ozturk [7] studied the dissipation process of bubble
water in zeolite asphalt system by X-ray
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microchromatography. It was found that the dissipation
speed of bubble water in hard asphalt was slower than that in
soft asphalt and the volume of bubble in different asphalt was
different. Woszuk et al. [8, 9] investigated the foam effect
through the dynamic viscosity of synthetic zeolite and cli-
noptilolite and further analyzed the relationship between the
foam effect and the physical and chemical properties of the
two kinds of zeolite. It was found that the foam effect had a
very important relationship with the water content in the
zeolite, the release mode of water with time, and the type of
exchangeable cation. Sengoz et al. [10] compared the asphalt
with natural zeolite and different types of warm mix agent
and determined the basic properties and rheological
properties of different types of warm additive asphalt
samples by conventional asphalt test method and dynamic
shear rheometer (DSR). Dubravský and Mandula [11]
studied the mixing ability of natural zeolite in the subbase
asphalt layer and studied the performance of asphalt mixture
before and after adding natural zeolite. Woszuk et al. [12]
analyzed the influence of zeolite and other fillers on the
performance of asphalt mastic and found that clinoptilolite
can partially replace the traditional lime fillers, without
negative impact on the performance of asphalt mastic.
Vaiana et al. [13] studied the volumetric and mechanical
properties of zeolite mixtures under laboratory conditions
and also studied the effect of foaming time (mixing and
compaction) on the workability of themixture. Leo et al. [14]
concluded that the asphalt mixture with synthetic zeolite can
be prepared at a temperature lower than 30°C of the mixing
and compaction temperature of the hot mixture, and,
throughMarshall test, when the zeolite content is 0.3% of the
total weight of the mixture, the characteristic value of the
asphalt mixture still meets the requirements of the use
specification. Woszuk et al. [15] studied the performance of
the water filled zeolite foam asphalt added with waste oil. It
was found that the addition of waste oil reduced the viscosity
and softening point of asphalt and increased penetration.
Handayani et al. [16] studied the performance of asphalt
mixture with natural zeolite. ,rough the Marshall test, it
was found that when the content of natural zeolite was 1%,
the mixing temperature and compaction temperature of
polymer modified asphalt mixture could be reduced by 30°C,
which was lower than the mixing temperature of zeolite-free
polymer modified asphalt mixture. Woszuk and Franus [17]
reviewed the research results of zeolite asphalt mixture
technology at home and abroad, including the influence of
zeolite on asphalt performance and mixture asphalt per-
formance, as well as the related environmental, economic,
and technical benefits. Sanchez-Alonso et al. [18] evaluated
the feasibility of preparing warm mix asphalt mixture by
adding rap based on natural zeolite through SEM, fluo-
rescence, and Marshall parameters. Sol-Sánchez[19] pre-
pared two kinds of warm mix asphalt with two different
types of zeolite waste as additives and compared with the
mechanical properties of conventional warm mix asphalt
and hot mix asphalt; it was found that the zeolite waste with
lower particle size has higher water absorption capacity and
0.3% of the content allows the production of warm mix
asphalt at 145°C and has the same workability as traditional

HMA at 165°C and compactness, without reducing its
bearing capacity, fatigue life, and water damage resistance.
de Castro Amoni et al. [20] synthesized NaA zeolite with fly
ash as the main raw material and fly ash from different
sources. ,rough dynamic shear rheometer (DSR), the
mechanical tests of tensile strength (TS), resilient modulus
(RM), dynamic creep (DC), and tensile strength (POTS) of
modified asphalt mixture showed slight positive difference.
It can be seen from the above research that zeolite, as a kind
of warm mixture, plays a significant role in reducing the
construction temperature. At present, the research on the
performance of zeolite asphalt mixture at home and abroad
mainly focuses on the construction performance verification
and road performance analysis of zeolite asphalt mixture,
while the research on the microcosmic of zeolite and zeolite
asphalt mixture is less.

,erefore, this paper starts from the microperformance
of zeolite, analyzes the structure and performance differ-
ences between zeolite and mineral powder, and then ana-
lyzes the construction performance differences between
zeolite asphalt, zeolite asphalt mixture, and hot mix asphalt
mixture.

2. Materials and Methods

2.1. Selection of Zeolite and Mineral Powder Materials.
Zeolite is a general term for a group of rack like hydrous
aluminosilicate minerals, including natural zeolite generated
in nature, as well as synthetic crystals. ,e properties of
zeolite and mineral powder used in this paper are shown in
Table 1.

2.2. Selection of AsphaltMaterials. ,e asphalt and modified
asphalt used in this study are 70# road petroleum asphalt and
SBS modified asphalt, and their performance indexes are
shown in Tables 2 and 3, respectively.

3. Results and Discussion

3.1. Microproperties of Zeolite

3.1.1. Infrared Spectrum of Zeolite. Infrared spectrum
analysis uses the structure analysis of the selective absorp-
tion of infrared electromagnetic radiation by objects. Due to
the different infrared spectra of different substances, dif-
ferent substances have their own infrared spectrum, and
different molecular groups and chemical bonds also have
their own vibration frequency, peak shape, and peak
strength. ,erefore, the identification and analysis of ma-
terial composition can be carried out by infrared spectro-
gram [21].

,e infrared spectrum data of three kinds of zeolites
were analyzed by using the infrared spectrum analysis
software OMNIC. ,e infrared spectrum of three kinds of
zeolites is shown in Figure 1.

,e absorption band of zeolite infrared spectrum is
mainly composed of four parts [22, 23]:
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(1) 3700–1600 cm−1 is the absorption band of combined
water in zeolite

(2) 1200–400 cm−1 is the framework vibration absorp-
tion band of zeolite

(3) 700–500 cm−1 is the vibration absorption band of
zeolite structure unit

(4) 500–400 cm−1 is the bending vibration band of Si-O
or Al-O

Taking 1# zeolite as an example, the hydroxyl band and
lattice water absorption peak appeared near 1636.50 cm−1

and 3455.08 cm−1, indicating the existence of water mole-
cules with different orientations and forces. ,e
1066.29 cm−1 strong absorption band is the skeleton vi-
bration of Si-O-Si, 793.52 cm−1 has the external expansion
vibration peak of tetrahedron, the absorption at 606.04 cm−1

is caused by the expansion vibration of tetrahedron internal
structure, and the absorption at 469.58 cm−1 is caused by the
bending vibration of Si-O or Al-O [24, 25].

Compared with them, the absorption peaks at
530.54 cm−1 and 647.96 cm−1 are quite different in the 2#
zeolite spectrum, which are mainly caused by the stretching
vibration of tetrahedron structure, and the absorption peaks
at 758.44 cm−1 are Si-O-Si or Al-O-Si.

,ere are some differences between 3# zeolite and
natural zeolite. ,e main reason is that there is a small peak
at 1383 cm−1 of synthetic zeolite. ,e peak of 1383 cm−1 may
be from the original materials of synthetic zeolite, or the
peak of some materials adsorbed on the surface of zeolite,
but no chemical bond is formed.

,rough the analysis of the infrared spectrum of the
above-mentioned zeolite, it can be seen that the three kinds
of zeolite have wide and strong absorption band of binding
water in the approximate vibration range of
3400−1∼3600 cm−1 and there are wave peaks near 1600 cm−1.
,ese two wave peaks indicate that there are water molecules
with different forces and orientations in the zeolite, which is
unique to the zeolite.

3.2. Pore Structure Characteristics. ,ere are a lot of pores in
zeolite, which is one of the most typical and basic physical
properties of zeolite.

In this paper, the micropore iv9500mercury porosimeter
of micromeritics company in the United States is used to
determine the pore content and pore distribution of zeolite
by continuous pressure boosting. ,e maximum pressure of
the mercury porosimeter is 228MPa, the radius of the
measurable hole is 3 nm∼360 μm, the surface tension of
mercury is 0.485 n/m, the angle of immersion is 130°, and the
density is 13.5325 g/ml.

After drying and pretreatment of zeolite samples at
105°C, mercury injection test is carried out. ,e mercury
injection curve of each zeolite is shown in Figure 2.

Figure 2 is the pore size distribution curve of zeolite. ,e
peak value of the curve represents the maximum volume
pore in zeolite and its corresponding pore size. ,e width of
the curve represents the range of pore size distribution, that
is, the dispersion degree and dispersion degree of different
pore sizes of zeolite [26–28]. ,e pore size distribution
curves of three kinds of zeolites are different; among them,
the pore size distribution area of 3# synthetic zeolites is the
smallest, and its pore size distribution is more uniform.

,e pore characteristic parameters of zeolite are ana-
lyzed. Figure 3 shows the distribution proportion of various
pores in zeolite, and Figure 4 shows the comparison of pore
parameters of zeolite.

It can be seen from Figures 3 and 4 that different zeolites
have different pore distribution. According to the pore
volume, the order is 3#> 1#> 2#>mineral powder;
according to the internal specific area, the order is
1#> 2#> 3#>mineral powder.

In general, the pore content of zeolite is much higher
than that of mineral powder. Among the three kinds of
zeolite, 3# synthetic zeolite has the largest pore volume and
the smallest internal specific surface area, which indicates
that the pores in synthetic zeolite are mainly macropores. In
natural zeolite, 1# in pore size distribution, pore size dis-
tribution is more uniform.

3.3. Moisture Absorption and Water Loss Characteristics of
Zeolite

3.3.1..ermal Analysis of Zeolite. ,e physical and chemical
properties of zeolite are heat-related. According to the in-
frared spectrum analysis of zeolite, it is found that there is
crystal water in the zeolite. ,erefore, the thermal analysis of
zeolite is carried out in this section.

(1) DSC Analysis. DSC analysis is differential scanning
calorimetry. By measuring the heat difference between the
sample and the reference at the same temperature at the
same heating or cooling rate, the DSC curve with the
temperature as the abscissa and the heat difference as the
ordinate is obtained. ,e heat flow difference can reflect the
enthalpy change of the sample with the temperature change
[29, 30].

Mettler Toledo heat flow DSC analyzer was used to
analyze zeolite, and the heat curve of zeolite was shown in
Figure 5.

In DSC diagram, the melting of crystalline components
and the change of phase state of amorphous components will
produce endothermic peak.,e size and position of the peak
can reflect the phase state change of different components.
,e area surrounded by endothermic peak is large, which
shows that there are many components changed and the
stability is poor in macroscopic observation. From the DSC
curve of Figure 5 zeolite, the curve is relatively flat, indicating
that the overall thermal stability of zeolite is good. However,

Table 1: Apparent density of zeolites and mineral filler.

Sample Apparent density (g/cm3)
1# natural zeolite 2.145
2# natural zeolite 2.623
3# synthetic zeolite 2.297
4# limestone powder 2.811
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with the increase of temperature, there is an endothermic
peak on the DSC curve of zeolite, which indicates that the
phase state changes. ,e positions of the endothermic peaks
of the three kinds of zeolites are different, and the tem-
peratures of phase transformation are different. ,e DSC
data are summarized in Table 4.

In Table 4, the water loss starting point of 2# zeolite is
higher; the zeolite loses water at a higher temperature
(120°C) or above, while the other two kinds of zeolite ba-
sically begin to lose water at 90°C.,is is because the density
of zeolites 1# and 3# is close to and less than that of zeolite 2#;
this shows that the volume number of 1# and 3# is more than
that of 2# under the same conditions, and, according to the
analysis of pore characteristics of zeolites, the median pore

sizes are 3#> 1#> 2#. ,e results show that, under the same
conditions, the number of mesoporous pores of zeolite 2# is
less than that of zeolites 1# and 3#. ,e more the pores are,
the more favourable the phase change of zeolite water is.
,erefore, the phase change temperature of zeolite 2# is
required to be higher than that of zeolites 1# and 3#, and the
phase change temperature of 1# and 3# is close since the
density of 1# and 3# is almost equal.

(2) .ermogravimetric Analysis. ,ermogravimetric analysis
(TGA) is to analyze the thermal stability of materials by
measuring the change of the mass of objects with the
temperature. Its basic principle is that the mass changes
when the objects vaporize, decompose, or lose the crystal

Table 2: Properties of AH-70 asphalt.

Project Unit Technical requirements Test results Test method
Penetration (25°C) 0.1mm 60∼80 71.9 T0604
Ductility (10°C) cm ≥20 23.4 T0605
Softening point (R&B) °C ≥46 47.0 T0606

Table 3: Properties of modified asphalt.

Project Unit Technical requirements Test results Test method
Penetration (25°C) 0.1mm 60∼80 63.6 T0604
Ductility (10°C) cm ≥30 37.7 T0605
Softening point (R&B) °C ≥70 72.2 T0606
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Figure 1: Spectra of zeolites. (a) 1# zeolite. (b) 2# zeolite. (c) 3# zeolite.
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water. ,rough the mass temperature curve (TGA curve),
quantitative information such as the composition and
thermal stability of materials can be analyzed [31, 32].

,e thermogravimetric analysis of zeolite was carried out
on the star system thermogravimetric analyzer. ,e test
temperature range is 30–800°C, and the thermogravimetric
curve of zeolite is shown in Figure 6.

Zeolite is used in asphalt mixture, and its working
temperature is lower than 200°C. ,erefore, when analyzing
its heat and weight loss, it focuses on analyzing the quality
change within the temperature range of 30–200°C, as shown
in Table 5.

From the TGA curves of the three types of zeolites in
Figure 6, it can be seen that the decomposition temperature

and the heat weight loss of zeolites are different. ,e heat
weight loss curves of 1# and 3# zeolites are steeper, while the
curves of 2# zeolites are relatively flat, indicating that the
water loss rate of zeolites is different. 2# zeolite loses water at
70°C and 120–160°C; the rate of water loss is slow, while the
decomposition temperature of 3# zeolite and 1# zeolite is
low, which is basically consistent with DSC test results. In
terms of heat and weight loss, the mass loss of 3# zeolite is
the most, and that of 2# zeolite is the least; that is to say, the
water loss of 3# zeolite is the most, while that of 2# zeolite is
the least.

,rough the above analysis, it is found that the zeolite
will show endothermic peak with the rise of temperature,
which indicates that there is a phase transformation process
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Figure 2: Pore distribution of zeolites and mineral filler. (a) 1# zeolite. (b) 2# zeolite. (c) 3# zeolite. (d) 4# mineral filler.
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Figure 3: Pore distribution of zeolites.
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of water in the zeolite and the thermal stability of different
zeolites is different. As temperature mixing additives, these
kinds of zeolites can start to absorb heat and lose water in the
temperature range of 90∼120°C. ,e gasification of zeolite
water in this temperature range is consistent with the
working temperature range of asphalt in the construction
process, which can affect the flow characteristics of asphalt
and meet the requirements of asphalt mixture for temper-
ature mixing additives.

3.3.2. Water Absorption of Zeolite. In the framework
structure of zeolite, there are two forms of water, adsorbed
water and free water, which are called zeolite crystal water or
zeolite water. Under the condition of natural storage, the
natural water content of different zeolites is different, and
the zeolites water in the pores of zeolites skeleton is in a
relatively stable state.,is relative balance will change due to
the change of temperature and humidity conditions. In
order to understand the water content and the amount of
water loss during heating of zeolite under natural storage
conditions, this paper analyzes the water loss rate of different
zeolites under different heating temperatures.

When determining the heating temperature, the pro-
duction and construction of asphalt mixture are mainly
considered. ,e different temperatures are encountered by
zeolite in different processes, such as those under 105°C; the
free water in zeolite is separated out, which is also the
commonly used temperature for measuring the moisture

content of mineral materials. 120–140°C is the heating
temperature of asphalt, 120–160°C is the mixing temperature
of asphalt mixture, and the mixing temperature of modified
SMA asphalt mixture can reach 180°C. In the above tem-
perature range, the water of different properties in zeolite
overlaps and loses, which continuously makes the asphalt
mixture microfoaming in the process of heating, mixing,
storage, and construction. In this way, the mixture has good
workability in the above construction processes. Figure 7
shows the comparison of water loss rate between zeolite and
mineral powder.

It can be seen from Figure 7 that the water loss rate of
zeolite at different temperatures is much higher than that of
limestone powder, indicating that the water content of ze-
olite is much higher than that of limestone powder. ,e
water loss rate of different zeolites is very different, the
highest is 3# synthetic zeolites, and the lowest is 2# synthetic
zeolites. ,e water content of zeolites mainly depends on the
composition of zeolites, diagenesis process, and storage
conditions.

Under heating conditions, zeolite water with different
properties escapes from different heating temperatures. Free
water and capillary water are mainly lost at 105°C, capillary
water and adsorbed water are mainly lost between
100–200°C, and adsorbed water is lost at 300–400°C [33]. In
asphalt mixture, the state change of zeolite water under
200°C is studied. For mineral materials, the water loss rate
under certain conditions can reflect their water content and
properties, and the water loss rate of zeolite under specific
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Figure 4: Pore parameters of zeolites and mineral filler. (a) Pore volume. (b) Internal surface area. (c) Median pore diameter. (d) Average
pore diameter.
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temperature can reflect their water holding capacity. It can
be found that, with the increase of temperature, the water
loss rate of zeolite gradually increases, but the growth range
is different. ,e water loss rate of limestone powder is ba-
sically kept at 105°C, which indicates that the water in
limestone powder is completely separated out at 105°C and
the water is mainly free water. ,e water loss rate of 2#
zeolite did not increase obviously with the increase of
temperature. However, for 1# and 3# zeolites, they show
different water loss properties. With the increase of tem-
perature, the water loss rate increases to a certain extent, and
the water loss rate continues to increase with the increase of
temperature, which can better realize the continuous water
loss and foaming in the hot asphalt.

,rough the analysis of the water loss rate of zeolite, the
water loss track of zeolite can be described, thus reflecting
the water holding capacity of zeolite and the nature of zeolite
water.,e water holding capacity of three kinds of zeolites is
in the order of 33#> 1#>> 2#>mineral powder. ,e com-
parison shows that 3# zeolite has the largest water holding

capacity and its water loss process is more balanced. With
the increase of temperature, the water in it gradually
volatilizes.

Zeolite water exists in the pores of zeolite, and the pore
structure has a certain impact on the water release of zeolite.
Figure 8 shows the relationship between the water loss rate of
zeolite and pore volume. From the change trend of the water
loss rate of zeolite with the pore volume, the larger the pore
volume is, the greater the water loss rate of zeolite is.

3.3.3. Moisture Absorption Capacity and Water Loss
Mechanism. ,e existence of a large number of pores in
porous materials makes them have the characteristics of
water absorption. ,e pore structure and the distribution
and diffusion of water molecules in the pores determine their
water absorption and loss behavior. For zeolite, the zeolite
water in the pores can be adsorbed and discharged freely
without affecting the mineral skeleton, which is a major
feature of zeolite. ,is water absorption and loss feature is
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Figure 5: DSC curve of zeolites. (a) 1# zeolite. (b) 2# zeolite. (c) 3# zeolite. (d) Temperature comparison of zeolites.

Table 4: Summary of DSC data.

Zeolite Starting temperature (°C) Peak temperature (°C) End temperature (°C)
1# 92.19 110.00 120.46
2# 125.50 134.00 143.75
3# 90.83 112.67 120.78
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mainly due to the skeleton pore structure of zeolite. Porous
zeolites have affinity for water molecules with strong po-
larity, which makes zeolites have certain water absorption.

,e mechanism of water absorption can be analyzed by
capillary condensation principle and solid surface
adsorption.
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Figure 7: Comparison of water loss of zeolites and mineral filler.

Table 5: Summary of TG data.

Zeolite Decomposition temperature (°C) Decomposition temperature (°C) ,ermal weight (%)
1# 80 — 94.3
2# 70 120–160 95.2
3# 80 100 91.8
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Figure 6: TGA curve of zeolites. (a) No. 1 zeolite. (b) No. 2 zeolite. (c) No. 3 zeolite.
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(1) Moisture Absorption Capacity. For zeolite minerals, the
rich internal channels make the capillary phenomenon have
an important impact on the moisture absorption capacity of
zeolite. For the analysis of the moisture absorption capacity
of the internal channels of zeolite based on the capillary
condensation principle, Kelvin formula [34, 35] is used to
calculate the critical pore size of zeolite under different
temperature and humidity conditions, as shown in Table 6.

It can be seen from Table 6 that the critical pore size of
zeolite varies a little under different temperatures. However,
with the increase of humidity, the critical pore size increases
significantly. ,erefore, the critical pore size of zeolite is
mainly related to the ambient temperature and humidity.

According to the distribution characteristics of zeolite
pores, it can be analyzed that there are three situations of
water in zeolite, as shown in Figures 8(a) and 8(b), re-
spectively. When the pore size is less than or equal to the
critical pore size, the water absorption is as shown in
Figure 8(a); mainly, due to the capillary action, the adsorbed
water molecules condense in the pore wall to form zeolite
water. When the pore size is larger than the critical pore size,
the pore water absorption is as shown at C in Figure 9, and
the surface water absorption of zeolite is as shown at B.

Only micropores can adsorb pore water through cap-
illary action. Comparing the critical pore size distribution of
Table 6 with that of Figure 3, it is found that the proportion
of micropores (3–50 nm) in zeolite is below 11% and the
number and volume of pores smaller than the critical pore
size are less. It can be inferred that there is relatively less
capillary water in zeolite. When the pore size of zeolite is
larger than the critical pore size, zeolite can form pore water
or surface water through physical adsorption, so there are
relatively less capillary water, more pore water, and surface
water in zeolite, and the escape temperature of this water is
lower. It is because of the above pore characteristics and the
characteristics of adsorbed water that the evaporation and
migration of zeolite water are different from those of general
adsorbed water. ,e properties of zeolite water are between
adsorbed water and crystal water, which also explains the
reason why zeolite begins to lose water at low temperature.

(2) Water Loss Performance. Hydrous zeolite is a com-
posite medium composed of solid skeleton and fluid. Under

the high temperature conditions of asphalt mixture pro-
duction and construction, the water in hydrous zeolite
volatilizes to the outside of zeolite skeleton through the
interference of external thermal energy. In this rapid heating
process, zeolite water undergoes a complex heat transfer
process. Free water is discharged in the form of liquid water
diffusion or seepage, and combined water is discharged in
the form of evaporation [36].

In the process of heating, the evaporation of zeolite water
is first carried out on the surface of zeolite, which is similar to
the evaporation process of pure water. Due to the different
adsorption degree of zeolite water and particles, the difficulty
and ease of desorption are also different.With the increase of
temperature, the water in the capillary moves. ,e smaller
the capillary radius R is, the slower the water evaporation
rate is, and the more difficult it is for zeolite to lose water
[37–39].

Structure of zeolite is loose and the channels and cavities
are well developed, which provides a place for the existence
of zeolite water. ,e existing state of zeolite water and the
characteristics of its loss in the heating process are the
material basis for the use of zeolite in warm mix asphalt
mixture. As the water carrying medium of warmmix asphalt
mixture, the characteristics of water holding and loss of
zeolite are particularly important. Only with proper water
holding performance and continuous water loss in mixing,
compaction, and other construction processes, zeolite can
play a real role as a warm mix additive. Next, the moisture
absorption and water loss properties of zeolite are analyzed
through experiments.

3.3.4. Moisture Absorption and Water Loss Performance of
Zeolite

(1) Hygroscopic Properties of Zeolite. ,e zeolite sample is
dried at 105°C and placed in a humidity regulating box. ,e
temperature in the box is set at 20°C, and the relative hu-
midity is 60%, 70%, 80%, and 90%, respectively. ,e iso-
thermal moisture absorption capacity of the zeolite is tested
under different humidity conditions until the mass of the
sample no longer increases. At this time, the sample is

H
yg

ro
sc

op
ic

 ra
te

 (%
)

0

2

4

6

8

10

12

14

500 1000 1500 20000
Average aperture (nm)

(a)

H
yg

ro
sc

op
ic

 ra
te

 (%
)

0

2

4

6

8

10

12

14

0.2 0.4 0.6 0.8 1 1.20
Pore volume (mL/g)

(b)

Figure 8: Relationship between water loss and porosity. (a) 120°C water loss. (b) 140°C water loss.

Advances in Materials Science and Engineering 9



considered to reach the equilibrium state under the corre-
sponding humidity [40–43]. Figure 10 shows the change of
moisture absorption rate of zeolite with time, and Figure 11
shows the comparison of moisture absorption rate of zeolite
under different humidity.

According to the change curve of zeolite moisture ab-
sorption performance in Figure 10, the moisture absorption
capacity of zeolite increases gradually with the extension of
time and increases greatly before 10h. ,en, the moisture
absorption rate increases slowly and basically reaches the
relative moisture balance. In Figure 11, the hygroscopic rate
of zeolite is related to the environmental humidity. ,e
higher the environmental humidity is, the higher the hy-
groscopic rate of zeolite will be, which also verifies the
mechanism of zeolite water absorption. When the relative
saturation state is reached, the hygroscopic rate of different
zeolites is very different; the largest the 3# synthetic zeolites
are, the smallest the 2# zeolites become.

,e relationship between the hygroscopic capacity and
pore structure of zeolite is analyzed, as shown in Figure 12.

Figure 12 shows the relationship between the hygro-
scopic rate of zeolite and pore structure characteristics. It
can be found that the hygroscopic rate of zeolite increases
with the increase of pore volume. ,ere are enough pores in
zeolite to provide space for zeolite water. ,e larger the pore
volume is, the stronger the moisture absorption capacity of
zeolite is. 3# zeolite has the largest pore volume and the
largest moisture absorption rate; 2# zeolite has the smallest
pore volume and its moisture absorption rate is also small.
,erefore, from the perspective of water absorption, the pore

volume is large; that is, the pore is more conducive to zeolite
water absorption.

It is related to pore structure characteristics, as shown in
Figure 12(b); with the increase of average pore size, the water
absorption of zeolite shows an increasing trend. ,e water
absorption performance of different zeolites is also related to
the pore distribution. For natural zeolites, the larger the pore
size is, the larger the water absorption is, but the larger the
proportion of super pores is, the smaller the water ab-
sorption is, as shown in Figure 12(c). ,erefore, the pores of
zeolite are mainly macropores with the strongest water
absorption capacity. For synthetic zeolites, the pores of 3#
zeolites are mainly macropores with the largest water ab-
sorption. ,erefore, the water absorption capacity of zeolite
is related to the pore distribution, and the super pore is not
conducive to water absorption, while the middle pore and
the large pore are easier to absorb water.

(2) Water Loss Performance of Zeolite. ,e mixing and
rolling of asphalt mixture are carried out under certain high
temperature conditions. In order to study the water loss
performance of zeolite, it is necessary to simulate the water
loss track of zeolite under high temperature conditions. In
this paper, the water loss of absorbent zeolite in the tem-
perature range of 50°C∼180°C is tested to simulate the water
loss of asphalt mixture in the process of mixing and rolling,
as shown in Figures 13 and 14.

In the water loss curve of Figure 13, with the increase of
temperature, zeolite shows the characteristics of gradual
water loss. At lower temperature (lower than 70°C), the
water absorption of zeolite has little difference, and the water
loss curve is relatively flat. With the increase of temperature,
the water loss rate of zeolite increases gradually, and the
difference of water loss rate of different zeolites becomes
larger. ,e change range of water loss rate of different ze-
olites is different. Except for 3# zeolites, the water loss rate is
basically stable at 125°C∼135°C.

In Figure 14, of the three kinds of zeolites, the most water
loss rate is 3# zeolite, and the least is 2# zeolite. From the
above analysis of zeolite water loss rate, it can be seen that
the volatilization of zeolite water is a continuous process,
which is related to temperature and duration. With the
increase of temperature, zeolite water is gradually dis-
charged, which makes its foaming effect in asphalt last for a
certain period of time, thus ensuring the workability of
asphalt mixture in a certain period of time.

See Figure 15 for comparison with water absorption. It
can be seen that zeolite has the characteristics of “energy
absorption and energy loss,” with high water absorption and
water loss. 3# zeolite has the largest water loss rate, while 2#
zeolite has the smallest water loss rate. Comparing the water
loss rate of zeolite with the pore distribution characteristics
of zeolite, as shown in Figure 16(b), the water loss rate of
zeolite is related to the pore volume. ,e larger the pore
volume is, the more easily the zeolite loses water. Taking 3#
synthetic zeolite as an example, it has the largest pore volume
and relatively concentrated pore size distribution, and it has
the largest water loss rate. 2# zeolites have the smallest pore
volume and a wide range of particle size distribution.

Table 6: Critical aperture at different temperature and humidity
(nm).

Humidity (%) 0°C 20°C 30°C 40°C
20 0.74 0.67 0.64 0.62
30 1.00 0.89 0.86 0.82
40 1.31 1.17 1.13 1.08
50 1.72 1.55 1.49 1.43
60 2.36 2.11 2.03 1.94
70 3.36 3.01 2.91 2.78
80 5.37 4.82 4.65 4.44
90 11.37 10.2 9.84 9.40
95 23.36 20.9 20.22 19.30

A

B

C

Zeolite

Figure 9: Water absorption of zeolite.
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,erefore, the water loss rate of zeolite mainly depends on
water content and pore volume.

4. Effect of Zeolite on Viscosity of Asphalt

4.1. Viscosity Temperature Relationship. As a viscoelastic
material, temperature is the most important factor affecting
the viscosity of asphalt. ,e viscosity temperature rela-
tionship of asphalt reflects the degree of change of asphalt
viscosity with temperature, which is an important factor
affecting the performance and service quality of asphalt.
Under the construction temperature, asphalt should have a
smaller viscosity to facilitate the mixing and compaction of
asphalt mixture, while, under the used temperature, asphalt
should have a higher viscosity to prevent the pavement from
flowing deformation and improve its durability. For zeolite
asphalt mixture, the following focuses on the viscosity
characteristics of asphalt in the process of high temperature
construction. See Figure 16 for the influence of zeolite on the
apparent viscosity of matrix asphalt.

,e effect of zeolite on the viscosity of asphalt is mainly
at a lower temperature. From Figure 16, it can be seen that, at
100°C, the viscosity of different zeolites varies greatly, while,

at 140°C, the viscosity of zeolites asphalt varies a little. In
other words, the effect of zeolite on the viscosity of asphalt is
significant at lower temperature. Zeolite has a great influence
on the low temperature viscosity of asphalt. ,is result is
because zeolite contains zeolite water which can move freely
or enter and exit the pore channel under specific temper-
ature conditions. According to the thermal analysis of ze-
olite, zeolite begins to absorb heat and lose water in a lower
temperature range. Within this temperature range, the ze-
olite water will generate gas and then influence the viscosity
of asphalt. In order to further describe the viscosity tem-
perature relationship of zeolite asphalt, the viscosity tem-
perature equation of zeolite asphalt is established according
to Saal formula:

log η × 103  � a − b log(T + 273.13), (1)

where a and b are regression coefficients; η is viscosity of
asphalt (Pa · s); T is temperature (°C).

,e regression coefficient of viscosity temperature
equation of asphalt zeolite is determined through regression
analysis, and the mixing and compaction temperature of
each zeolite asphalt mixture are determined, as shown in
Table 7.
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From the coefficient of viscosity temperature equation in
Table 7, the influence trend and degree of zeolite on the
viscosity change of asphalt can be analyzed. Compared with
matrix asphalt, the addition of zeolite makes the b value
increase; that is, the sensitivity of asphalt viscosity to tem-
perature increases. According to the viscosity temperature
equation, the mixing and compaction temperature of the

asphalt mixture are determined. ,e mixing and initial
pressure temperature of the zeolite asphalt mixture are lower
than those of the hot asphalt mixture.

4.2. Viscosity Time Relationship. In order to analyze the
influence of zeolite hydration on the viscosity of asphalt,
three kinds of zeolites were added to the asphalt and placed
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in a 120°C incubator for curing. After curing for different
times (1 h–4 h), the viscosity of asphalt at 120°C was mea-
sured, respectively. ,e curve of the viscosity of each zeolite
with time was fitted by quadratic polynomial, as shown in
Figure 17.

From the viscosity time curve of zeolite in Figure 17, it
can be seen that, in asphalt zeolite, the viscosity of asphalt
changes with time, which is different from the viscosity
change characteristics of matrix asphalt.,e viscosity of base
asphalt is basically horizontal with the extension of curing
time; that is to say, the viscosity of asphalt is basically
constant at a certain temperature and shear rate. ,e ad-
dition of zeolite changes the viscosity of asphalt. From the
viscosity change of each zeolite asphalt, it can be seen that
the viscosity of asphalt is higher at the initial stage of adding
zeolite into asphalt. With a long period of time, the viscosity
began to decline. When the minimum value was relatively
stable, the viscosity of asphalt increased and finally tended to
be stable. According to the change characteristics of vis-
cosity, the change of viscosity of zeolite asphalt can be di-
vided into three stages: decline stage, stability stage, and
growth stage. In these three different stages, the viscosity
shows different change properties. ,e different change
characteristics of viscosity in these three stages reflect the
change process of zeolite water: volatilization stage, stability
stage, and decay stage. ,erefore, the change of asphalt

viscosity with time can reflect the volatilization process of
zeolite water on the other hand. At the initial stage of adding
zeolite into asphalt, the viscosity of asphalt is relatively large
because the zeolite water has not yet fully escaped. With the
volatilization and foaming of water, the concentration of
bubbles in asphalt increases, and the viscosity of asphalt
decreases. When zeolite water foams at a relatively uniform
rate, the viscosity of asphalt remains stable. With the con-
tinuous precipitation of zeolite water, the bubble concen-
tration in asphalt began to decrease, and the viscosity of
asphalt began to increase. Finally, when the water in the
zeolite is separated out and the pores in the zeolite absorb a
certain amount of asphalt, the viscosity of the asphalt reaches
a stable state.

In Figure 17, 2# zeolite viscosity has the smallest change
with time. ,e analysis of viscosity curve with time can
reflect the change track of zeolite water and provide basis for
determining mixing temperature and time. In order to
evaluate the effect of zeolite on the viscosity of asphalt,
considering the different materials and compositions of
zeolite, the relative index is adopted, and the viscosity
change rate when the viscosity of asphalt is the lowest and
reaches the final stable state is taken as the index to in-
vestigate the effect of zeolite on the viscosity, which is de-
fined as the viscosity change rate. When the viscosity of
asphalt reaches the final stable state, the evaporation of water
in zeolite is completed, and the viscosity is the viscosity of
zeolite particles and asphalt. Using this index to compare the
influence of zeolite on asphalt viscosity, we can eliminate the
influence of the density, particle size, and pore of zeolite
itself and only consider the influence of zeolite water es-
caping and bubbling process:

η′
η0 − ηmin

η0
× 100%, (2)

where η is the viscosity change rate (%); η0 is the viscosity of
zeolite asphalt without bubbles (Pa·s); ηmin is the minimum
viscosity of zeolite asphalt (Pa·s).

After three kinds of zeolites are added into asphalt, the
relationship between the water loss rate of zeolites and the
viscosity change rate of asphalt is analyzed, as shown in
Figure 18.
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In Figure 18, the correlation between the viscosity
change rate of asphalt and the water loss rate of zeolite is
analyzed by quadratic polynomial regression, and the cor-
relation coefficient R2 � 0.9103, which shows that the vis-
cosity change rate has a good correlation with the water loss
rate of zeolite at this temperature.

,e time when the viscosity of asphalt reaches the lowest
value after adding zeolite is taken as the effective time to
characterize the effect of zeolite on the viscosity of asphalt:

T � t0 − tmin, (3)

where T is effective time of zeolite viscosity (min); t0 is initial
time (min); tmin is minimum viscosity time (min).

,erefore, the influence degree of zeolite on asphalt
viscosity is reflected by viscosity change rate index, and the
influence time is reflected by effective action time of zeolite.

,ese two indexes can reflect the degree and time range of
asphalt viscosity change. At the same time, according to the
requirements of asphalt mixture on viscosity, the applica-
bility of zeolite as temperature mixing additive of asphalt
mixture can be analyzed.

4.3. Influence of Zeolite Varieties. Different kinds of zeolites
have different structure and material composition, and their
water content and pore characteristics are also very different.
,ese differences will have a certain impact on the viscosity of
asphalt. Add three kinds of zeolites into asphalt, respectively,
and test the viscosity of asphalt at different temperatures
(100°C, 120°C, and 140°C), as shown in Figure 19.

In Figure 19, the influence of zeolite varieties on asphalt
viscosity shows different regularity at different temperatures.
At the temperature of 100°C, except that the viscosity of
asphalt decreased with the addition of 2# zeolite, the vis-
cosity of asphalt increased with the addition of other zeolites;
that is to say, zeolite did not play a role in reducing the
viscosity of asphalt. At 140°C, the addition of zeolite makes
the viscosity of asphalt decrease in varying degrees. ,is
phenomenon can be explained as follows: zeolite water
precipitates in hot asphalt to produce microbubbles, which
makes the viscosity of asphalt decrease; on the other hand,
zeolite particles also play a role of volume enhancement,
resulting in the increase of asphalt viscosity. ,e mutual
counteraction of the two effects of viscosity reduction and
stiffening is the change of asphalt viscosity. Due to the
difference of density and moisture content of different ze-
olites, the effect of zeolites on the strength and viscosity
reduction of asphalt is different. At 140°C, a large number of
zeolite particles precipitate, so it has a strong drag reduction
effect, the viscosity reduction effect is greater than that of
zeolite particles, which shows that the viscosity of asphalt
decreases. Taking 2# zeolite as an example, the density of the
two kinds of zeolites is the largest. Under the same dosage,
the volume of the two zeolites in asphalt is smaller, the
viscosity increasing effect is weaker, and the viscosity of
asphalt is reduced.

4.4. Effect of Zeolite Dosage. ,e effect of zeolite dosage on
viscosity is shown in Figure 20. At 140°C, the viscosity of
three kinds of zeolites in asphalt is lower than that of base
asphalt. With the increase of zeolites content from 4% to 8%,
the viscosity of asphalt increases in varying degrees. At
120°C, the viscosity of asphalt increases with the increase of
zeolite content from 4% to 8%. ,e variation of asphalt
viscosity with the amount of zeolite is not significant, which
is related to the factors such as water volatilization rate,

Table 7: Coefficient of viscosity temperature equation.

Sample a b Mixing temperature (°C) Compaction temperature (°C)
Base asphalt 8.889 3.240 156.3∼162.4 144.6∼149.6
1 9.541 3.492 153.2∼158.9 142.5∼147.1
2 9.297 3.400 152.6∼158.5 141.6∼146.3
3 9.527 3.487 152.9∼158.5 142.1∼146.7
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zeolite density, and testing time. ,e interaction of these
factors makes the variation of asphalt viscosity less regular.

5. Effect of Zeolite Water on Construction
Performance of Asphalt Mixture

In this paper, the construction performance of the com-
monly used AC-20 mineral aggregate grade matching zeolite
asphalt mixture is analyzed, and the grading of the used AC-
20 mineral aggregate is shown in Table 8.

,e best ratio of oil to stone is 4.4%, the corresponding
void ratio and mineral aggregate void ratio are 4.4% and
14.0%, the corresponding powder to binder ratio is 1.3, and
the effective thickness of asphalt membrane is 9.0 um. For
the convenience of comparison, zeolite asphalt mixture

adopts the same gradation and oil stone ratio as hot mix
asphalt mixture.

5.1. Mixing Performance. As a warm mix asphalt mixture, it
should be able to mix at a lower temperature, which requires
the workability and workability of the mixture. On the
premise that the voltage remains unchanged, the electric
power consumed is directly proportional to the current in
the circuit; the power consumption of mixing paddle of
asphalt mixing pot in laboratory test is closely related to the
resistance; then, the resistance of the mixing paddle can be
characterized by electric current to evaluate the workability
of asphalt mixture. Obviously, the greater the internal
friction and the cohesion of the mixture are, the greater the
resistance of mixing is, and the more the energy support is
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needed in the mixing process. ,erefore, the mixing power
can be used to evaluate the difficulty of mixing asphalt
mixture. When the voltage is fixed, comparing the difference
of electric power with the index of mixing current can in-
directly reflect the workability of warm mix asphalt mixture.

Use clamp ammeter to measure the current of zeolite
asphalt mixture in the mixing process and compare it with
hot asphalt mixture, as shown in Figures 21 and 22.

Figure 21 shows the mixing current of base asphalt
mixture and Figure 22 shows the mixing current of modified
asphalt mixture. It can be seen that, for the same asphalt
mixture, the mixing current decreases with the increase of
temperature, which indicates that the mixing temperature
increases and the mixing resistance decreases, which is re-
lated to the decrease of asphalt viscosity and the increase of
asphalt mortar fluidity under high temperature.

Compared with hot mix asphalt mixture, the mixing
current of zeolite asphalt mixture is less than that of hot mix
asphalt mixture at the same temperature, which shows that
zeolite can improve the workability of mixture when used in
asphalt mixture. Taking the mixing current as the index, for
the base asphalt mixture, the mixing current at 130°C is
slightly lower than that at 150°C, so it can be inferred that the
mixing resistance of zeolite asphalt mixture at 130°C is
equivalent to that at 150°C; that is to say, under the same
mixing effect, the mixing temperature of zeolite asphalt
mixture can be reduced by 20°C. For the modified asphalt
mixture, the mixing temperature of zeolite asphalt mixture
can be reduced to 20°C. Different types of zeolite have certain
influence on the mixing current of the mixture.

5.2. Compaction Performance. Due to the different flow
characteristics of asphalt at different temperatures, the
compaction energy required to overcome the cohesion of
asphalt is temperature dependent [40, 41]. In order to un-
derstand the response of zeolite asphalt mixture under
different compaction methods, this paper uses SGC, which is
more close to the compaction situation of the open project,
to make an experimental analysis of the compaction effect of
zeolite asphalt mixture. Using the rotary compactor, rotate
at the rate of 1.25° and 30 R/min under the vertical pressure
of 60 kPa and evaluate the volume index of the zeolite asphalt
mixture after compaction. Figure 23 shows the compaction
curve of the matrix asphalt mixture, and Figure 24 shows the
compaction curve of the modified asphalt mixture.

As shown in Figures 23 and 24, the compaction curve of
zeolite asphalt mixture is under the hot mix asphalt mixture,
which indicates that zeolite asphalt mixture is easier to be
compacted under the same compaction temperature and
compaction work.

From the point of view of similar void ratio, the void
ratio of zeolite asphalt mixture at 120°C can reach the void

ratio level of 140°C of hot mix asphalt mixture, so the
compaction temperature of zeolite asphalt mixture can be
reduced to 120°C.

For modified asphalt mixture, the porosity of zeolite
asphalt mixture decreases with the increase of temperature
by rotary compaction. Taking the void ratio as the evaluation
index, the hot mix asphalt mixture can meet the design
requirements at 160°C, and the zeolite asphalt mixture can
basically reach the same level at 140°C, but the void ratio of
2# zeolite is high.

According to the above compaction curve of asphalt
mixture, the compactness of asphalt mixture is less than 4%
when the compaction temperature of matrix asphalt mixture
is 140°C andmodified asphalt mixture is 160°C.,erefore, in
order to ensure that the mixture has a reasonable void ratio,
in addition to the lower limit of compaction temperature, the
upper limit of compaction temperature should be controlled
to avoid excessive compaction of the mixture resulting in
low void ratio.

5.3. Compaction Curve and Compaction Energy Index

5.3.1. Compaction Curve of Asphalt Mixture. In the process
of rotary compaction, the height change of asphalt mixture
can be collected in real time, so as to describe the change
track of compactness in the process of mixture compaction,
which provides the possibility to study the compaction
characteristics of asphalt mixture. From the analysis of the
physical meaning of the compaction curve, the slope of the
compaction curve can relatively evaluate the compaction
rate of the mixture. ,e larger the slope is, the greater the
compaction rate of the mixture is, and the easier the mixture
is to be compacted [44–46].

In the semilogarithmic coordinate system, a straight line
is used to fit the change of compaction density of the
mixture, as shown in Figure 25. ,e fitted compaction
equation is

K � a lnN + b, (4)

where K is density of mixture (%); N is times of rotary
compaction (times); and a and b are coefficients.

For various zeolite asphalt mixtures and hot mix asphalt
mixtures, the change of a and b coefficients is shown in
Figure 26.

In Figure 26, the coefficients a and b represent different
physical meanings, a reflects the compaction speed of as-
phalt mixture, and b reflects the initial compaction degree of
mixture. According to the compaction fitting equation of
each asphalt mixture, the compaction speed of zeolite as-
phalt mixture is higher than that of hot asphalt mixture at
lower temperature (100°C). However, with the increase of

Table 8: Gradation of AC-20.

Sieve hole (mm) 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.60 0.30 0.15 0.075
Design grading (%) 100 95.0 83.0 72.0 57.0 38.0 26.0 18.0 13.0 9.0 6.5 5.0
Grading range (%) 100 90–100 76–90 64–80 50–64 33–43 21–31 13–23 9–17 6–12 4–9 3–7
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temperature, the compaction speed of the two has little
difference.

,e difference of b value in the mixture compaction
equation is not big, which shows that the zeolite type has
little influence on the initial compactness of the mixture. For

hot mix asphalt mixture and zeolite asphalt mixture, the
initial compactness fluctuates with the increase of temper-
ature to a certain extent.

5.3.2. Compaction Energy Index. ,e coefficients a and b of
the above fitting compaction curve can relatively evaluate the
compaction speed and initial compaction degree of asphalt
mixture but cannot accurately evaluate the compaction
energy and compaction work of the mixture. In order to
evaluate the compaction and workability of asphalt mixture,
it is necessary to study the energy demand in the process of
mixture compaction. Because of the difficulty of energy
testing, the concept of compaction energy index in Super-
pave design method is used for [47, 48].

In this study, when calculating the compaction energy
index, the initial state of asphalt mixture adopts the com-
pactness of the mixture after 8 times of rotation, because the
8% void ratio is the lowest standard of the mixture
compaction.

,e compaction curve of asphalt mixture is as shown in
Figure 26(b). ,e power function is used to fit the com-
paction curve of asphalt mixture. Assuming that the func-
tion is continuous, the envelope area of the curve between
any two points of the compaction curve can be obtained by
integrating the equation. As the compaction energy index
(CEI) of asphalt mixture, it indicates the difficulty of
compaction of mixture.

(1) Base Asphalt Mixture. ,e compaction energy index of
various asphalt mixtures is shown in Figure 27.

It can be seen from Figure 27 that the asphalt mixture at
different temperatures has different rotary compaction en-
ergy index. Compared with the hot mix asphalt mixture, the
energy index of zeolite asphalt mixture is lower, indicating
that it has good workability and is easy to compact. At 100°C,
3# zeolite has the minimum energy index, and the zeolite
asphalt mixture is easy to compact at this temperature. At
this temperature, the order of compaction of three kinds of
zeolite asphalt mixture is 3#> 1#> 2#> hot mix.
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It can be seen from the energy index comparison be-
tween zeolite and hot mix asphalt that the energy index of
hot mix asphalt at 120°C is higher than that of zeolite asphalt

at 100°C, indicating that the workability of hot mix asphalt at
120°C is lower than that of zeolite asphalt at 100°C. At 140°C,
the energy index of hot mix asphalt is slightly higher than
that of zeolite asphalt at 120°C, which also proves that zeolite
asphalt has good workability.

(2) Modified Asphalt Mixture. ,e compaction energy index
of the mixture with modified asphalt is analyzed, as shown in
Figure 28.

Similarly, for the modified asphalt mixture, the com-
paction energy index of the asphalt mixture is temperature
dependent. In addition to 2#, the energy index of zeolite
asphalt mixture at 140°C is lower than that of hot asphalt
mixture at 160°C, which indicates that zeolite asphalt
mixture has good compactability.

(3) Influence of Zeolite Characteristics on Compaction Energy
Index. As mentioned before, zeolite has a certain impact on
compaction energy index. ,e relationship between water
loss performance of zeolite and compaction energy index is
analyzed. Figure 29 shows the relationship between com-
paction energy index of matrix asphalt mixture andmodified
asphalt mixture and water loss rate of zeolite.
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Figure 25: Gyratory compacting curve of asphalt mixture. (a) Semilogarithmic coordinate. (b) Rectangular coordinate.
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It can be seen from Figure 28 that the compaction energy
index of asphalt mixture decreases with the increase of
zeolite water loss rate, indicating that the water loss per-
formance of zeolite directly affects the compaction energy
index of asphalt mixture. ,e more the water loss of zeolite,
the more the bubbles formed, the greater the reduction of
compaction friction, and the easier the compaction of
mixture.

6. Conclusions

(1) ,e results show that there are water molecules with
different forces and orientations in the zeolite, which
is unique to zeolite.

(2) ,rough SEM observation and pore structure
analysis, it is found that natural zeolite particles have
different shapes and uneven size distribution and the
pore content of zeolite is far greater than that of
mineral powder.

(3) TGA and DSC were used to analyze the zeolite.
Under certain conditions, the water loss of zeolite
was different. ,e three types of zeolite had the

property of water loss at 90°C∼120°C, which was the
necessary condition for zeolite to be used in the
warm mix asphalt mixture.

(4) ,e water absorption and loss performance of zeolite
mainly depend on pore volume. ,e larger the pore
volume is, the stronger the water holding capacity of
zeolite is. At the same time, the water holding ca-
pacity and water loss capacity of zeolite are related to
the pore size distribution, and the appropriate pore
size is conducive to the volatilization of water.

(5) ,e effect of zeolite on the viscosity of asphalt is
time-dependent. As time extends, the viscosity of
zeolite asphalt changes dynamically, which can be
characterized by viscosity change rate and effective
action time. ,e former reflects the degree of in-
fluence of zeolite on the viscosity of asphalt, and the
latter reflects the time range of change.

(6) ,e mixing resistance is characterized by the mixing
current. ,e comparison between zeolite asphalt
mixture and hot asphalt mixture shows that, under
the same temperature, the mixing current of zeolite
asphalt mixture is less than that of hot asphalt

Co
m

pa
ct

io
n 

en
er

gy
 in

de
x

2000

2200

2400

2600

2800

3000

2 4 6 8 10 120
Water loss rate (%)

(a)

Co
m

pa
ct

io
n 

en
er

gy
 in

de
x

1800

2000

2200

2400

2600

2800

2 4 6 8 10 120
Water loss rate (%)

(b)

Figure 29: Influence of water loss on compact energy index.

3 6 7

Co
m

pa
ct

io
n 

en
er

gy
 in

de
x

Types of zeolite

100°C
120°C
140°C

1500

2000

2500

3000

3500

4000

Hot mix

Figure 28: Compact energy index of modified asphalt mixtures.

Advances in Materials Science and Engineering 19



mixture, which shows that zeolite can improve the
workability of asphalt mixture.

(7) ,is paper studies the compaction behavior of zeolite
asphalt mixture, analyzes the influence of tempera-
ture and zeolite on the compaction performance of
asphalt mixture, and indicates that zeolite asphalt
mixture has good compaction performance. ,ere is
a flat area on Marshall compaction curve, in which
the mixture is easy to compact. ,e compaction
temperature of zeolite asphalt mixture can be re-
duced by 20∼30°C.

(8) Comprehensive analysis of the influence of zeolite on
the voidage of asphalt mixture shows that the better
the water loss performance of zeolite is, the easier the
mixture is to be compacted. For the base asphalt
mixture, the compaction temperature of the mixture
is 120–130°C, and, for the modified asphalt mixture,
the compaction temperature is 130–140°C.

Data Availability

,e data in this paper are given in the tables and figures
within the manuscript.

Conflicts of Interest

,e authors declare no conflicts of interest.

Authors’ Contributions

Zhuolin Li and Junda Ren conceived and designed the
experiments; Wei Li performed the experiments; Xingsheng
Fu and Liying Yang analyzed the data; Zhuolin Li and Junda
Ren wrote the paper.

References

[1] N. M. Wasiuddin, S. Selvamohan, M. M. Zaman, and
M. L. T. A. Guegan, “Comparative laboratory study of sasobit
and aspha-min additives in warm-mix asphalt,” Trans-
portation Research Record: Journal of the Transportation Re-
search Board, vol. 1998, no. 1, pp. 82–88, 2007.

[2] G. Valdes-Vidal, A. Calabi-Floody, and E. Sanchez-Alonso,
“Performance evaluation of warm mix asphalt involving
natural zeolite and reclaimed asphalt pavement (RAP) for
sustainable pavement construction,” Construction and
Building Materials, vol. 174, pp. 576–585, 2018.

[3] A. Sharma and B.-K. Lee, “Energy savings and reduction of
CO2 emission using Ca(OH)2 incorporated zeolite as an
additive for warm and hot mix asphalt production,” Energy,
vol. 136, 2016.

[4] Ulmgren, Lundberg, and Lundqvist, “Low temperature as-
phalt (WMA) in Sweden,” in Proceedings of the 2nd Inter-
national Warm-Mix Conference, pp. 12–15, St. Louis, MO,
USA, October 2011.

[5] R. Vaiana, T. Iuele, and V. Gallelli, “Warm mix asphalt with
synthetic zeolite: a laboratory study on mixes workability,”
International Journal of Pavement Research and Technology,
vol. 6, no. 5, 2013.

[6] B. Sengoz, T. Ali, and C. Gorkem, “Evaluation of natural
zeolite as warm mix asphalt additive and its comparison with

other warm mix additives,” Construction and Building Ma-
terials, vol. 43, 2013.

[7] M. E. Kutay and H. I. Ozturk, “Investigation of moisture
dissipation in foam-based warm mix asphalt using syn-
chrotron-based X-ray microtomography,” Journal of Mate-
rials in Civil Engineering, vol. 24, no. 6, pp. 674–683, 2012.

[8] A. Woszuk, A. Zofka, L. Bandura, and W. Franus, “Effect of
zeolite properties on asphalt foaming,” Construction and
Building Materials, vol. 139, pp. 247–255, 2017.

[9] A. Woszuk and W. Franus, “Properties of the Warm Mix
Asphalt involving clinoptilolite and Na-P1 zeolite additives,”
Construction and Building Materials, vol. 114, pp. 556–563,
2016.

[10] B. Sengoz, A. Topal, and C. Gorkem, “Evaluation of natural
zeolite as warm mix asphalt additive and its comparison with
other warm mix additives,” Construction and Building Ma-
terials, vol. 43, pp. 242–252, 2013.
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In order to prepare a kind of high-performance asphalt pavement pit repair material and extend the service life of the road, this
paper starts from the microscopic view of the raw materials, uses infrared spectrum, four component analysis method, lying drop
method, column wick technology principle, etc. to select the raw materials and determine the initial amount of the cold patching
asphalt mixture, and optimizes the formula through the orthogonal test design and adhesion, cohesion, initial stage strength, later
strength, residual stability, and other performance indexes, and determines the final formula of cold patching asphalt mixture as
follows: the design porosity is 15± 0.5%, compatibilizer is 2.5%, linear SBS modifier is 5%, tackifier is 4%, antistripping agent is
3.5%, and the dosage of diluent D should be determined according to the ambient temperature. ,e results show that the
performance of the self-made cold patching asphalt mixture is good verified by adhesion grade, strength, high temperature
stability, water stability, and other road performance.

1. Introduction

,e existence of pavement potholes has a serious impact on
driving safety and comfort [1]. ,erefore, asphalt pavement
pothole repair materials and technologies have gradually
become the direction and focus of road materials research.
For pavement repair with scattered locations and small
quantities, hot mix asphalt mixture is used for pavement pit
repair, which is not only difficult to produce due to the small
quantity but also inconvenient for the construction unit to
heat preservation and repair operation of hot mix asphalt,
especially in rainy season and winter [2, 3]. ,erefore, the
solvent pit cold patching material is widely used and the
temperature range is large and mature in technology and has
gradually become the research focus of road engineering
personnel. It has the advantages of low temperature mixing,
simple construction equipment, small environmental pol-
lution, and good social and economic benefits.

Khan et al. [4] determined through precise specific
surface areas of four aggregates and seven minerals using

BET (Brunauer, Emmett, and Teller) theory, by measuring
the physical adsorption of selected gas vapors on their
surfaces and calculating amounts of adsorbed vapors cor-
responding to monolayer occupancy on the surfaces. In-
terfacial bond strengths between bitumen and aggregates
were also calculated, based on measured surface-free energy
components of minerals/aggregates and binders, in both dry
and wet conditions. Ferrotti et al. [5] focuses on the ex-
perimental characterization of a high-performance cold mix
asphalt mixture reinforced with three types of fibers (cel-
lulose, glass-cellulose, and nylon-polyester-cellulose) dosed
at two different contents (0.15% and 0.30% by the aggregate
weight). ,e results show that the cellulose-fiber-reinforced
material and the standard one showed enhanced perfor-
mance, allowing the conclusion that they can be more
successfully used in maintenance activities. Dash and Panda
[6] added some virgin aggregate and rice husk ash as filler
material and cement into the mixture. ,e results show that
the increased strength at early aged, at tropical room
temperature, was found more dominant due to the water
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evaporation than cement content cold. Geng et al. [7] used
cold patching asphalt (CPA) to repair pavement potholes,
prepared from a simple mixture of CWO and diesel as the
diluent, and the performance of this CPA is evaluated in the
laboratory; the results show that CPA has good adhesion to
aggregates (>95%) at CWO contents from 15wt% to 35wt%
in the diluent. In addition, the introduction of CWO in
CPAM has no discernible effect on its strength. Wang [8]
investigated the effect of reducing moisture susceptibility of
cutback asphalt mixture by adding Portland cement and
bentonite. Test results showed that adding cement and
nanoclay significantly improved the initial strength and
cracking resistance and reduced moisture susceptibility.
Cheng [9] used the improved boiling method and digital
imaging technology to evaluate the cold patching asphalt
mixture after boiling. At the same time, “coating ratio” was
proposed as the index to evaluate the coating quality. ,e
results show that the improved boiling test results have a
good correlation with the results of BBS test and TSR test,
indicating that the improved boiling test can be used to
evaluate the water damage of CMA effectively. Lv [10]
pointed out that the adhesive strength of cold patched as-
phalt mixture mainly comes from asphalt molecules, and the
density of asphalt molecules in cold patched asphalt de-
termines the adhesive strength of asphalt. Bi et al. [11]
improved the performance of cold patch by adding water-
based epoxy resin and put forward the evaluation method of
initial strength and forming strength of water-based epoxy
emulsified asphalt mixture (weeam).

At present, the research on cold patching asphalt mix-
ture at home and abroad is mainly divided into three cat-
egories: solvent cold patching asphalt mixture, emulsion
cold patching asphalt mixture, and reaction cold patching
asphalt mixture [12, 13]. In emulsified cold patching asphalt
mixture, how to control the demulsification time of emul-
sified asphalt is difficult, and the stability of emulsified as-
phalt is not very ideal. ,erefore, there are big problems in
the forming time and storage performance of this type of
cold patching asphalt mixture. Reactive cold patching as-
phalt mixture needs complex reaction of many components
and has a certain reaction time. ,erefore, this kind of cold
patching asphalt mixture generally needs to be mixed on-site
and repaired on-site. Although reactive cold patching as-
phalt mixture has good road performance, the cost of
preparing this type of cold patching asphalt mixture is high,
and it has not been large-scale application. At the same time,
in the existing research of cold patching asphalt mixture,
most of the diluents and additives are different, and the
micromodification mechanism of the additives is not ana-
lyzed, and the aggregates selected are not tested and analyzed
from the microlevel to determine which is more suitable for
the preparation of cold patching asphalt mixture, resulting
in the road performance instability of cold patching asphalt
mixture. ,erefore, based on the micromechanism of the
raw materials, this paper selects and optimizes the raw
materials of the cold patching asphalt mixture by the lying

drop method and columnar wick technology principle to
prepare a high-performance cold patching asphalt mixture.

2. Materials and Methods

2.1. Raw Materials

2.1.1.+e Base Asphalt. ,e selection of base asphalt for cold
patching asphalt mixture shall comply with [14]. In this
study, heavy traffic 90# base asphalt is selected as the basic
material, and the main performance indexes are shown in
Table 1.

2.1.2. Coarse Aggregate, Fine Aggregate, and Mineral Powder.
,e coarse aggregate and fine aggregate used in this study are
one of the granite, basalt, and limestone aggregate deter-
mined by subsequent tests. ,e performance indexes of the
coarse aggregate, fine aggregate, and mineral powder meet
the requirements of [14].

2.1.3. Diluent. According to the special road use require-
ments of cold patching asphalt mixture, it should have
certain looseness under low-temperature environment,
which requires that a certain amount of diluent must be
added to the base asphalt to reduce its viscosity so that the
mixture after mixing does not condense at low temperature.
In this study, four diluents A, B, C, and D are selected for
research. ,e performance indexes are shown in Table 2.

2.1.4. Additives. ,emain function of cold patching additive
is to make up and improve some properties of cold patching
asphalt lost due to the addition of diluent so that the cold
patching asphalt mixture can not only meet the workability
under low temperature conditions but also have good road
performance after being used in pavement repair. In this
study, compatibilizer, tackifier, and antistripping agent (E, F,
G, and H) were selected to be added into asphalt for test.
Specific performance indexes are shown in Tables 3–5.

2.1.5. Modifier. Due to the addition of organic solvent to the
cold patching asphalt mixture to dilute the base asphalt, its
initial strength, water damage resistance, and high tem-
perature stability are reduced. It is necessary to add mod-
ifiers to improve the elasticity, temperature sensitivity, and
low temperature ductility of asphalt and improve the ad-
hesion between cold patching asphalt and aggregate, so as to
improve the road performance of cold patching asphalt
mixture. In this paper, SBS1301 with linear structure is
selected as the modifier, and the performance indexes are
shown in Table 6.

2.2. Analysis of Microstructure and Properties of Materials.
In order to study the modification mechanism of self-made
cold patching asphalt mixture and its compatibility with
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matrix asphalt, this paper analyzes the microstructure of
tackifier and antistripping agent, further clarifies the
modification mechanism of cold patching asphalt, and
provides the basis for optimizing material selection.

2.2.1. FTIR Test Results of Tackifier. ,e infrared spectrum
test results of the tackifier used in this paper are shown in
Figure 1. ,e peaks at 3030 cm-1 belong to the C-H
stretching vibration and the methylene stretching vibration
of the aromatic ring of the tackifier; the peak at 1605 cm-1
and the absorption peak at 800–690 cm-1 belong to the out
of plane bending vibration of aromatic unsaturated C-H, all
of which indicate that there are aromatic rings in the
tackifier. In addition, the peak of 2928 cm-1 is saturated C-H
stretching vibration, the peak of 1448 cm-1 and 1374 cm-1 is
saturated C-H bending vibration, and the peak of 1737 cm-1
is carbonyl stretching vibration.

In order to discuss the mechanism of tackifier-modified
asphalt, the four components of matrix asphalt, SBS tacki-
fier-modified asphalt, and tackifier-modified asphalt are
analyzed, as shown in Table 7.

It can be seen from the above test analysis that the
addition of tackifier increases the aromatic content of matrix
asphalt, while the mass content of saturated content and
asphaltene decreases. ,is may be due to the addition of
aromatic ring in the tackifier, which makes the components
of matrix asphalt redistributed. According to the principle of
similar compatibility, the tackifier has good compatibility
with asphalt. ,e addition of SBS redistributes the four
components of tackifier-modified asphalt, which may be due
to SBS. By absorbing the aromatic and saturated compo-
nents of the modified asphalt, the mass fraction of the ar-
omatic component and the resin is reduced, but the mass
fraction of the aromatic component is still greater than the
mass fraction of the matrix asphaltene, which indicates that
the increase of the mass fraction of the aromatic ring in the
tackifier can improve the compatibility of the modified
asphalt.

In the system of tackifier, SBS, and asphalt, the addition
of tackifier will increase the aromatic content of the system
and improve the solubility of asphalt. In addition, SBS
absorbs light components to reduce the distance between
asphaltenes, thus changing the viscosity of asphalt. As the
mass fraction of SBS increases, the number of active nodes of
SBS increases and the viscosity enhancer molecules can
better adsorb on SBS, which enhances SBS,e binding force
between polymer network structures improves the restric-
tion of SBS on asphalt, forming a new and stable network
structure. ,e strong interaction between grids in this
“network” structure restrains the displacement between
asphalt particles, limits the fluidity of asphalt colloid system,
and increases its ability to resist certain external forces, thus
improving the modification to a certain extent high tem-
perature performance of asphalt.

2.2.2. FTIR Test Results of Antistripping Agent. In order to
clarify the modification mechanism of the adhesion effect of
antistripping agent on cold patching asphalt, this paper uses

FTIR to test the antistripping agent, and the test results are
shown in Figure 2.

As shown in the figure, the peaks at 1550 cm-1 and
1641 cm-1 belong to the vibration absorption of amide, the
peaks at 3305 are the characteristic peaks of amino group,
and the peaks at 3007 cm-1, 2953 cm-1, and 2852 cm-1 are
the expansion vibration of methylene group, so the sample
composition contains polyamide. Compared with the
strength of methylene absorption peak, the absorption peaks
of amide and amino group are weaker and less, indicating
that the alkyl chain of polyamide in the sample is very long.

,ere is hydrogen bond between the molecules of
polyamide, and the polarity of polyamide is very strong,
which can produce a strong intermolecular force, has ex-
cellent bonding performance, and can form a high-strength
bond, which can improve the adhesion performance of cold
patching asphalt and stone.

3. Study on Preparation of Cold Patching
Asphalt Liquid and Composition Design of
Its Mixture

3.1. Preparation of Cold Make-Up Solution

3.1.1. Preparation Process of Cold Patching Asphalt. ,e
preparation process of cold patching asphalt is basically the
same as that of modified asphalt, and the preparation steps
are as follows:

(1) Preheat and melt the 90# base asphalt sample (at
150°C), and place it in a shear vessel

(2) Add compatibilizer to the base asphalt, mix evenly,
and then add SBS modifier, mix evenly, keep the
temperature constant at 160°C, keep the asphalt, SBS
modifier, and shear head together for heat preser-
vation and swelling, and the heat preservation and
swelling time is 30min

(3) ,e asphalt is heated to 175°C, the shear is turned on,
and the asphalt is sheared at low speed for 30min
and then at high speed for 1 h

(4) ,e shear rate was 5500R/min, and the shear time
was 10min

(5) Lower the temperature of the modified asphalt to
170°C and keep it warm for 2 h so that the modified
asphalt can be fully developed

(6) Add antistripping agent and stir for 10min
(7) When the temperature is reduced to 110°C, the above

modified asphalt is added with the diluent in pro-
portion and sheared at a shear rate of 2000 R/min for
5min, and the preparation is completed.

3.1.2. Determination of Diluent and Antistripping Agent Type
and Dosage Based on Surface-Free Energy Change. In this
paper, a four factor four level orthogonal test is designed to
measure the contact angle between the test liquid and the
asphalt by the drop method [15–19] and calculate the change
value of the surface energy between the low temperature
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Table 1: ,e main performance indexes of 90# base asphalt.

Indexes Experimental data Specification requirements
Penetration (25°C, 5s, 100 g) 88.3 80～100
Penetration index PI 0.47 −1.5～+1.0
Softening point (ring and ball method)/°C 52.4 ≥44
Ductility (15°C, 5 cm/min) >150 ≥100
Dynamic viscosity of 60°C (Pa·s) ≥140 149
Solubility (%) ≥99.5 99.5
Residue after heating test in RTFO
Mass loss (%) 0.002 ±0.8
Penetration ratio 25°C (%) 62 ≥57
Ductility 10°C (cm) 22 ≥8
Adhesion grade to coarse aggregate 5 ≮4

Table 2: Properties of diluent.

Number Open flash point (°C） Boiling point (°C） Toxicity Smell Volatilization rate
A >55 180∼304 Low toxicity Slightly smelly Moderate
B −50～−20°C 30∼205 Low toxicity Slightly smelly Fast
C 61 170∼222 Low toxicity Slightly smelly Faster
D 58 161∼200 Low toxicity No peculiar smell Fast

Table 3: Basic properties of tackifier.

Project Appearance Softening point (global method)/°C Acid value
(mg·KOH/g) Ash content (%) Iodine value

(gl/100 g)
Detection result Light yellow or dark brown solid 80∼140 ≤1.0 ≤0.1 40∼100

Table 6: Properties of SBS modifier.

Number Ratio
of S/B

Oil
filling
rate (%)

Volatile
matter
(≤%)

Ash
content
(≤%)

300%
extension
stress
(≥MPa)

Tensile
strength
(≥MPa)

Elongation at
break (≥%)

Permanent
set (≤%)

Shore
hardness

(A)

Melt flow
rate

(g/10min)

SBS1301
(YH-791) 30/70 0 0.7 0.20 2.0 15.0 700 40 ≥68 0.10–5.00

Table 5: Performance index of compatibilizer.

Test items Unit Detection index Test standard
Kinematic viscosity (100°C) mm2/s 25 GB/T265
Open flash point °C ≥200 GB/T3536
Ash content % 0.3 GB/T508
Water content % 0.01 GB/T260-1977
Heating reduction (120°C× 15′) ≤0.7 GB/T11409-2008
Aromatics content % ≥90 —
Appearance Coffee color Visual inspection

Table 4: Basic properties of antistripping agent.

Number Density (g/cm3) Flash point (open) Physical form
E 1 >300 Brown viscous liquid
F 0.89 >200 Brown liquid
G 0.95 >300 Dark brown viscous liquid
H 1.02 >300 Brown viscous liquid
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asphalt and the 90# base asphalt. ,e results are shown in
Table 8.

(1) Range analysis: the results are shown in Table 9.

It can be seen from Table 9 that the influence of various
factors on the surface-free energy is in the order of diluent
type> additive amount> diluent amount> additive type.
,erefore, when determining the type and amount of raw
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Figure 1: Infrared spectrum test results of tackifier.

Table 7: Analysis results of four components of base asphalt and tackifier-modified asphalt.

Test sample ω% (saturation fraction) ω% (aromatics) ω% (colloid) ω% (asphaltene)
Base asphalt 23.06 31.48 40.53 4.93
Tackifier-modified asphalt 6.43 49.63 41.51 2.43
Tackifier-SBS-modified asphalt 18.22 40.46 35.47 5.85
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Figure 2: Infrared spectrum test results of antistripping agent.

Table 8: Change of surface-free energy of asphalt in orthogonal test (mJ/m2).

Test number Variation value Test number Variation value Test number Variation value Test number Variation value
1 2.51 5 14.05 9 5.08 13 6.78
2 6.00 6 18.32 10 8.37 14 3.12
3 3.30 7 10.17 11 6.21 15 8.52
4 8.79 8 8.08 12 3.54 16 9.86
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Table 9: Range analysis of surface-free energy change.

Factor Diluent type Type of antistripping agent Diluent content Dosage of antistripping agent
K1 5.149 7.106 9.223 4.832
K2 12.655 8.951 8.028 6.770
K3 5.799 7.049 4.894 8.893
K4 7.070 7.565 8.527 10.178
R 7.506 1.902 4.339 5.346
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Figure 3: Relation between impregnation time t of liquid impregnated aggregate powder and square x2 of impregnation distance: (a)
hexane, (b) diiomethane, (c) toluene, and (d) chloroform.

Table 10: Variance analysis of surface-free energy change.

Index Factor SS df MS P Critical value Significance

Surface free energy

Diluent type 140.256 3 46.752 0.007 Very significant
Type of antistripping agent 9.424 3 3.141 0.222

Diluent content 43.916 3 14.639 0.034 α� 0.10
α� 0.01 Significant

Dosage of antistripping agent 66.605 3 22.203 0.019 α� 0.025
α� 0.05 Significant

e 3.548 3 1.183 0.007
,e sum 263.749 15
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materials, consider in the order of diluent type, additive
amount, diluent amount, and additive type.

(2) Analysis of variance: the results are shown in
Table 10.

Table 10 shows that P (diluent type)� 0.007< α� 0.01,
indicating that the diluent type has a very significant impact
on the surface-free energy, P (diluent content)�

0.034< α� 0.05, and P (additive content)� 0.019< α� 0.025,
indicating that the diluent content and additive content have
a significant impact on the surface-free energy of asphalt.

At the same time, according to the experimental data of the
change of the surface-free energy of asphalt, when diluent B is
used, the change of the surface-free energy is the largest, and
with the increase of the diluent content, the change of the
surface-free energy of asphalt increases first and then decreases,
when the content is 10%, the change is the largest. When F
antistripping agent is used, the change of surface-free energy is
the largest, and with the increase of antistripping agent content,
the change of surface-free energy of asphalt increases.When the
content of antistripping agent is 4%, the change is the largest.

,erefore, the best ratio of low-temperature asphalt is as
follows: diluent B content is 10%, base asphalt is 80%, and
antistripping agent F content is 4% (admixture). Consid-
ering the safety risks of diluent B, diluent D is selected for
subsequent test.

3.1.3. Measurement and Analysis of Aggregate Surface-Free
Energy. According to the technical principle of columnar
wick [20–22], the samples of granite, basalt, and limestone
are, respectively, impregnated with hexane, and the relation
diagram is made, as shown in Figure 3(a). According to the
relevant parameters of slope and hexane, the effective radius
of capillary is calculated as RGranite � 3.3 ± 0.30μm,
RBasalt � 2.4 ± 0.20μm, and Rlimestone � 2.2 ± 0.10,
respectively.

,en, diiomethane, toluene, and chloroform are, re-
spectively, impregnated with granite, basalt, and limestone
aggregate powder, and the relation diagram is made, as
shown in Figure 4(b–d). ,e surface energy and its com-
ponents of various aggregates are calculated, as shown in
Table 11.

It can be seen from Table 11 that the surface energy of
different aggregates is quite different and the van der Waals
force is relatively small, which is mainly caused by different
Lewis acid-base forces. ,e surface energy and its compo-
nents of limestone aggregate powder are the largest among
the three kinds of aggregate, the surface energy of granite is
the lowest, and Lewis acid-base force and van der Waals
force are the lowest. It shows that the compatibility of
limestone aggregate and aggregate will be better, and
limestone aggregate is selected for subsequent test.

3.2. Research on Material Composition Design of Cold
Patching Asphalt Mixture

3.2.1. Material Selection and Mineral Aggregate Grading
Design of Cold Patching Asphalt Mixture. ,e main

components of cold patching asphalt mixture are as follows:
90# base asphalt, modifier, tackifier, compatibilizer, anti-
stripping agent, diluent, and limestone aggregate.

Combined with the research experience of cold patching
gradation at home and abroad, according to the environ-
mental characteristics of northern China, the LB-10-1
gradation shown in Table 12 is determined for the prepa-
ration of subsequent cold patching asphalt mixture. In order
to improve the antistripping performance of cold patching
material, 1.5% cement is added [23].

3.2.2. Prediction and Determination of the Best Cold Patching
Asphalt Content. In this paper, the empirical formula
method is used to design the optimal asphalt content of cold
patching asphalt mixture, and the paper trail test is used to
adjust the optimal asphalt content.

Based on the California experience formula, the oil stone
ratio of cold patching asphalt mixture is calculated by de-
termining the mineral aggregate gradation and the thickness
of oil film on the surface of mineral aggregate. Formula (1) is
as follows:

h � P ×(2 + 0.02a + 0.046b + 0.08c

+ 0.14d + 0.3e + 0.6f + 1.6g),
(1)

where a, b, c, d, e, f, and g are the percentages of passing
through the 5mm, 2.5mm, 1.2mm, 0.6mm, 0.3mm,
0.15mm, and 0.074mm sieve holes, respectively (μ m), h is
the thickness of asphalt oil film (mm), and P is the ratio of
asphalt to stone (%).

In order to determine the oil stone ratio more accurately,
it is necessary to carry out paper trace test and auxiliary
judgment. Typical paper trace test results are shown in
Figure 4–6.

According to the calculation of empirical formula and
the analysis of paper trace test, the optimal initial amount of
cold make-up liquid is 4.5%.

3.2.3. Determination of Design Parameters and Material
Proportion. In order to determine the design parameters of
cold patching asphalt mixture and the proportion of the
materials used, the orthogonal test was designed to deter-
mine the design void ratio, the amount of diluent, and the
amount of various admixtures.

Firstly, four design indexes, i.e., design void ratio,
tackifier content, diluent content, and antistripping agent,
are selected for sensitivity analysis of cold patching per-
formance. ,e design orthogonal test level is shown in
Table 13.

Using the gradation of cold patching asphalt mixture and
the optimal asphalt content of 4.5% provided above, the
preparation of cold patching asphalt mixture with various
factors combination is completed, and the performance test
of each formula of cold patching asphalt mixture in Table 13
is carried out, the results are as follows.

Adhesion test. ,e experimental results of 9 formulations are
all adhesive grade 5, no significant difference. It is proved
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Figure 4: Too little oil.

Table 11: Aggregate surface energy and its components (mJ/m2).

Stone Surface energy
(cs)

van der Waals force
(csLW)

Lewis acid-alkali force
(csAB)

Lewis acid-alkali force
(cs+)

Lewis acid-alkali force
(cs−)

Granite 19.10 18.20 0.90 0.05 4.29
Basalt 23.81 21.71 2.10 0.93 1.19
Limestone 28.94 21.91 7.03 1.99 6.21

Table 12: Screening test results of ore and filler.

Composite grading
Percentage passing the following sieve (mm) (%)

26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Upper limit 100 100 100 100 100 50 25 20 15 10 8 5
Lower limit 100 100 100 100 80 30 10 8 6 4 3 2
Median 100 100 100 100 90 40 17.5 14 10.5 7 5.5 3.5
Composite grading 100.0 100.0 100.0 100.0 96.5 31.1 15.2 9.0 6.8 5.0 3.9 3.1

Figure 5: Moderate oil.

Figure 6: Too much oil.
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that the addition of tackifier and modifier in 9 formulations
changes the four component ratio of matrix asphalt, and the
network structure formed can produce better adhesive
performance with aggregate.

Cohesion test. ,e cohesion study was carried out by the
method provided in《,e code for construction of highway
asphalt pavement》 (JTG F40-2004), and the results are
shown in Table 14.

,e damage rate of each cold patching asphalt mixture is
very low and its cohesion is good. It shows that the 9 kinds of
cold patching asphalt mixture are easy to form a whole with
the original pavement structure, combined with
compactness.

Initial strength test. In this paper, the Marshall specimens,
which were compacted 50 times on both sides, were placed
in a constant temperature box and kept at 15°C to constant
temperature. ,e test results are shown in Figure 7–10.

From Figure 7–10, it can be seen that the smaller the
diluent dosage, the higher the tackifier dosage, and the
smaller the void ratio, the better the initial strength of the
cold patch. Considering the best combination scheme of
initial strength, the maximum amount of tackifier should be
taken, and the minimum void ratio should be taken, and the
sensitivity of void ratio to initial strength is in the middle,
but for later strength, the influence of void ratio is far greater
than that of other indexes. ,erefore, while improving the
design void ratio to ensure a rapid strength growth rate and
initial strength of cold patch, the void ratio should not be too
large to prevent the defect of low initial strength of cold
patch, so the median value should be selected.

Later strength and residual stability test. ,e results of later
strength test are shown in Figures 11–18, and the results of
residual stability are shown in Tables 15–17.

It can be seen from Figures 11–18 that, for the later
strength performance, the influence of the void ratio is far
greater than that of diluent and tackifier, and the later
strength is a performance index greatly affected by the void
ratio. ,e porosity of 15± 0.5% is slightly better than
20± 0.5%, the difference is not significant. When the void
ratio is 10± 0.5%, the later strength indexes are obviously
lower. ,erefore, it is suggested that the void ratio of cold

patching asphalt mixture should be controlled between 15%
and 18%, which can not only meet the requirements of initial
strength but also make the later strength of the mixture
higher.

From Tables 15 to 17, it can be seen that the sensitivity
factors of residual stability are mainly tackifier and
antistripping agent, which show that with the increase of
the content of tackifier and antistripping agent, the ad-
hesion force of cold patching asphalt mixture is higher
and higher. ,is is because the performance of the original
modified asphalt is destroyed after adding diluent. ,e
addition of additives improves the performance of cold
make-up fluid and makes the cold patching asphalt
mixture have better adhesion. Moreover, the influence of
tackifier on the residual stability of cold patching asphalt
mixture is far greater than that of other materials. When
the content of tackifier is 3.5% and the content of anti-
stripping agent is 3.5%, the residual stability of cold
patching asphalt mixture is the highest.

Comparison and selection of optimum design of cold patching
asphalt mixture. ,rough the analysis of the key factors
affecting the performance of cold patching asphalt mixture,
the voidage, additives, diluents, etc. were screened, and the
proportion of cold patching asphalt mixture was gradually
optimized. Finally, the design void ratio is 15± 0.5%,
compatibilizer 2.5%, linear SBS modifier 5%, tackifier 4%,
antistripping agent 3.5%, and diluent D content should be
determined according to the use environment temperature.

4. Performance Evaluation of Cold Patching
Asphalt Mixture

On the basis of the composition, gradation type and opti-
mum asphalt consumption of the cold patching asphalt
mixture determined above, according to the provisions of
《Tinished asphalt pavement pit cold patching materi-
al》(JT/T972-2015), 《Technical code for construction of
highway asphalt pavement》(JTG F40-2004), and referring
to the test methods and standards of some hot mix asphalt
mixtures, the strength, high temperature performance and
water damage resistance of cold patching asphalt mixtures
are evaluated.

Table 13: L9 (43) orthogonal test table.

Test number
Factor

Factor A
Design voidage (%)

Factor B
Tackifier content (%)

Factor C
Diluent content (%)

Factor D
Dosage of antistripping agent (%)

1 10± 0.5 2 30 2.5
2 10± 0.5 3 32 3.0
3 10± 0.5 4 34 3.5
4 15± 0.5 2 32 3.5
5 15± 0.5 3 34 2.5
6 15± 0.5 4 30 3.0
7 20± 0.5 2 34 3.0
8 20± 0.5 3 30 3.5
9 20± 0.5 4 32 2.5
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Table 14: Data sheet of cohesion test.

Test number 1 2 3 4 5 6 7 8 9
Residue rate (%) 99.7 99.8 99.6 99.7 100.1 99.9 99.9 100.0 100.0
Breakage rate (%) 0.3 0.2 0.4 0.3 −0.1 0.1 0.1 0 0
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Figure 14: Relationship between late strength (60min) and antistripping agent dosage.
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4.1.AdhesionGrade. ,e adhesive grade of the cold patching
asphalt mixture prepared after the optimized ratio is grade 5,
and the product conforms to 《,e technical requirements
of finished cold patching material for asphalt pavement pit
and groove》 (JT/T 972–2015).

4.2. Strength Test. ,e strength of cold patching asphalt
mixture was tested by the methods of stability and residual
stability in 《Finished cold patching material for asphalt
pavement pit and groove》JT/T 972–2015. Data result is
shown in Table 18.
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Figure 15: Relationship between late strength (48 h) and design porosity.
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Figure 16: Relationship between late strength (48 h) and tackifier content.
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According to 《,e finished cold patching material for
asphalt pavement pit and groove》JT/T972-2015, the sta-
bility shall be greater than 3 kN and the residual stability
shall be greater than 85%. ,e test results show that the
stability of the self-made cold patching asphalt mixture is
more than 3 kN, the strength meets the requirements, and
the residual stability is also high. It is preliminarily verified
that the cold patching asphalt mixture has good water
damage resistance. In the future, the freeze-thaw split test
and mist dynamic water erosion test will be used for further
test.

4.3. High Temperature Stability. Because there are still some
diluents in the cold patching asphalt mixture rut after
forming, the dynamic stability value is too low when the rut
test method suitable for hot patching asphalt mixture is used
to test its high-temperature stability.,erefore, in this paper,
the test method is improved to place the rutting test piece
after cold patch rolling in the oven for curing and conduct

the rutting test after the diluent volatilizes. ,e test results
are shown in Table 19.

According to the test results in Table 19, the self-made
cold patching asphalt mixture has good high-temperature
performance, which is equivalent to the performance of
ordinary hot patching asphalt mixture and meets the road
performance requirements of cold patching asphalt mixture.

4.4. Water Stability

4.4.1. Freeze-+aw Split Test. Because the 40°C water bath
temperature can reflect the actual environment temperature
when the cold patching asphalt mixture produces water
damage, at the same time, it can solve the problem of loose
collapse of the cold patching asphalt mixture due to the
existence of diluent when the water bath temperature is too
high, so as to ensure the smooth progress of the test. In this
paper, the water bath temperature of freeze-thaw splitting
test in 《Test code for asphalt and asphalt mixture of

Table 15: Sensitivity analysis of cold patching asphalt mixture residual stability test.

Test number
Factor

Factor A
Design void ratio

Factor B
Tackifier content

Factor C
Diluent content

Factor D
Dosage of antistripping agent

K1 99.163 87.470 95.610 94.260
K2 97.620 93.380 97.220 92.270
K3 100.160 116.093 104.113 110.413
Range 2.540 28.623 8.503 18.143

Table 16: Variance analysis results of cold patching asphalt mixture residual stability test.

Factor Sum of squares of deviations Freedom F Ratio
Design void ratio 9.827 2 0.019
Tackifier content 1370.119 2 2.614
Diluent content 122.417 2 0.234
Antistripping agent content 594.071 2 1.133
Error 2096.43 8

Table 17: Optimal parameter combination scheme and sensitivity sequence of strength stability in later stage of cold feed.

Performance
index

Design parameters
Parameter sensitivity rankingDesign void

ratio
Tackifier
content

Diluent
content

Antistripping agent
content

Initial strength 2 3 1 3 Diluent> void ratio> tackifier> antistripping
agent

Late stability (1 h) 2 3 1 3 Void ratio>> diluent> antistripping
agent> tackifier

Late stability
(48 h) 2 3 1 3 Void ratio>> tackifier> antistripping

agent≥ diluent

Residual stability 3 3 3 3 Tackifier> antistripping agent> diluent> void
ratio

Table 18: Strength test results.

Test number 1 2 3 4 5 6 Average value Residual stability (%)
Stability (1 h, kN) 17.83 16.92 17.55 18.04 17.38 17.2 17.5 101.7Stability (48 h, kN) 17.26 17.82 17.69 17.72 18.03 18.45 17.8
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Highway Engineering》(JTG E20-2011)is modified to 40°C.
,e test results are shown in Table 20.

,e test results in Table 20 show that the freeze-thaw
splitting strength ratio of the self-made cold patching asphalt
mixture in this paper is 95%, which meets the requirement
that the freeze-thaw splitting strength ratio of the common
hot mix asphalt mixture should not be less than 70%, in-
dicating that its water damage resistance is good.

4.4.2. MIST Hydrodynamic Scour Test. Mist water sensitivity
tester (Figure 19) can simulate the scour effect of wheel on
wet road and the high temperature and periodic pressure
environment and detect the water stability in about 3 hours.
,e pressure is cycled from 0 to 40 PSI, and the pores in the
sample are continuously pressurized and depressurized. ,e
high-temperature water in and out of the pores not only
produces the scour effect similar to that of the actual tire
rolling over the road but also accelerates the damage rate of
the integrity of the sample and the adhesion between the
aggregate and the adhesive caused by this effect. Under high
pressure, water acts between the aggregate and binder in this
way, which accelerates the peeling rate. ,e most obvious
change is the relative density of wool volume. ,e test pieces
of MIST are generally prepared by the rotary compactor, in
order to keep the consistency with the data of freeze-thaw
splitting test, and the Marshall specimen is used instead. ,e
test results are shown in Table 21.

,e test standard is that the void ratio of cold patching
asphalt mixture before and after treatment by mist is not
more than 1.5%; no obvious peeling and damage on the
appearance; the splitting strength shall not be less than 80%.
If two of the above conditions meet the requirements, it can
be judged as qualified and insensitive to moisture. ,e ratio
of freeze-thaw splitting strength of self-made cold patching
asphalt mixture and commercial cold patching asphalt
mixture is 93.7% and 82.7%, respectively, which meets the
requirements of detection standard no less than 80%. ,e
percentage (%) of voidage (before and after) difference is 0.8
and 1.0, respectively, which is no more than 1.5% meeting
the requirements of the test standard. ,ere is no obvious

peeling and damage in appearance, but the self-made cold
patching asphalt mixture is better. 93.7% of freeze-thaw
splitting strength ratio of the self-made sample MIST test is
close to that of the freeze -thaw splitting test, so the water
stability of the cold patched asphalt mixture is good.

5. Results and Discussion

(1) ,e infrared spectrum analysis of the tackifier was
supplemented by the four components analysis of
base asphalt, SBS tackifier-modified asphalt, and
tackifier-modified asphalt. ,e results showed that
the addition of tackifier increased the aromatic
content of the base asphalt, so the tackifier had good
compatibility with asphalt; SBS absorbs the aro-
matics and saturates of the asphalt modified by
tackifier. ,e increase of the mass fraction of aro-
matic ring in the tackifier can improve the com-
patibility of the modified asphalt.

(2) ,e results of IR spectrum analysis of antistripping
agent show that the alkyl chain of polyamide in the
sample is very long, and there is hydrogen bond
between the molecules of polyamide, and the polarity
of polyamide is very strong, which can produce very
strong intermolecular force, has excellent bonding
performance, and can form a high-strength bond,
which can improve the adhesion performance of
cold patching asphalt and stone.

(3) Based on the principle of lying drop test and the
orthogonal test design method, the free energy of
asphalt surface is measured, so as to determine the
material selection and preliminary mixing propor-
tion of diluent and antistripping agent. Based on the
principle of columnar wick technology, the free
energy of aggregate surface is measured, and it is
determined that limestone aggregate is most suitable
for the preparation of cold patching asphalt mixture.

(4) ,e orthogonal test is used to optimize the material
composition design of cold patch asphalt mixture.
,e performance test results show that, in order to

Table 19: High-temperature stability test results.

Test number Dynamic stability (second/mm) 45 minrut depth (mm) 60 minrut depth (mm)
1 6750 0.790 0.794
2 6366 0.805 0.807
3 5857 0.852 0.852
4 6095 0.826 0.827
5 5353 0.865 0.865
6 5687 0.857 0.859

Table 20: Freeze-thaw split test results.

Test number
Splitting tensile strength (MPa)

Average splitting tensile strength (MPa) TSR%
1 2 3

Without freeze-thaw cycle (kN) 0.2725 0.2418 0.2067 0.24 95.0%After freeze-thaw cycle (kN) 0.2568 0.2254 0.2025 0.23
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ensure the strength requirements of cold patch as-
phalt mixture, the void ratio should be between 15%
and 18%, and the content of antistripping agent has
great influence on the water stability, and its content
should be controlled between 3% and 5%.

(5) ,e design parameters and material proportion of
cold patching asphalt mixture are optimized by
orthogonal test.,e results show that the design void
ratio is 15± 0.5%, compatibilizer is 2.5%, linear SBS
modifier is 5%, tackifier is 4%, antistripping agent is
3.5%, and diluent D should be determined according
to the use environment temperature. ,e properties
of the cold patching asphalt mixture meet the re-
quirements of the hot mix asphalt mixture.
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To satisfy passengers’ experiential demand in scenic roads, a study on passengers’ comfort in the aspect of horizontal curve design
is stated in this study. A new indicator sideway force coefficient (SFC) describing passengers’ comfort is introduced, which differs
from lateral acceleration. +e mechanism of SFC is provided depending on the dynamic balance condition of the vehicle on
horizontal curve and SFCc representing passengers’ comfort tolerance limitation is investigated. A large scale naturalistic driving
experiments along a park road are conducted, and the SFCc value from naturalistic driving experiments is verified through
numerical simulation of 15 horizontal curves from 5 scenic roads from the perspectives of both passengers’ comfort and driving
safety. +e statistical analysis on data collected in field tests indicates that age and gender have no effect on SFCc, and the value of
SFCc is determined as 0.291. +e corresponding minimum radius limits under 20–60 km/h and superelevation 6%, 8%, and 10%
are proposed. +e numerical simulation denotes, when satisfying the comfort demand of passengers (SFC less than 0.291), the
lateral distance path is in a safe range, which could also satisfy the safe driving requirements. +us, SFCc and minimum radius
limits proposed in this study are proved to be credible and appropriate for the curve design of horizontal alignment in
scenic roads.

1. Introduction

Scenic roads refer to the roads inside scenic tourist areas,
nature reserves, and parks, only providing services to
travelers. In 1968, the “Park Road Standards” [1] was
provided to USA Interior Ministry by National Park
Service (NPS). +is report indicated that scenic road
should be distinguished from ordinary state highway for
the first time. Moreover, the scenic road design method
considering passengers’ comfort and experience was also
put forward. Usually, the design indicators of scenic road
were directly adopted from the criterion for ordinary
highway “A Policy on Geometric Design of Highway and
Streets” [2]. Although this criterion considered passengers’
comfort and experience by introducing traffic quality,
a more comprehensive way of promoting passengers’

comfort in scenic road, and, to be more specific, an in-
dicator representing passengers’ comfort in scenic road is
still not put into practice.

+e concept of passengers’ comfort, or ride comfort, is
understood as one aspect of transportation service quality
[3]. +e essence of passengers’ comfort measurement is
human perception, defined as “subjective state of well-being
or absence of mechanical disturbance in relation to the
induced environment” in ISO 5805 [4, 5]. +is is one of the
most challenge topics. Firstly, it is affected by several factors,
including age, gender (human factors), temperature, noise,
pressure (environmental factors), seat, and workspace
(spatial factor) [6]. Secondly, comfort measurement is based
on statistic data from large scale personal interviews, which
could be a relatively expensive task in terms of human re-
sources [7, 8]. +irdly, it was stated in related works that the
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object of evaluating passengers’ comfort should be carefully
implemented because it might vary among individuals [5].

Previous studies focused on two main aspects related to
evaluating passengers’ comfort: vehicle dynamics and road
geometrics. In aspect of vehicle dynamics, studies related to
suspension system which could improve passengers’ com-
fort took the major part, including passive suspension cases
with fixed characteristics [9–11] and active suspension cases
involving applications of control laws [12–14]. Besides, some
researches paid their attention on other aspects in vehicle
riding smoothness, for instance, the comfort of passenger
seat [15, 16], the mechanism of vehicle vibration generation
and spreading path [17, 18], tolerance limitation of pas-
sengers [19], temperature, and noise within the vehicle
[20, 21].

Another aspect is road geometrics related ones, and also
the research topic in this study, interpreted as the geometric
design related methods. Among these researches, lateral and
longitudinal acceleration were used as indicators to repre-
sent the overload on passengers in acceleration/deceleration
or turning process. In study by Cafiso and La Cava [22],
acceleration was used as the indicator to evaluate the con-
sistency of highway alignment. +e safety level of curves and
comfort level of various road types in two-lane rural
highways were estimated by Lee et al. [23]. Moreover,
various acceleration models were developed in road related
passengers’ comfort studies, including a lateral acceleration
model for curved-and-sloped sections [24], a lateral accel-
eration model for passenger cars considering curve radius as
independent variable [25], a longitudinal acceleration model
for horizontal curves [26], and a lateral acceleration model
for different types of highway and different vehicle [27]. +e
abovementioned studies basically depended on real road
collected data. However, as depicted previously, personal
interview is a relatively expensive method.+e data collected
sometimes seems insufficient to complete all the analysis.
+erefore, to compensate this shortage, simulation or cal-
culation data was also used. For instance, simulation speed
and acceleration data could be used in analyzing the effects
of curve radius, diurnal variation, season on driving comfort
[28], passengers’ comfort for buses [29], passengers’ comfort
in mountainous highway [30], and so on.

To sum up, previous studies analyzing passengers’
comfort using road geometric indicators mainly choose
acceleration to evaluate passengers’ comfort, based on both
real road data and simulation data. However, it should be
noticed that studies listed above rarely focus on scenic road.
+at is to say, a comprehensive way of promoting passen-
gers’ comfort in scenic road is needed. According to related
studies [31], the passengers usually feel uncomfortable in
curves, owing to the centrifugal force loaded on them.
+erefore, lateral acceleration should be considered in
evaluating passengers’ comfort. However, lateral accelera-
tion does not stand for horizontal overload on passengers
[31]. It is not parallel to actual road surface, which means the
superelevation is neglected, and lateral acceleration could
not fully represent the passengers’ overload because human
body is vertical to road surface. To solve this critical problem,

the indicator sideway force coefficient (SFC) which stands
for real overload in a curve is adopted in this study.

As SFC is the key indicator in this study, its derivation
process based on dynamic response is firstly provided, and
this content also explains why SFC stands for real overload
in a curve. To depict passengers’ comfort in scenic road using
SFC, field tests on over 1000 participants are carried out in 5
different scenic road curves, to determine the value of SFC
when passengers feel uncomfortable. Moreover, numerical
simulations of 15 horizontal curves from 5 scenic roads are
also provided to verify if the SFC representing passengers’
comfort would also satisfy the safety demand. In that, a
comprehensive way of promoting passengers’ comfort in
scenic road is developed in this study.

+is study is organized as follows. Section 2 depicts the
mechanism of SFC by dynamic response. Section 3 states the
field test research of passenger comfort and data simulation
derived from actual scenic roads. Section 4 provides the
determination of maximum value of tolerable SFC and the
verification of real scenic road considering passenger
comfort and safety.

2. Dynamic Response-Based SFC

When driving on scenic road curve, SFC represents driver
and passengers’ sideway burden, which is the comfort
mentioned in Section 1. In aspect of classical dynamic re-
sponse, SFC is defined as the sideway load on unit vehicle
weight. In vehicle’s turning process mechanical analysis, the
vehicle could be seen as a particle, which is subjected a
centrifugal force F on centroid, pointing the direction de-
viating from the center of this circle, see equation (1). +e
centrifugal force F will affect the vehicle’s operation stability
on the curve, which leads to sideway slip and rollover in
extreme situation. +erefore, the horizontal superelevation
ih is designed in road curve to prevent this situation. +e
dynamic mechanical balance of the vehicle is shown in
Figure 1.

F �
Gv

2

gR
. (1)

In Figure 1 and (1), G represents the gravitational force
(N), v represents the velocity (m/s), R represents the radius
of this curve, and g represents gravity acceleration (m/s2).
When operating on actual scenic road curve, the horizontal
part of gravitational force will offset the centrifugal force to
some degree, and the rest will be balanced with the friction
between tire and road surface, as shown in (2). In the figure
depicted above, sin α ≈ tan α � ih. +en, (3) could be
obtained.

X � F cos α − G sin α,

Y � F sin α + G cos α,

⎧⎪⎨

⎪⎩
(2)

X � F − Gih � G
v
2

gR
− ih . (3)
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In (2) and (3), vertical force Y(N) is the stable element in
vehicle operation, and sideway force X(N) is the unstable
element. However, the value of sideway force could not
represent the stability of vehicles with different weight. For
example, a sideway force of 5000N on passenger car might
lead to rollover accident, but this might not happen on a
heavy vehicle. +us, SFC represents the sideway load on unit
vehicle weight is defined in the following.

SFC �
x

G
�

v
2

gR
− ih. (4)

+e relationship among velocity, radius of the curve,
horizontal superelevation, and SFC is obtained in (4) based on
the method of dynamic response. According to (4), if velocity
was controlled the same, SFC will be inversely proportional to
R, as shown in Figure 2. In actual scenic road design, there
exists aR0 where SFC equals 0. Itmeans that when the radius of
a curve could be larger than R0, it is unnecessary to set a
superelevation ih, and R0 could be seen as the upper boundary
of curve design in some degree. Relatively, there exists a lower
radius boundary Ru which is related to velocity and terrain.
However, as mentioned in Section 1, SFC could represent the
driver and passengers’ comfort, and human physiological
tolerance is limited, which could be interpreted as SFCc in this
situation. +e element of tourist experience is not taken into
consideration in scenic road design, and if the situation
SFCc > SFCu depicted in Figure 2 exists, the scenic road will
not satisfy the passengers’ demand.

+erefore, the SFC considering the passengers’ comfort
will be studied in the next part. To further check if a current
used scenic road curve radius satisfied the passengers’
comfort demand, (5) could be used:

SFCc �
v
2

127Ru

− ih. (5)

3. Field Tests and Data Simulation

In Section 2, the relationship between SFC and curve radius
has been found based on dynamic response analysis. Besides,
according to the description upon SFC and the passengers’

comfort in Section 1, it is reasonable to assume that there
would be a limited value SFCc, which represents the
physiological tolerance of the passengers while operating on
a scenic road curve. In that, to find the accurate value of
SFCc, field tests should be carried out, owing to that human
feeling is very complex and inaccurate to be theoretically
modeled. Once SFCc is found, superelevation values and
corresponding minimum radius limits Rc considering pas-
sengers’ comfort, under different design speeds, could be
obtained using (4). Besides, the objective of studying SFCc

based on passengers’ comfort is to develop scenic road
design methods. +erefore, a data simulation is adopted to
check if the radius Rc corresponding to SFCc would satisfy
the safety principle.

3.1.SFCc FieldTests. According to the statement in related
reference [32], human has the full ability to identify the
boundary of comfortable feeling and uncomfortable
feeling. But there is no evidence which shows the
boundary will vary among different individuals. Besides,
it is known from (4) that SFC is proportional to the
vehicle’s operation velocity when driving on a specific
scenic road curve. +erefore, driving velocity could be
used as a tool to find SFCc. In current scenic road design
criterion, the speed limit is 60 km/h, and the curve radius
limitation is 150 m. Based on the contents mentioned
above, the field tests should follow the principles given
below:

(i) +e group of participants should cover people with
different gender and age. +e amount of men and
women should be roughly equal, and the amount of
the elder should process the minority, considering
the actual passengers situation in scenic spot.

(ii) Different bending speed should be adopted to find
SFCc in specific curves, and curves with different
radius should be also studied.

R

1

Fcosα

GcosαG

Fsinα

Gsinα
F

α ih

Figure 1: +e dynamic mechanical balance of the vehicle on the
curve.

SFC

RR0
RcRu

SFCu

SFCc

0

Figure 2: +e relationship between SFC and R in scenic road curve
design.
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(iii) During the field test, the driving velocity and radius
adopted should less than the limitations in current
scenic road design criterion.

Before planning detailed field test scheme, five scenic
road curves were chosen in Nanhu Park, Xi’an, China, where
horizontal alignment of scenic road is complex, containing
several ideal test curves, while the vertical alignment is
simple, without many slopes, which decreases the difficulty
of carrying out this field test. Furthermore, the pavement
material in this scenic road is consistent, and there are also
no obstacles such as deceleration zone in this road. Positions
of road curves are shown in Figure 3; radius and other
information of these curves are provided in Table 1.

In each curve, participants were randomly chosen, fol-
lowing the principle mentioned above. In one single test
group, the participant was blindfolded, because passengers
under this condition have more sensitive perception on
centripetal force [21]. +e test vehicle (Volkswagen Bora
2008, 110 kw/250N · m) traveled through the curve with
stable velocity varied from 10 km/h–60 km/h, with the step
of 5 km/h. A self-designed instrument was used to measure
the real-time SFC. +is instrument contains a MPU6050
three-axis gyroscope to percept the lateral acceleration, an
AT89S52 control unit embedded the program calculating
SFC using method provided in Section 2 and a LCD screen
to display the value of SFC. +ere is also a specific button to
start the program. Whenever participants felt unable to
tolerate sideway load, they would press the button on this
instrument for once to record the value of SFC in this single
test as SFCc. Instrument used in this study and record of
field experiment is shown in Figure 4.

Field tests were carried out for 1056 groups in 85 days,
which means 1056 participants were investigated. Among
them, 487 were males, 569 were females, and 447 were 18–40
years old (interpreted as the youth), 575 were 41–65 (the
middle-aged), and 34 were above 66 (the elder) [33–35]. It
should be noticed that not all the test results were available.
+ough the participants were blindfolded to strengthen their
perception, not all the influencing factors could be excluded.
+erefore, the participants were asked to answer two
questions after the tests. (1) Did they clearly percept the
uncomfortable feeling brought by centripetal force? (2) Did
they press the button at the best opportunity? Only answers
of these two questions were both “yes”; the participant could
be regarded as valid. Detailed information could be seen in
Table 2.

3.2. Data Simulation. As depicted in the first paragraph in
this section, the objective of this paper is to improve the
design method of scenic road curve based on the passengers’
comfort demand. +erefore, the current used scenic road
should be verified in both comfort and safety principle.
According to road design criterion, the current used scenic
road curve radius varied from 10m to 110m, and the speed
limit varied from 20 km/h to 60 km/h. In common situation,
a specific scenic spot will adopt a consistent speed limit
which largely depends on the terrain and will also affect the
chosen curve radius. +us, it is difficult to launch a complete

field experiment in one single scenic spot because it does not
contain enough curve samples.

To make up the shortage mentioned above, data sim-
ulations were adopted based on CarSim platform, which
provides sufficient vehicle models, driver models, road
models and parameters related to driving environment,
vehicle control, and so on. +e first step is to build road
simulation model. Five real scenic road sections were chosen
to form the background of simulation models. +e basic
information on these road sections are shown in Table 3.

Based on the investigation of the five background scenic
spots, it could be concluded that two typical vehicle types are
commonly used, large gasoline consuming passenger ve-
hicle, and small electric power passenger vehicle. +e op-
eration velocity of large passenger vehicle varies from 30 km/
h–60 km/h, which could be found in section C2, C3, C4, and
C5. +e operation velocity of small passenger vehicle varies
from 20 km/h to 30 km/h, which could be found in sections
C1 and C2. With the detailed information collected, the
models of two typical vehicle types were built up, shown in
Tables 4 and 5.

To complete the data simulation model, the driver’s
microscopic control model should be built. According to
theory of driver’s path preview, the total preview length of
100m was adopted, and the preview interval was set to 4m.
Parameters of longitudinal maximum acceleration (LMA),
longitudinal maximum deceleration (LMD), and horizontal
maximum acceleration (HMA) were defined in Figure 5
based on driver’s path preview theory.

4. Results

In this part, data from field test were analyzed using
statistical methods and hypothetical test. +e limited
value SFCc, which represents the physiological tolerance
of the passengers while operating on a scenic road sec-
tion, was found. Besides, in data simulation, 15 scenic
road sections were verified based on safety and comfort
principle.

4.1. Determination of SFCc. As depicted in previous work
[36], people have full ability to identify the boundary be-
tween comfortable feeling and uncomfortable feeling.
However, it is still unknown if the boundary (SFCc) would
vary among different individuals. In field tests, 1056 subjects
were investigated in 5 curves to observe the values of their
SFCc. In the test group, age and gender could be directly
used as two independent variables to study SFCc. +erefore,
the participants in each curve could be divided into younger
group (age 18–40) and elder group (age 41–65), and it could
also divided into male group and female group.

In curve 1 (radius� 130m, length� 246m,
gradient� 0%), 152 subjects were tested, and only 22 subjects
recorded their SFCc. +e rest subjects did not have any
uncomfortable feeling during the test process. However,
according to the road design criterion, the speed limit in
scenic spots is 60 km/h.+erefore, the results in curve 1 were
excluded.

4 Advances in Materials Science and Engineering



Figure 4: Instrument used in this study and record of field experiment.

Table 2: Statistical description information.

Group division
Test curve 1 Test curve 2 Test curve 3 Test curve 4 Test curve 5

Total Excluded Total Excluded Total Excluded Total Excluded Total Excluded
Gender

Male 82 7 114 6 109 5 108 6 74 11
Female 70 4 140 4 139 7 141 8 79 4

Age
18–40 65 5 101 3 96 1 98 2 87 5
41–65 80 3 147 1 144 3 143 4 61 5
Above 66 7 2 6 1 8 1 8 2 5 0

Objective curve 1
R = 130m

Objective curve 2
R = 60m

Objective curve 3
R = 50m

Objective curve 5
R = 15m

Objective curve 4
R = 26m

Figure 3: Field tests positions in Nanhu Park, Xi’an, China.

Table 1: Radius and related information of horizontal curves.

Number Radius (m) Length (m) Gradient (%)
1 130 246 0
2 60 182 1
3 50 134 1.5
4 26 52 0.5
5 15 22 0
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+e results of younger group and elder group in curves
2–5 are shown in Figure 6. In figures given below, the
horizontal axis represents the serial number of participants,
and the vertical axis represents the SFCc observed in field

test. +e blue polyline shows the results of younger group,
and the red polyline shows the results of elder group. Be-
sides, the average value of SFCc in each group was also
provided.

Table 4: Model of large gasoline consuming passenger vehicle.

Sprung mass Dually pickup truck sprung mass
Aerodynamics Cab-forward truck, 5m Ref.
Animator shape 2A tour bus
Tires 2000 kg steer, 2000 kg drive (425mm)
Steer torque 1/25

Maximum power 132 kw

Axle 1

Susp. Kin. 3 t drive, single wheel-kin. (dually pickup)
Comp. 3 t Leaf: +100mm, −60mm travel
Brakes 6 kN-m capacity, hydraulic
Steering Short (4m) wheelbase

Axle 2

Susp. Kin. Dually pickup rear, dual wheels-kin.
Comp. 5.5 t Leaf: +150mm, −60mm travel
Brakes 6 kN-m capacity, hydraulic
Steering No steering

Table 5: Model of small electric power passenger vehicle.

Sprung mass C-class, hatchback sprung mass
Aerodynamics C-class, hatchback aero
Animator shape Large European van
Rear drive torque 3800
Maximum power 28.5 kw
Brake system 4-wheel, w/o ABS

Steering system 4-wheel, power, R&P

Front

Front kinematics C-class, hatchback-front suspension
Front compliance C-class, hatchback-front comp
Right-front tire 205/55 R16
Left-front tire 205/55 R16

Rear

Rear kinematics C-class, hatchback, rear suspension
Rear compliance C-class, hatchback, rear comp
Right-rear tire 205/55 R16
Left-rear tire 205/55 R16

Table 3: Basic information of background road sections.

Number Background
scenic spot

Section
number

Curve
radius (m)

Road section
length (m)

Speed limit
(km/h)

Superelevation
(%)

1
Cuihua mountain area, China C1

8
323.9 20

10
2 17 10
3 20 10
4

Taibai mountain area, China C2

20
570.5 30

8
5 32 8
6 50 4
7

Taibai mountain area, China C3

35
764.4 40

10
8 55 6
9 75 6
10

Nalati prairie, China C4

55
798.4 50

8
11 55 8
12 75 4
13

Nalati prairie, China C5

75
1049.2 60

10
14 90 10
15 110 10
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In Figure 6, it is not complex to find out that observed
SFCc in each group of section 2–5 were scattered around a
certain value, which is the average value of this group. It
means that the boundary between comfortable feeling and
uncomfortable feeling of different individual varies in a
relatively small range, and the distribution is also random. In
Figure 6, the average SFCc values of younger groups in curve
2–5 are 0.2903, 0.2910, 0.2905, and 0.2866, and the average
SFCc values of elder groups in curve 2–5 are 0.2910, 0.2910,
0.2886, and 0.2954. Depending on the values given above, it
is reasonable to account that SFCc of the younger and the
elder are the same. To further prove this point, the method of
hypothetical test is used. In field test, each subject is rela-
tively independent, and the sample obeys normal distri-
bution. Using Levene’s test to check if the sample variance is
homogeneous, the significance equals to 0.208 which larger
than 0.05, which shows that the sample variance is homo-
geneous. Further, using T-test to check if there was sig-
nificant difference between SFCc of the younger and the
elder, the significance equals 0.628 which is larger than 0.05,
which proved the point given above.

+e results of male group and female group in curve 2–5
are shown in Figure 7. +e information expressed by
Figure 7 is the same of Figure 6.

Figure 7 shows mainly the same characters of Figure 6.
Overall speaking, SFCc in each group of curve 2–5 was
scattered around the average value of this group. It also
proved that the boundary between comfortable feeling and
uncomfortable feeling of different individual remains the
same. In Figure 7, the average SFCc values of male groups in
curve 2–5 are 0.2907, 0.2941, 0.2910, and 0.2919, and the
average SFCc values of female groups in curve 2–5 are
0.2945, 0.2917, 0.2868, and 0.2919. Also, the method of
hypothetical test is used. In field test, each subject is rela-
tively independent, and the sample obeys normal distri-
bution. Using Levene’s test to check if the sample variance is
homogeneous, the significance equals 0.792 which is larger

than 0.05, which shows that the sample variance is homo-
geneous. Further, using T-test to check if there was sig-
nificant difference between SFCc of the male and the female,
the significance equals 0.210 which is larger than 0.05,
proving the point given above.

Based on the analysis given above, it could be concluded
that the boundary between comfortable feeling and un-
comfortable feeling of different individual remains the same,
which could be represented by a certain value SFCc, equals
0.291. Restricted by terrain condition, ecological and envi-
ronment protection and larger superelevation values were
considered and the corresponding minimum radii limits
under different design speeds were given using (4) as shown
in Table 6.

4.2. Comfort and Driving Safety Verification of Scenic Road
Curve Design. +e objective of this paper is to promote the
design method of scenic road curve based on the passengers’
comfort demand. To meet this objective, 5 simulation
models were built based on real background scenic road
sections, including 15 road curves, depicted in Table 3. In
Section 4.1, the value of SFCc was determined, which equals
0.291. +is provides a basis to check if current scenic road
curves satisfied the passengers’ comfort demand. Besides, it
is also important to examine if the curve radius satisfied the
requirement of safe driving. Based on the Vehicle Maneu-
verability Objective Evaluation System (VMOES) developed
by Guo [32], it is known that the parameter Lateral Distance
to Path (LDP) should be less than 0.3m, while the vehicle is
operating on a certain curve.

+e simulation model of Section 1 consists of three small
reverse curves, whose radiuses are 8m, 17m, and 20m, and
detailed information could be found in Table 3. +e sim-
ulation results of Section 1 are provided in Figure 8.

In Figure 8(a), supervised LDP in each small curve falls
in [−0.3m, 0.3m], which means the requirement of safe
driving is satisfied. In Figure 8(b), supervised SFC in small
curve 2 and 3 falls in [−0.291, 0.291]; however, SFC in small
curve 1 whose radius equals 8m is −0.310, which exceeds the
bottom boundary. +is means small curve 1 did not satisfy
the passengers’ comfort demand.

+e simulation model of Section 2 also consists of three
small reverse curves, whose radiuses are 20m, 32m, and
50m. In Section 2, large gasoline consuming passenger
vehicle and small electric power passenger vehicle could
both be found. +e simulation results of Section 2 are
provided in Figure 9 shown below.

In Figure 9(a), supervised LDP in each small curve of
both vehicle types falls in [−0.3m, 0.3m], which means the
requirement of safe driving is satisfied. In Figure 9(b), su-
pervised SFC of both vehicle types in small curve 2 and 3 falls
in [−0.291, 0.291]; however, SFC of both vehicle types in
small curve 1 whose radius equal to 20m is −0.312 and
-0.314, which exceed the bottom boundary.+is means small
curve 1 did not satisfy the passengers’ comfort demand.

+e simulation model of Section 3 consists of three small
reverse curves, whose radiuses are 35m, 55m, and 75m. In
Section 3, only large gasoline consuming passenger vehicle

LMA = 0.7g/s

LMD = 1.2g/s

HMA = 0.3g/sHMA = 0.3g/s

Skill = 2

Skill = 1

Skill = 0

Figure 5: +e driver’s microscopic control model.
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Figure 7: +e SFCc of different gender group. (a) Section 2. (b) Section 3. (c) Section 4. (d) Section 5.
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Figure 6: +e SFCc of different age group. (a) Section 2. (b) Section 3. (c) Section 4. (d) Section 5.
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Figure 8: +e simulation results of Section 1. (a) Lateral Distance Path Change Trend. (b) SFC Change Trend.
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Figure 9: +e simulation results of Section 2. (a) Lateral Distance Path Change Trend. (b) SFC Change Trend.

Table 6: Minimum radii limit for design superelevation and design speeds.

Design speed (km/h) 60 50 40 30 20

Minimum radii limit (m)
ih � 10% 75 55 35 20 10
ih � 8% 80 55 35 20 10
ih � 6% 85 60 40 20 10
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could be found. +e simulation results of Section 3 are
provided in Figure 10.

In Figure 10(a), supervised LDP in each small curve falls
in [−0.3m, 0.3m], which means the requirement of safe
driving is satisfied. In Figure 10(b), supervised SFC in small
curve 2 and 3 falls in [−0.291, 0.291]; however, SFC in small
curve 1 whose radius equals 35m is −0.291, which equals the
bottom boundary. +is means small curve 1 did not satisfy
the passengers’ comfort demand.

+e simulation model of Section 4 consists of three small
reverse curves, whose radiuses are 55m, 55m, and 75m. In
Section 4, only large gasoline consuming passenger vehicle
could be found. +e simulation results of section 4 are
provided in Figure 11 shown below.

In Figure 11(a), supervised LDP in each small curve falls
in [−0.3m, 0.3m], which means the requirement of safe
driving is satisfied. In Figure 11(b), supervised SFC in small
curve 3 falls in [−0.291, 0.291]; however, SFC in small curve 1
and 2 whose radius equal to 55m and 75m is −0.305 and
0.300, which exceed the bottom boundary and upper
boundary, respectively. +is means small curve 1 and 2 did
not satisfy the passengers’ comfort demand.

+e simulation model of Section 5 consists of three small
reverse curves, whose radiuses are 75m, 90m, and 110m.
+e simulation results of Section 5 are provided in Figure 12.

In Figure 12(a), supervised LDP in each small curve falls
in [−0.3m, 0.3m], which means the requirement of safe
driving is satisfied. In Figure 12(b), supervised SFC in small
curve 2 and 3 falls in [−0.291, 0.291]; however, SFC in small
curve 1 whose radius equals 75m is −0.300, which exceeds
the bottom boundary. +is means small curve 1 did not
satisfy the passengers’ comfort demand.

To further study the contents given above, some detailed
information could be discovered. Considering the

supervised LFD as a whole, it is easy to find that LFD is a
loose criterion. In curves with small radius, the volatilities of
LFDs are obvious; however, they basically fall in [−0.15m,
0.15m], far less than the limitation. Besides, comparing the
supervised SFC in each curve, when the operation velocity is
stationary, the situation of dissatisfying the passengers’
comfort demand only exists in curve with relatively small
radius. +erefore, in the process of scenic road curve design,
when the operation velocity is settled, minimum radius
should be determined considering SFCc.

5. Discussion

As depicted in Section 1, factors of age, gender, temperature,
noise, pressure, seat, and workspace have influence on
passengers’ comfort [6]. In this paper, interior environment
was controlled by using the same test vehicle.+us, factors of
age and gender became the major consideration. From the
results in Section 4.1, SFCc of younger group varies in
[0.2866, 0.2910], and SFCc of elder group varies in [0.2886,
0.2954]. SFCc of male group varies in [0.2907, 0.2941], and
SFCc of female group varies in [0.2868, 0.2945]. Overall,
younger group distribution interval is about 1.1% less than
elder group, and male group distribution interval is about
0.7% larger than female group. Directly from the data, there
is little difference in age groups and gender groups, also
proved in Section 4.1 using T-test. +is indicates that factors
of age and gender basically have no influence on passengers’
comfort, which is different from traditional result [6].
Considering the large-scale real road samples obtained in
this study, the result is credible.

Further, Section 1 states that SFC is different from
lateral acceleration. From mechanism of SFC in Figure 1,
the gap between SFC and lateral acceleration will not be
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Figure 10: +e simulation results of section 3. (a) Lateral Distance Path Change Trend. (b) SFC Change Trend.
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too large, owning to small value of superelevation angle.
In current ISO standard [36], passengers’ comfort was
defined as index shown in Table 7. Moreover, the pas-
sengers’ comfort was also specifically defined in China
[27], also provided in Table 7. It could be directly con-
cluded that Chinese passengers have significant stronger
endurance. In related references, passengers’ comfort was
divided into several levels varying from not uncomfort-
able to extremely uncomfortable. SFCc obtained in this

paper lies in the third level of China range, interpreted as
fairly uncomfortable or a little uncomfortable. In ISO
range, SFCc is more than extremely uncomfortable, which
is inappropriate in China. +e boundary of comfortable
and uncomfortable in China range is 0.184, which is less
than SFCc. +is is because the samples used in this study
were adopted in scenic roads. Considering the special
environment and stronger data set, SFCc has more
practicality in scenic road design.
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Figure 11: +e simulation results of Section 4. (a) Lateral Distance Path Change Trend. (b) SFC Change Trend.
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In Section 4.2, 15 curves from 5 scenic roads were
verified using passengers’ comfort and safety criterion. As
depicted in Section 4.2, safety condition could be easily
satisfied, but passengers’ comfort could not be satisfied in
curves with small radius. +e scenic roads in this study were
chosen from nature reserves with superior scenic road
systems, which mean limit radius is rarely found. In scenic
roads with worse terrain conditions, the situationmentioned
above will be more rigorous. It is known that passengers’
comfort is related to operation velocity, curve radius, and
superelevation. +erefore, to meet passengers’ demand,
scenic road design should take these three indicators as a
whole based on SFCc.

6. Conclusions

In this study, a new indicator SFC means passengers’
comfort was introduced, which is different from lateral
acceleration used in current criterions and related
studies. Lateral acceleration could not fully represent the
passengers’ overload because human body is vertical to
road surface. +us, considering the superelevation, SFC
could stand for real overload in a curve. Based on dy-
namic balance condition of the vehicle on horizontal
curve, the derivation process of SFC was provided. Field
tests on over 1000 participants were carried out in 5
different scenic road curves to investigate SFCc repre-
senting passengers’ comfort tolerance limitation. To
verify SFCc from the perspectives of both passengers’
comfort and driving safety, numerical simulations of 15
horizontal curves from 5 scenic roads were also con-
ducted. +e value of SFCc was determined as 0.291 based
on the statistical analysis on data obtained in field tests.
+e results also showed that age and gender have no effect
on SFCc. Moreover, the corresponding minimum radius
limits under 20–60 km/h and superelevation 6%, 8%, and
10% were proposed. +e results of numerical simulations
denoted two points. First, in current in-service scenic
roads, there are curves that could not satisfy the pas-
sengers’ comfort demand, which showed that finding an
appropriate way promoting passengers’ comfort in scenic
road is promising. Second, when passengers’ comfort
demand SFCc is satisfied, the safe driving requirements
could also be satisfied. +erefore, SFCc and minimum
radius limits proposed in this study were proved to be
credible and appropriate for the curve design of hori-
zontal alignment in scenic roads.

+is study also has a shortage. Field tests were carried out
in Xi’an, whose terrain is relatively flat. +at means citizens
in this city might have higher comfort demand in daily
commute and recreation travel, compared to citizens living
in mountainous and hilly areas. +erefore, values of SFCc

determined in different areas may vary. +e following re-
searches will focus on this issue, providing more practical
values of SFCc in different areas by enlarging the investi-
gation scope.
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'e asphalt pavement easily shows the diseases like cracking, rutting, and structural water damage during the early service life in
Fujian province for the complex effects of very high temperature, easily rainy climatic condition, and high-frequency heavy
loading. However, the corresponding studies and strategies are still rare. Herein, in order to study the relationship of compaction
methods on the stress-strain characteristics and shear strength of graded crushed stone mixtures, 11 kinds of typical graded
crushed stonemixtures, which were taken from the five different expressways under construction in Fujian Province, were molded
by both the modified vibration compaction and modified Proctor compaction. 'e results indicate that the modified vibration
molding method matches much better with the compaction of practical projects and can be used to evaluate the performance of
graded crushed stone mixtures. Further, the performance indexes got by the modified vibration compaction and the modified
Proctor compaction have strong correlations. 'erefore, based on the modified vibration compaction, the guidelines for
standardized mix design of graded crushed stone mixture in Fujian province are proposed: the resilient modulus of 300MPa and
the deformation rate of 10–8 in the dynamic triaxial test are used as the performance indicators of the bearing capacity and the
antideformation ability; the shear strength of 400 kPa in the static triaxial test is used as the performance indicators of the shear
failure resistance. Besides, most limestone mixtures perform well and have the advantages of good resistance to permanent
deformation and shear resistance.

1. Introduction

'e different climatic environments and load conditions
have a great influence on the early damage and durability of
asphalt pavement [1, 2]. Choosing the appropriate pavement
structure depending on the traffic, climate, and load con-
ditions in different regions is the focus of research in the field
of road engineering. Since the climate of Fujian province is
characterized as mountainous, rainy, and long duration of
high temperature, the early damage phenomena, including
cracking, rutting, and structural water damage, widely
appeared on the asphalt pavement with traditional semirigid
base. According to the current situation, different pavement
structures have been tried in Fujian Province, including the
improved semirigid base, the thickened asphalt surface layer,

the pavement structure with the inverted thin asphalt layer,
and the fully flexible asphalt pavement. However, the poor
durability of asphalt pavement under high temperature and
rainy environment still cannot be effectively solved.
'erefore, in order to adapt to the climatic environment and
load conditions of Fujian province and to enhance the
service life, the asphalt pavement with composite bases is
proposed and applied, which overlay a graded crushed stone
layer with a thickness of 15–18 cm between the asphalt
surface layer and the semirigid base layer [3]. It shows that
the water permeability coefficient of the graded crushed
stone layer is 5×10−3–1× 10−4m/s, so the asphalt pavement
with the graded crushed stone layer has good drainage
performance. In addition, the graded crushed stone layer
plays a significant role in restraining the reflection cracking
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of asphalt surface course caused by shrinkage cracks in
semirigid base [4]. 'us, the durability of the combined base
asphalt pavement would be effectively improved due to the
strong drainage ability and the decrease of reflection cracks
in semirigid materials. According to relevant literature, for
the raw materials and energy consumption during con-
struction, it is about 840MJ/t, 460MJ/t, and 180MJ/t for the
asphalt concrete, the semirigid materials, and the graded
crushed stone, respectively. So, the appropriate usage of the
graded crushed stone base could effectively reduce energy
consumption and emission.

For the asphalt pavement with composite bases, the
mechanical characters of the graded crushed stone mixtures
are critical to pavement performance. 'e pavement rutting
and further structural failure may be caused by the low
strength, low rigidity, and large plastic deformation in the
traditional graded crushed stone layer [5–7], so the appli-
cation of the composite bases asphalt pavement in the high-
grade expressways is limited. How to accurately predict and
improve the antipermanent deformation and antirutting
abilities of graded crushed stone has attracted the road
researchers’ interest [8–12]. In earlier studies, the shear
characteristics of graded crushed stone must be better
characterized, because rutting in this type of pavement is
primarily caused by the permanent deformations of base
materials [13, 14]. 'e degree of compaction has been
regarded as significantly important for the long-term be-
havior of graded crushed stone [15–18]. It is proved that
compaction of the graded crushed stone layer is important to
enhance the deformation resistance of asphalt pavement
[16–18]. So, the reasonable gradation is essential to improve
the strength and stability of graded crushed stone. Based on
the material optimization design method, it is an effective
way to improve the road performance by proposing new
indexes and standardization for mix design of the graded
crushed stone. 'is will lay the foundation for taking ad-
vantage of graded crushed stone and expanding the appli-
cation in high-grade expressways.

At present, researchers have conducted a lot of research
on the effects of different molding methods on the per-
formance of the graded crushed stone [19–22], the indexes’
development for the graded crushed stone [23], and different
material designs [24, 25]. Meanwhile, the performance
characterization and the evolution under various conditions
(such as the layer thickness, the degree of compaction, and
so on) are analyzed [5, 26, 27] to improve the performance of
the graded crushed stone mixture. Although a lot of effort
has been made to investigate the performance improvement
and evaluation indicators of the graded crushed stone
mixtures, the effects of high temperature and rainy factors
and the systematically analyzation of the relationship be-
tween various performance parameters still have limitations
and accuracy problems. At present, the mix design speci-
fications of the graded crushed stone are mainly based on the
modified Proctor compaction method. However, practical
engineering shows that the modified Proctor compaction
standard is seriously lower than the degree of the on-site
compaction. 'erefore, the solid volume ratio, CBR, dy-
namic triaxial, and static triaxial tests are used in this study

to explore the effects and the relationship of two laboratory
compaction methods on the stress-strain characteristics and
shear strength of graded crushed stone mixtures. 'is work
will not only better simulate the physical and mechanical
performance of the mixture on the practical project, but also
improve the quality of the graded crushed stone mixture.

2. Graded Crushed Stone Mixtures

11 kinds of the typical graded crushed stone mixtures in
Fujian province are selected in this study, and the gradations
are shown in Table 1. 'e mixtures are taken from the five
different expressways under construction in Fujian Prov-
ince, and the gradations are determined according to the
engineering mix design. 'e raw materials, such as lime-
stone, sandstone, tuff, and granite, are widely used on Fujian
expressways. 'e technical indexes of the 11 kinds of the
typical graded crushed stone mixtures, such as the particle
breakage and the Los Angeles abrasion, accord with the
requirements for graded macadam mixture in the guidelines
of Fujian Province [28].

3. Test Methods

3.1. Comparison and Selection of Molding Methods. At
present, the compaction method is used for determining the
optimal moisture content and maximum dry density of
graded crushed stone mixture in China. 'e modified
Proctor compactionmethod is currently used to simulate the
static rolling effect of 12–15t. 'e vibration compaction
method used in this study is modified by using the syn-
chronous motor pneumatic loading, which is different from
the traditional single-motor weight loading. 'e work pa-
rameters of the three used compaction instruments are
shown in Table 2. 'e compaction degree of the laboratory
vibration compaction molding instrument is more repre-
sentative and has a better correlation with the working of on-
site roller. 'erefore, the vibration compaction molding
method is increasingly used in expressway engineering.

'e modified vibration and traditional vibration
molding test equipment are shown in Figure 1. 'e single-
motor counterweight loading is commonly used in the vi-
bration compaction testing equipment. In order to reach the
requirements for the graded crushed stone mixture, the
parameters of the single-motor counterweight loading vary
through adding or subtracting the number of the coun-
terweights. So, the standardization of the device of the
centrifugal force is low. Besides, the effects of vibration
compaction depend on the different parameters and quality
of the devices. 'e synchronous motor pressure loading
vibration is adopted in the modified vibration molding test
equipment, rather than the traditional single-motor coun-
terweight loading. At the same time, it is conducive to the
standardization of vibration compaction parameters. 'e
equipment structure has the advantages of simple operation,
low noise, and good stability.

'e maximum dry density test results of graded crushed
stone mixtures with different molding methods are shown in
Table 3. For different mixtures with various raw materials,
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the molding methods have the same effect on the density;
that is, the ranking of the maximum dry density determined
by different molding methods is the traditional vibration
compaction > the modified vibration compaction > the
practical construction site > the modified Proctor com-
paction. On the one hand, this is related to the compaction
work. On the other hand, the materials fully move in the
state of dynamic friction during the compaction process
because of the centrifugal force applied by the vibration
molding method, which make the structure of the mixture
specimen denser. 'erefore, the maximum dry density of
graded crushed stone mixture is greatly increased based on

the vibration compaction method. As for the two kinds of
the vibration compaction methods, the difference of max-
imum dry density with traditional vibration compaction
method is larger than that with the modified vibration
compaction method, which confirmed that it is difficult for
the traditional single-motor counterweight-loading vibra-
tion compaction to ensure the consistency of the compaction
degree. Besides, comparing to the gradation and material
types of mixtures, the molding method has more significant
effect on the maximum dry density. Among the three kinds
of laboratory compaction methods, the value of maximum
dry density with the modified vibration compaction method

Table 1: 'e gradations of the mixtures of graded crushed stone used in the test.

No. 31.5 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 Raw material
1# 100 99.9 83.6 74.0 63.9 53.5 35.1 24.1 18.5 13.6 8.7 6.3 3.8 Limestone
2# 100 99.0 85.5 71.7 61.2 55.2 39.2 28.9 23.2 18.5 13.1 9.4 4.6 Limestone
3# 100 99.8 85.7 75.0 67.0 60.2 40.6 29.9 22.3 16.8 11.0 7.8 4.9 Limestone
4# 100 96.9 85.7 74.2 65.4 60.6 40.9 25.5 17.4 11.7 6.9 4.4 2.6 Sandstone
5# 100 98.6 79.8 70.5 63.4 56.0 41.9 26.3 18.0 12.1 7.5 5.4 3.7 Sandstone
6# 100 100 84.2 74.6 66.3 56.0 39.8 22.9 15.7 10.8 7.4 5.7 4.0 Tuff
7# 100 99.9 89.4 81.4 74.4 64.3 42.8 27.1 20.0 14.5 10.0 7.7 5.0 Limestone
8# 100 97.4 84.2 73.9 66.6 58.0 40.5 31.7 22.5 14.2 8.9 6.9 4.7 Limestone
9# 100 96.8 80.6 69.7 62.1 53.2 34.9 27.0 19.2 12.2 7.7 6.0 4.1 Limestone
10# 100 96.1 80 68.9 59.8 47.5 34.8 24.3 18.4 13.0 9.1 6.2 4.3 Sandstone
11# 100 98.6 86.1 76.9 70.6 53.8 36.7 26.5 20.7 14.7 10.2 7.8 5.0 Granite

Table 2: Parameters of three compaction instruments.

Modified Proctor compaction Hammer mass Hammer diameter Height Compact layer Compact times Compaction work
4.5 kg 5.0 cm 45 cm 3 98 2.677 J

Traditional vibration
compaction

Frequency Counterweight (up/
down) Amplitude Centrifugal force Vibratory time Compaction work

5–50Hz 5.5/4.5 kg Various Various 2 min Various

Modified vibration compaction Frequency Amplitude Centrifugal force Intensity of pressure Vibratory time Compaction work
28–30Hz 0.5–2.5mm 6000–8000N 140± 10 kPa 2 min 5.881 J

(a) (b)

Figure 1: Vibration molding test equipment. (a) Traditional single-motor weight loading. (b) Modified synchronous motor pneumatic
loading.
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is closest to that of the practical construction site. Generally,
the vibration molding method matches much better with the
working of on-site roller and can be used to evaluate the
performance of graded crushed stone mixtures.

3.2. Solid Volume Ratio Test [29]. Under the optimal water
content condition, the test specimen was molded by the
modified vibration compaction method and the modified
Proctor compaction method. 'e dry density and the bulk
density of each graded material were both measured. 'e
solid volume ratio is calculated as follows:

VG �
ρ∓
ρsb

, (1)

VG is the solid volume ratio, ρ∓ is the dry density of compact
specimen, and ρsb is the comprehensive bulk density.
According to the standard in Fujian province [30], the solid
volume ratio of graded macadam should be larger than 85%.

3.3. California Bearing Ratio (CBR) Test [31]. 'e modified
vibration compaction method and the modified Proctor
compaction method were used to mold the test specimen,
and the CBR was calculated after the specimen being sat-
urated with water as required [31]. According to the stan-
dard in Fujian province [30], the CBR value of graded
macadam should be larger than 100%.

3.4. Dynamic Triaxial Test. 'e dynamic triaxial test was
basically carried out in accordance with the test method for
the resilient modulus of unbound granular materials [32],
where the adjustments were as follows:

(1) 'e specimens weremolded by the vibration with the
diameter of 150mm and height of 300mm and then
cured at room temperature for 24 h to balance the
water content.

(2) 'e vertical partial stress was 460 kPa and the
confining pressure was 196 kPa.

(3) 'e specimens were under the 50,000 times repeat
loading.

After the dynamic triaxial test was completed, the re-
silient modulus under the 20,000 times loading was calcu-
lated as the value of the modulus of the mixture. 'e
permanent deformation rate was calculated as the evaluation
index of the resistance to deformation according to the
difference of the permanent deformation rate of 20,000 to
50,000 times.

3.5. Static Triaxial Test. 'e specimens were molded
according to the method of the dynamic triaxial test. 'e
shear test was carried out under the confining pressure of
60 kPa, 90 kPa, and 120 kPa. 'e friction angle and cohesion
could be calculated using the Coulomb model, as shown in
equation (2). Further, the shear strength was calculated
based on the axial stress of 400 kPa.

τ � σ1 tanφ + c, (2)

τ is the shear strength, σ1 is the axial stress, ϕ is the internal
friction angle, and c is the cohesive force.

4. Comparative Analysis of
Mechanical Properties

4.1. Solid Volume Ratio Test Results. 'e test specimen was
molded by the modified vibration compaction method and
the modified Proctor compaction method, respectively. 'e
solid volume ratio was calculated, and the relationship of the
solid volume ratio with two molding method is shown in
Figure 2. It was found that the solid volume rate value
obtained by the modified vibration compaction method was
larger than that of themodified Proctor compactionmethod,
with the ratio of 1.02. 'e correlation coefficient of two test
results was 0.9. In addition, the 3# limestone mixture has the

Table 3: Maximum dry density of graded crushed stone mixtures with different molding methods.

No.

Modified Proctor
compaction Traditional vibration compaction Modified vibration

compaction
Practical

construction
Maximum dry
density (g/

cm3)

Difference of
maximum dry
density (g/cm3)

Maximum dry
density (g/

cm3)

Difference of
maximum dry
density (g/cm3)

Average
jump time

(s)

Maximum dry
density (g/

cm3)

Difference of
maximum dry
density (g/cm3)

Maximum dry
density (g/cm3)

1# 2.317 0.014 2.462 0.032 137 2.357 0.013 2.366
2# 2.297 0.011 2.433 0.038 121 2.331 0.027 2.332
3# 2.320 0.021 2.419 0.033 129 2.360 0.014 2.367
4# 2.259 0.025 2.375 0.022 136 2.307 0.016 2.307
5# 2.201 0.019 2.257 0.027 89 2.219 0.009 2.241
6# 2.165 0.014 2.288 0.022 114 2.206 0.014 2.223
7# 2.306 0.016 2.452 0.029 137 2.359 0.018 2.358
8# 2.274 0.022 2.327 0.054 65 2.324 0.019 2.335
9# 2.314 0.028 2.419 0.022 93 2.359 0.015 2.374
10# 2.218 0.024 2.358 0.041 118 2.252 0.024 2.274
11# 2.223 0.017 2.350 0.034 102 2.272 0.023 2.289
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best performance in the solid volume ratio test, following by
the 2# limestone mixture and the 9# limestone mixture.

4.2. CBR Test Results. 'e value of CBR was calculated and
the relationship of the CBR with the two molding methods is
shown in Figure 3. It was found that the CBR value obtained
by the modified vibration compaction method was larger
than that of the modified Proctor compaction method, with
the ratio of 1.17. 'e correlation coefficient of the two test
results was 0.87. In addition, the 3# limestone mixture has
the best performance in the CBR test, following by the 7#
limestone mixture and the 9# limestone mixture.

4.3. Dynamic Triaxial Test Results. 'e mechanical charac-
ters of graded crushed stone mixture depended on the
applying stress. So, the dynamic triaxial tests were both
carried out under the same stress condition, with the vertical
partial stress of 460 kPa and the confining pressure of
196 kPa. 'e permanent deformation rate and resilient
modulus of different mixtures are shown in Table 4.

'e permanent deformation curves of different mixtures
in dynamic triaxial tests are shown in Figure 4. 'e curve
color depended on the rawmaterials. Among these, the blue,
yellow, green, and red one were the limestone, sandstone,
tuff, and granite mixture, respectively.

As shown in Figure 4 and Table 4, the permanent de-
formation of different mixture is quite different. 6# tuff
mixture (the green one) had the largest deformation and the
corresponding deformation rate was the largest. It indicated
that the tuff had poor resistance to permanent deformation.
'is was mainly due to the porous structure of tuff, which
had the characteristics of large pores, low density, and large
water absorption. Besides, 5# sandstone mixture, 8# lime-
stone mixture, and 7# limestone mixture had the relatively
large permanent deformation rate. 2# limestone mixture
performed best and had good resistance to permanent de-
formation. For the resilient modulus, the performance of 3#
limestone mixture was the best, followed by 11# granite
mixture and 8# limestone mixture.

'e permanent deformation curves of different mixtures
basically conformed to the following models:

δαN � k1e
− k2N−a

, (3)

where δα is the permanent deformation, andN is the times of
the repeated loading. k1, k2 and a both are the parameters
related to the intrinsic characters of the materials.

'e material parameters of permanent deformation
curves of different graded crushed stone mixtures are shown
in Table 5. 'e fluctuation of the value of the simulated
material parameter a was relatively small, which was within
10%, indicating that the material parameter a was not
sensitive to the type of material. 'e material parameters k1
and k2 showed significant changes with the different mix-
tures, which might be related to the physical and chemical
properties of the raw material. It was found that the material
parameter k1 had a good relationship with the permanent
deformation, with the correlation coefficient of 0.93, as

shown in Figure 5. 'e larger the material parameter k1 was,
the greater the permanent deformation rate and the poorer
permanent deformation resistance of the corresponding
mixture were, such as 6# tuff mixture. In sense, the material
parameter k1 could be used to evaluate the permanent
deformation resistance of the graded crushed stone mixture.
Besides, it can be found that both material parameters a and
k2 show weak correlation with the permanent deformation
at 50,000 times of loading.

4.4. Static Triaxial Test Results. According to the
Mohr–Coulomb model, the shear strength could be calcu-
lated under the stress condition of 400 kPa, as shown in
Table 6.

'eoretically, the graded crushed stone material is a kind
of unbound granular materials with negligible cohesive
force. However, the limestone mixtures had large cohesive
forces, because the fine aggregate contained some viscous
material, while the cohesive force of granite mixture was
quite small.

'e shear strength was related to the internal friction
angle, cohesive force, and stress level. As shown in Table 6,
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Figure 2: 'e relationship of the solid volume ratio with two
molding methods.
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the shear strength of each graded crushed stone mixture
varied greatly, due to the large difference of the internal
friction angle. It proved that increasing the internal friction
angle was beneficial to the shear strength due to the stress
sensitivity of graded crushed stone materials.

In general, for most limestone mixtures, the permanent
deformation and deformation rate were small, while the
resilient modulus and shear strength were large. Most
limestone mixtures performed well and had the advantages
of good resistance to permanent deformation and shear
resistance.

5. Standard forDesign ofGradedCrushed Stone
Based on Vibration Molding Method

'e reasonable mechanical indicators are extremely im-
portant for the quality control of the graded crushed stone
mixture. It will be of benefit to guide the design and con-
struction performance of graded crushed stone mixture and
ensure the quality of the practical project. However, when
the standard is too low, the performance of asphalt pave-
ment with the graded crushed stone layer cannot meet the
actual mechanical requirements, which will cause pavement

damage. Similarly, when the standard is too high, it is
difficult to meet the requirements and practically apply in
the practical project. 'erefore, the reasonable theory and
the simple experiment is the basis for ensuring the road
performance of the asphalt pavement with the graded
crushed stone layer.

5.1. Solid Volume Ratio. 'e solid volume ratio is an im-
portant design index of the graded crushed stone, which is
generally considered to be related to the permanent de-
formation and resilient modulus. In the technical guidance
in Fujian Province [30], the solid volume ratio should be
larger than 85% based on the modified Proctor compaction
method. According to the linear regression equation of the
measured solid volume ratio values of the two methods, it
was recommended that the solid volume ratio be not less
than 86.5%.

5.2. CBR. For the modified Proctor compaction molding
method, it is generally required that the CBR of the graded
crushed stone for the base layer be not less than 80% in the
world, while in the Chinese construction technical specifi-
cation, the standard of the CBR index is determined
according to the traffic load. For the medium traffic, the CBR
value is not less than 160%. But for heavy and extremely
heavy traffic, the index changes to be 180% and 200%, re-
spectively. 'erefore, the CBR value based on the modified

Table 4: Test results of repeated load triaxial test.

No. Permanent deformation rate (10−8) Resilient modulus (MPa) Raw material
1# 0.150 342 Limestone
2# 0.219 383 Limestone
3# 0.166 399 Limestone
4# 0.163 344 Sandstone
5# 0.894 341 Sandstone
6# 1.712 311 Tuff
7# 0.277 329 Limestone
8# 0.486 387 Limestone
9# 0.231 356 Limestone
10# 0.118 318 Sandstone
11# 0.402 396 Granite
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Figure 4: Permanent deformation curves in dynamic triaxial tests.

Table 5: Material parameters of permanent deformation curves of
graded crushed stone mixtures.

No. k1 k2 a Raw material Correlation coefficient
1# 0.173 9.71 0.297 Limestone 0.989
2# 0.217 32.90 0.298 Limestone 0.997
3# 0.169 12.97 0.307 Limestone 0.995
4# 0.172 11.34 0.284 Sandstone 0.994
5# 0.812 17.93 0.324 Sandstone 0.997
6# 1.595 17.29 0.291 Tuff 0.996
7# 0.437 6.49 0.311 Limestone 0.988
8# 0.546 10.14 0.294 Limestone 0.993
9# 0.327 6.85 0.293 Limestone 0.989
10# 0.283 3.75 0.307 Sandstone 0.995
11# 0.392 13.92 0.305 Granite 0.997
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Proctor compaction molding method should be larger than
180%. Among the 11 kinds of mixtures in this study, 5
mixtures did not meet the requirements, which mainly were
granite, tuff, and sandstone mixtures. Most of the limestone
mixtures met the requirements. So, the current technical
standard of CBR was too high.

'e higher CBR value does not mean the better per-
formance of the graded crushed stone mixture. According to
the correlation analysis, the CBR value, which was an em-
pirical indicator, was poorly correlated with the shear
strength, dynamic modulus, and permanent deformation of
the graded crushed stone mixture. 'e previous engineering
practice showed that it was difficult to obtain the suitable
engineering materials if the CBR value was too high. 'is
was because the CBR value was mainly determined by the
material type, rather than the gradation of mixtures. So its
requirement should not be too high. According to the en-
gineering practices, the CBR value of the graded crushed
stone mixture based on the modified Proctor compaction
molding method should be 120%. It was deduced that the
CBR value based on the modified vibration compaction
molding method was not less than 150% from the CBR
correlation of the two molding methods.

5.3. Permanent Deformation. 'e permanent deformation
of the graded crushed stone is very critical to control the rut
depth in asphalt pavement structure. According to the
standard load [30], for typical structures in Fujian province,
the deformation rate of the graded crushed stone mixture
should not be greater than 10−8. As shown in Table 4, it was
found that 90% of the mixture met the performance index
requirements based on the vibration molding method. So, it
was reasonable that the deformation rate of 10−8 in the
dynamic triaxial test could be used as the performance
indicators of the antideformation ability based on the vi-
bration molding method.

5.4. ResilientModulus. According to JTG D50-2017 [32], the
range of the resilient modulus of the graded crushed stone is
200–400MPa. Generally, the value is 300MPa in engi-
neering. According to the test results in the dynamic triaxial
tests, the values were both greater than 300MPa, so the
resilient modulus of 300MPa under the vertical partial stress
of 460 kPa and the confining pressure of 196 kPa could be
used as the performance indicators of the bearing capacity
ability.
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Figure 5: Relationship between the material parameters and the permanent deformation at 50,000 times of loading.

Table 6: Test results in the static triaxial test.

No. Internal friction angle (°) Cohesive force (kPa) Shear strength (kPa) Raw material
1# 48.7 40.1 495 Limestone
2# 49.5 51.9 520 Limestone
3# 51.1 39.2 534 Limestone
4# 45.6 20.3 428 Sandstone
5# 44.9 13.7 412 Sandstone
6# 44.8 6.9 404 Tuff
7# 48.4 49.3 499 Limestone
8# 49.1 37.8 499 Limestone
9# 48.9 46.1 504 Limestone
10# 47.2 8.4 440 Sandstone
11# 51.2 9.5 507 Granite
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5.5. Shear Strength. According to the literature [30], the
maximum shear strength of the grade crushed stone in
Fujian typical structure was calculated to be 332.8 kPa.
Considering the reliability factor of 1.2, 395 kPa was taken as
the shear strength standard of the grade crushed stone
mixture based on the modified Proctor compaction molding
method. In this study, the shear strength of 400 kPa in the
static triaxial test could be used as the performance indi-
cators of the shear failure resistance, which was convenient
for engineering applications.

6. Conclusion

Aiming to solve the problems, such as cracking, rutting, and
structural water damage, appeared on the asphalt pavement
under the combined effect of the high-temperature and rainy
climatic condition and heavy loading in Fujian province, 11
kinds of graded crushed stone mixtures were selected in this
study to compare the two experience indexes (solid volume
ratio, CBR) and three performance indicators (resilient
modulus, permanent deformation, and shear strength) of the
specimens. Two laboratory compaction methods, namely,
vibration compaction and modified Proctor compaction,
were adopted to study the effects and the relationship of
compaction methods on the stress-strain characteristics and
shear strength of graded crushed stone mixtures. Results lay
an experimental foundation for the mix design and engi-
neering application of graded crushed stone mixture in
Fujian province. Conclusions are listed as follows:

(1) It was confirmed that the vibration molding method
could be used to evaluate the performance of graded
crushed stone mixtures. In addition, the standardi-
zation for mix design based on vibration compaction
was proposed to guide the mix design of graded
crushed stonemixture in Fujian province.'e results
indicated that the vibration molding method
matched much better with the working of on-site
roller. Comparing with the modified Proctor com-
paction, the maximum dry density designed by the
vibration molding method was improved remark-
ably. Further, the mechanical indexes of graded
crushed stone got by the synchronous motor
pneumatic loading vibration molding, including
CBR, the antideformation ability, and the shear
failure resistance, were much better. At the same
time, the results obtained by the synchronous motor
pneumatic loading vibration molding method were
more stable, which was an advantage over the tra-
ditional vibration molding method.

(2) 'e performance indexes of vibration molding
method, such as the solid volume ratio and CBR, had
strong correlations with the corresponding param-
eters of the modified Proctor compaction. It was
recommended that the solid volume ratio be not less
than 86.5% and CBR be not less than 150%.

(3) Based on the vibration molding method, the resilient
modulus of 300MPa and the deformation rate of
10−8 in the dynamic triaxial test could be used as the

performance indicators of the bearing capacity and
the antideformation ability; the shear strength of
400 kPa in the static triaxial test could be used as the
performance indicators of the shear failure resis-
tance. 'ese performance indexes need further
verification in road engineering.

(4) Besides, for most limestone mixtures, the permanent
deformation and deformation rate were small, while
the resilient modulus and shear strength were large.
Most limestone mixtures performed well and had the
advantages of good resistance to permanent defor-
mation and shear resistance.
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In this study, cellulose and basalt fiber were introduced simultaneously to stone mastic asphalt (SMA) to investigate the effects of
hybrid modification on performance improvement of asphalt mixture. .e study consists of three parts. .e first part investigated
material properties of cellulose and basalt fiber, including microscope electrical scanning. .e second part conducted a series of
tests to evaluate the effects of different combinations of cellulose and basalt fiber on performance. With a total addition of fiber
0.4% by the weight of mixture, five different cellulose-basalt fiber ratios, 0 : 4, 1 : 3, 2 : 2, 3 :1, and 4 : 0, were introduced to the
asphalt mixtures. A series of tests including draindown, permanent deformation, low temperature bending, beam fatigue, and
moisture damage resistance were conducted. In the final part, a benefit-cost ratio was designed to help determine the optimum
cellulose-basalt fiber combination in the economic aspect. Results show that material properties of the two fibers are very different,
including thermostability, modulus, surface, and microstructure, especially oil absorption. In general, all samples with fibers
outperformed the control group in all the performance tests. Specifically, cellulose fiber improved draindown, ductility, and
fatigue more significantly, whilst basalt fiber has more influence on improving permanent deformation, deflection strength, and
stress sensitivity. Equal portion of cellulose and basalt fiber has the best moisture damage resistance. .e mechanisms of the two
fibers are different, resulting in different performance improvements on asphalt mixtures. Overall, an appropriate combination of
the two fibers would produce paving materials with more balanced performance in an economical way.

1. Introduction

Asphalt mixture is made of bitumen, aggregates, and filler, of
which the properties are very sensitive to many factors
including temperature, load-time, moisture, and stress level.
Researchers and engineers are constantly trying to improve
the performance of asphalt mixture. Fibers have been used to
improve paving materials for decades in many parts of the
world and are gaining more attention due to their effects.
Researches have stated that fibers can significantly improve
asphalt mixture performances in one way or another [1]..e
finely divided fiber provides a high surface area per unit
weight so that mixtures with fiber showed an increase in the
optimum binder content [2]. Another function that fiber
plays is to reinforce the asphalt mixture, which carries more
tensile load and prevent propagation of cracks [3]. In all,

fiber changes the viscoelasticity of modified asphalt mixture,
improves the dynamic modulus, moisture susceptibility,
creep compliance, fatigue life, and rutting resistance, and
reduces reflective cracking of asphalt pavement [4–11].

Although fibers have many aforementioned advantages
in asphalt concrete, economy should be taken into con-
sideration. Studies showed that the cost of the fiber mixture
was about 11% higher than the cost of control mixture, and
this increased cost could be justified by an increase in the
service life of 0.9∼1.1 years [12]. However, they may not be
cost-effective if the improvement is not substantial. Cur-
rently, fibers have shown obvious performance promotion in
gap graded asphalt mixtures, like SMA (stone matrix as-
phalt). SMA is a type of hotmix asphalt consisting of a coarse
aggregate skeleton and a high binder content mortar. As the
stone-on-stone structure improves rutting resistance, the
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high asphalt content brings in problems like draindown or
bleeding during the processes of production, storage,
transportation, and paving [13, 14]. By far, the most com-
mon practice is to introduce fiber into the asphalt mixture to
prevent draindown or bleeding.

Cellulose fiber is plant-based fiber most commonly from
woody plants or recycled papers. .is kind of fiber has a
rough texture, porous surface, and diameter varied along the
length [15, 16]. As a result, it has fairly high absorption of
asphalt. It is this nature that helps holding higher binder
contents in mixtures. Cellulose fibers in asphalt mixtures
allow asphalt content to be increased while drastically de-
creasing draindown/bleeding of asphalt binder [17–19].
Cellulose fibers are widely available and inexpensive and
may be provided either in loose form or in pellets.

Basalt fiber is a mineral fiber manufactured by melting
crushed basalt, a hard, dense and stable igneous rock, then
physically forming fibers by spinning or extruding at about
1500°C. Basalt fiber has high elastic modulus and tensile
strength and has no toxic reaction with air or water. When in
contact with chemicals, they produce no chemical reactions
that may damage health or environment [20]. As it is strong
and stable, it makes a perfect reinforcement material for
infrastructure. But due to the relative smooth surface, it is
not as absorptive as cellulose. High price is another dis-
advantage that may hinder its application in engineering
projects. Some scholars also pointed out the damage basalt
fiber may have on vehicle tires [21].

Most studies focusing on fiber-reinforced paving ma-
terials generally investigate the effect of fiber separately. .is
paper introduced an idea of hybrid modification of asphalt
mixture by introducing cellulose and basalt fiber simulta-
neously into SMA so as to take advantages of both fibers to
produce more balanced designed paving material. Properties
of the two fibers were investigated first. .en, draindown
test, wheel tracking test at high temperature, low-temper-
ature bending, beam fatigue test, and moisture damage test
were conducted to evaluate the performance of SMA with
different fiber combinations. Finally, an economic solution
is provided to get optimum benefit-cost efficiency taking
consideration of economy.

2. Material Property Test

.e basic mechanical properties of the basalt fiber are listed
in Table 1..e cellulose fiber used in this study is 6mm long,
with ash content about 17.6%. Other properties including oil
absorption, water absorption, and pH will be tested and
shown in Section 2.1..ree replicates were used for each test,
and results were averaged for analysis.

2.1. &ermostability Test. Technically, there are two ap-
proaches of introducing fiber: wet process and dry process.
In the wet approach, fibers are blended with asphalt binder
first and then blended into mixture, while in the dry ap-
proach, fiber is mixed with the aggregate before adding
asphalt binder. Generally, the dry process is preferred as it is
easy to perform and fiber can be distributed evenly in the

mixture [24]. During the production of SMA, the temper-
ature of aggregates can easily reach 170∼180°C. If styrene-
butadiene-styrene- (SBS-) modified asphalt is used, which is
the normal case in SMA production, the blending tem-
perature could be even higher. As a result, stability of fiber at
a high temperature is a property worth looking into. In
thermostability tests, randomly weighted samples of the two
fibers were first kept in 50°C for 4h to dry up..en, they were
heated to 165°C/200°C and kept for 2 h/5 h. .e mass loss
was recorded as an indication of thermostability as is listed
in Table 2.

.e results show that mass loss of cellulose is much
higher than that of basalt fiber, indicating that basalt fiber is
much more durable than cellulose. Mass loss of basalt fiber
was very small, generally less than 1%. Cellulose was not as
stable as basalt fiber in high temperature, and the mass loss
was much higher, about 5% at 165°C for 2 h. .e mass loss
increased as temperature and duration increased, up to
nearly 12% at 200°C for 5 h. In Figure 1, it is also seen that the
appearance of basalt fiber does not change with heating time,
while the color of cellulose under 200°C/5 h becomes darker
and more curled than that under 200°C/2 h. In general, the
mass loss of cellulose is 20 times that of basalt fiber. .e
relative high mass loss in cellulose raises the consciousness
of strict temperature control during the production of as-
phalt mixtures with fiber. It is also implied that adding basalt
fiber to replace some cellulose can decrease fiber loss in
mixture production.

2.2.CompatibilityTest. Compatibility with asphalt cement is
a key factor of fiber to enhance the asphalt mixture per-
formance. Evaluation of compatibility includes pH, oil ab-
sorption, and stripping test. .e pH test is an indication of
chemical bond of asphalt with fiber, while oil absorption is
an indication of physical bond. .e stripping test is a
performance-related evaluation of bond between asphalt
and fiber.

.e pH test is typically done by soaking fiber in distilled
water and measuring the pH of the water with pH meter. 5 g
dry cellulose and basalt fiber were put into 100ml distilled
water, respectively, and stirred for a while to disperse the
fiber for full contact with water. After a rest of 30minutes,
fibers were taken out and pH of the water was measured. Test
results showed that pH of water with cellulose was 7.24, and
pH of water with basalt fiber was 7.92. Both fiber are weak
alkaline, but the pH of basalt fiber is a little higher because
the basalt fiber is mainly composed of SiO2, Al2O3, and FeOx,
which produce alkaline chemical reaction. According to the
bond theory of asphalt with aggregates, it is the acidic
components of asphalt that reacts with alkali components of
aggregates to form water insoluble salts which become a very
strong bond. Hicks stated that chemical reaction between
most asphalts and acidic aggregates is weaker compared with
alkali aggregates [25]. As such, both fibers have a good
potential of chemical bond with asphalt.

Oil absorption is an important index to test the fiber’s
ability of holding asphalt due to the surface texture (e.g.,
smoothness and porosity) of fibers. 5 g dry cellulose and
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basalt fiber were put in 100ml mineral spirit (kerosene),
respectively, and stirred for a while for full contact. After 30
minutes’ rest, the fibers were taken out and put into a
0.25mm sieve and shaken gently for 10mins to get rid of
excessive mineral spirit and then weighed. .e mass change
in terms of how many times the mass of fiber was used to
evaluate absorption. .e test results of cellulose and basalt
fiber were 683.4% and 145%, respectively. It was clearly
shown that oil absorption of cellulose is much higher, nearly
5 times that of basalt fiber. High absorption of cellulose is a
very good complement for basalt fiber to help hold asphalt
and solves problems like draindown and bleeding in SMA.
Similar tests were done with distilled water, and the ab-
sorption was 510% and 96% for cellulose and basalt fiber,
respectively. Although the absorptions of oil were fairly
larger than water for both fibers, higher oil absorption of
cellulose indicates possible higher vulnerability of water
deterioration of asphalt pavement with cellulose. In this
sense, replacing some cellulose with basalt fiber could reduce

the risk of moisture damage and increase the service life of
asphalt pavement.

.e stripping test of bond between asphalt and fiber was
designed similarly to the “boiling water test” for bond be-
tween asphalt and aggregate. 4 g cellulose or basalt fiber was
put in 100 g asphalt separately and stirred for a while for full
contact. Another sample with 2 g cellulose and 2 g basalt
fiber was also prepared. .e fibers covered with asphalt were
then put onto a 0.25mm sieve and kept at 165°C for 1 h to let
excessive asphalt draindown. After that, samples were cooled
down to room temperature. Randomly selected fibers cov-
ered with asphalt were put into boiling water for 3 minutes.
At last, pick the fiber out, observe the surface, and estimate
the stripped area of asphalt. No strip was observed in the 4 g
cellulose, 2 g cellulose, and 2 g basalt fiber; but about 6%∼
10% area was stripped in the 4 g basalt fiber. Results indi-
cated that the bond of cellulose with asphalt was stronger
than that of basalt fiber. Combination of cellulose and basalt
fiber demonstrated similarly excellent bond as cellulose.

Table 2: Mass loss of cellulose and basal fiber.

Fiber Test procedure Mass before heat (g) Mass after heat (g) Mass loss (%) Visual change of fiber

Basalt fiber

165°C, 2 h 1.0180 1.0155 0.246

No change.165°C, 5 h 1.0442 1.0416 0.249
200°C, 2 h 1.0334 1.0269 0.629
200°C, 5 h 1.0118 1.0053 0.642

Cellulose fiber

165°C, 2 h 1.0120 0.9624 4.901

Fiber curl, and color of surface becomes darker.165°C, 5 h 1.0563 0.9829 6.949
200°C, 2 h 1.0248 0.9278 9.465
200°C, 5 h 1.0007 0.8809 11.972

(a) (b)

Figure 1: Visual change of fibers after the thermostability test. (a) Basalt fiber (200°C). (b) Cellulose (200°C).

Table 1: Basic properties of basalt fiber.

Item Value Standards
Density (g/cm3) 2.56∼3.05 ASTM D3800-16 [22]
Diameter (μm) 13 ASTM D3800-16 [22]Length (mm) 6
Tensile strength (MPa) 4100∼4830

ASTM D5034-17 [23]Elastic modulus (GPa) 90∼110
Elongation rate (%) 3.0∼3.3
pH 9.72
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2.3. Microscope Detection. As mentioned before, the surface
of cellulose and basalt fiber is very different, which may
influence the interface between asphalt and fiber. .e ab-
sorption test and bond test above verified that cellulose has a
better absorption and better bond with asphalt than basalt
fiber. To get a more direct comparison of asphalt absorption
of the two fibers, an environmental scanning electron mi-
croscope (ESEM) was employed to detect the microscale
state of cellulose and basalt fiber mixed with asphalt, as is
shown in Figure 2.

In Figure 2(a), basically, the surface of basalt fiber is
smooth with a thin and evenly distributed asphalt film
covering the basalt fiber along the length. On contrast,
Figure 1(b) shows that there was a lot more asphalt adhered
to the cellulose. As the asphalt molecules align near to the
internal and external surfaces of cellulose filament, they
increase the thickness of asphalt membrane and effectively
increase the bond between asphalt and cellulose. Further-
more, there is a “root structure” that forms at the root of
cellulose, which is believed to enhance the bond between
asphalt and the fiber greatly. It is visually clearly shown in
the pictures that cellulose absorbs much more asphalt than
the basalt fiber does and forms stronger bond with asphalt.

.e properties above indicate that cellulose and basalt
fiber have different material properties. Comparatively,
cellulose has better absorption of and stronger bond with
asphalt material, while basalt fiber demonstrates better
thermal stability and mechanical behavior (higher elastic
modulus and higher tensile strength). It is preliminarily
hypothesized that the introduction of both fibers will
complement each other and leads to more balanced per-
formances of asphalt mixture than only one fiber.

3. Performance Test

3.1. Mixture Design and Specimen Preparation. Performance
tests were designed to test the hypothesis that hybrid in-
troduction of both cellulose and basalt fiber would result in
asphalt mixture with more balanced performance. SMA-13
(stone mastic asphalt with nominal maximum aggregate size
13mm) specimens were prepared as per the Marshall
mixture design method [26]. .e Marshall mixture design
method is a classical method of designing asphalt mixture
mainly based on volumetric properties together with me-
chanical properties. First, asphalt mixtures with different
asphalt contents (usually 5 asphalt contents) were prepared,
and then, a series of tests are conducted to inquire volu-
metric parameters: volumetric voids (VVs), voids of mineral
aggregates (VMAs), and voids of mineral aggregates that are
filled with asphalt (VFA), as well as mechanical properties:
Marshall stability and flow number and dynamic stability of
the prepared asphalt mixtures. Change of volumetric
properties and mechanical properties against asphalt con-
tent is plotted and fitted by second-order polynomial, and
the optimum asphalt content (OAC) is determined as the

asphalt content that gives the best volumetric and me-
chanical properties based on a comprehensive evaluation.
.e gradation of basalt aggregates is shown in Figure 3.
Properties of styrene-butadiene-styrene- (SBS-) modified
asphalt are listed in Table 3.

.e cellulose and basalt fiber were both 6mm long. .e
total introduction of fiber was 0.4% of the mixture by weight
as most literatures and practices recommended [1, 6, 27].
Five combinations of cellulose and basalt fiber were designed
with the portions of cellulose to basalt fiber, 0 : 4, 1 : 3, 2 : 2, 3 :
1, and 4 : 0, by weight. A control group without any fiber was
marked as 0 : 0. As fiber portion changes, the OAC was
anticipated to change too. Marshall tests were conducted to
determine OAC for each fiber combination. OAC and
volumetric properties are listed in Table 4.

Generally, OAC increases with cellulose. .is is because
cellulose has strong asphalt absorption. At the same time, the
volumetric properties also changed. For example, the VV
and VMA increased first and then began to decrease; on
contrary, VFA declined a little but went up afterwards. All
these changes are mainly due to the asphalt content change
caused by different combinations of fibers. Another con-
tribution is the volumetric difference of different fiber
combinations. .e addition of fiber is controlled by weight,
but cellulose and basalt fiber have different densities,
meaning volume of fibers are different, which could in turn
affect the volumetric properties of SMA specimen.

3.2.DraindownTest. A draindown test was carried out as per
ASTM D6390 [28]. A certain amount (about 1 kg) of loose
SMA was put in a glass beaker after mixing with fiber. .e
covered beaker was held in an oven at 185°C± 1°C for about
60min± 1min. .en the beaker was turned over, allowing
the mix to fall into a tared bowl. .e difference of mass,
expressed in the percentage of the original mass, was the
draindown loss. .e upper-limit of draindown loss is 0.3%.
Four replicates were tested, and results were averaged for
analysis. Test results are shown in Figure 4.

.e results were pretty straight forward, draindown loss
decreased with higher portion of cellulose, and this is a direct
sign that cellulose can hold asphalt better than basalt fiber.
More cellulose would improve the asphalt draindown in
SMA. SMA without fiber showed much higher draindown
loss, about 0.35%, which failed the criterion of 0.3%. A one-
tail t test was carried out to check the difference between
different fiber combinations. .e null hypothesis was that
the draindown of different fiber combinations was the same.
.e P value was calculated and compared with the critical
value of 0.05 to reject or accept the null hypothesis. In this
study, P≤ 0.05 means the results of different fiber combi-
nations are statistically different. As listed in Table 5, most of
the test results are significantly different from each other.
Especially, the control group (0 : 0) is significantly different
from all other samples with fibers, meaning that fibers,
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Figure 2: Image of ESEM (magnified by 500 times). (a) Basalt fiber. (b) Cellulose.
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Figure 3: Gradation of SMA.

Table 3: Physical properties of base asphalt.

Properties Values Standards
Specific gravity at 25°C (g/cm3) 1.03 ASTM D70
Penetration at 25°C (1/10mm) 55 ASTM D5M
Softening point (°C) 50.1 ASTM D36M
Flash point (°C) 298 ASTM D92
Ductility at 25°C (cm) >100 ASTM D113
Viscosity at 60°C (Pa·s) 876 ASTM D4402
Loss on heating (%) 0.042 ASTM D6M

Table 4: OAC and volumetric properties of SMA with different fiber combinations.

Cellulose : basalt OAC (%) (asphalt-aggregate ratio) VV (%) VMA (%) VFA (%)
0 : 4 5.9 3.6 16.5 79.4
1 : 3 6.0 3.8 16.6 77.1
2 : 2 6.1 3.9 17.0 77.6
3 :1 6.1 3.2 16.7 80.8
4 : 0 6.2 3.4 17.2 79.0
0 : 0 5.4 4.2 16.0 75.3
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whether cellulose or basalt fiber or the combination of both,
has significant improvement on the draindown of asphalt
mixture.

3.3. Permanent Deformation Test. .e main advantage of
SMA lies in its excellent rutting resistance. .e wheel
tracking test was carried out to compare the permanent
deformation of SMA with different fiber combinations at
high temperature. Wheel tracking test simulates traffic
moving on pavement to test the permanent deformation
resistance of asphalt mixture at high temperature as per JTG
E20-2011[29]..e test temperature was set at 60°C± 1°C and
contact pressure 0.7MPa± 0.05MPa. During test, the wheel
runs to and fro at frequency of 42 passes/min ±1 pass/min.
Dynamic stability (DS) indicating the passes to achieve every
1mm of deformation was used to evaluate the rutting re-
sistance of asphalt mixture, as shown in equation (1).
Specimens of 300mm length and 300mm width by 50mm
thick were prepared for the test. At least four replicates were
tested for each fiber combination:

DS �
t2 − t1(  × N

d2 − d1
× C1 × C2, (1)

where d1 and d2 correspond to the deformation at time t1
and t2, respectively; C1 and C2 are test parameters based on
equipment model and sample dimension, as standard test
equipment and samples are used in this study, C1 � 1.0,
C2 �1.0; and N is the passes per min.

Figure 5 displays the change of DS with fiber combi-
nations. First of all, specimens with fibers outperform the
control group in general. Secondly, mixtures with higher

basalt fiber portions had higher DS values, indicating that
basalt fiber improves the rutting resistance more signifi-
cantly. As the permanent deformation performance of
different fiber combinations looks close to each other, a one-
tail t test was carried out to check the difference between
different fiber combinations. .e null hypothesis was that
the DS of different fiber combinations were the same. .e P

value was calculated and compared with the critical value of
0.05 to reject or accept the null hypothesis. In this study,
P≤ 0.05 means the results of different fiber combinations are
statistically different. Table 6 shows that only one case
(cellulose : basalt� 0 : 4 against cellulose: basalt� 0 : 0) shows
significance (P � 0.048), meaning that when only basalt fiber
is added, the difference of DS are significantly different from
the control group. Basalt fiber has very high modulus and
tensile strength. When blended in SMA, it forms a strong
fiber network and restricted the movement of mastic and
thus improves the antideformation ability of asphalt mix-
ture. Another reason for the nonsignificant improvement of
DS by the other fiber combinations is that when cellulose is
added, asphalt content is increased at the same time, which
has the potential of increasing permanent deformation at
high temperatures. In general, the addition of fibers can
improve permanent deformation resistance of asphalt
mixture, but the effects are not significant.
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Figure 5: DS of SMA with different fiber combinations.
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Figure 4: Draindown test of SMA with different fiber combinations.

Table 5: P values of draindown of different fiber combinations.

Cellulose : basalt 0 : 4 1 : 3 2 : 2 3 :1 4 : 0 0 : 0
0 : 4 — 0.173 0.067 0.019 0.013 0.009
1 : 3 — — 0.193 0.019 0.017 0.005
2 : 2 — — — 0.06 0.042 0.004
3 :1 — — — — 0.336 0.002
4 : 0 — — — — — 0.007
0 : 0 — — — — — —
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3.4. Low-Temperature Performance Test. As environmental
temperature drops, the body of pavement would contract
and internal stress builds up. If this contraction occurs fast
enough, tensile stress accumulates in asphalt mixture and
may cause cracking..ree-point beam test was carried out at
−10°C±0.5°C to check bending resistance at low temperature
as per JTG E20-2011(29). A loading is exerted at the mid-
point of the beam at a speed of 50mm/min. .e specimen is
250mm long× 30mmwide× 35mmhigh, with a supporting
span of 200mm. .e deflection strength RB, maximum
tensile strain εB at the bottom of beam, and stiffness modulus
SB are calculated as follows:

RB �
3LPB

2bh
2 ,

εB �
6h d

L
2 ,

SB �
RB

εB

,

(2)

where L is the supporting span, PB is the maximum load (N),
b is the width of the beam, h is the height of the beam, and d
is the maximum deflection (at the loading point). RB, εB, and
SB of different fiber combinations are listed in Table 7.

It is found that, with the increase of basalt fiber, RB and
SB increase, while εB decreases. On the contrary, as more
cellulose is added, RB and SB decrease, while εB increases.
.is is due to the different mechanisms of the two fibers.
Basalt fiber is a strong material with very high modulus, the
fibers form interconnected three-dimensional network and
helps transfer the internal stresses, thus increasing the
stiffness of SMA, acting like the reinforcing bar. .e main
effect of cellulose is increasing the asphalt content, which is
believed to increase the ductility of samples. To avoid low-
temperature cracking, the asphalt mixture is required to
either relax fast to release the stress or be strong enough to
resist the stress..e introduction of both cellulose and basalt
fiber at the same time seems to increase the deflection
strength and ductility at the same time, resulting in a more
balanced asphalt mixture. For example, in the case of cel-
lulose: basalt� 3 :1, when compared with the control group
(cellulose: basalt� 0 : 0), it increases the εB by about 5.3%
from 3397 to 3575 as well as increases RB by about 7.1% from
11.31 to 12.11.

3.5. Beam Fatigue Test. Intermediate temperature fatigue
cracking by repeated loading is the one of the major

distresses of asphalt pavement. Many test methods such as
beam fatigue, semicircle beam (SCB), indirect tension (IDT)
strength, Texas overlay tester (OT), and asphalt mixture
performance tester (AMPT) have been used to characterize
the resistance of asphalt mixtures to cracking.

One of the most widely accepted methods is the repeated
loading beam fatigue test. Beam specimens with dimension
of 380mm long× 63mmwide × 50mm thick were subjected
to four-point bending by IPC® fatigue test apparatus, as perASTM D7460 [30]. Test temperature was set at 15°C± 0.5°C.
Haversine loading with controlled stress was conducted at a
frequency of 10Hz± 0.1Hz. Stress levels to flexural strength
was set in four levels: 0.2, 0.3, 0.4, and 0.5. Before the fatigue
test, flexural strength of beam was determined and corre-
spondingly the stress levels. At least four replicates were
tested for each stress level. Typical fatigue relation is stated as
follows:

lg Nf  � a − blg(σ), (3)

whereNf is the fatigue repetition; σ is stress level; and a and b
are regression parameters.

Fatigue curves on log-log scale are shown in Figure 6.
.e strength test results and fatigue equations are listed in
Table 8.

.e fatigue models in this study have not been calibrated
with field data, so they cannot be used to predict fatigue life.
But, they are able to provide a comparison between speci-
mens to evaluate the effects of different fiber combinations
on fatigue. It is clearly shown that, as the stress level in-
creased, the fatigue life declined. Overall, specimens with
fiber had better fatigue than the control group. With the
increase in the cellulose portion, the specimen demonstrated
higher flexural strength and better fatigue property. .is is
mainly because of the increase of asphalt content. .e slope
of the fatigue line is an indication of sensitivity to stress level.
Smaller slope means less sensitive to stress level. As indicated
by parameter b in fatigue equations in Table 8, the slope
decreased with the increase of basalt fiber. .is makes sense
as the basalt fiber forms a strong fiber network that helps
mitigate the propagation of cracks to make asphalt mixtures
more stable. As a result, a combination of cellulose and
basalt fiber would lead to higher bending strength and better
fatigue compared with sole basalt fiber and less stress sen-
sitivity compared with sole cellulose.

3.6. Moisture Damage Test. .e resistance of asphalt pave-
ment to moisture damage is critical to its long-term per-
formance and sustainability. A moisture test was conducted
to evaluate moisture resistance of asphalt mixture with
different fiber combinations as per ASTM D4867M [31]. 8
samples were prepared for each fiber combination and
evenly divided into two groups: wet subset and dry subset. A
freeze-thaw conditioning was employed for the wet subset
samples: the specimens were first saturated in a vacuum
chamber to reach a partial saturation of 55%∼80% and then
wrapped in leak-proof bag with about 3ml distilled water
and placed in an air bath freezer at −18°C°±°2.0°C for at least
15 h; after that, the specimens were immersed in a water bath

Table 6: P values of draindown of different fiber combinations.

Cellulose : basalt 0 : 4 1 : 3 2 : 2 3 :1 4 : 0 0 : 0
0 : 4 — 0.229 0.205 0.092 0.078 0.048
1 : 3 — — 0.427 0.212 0.175 0.053
2 : 2 — — — 0.290 0.244 0.121
3 :1 — — — — 0.429 0.195
4 : 0 — — — — — 0.277
0 : 0 — — — — — —
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at 60°C°±°1.0°C; at last, both the dry subset specimens and
wet subset specimens were tested in the indirect tensile test.
Moisture damage is indicated by the tensile strength ratio
(TSR) of the wet subset (Stm) to that of the dry subset (Std),
calculated from equations (4) and (5). .e higher the re-
sidual strength is, the better the moisture stability is. Test
results are listed in Table 9.

St �
2P

πt D
, (4)

TSR �
Stm

st d

, (5)

where St is the tensile strength (kPa), P is the maximum load
(N), t is the specimen height immediately before test (mm),
D is specimen diameter (mm). Stm is the average strength of
moisture conditioned subset (kPa), and Std is the average
strength of dry subset (kPa).

Asphalt mixtures with different cellulose-basalt fiber
ratios showed different moisture resistances. With the
increase in a portion of cellulose, the residual strength
increased first and then began to decline. When cellulose-
basalt fiber ratio reached 2 : 2, the moisture stability was the
best. .is is because of the composite effect of the asphalt
absorption by cellulose and the strength enforcement by
basalt fiber, which together improve the resistance to
moisture. All cases with fiber have better moisture damage
resistance than the control group.

3.7. Economy Analysis. .e aforementioned technical
analysis has demonstrated that cellulose and basalt fiber
enhance SMA properties and performances in different ways
and work as good complements for each other. Nevertheless,
when applied in real projects, economy is a must consid-
eration. In fact, one of the purposes of hybrid enforcement is
to replace a portion of expensive basalt fiber with cheap

Table 7: .ree-point beam tests at low temperature.

Cellulose: basalt OAC (%) PB (N) d (mm) RB (MPa) εB (με) SB (MPa) Critical εB (με)
0 : 4 6.0 1531 0.626 12.97 3287 3947 >2800
1 : 3 6.0 1505 0.631 12.53 3313 3783
1 :1 6.1 1454 0.661 12.28 3470 3538
3 :1 6.1 1404 0.681 12.11 3575 3388
4 : 0 6.2 1352 0.693 11.85 3638 3258
0 : 0 5.4 1385 0.647 11.31 3397 3329

Table 8: .e strength and fatigue equations of SMA with different fiber combinations.

Cellulose : Basalt Flexural strength (MPa) Fatigue equations R2

0 : 4 4.88 lg(Nf )� 2.6147−1.8858 lg(σ) 0.9914
1 : 3 5.35 lg(Nf)� 2.6308− 2.0416 lg(σ) 0.9953
2 : 2 5.47 lg(Nf)� 2.6388− 2.1904 lg(σ) 0.9980
3 :1 6.90 lg(Nf)� 2.6615− 2.2533 lg(σ) 0.9950
4 : 0 7.09 lg(Nf)� 2.6690− 2.3346 lg(σ) 0.9930
0 : 0 4.17 lg(Nf)� 2.1162− 2.3634 lg(σ) 0.9843
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Figure 6: Fatigue curves of SMA with different fiber combinations.
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cellulose to bring down the cost. .e costs of different fiber
combinations and asphalt mixtures were calculated and are
listed in Table 10. .is case was based on average market
price of China in 2018 : 4000 yuan/ton for cellulose, 10000
yuan/ton for basalt fiber, and 6000 yuan/ton for SBS
modified asphalt. .e unit price of fiber combination was
calculated by multiplying the unit price of each fiber and its
portion, as displayed in column 2. .e total amount of fiber
was set at 0.4% of asphalt mixture by weight, and the cost of
hybrid fibers was displayed in column 3. .e total cost
(hybrid fiber + asphalt) was displayed in the last column,
regardless of aggregates.

As the table shows, with the increase in cellulose, the cost
of fiber decreases as less basalt fiber was used. Corre-
spondingly, the cost of asphalt goes up a little as a result of
higher asphalt content. .e net effect is that the total cost
declines with more cellulose. As a result, the hybrid fiber has
a price advantage over sole basalt fiber.

To get an optimum fiber combination, the benefit-cost
ratio B is termed as the ratio of “percent performance
change” to “percent cost change.” Obviously, the bigger the
B is, the more the cost-effective it is:

B �
P

C
, (6)

where P is the percent performance change and C is the
percent cost change.

.e B values of different fiber combinations for different
characteristics based on the results of this study are listed in
Table 11. As is shown in the table, the B value of different
performances shows different trends. For draindown and
fatigue, B value increases as cellulose increases; but for
permanent deformation, B value decreases as cellulose in-
crease. For moisture damage, B value increases first and then
declines. .is would bring in conflicts when performances
with opposite B trends are needed at the same time, e.g., a
fiber combination that achieves higher B value in permanent
deformation would result in a lower B value in fatigue.
Asphalt pavement in service is subjected to traffic and en-
vironmental change, and an optimum fiber combination is
to produce SMA with balanced characteristics to improve all
required performances. One simple and effective solution is
to assign different weight coefficients to different perfor-
mances to get a comprehensive B value, Btotal:

Btotal �  wiBi. (7)

where wi is the weight coefficient,  wi � 1; wi is determined
based on traffic, environmental condition, pavement
structure, etc; and Bi is the B value for the ith characteristic.

In general, replacing some basalt fiber with cellulose
would bring down the price and improve the fatigue and
draindown at the same time. In this study, the moisture
damage indicates that the best moisture resistance is
achieved when the portion of cellulose and basalt fiber is
equal. For specific projects, designers can determine the
weight coefficient and calculate an economic combination of
fibers in accordance with equation (7).

4. Discussions

Cellulose and basalt fiber are widely used additives to im-
prove the asphalt mixture performance, especially SMA..is
study showed that, when used in good proportion, the
combination of cellulose and basalt fiber can lead to a more
balanced performance.

.is study has three main parts. .e first part was
material tests, which revealed basic properties including
advantages and disadvantages of the two fibers. Basalt fiber
had much better high temperature stability than cellulose.
.e mass loss of cellulose was nearly 20 times that of basalt
fiber. At the same time, thanks to its porous and ribbon type
surface, the absorption of cellulose was more than 5 times
that of basalt fiber. Results from the pH test showed that both
fibers were weak alkaline. Stripping test and microscope
electric scanning demonstrated that bond between cellulose
and asphalt cement was better than that of basalt fiber. From
these material properties, it is hypothesized that the two
fibers can serve as a complement to each other to balance the
performance of asphalt mixtures.

A series of performance tests were conducted in the
second part to validate the hypothesis. Combinations of
different cellulose-basalt fiber portions were introduced into
SMA13. .e total amount of fiber addition is set at 0.4% of
asphalt mixture by weight, in accordance with relevant
literature. Five portions 0 : 4, 1 : 3, 2 : 2, 3 :1, and 4 : 0 as well
as a control group (0 : 0) without any fiber were designed,
and OAC was determined for each combination. With the
increase in the cellulose, the OAC increased mainly because
of the high absorption of cellulose. Volumetric properties
changed as a result of the different asphalt content and fiber
volumetric properties. .e draindown tests showed that
cellulose has a more significant influence on draindown.
Performance tests including permanent deformation, low
temperature bending, fatigue, and moisture damage were
evaluated and compared. .e mechanisms of the two fibers
were also analyzed. .e addition of cellulose fiber mainly
increases asphalt content, increasing the fatigue perfor-
mance and ductility at low temperature, whilst basalt fiber

Table 9: Moisture test of SMA with different fiber combinations.

Cellulose : basalt Air voids (%) Degree of saturation (%) Average Stm (kPa) Average Std (kPa) TSR (%)
0 : 4 6.9 64 498 548 90.8
1 : 3 6.6 60 497 537 92.4
2 : 2 7.2 71 597 640 93.2
3 :1 6.3 78 646 704 91.7
4 : 0 7.7 73 602 677 89.0
0 : 0 7.5 68 347 416 83.4
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works like reinforcement bars in the asphalt mixture due to
it high strength and modulus. As a result, it improves the
permanent deformation significantly and increases the de-
flection strength at low temperature but does not increase
the fatigue much. However, due to its enforcement, the
addition off basalt fiber improved the stress sensitivity of
fatigue. As for moisture damage resistance, the combination
of the two fibers with equal proportion showed the best
performance. Although differences exist among different
fiber combinations, SMA with fiber overall outperformed
the control group in all tests. As the mechanisms of the two
fibers are different, they have effects on different aspects of
performance of asphalt mixture. Hybrid modification with
cellulose and basalt fiber in asphalt mixture can produce
more balanced asphalt mixture performances than adding
only one fiber. A good example is shown in the low-tem-
perature test that the addition of cellulose and basalt fiber
increases the ductility and deflection strength at the same
time. Another good demonstration is the fatigue test, in
which the addition of cellulose increases fatigue resistance
and the basalt fiber decreases stress sensitivity.

In the third part, economy was taken into consideration,
as normally, the price of basalt fiber is over twice as much as
cellulose. .e increase of cellulose would increase the cost of
asphalt, but the total cost is still much lower compared with
that of basalt fiber. To help identify the optimum fiber
combination, the benefit-cost ratio B was introduced to take
into account the performance improvement with regard to
cost. Altogether, compared with solely basalt fiber modifi-
cation, hybrid modification with both cellulose fiber and
basalt fiber can reduce the cost and improve the performance
at the same time.

5. Conclusions

Cellulose and basalt fibers were introduced to SMA si-
multaneously to investigate the performance improvement
through a series of laboratory tests. Main conclusions are as
follows:

(1) Cellulose fiber and basalt fiber have different ma-
terial properties, and the basalt fiber has better high
temperature stability while cellulose fiber has better
absorption and bond with asphalt due to its porous
surface.

(2) .e two fibers improve different aspects of SMA
performance. Cellulose fiber improves drain down,
ductility, and fatigue significantly; at the same time,
basalt fiber contributes mainly on the improvement
of permanent deformation, deflection strength, and
stress sensitivity of fatigue. .e existence of both
basalt fiber and cellulose fiber improve the moisture
damage resistance.

(3) .e mechanism of the two fibers is different. Ad-
dition of cellulose increases the asphalt content as
well as its bond of the asphalt mixture. Basalt fiber,
due to its good mechanical property of high strength
and modulus, acts like reinforcement in the asphalt
mixture.

(4) .e hybrid modification of SMA using cellulose fiber
and basalt fiber can achieve a more balanced per-
formance at an economical cost.
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To evaluate the physical and rheological properties of rejuvenated styrene-butadiene-styrene-modified asphalt (SBSMA) binders
designed for rapid in-place pavement recycling, an aged SBSMA binder was rejuvenated with three rejuvenators (i.e., Types I, II,
and III) in different dosages. )e physical properties of rejuvenated SBSMA were obtained to determine the optimal type and
dosage of rejuvenators for the first and second rejuvenation. Performance grade (PG) tests, multiple stress creep recovery (MSCR)
tests, and linear amplitude sweep (LAS) tests were conducted to measure the rheological properties using the dynamic shear
rheometer (DSR) and bending beam rheometer (BBR). )e results exhibited that the rejuvenators could soften the multiple aged
binder and enhance its high- and low-temperature performance. )e rejuvenation effect of rejuvenator Type I with the optimal
dosage of 6∼8% was the most appropriate for the first rejuvenation. )e optimal dosage of the second rejuvenation was 10∼12%.
)e addition of rejuvenators decreased the rutting factor (G∗/sin δ), creep stiffness (S), delta Tc (ΔTc) parameter, recovery response
(R), and yield stress of rejuvenated SBSMA. On the other hand, an increase in the rate of relaxation (m-value), nonrecoverable
creep compliance (Jnr), and yield strain of rejuvenated SBSMA was recorded. Overall, the study findings indicated an im-
provement in the elastic properties of rejuvenated SBSMA, which contributes to improving the rutting, thermal, and fatigue
cracking resistance of asphalt binder and ultimately the response of asphalt pavements.

1. Introduction

Asphalt binder, which is a by-product of petroleum, is an
essential material used in the construction of flexible
pavements [1]. Styrene-butadiene-styrene (SBS) polymer,
which is an elastomer thermoplastic polymer, is widely used
as an asphalt binder modifier to enhance the high- and low-
temperature performance of asphalt mixtures [2]. However,
aging and degradation of the SBS-modified asphalt (SBSMA)
binders under the actions of oxygen, sunlight, rainfall, and
vehicle loading can detrimentally deteriorate the perfor-
mance of asphalt mixtures and eventually lead to pavement
failures [3, 4]. )e aging phenomenon usually encompasses
some internal changes in the chemical composition of the
asphalt binder that ultimately leads to changes in the overall

structural integrity of the asphalt mixture. For instance,
because of the oxidation of the naphthalene aromatics and
the polar aromatics, the ratio of asphaltene to maltene of
aged SBSMA tends to increase [5]. )e aged asphalt binder
usually turns into a gel-type asphalt binder that exhibits low
ductility, high stiffness, and high thixotropy [6].)e aging of
SBS-modified asphalt binder is a combination of asphalt
phase oxidation and polymer phase degradation [7]. )e
chain scission reaction at polybutadiene (PB) segments plays
a primary role in the thermooxidative degradation of SBS
polymer [8]. )e PB segments containing the unsaturated
double carbon bonds (C�C) are easy targets to oxygen and
degrade rapidly into smaller polymer chains under the effect
of heat and ultraviolet light (UV) [9, 10]. Because of in-
creased modulus due to oxidation and low SBSmodification,
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asphalt mixtures also tend to be brittle with a high pro-
pensity to thermal and fatigue cracking [11, 12].

Asphalt mixtures are self-healing materials. In other
words, under certain energy conditions, the microcracks can
be self-repaired [13]. To enhance (and expedite) this self-
repairing process, rejuvenators are often added to aged
asphalt binders to soften them and make the rejuvenated
asphalt binders more fluid so as to be able to infiltrate into
and fill up the cracks [14]. Rapid in-place pavement recycling
is a preventive maintenance technology based on spraying
the rejuvenator onto the aged pavement surface to seal off
the cracks and soften the asphalt binder. Compared with
other asphalt pavement recycling technologies, Liu [15]
asserts that rapid in-place pavement recycling technology is
quick, time-efficient, and the most economical and effective
solution for asphalt pavement preservation.

As reported in the literature, rejuvenators have the
potential to recover and enhance the material properties and
mechanical performances of aged SBSMA [16]. However,
having and/or injecting an optimum amount of rejuvenator
is one of the key aspects of achieving the desired material
properties and enhanced performance characteristics [17].
Balanced rejuvenating design based on multicriteria eval-
uation has been used by many researchers to optimize the
rutting, cracking, and fatigue performances of asphalt
binders [18, 19]. Koudelka et al. [20] used two rheological
parameters: the Glower-Rowe (G-R) parameter obtained
from the dynamic shear rheometer (DSR) tests and the delta
Tc (ΔTc) obtained from the bending beam rheometer (BBR)
tests to determine the optimum dosages of recycling agents.
Elkashef et al. [21] found that the extent of rejuvenation/
regeneration of the soybean-derived rejuvenator was more
pronounced for the stiffer binders. Shen et al. [22] inves-
tigated the changes in molecular weights of crumb rubber-
modified asphalt binders both after aging and after reju-
venation. )e addition of rejuvenator was found to have
reduced the macromolecular substances and increased the
micromolecular substances of aged asphalt binders. Zau-
manis et al. [23] proved that the recycled asphalt mixtures
with six rejuvenators could ensure excellent rutting and
cracking resistances while providing longer fatigue life. Cui
et al. [24] found that the rejuvenator can alleviate the self-
aggregation of asphaltenes but cannot completely restore the
colloidal structure of the aged asphalt binders by the means
of molecular dynamics (MD) simulations. )e rejuvenator/
recycling agent could deagglomerate the oxidized asphal-
tenes, which led to a concurrent increase in the crossover
modulus and crossover frequency of aged binder [25]. Xu
et al. [26] studied the rejuvenator diffusion behavior and
thermodynamic properties of asphalt binder using all-atom
MD simulations.

Traditional grading parameters of asphalt binders such
as penetration, softening point, and viscosity cannot fully
reflect the viscoelasticity of asphalt binders. In particular,
these parameters have been considered to be insufficient in
characterizing the performances of asphalt binders at high
temperatures [27]. Furthermore, the Superpave rutting
parameter G∗/sin δ has been reported to exhibit poor cor-
relation with the rutting resistance of polymer-modified

asphalt mixtures measured in the laboratory [28]. Multiple
stress creep recovery (MSCR) test, developed by D’Angelo
et al. [29], can more fundamentally represent the nonlinear
viscoelastic behavior of asphalt binders over a range of high
temperatures [30, 31].

Similarly, the Superpave fatigue parameter, G∗∕sinδ,
could not accurately estimate the maximum fatigue life of
asphalt mixtures under nonlinear viscoelastic loading [32].
)e viscoelastic continuum damage (VECD) theory is a
novel approach used to characterize the fatigue behavior of
viscoelastic materials. Linear amplitude sweep (LAS) test has
been developed based on VECD theory and provides more
reliable parameters to estimate and quantify the fatigue life
of asphalt binders at varying stress levels [33, 34].

)e primary aim of this study was to investigate the
effects of rejuvenators on the physical and rheological
performances of the aged and rejuvenated SBSMA. )e
optimal types and dosages of rejuvenators were determined
based on multicriteria evaluation to provide a laboratory
assessment framework for rapid in-place pavement recy-
cling. Because the performance evaluation of rejuvenated
asphalt binders is often limited to traditional grading pa-
rameters such as viscosity, penetration, and softening point,
another aim of this study was to evaluate the rutting and
fatigue characteristics of rejuvenated SBSMA through
measurement and quantification of their rheological prop-
erties using the MSCR and LAS tests.

2. Materials and Test Methods

2.1. Asphalt Binders and Rejuvenators. )e basic properties
of the Shell SBS-modified asphalt binders are listed in Ta-
ble 1. )e amount of SBS polymer incorporated in asphalt
binder was 4.5%.)e rejuvenator was prepared with a heavy
naphthenic base oil and the polymer-modified asphalt. )e
principal properties of three rejuvenators used, designated as
Types I, II, and III, respectively, are similarly listed in Table 2.
)e samples of three rejuvenators are shown in Figure 1.

2.2. Laboratory Experimentation. Agings of the SBSMA
were accomplished using the rolling thin-film oven test
(RTFOT, aging at 163°C for 5 h) and pressurized aging vessel
test (PAV, aging at 100°C for 20 h under 2.1MPa of air
pressure) according to ASTM D2872 and ASTM D6521,
respectively. RTFOT was used to simulate the short-term
aging of the SBSMA at the construction stage such as
production, mixing, transporting, and paving processes.
PAV was employed to simulate the long-term field aging of
the SBSMA at the service stage.

)e virgin SBSMA was aged by RTFOT and PAV to
obtain the first aged SBSMA.)en the first aged SBSMA was
blended with the three rejuvenators at a mixing temperature
140∼160°C for 30min to prepare the first rejuvenated
SBSMA. )e rejuvenator at dosages/contents was 2%, 4%,
6%, 8%, and 10%, respectively, by weight of aged asphalt
binders.

Because there is no heating applied on the aged asphalt
mixtures through the rapid in-place pavement recycling, the
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second aging of SBSMA is a long-term aging. )e first re-
juvenated SBSMA with optimal types and dosages of reju-
venators (I + 6%, I + 8%, II + 6%, and II + 8%) was aged by
PAV and then rejuvenated with rejuvenators Type I and
Type II to obtain the second rejuvenated SBSMA. )e re-
juvenators at dosage increments were 0%, 2%, 4%, and 6%.
)ereafter, the aged and rejuvenated SBSMA were tested to
evaluate and quantify their physical and rheological prop-
erties (Figure 2).

2.3. Physical Property Tests. Physical properties of the aged
and rejuvenated SBSMA, including penetration (25°C),
softening point, and ductility (5°C), were tested as per ASTM
D5, ASTM D36, and ASTM D113, respectively.

2.4. Rheological Property Tests. Dynamic rheological prop-
erties of the virgin, aged, and rejuvenated SBSMA were
performed using the DSR (Discovery HR-1, TA Instru-
ments, USA) and the BBR (TE-BBR, Cannon, USA).

2.4.1. Dynamic Shear Rheometer Test. Temperature sweep
tests were carried out using DSR at the strain-controlled
mode. )e temperature range was 64∼82°C with increment
of 6°C. )e asphalt binder specimens were molded to a
diameter of 25 mm by 1 mm thick. High-temperature PG
was determined based on the established rutting factor
criteria (G∗/sin δ � 2.2 kPa) as per ASTM D6373.

2.4.2. Bending Beam Rheometer Test. )e low-temperature
PG was estimated using the BBR at two test temperatures
(−12°C and −18°C). Low-temperature PG was determined
based on the thermal cracking criteria (S(t)� 300MPa, m-
value� 0.3) in accordance with ASTM D6373. )e S(t) and
m-value were estimated using equations (1) and (2) as per
ASTM D6648. )e ΔTc parameter was developed by
Anderson et al. [35] to evaluate age-related cracking

potential. Delta Tc (ΔTc) parameter, described as in equation
(5), is defined as the numerical difference between two low
continuous grading temperatures obtained from the BBR
stiffness and m-value criteria [36]:

S(t) �
PL

3

4bh
3δ(t)

, (1)

m(t) �
dlog S(t)

dlog(t)




, (2)

Tc,S � T1 +
T1 − T2(  × log 300 − log S1( 

log S1 − log S2
  − 10, (3)

Tc,m � T1 +
T1 − T2(  × 0.3 − m1( 

m1 − m2
  − 10, (4)

ΔTc � Tc,S − Tc,m, (5)

where S(t) is the creep stiffness at loading time t (MPa);m(t) is
the rate of relaxation, m-value, at loading time t; P is the
applied load (N); L is the span length (mm); b is the width of
the asphalt binder beam (mm); h is the depth of the asphalt
binder beam (mm); δ(t) is the deflection of the asphalt binder
beam at time t (mm); Si is the creep stiffness at temperature Ti,
(MPa);mi is the rate of relaxation at temperature Ti; Tc,S is the
critical temperature where S� 300MPa (°C); Tc,m is the critical
temperature where m� 0.3 (°C); and ΔTc is the numerical
difference between Tc,S and Tc,m (°C).

2.4.3. Multiple Stress Creep Recovery (MSCR) Test. )e
MSCR tests were performed at 70°C in accordance with the
ASTM D7405 test procedure. Two loading stress levels of
0.1 kPa and 3.2 kPa were used. Each stress level had 10 re-
peated cycles with creep stage of 1 s-loading and recovery
stage of 9 s-unloading. )e total test time for one specimen
was 200 s. In this study, the MSCR test was used to char-
acterize the high-temperature rheological behavior and stress-
related rutting resistance of rejuvenated SBSMA. Percent
recovery (R) parameter and nonrecoverable creep compliance
(Jnr) were used to characterize the recovery properties and
high-temperature performance of asphalt binders. )e stress
sensitivity index (Jnr-diff), defined as the percentage difference
of the Jnr at two stress levels, was used to evaluate the stress
sensitivity of the rejuvenated SBSMA to traffic loading.

2.4.4. Linear Amplitude Sweep (LAS) Test. )e LAS test was
used to evaluate the fatigue behavior of the rejuvenated
SBSMA. )e asphalt binder specimens were molded to a
diameter of 8 mm by 2 mm thick. In this study, the LAS test
was conducted at 25°C in accordance with the AASHTO
TP101 test procedure. )e procedure of the LAS test was
comprised of two steps. First, the frequency sweep test with a
frequency range of 0.1∼30Hz was performed at a low strain
level of 0.1% to obtain the undamaged property of specimen
(α) and fatigue parameter A. )en, the amplitude sweep test
in strain-controlled mode was conducted at 10Hz for 300 s.

Table 1: )e basic properties of SBS-modified asphalt binders.

Properties Methods Limits Values
Virgin asphalt binders
Penetration at 25°C (0.1mm) ASTM D5 40∼60 51
Softening point (°C) ASTM D36 ≥60 79
Ductility at 5°C (cm) ASTM D113 ≥20 26

Elastic recovery at 25°C (%) ASTM
D6084 ≥70 88

Storage stability, ΔSoft. Points,
48 h (°C)

ASTM
D5976 ≤2.5 1.5

Solubility in trichloroethane (%) ASTM
D2042 ≥99 99.5

Flash point COC (°C) ASTM D92 ≥230 280

Viscosity at 135°C (Pa·s) ASTM
D4402 ≤3 1.5

RTFOT residues

Mass loss (%) ASTM
D2872 ≤0.6 0.2

Penetration ratio at 25°C (%) ASTM D5 ≥65 69
Ductility at 5°C (cm) ASTM D113 ≥15 17
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)e amplitude of sine wave load form increased linearly
from 0.1% to 30%. )e LAS test data was processed and
analyzed using a VECD model approach to determine the
fatigue parametersA and B. Given the fundamental nature of
these fatigue parameters, the fatigue life of the asphalt binder
can be estimated through the fatigue model given in

Nf � A cmax( 
− B

, (6)

A �
f Df( 

1+ 1− C2( )α( )

1 + 1 − C2( α(  × πC1C2( 
α, (7)

B � −2α, (8)

where Nf is the fatigue life; cmax is the estimated maximum
strain (%);A and B are the fatigue parameters; f is the loading
frequency (Hz); Df is the failure point at a 35% reduction in
the initial specimen modulus; α is the undamaged property
of the specimen; and C1 and C2 are the fitting factors of the
power-law model.

3. Test Results, Analysis, and Discussions

3.1. Physical Properties of Rejuvenated SBSMA. Figure 3
shows the physical properties of the first and second reju-
venated SBSMA with different types and dosages of
rejuvenators.

3.1.1."e First Rejuvenated SBSMA. With the increase of the
rejuvenator dosage, the penetration and ductility of reju-
venated SBSMA increased, while the softening point de-
creased (Figures 3(a), 3(c), and 3(e)). When the rejuvenator
dosage was 0∼4%, the penetration improvement of aged
SBSMA was Type III>Type I>Type II. When the rejuve-
nator dosage was 4∼10%, the efficiency of Type III on
penetration improvement was weaker than that of Type I
and Type II (Figure 3(a)). A small amount of rejuvenator
could obviously reduce the softening point of aged SBSMA,
but the further addition of rejuvenator had not a significant
effect as before. Compared with Type I and Type III, Type II
had a weaker effect on reducing the softening point
(Figure 3(c)). For each 1% rejuvenator added to the aged
SBSMA, the ductility of the rejuvenated SBSMA could be
increased by about 1 cm. )e ductility improvement of aged
SBSMA was Type I≈Type II>Type III (Figure 3(e)).
)erefore, the asphalt blends with rejuvenators Type I and
Type II exhibited improved low-temperature crack resis-
tance. )e rejuvenators containing the maltenes could ef-
fectively reduce the consistency and restore the temperature
sensitivity of aged SBSMA. )e physical properties of the
first rejuvenated SBSMA with 6∼8% rejuvenators were
closest to those of RTFOT residues. )e rejuvenation effect
of Type I and Type II with the optimal dosage of 6∼8% was
superior to that of Type III for the first rejuvenation.

3.1.2. "e Second Rejuvenated SBSMA. After the second
aging of SBSMA, the addition of rejuvenators could still
rejuvenate the second aged SBSMA and improve the physical
properties of the second rejuvenated SBSMA (Figures 3(b),
3(d), and 3(f)). )e physical properties of the second reju-
venated SBSMA were linearly related to the increments of
rejuvenator dosages. However, the second rejuvenation was
more difficult than the first rejuvenation. In order to recover
the performance loss of the second aging, the second reju-
venation of SBSMA needed to increase the dosage of reju-
venator. When the rejuvenator dosage was increased by 4%,

Table 2: )e principal properties of rejuvenators Types I, II, and III.

Properties Methods
Rejuvenators

Type I Type II Type III
Test on emulsions
Viscosity at 25°C (SFS) ASTM D7496 25∼150 20∼60 25∼150
Residue (%) ASTM D6934 >64 60∼65 >64
Miscibility test ASTM D6999 Nonseparation Nonseparation Nonseparation
Sieve test (%) ASTM D6933 <0.1 <0.1 <0.1
Particle charge test ASTM D7402 Positive Positive Positive
Cement mixing test (%) ASTM D6935 <2 <2 <2
Pumping stability1 Pass Pass Pass
Tests on residue from distillation test
Viscosity at 60°C (cSt) ASTM D2170 1000∼4000 200∼500 1000∼4000
Asphaltenes (%) ASTM D2007 <11.2 2∼4 <11
Maltene distribution ratio (PC+A1)/(S+A2)2 ASTM D2007 0.8∼1.5 0.5∼0.9 0.7∼1.1
PC/S ratio2 ASTM D2007 >1.2 >1.2 >0.5
Note: 1: pumping stability is tested by pumping 475mL of rejuvenators, diluted one part concentrate to one part water, at 25°C, through a 6mm gear pump
operating 1750 rpm for 10 minutes with no significant separation or coagulation. 2: PC is a polar compound; A1 is the first acidaffins; A2 is the second
acidaffins; S is the saturated hydrocarbons.

Rejuvenator Type I Rejuvenator Type II Rejuvenator Type III

Figure 1: Samples of rejuvenators Types I, II, and III.
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Virgin SBSMA (PG 76-22)

(PAV + RTFOT) aging + (2%, 4%, 6%,
8%, and 10%) of (Types I, II, and III)

rejuvenators

First rejuvenated SBSMA

Rheological properties tests

I + 6%, I + 8%, II + 6%, and II + 8%

PAV aging + (0%, 2%, 4%, and
6%) increments of (Types I and II)

rejuvenators

Second rejuvenated SBSMA

Physical properties tests
Penetration
So�ening point
Ductility

(i)
(ii)

(iii)

Rutting response (G∗/sinδ and MSCR)
Cracking response (S(t) and m-value)
Fatigue response (LAS)

(i)
(ii)

(iii)

Figure 2: Flowchart of experimental plan.
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Figure 3: Continued.
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the effects of the first rejuvenation could be achieved in the
second rejuvenation, suggesting the feasibility of multiple
rejuvenation of aged SBSMA. )us, the optimal rejuvenator
dosage of the second rejuvenation was 10∼12%.

3.2. Rheological Properties of Rejuvenated SBSMA

3.2.1. Dynamic Shear Rheometer Test. Figure 4 shows the
rutting factors (G∗/sin δ) of the rejuvenated SBSMA with
different dosages of three types of rejuvenators. After PAV
aging, the rutting factors of SBSMA increased, indicating
that the aging strengthened the elastic behavior and the
rutting resistance of the virgin SBSMA. )e rutting factors
decreased with the increases of the rejuvenator dosages and
the temperatures, which revealed that the rejuvenators could
effectively soften the aged SBSMA and decrease the defor-
mation resistance of the asphalt binders. However, the
rutting factors of rejuvenated SBSMA should be higher than
those of virgin SBSMA. It is suggested that the dosage of
rejuvenators should be controlled within 8%. Under the
same rejuvenator dosage (6%), the rejuvenation efficiency of
the rejuvenators was Type I≈Type III>Type II.)emaltene
distribution ratio of Types I and III was larger than that of
Type II. )e rejuvenation efficiency of rejuvenator depended
on the ability to restore the original chemical ratio of the
asphalt binder components. )e rutting factor of the reju-
venated SBSMA with 6% rejuvenator Type I was basically
consistent with that of the virgin SBSMA.

3.2.2. Bending Beam Rheometer Test. Figures 5(a) and 5(b)
illustrate the creep stiffness (S(t)) and the rate of relaxation
(m-value) of the different rejuvenated SBSMA.)e S(t) value
and m-value reflect the flexibility of asphalt binders at low-
temperature. In general, the asphalt binder with lower S(t)
and higher m-value have improved low-temperature crack
resistance potential. After PAV aging, an increase in S(t)
value and a decrease in them-value weaken the resistance to

slow crack growth of SBSMA, increasing the risks of thermal
cracking. In general, the low-temperature performance of
asphalt binder is related to the proportion of larger mole-
cules. During the aging process, the light components of
asphalt binder volatilized, and the polymerization of small
molecules increased the proportion of large molecules [22].
)e additions of rejuvenators could replenish the small
molecules, which were lost in the aging process, and adjust
the proportions of asphalt components, thus enhancing the
crack resistance of asphalt binder. )e additions of reju-
venators decreased the S(t) value and increased the m-value
of aged SBSMA, indicating that the rejuvenators could re-
cover the low-temperature elasticity and improve the crack
resistance of aged SBSMA. Among three rejuvenators, the
SBSMA rejuvenated with rejuvenators Type I and Type II
had a higher S(t) value and a lower m-value, indicating that
these asphalt blends had more potential to resist thermal
cracking and age-related embrittlement distresses.

Figure 5(c) demonstrates that ΔTc values of rejuvenated
asphalt binder are quite different for different types and
dosages of rejuvenators. Li et al. [37] have suggested limiting
ΔTc at −5°C to avoid nonload related cracking due to poor
relaxation properties of asphalt binders. )e ΔTc values of
PAV aged and I-10% binders were −8.7°C and −5.7°C, re-
spectively, failing to meet minimum ΔTc criteria. All binders
were m-controlled with negative ΔTc values. More m-con-
trolled binder might tend to thixotropically harden and
exhibit brittle behavior when exposed to thermal stresses.
Rejuvenated binders tended to have lowly negative ΔTc
values. For all rejuvenated binders, a positive increase in the
value of ΔTc indicated an enhancement in the stress re-
laxation ability and less age-related cracking potential of the
rejuvenated binders. Excessive dosage of rejuvenator Type I
should be avoided to ensure the durability of asphalt binder.

3.2.3. Superpave Performance Grade. Superpave PG of the
different rejuvenated SBSMA is provided in Figure 6. )e
high failure temperature of the rejuvenated SBSMA
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Figure 3: Physical properties of the first and second rejuvenated SBSMA. )e first rejuvenation (a, c, e); the second rejuvenation (b, d, f ).
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decreased with the increases of the rejuvenator dosages,
indicating the softening and regenerating effects of reju-
venators to the aged SBSMA. Similarly, the critical low
failure temperature decreased with the additions of reju-
venators exhibited improvement in the flexibility of SBSMA.
Rejuvenators that had affinity for various fractions of the
asphalt binder would enhance the high- and low-tempera-
ture performances of the aged binder through restoration of
the original binder asphaltenes-to-maltenes ratio. )e ad-
dition of 6∼8%, by weight of aged SBSMA, of rejuvenator
Type I could achieve the target PG of virgin SBSMA, PG 76-
22.

3.2.4. Rutting Performance Based on the MSCR Test.
Figures 7(a) and 7(b) show the recovery responses of re-
juvenated SBSMA with different types and contents of the

rejuvenators at the stress levels of 0.1 kPa and 3.2 kPa, re-
spectively. A decrease in the recovery response (R) and an
increase in the nonrecoverable creep compliance (Jnr) were
observed in the rejuvenated asphalt binder suggesting a
significant rejuvenation of the asphalt binders. However, as
the rejuvenator dosage increased, the R value decreased
while the Jnr value increased indicating a decay in the rutting
resistance characteristics. A slight fluctuation of R value
indicated the limited effects of rejuvenators on the recovery
performance of the rejuvenated SBSMA. In general, the
blends with 4∼6% rejuvenators exhibited good stress and
strain recovery performance. Additionally, the changes in
the Jnr3.2 value (with a high stress level) were higher than the
Jnr0.1 value (with a low stress level), implying severe rutting
risks of rejuvenated asphalt binders under heavy traffic
loading, particularly in elevated temperature environments
[12].
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Figure 4: Variations of rutting factors with the types and dosages of rejuvenators. (a) Rejuvenator Type I; (b) rejuvenator Type II; (c)
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)e rheological behavior of asphalt binder was con-
sidered in the linear range at a stress level of 0.1 kPa. When
the stress level rose to 3.2 kPa, the nonlinear rheological
behavior of asphalt binder was closer to field conditions
under a heavy traffic loading. )e change in the rheological
behavior under different stress levels revealed the stress
sensitivity of asphalt binders, among others, as a function of
temperature and loading.

As can be seen in Figure 7(c), the Jnr-diff values of re-
juvenated SBSMA were all less than the limiting value (75%)
recommended by AASHTO M332. With the change in the
rejuvenator contents, the trends of the Jnr-diff values for the
two rejuvenators were different, with Type II exhibiting an
almost linearly increasing trend. However, the stress sen-
sitivity (the average of Jnr-diff values) of Type II rejuvenator
was about 1.6 times higher than that of Type I rejuvenator.
)eoretically, the inference of these test results was that an
asphalt pavement comprised of aged SBSMA that had been
rejuvenated with Type I rejuvenator had improved durability
and serviceability towards heavy traffic loading.

3.2.5. Fatigue Performance Based on the LAS Test.
Fatigue A and B parameters of the rejuvenated SBSMA were
obtained from the LAS test. With an increase in the reju-
venator content, Figure 8 shows an initial decrease in pa-
rameter A to 8.96×105 (Type I) and 9.14×105 (Type II),
respectively, and thereafter increased to 1.65×106 (Type I)
and 1.24×106 (Type II). By contrast, the absolute value of
parameter B decreased gradually with an increase in the
rejuvenator dosage. In general, parameter A decreased with
the decrease of the storage modulus in the loading process,
indicating that the deformation resistance of asphalt binder
decreased due to continuous cumulative damage during the
loading cycles.

Fatigue parameter B defines the quantitative measure of
the stress and strain sensitivity of the asphalt binder. )e
higher the absolute value of parameter B is, the greater the

rate of fatigue life reduction of the asphalt binder is with an
increase in the strain amplitude. )eoretically, asphalt
binders with a higher value for parameter A and lower
absolute value for parameter B infer to a longer fatigue life
for the resultant asphalt mixture and pavement [38]. With
increasing rejuvenator dosage, the rejuvenated SBSMA
generally exhibited an increasing trend in fatigue perfor-
mance as observed from the LAS. However, the rejuvenator
dosage should be controlled up to an optimum level so as to
avoid a counteractive effect that could potentially reduce the
fatigue resistance of rejuvenated SBSMA.

)e fatigue damage characteristic curves of the asphalt
binders are shown in Figure 9. With an increase in the strain
level above 15%, the stress was exhibiting a decreasing trend
under the critical repeated loading cycles, which indicated
the potential occurrence of damage. )e peak value of the
shear stress was called the yield stress, and the corresponding
peak shear strain was called the yield strain. From Figure 9,
the further additions (2% to 10%) of the rejuvenators de-
creased the yield stress (0.349MPa to 0.280MPa for Type I;
0.453MPa to 0.335MPa for Type II) and increased the yield
strain (14.4% to 15.8% for Type I; 13.5% to 16.4% for Type
II), respectively, which indicated that the fatigue cracking
resistance of the blends had improved as theoretically
expected.

)e medium-temperature rheological behavior of reju-
venated SBSMA depended significantly on the strain levels,
the types, and contents of rejuvenators. In general, asphalt
binders have a shorter fatigue life (Nf ) at higher strain levels
and vice versa [39]. For instance, Figure 10 indicates that if
the strain level is halved, the fatigue life will, on average,
increase by almost 8 times. With an increase in the reju-
venator dosage, there were two peakNf values for each blend
(124,166 and 110,681 cycles for Type I and 99,039 and 93,102
cycles for Type II at 2.5% strain level, resp.); see Figure 10.
Figure 10 further shows that the rejuvenated blends with
rejuvenators I-4%, I-10%, II-2%, and II-4% have relatively
longer fatigue lives. On average, the fatigue life of the
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Figure 7: Effects of rejuvenators on the rutting parameters of the rejuvenated SBSMA. (a) Percent recovery (R); (b) nonrecoverable creep
compliance (Jnr); and (c) stress sensitivity index (Jnr-diff).
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rejuvenated SBSMA with 4∼10% rejuvenator Type I was
about 1.21 times longer than that of the rejuvenator Type II.
Overall, the rejuvenator Type I exhibited improved per-
formance in terms of rejuvenating the fatigue damage re-
sistance of the SBSMA.

4. Conclusions and Recommendations

)is study investigated the effects of three types of rejuve-
nators, designated as Type I, Type II, and Type III, with
varying dosages (2%, 4%, 6%, 8%, and 10%) and dosages
increments (0%, 2%, 4%, and 6%) on the physical/rheo-
logical properties and performance characteristics (rutting,
thermal, and fatigue cracking resistance) of the first and
second rejuvenated SBSMA. From the study findings, the
following conclusions and recommendations were drawn:

(1) Compared to the residues after RTFOT and PAV
aging, the physical properties of the first and second
rejuvenated SBSMAwere improved and presented as
the increases of the penetration and ductility and the
decreases of the softening point of the asphalt blends.
Among the three rejuvenators, the rejuvenation ef-
fect of Type I was the most excellent. )e optimal
rejuvenator dosage was 6∼8% for the first rejuve-
nation, and the optimal rejuvenator dosage for the
second rejuvenation was 10∼12% (the increment of
optimal rejuvenator dosage was 4%).

(2) )e rutting and cracking characteristics of the re-
juvenated SBSMA were evaluated using DSR and
BBR. )e addition of rejuvenator to aged SBSMA
was found to decrease the high-temperature rutting
resistances (G∗/sin δ) of the rejuvenated SBSMA.
)e rejuvenated SBSMA exhibited lower creep
stiffness (S(t)) and a higher rate of relaxation (m-
value) values compared to aged asphalt binder. It is
expected that such improvement in relaxation
properties of rejuvenated binders may enhance the
low-temperature cracking resistances of rejuvenated
pavements. )e rejuvenator promoted asphalt

binder durability by making delta Tc (ΔTc) parameter
less negative. )ree types of rejuvenators could all
enhance the physical and rheological properties of
the aged SBSMA. )e target Superpave PG of the
rejuvenated SBSMA, PG 76-22, could be achieved
with the additions of optimal dosages (6∼8%) of
rejuvenator Type I.

(3) )e additions of rejuvenators to the asphalt binder
blends resulted in a reduction of the percent recovery
(R value) and an increase in the nonrecoverable
creep compliance (Jnr value), indicating the positive
effects of the rejuvenators on the high-temperature
rutting resistance of rejuvenated SBSMA. )e stress
sensitivity (Jnr-diff) of the asphalt binder blends with
Type I rejuvenator was only 60% of that of Type II
rejuvenator. )us, asphalt mixtures and pavements
using Type I rejuvenator were theoretically expected
to exhibit more rutting resistance potentials under
severe stress conditions.

(4) )e fatigue life of rejuvenated SBSMA was found to
significantly depend on the strain levels, rejuvenator
type, and dosage, respectively. )e addition of re-
juvenators improved the elastic properties and
correspondingly decreased the yield stresses of the
rejuvenated SBS asphalt binders. )e fatigue life of
the asphalt binder blend with Type I rejuvenator was
about 130% to that of Type II rejuvenator.

(5) )e rutting and fatigue characteristics of the reju-
venated SBSMA were successfully evaluated using
theMSCR and LAS tests, respectively. Based on these
tests, rejuvenator Type I yielded the best rejuvena-
tion/regeneration effects in terms of both the rhe-
ological properties and performance characteristics.

Overall, this study has shown that the use of rejuvenators
has the potential to enhance the physicorheological prop-
erties and performance characteristics of aged SBSMA. For
the materials evaluated and tests conducted in this study,
rejuvenator Type I, with an optimum dosage of 6∼8%, was
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found to be the most excellent rejuvenator in terms of
enhancing the physicorheological properties and perfor-
mance characteristics (rutting, thermal, and fatigue cracking
resistance) of aged SBSMA. Although limited to the specific
materials evaluated in this paper, the study findings, evi-
dently, provide a viable platform for further research into the
rejuvenation of aged SBSMA including more laboratory
testing, field validation, and practical applications.

Data Availability

)e data used to support the findings of this study are in-
cluded within the paper.

Conflicts of Interest

)e authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

)is work was supported by the Fundamental Research
Funds for the Central Universities (Grant no. 3221009602),
Kunshan Transportation Development Holding Group Co.,
Ltd. (Grant no. 8521002599), and the National Natural
Science Foundation of China (Grant no. 51778140). )e
authors also greatly appreciate and gratefully acknowledge
the sponsors’ funding support. Special thanks and due
gratitude also go to all those who helped during the course of
this study.

References

[1] W. L. Ye, W. Jiang, J. H. Shan et al., “Research on molecular
weight distribution and rheological properties of bitumen
during short-term aging,” Journal of Materials in Civil En-
gineering, vol. 32, no. 3, Article ID 04019377, 2020.

[2] Z. Leng, Z. F. Tan, H. Y. Yu, and J. Guo, “Improvement of
storage stability of SBS-modified asphalt with nanoclay using
a new mixing method,” Road Materials and Pavement Design,
vol. 20, no. 7, pp. 1601–1614, 2019.

[3] C. Z. Zhu, H. L. Zhang, D. M. Zhang, and Z. H. Chen,
“Influence of base asphalt and SBS modifier on the weathering
aging behaviors of SBS modified asphalt,” Journal of Materials
in Civil Engineering, vol. 30, no. 3, Article ID 04017306, 2018.

[4] S. P. Wu, Z. J. Zhao, Y. Xiao, M. W. Yi, Z. W. Chen, and
M. L. Li, “Evaluation of mechanical properties and aging
index of 10-year field aged asphalt materials,” Construction
and Building Materials, vol. 155, pp. 1158–1167, 2017.

[5] A. Behnood, “Application of rejuvenators to improve the
rheological and mechanical properties of asphalt binders and
mixtures: a review,” Journal of Cleaner Production, vol. 231,
pp. 171–182, 2019.

[6] A. Behnood and M. Modiri Gharehveran, “Morphology,
rheology, and physical properties of polymer-modified as-
phalt binders,” European Polymer Journal, vol. 112, pp. 766–
791, 2019.

[7] C. Q. Yan, W. D. Huang, J. M. Ma et al., “Characterizing the
SBS polymer degradation within high content polymer
modified asphalt using ATR-FTIR,” Construction and
Building Materials, vol. 233, Article ID 117708, 2020.

[8] M. S. Cortizo, D. O. Larsen, H. Bianchetto, and
J. L. Alessandrini, “Effect of the thermal degradation of SBS
copolymers during the ageing of modified asphalts,” Polymer
Degradation and Stability, vol. 86, no. 2, pp. 275–282, 2004.

[9] C. Q. Yan, F. P. Xiao, W. D. Huang, and Q. Lv, “Critical
matters in using attenuated total reflectance fourier transform
infrared to characterize the polymer degradation in styrene-
butadiene-styrene-modified asphalt binders,” Polymer Test-
ing, vol. 70, pp. 289–296, 2018.

[10] C. W. Wei, H. H. Duan, H. L. Zhang, and Z. H. Chen,
“Influence of SBS modifier on aging behaviors of SBS-
modified asphalt,” Journal of Materials in Civil Engineering,
vol. 31, no. 9, Article ID 04019184, 2019.

[11] L. F. Walubita, G. S. Simate, and J. H. Oh, “Characterising the
ductility and fatigue crack resistance potential of asphalt
mixes based on the laboratory direct tensile strength test,”
Journal of the South African Institution of Civil Engineering,
vol. 52, no. 2, pp. 31–40, 2010.

[12] L. F. Walubita, S. I. Lee, A. N. M. Faruk et al., “Texas flexible
pavements and overlays: year 5 report-complete data docu-
mentation,” Report No. FHWA/TX-15/0-6658-3, Texas A&M
Transportation Institute (TTI), College Station, TX, USA,
2017.

[13] D. Q. Sun, G. Q. Sun, X. Y. Zhu et al., “A comprehensive
review on self-healing of asphalt materials: mechanism,
model, characterization and enhancement,” Advances in
Colloid and Interface Science, vol. 256, pp. 65–93, 2018.

[14] J. T. Lin, J. H. Hong, C. Huang, J. P. Liu, and S. P. Wu,
“Effectiveness of rejuvenator seal materials on performance of
asphalt pavement,” Construction and Building Materials,
vol. 55, pp. 63–68, 2014.

[15] H. Liu, “Research on preventive maintenance technology of
asphalt pavement based on penetrating regeneration,” Mas-
ter’s )esis, Southeast University, Nanjing, China, 2019. in
chinese

[16] M. Guo, Y. Q. Tan, D. S. Luo et al., “Effect of recycling agents
on rheological and micromechanical properties of SBS-
modified asphalt binders,” Advances in Materials Science and
Engineering, vol. 2018, Article ID 5482368, 12 pages, 2018.

[17] I. Boz and M. Solaimanian, “Investigating the effect of re-
juvenators on low-temperature properties of recycled asphalt
using impact resonance test,” International Journal of Pave-
ment Engineering, vol. 19, no. 11, pp. 1007–1016, 2018.

[18] Z. Zhou, X. Y. Gu, Q. Dong, F. J. Ni, and Y. X. Jiang, “Rutting
and fatigue cracking performance of SBS-RAP blended
binders with a rejuvenator,” Construction and Building Ma-
terials, vol. 203, pp. 294–303, 2019.

[19] A. F. Espinoza-Luque, I. L. Al-Qadi, andH. Ozer, “Optimizing
rejuvenator content in asphalt concrete to enhance its du-
rability,” Construction and Building Materials, vol. 179,
pp. 642–648, 2018.

[20] T. Koudelka, P. Coufalik, J. Fiedler, I. Coufalikova, M. Varaus,
and F. Yin, “Rheological evaluation of asphalt blends at
multiple rejuvenation and aging cycles,” Road Materials and
Pavement Design, vol. 20, no. sup1, pp. S3–S18, 2019.

[21] M. Elkashef, R. C.Williams, and E. Cochran, “Effect of asphalt
binder grade and source on the extent of rheological changes
in rejuvenated binders,” Journal of Materials in Civil Engi-
neering, vol. 30, no. 12, Article ID 04018319, 2018.

[22] J. A. Shen, S. N. Amirkhanian, and S.-J. Lee, “HP-GPC
characterization of rejuvenated aged CRM binders,” Journal
of Materials in Civil Engineering, vol. 19, no. 6, pp. 515–522,
2007.

Advances in Materials Science and Engineering 13



[23] M. Zaumanis, R. B. Mallick, L. Poulikakos, and R. Frank,
“Influence of six rejuvenators on the performance properties
of reclaimed asphalt pavement (RAP) binder and 100%
recycled asphalt mixtures,” Construction and Building Ma-
terials, vol. 71, pp. 538–550, 2014.

[24] B. Y. Cui, X. Y. Gu, D. L. Hu, and Q. Dong, “A multiphysics
evaluation of the rejuvenator effects on aged asphalt using
molecular dynamics simulations,” Journal of Cleaner Pro-
duction, vol. 259, Article ID 120629, 2020.

[25] E. Fini, A. I. Rajib, D. Oldham, A. Samieadel, and
S. Hosseinnezhad, “Role of chemical composition of recycling
agents in their interactions with oxidized asphaltene mole-
cules,” Journal of Materials in Civil Engineering, vol. 32, no. 9,
Article ID 04020268, 2020.

[26] G. J. Xu, H. Wang, andW. Sun, “Molecular dynamics study of
rejuvenator effect on RAP binder: diffusion behavior and
molecular structure,” Construction and Building Materials,
vol. 158, pp. 1046–1054, 2018.

[27] V. Radhakrishnan, M. Ramya Sri, and K. Sudhakar Reddy,
“Evaluation of asphalt binder rutting parameters,” Con-
struction and Building Materials, vol. 173, pp. 298–307, 2018.

[28] H. U. Bahia, D. I. Hanson, M. Zeng et al., “Characterization of
modified asphalt binders in superpave mix design,” NCHRP
Report 459, Transportation Research Board,Washington, DC,
USA, 2001.

[29] J. D’Angelo, R. Kluttz, R. N. Dongre, K. Stephens, and
L. Zanzotto, “Revision of the superpave high temperature
binder specification: the multiple stress creep recovery test
(with discussion),” Journal of the Association of Asphalt
Paving Technologists, vol. 76, pp. 123–162, 2007.

[30] Q. L. Yang, Q. Liu, J. Zhong, B. Hong, D. W. Wang, and
M. Oeser, “Rheological and micro-structural characterization
of bitumen modified with carbon nanomaterials,” Construc-
tion and Building Materials, vol. 201, pp. 580–589, 2019.

[31] A. Behnood, A. Shah, R. S. McDaniel, M. Beeson, and J. Olek,
“High-temperature properties of asphalt binders: comparison
of multiple stress creep recovery and performance grading
systems,” Transportation Research Record: Journal of the
Transportation Research Board, vol. 2574, no. 1, pp. 131–143,
2016.

[32] C. M. Johnson, H. U. Bahia, and H. Wen, “Evaluation of
strain-controlled asphalt binder fatigue testing in the dynamic
shear rheometer,” in Proceedings of the 4th International SIIV
Congress, Palermo, Italy, 2007.

[33] J. M. Yu, Y. F. Guo, L. Peng, F. Guo, and H. Y. Yu, “Reju-
venating effect of soft bitumen, liquid surfactant, and bio-
rejuvenator on artificial aged asphalt,” Construction and
Building Materials, vol. 254, Article ID 119336, 2020.

[34] R. Micaelo, A. Pereira, L. Quaresma, and M. T. Cidade,
“Fatigue resistance of asphalt binders: assessment of the
analysis methods in strain-controlled tests,” Construction and
Building Materials, vol. 98, pp. 703–712, 2015.

[35] R. M. Anderson, G. N. King, D. I. Hanson, and
P. B. Blankenship, “Evaluation of the relationship between
asphalt binder properties and non-load related cracking,”
Journal of the Association of Asphalt Paving Technologists,
vol. 80, pp. 615–664, 2011.

[36] A. I. Rajib, F. Pahlavan, and E. H. Fini, “Investigating mo-
lecular-level factors that affect the durability of restored aged
asphalt binder,” Journal of Cleaner Production, vol. 270,
Article ID 122501, 2020.

[37] X. J. Li, N. Gibson, A. Andriescu, and T. S. Arnold, “Per-
formance evaluation of REOB-modified asphalt binders and

mixtures,” Road Materials and Pavement Design, vol. 18,
no. sup1, pp. 128–153, 2017.

[38] P. K. Ashish, D. Singh, and S. Bohm, “Investigation on in-
fluence of nanoclay addition on rheological performance of
asphalt binder,” Road Materials and Pavement Design, vol. 18,
no. 5, pp. 1007–1026, 2017.

[39] L. F. Walubita, “Comparison of fatigue analysis approaches
for predicting fatigue lives of hot-mix asphalt concrete
(HMAC) mixtures,” Texas A&M University, College Station,
TX, USA, Ph.D. Diss, 2006.

14 Advances in Materials Science and Engineering



Research Article
Electrolytic Manganese Residue-Modified Asphalt Performance
Test and Micromechanism Analysis

Tao Fu ,1 Bin Pang,2 Haoxu Li ,1 Junlin Liang ,1 and Huiming Bao 3

1College of Civil Engineering and Architecture, Guangxi University, Nanning 530004, China
2!e Road and Bridge Engineering Department of Guangxi Vocational and Technical College of Communications,
Nanning 530004, China
3College of Civil Engineering and Architecture, Guilin University of Technology, Guilin 541004, China

Correspondence should be addressed to Junlin Liang; ljl_1217@126.com and Huiming Bao; bhming@163.com

Received 18 May 2020; Revised 18 July 2020; Accepted 10 August 2020; Published 20 August 2020

Guest Editor: Meng Guo

Copyright © 2020 Tao Fu et al. .is is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

.e aim of this paper is to study the feasibility of using an electrolytic manganese residue (EMR) as modified asphalt. In this paper,
after grinding the electrolytic manganese residue (EMR) into asphalt, the electrolytic manganese residue- (EMR-) modified
asphalt was prepared with different mix ratios. .e three major indicators of the modified asphalt were studied, and its
modification mechanism was studied by differential scanning calorimetry, infrared spectroscopy, and atomic force microscopy.
.e adhesion force, surface energy, and dissipation energy of the asphalt before and after modification were analyzed by a force
curve. .e results show that the surface energy of the electrolytic manganese residue (EMR) is increased after grinding, the high
temperature performance of the asphalt is improved, and the temperature sensitivity of the asphalt is decreased; however, the low-
temperature performance is not improved obviously. When the powder oil ratio is 9%, the comprehensive performance of the
asphalt is the best..e results of the infrared spectrum analysis show that the mixture of the electrolytic manganese residue (EMR)
and asphalt does not produce new functional groups, and thus, the preparation method is a physical modification method. .e
differential scanning calorimetry (DSC) results show that the electrolytic manganese residue (EMR) can enhance the high-
temperature stability of asphalt. It is found that the stability and antideformation ability of the modified asphalt improved.

1. Introduction

Manganese is widely used in steel, nonferrous alloys, battery
materials, the chemical industry, and agriculture [1–4].
China is the world’s leading producer of manganese.
Manganese products mainly include electrolytic metal
manganese, electrolytic manganese dioxide, manganese
ferroalloy, and manganese ore. In 2018, China’s production
capacity of electrolytic manganese residue (EMR) was 2.26
million tons, and the actual output was 1.4 million tons,
accounting for 97% of the total output of the production
capacity of electrolytic manganese in the world. Electrolytic
manganese residue (EMR) is acid leaching slag produced in
the process of electrolyte preparation, and it is the key
pollutant generated by the electrolytic manganese industry.
.e grade of manganese ore in China is relatively low, and

8–10 tons of electrolytic manganese residues (EMRs) will be
produced for every 1 ton of manganese produced. At
present, the amount of electrolytic manganese residue
(EMR) in China has exceeded 100 million tons, with an
annual increase of more than 10 million tons. Electrolytic
manganese residue (EMR) also has the characteristics of a
high moisture content (22%∼28%), fine particles (up to 70%
of particles have sizes <30 μm), a high sulfate content (20%∼
30%, as calculated by SO3), and good thermal stability. .e
apparent density is 2039 kg/m3, and the packing density of
wet slag and dry slag is 1785 kg/m3 and 1982 kg/m3, re-
spectively. By improving the technology level of a harmless
treatment and utilizing electrolytic manganese residue
(EMR), reducing the storage and risk of electrolytic man-
ganese residue (EMR) by scientific and reasonable means is
being widely studied [5–8]. .erefore, the effective
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utilization of electrolytic manganese residue (EMR) re-
sources can not only produce good environmental and social
benefits but also bring good economic benefits to electrolytic
manganese residue (EMR) plants [9–11].

At present, many studies have been carried out on the
utilization of electrolytic manganese residue (EMR). Wang
et al. [10] aimed to prepare nonsintered permeable bricks
with a large amount of electrolytic manganese residue
(EMR), which is discharged from the electrolytic manganese
industry as raw materials. .e mechanical properties and
environmental properties are studied so that EMR can be
successfully applied to pavement materials. Tang’s articles
[9] also presented relevant research. Zhang et al. [12] studied
the chemical composition, mechanical properties, hydration
behavior, pore structure, and environmentally friendly
properties of materials prepared with different calcium
silicon ratios by using EMR and red mud as road base
materials. .e research results provide a direction for the
large-scale and effective utilization of electrolytic manganese
residue (EMR). Hou et al. [13] prepared Q-SACs by adding
different amounts of electrolytic manganese residue (EMR)
(10–45%) to study the chemical composition, basicity, set-
ting time, and compressive strength of the mineral. .e
results show that the Q-SACs with electrolytic manganese
residue (EMR) have a good strength, a low firing temper-
ature, and good mechanical properties. Qin et al. [14] dis-
cussed the influence of electrolytic manganese slag on the
road performance of an asphalt mixture. .e results show
that the high-temperature stability performance and cor-
rosion resistance began to significantly increase by adding
electrolytic manganese residue (EMR).

.e objective of this study was to investigate electrolytic
manganese residue- (EMR-) modified asphalt. Additionally,
penetration tests, ductility tests, and softening point tests are
important tests for future research and practical applica-
tions. Otherwise, XRD, IR, DSC, and AFM testing methods
are applied to discuss the properties of the EMR-modified
asphalt.

2. Experimental Design

2.1. Materials

2.1.1. EMR. In the test, the EMR is the water-quenched slag
obtained from the ferromanganese blast furnace of the Bayi
ferroalloy plant in Laibin, Guangxi. .e EMR contains gray-
green loose particles with an average particle size of ≤3mm
and has a density of approximately 2.89 g/cm3 and a loose
bulk density of approximately 723 kg/m3. .e chemical
composition of the EMR is shown in Table 1.

.e original EMR particles are grounded by a high-
energy ball mill. After grinding for 25min and 50min, the
diffraction analysis is carried out on the ground EMR by a
Panak X’Pert Pro diffractometer in the Netherlands. .e
results are shown in Figure 1. In Figure 1(a), the peak in-
tensity of the SiO2 diffraction peak obtained for the powder
after grinding for 25min is 630 a.u; in Figure 1(b), the peak
intensity of the SiO2 diffraction peak obtained for the
powder after grinding for 50min is 496 a.u. With the

increase in the mechanical grinding time, the intensity of the
SiO2 diffraction peak obtained for the powder decreases, the
crystallinity of the crystal decreases, and amorphous sub-
stances are produced at the same time. .e activity of the
EMR increases with the increase in the grinding time.

According to molecular dynamics and the dispersion
theory [15], the smaller the particle size is, the larger the specific
surface area of the EMR is and the larger the contact area with
asphalt is; the longer the grinding time of the EMR is, the
smaller the particle size is and the smaller the crystallinity is,
thus enhancing the activity. .e smaller the particle size is, the
more uniform the distribution is and the more stable the
blending performance with asphalt is. .erefore, the particle
size is approximately 35μm after ball milling for 50min, and
the EMR is mixed with an asphalt matrix.

2.1.2. Asphalt Matrix. .e matrix asphalt used in this ex-
periment is the “Donghai brand” 70# road petroleum asphalt
produced by Maoming Branch of Sinopec. .e corre-
sponding technical indicators of the matrix asphalt are in
strict accordance with the technical requirements of the road
petroleum asphalt (JTG F40-2004) standard. .e penetra-
tion, softening point, and ductility indicators of the asphalt
matrix are shown in Table 2.

2.2. Test Method

2.2.1. Physical Property Test. .e major physical properties
of asphalt, including penetration (temperature susceptibility,
ASTM D5), softening point (high-temperature properties,
ASTM D36), and ductility (low-temperature properties,
ASTM D2801-95), were tested.

2.2.2. Differential Scanning Calorimetry. A DSC spec-
trometer (Zetzseh DSC204), which was produced in Ger-
many, was used to determine the functional characteristics
of asphalt in the experiment, in which the asphalt was heated
at a rate of 10°C/min, and the nitrogen flow rate was 30ml/
min. .e starting temperature was −10°C, and the ending
temperature was 200°C.

2.2.3. Atomic Force Microscopy. AFM (Bruke Dimension
ICON) was used to test the MA, RMMA, and RMMAFC. In
the AFM experiment, a tiny and spiky tip (length: 125 μm;
natural frequency: 70 kHz; spring constant: 3N/m) was
attached at the unsupported end of the cantilever and
remained close to the asphalt film. Due to the close contact
between the tips and the surface of the film, a repulsive or
attractive force between the atoms of the top layer of asphalt
and the AFM tip is created, which deflects the cantilever..e
extent of the deflection absolutely depends on the force
developed between the molecules of the tips and the film.

Table 1: .e main components of EMR (%).

SiO2 Al2O3 CaO MgO Fe2O3 SO3 MnO Loss
23.86 16.32 37.81 6.52 1.23 0.48 9.60 0.72
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2.2.4. Fourier Transform Infrared Spectroscopy. .e in-
strument used in the FTIR experiment is a Nicote 7T40FTIR
Fourier transform infrared spectrometer (made in the
United States), which was used to determine the functional
characteristics of asphalt, and data was collected for the
wavenumber range of 400–4000 cm−1.

2.3. PreparationofEMRAsphalt. .eEMRmilled for 50min
was dried to a constant mass at 105°C. An appropriate
amount of asphalt was obtained and melted to the flowing
state in an oven at 135°C. .e modified asphalt was prepared
by a high-speed shear dispersion emulsifier and heated at
160–170°C for 30min, and the asphalt was prepared with a
powder:oil ratio of 0%, 3%, 6%, 9%, 12%, and 15%.

3. Results and Discussion

3.1. Performance Test of the EMR Asphalt Mortar

3.1.1. Penetration Test. .e penetration test was carried out
at a series of temperatures (10°C, 15°C, 20°C, 25°C, and 30°C).
.e needle penetration value is shown in Table 3. With the
increase in the powder oil ratio, the needle penetration value
at high temperatures decreases continuously, but the change

is not obvious at low temperatures. When the powder:oil
ratio reaches 9%, the decrease in the amplitude of the high
temperature value is larger than that obtained for the other
powder:oil ratios, and then, the effect of increasing the
powder:oil ratio on the needle penetration value is not
obvious. .e penetration index PI, the equivalent softening
point T800, the equivalent brittle point T1.2, and the plastic
temperature range ΔT are calculated by linear regression of
the one-dimensional first-order equation, which was com-
bined with the penetration values for a series of tempera-
tures. .e penetration index PI reflects the degree of
penetration changing with temperature. .e higher the PI,
the lower the temperature sensitivity of asphalt. As shown in
the table, when the PI value of the asphalt matrix is −0.9 and
when the powder:oil ratio of the EMR micropowder asphalt
reaches 9%, the PI first shows a peak value of −0.769; then,
when the powder:oil ratio reaches 15%, the PI value again
shows a peak value of −0.741 and continues to increase the
powder:oil ratio, but the PI value decreases. It can be seen
that when the powder:oil ratio is 15%, the temperature
sensitivity of the asphalt is lower than that of the asphalt
prepared with the other powder:oil ratios. .e equivalent
softening point T800 reflects the high-temperature perfor-
mance of asphalt. When the powder:oil ratio is 9%, the T800
reaches the peak value of 51.1°C, which is approximately 2°C
higher than that of the asphalt matrix at 49.4°C, and then
slightly decreases. When the powder:oil ratio is 15%, the
peak value of 51.3°C appears again. .e equivalent brittle
point T1.2 reflects the low-temperature crack resistance of
asphalt. T1.2 first increased with the increase in the powder:
oil ratio and then decreased to -11.8°C when the powder:oil
ratio was 9%. .e plastic temperature range ΔT represents
the difference between T800 and T1.2. .e larger the tem-
perature range is, the wider the temperature range is.ΔT first
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Figure 1: XRD patterns of the EMR after different grinding times. (a) 25min. (b) 50min.

Table 2: Basic properties of the matrix asphalt.

Test project
Test results

Industry standard
Value Unit

Penetration (25°C) 64.2 0.1mm 60–80
Ductility (15°C) 105.2 cm ≥100
Softening point 48.1 °C ≥46
Solubility 99.73 % ≥99.5
Flash point 298 °C ≥260
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decreased and then increased with the addition of EMR,
reaching the peak value when the powder:oil ratio was 9%,
and then, ΔT( reached the peak value again when the
powder:oil ratio was 15%. .e comprehensive analysis
shows that the addition of EMR can improve the penetration
resistance to a certain extent and can improve the high-
temperature mechanical properties of asphalt; the best
content is a 9% powder:oil ratio, but this ratio has no obvious
effect on the low-temperature crack resistance of asphal

3.1.2. Ductility Test. .e ductility reflects the extension
length of asphalt at a specific temperature and tensile rate
and reflects the pavement performance and low-temperature
crack resistance. When the powder:oil ratio is less than or
equal to 6%, the ductility of the modified asphalt and asphalt
matrix is 150 cm. With the increase in the powder:oil ratio,
the ductility of asphalt decreased; when the powder:oil ratio
reached 15%, the ductility decreased to 87.3 cm. .e results
show that, with the addition of the inorganic EMR to the
organic colloidal material asphalt, a whole blended structure
is formed; however with the increase in the ratio of powder
to oil, too much EMR lacks enough asphalt colloid to
generate adhesion, so the ductility value under the external
tensile action is lower than that of the original asphalt
matrix.

3.1.3. Softening Point Test. .e softening point reflects the
high-temperature deformation resistance of asphalt. With
the addition of EMR, the softening point of asphalt in-
creased.When the powder:oil ratio is 9%, the softening point
reaches the peak value of 57.9°C, which is 5.6°C higher than
that of 52.3°C when the powder oil ratio is 3%; then, when
the powder:oil ratio is increased, the temperature of the
softening point decreases close to the performance of the
matrix asphalt. .e results show that the addition of EMR
can reduce the temperature sensitivity of asphalt and im-
prove its high temperature stability, which shows that the
softening point temperature of asphalt increases.

3.2. Infrared SpectrumAnalysis. A.ermo Nexus 470 FT-IR
spectrometer was used to test the EMR and asphalt. .e test
range was 400–4000 cm−1, and the test was repeated 5 times.

As shown in Figure 2, the peak at 1029 cm−1 in the spectrum
of the EMR is the vibration absorption peak of Si-O in the
EMR, and the peak at 468 cm−1 is the absorption band
position of the alumina-like oxide in the corundum
structure; the peaks are 2923 cm−1 and 2852 cm−1 in the
spectrum of the matrix asphalt are the C-H (CH3-, –CH2-)
stretching vibration bands of asphalt, the peaks at
1460 cm−1 and 1376 cm−1 are the C-H bending vibration
bands of asphalt, and the peak at 1602 cm−1 is the stretching
vibration band of the carbonyl (C�O) group in asphalt; the
spectrum of the asphalt with a 6% powder:oil ratio is ba-
sically the same as that of the matrix asphalt, and only the
stretching vibration band of the carbonyl (C�O) group
shifts to 1608 cm−1; in the spectrum of the asphalt with a 9%
powder:oil ratio, the stretching vibration band of C-H
shifts to 2921 cm−1 and 2851 cm−1, that is to say, it moves
toward the low-frequency direction, and the bending vi-
bration band shifts to 1455 cm−1 and 1382 cm−1, moving
toward the high-frequency region. According to the change
in the functional group position in Figure 2 and the factors
affecting the band position, it is found that the atoms of N,
P, and S in the EMR form hydrogen bonds with the atoms
of asphalt that do not shared electron pairs, but the polarity
of the hydrogen bond that formed is also weak due to the
weak polarity of the atoms of N, P, and S; the stretching
vibration frequency of the weak hydrogen bond of the
original bond will move toward the low-frequency direc-
tion, and the displacement is small. Meanwhile, the
bending vibration of asphalt will move toward the high-
frequency region, and the band is narrow, which will in-
crease the activity of asphalt. .e penetration and softening
point performance indexes of asphalt are related to the
relative proportion of high and low molecular weight
hydrocarbons in the asphalt. After the EMR is addedto the
asphalt during modification, the Al2O3 absorption band
does not appear in the spectra obtained for the asphalt with
6% and 9% powder:oil ratios. According to the catalytic
oxidation mechanism of petroleum asphalt, Al2O3 adsorbs
the small and mediummolecular weight components of the
aliphatic hydrocarbons and aromatic hydrocarbons under
high temperature conditions for oxidation. In the cross-
linking and condensation reaction, when the high molec-
ular weight increases, the unreacted part of Al2O3 will be

Table 3: Summary table of the test results of three indicators.

R
Penetration test Ductility

SPPenetration of different temperatures
(0.1mm) PI T800 T1.2 ΔT 1 cm/m in 5°C 5 cm/m in 15°C

% 10°C 15°C 20°C 25°C 30°C °C °C °C cm cm °C

0 12.3 21.1 32.6 61.2 102.5 −0.92 49.40 −11.80 61.25 100.0 150.0 49.2
3 11.8 21.0 32.5 61.0 101.0 −0.99 49.29 −11.36 60.65 98.0 150.0 52.3
6 11.5 19.8 32.2 57.8 98.8 −1.00 49.54 −11.97 60.51 97.0 150.0 56.2
9 11.6 18.8 31.3 52.8 92.3 −0.77 51.08 −11.67 62.75 90.0 141.6 57.9
12 11.4 19.7 29.9 53.7 91.6 −0.81 50.85 −11.50 62.35 86.0 139.1 57.5
15 11.3 19.7 30.6 53.7 90.2 −0.74 51.23 −11.79 63.03 84.0 97.3 54.5
18 11.2 17.3 31.9 53.6 90.2 −0.90 50.55 −10.89 61.44 74.0 78.2 52.3
21 11.4 18.7 32.2 52.3 89.9 −0.74 51.27 −11.75 63.02 59.0 65.6 50.1
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replaced by a low molecular weight component and will
continue to play the role of the catalytic oxidant so that the
content of the high molecular weight hydrocarbon in the as-
phalt will increase. In addition, the distribution of the pene-
tration value and penetration index PI will appear as a hump
with the increase in the powder:oil ratio, which is consistent
with the other results. In addition, as shown in the spectra of
the asphalt with a 9% powder:oil ratio, the carbonyl group of
the asphalt will be replaced. .e shift in the (C�O) stretching
vibration band to 1621 cm−1 in the high-frequency direction
also indicates that the oxidation of asphalt occurs after the
addition of EMR; meanwhile, the intermolecular forces in-
crease, and the polarity increases.

.e uniformity of the distribution of the modifier has a
great influence on the performance and stability of the as-
phalt. Because of the complexity of the chemical compo-
sition of EMR, a series of physical and chemical reactions
may take place after the asphalt is mixed. For the dispersion
of the inorganic modifier mixed with asphalt, according to
the intensity of the infrared absorption peak at the wave-
number of a specific functional group in the infrared spectra,
the literature characterizes the relative amount of the in-
organic modifier and asphalt and describes the uniform and
stable state of the inorganic modifier mixed with asphalt by
comparing whether the relative amount of the two changes
linearly as the amount of the modifier changes. In this paper,
the infrared absorption strength at the wavenumber
1602 cm−1 (denoted as H1602 cm−1) is used to characterize
the relative amount of EMR, and the infrared absorption
strength at the wavenumber 1455 cm−1 (denoted as
H1455 cm−1)is used to characterize the relative amount of
asphalt. .e ratio of the two is used to characterize the
relative content of EMR and asphalt in the modified asphalt.
.e results are shown in Table 4 below. At wavenumber
1602 cm−1, the infrared absorption strength of the EMR is
0.078; at 6%, the infrared absorption strength of the asphalt
is 0.068, which is less than that of the EMR; at 9%, the
infrared absorption strength of the asphalt is 0.083, which is
greater than that of the EMR; these results are different from

those of other modifiers because of the catalytic oxidation of
the Al2O3 component in EMR.When the content of Al2O3 is
small, the crosslinking and condensation reaction occurring
between Al2O3 and asphalt takes place first to generate high
molecular weight hydrocarbon. As the content of Al2O3
continues to increase, the reaction continues to generate
high molecular weight material, and the infrared absorption
strength increases accordingly. In addition, the unreacted
surplus Al2O3 is also replaced by low molecular weight
components. .erefore, although the infrared absorption
strength increases, it is close to the infrared absorption
strength of EMR. In addition, the linear change in the ab-
sorption strength of the two shows that the EMR can be
mixed evenly in asphalt, which proves that the addition of
EMR can improve the performance of asphalt.

3.3. Differential Scanning Calorimetry. .e asphalt matrix,
asphalt with a 9% powder:oil ratio, and asphalt with a 12%
powder:oil ratio were tested by a German DSC 204 differ-
ential scanning calorimeter, as shown in the DSC curve
obtained for the asphalt samples with different powder:oil
ratios in Figure 3.

.e base peak area of the DSC curve corresponds to the
thermal effect. .e DSC curve of the asphalt is shown in
Table 5. .e energy value of the endothermic peak is
characterized by the peak area of the DSC curve. Under the
same test conditions, the endothermic peak area of the EMR
micropowder series asphalt is lower than that of the asphalt
matrix, which indicates that thematrix asphalt changesmore
than the EMR-modified asphalt in the range of test tem-
peratures. According to the peak temperature of the en-
dothermic peak, the thermal stability of the asphalt with the
9% powder:oil ratio is the best, which is approximately 49%
higher than that of the matrix asphalt; the stability of the
asphalt with a 12% powder:oil ratio is the second best and is
still higher than that of the matrix asphalt. .e peak tem-
perature of the endothermic peak of the asphalt matrix
increases by approximately 28%, which is consistent with the
three major indexes of the EMR micropowder asphalt, the
penetration index PI, equivalent softening point T800,
equivalent brittle point T1.2, and plastic temperature range
ΔT. .e performance of the asphalt with the 9% powder:oil
ratio is better than that of the asphalt with the 12% powder:
oil ratio. .e results show that the heat absorption of the
asphalt decreases, the high-temperature stability of the as-
phalt is obviously improved, and the temperature sensitivity
of the asphalt is significantly improved after the addition of
the EMRmicropowder during the DSC test used to study the
performance degradation.

3.4. AFM Analysis

3.4.1. AFM Image Analysis. Two groups of experiments
were carried out on the matrix asphalt (MA) and the 9%
EMR-modified asphalt (MRMA). .e two-dimensional and
three-dimensional microscopic phase diagram of the asphalt
under AFM is shown in Figures 4 and 5. Prabir named three
parts with different morphologies as the continuous phase,
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Figure 2: Infrared spectra of the EMR and asphalt.
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periphase, and bee phase. Image Pro Plus is used to process
the image to highlight the contour of the bee structure; the
bee structure was marked, and the area was counted, as

shown in Figure 6. .e statistical results of the area are
shown in Table 6. .e results and causes are as follows:

Table 4: Infrared absorption intensity at the wavenumbers 1602 cm−1 and 1455 cm−1.

Type MA 6% MRMA 9% MRMA MS
H1602 cm−1 — 0.068 0.083 0.078
H1455 cm−1 0.105 0.118 0.143 —
(H1602 cm− 1)/(H1455 cm−1) — 0.576 0.580 —
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Figure 3: DSC curve of asphalt with different powder:oil ratios.

Table 5: DSC endothermic peak data of asphalt.

Type Endothermic peak energy (J·g−1) Peak temperature (°C) Peak width (°C)
MA 666.47 −1.776 −7.241∼200.706
9% MRMA 651.83 3.463 −0.537∼199.463
12% MRMA 416.96 2.458 −0.542∼199.458

Height 2.0μm
–20.0nm

20.0nm

(a)

Height 2.0μm
–20.0nm

20.0nm

(b)

Figure 4: 2D AFM image of the (a) MRMA and (b) MA.
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(1) Before and after EMRmodification, the microsurface
of the asphalt has a bee structure. Under the influ-
ence of the EMR, the inclusion phase disappears, and
the continuous phase is relatively flatter on the
surface of the MRMA that it is on the surface of the
MA; the number of bee structures increases signif-
icantly, the size of the bee structures increases, the
difference between the sizes of the bee structures
increases greatly, and some bee structure distortion
and asphalt surface height differences are significant;
there is a cross phenomenon between some of the
bee structures, and the bee structures are still in-
dependent of each other. .e bee structure accounts

for more than 24% of the total surface area, which is
approximately 3 times the contribution of the MA
bee structure. .e honeycomb structure on the
surface of the MA is rare, isolated, and regular in
shape. With a three-phase morphology, obvious
inclusions can be observed. .e inclusions occupy
52.5% of the surface area of the MA, and the con-
tinuous phase is relatively rough, with many needle-
like crystals densely distributed.

(2) .e change in the bee-like structure of the MRMA
showed that EMR could promote the formation and
development of the bee-like structure. .e asphal-
tene gum is wrapped by asphaltene to form micelles,

–20.0nm

20.0nm

Height

(a)

–20.0nm

20.0nm

(b)

Figure 5: 3D AFM image of the (a) MRMA and (b) MA.
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Figure 6: Bee structure. (a) MRMA and (b) MA.

Table 6: Matrix statistical table of the area of the bee-like structures.

Species of
asphalt

Area
Proportion of bee structure area

(%)
Scanning
range

Continuous
phase Periphase Bee-like

structure
Maximal bee
structure

(μm2) (μm2) (μm2) (μm2) (μm2)

MRMA 95.61 70.1 0 25.5 6.4 26.6
MA 95.61 37.5 50.2 7.9 4.6 8.3
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which are suspended in the oil; the chemical stability
of the gum is poor, and it easily oxidizes and con-
denses into asphaltene. When the slurry is cooled,
the wax components gather in the gum and
asphaltene and grow up gradually by using the wax
center as the core; when the content of asphaltene
and gum in the slurry increases, the size of the wax
nodule center increases at the same time, resulting in
only small wax crystals. .e surface acicular crystal
of the MA is a wax crystal. .e extremely polar
colloid can wrap around the wax crystal and prevent
the growth of the wax crystal. .e reduction state of
the EMR makes the resin oxidize and condense into
asphaltene with a high molecular weight (1 000–100
000), and the wax with a low molecular weight
(below 1000) decreases its saturation concentration
during cooling. After the wax crystal is unbound, the
amount of wax precipitates increases under the effect
of cooling crystallization and temperature stress. As
a result, the number of MRMA wasps increased.
Some studies have shown that the texture of the
inclusion phase is hard and that of the continuous
phase is soft. .erefore, it is speculated that after the
disappearance of the inclusion phase in the EMR;
due to the lack of binding of the inclusion phase, the
bee-shaped structure develops along the long and
short axes, so the size of the bee-shaped structure
becomes larger.

(3) .e scale of the EMR particles is in the order of
micrometers, and no obvious EMR particles are
observed in the scale of nanometers, which indicates
that the high-speed shear of the emulsifier makes the
EMR evenly spread in the asphalt mortar at high
temperatures. In addition, the EMR can react with
the asphalt components to form a polymer with
stable properties; the inclusion phase of the MRMA
disappears, and the asphaltene and long-chain al-
kane in the mortar disappeared. .e surface of the
wax crystal adsorbs the polar groups in the
asphaltene and the slurry, and the polar groups
continue to form a double electric layer with the
nearby asphaltene and the slurry. .e directional
dipole molecules of the double electric layer make
the solvation layer wrap around the wax crystal. .e
inclusion phase consists of eutectic, polar micelle,
and solvate layers. When the solvate layers are close
to each other, there will be repulsive forces, so the
inclusions do not cross each other. .e EMR in-
creases the concentration of the ionic compounds in
asphalt mortar, and the ionic bond destroys the
eutectic effect of the long-chain alkanes and wax
crystal, causing the inclusion phase to disappear.

3.4.2. Force Displacement Curve. .emicrocosmic adhesion
force (Fad) is composed of van der Waals force (Fvdw),
capillary force (Fc), electrostatic force (FE), and chemical
bond (FB) and is characterized by the lowest point of the
withdrawal curve. According to the AFM test process, the

asphalt sample and tip are all exposed to normal temperature
air for quite a long time, so FE is zero; the silicon nitride
probe does not react with asphalt, so FB is zero; the capillary
force plays a role in promoting contact during the contact
process and hindering separation during the withdrawal
process, and the main source of microadhesion between the
objects in the air is the capillary force, which is composed of
hair fine action and liquid bridges. .e force displacement
curves of the MRMA and MA are shown in Figure 7.

(1) Adhesion contact hysteresis: the ideal contact
withdrawal path of rigid contact should be coinci-
dent, but Figure 7 shows that the force displacement
path of the probe approaching and withdrawing
from the asphalt sample surface is not the same; the
approach path is A-B-C-D-E, and the withdrawal
path is E-F-G-H-I, which is the phenomenon of
adhesion contact lag, which generally exists in the
microinterface. .e phenomenon of adhesion con-
tact hysteresis leads to the work required to separate
the contact interface being greater than the work
required to combine them, which leads to the
withdrawal curve enveloping the approach curve.

(2) Contact process: the microcosmic adhesion force
(Fad) between asphalt and the tip changes as the
probe moves down and up, and the mechanical
response of the microcantilever changes accordingly.
When the probe goes down to the BD section, the
resultant force at the cantilever end of the BD section
includes van der Waals forces and capillary forces.
van der Waals forces show attraction, and the cap-
illary force and attraction are superposed in the same
direction. At this time, the resultant force at the free
end of the probe microcantilever is downward, the
upper end of the cantilever is under tension, the
lower end is under pressure, and the tension
(pressure) force increases first and then decreases.
When the probe goes down to the DE section, Fad is
the superposition of the van der Waals force and
capillary force, and the overall performance is the
repulsion force. At this time, the upper end of the
microcantilever beam is under pressure, and the
lower end is under tension; when the probe tip of
point E contacts the asphalt surface, the probe stops
going down after receiving the peak force.

(3) Withdrawal process: when the probe is withdrawn to
the EF section, the repulsion, attraction, and capil-
lary forces are superposed in different directions, and
the repulsion force decreases sharply as a whole;
when the probe rises to the elevation corresponding
to point F, the elevation corresponding to point F is
zero, and the elevation corresponding to point F is
lower than that of point D because the capillary force
prevents the two interfaces from separating. When
the probe is withdrawn to the FH section, the cap-
illary force that prevents separation increases the
force required to separate the tip and the asphalt
surface. During the lifting process, one end of the
microcantilever is subject to the force of lifting and
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the other end is subject to the adhesion of Fad, which
causes the microcantilever to warp upward; at the G
point, Fad reaches the maximum value, and the
separation distance between the interfaces is too
large, which causes the capillary force to start to
decrease; when the probe is lifted up to an elevation
higher than that of the B point, the interface distance
between the tip and asphalt is too large, and the van
der Waals force is reduced to zero. At a certain point
of BH, the liquid bridge forming between the tip of
the needle and the asphalt breaks, and the capillary
force disappears. .is concludes a contact with-
drawal cycle.

(4) .e function of a liquid bridge: both the probe ex-
posed to air and the surface of asphalt form a liquid
film. When the probe moves down to a certain
position, a slit is formed between the tip of the needle
and the asphalt surface, which has a very high ad-
sorption potential; as the tip of the needle continues
to move down, the slit gradually decreases, the ad-
sorption potential gradually increases, and the free
water molecules near the slit area are attracted to the
slit area by the influence of the high adsorption
potential of the slit area, resulting in condensation;
finally, the tip of the needle punctures the water film
on the asphalt surface and contacts the asphalt
surface. .e water molecular group extrudes into the
slit area, and the capillary action makes the liquid
film near the slit flow to the slit area. .e high ad-
sorption potential and extrusion and capillary co-
acervation make the contact interface between the
probe tip and asphalt form a liquid bridge. When the
tip of the probe is separated from the asphalt, the
width of the slit will reduce the adsorption potential,
the gas-liquid interface of the liquid bridge will
evaporate, the water molecule will escape, and the
liquid bridge will dissipate; as the probe moves up,

the liquid bridge will be stretched and necked, the
liquid bridge will gradually become thinner and
longer until it finally breaks, leaving liquid masses on
the tip of the probe and the asphalt surface. .e
fracture of the liquid bridge indicates that the probe
tip is completely separated from the asphalt surface,
which marks the end of a contact withdrawal cycle.

(5) Difference between contact curves: the distance
between the tip of the needle and the asphalt surface
needed to produce attraction is called the attractive
distance, which is expressed by Da; the height of the
tip when the tip is completely separated from the
asphalt surface is called the detached height, which is
expressed by Hd. It can be seen from Figure 7 that,
during the process of approaching,Da (MRMA)>Da
(MA), but the peak attraction of the asphalt to the tip
of the needle is F (MRMA)> F (MA). .e CE seg-
ment is more moderate than the CE segment. .e
van der Waals force can only be induced by a pitch
molecular group and probe tip molecular group
within a certain distance..e elevation of the convex
part of the bee-shaped MRMA structure is high, and
the distribution is dense; thus, the probe tip can sense
the van der Waals force at a higher height relative to
that of the MA, and Da (MRMA)>Da (MA) as the
probe continues to move down. .e attractive part
and repulsive part of the van der Waals force change
as the distance changes, and the liquid film collides
on the asphalt surface at C (c). .e viscosity of a
liquid film with a micro-or nanoscale thickness is
4∼8 orders of magnitude higher than that of bulk
water (at 25°C, the viscosity of water is approximately
1MPa s and the viscosity of asphalt is approximately
2.3×1011MPa s), and the smaller the thickness is, the
greater the viscosity is. When the probe is hit by the
viscous resistance of the highly viscous liquid film
and the repulsive force on the asphalt surface, the
forward resistance of the probe increases gradually,
and the force displacement curve turns at C (c);
meanwhile, the CE (CE) segment does not obviously
turn or jump. .erefore, it is considered that the
thickness of the liquid film is the abscissa corre-
sponding to the point C (c). .e thickness of the
liquid film of the MRMA is XC � 26.5 nm and that of
the MA is Xc � 14.1 nm. XC>Xc, indicating that the
viscosity of the MRMA film is lower than that of the
MA, which is the reason why the CE segment is more
moderate than the CE segment. Due to the influence
of the EMR, the number of honeycombs on the
surface of the MRMA increases, the rough porous
honeycombs have a higher adsorption potential than
the smooth honeycombs, which is more conducive to
the aggregation of water molecules, and the thickness
of the liquid film on the surface of the MRMA in-
creases. .erefore, the peak value of attraction
during the process of exposure is FMRMA> FMA. As
the probe penetrates into the liquid film, the viscous
resistance becomes larger, and the van der Waals
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force changes from an attractive force to a repulsive
force. .e viscous resistance and van der Waals
repulsive force are superposed, so the repulsive force
sensed by the tip of the probe increases until it
reaches the peak force.

(6) Differences in the withdrawal curves: during the
process of withdrawal, the peak value of the ad-
sorption force of the asphalt on the tip of the needle
is FMRMA< FMA, that is to say that Fad (MRMA)< Fad
(MA), Hd (MRMA)>Hd (MA), the GH segment is
nearly parallel to the GH segment, the abscissa is
xF< xB, and xf> xb..e abscissa of point F is between
B and C, indicating that when the MRMA produces
the maximum adhesion force, Fad (MRMA) includes
the van der Waals force and the capillary force; the
abscissa of point F is behind point B, indicating that
when the maximum adhesion force is generated,
there is no van derWaals force between the tip of the
needle and the asphalt, and the adhesion force at this
time is mainly composed of the capillary force. .e
thin liquid film of the MA has a high viscosity and a
greater adhesion to the tip than that of the MRMA,
and there is a long chain of oil molecules adhering to
the tip, resulting in Fad (MRMA)< Fad (MA). .e
GH segment is nearly parallel to the GH segment,
indicating that during the later stage of the contact
withdrawal cycle, the stress of the probe is the same
as that of the MRMA andMA, the liquid bridge neck
shrinks to the fracture, and the tip of the probe
disengages from the adhesion interface; as the probe
continues to lift up, the liquid bridge is stretched to
the necking state, and finally, the liquid bridge breaks
at h and H points.

3.4.3. Surface Energy and Dissipation Energy. .e surface
energy and dissipation energy of the MRMA and MA were
calculated by the adhesion contact theory combined with the
force displacement curve produced by AFM to explore the
micromodificationmechanism of the EMR from the point of
view of work and energy [16, 17].

After the force displacement curve is obtained, we need
to analyze the data, so we need to choose an appropriate
theoretical model. .ere are many commonly used theories,
but the JKR theory is suitable for high adhesion systems; in
addition, the rigid requirement of the object is low. Johnson,
Kendall, and Roberts use the surface energy theory to modify
the Hertz theory and obtain the JKR contact mechanics
model [18]. Based on this model, the relationship between
adhesion and the adhesion work is as follows:

F �
3
2
πRW, (1)

where R is the equivalent radius of the curvature of the probe
tip and W is the adhesion work.

.e JKR model realizes the transformation from adhe-
sion to adhesion work, and then, according to the principle
of work energy transformation [19, 20], the transformation
from adhesion work to surface energy is based on the

Fowkes model. .e transformation relationship is shown in
formulae (2) and (3):

cab � ca + cb − 2
�����

c
d
a c

d
b



, (2)

Wab � 2
�����

c
d
a c

d
b



, (3)

where cab is interface energy; c d is dispersion component of
the surface energy; and Wab is adhesion work between
interfaces.

For materials composed of nonpolar hydrocarbons, the
dispersion component plays an absolutely dominant role in
the surface energy component, so ca ≈ cd

a . .e expression of
adhesion work can be approximately treated as follows:

Wab � 2
����
cacb

√
. (4)

It can be seen from formula (4) that, in the case of
obtaining the probe surface energy cb, combined with the
adhesion work between the probe and asphalt surface, the
surface energy ca of asphalt can be calculated. According to
the parameters provided by the manufacturer, the equivalent
radius of the curvature of the probe is 20 nm, and the surface
energy parameter is 1389.99mJ/m2. .e calculation results
of the asphalt adhesion work and surface energy are shown
in Table 7.

According to the data in Table 7, the following analysis
can be performed:

(1) .e surface microadhesion of the MRMA is only
62% that of the MA. At the same time and at the
same temperature, the wax is more stable than the
oil, and the wax crystal causes the free radicals of the
molecular chain to cross each other and form
clusters; meanwhile, the long chain molecules of the
oil can produce displacement and adhesion under
the external load; at the same time and at the position
where maximum adhesion occurs, the viscous re-
sistance of the membrane prevents the tip from
leaving the asphalt surface. .erefore, the MA is
more sensitive than the MRMA to the contact of the
needle tip, has stronger attraction forces, and shows
greater surface adhesion. It is proved that the bee
structure is the structure formed by the development
of a wax nodule center, and its component is a wax
component. Waxy crystallization can increase the
brittleness of asphalt and lead to the decrease in
adhesion. .e waxy crystallization of the MRMA to
the surface of asphalt results in a slight decrease in
the surface low-temperature crack resistance and an
increase in the internal adhesion.

(2) .e surface energy of the MRMA is 45% that of the
MA. .e increase in the asphaltene content will lead
to the decrease in the surface energy; in addition, the
oxidation condensation of the EMR will lead to the
increase in the asphaltene content in the MRMA
system, so the surface energy of the MRMA will
decrease but will decrease to a lower energy than that
of the MA. .e decrease in the surface energy of the
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MRMA shows that compared with the MA, the
MRMA and other substances consume less energy to
form surfaces, and it is easier to form a new surface;
the decrease in the surface energy of the MRMA also
shows that the MRMA is easier than the MA to
disperse, which is conducive to the emulsification of
asphalt. .e theory of solid physics points out that
the surface of an object with a high surface energy is
in a high energy state, and the surface of the system is
unstable; thus, the surface energy is reduced through
the adsorption of other substances and surface po-
lymerization to ensure the thermodynamic stability
of the system. A high surface energy is one of the
reasons why the adhesion force of the MA is greater
than that of theMRMA. To reduce the surface energy
of the MA system, the adsorption of the probe tip is
more obvious, which shows that the MA system is
more unstable than the MRMA system. .erefore,
the stability of the MRMA is better than that of the
MA.

(3) .e results show that the adhesive work of the
MRMA is 62% that of the MA. .e MA has a higher
surface energy than the MRMA, and a surface with a
high surface energy tends to reduce its surface en-
ergy. High energy surfaces will absorb more dissi-
pative energy to reduce the surface energy, causing
more surface damage and plastic deformation. .e
MRMA has a higher surface stiffness than the MA,
which will convert more external force into elastic
potential energy and will release it during the
withdrawal stage so that the part of external force
that is converted into dissipation energy will be
reduced; meanwhile, it is more difficult for a wax
surface than an oil surface to produce interfacial
damage and plastic deformation, so theMRMA has a
lower sensitivity than the MA to external force en-
ergy. .erefore, the dissipation energy of the MRMA
is lower than that of the MA. During a contact
withdrawal cycle, the MA receives more dissipated
energy than the MRMA. Under cyclic loading, more
damage is accumulated quickly in the microstructure
of the MA than in that of the MRMA; in addition,
damage develops more rapidly toward the direction
of structural failure, so it is easier to produce fatigue
damage in the MA than in the MRMA.

4. Conclusion

Powder:oil ratios of 0%, 3%, 6%, 9%, 12%, and 15% of the
EMR with a particle size of approximately 35 μmwere mixed
into the matrix asphalt. To compare the modification effect
of the different powder:oil ratios, the penetration test,
softening point test, and ductility test were carried out. At

the same time, by also performing an X-ray diffraction test,
an infrared spectrum analysis, an atomic force microscope
analysis, and a differential scanning calorimetry analysis, the
modification effect and mechanism of the EMR micro-
powder asphalt were explored:

(1) After grinding, the crystallinity of the EMR particles
decreased, and at the same time, amorphous sub-
stances were produced, the specific surface area of
the powder increased, and the activity of the powder
increased.

(2) .e high-temperature performance of the asphalt
improved, and the temperature sensitivity of the
asphalt reduced after the EMR was added. However,
the low-temperature performance of the asphalt was
not significantly improved. .e comprehensive
performance of the asphalt was the best when the
powder:oil ratio was 9%.

(3) .e N, P, S, and other atoms in the EMR formed
weak hydrogen bond with the atoms in the asphalt,
which did not share the electron pair, so the activity
of the asphalt was enhanced. At the same time, the
Al2O3 in the EMR adsorbed the small and medium
molecular components of aliphatic hydrocarbons
and aromatic hydrocarbons for oxidation, cross-
linking, and condensation reactions at high tem-
peratures. When the high molecular weight in-
creased, the unreacted part of Al2O3 was replaced by
the low molecular weight part and continued to play
the role of the catalytic oxidant and increased the
content of the high molecular weight hydrocarbon in
the asphalt component to improve the performance
of the matrix asphalt.

(4) .e compatibility between the EMR and asphalt is
good, so it is more suitable to describe the micro-
adhesion contact of asphalt materials with the JKR
theory; a high surface energy will make asphalt
absorb more dissipation energy, so the surface en-
ergy will decrease, resulting in the instability of the
system; EMR can reduce the surface energy of the
MRMA by increasing the asphaltene component, so
the stability of the MRMA is better than that of the
MA.
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Table 7: .e calculation results of the asphalt adhesion work and surface energy.

Species of asphalt Adhesion (nN) Interfacial energy (mJ · m− 2) Adhesive work (mJ · m− 2)

MRMA 5.70 0.66 60.48
MA 9.18 1.47 97.40
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*e mechanical response characteristics of large stone asphalt mixtures (LSAMs) are key factors in studying its fatigue char-
acteristics during cyclic loading tests. Based on disturbed state concept (DSC) and viscoelastic continuum damagemodel (VECD),
a series of tests using an overlay test (OT) were carried out to investigate the fatigue characteristics of LSAM. *e results showed
that disturbance and damage increased with decreasing frequency and increasing loading displacement and aging degree, while
the asphalt content had no obvious adverse effect on the increase in damage. In addition, the disturbance and damage grew rapidly
in the early stage of loading and reduced in the later stage of loading. On the contrary, based on DSC, the constitutive model
modified with disturbance function (D) defined by external work could describe the mechanical properties, and the evolution
process of disturbance function (D) could reflect the damage change in cyclic loading tests.*e research conclusion can enrich the
theoretical research on the fatigue failure response and mechanism of LSAM under cyclic loading and expand the application
scope of DSC in the field of pavement.

1. Introduction

Semirigid materials are prone to fatigue cracking under re-
peated traffic loads and thermal gradients, which will destroy
the pavement structure [1–4]. *e inhomogeneity of the in-
ternal microstructure of asphalt mixtures will lead to differ-
ences in the damage location and mode [5, 6]. External
environmental factors, such as test temperatures, aging, and
loading, increase the complexity of describing fatigue char-
acteristics of asphalt mixtures [2, 7]. To improve the fatigue
resistance of asphalt mixtures, a variety of innovative products
and technologies have been proposed in recent years. It is
noteworthy that, with its nominal diameter of the largest di-
mension greater than 26.5mm, LSAM has a good retarding
effect on crack propagation because coarse aggregates can form
a stable skeleton structure [8–11]. A great deal of attention has
focus on fatigue behavior of conventional asphalt mixture.
However, there are relatively few research studies on LSAM
fatigue performance, especially on its constitutive model.

*e applications of the viscoelastic continuum damage
(VECD) model for predicting the fatigue performance of
asphalt mixtures have been widely used in the past two
decades [12–14]. Wang and Kim proposed a failure criterion
by using the VECD model and considered that the atten-
uation of the pseudostiffness is a material constant that is
independent of the loading mode, temperature, and stress/
strain amplitude [15]. Babadopulos et al. studied the fatigue
performance of aged asphalt mixtures using the VECD
model [16]. Haddadi et al. used the VECD model to study
the fatigue behavior of asphalt mixtures. *e material
constant a was inversely proportional to the slope of the
central part of the relaxation modulus curve obtained by the
bending dynamic test with a four-point bending beam de-
vice [17]. Sabouri and Kim proposed a new failure criterion
using the VECD model and pointed out that the charac-
teristic relationship between the average release rate of the
pseudostrain energy and the final fatigue life during fatigue
testing of recycled asphalt mixtures and nonrecycled asphalt
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mixtures was independent of the loading mode, strain
amplitude, and temperature [18].

Furthermore, numerous studies have proposed quan-
titative methods for investigating damage and establish-
ment of constitutive models [5, 7, 19–22], but these
methods still have some shortcomings in reflecting the
damage evolution and establishment of constitutive models
of materials. From a macroscopic perspective, the influence
of the change in the material structure on the mechanical
properties has received increasing attention. *e disturbed
state concept (DSC) provides a unified modeling method
for engineering materials [23–26], which can consider
various responses such as elasticity, plasticity, creep,
microcracking and fracture, softening, and healing within a
unified coupling framework. However, due to the lack of
test data for calibration and field measurement for vali-
dation, DSC has not been widely used in the field of
pavement.

Although the literature shows wide application pros-
pect of VECD in fatigue performance of conventional
asphalt mixtures, few studies have applied VECD approach
into the results of the OT fatigue test on LSAM. In this
study, the OT test is employed to investigate the fatigue
performance of LSAM, including assessment the effects on
fatigue performance of frequency, loading displacement,
asphalt-aggregate ratio, and aging degree. In addition, this
paper establishes a constitutive model of LSAM under
repeated loading-based DSC model. Disturbance D was
used to determine evolution of damage in materials.
Meanwhile, the effects of frequency, loading displacement,
asphalt-aggregate ratio, and aging degree on fatigue per-
formance and change in disturbance were detected as well.
*e research conclusion not only enriches the theoretical
research on the fatigue performance of LSAM under cyclic
loading but also expands the application scope of DSC in
the field of pavement.

2. Materials and Methods

2.1. Materials and Specimen Preparation. In the test, the
binder is AH-70 heavy traffic paving asphalt, the aggregates
are limestone aggregates, and the filler is limestone ore
powder. *e aggregate gradation design for LSAM-30 is
shown in Table 1. *e LSAM-30 test results and the
technical specifications obtained from the Marshall test are
shown in Table 2. *erefore, the optimum asphalt-aggre-
gate ratio is 3.38%. Referring to the method of T0703-2011,
which is stipulated in JTG E20-2011 [27], test specimens are
trimmed into prismatic specimens with dimensions of
150mm× 100mm × 60mm originating from a rutting plate
with dimensions of 300mm× 300mm× 100mm. In the
short-term aging test, the rutting plates were made after the
loose asphalt mixture was heated in an oven at
135°C ± 0.5°C for 4 hours ±5min. *en, the specimens were
placed in an oven at 85°C ± 0.5°C for 3 days for the long-
term aging test. Unlike the traditional aging test in which
the aging time is set to 5 days, the aging time is set to 3 days
in this paper. *is is because the traditional aging test is
equivalent to asphalt pavement, which has been in service

for 5–7 years. However, asphalt pavement will crack within
2-3 years.

2.2. Test Methodology. Because the overlay tester (OT) test
can directly simulate crack initiation and propagation, to
improve the reliability and practicability of OT testing,
many research studies have been done on the OT test
[28–31]. In the conventional OT test, the triangle waveform
cannot reflect the actual pavement stress effectively and the
thickness of 38mm is not appropriate for the requirements
of coarse aggregate. So a haversine loading and thickness of
60mm were adopted in subsequent tests. In the previous
research results [32], the specimen with a thickness of
60mm was simulated by the finite element method. *e
results show that the LSAM with the thickness of 60mm
meets the test objectives. *e OT test can not only effec-
tively evaluate the reflective cracking of asphalt mixtures
but also has good application prospects in studying fatigue
cracking and low-temperature cracking.

In the study, test temperature was set at 25°C, and
specific test conditions are shown in Table 3. *e loading
displacement waveform is shown in Figure 1. *e output
data from the OT test are shown in Figure 2. Peak load,
number of cycles, and temperature are automatically
recorded. An example of measured load and number of
cycles is shown in Figure 2(a), and the peak load against
number of cycles is shown in Figure 2(b). As shown in
Figure 2, with the increase in the number of cycles, the peak
load gradually decreases until fracture. During the test,
three parallel tests were carried out for each group of
specimens, and the average value of the test results was
obtained. *e specimen gluing process was performed as
follows: (1) ensure that the bonding surface of the specimen
and base plate was clean; (2) apply Vaseline on the spacer
bar and inserted the spacer bar between the base plates; (3)
place a piece of tape to cover the gap; (4) glue the specimens
to the base plates with epoxy; and (5) add a 2.5 kg weight on
top of the specimen for no less than 24 hours at room
temperature. In each group, three specimens were placed in
the environment box for no less than 4 hours, and the
temperature was set at the test temperature ±0.5°C. Dis-
placement control was applied during the test.

3. VECD Model and DSC Model

3.1. VECD Model. *e mathematical expression of the
pseudostrain is shown in (1a), where ε � D/d, in which D

and d are the tension displacement and steel plate spacing,
respectively (shown in Figure 1), and E(t − τ) is relaxation
modulus which can be obtained by a Prony series in the first
load stage from OT, as shown in (1b):

εR
(t) �

1
ER


t

0
E(t − τ)

zε
zτ
dτ, (1a)

E(t) � E∞ + 
N

i�1
Eie

− t/ρi( ), (1b)
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where E(t) is the relaxation modulus, E∞ is the long-term
equilibrium modulus, Ei is the components of relaxation
modulus, ρi is the relaxation time, and N is the number of
elements in Prony series.

Based on the concept of the pseudostrain and continuous
damage theory, the pseudostiffness C is the ratio of the peak
stress to the corresponding pseudostrain [17]:

C �
σ

I × εR
, (2)

where I � σ1/εR
1 is the variable used to normalize pseu-

dostiffness C and σ1 and εR
1 are the stress and pseudodis-

placement at the end of the first cycle, respectively.
*e C-S curve under the uniaxial tension test is different

from that under the uniaxial compression test. Likewise, the
C-S curve under the tension-compression test is different
from that under the uniaxial tension test. Researchers believe
that damage only accumulates in the tensile portion of each
cycle [33, 34]. Park et al. [35] calculated the damage pa-
rameter S in asphalt mixtures by using the following
equation:

dS

dt
� −

zWR

zS
 

α

, (3)

where WR is the pseudostrain energy density function, α is a
constant related to the rate of damage growth, and t is the
time. α � 1 + (1/m) for strain-controlled tests, while
α � 1/m for stress-controlled tests, where m represents the
maximum slope of the relaxationmodulus vs. the time graph
in log-log scale. For asphalt mixtures, the functions of the

stress and pseudostrain energy density under uniaxial
loading are expressed as follows:

σ �
zWR

zεR
� IC(S)εR

, (4)

W
R

�
I

2
C(S)εR2

. (5)

Damage parameters S are obtained from formulas (3)
and (5):

dS

dt
� −I

εR2

2
dC

dt
 

(α/1+α)

. (6)

In repeated load tests, the following relationships are
established:

N � ft⟶
dN

dt
� f⟶ dt �

dN

f
, (7)

where N is the number of cycles and t is the time. In
consideration of (dC/dt) � ((dC/dN)(dN/dt)) and
(dS/dt) � ((dS/dN)(dN/dt)), the following equation is
derived from (6):

dS

dN
f � −I

εR2

2
dC

dN
f 

(α/1+α)

, (8)

SM � 
M

i�1

I

2
εR

i 
2

Ci− 1 − Ci(  
(α/1+α) Ni − Ni− 1

f
 

(1/1+α)

⎡⎣ ⎤⎦,

(9)

Table 1: Aggregate gradation for LSAM-30.
Diameter (mm) 37.5 31.5 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Passing rate (%) 100 97.6 86.6 70.0 63.4 57.1 49.0 34.3 24.0 16.8 11.9 8.2 5.7 4.0

Table 2: Marshall test results at an optimal asphalt content.

Asphalt-aggregate
ratios (%)

Volume of air voids,
VV (%)

Voids filled with
asphalt, VFA (%)

Voids in the mineral
aggregates, VMA (%)

Marshall stability
(kN)

Flow value
(0.1mm)

3.38% 3.4 59.1 11.9 30 65
Specification
requirement 3–6 60–75 >11 >15 40–70

Table 3: *e specific test conditions.

Frequency (Hz) Asphalt-aggregate ratios (%) Loading displacement amplitude (mm) Aging

Group 1
1

3.38 0.3 Nonaging5
10

Group 2 5 3.38
0.1

Nonaging0.2
0.3

Group 3 10
3.38

0.3 Nonaging3.6
3.9

Group 4 10 3.38 0.3
Nonaging
Short aging
Long aging
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where SM � S(NM), Ci � C(Ni), and εR
i � εR(Ni).

3.2.ConstitutiveModel Based on theDSC. In the DSCmodel,
the forces (mechanical force and thermal and environmental
forces) cause a disturbance of the material microstructure,
resulting in material changes in the internal microstructure
from a relatively intact state (RI) after an automatic ad-
justment process to a fully adjusted state (FA). *is self-
adjusting process may involve the relative movement of
particles that produce microcracks and damage. It can cause
obvious disturbance. *is disturbance is defined by a dis-
turbance function D, which represents the relationship
between the observation response and initial response and
describes the evolution of the disturbance with the mac-
roscopic mechanical response to simulate the constitutive
relationship of the materials:

dσa
ij � (1 − D)dσi

ij + Ddσc
ij + dD σc

ij − σi
ij , (10a)

dσa
ij � (1 − D)C

i
ijkldε

i
kl + DC

i
ijkldε

i
kl + dD σc

ij − σi
ij ,

(10b)

where σij and εij are the stress and strain, respectively; Cijkl is
the elastic coefficient; and a, i, and c represent the obser-
vation state, RI, and FA, respectively.

*e relative intact (RI) state is defined by an ideal elastic-
plastic model, and for the uniaxial stress state, the elastic
coefficient tensor Ce � E (E is the elasticity modulus). *e
fully adjusted (FA) state under uniaxial tension is defined
based on the approximation of the ultimate asymptotic
response of the material, and the ultimate tensile stress σc is
defined by the stress during material failure.

Figure 3 shows a schematic diagram of the mechanical
response of a material in a DSC model and the first cycle
hysteretic loop curve in the low cycle fatigue test. For the
loading section of the first period, as shown in Figure 3, the
linear relationship between the load and displacement is ob-
vious. It shows that the material maintains an elastic defor-
mation in the first period of loading, and it is considered that
there is no damage in the material at this stage. *erefore, the
first loading period is considered as the RI; thus, the work of the
external force during the first loading process is W0. During
the loading process, the work done by the external force per
cycle is Wi, and the work done by the external force in the last
cyclic loading cycle is Wc.*us, the disturbanceD is defined as
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Figure 1: Test schematic diagram (unit: mm) and test loading model diagram in OT.
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Figure 2: OT results data: (a) example of load cycles; (b) peak load reduction curve.
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D �
W0 − Wi

W0 − Wc

. (11)

According to the fatigue test on the asphalt mixture, the
cumulative disturbance is nonlinear. *e evolution equation
of the disturbance can be expressed as follows:

D � 1 − 1 −
N

Nf

 

r

 

a

, (12)

where r and a are fitting parameters and N and Nf are the
number of loading cycles and fatigue life, respectively. Based
on the RI and FA states and once disturbance is defined, the
DSC equations under repeated loading can be derived as

σa
ij � (1 − D)σi

ij + Dσc
ij. (13)

After normalizing the peak load of each cycle, (13) can be
expressed as follows:

σa
ij

σa
(1)

� (1 − D) + D
σc

ij

σa
(1)

, (14)

where σa
ij is the observed stress in the fatigue test, σi

ij is the
stress in the RA, σc

ij is the stress in the FA, σa
(1) is the

maximum stress in the first loading cycle, and D � Dn is the
disturbance corresponding to each loading cycle.

4. Results and Discussion

In the C-S curve (in Figure 4), S represents the damage in the
specimens during the test, and C represents the normalized
pseudostiffness. *e slower the C-S curve descends, the
longer the curve is, the better the performance of the asphalt
mixture will be. It can be seen from Figure 4 that the
pseudostiffness decreases with increasing damage, and the
rate of decrease in the pseudostiffness in the early stage is
faster than that in the later stage. *e C-S curves of 5Hz and
10Hz are higher than that obtained for 1Hz, which indicates
that increasing the frequency can slow down the damage
development rate and prolong the service life. *e decline
rate of the C-S curve of 0.1mm is slower than that of 0.2mm
and 0.3mm, but the curve of 0.3mm decreases faster. *is
indicated that increasing the loading displacement will ac-
celerate the damage and failure of the specimens. *e C-S

curve of the asphalt-aggregate ratio of 3.6% is shorter and
lower than that of the other two asphalt-aggregate ratios.*e
two curves of 3.38% and 3.9% indicate that increasing the
asphalt content does not substantially improve the tensile
strength, but increasing the asphalt content can prolong the
fatigue life of the specimens. *e C-S curve becomes shorter
after aging, and the rate of decrease gradually increases with
the aging degree, which indicates that aging has an effect on
the fatigue life. *e brittleness of the aged asphalt mixtures
increases, the damage increases rapidly with increasing
aging degree, and the fatigue life of the aged asphalt mixtures
decreases.

It can be seen from Figure 5 that the disturbance in-
creases rapidly in the early stage of loading displacement;
when the fatigue life ratio is approximately 0.2, the dis-
turbance increases slowly. *is indicates that the integrity of
the materials decreases substantially, and the damage in-
creases rapidly during early loading. However, the damage
increases slowly, and the rate of cumulative damage slows
down during later loading. *e disturbance decreases with
the increase in the frequency until the fatigue life ratio is
approximately 0.8, which indicates that increasing the
loading frequency can prolong the fatigue life. *e distur-
bance increases with the increase in the loading displace-
ment, which indicates that the damage caused by a loading
displacement of 0.1mm is smaller than that with a larger
loading displacement. *e disturbance curves of the loading
displacements of the 0.2mm and 0.3mm almost overlap,
which indicates that the damage in the specimens under
these two conditions does not change substantially. *e
disturbance curve of the asphalt-aggregate ratio of 3.6% is
higher than that of the other two asphalt-aggregate ratios,
which indicates that the damage develops faster when the
asphalt-aggregate ratio is 3.6%. Aging will increase the
modulus of the asphalt mixture and weaken its tensile strain,
so aging will accelerate the development of damage in the
specimens. *at is, the disturbance increases with the in-
crease in the aging degree.

Figure 6 shows evolution of pseudostiffness with the
increasing number of cycles, and it suggests that an expo-
nential function can capture the trend of pseudostiffness
with the increasing number of cycles. Equation (15) is an
example of fitted exponential function:
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Figure 3: Schematic of the stress-strain behavior in the DSC and definition of the initial state.
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C � 1 − exp −A
N

Nf

 

Z

⎡⎣ ⎤⎦, (15)

where A and Z are fitting coefficients. It can be seen from
Figure 6 that the curve can be fitted well by an exponential
function, and the pseudostiffness develops rapidly in the
early stage but slows down in the later stage, which is
consistent with the variation trend of the disturbance curve.
*is indicates that the DSC model proposed in this paper
can effectively reflect the evolution of damage.

*e calculation results of the parameters in (12) and (15)
are shown in Table 4. It can be seen from Table 4 that
parameters r and a increase with increasing frequency. An
increasing loading displacement will increase parameter a,
while parameter r shows a trend of decreasing first and then

increasing.*e increase in the asphalt content and aging will
decrease parameter a. Both parameters A and Z decrease
with increasing displacement. Z decreases with increasing
frequency. Increasing the asphalt content will increase pa-
rameter Z, while aging will decrease parameter Z.

Figure 7 shows the test results and theoretical calculation
results of the peak load varying with the loading cycle. *e
relationship between the peak load obtained from the test
and the number of cycles is in good agreement with the
calculated results, which indicates that the proposed con-
stitutive model under repeated loading can reflect the var-
iation in its mechanical properties. *e increase in the
frequency and loading displacement can substantially in-
crease the peak load. *e influence of aging and increasing
the asphalt content on the peak load is not obvious, but
increasing the asphalt content can delay the load attenuation
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Figure 4: Damage characteristic curves corresponding to (a) frequency, (b) displacement, (c) asphalt-aggregate ratio, and (d) aging degree.
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Table 4: *e calculation parameters.

Test conditions r a A Z
Standard 0.4 1.93 0.159 −0.422

Group 1 1Hz 0.053 0.82 0.154 −0.285
5Hz 0.25 1.8 0.125 −0.379

Group 2 0.1mm 0.28 0.85 0.598 −0.173
0.2mm 0.17 1.17 0.204 −0.318

Group 3 3.6% 0.22 1.93 0.131 −0.321
3.9% 0.25 1.34 0.194 −0.253

Group 4 Short aging 0.26 1.96 0.113 −0.375
Long aging 0.24 1.18 0.151 −0.435

Note. *e standards in Table 4 are as follows: the asphalt-aggregate ratio is 3.38%, the temperature is 25°C, the loading frequency is 10Hz, the displacement
amplitude is 0.3mm, and nonaging.
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Figure 7: Test and theoretical curves corresponding to the (a) frequency, (b) loading displacement, (c) asphalt-aggregate ratio, and (d) aging
degree.
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speed, which is conducive to delaying the development of
cracks, while aging can accelerate the load attenuation speed
and crack expansion.

5. Conclusions

In this paper, a constitutive model of the LSAM under
repeated loading is proposed based on the DSC theory.
*rough the analysis of the fatigue characteristics of the
LSAM under different conditions, it is shown that the model
proposed in this paper can reflect its mechanical properties,
and the disturbance can reflect the damage evolution during
the fatigue process. *e conclusions are summarized as
follows:

(1) Damage develops rapidly in the early stage of loading
and slows down in the later stage of loading. Damage
increases with the decrease in the frequency, the
increase in the loading displacement, and the in-
crease in aging degree. *e asphalt content has no
obvious adverse effect on the increase in damage.

(2) *e magnitude of the disturbance reflects the
damage degree.*e results show that the disturbance
increases with decreasing frequency and increasing
loading displacement and aging degree. *e pseu-
dostiffness evolution model in this study can reflect
the relationship between the pseudostiffness and the
number of loading cycles.

(3) *e VECD model can effectively reflect the fatigue
characteristics of the LSAM. Increasing the loading
displacement, decreasing the frequency, and in-
creasing the aging degree will increase the decline
rate of the C-S curve. *at is, the fatigue life will be
shortened.
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(is paper presents a modular hydromechanical approach to assess the short- and long-term surface drainage behavior of
arbitrarily deformable asphalt pavements. (e modular approach consists of three steps. In the first step, the experimental
characterization of the thermomechanical asphalt material behavior is performed. In the second step, information about the long-
term material behavior of the asphalt mixtures is integrated on the structural scale via a finite element (FE) tire-pavement model
for steady-state rolling conditions and time homogenization in order to achieve a computationally efficient long-term prediction
of inelastic deformations of the pavement surface (rut formation). In the third step, information regarding the current pavement
geometry (deformed pavement surface) is used to carry out a surface drainage analysis to predict, e.g., the thickness of the water
film or the water depth in the pavement ruts as a function of several influencing quantities. For chosen numerical examples, the
influence of road geometry (cross and longitudinal slope), road surface (mean texture depth and state of rut deformation), and
rainfall properties (rain intensity and duration) on the pavement surface drainage capacity is assessed. (ese parameters are
strongly interrelated, and general statements are not easy to find. Certain trends, however, have been identified and are discussed.

1. Introduction

(eultimate goal of pavement design is to provide an optimal
structure that meets the required service life while ensuring
safety and minimizing costs and environmental impacts.

Onemajor problem is the rapid increase in the volume of
traffic with growing axle loads, which leads to amplified
fatigue mechanisms and the premature failure of pavement
structures. A further effect is intensified rut formation [1].
Increased temperatures, due to global warming, exacerbate
this effect [2]. Rutting is related to the long-term behavior of
the pavement structure and describes the accumulation of
permanent vertical deformations due to repeated traffic

loading. Rutting is undesirable due to several reasons: (1)
increased risk of water infiltration (through cracks) into the
pavement structure with several deterioration effects, (2)
higher fuel consumption as a result of a higher level of
friction on the outside edge of the tire profile, and (3) ac-
cumulation of water (or even ice) constituting a potential
traffic safety risk due to aquaplaning.

In this context, an increasing demand on design asphalt
mixtures with a high resistance to permanent deformation at
high temperatures is observable. To optimize the design of
these materials, detailed analyses of the inelastic deforma-
tion are required. Hence, the results of laboratory tests can
be used to determine the constitutive material relations
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between dynamic variables (i.e., stresses and forces) and
kinematic quantities (i.e., strains and displacements). (e
most commonly used laboratory tests are the static creep-
recovery test and the cyclic uniaxial compression (CUCT)
test. Creep-relaxation tests are popular because of their
simplicity. However, some authors have reported that the
results do not correlate well with actual in-service pavement
rutting [3]. (e CUCT is, on the other hand, more com-
patible with in-field conditions, and the results are more
consistent with in-service rutting measurements [4]. Since
rutting is, in general, a long-term phenomenon, accelerated
test procedures are important for the reduction of testing
times [5].

By using the results of appropriate laboratory tests,
numerical modeling techniques provide additional means
for predicting the rutting behavior of asphalt pavements on
the structural scale. (ese simulations employ material
parameters which are obtained via the results of laboratory
tests on the material scale. Material tests are also essential for
the calibration and validation of any kind of numerical
model in order to obtain realistic and reliable simulation
results. Compared to the outcome of rutting tests on a
laboratory scale, an advantage of modeling ruts (in com-
bination with real tire models) is also that a more realistic
geometrical form of the rut can be determined. Numerical
models for rutting with different methodological approaches
can be found in the literature (e.g., [1, 5–12]).

(e combination of laboratory tests and numerical
modeling is a promising way to make predictions regarding
pavement rutting. (e rut depth itself can be one of the
results. However, further conclusions for the pavement
performance can be drawn by coupling the results of the
laboratory tests and the structural simulation with a model
which deals with the surface drainage of the pavement.

Various methods to calculate or model pavement
surface drainage exist in the literature. (e still widely
used Gallaway et al.’s equation was developed from em-
pirical relationships and experimental data [13]. Based on
calculations, road criteria are suggested to reduce the risk
of hydroplaning. (e equation can also be used to estimate
the hydroplaning speed (the speed in which hydroplaning
occurs) as a function of road and car tire characteristics.
Anderson et al. [14] and Cristina and Sansalone [15]
developed a 1D kinematic wave model of the surface
runoff, while Hermann [16] calculated slope lines that
predict the 1D flow lines of runoff caused by road ge-
ometry. (ese models cannot be used to calculate water
film depth distributions, but runoff coefficients, drainage
inlet designs, or an estimation of the drainage capacity of a
roadway can be obtained. A more sophisticated model has
been developed by Charbeneau et al. [17]. A diffusion
wave model is used to numerically simulate 2D water
depth distributions over the pavement surface. A study to
evaluate the influence of longitudinal slope on the max-
imum water depth and its location is also included. While
some of these models are applicable to complex road
geometries and alignments, in-depth parameter studies
are still needed to evaluate the complex mechanism of
pavement surface runoff.

Furthermore, German guidelines use the simple value of
rut depth (considering the specific cross slope situation as
well) to describe the risk of aquaplaning. With a better
knowledge of the surface drainage mechanism, this as-
sessment could be improved. A 2D surface drainage model
can provide additional information about the risk of critical
water depths in the ruts leading to aquaplaning. Other
important parameters, such as longitudinal slope and the
geometrical form of the ruts—in interaction with the cross
slope—can be integrated into the surface drainage model
and improve information on the risk of aquaplaning in a
specific case. Furthermore, it is possible to consider the
effects of the surface texture in and next to the ruts or even
their development over time. In this way, much more in-
formation about (future) surface drainage behavior can be
determined than by merely using the value of rut depth to
describe the risk of aquaplaning.

In this contribution, it is exemplarily shown that the
experimental and numerical analysis of geometrical changes
(deformations in the form of ruts) of arbitrary asphalt
pavements can be combined and coupled with an analysis of
functional properties addressing road users’ needs regarding
safety and comfort. (erefore, a modular hydromechanical
approach consisting of three steps (experimental material
testing, long-term structural deformation finite element (FE)
modeling, and surface drainage modeling) is proposed. (is
approach is also one of the first steps towards a more
comprehensive, future vision of long-term pavement per-
formance and its prediction with the help of in situ mon-
itoring, data collection, data management, and modeling
techniques—often called a “digital twin” in the context of
industrial products or processes.

2. Modular Hydromechanical Approach

(e present approach consists of several unidirectionally
coupled modules (material, structure, and drainage) to
describe the long-term behavior of arbitrary asphalt pave-
ments from the material scale to the structural scale and to
derive the surface drainage features over the long term. A
graphical overview of the methodologies is provided in
Figure 1.

(e flowchart of the modular analysis is depicted in
Figure 2. A modular hydromechanical analysis starts with
the selection and experimental testing of different materials
used for the specific pavement design. From material da-
tabases or additional experimental characterization tests,
model parameters are derived, which are used in the sub-
sequent numerical analysis to describe the thermo-
mechanical material behavior of the pavement materials on
the structural scale via adequate models. To realistically
capture the phenomena of tire-pavement interaction within
the structural model, a representative rolling tire in steady-
state motion and parts of the pavement construction are
discretized and included in the numerical model. Via a long-
term simulation of the selected tire-pavement configuration,
geometrical information regarding the permanent defor-
mation of the pavement surface is obtained. (e geometrical
data is used as input for the numerical surface drainage
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analysis. As a result of the unidirectionally coupled holistic
analysis, pavement materials or the construction type of the
pavement can be varied to optimize the short- and long-term
drainage features (loop).

In the following subsections, more information on each
module is provided, with a focus on the geometry-dependent
model for surface drainage in this contribution.

2.1. Material Characterization. (e objective of the exper-
imental material characterization is to reveal the material’s
short- and long-term response to cyclic loading. Particularly
for the prediction of plastic deformations, the quantification
of accumulated inelastic deformations is important. (e
existence of different testing facilities and the general need of
a test methodology for accurate inelastic strain measure-
ments during the experimental testing of asphalt materials
have already been briefly discussed in the introduction. To
assess the thermomechanical material behavior of asphalt
mixtures, i.e., to also take into account the influence of
temperature, the short- and long-term tests are performed at
different testing temperatures. (e outcome of these force-

controlled tests (strain-time plots) is then used to identify
sets of material model parameters for each testing tem-
perature. Besides the temperature-dependent mechanical
response of the material, other thermal characteristic values
such as heat capacity, thermal conductivity, and mass
density also have to be identified from experiments. (ese
additional quantities are used as the input parameters of the
thermomechanical tire-pavement model (see [2, 18]).

2.2. Tire-Pavement Model for the Long-Term Prediction of
Permanent Surface Deformation. (e experimentally
assessed asphalt behavior is numerically represented via a
continuum mechanical model for asphalt [19] with several
sets of model parameters to capture the asphalt’s temper-
ature dependency. While the material response to short-
term loading (e.g., tire overrun) only shows deformations in
the small strain range, long-term deformations (accumu-
lation of inelastic deformation sections) show large devia-
tions from the pavement’s initial geometry. Hence, a
material model considering large strains was employed.
Furthermore, a continuum mechanical material model

Pavement

Cross section Cross section
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yLxL
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yLxL
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Figure 1: Overview of the modular unidirectional hydromechanical investigation for deformable asphalt pavements subjected to rut
formation during their service life: pavement surface runoff model (PSRM) and arbitrary Lagrangian–Eulerian finite element method (ALE
FEM).
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formulation—see, e.g., [20–22] for an overview—is chosen
to enable a numerically efficient representation of the short-
and long-term behavior of asphalt materials on the mac-
roscale within numerical simulations in the framework of
the finite element method (FEM). Within the material
model, the evolution of inelastic deformations is described
via an endochronic plasticity approach [23]. A detailed
derivation and explanation of the approach is available in
[24].

(e temperature dependency of the asphalt is captured
via parametrization via sets of model parameters identified
for discrete testing temperatures (see Section 2.1). Fur-
thermore, the thermal properties of the asphalt mixture are
described with the thermal conductivity and the volumetric
heat capacity, which are assumed as constant (temperature-
and deformation-independent) in the material model.

To integrate and evaluate the short- and long-term
material response on the structural scale (pavement struc-
ture), different numerical methods are available. Often, the
FEM is used to carry out numerical simulations of pavement
structures (see, e.g., [19, 25]). As a further development with
respect to numerical efficiency, the semianalytical finite
element method (SAFEM) has recently been proposed in
[26].

In this contribution, an FE discretized configuration of
tire and pavement is considered (see Figure 3). A detailed
description of the tire-pavement model for the long-term
prediction of pavement rutting is available in [27]. In the
following, a brief overview of the underlying theory and
assumptions is provided.

For a numerically efficient but still detailed analysis of
the tire-pavement interaction, a stationary state of the tire in
motion is numerically represented with the help of an ALE
steady-state transport simulation. (e idea of the steady-
state analysis is based on the special description and de-
composition of the motion of the tire and the pavement with
respect to several configurations (initial configuration with
Lagrangian frame xL, moving reference configuration fixed
to the tire axle with coordinate systems x′ and xALE, and
current configuration).

Due to the steady-state motion of tire and pavement,
time derivatives (of quantities belonging to the current
configuration) with respect to the moving reference
configuration are redundant and the computational cost
can be significantly decreased. In this context, the rotation
of the tire is represented by the flow of the tire material
through the fixed FE mesh of the tire, and no fine FE
resolution of the whole circumferential direction of the
tire is required (see Figure 3). (e translation is repre-
sented in the same manner by a flow of the pavement
material through the FE mesh of the pavement. Inelastic
material behavior (e.g., viscoelastic or elastoplastic ma-
terial features) is included in the FE analysis for both tire
and pavement via a special ALE formulation for inelastic
material (evaluation of the history of the material along
streamlines formed by consecutive integration points of
the regular FE mesh) (see [2, 18]). In the tire-pavement
model, longitudinal and cross slopes of the pavement are
omitted since their influence on the rut formation is

judged as negligible for standard sections of the road
network.

(e long-term prediction of the pavement’s rutting
performance requires the use of a numerically efficient
strategy. In this context, time homogenization—see, e.g.,
[28–33]—on several time scales has been used for the
multifield problem (displacement and temperature as so-
lution fields) as proposed in [27]. From the mechanical
loading (tire overrun [34]) and boundary conditions
(temperature variations), distinct time scales have been
identified for which a time-homogenized response of the
pavement structure is computed and evaluated with respect
to a reference cross section of the pavement.

Information regarding the geometry of the deformed
pavement surface (cross-sectional direction) as a function of
the number of load cycles (tire overruns) are then trans-
ferred to the surface drainage analysis.

2.3. Geometry-DependentModel for Surface Drainage. In the
past, models for the surface drainage of pavements have
often been developed solely from experimental data and
were not based on physical modeling. Descriptive param-
eters or equations were derived from experimental results to
gain a reducedmodel of pavement drainage, as in [35–37]. In
some of these cases, the experiments have been explained by
simplified analytical approaches [38–40], e.g., based on the
Gauckler–Manning–Strickler equation, which is commonly
used in hydromechanics for the calculation of flow condi-
tions in open channels. Another often-used simplification is
the assumption of 1D flow [16, 40, 41].

In this contribution, a 2D numerical model called the
Pavement Surface Runoff Model (PSRM), developed at the

FE mesh tire

FE mesh pavement

Material transport
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yLxL

zALE

yALExALE

Fz′

z′

x′
y′

ux = v.

Figure 3: FE tire-pavement model for the structural analysis of the
tire-pavement interaction using an ALE framework for both tire
and pavement.
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University of Stuttgart [42], is used to calculate the water
depth, depending on the evolving surface geometry de-
scribed in Section 2.2. While experimental data is used to
calibrate some coefficients, the equations are based on a
physical model of surface flow.

(e PSRM was designed to model pavement surface
runoff and can, therefore, only simulate infiltration pro-
cesses into porous pavements in a simplified way. A number
of models dealing with flow and drainage in porous pave-
ments have previously been proposed (e.g., [43, 44]). Porous
pavement drainage is also addressed in the authors’ DFG
Research Group FOR 2089 [45] (see, e.g., [46, 47]).

(e numerical calculations of the PSRM, which are based
on fundamental hydromechanical modeling, use the DuMuX
software toolbox [48, 49]. (is toolbox was developed to
solve different flow problems by using the DUNE framework
[50, 51]. DUNE itself is a C++ toolbox for solution ap-
proaches for differential equations, also beyond hydrome-
chanical flow modeling.

In the PSRM, standard geometries (e.g., superelevated
transition sections with different cross slopes and longi-
tudinal slopes or different pavement widths) can be gen-
erated for ideal even surfaces. More realistic and complex
(uneven) topographies and geometries of pavement sur-
faces can be imported using 3D surface data. (is data can
either be measured or—as done in the present modular
hydromechanical investigation—calculated based on a
structural tire-pavement model (Section 2.2) so that even
complex geometries (e.g., intersections or ruts) can be
taken into account. Furthermore, the roughness of the
pavement surface can be considered in the PSRM as mean
texture depth (MTD), which has a major influence on water
reservoirs in the texture and on the flow resistance in many
cases. Five different surface textures with discrete MTD
values between 0.4 and 1.8mm can be used as input pa-
rameters for the PSRM simulations.

In the PSRM, rainfall is simplified to a spatially uniform
event, which is constant in time, as it is also implemented in
a simplified way in other (pavement) drainage models.
Furthermore, the rainfall intensity i (mm/min) constitutes
another input parameter.

2.3.1. Mathematical Description of the Pavement Runoff
Model. (e Navier–Stokes equations are a set of funda-
mental equations concerning fluid mechanics and charac-
terize the conservation of mass, momentum, and energy in
hydrosystems with a set of nonlinear partial differential
equations.

If water is treated as an incompressible fluid and its
motion as a temperature-independent flow, the conservation
of energy can be neglected. For laminar flow conditions in
combination with an ideal frictionless fluid and vertically
acting gravity, the so-called incompressible Euler equations
can be derived from the Navier–Stokes equations.

It is assumed that laminar flow is the only drawback of
the PSRM compared to surface drainage situations in reality.
In measurements, water flow has been observed in the full
range between laminar and fully turbulent conditions (see
[17, 41]). However, in [41], it was concluded that fully
turbulent flow will only occur in unusually strong rainfall
events. Based on this outcome, it seems reasonable to assume
laminar flow and, hence, to further simplify the mathe-
matical formulation.

In pavement surface runoff, the horizontal spread of the
water film is much larger than the water depth. For cases like
these, the depth-averaged shallow water equations are ideal
[42]. (ey state that, in shallow free-surface problems, the
vertical flow velocity and its derivatives are very small
(hydrostatic pressure distribution) and can, therefore, be
neglected.

Integrating the incompressible Euler equations over the
flow depth, the depth-averaged shallow water equations in
their general form are obtained for a simplified model of the
pavement surface (see Figure 4):
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. (1)

So far, (1) is only applicable to a smooth surface. (e
right-hand side of the equation represents the source and
sink terms of the flow problem.(e surface slope S0 in the x-
and y-direction acts as a source, since the gravity g acts on
the momentum of the fluid.

(e equation has to be further adapted for the mod-
eling of pavement surface runoff. In surface drainage, the
discharge q can be a source or a sink term in the system
since water can be added (e.g., rain) or it can be removed
from the system (e.g., discharge at pavement gutters and
inlets, evaporation, and infiltration). Hence, the discharge
has to be included as a source term in the shallow water
equations.

Furthermore, assuming a smooth pavement surface is
not practical. Flow resistance has a large effect on flow
velocities. In free flow cases, the roughness of the surface
acts as shear stress against the gravitational force and
decelerates the flow [42]. (erefore, higher surface
roughness does not necessarily lead to an improvement of
the drainage function of the road. Formulating the in-
fluence of flow resistance is particularly difficult. Even if
slope friction is only considered in terms of bottom re-
sistance with resistance of shape, wave, flow fluctuations,
wind and rain neglected, the flow resistance would still
have to be calculated via direct numerical simulation
(DNS) (see [42]). For this reason, an empirical equation
for the flow resistance was used. After a theoretical
comparison, the Darcy–Weisbach equation was chosen
for the PSRM (rather than the equations by Chézy or
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Manning) [42]. Darcy–Weisbach uses the dimensionless
coefficient f as an empirical value, derived from a the-
oretical background. (is formulation has the advantage
that it can be applied to all flow regimes (laminar, tran-
sient, and turbulent).

Assuming a steady state, an expression for the slope
friction Sf (caused by the base friction of the rough pave-
ment surface) can be derived from the Darcy–Weisbach
theories in the x- and y-direction:

Sf,x � f
u

������
u2 + v2

√

8gh
,

Sf,y � f
v

������
u2 + v2

√

8gh
.

(2)

For this case, the Darcy–Weisbach coefficient
f(Frk, λ, S0) depends on the texture-related Froude number
Frk, the inundation ratio λ, and the bottom slope S0 [42].(e
texture-related Froude number Frk, in turn, is defined in the
derivation of these equations as the Froude number with
mean texture depth MTD as the characteristic length:

Frk �
u

������
gMTD

 . (3)

Equation (3) provides Frk in the x-direction with the
corresponding flow velocity u. For the y-direction, the
texture-related Froude number can be computed via the flow
velocity v.

(e inundation ratio λ, as a describing parameter of the
Darcy–Weisbach coefficient f, is defined as the relationship
of the water depth to the characteristic length of the rough
surface, i.e. the water depth compared to the height of the
pavement texture. (e influencing parameters are investi-
gated and compared to experimental data from [16]. It seems
that the texture-related Froude number has a larger influ-
ence on f than the inundation ratio [42]. Furthermore, the
data indicates that inserting the inundation ratio into the
definition of the Darcy–Weisbach coefficient does not in-
crease the accuracy [42]. For this reason, λ as a variable of the
coefficient f is dropped.(e influence of the bottom slope S0
on the Darcy–Weisbach coefficient is investigated via a curve
fitting process [42] and is found to have a significant in-
fluence onf and, therefore, is kept as a secondary parameter.

(e coefficient f itself is then derived empirically. Ex-
perimental findings [16, 41] are used to obtain the param-
eters of the following relation:

f � a1S
a2
0 Fr

a3
k . (4)

(e free parameters are identified via the least squares
method [42]:

f � 3.50S
0.47
0 Fr

−1.50
k . (5)

(e experiments [16, 41] employed to calibrate the
PSRM for pavement roughness/texture are carried out on
five different realistic pavement surfaces. As described in
[41], the test equipment consists of 2.5m× 1.0m samples
(2.5m2) of three different asphalt types (SMA 11, SMA 8,
and a mastic asphalt) and two concrete surfaces obtained by
different texturing methods. (e variation of MTD is be-
tween 0.4mm and 1.8mm. (e flow conditions in the ex-
periments can be assumed as 1D (no cross slope), with a flow
path length of 2.5m. An inflow construction at the top of the
pavement sample ensures steady-state flow conditions. In
the experiments, a variation of longitudinal slopes and
runoff rates (simulating different rain intensities at certain
flow path lengths) are tested. Water film thicknesses are
measured using an ultrasonic device, which measures dis-
tances on the dry surfaces and on the surfaces with water
flow, respectively. (e measured difference between the
distances, repeated at 27 fixed points on the surface, results
in an average water depth. (e experiments are described in
more detail in [16, 41, 47].

More experimental data might improve the accuracy and
applicability of the model. Although the model is only valid
and applicable for five discrete values of MTD, these are, in
fact, within a sufficiently wide range compared to realistic
pavements.

Including the discharge q as a source, as described above,
and the slope friction Sf in the x- and y-direction in (1), the
depth-averaged shallow water equations applicable to
pavement surface runoff are obtained via [42]:
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2.3.2. Numerical Approach of the Pavement Runoff Model.
(e PSRM uses the finite volume method (FVM) on a
Cartesian grid to gain numerical solutions to the previously
derived shallow water equations. A 2D grid is used and the
conserved variables are stored as cell-averaged values at the
center of each cell. (e pavement is implemented as an
impervious boundary, and no-flow conditions are imposed
on the right and left sides of the model domain.

Water depth h (m)

z

x
y

(Depth-averaged) flow velocity u (m/s)
Slope S0, x (–)

Figure 4: Model of water flow with velocity u over a pavement surface in the x-direction. (e flow velocity v in the y-direction can be
modeled analogously.
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(enumerical approach was implemented in DuMuX (as
explained in Section 2.3); see [47] for a more detailed de-
scription and [42] for the complete derivation of the
mathematical equations and the numerical approach.

3. Numerical Examples of the
Hydromechanical Approach

Most drainage models for porous (e.g., [43, 44, 52]) or
nonporous (e.g., [14–16]) asphalt materials mainly focus on
the determination of critical water depths and the choice of
design parameters for adequate and safe drainage conditions
(e.g., required cross slope, adequate longitudinal slope,
thickness of porous friction course, and spacing of sub-
drains). In addition, many modeling approaches and pre-
dictions of water depths for certain pavement geometries
often consider simplified ideally even surfaces, which, in
terms of pavements, do not exist in reality.

In the following, the surface drainage model (Section
2.3) is coupled to the material description (Section 2.1) and
the structural tire-pavement model (Section 2.2) to show the
influence of deformation (e.g., rutting) on the pavement’s
drainage performance. (e objective of the considered ex-
amples is to show how changing pavement surface geom-
etries effects drainage and, therefore, if the drainage
functions of the pavement are also fulfilled in the long term
(during the service life of the pavement). If these life-cycle
approaches for pavement drainage properties are based on
basic material and structural modeling, substantial im-
provements of such analyses can be expected.

To demonstrate the fundamental features of the hy-
dromechanical approach, the simple but illustrative ex-
ample of a tire running on an artificial test section (thin
asphalt layer on deformable subbase material), as sketched
in Figure 5, is considered. Systematic analyses, e.g., for
varying parameters of the material, pavement construc-
tion types, traffic, wheel loads, pavement slopes, and
several further parameters, are beyond the scope of this
contribution. (e geometry, thermomechanical boundary
conditions, and material features of the benchmark ex-
ample are provided in detail in [27]. (e geometry and
material data of the tire are available in [34]. (e tire is
subjected to a vertical load of Fz′ � 3300N and a steady-
state translational velocity of 80 km/h in the x-direction.
Regarding the input parameters and assumptions used for
this example, it should be noted that this is not repre-
sentative of highly loaded real pavements. (e main ob-
jective of this study is to show the method itself and its
possibilities and not (yet) to analyze more realistic
pavement structures and tire loads.

As a result of the structural analysis, the permanent
surface deformation (given in Figure 6) of the test section is
used as a starting point for the surface drainage analysis.

Information regarding the permanent surface defor-
mation (2D) of a representative part of the cross section
subjected to rut formation is used to generate a 3D geo-
metrical model of the road surface, including the longitu-
dinal and cross slopes via inter- and extrapolation of the
geometrical data. Figure 7 shows a virtual pavement surface.

To achieve this result, the following steps are carried out. As
can be seen in Figure 6, the rut-related deformations force
the road material to the sides of the rut beyond the normal
level. It is assumed that this bulge on the outer side of each
rut decreases linearly to the normal level in 0.3m (see
Figure 7(b)). (is rut geometry is then doubled at a distance
of 1.5m (equal to one track width) and thus forms the cross-
sectional geometry of a lane with a width of 3.5m. (e cross
sections are then extrapolated for different longitudinal and
cross slopes over a length of 10m. A local minimum of the
pavement surface exists in the middle of the track (see
Figure 7(b)). (is is due to the raised edges of the ruts and
has an influence on the surface drainage. (e pavement
surface runoff model (PSRM) used for the surface drainage
analysis could be utilized for even larger road sections (e.g.,
several lanes) or a more complex alignment of the road (e.g.,
curves or transition zones). (e grid for the numerical
modeling is calculated in PSRM based on these 3D geo-
metrical models of the road surface. (is allows a 2D cal-
culation of the water depths in all surface directions.(e grid
size and, therefore, the resolution for the numerical calcu-
lations are 0.05m in the following examples.

For the numerical examples of surface drainage, a var-
iation of rain intensities i, rainfall durations, and texture
depths (MTD) have been simulated. (e longitudinal slopes
s, cross slopes c, and the simulated time span of rut for-
mation n from the tire-pavement simulation (Section 2.2)
are also part of the investigated examples.

(e chosen rain intensities represent (short) heavy
rainfall events (e.g., “showers” during a thunderstorm) as
they usually appear in Germany. (e intensities of heavy
rainfall events vary widely within Germany. (erefore, the
determination of an “average” value for a certain duration of
heavy rainfall events has a great uncertainty; the rain in-
tensities which are chosen in the following examples have
been varied accordingly. Statistical analyses of rain inten-
sities in Germany [53] have been considered in order to
choose adequate rain intensities. For further applications of
the model, any other rain intensities and durations can be
simulated as well.

Table 1 provides the selected input values for the fol-
lowing drainage examples. One influencing quantity of
pavement surface drainage (depicted in the table in bold
characters) is the focus of each example. While the influence
of cross and longitudinal slope is examined in Example 1, the
influence of different assumed rainfall intensities with a
duration of 15 minutes is presented in Example 2. In Ex-
ample 3, the water depth accumulation during one rainfall
event is analyzed, and the drainage conditions over the time
span of rut formation (30 years) are examined in Example 4.
Finally, the influence of texture depth on the drainage ca-
pacity is illustrated in Example 5. Since this parameter is
strongly coupled with the cross and longitudinal slopes of
the pavement, the influence of these parameters is also
studied.

(e simulation results show a 2D distribution of water
film depths (WFD) in different colors plotted over the
pavement surface. (e overall water depth is related to the
texture depth (MTD), so the resulting water depth given in
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the figures represents the water height above the texture
peaks, which is assumed to be relevant to aquaplaning aspects.

Example 1. Effects of cross slope and longitudinal slope in
combination with rut depth

Rain intensity of 0.75mm/min with a duration of 15min
and an MTD value of 0.4mm were chosen for the simu-
lation. (e cross slope c was chosen as 2.5% and 5.0%,
whereas the longitudinal slope s was chosen as 1.0% and
4.0%. (e geometry of the ruts is taken from the outcome of
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Figure 6: Deformed surface of the test track (cross-sectional direction) plotted for a global time of 5 years, 10 years, 20 years, and 30 years
(number of load cycles� about 7·107 per year) [27].
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Figure 5: Geometry and FE discretization of the benchmark example (cross section of the near field: thin asphalt layer on subbase material
of the test track, both with elastoplastic material behavior) and FE model of the test tire [27].
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the tire-pavement simulation of a 30-year case. (e corre-
sponding rut depth and geometry are depicted in Figure 6.

(e results in Figure 8 show, as expected, higher water
depths in the ruts than in the surrounding area. (e runoff
along the ruts is better for longitudinal slopes s with a higher
gradient (here: 4.0%), leading to lower water depths

compared to longitudinal slopes with a lower gradient (here:
1.0%).

(e bulges at the edge of the ruts result in a backwater
effect, which occurs next to the (higher edges of the) ruts in
all cases.(is effect is more significant with cross slopes with
a lower gradient, and thus higher water depths appear here.

Table 1: Simulation parameters for numerical examples of surface drainage (influencing quantities highlighted in bold).

Example i (mm/min) Duration (s) MTD (mm) c (%) s (%) n (years)
1 0.75 900 0.4 2.5, 5.0 1.0, 4.0 30
2 0.75, 2.0 900 0.4 2.5 1.0 30
3 0.75 10–900 0.4 2.5 2.0 30
4 0.75 900 0.4 2.5 2.0 1–30
5 0.75 900 0.4, 0.9 2.5, 5.0 1.0–4.0 30

(a) (b)

Figure 7: Generated deformed pavement surface. (a) Unscaled. (b) 10x vertically scaled.

0 1
Water depth (related to texture depth) (mm)

2 3

(a)

0 1
Water depth (related to texture depth) (mm)

2 3

(b)

0 1
Water depth (related to texture depth) (mm)

2 3

(c)

0 1
Water depth (related to texture depth) (mm)

2 3

(d)

Figure 8: Example 1: effects of cross slope c and longitudinal slope s on the drainage of a pavement surface with ruts (rut depth and geometry
after 30 years). (a) c� 2.5%, s� 1.0%. (b) c� 2.5%, s� 4.0%. (c) c� 5.0%, s� 1.0%. (d) c� 5.0%, s� 4.0%.

Advances in Materials Science and Engineering 9



0 1
Water depth (related to texture depth) (mm)

2 3

(a)

0 1
Water depth (related to texture depth) (mm)

2 3

(b)

Figure 9: Example 2: effects of different rain intensities i on the drainage of a pavement surface with ruts (rut depth and geometry after 30
years). (a) i� 0.75mm/min, duration 15min. (b) i� 2.0mm/min, duration 15min.
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0 1
Water depth (related to texture depth) (mm)
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Figure 10: Example 3: evolution of water depths in (and outside of) the ruts after the beginning of a heavy rainfall (rut depth and geometry
after 30 years). (a) t� 10 s. (b) t� 30 s. (c) t� 45 s. (d) t� 60 s. (e) t� 80 s. (f ) t� 900 s (15min).
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(e effect of the longitudinal slopes on the backwater effect is
ambiguous. (e area of increased water depths is smaller
with a cross slope of c� 2.5%. For the cross slope of c� 5.0%,
the area of increased water depths increases with steeper
longitudinal slopes, which might be an effect of longer flow
paths while the values of water depths themselves are smaller
compared to c� 2.5%.

Example 2. Comparison of different rain intensities
For this example, rain intensity is set to 0.75mm/min

and 2.0mm/min, respectively, with a duration of 15min in
each case. An MTD value of 0.4mm was chosen. (e cross
slope c is 2.5 % and the longitudinal slope s is 1.0 %. (e
geometry of the ruts is taken from the outcome of the tire-
pavement simulation of a 30-year case (see Figure 6).

In Figure 9, it can be seen that higher rain intensities lead
to an increase of water depths in the ruts as well as in the area
next to the bulges at the edges of the ruts (backwater effects).
(is seems to be an obvious result, but the effects can be

quantified in relation to several other input parameters using
the method described in this paper.

Example 3. Water depths during heavy rainfall
(e time required to reach a critical depth of water in the

ruts in the case of a heavy rainfall is investigated in this
example. As in Example 2, only the influence of the rainfall
properties is the focus. However, in this example, not the
rain intensity, but the rain duration is analyzed.

(e simulations are based on a rain intensity of 0.75mm/
min with a duration of 15min, an MTD value of 0.4mm, a
cross slope of c� 2.5%, a longitudinal slope of 2.0%, and the
calculated rut geometry over 30 years.

Critical states regarding aquaplaning tend to be reached
earlier within the ruts than outside of the ruts. With the help of
calculations, as shown in Figure 10, the discrete time at which a
critical value occurs can be estimated. Figure 10 also shows that
high values of water depth are reached in the ruts after a
relatively short time. After approximately 80 s of rainfall, a

0
Water depth (related to texture depth) (mm)

3 6

(a)

0
Water depth (related to texture depth) (mm)

3 6

(b)

0
Water depth (related to texture depth) (mm)

3 6

(c)

0
Water depth (related to texture depth) (mm)

3 6

(d)

0
Water depth (related to texture depth) (mm)

3 6

(e)

0
Water depth (related to texture depth) (mm)

3 6

(f )

Figure 11: Example 4: effects of increasing rutting on the drainage of a pavement surface. (a) t� 1 year. (b) t� 5 years. (c) t� 10 years. (d)
t� 15 years. (e) t� 20 years. (f ) t� 30 years.
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nearly steady-state condition is reached, i.e., the water depth
values in the ruts do not change over time. (erefore, the
duration of a rain event does not seem to be such an influ-
encing factor as the rain intensity (see Example 2).

It can also be seen that critical values of water depth seem
to appear in the ruts earlier than outside the ruts.

Example 4. Development of drainage with increasing rut-
ting during the pavement’s service life

In this example, simulations have been carried out for a
rain intensity of 0.75mm/min with a duration of 15min, an
MTD value of 0.4mm, c� 2.5%, and s� 2.0%.

In Figure 11, the development of ruts and the drainage
effects are shown for different periods of time.(e increase of
rutting and the decreasing drainage properties can be ob-
served exemplarily. (e related rut geometries and rut depth
values are given in Figure 6. Within the ruts, the water depths
increase significantly in comparison to the surrounding area.

Example 5. Effects of texture on the drainage of a pavement
surface with ruts

In this example, the calculations are carried out with a
rain intensity of 0.75mm/min with a duration of 15min.
Two MTD values with different cross slopes c in combi-
nation with different longitudinal slopes s are investi-
gated. (e calculated rut geometry after 30 years is
considered.

Different roughness properties of pavement surfa-
ces—numerically expressed via the MTD—have a sig-
nificant effect on surface drainage. In general, higher MTD
values offer a certain water drainage capability in texture
cavities, but also increase the flow resistance. Both effects
coexist, but one of them can be predominant in different
geometric situations (e.g., depending on the slope or flow
path length) and, in consequence, can have a major in-
fluence on water depth. (is contradictory influence of
surface roughness on pavement drainage has not yet been
sufficiently discussed either qualitatively or quantitatively.

(ese different (contradictory) effects can be seen in the
results depicted in Figure 12. Water depth values are
influenced by different texture roughness values in the ruts
as well as in the area next to the ruts (backwater area next to

0 1
Water depth (related to texture depth) (mm)

2 3 0 1
Water depth (related to texture depth) (mm)

2 3

c = 2.5%, S = 2.0%

0 1
Water depth (related to texture depth) (mm)

2 3 0 1
Water depth (related to texture depth) (mm)

2 3

c = 2.5%, S = 4.0%

0 1
Water depth (related to texture depth) (mm)

2 3 0 1
Water depth (related to texture depth) (mm)

2 3

c = 5.0%, S = 1.0%

Figure 12: Example 5: effect of texture roughness (MTD) on the drainage of a pavement surface with ruts (rut depth and geometry after 30
years). Left: MTD � 0.4 mm; right: MTD � 0.9 mm.

12 Advances in Materials Science and Engineering



the bulges) in an ambiguous way. An interesting question in
this context could be how the deformation and the mac-
rotexture change in the ruts and how drainage and the
resulting water depths are influenced.

4. Conclusions

(is paper presents a modular hydromechanical approach to
assess the short- and long-term surface drainage behavior of
arbitrary, deformable asphalt pavements.

Firstly, the results of the laboratory tests of the materials
used in the pavement provide information about the ma-
terial’s mechanical short- and long-term characteristics at
different temperatures.

Secondly, an FE model dealing with tire-pavement in-
teraction is used to predict the long-term permanent de-
formation performance of arbitrary asphalt pavements on
the structural scale. (e model assumes steady-state rolling
conditions in order to carry out computationally efficient
analyses. In addition, the efficiency is increased by com-
puting the long-term structural response using a time ho-
mogenization technique. Based onmaterial parameters from
experimental material characterization tests, the structural
model provides rut depths and the rut geometry for arbitrary
tire-pavement configurations as a function of the number of
load cycles.

(irdly, the results of the long-term pavement modeling
(rut depths and rut geometry as a function of the load cycles)
are used in a unidirectional coupling to predict the surface
drainage behavior of the rutted pavement surface, especially
the water depth within the ruts. (e basic hydromechanical
modeling is based on depth-averaged shallow water equa-
tions. (is modeling technique can consider ruts (and
uneven areas in general) in a pavement because of its 2D
runoff simulation. Modeling water runoff instead of using
the rut depth as a benchmark for the risk of aquaplaning
offers an additional benefit. Important pavement design and
surface parameters can be included in the surface drainage
model, e.g., cross slope, longitudinal slope, or even transition
areas, which have a major influence on the surface drainage
behavior. It can be shown that the surface texture (repre-
sented by MTD values) also affects the runoff behavior and
the resulting water depths. Varying these parameters enables
the pavement’s drainage performance and related aqua-
planing risks to be assessed. (us, a prediction of the
functional property of surface drainage as well as its im-
plications on road safety could be improved by the present
modular coupling, which delivers more precise results by
including information about material and simulated surface
geometries as a function of the pavement’s service life.

Regarding this interdisciplinary hydromechanical
modular approach, it is obvious that the combination and
coupling of experimental and numerical methods (material,
structure, and drainage) can fundamentally improve pre-
diction methods for the long-term, multiphysical behavior
of asphalt pavements and their performance. Future re-
search work will concentrate on systematic parameter an-
alyses using the hydromechanical modular approach for
application-oriented studies regarding varying material

characteristics, existing pavement construction types as well
as varying traffic, wheel loads, pavement slopes, etc.

Data Availability
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With the development of pavement recycling technology, the requirement of reclaimed asphalt pavement (RAP) is substantially
increasing. Warm-mix recycled asphalt (WMRA) technology has made great progress, which can effectively decrease the working
temperature and improve the RAP content. In this study, the rheological properties of recycled binders with incorporation of
high-percentage artificial RAP binder (30–70%) were evaluated using two types of warm-mix asphalt (WMA) additives, i.e.,
polyethylene wax (R) and surfactant (M). &e dynamic shear rheometer (DSR) and beam bending rheometer (BBR) tests were
conducted on the recycled binders. &e results showed that the temperature and frequency played an important role in de-
termining the complex shear modulus of the high-percentage WMRA binders. &e dependency of phase angle on frequency
increased after the long-term aging. &e WMA additive R had a relatively huge impact on the rheological properties of asphalt,
which mainly occurred before the PAV aging of recycled asphalt binder; the WMA additive M had no significant impact on the
rheological properties of recycled asphalt binder. &e WMA additive R enhanced the low-temperature rheology of recycled
asphalt binder, while the WMA additive M enhanced the high-temperature rheology of recycled asphalt binder. Both of these
types of WMA additives improved the antifatigue performance of recycled asphalt binder. &e increased content of RAP binder
improved the high-temperature performance and reduced the low-temperature performance of the recycled asphalt binder.
However, it had no obvious impact on the fatigue performance. In addition, there was a good linear relation between the RAP
binder content and the two indexes of the multiple stress creep recovery (MSCR) test.

1. Introduction

&e pavement recycling technology has attracted increasing
attention due to its environmental sustainability and eco-
nomic benefits. Some guidelines and specifications were
introduced at home and abroad, making the pavement
recycling technology more and more mature in engineering
application [1–5]. Currently, the main asphalt pavement
recycling technologies include hot central plant recycling,
hot in-place recycling, cold central plant recycling, and cold
in-place recycling [6]. Among them, hot central plant
recycling is most widely applied. However, the mixing
temperature for hot recycling in asphalt plant is generally

about 170°C. &e excessive mixing temperature can cause
secondary aging of the reclaimed asphalt and produce a large
amount of asphalt fume and toxic gas, which will pollute the
environment and cause damage to the health of construction
staff. In addition, the utilization rate of RAP in the hot
central plant recycling is generally between only 20% and
30%.

With the development of recycling technology, the
demand for higher-percentage RAP has been increasing.
&e National Cooperative Highway Research Program
(NCHRP) report recommended to increase the content of
RAP in recycled asphalt mixture and proposed that the
recycled asphalt mixture can have the same uniformity and
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pavement performance as normal asphalt mixture when
the content of RAP is increased through improving the
design of mixture and standardizing the management and
disposal of RAP [1]. Studies have shown that the content of
RAP has a significant impact on the performance of
recycled asphalt pavement. In particular, when the content
of RAP is increased, the impact is more significant [7, 8].
Because the increased content of RAP may cause a series of
problems, such as worse low-temperature crack resistance,
antifatigue performance, water damage resistance, sec-
ondary aging caused by high-temperature construction,
and partial mixing in the mixing process, namely, the
ineffective utilization of waste asphalt in RAP [4, 9, 10].
&ese potential issues during the realization of recycling at
large proportion pose a great challenge to pavement
performance.

It is urgently needed to increase the content of RAP
without reducing the pavement performance. Researchers
have performed a range of related studies. Due to the
existence of RAP lumps, the actual surface area of RAP is
less than that of normal aggregate. &erefore, sufficient
preheating can loosen RAP and increase the flow of the
aged asphalt in RAP. With the increase of preheating time,
the performance of reclaimed asphalt mixture is improved
[11], and the content of RAP is also increased accordingly.
In terms of partial mixing in the mixing process of recycled
asphalt mixture and high-percentage recycled hot-mixture
asphalt, Shirodkar et al. plotted a mixing curve at different
degrees of mixing and observed the influence of partial
mixing on the selection of new asphalt grade [12, 13]. &e
utilization of recycling agent is an effective means to
improve the content of RAP [14, 15]. &e recycling agent is
a type of low-viscosity oil, which is characterized by low
viscosity, low solubility, and high aromatic content. It is
easy to spread evenly in asphalt and has good compatibility
with RAP binder, which can reduce the viscosity of asphalt
and supplement the missing ingredients in the aging
process to soften RAP binder and restore its physical
properties. Moreover, selecting appropriate recycling
agent and accurately determining its content are able to
improve the pavement performance of recycled asphalt
mixture [16, 17].

Although those approaches mentioned above improved
the content of RAP in the recycled mixture and also pro-
vided guidance for the design and construction of asphalt
mixture with high percentage of RAP, higher construction
temperature will inevitably generate numerous emissions in
the process of mixing and construction, which will still
damage the environment and consume a large amount of
energy. Moreover, the secondary aging of asphalt in the
mixture is inevitable due to high-temperature construction,
which is less susceptible to the durability of recycled asphalt
pavement. Based on the above considerations, numbers of
researchers turned their attention to the WMA technology
and attempted to add WMA additives into recycled asphalt
mixture to reduce the construction temperature while

increasing the RAP content. &us, warm-mix recycled as-
phalt (WMRA) has been rapidly applied and promoted
[18, 19].

WMRA has the following advantages: (1) it can effec-
tively reduce the heating temperature of RAP by about 20°C
so as to reduce the bonding of RAP in the heating barrel and
improve the proportion of RAP to over 40% [20]; (2) the
warm mix technology can reduce the construction tem-
perature of recycled asphalt mixture by 20°C to 40°C, prevent
secondary aging of asphalt in RAP, save energy, reduce the
emission of asphalt fume and toxic gases, and truly realize
green transportation and resource recycling; and (3) the
construction workability is improved. As the cooling rate of
WMRAmixture is generally 50% of that of hot-mix recycled
asphalt mixture, the compaction time of WMRA mixture
can be prolonged, so that the compaction time is more
sufficient and compaction is more effective [21–24].
&erefore, as an emerging technology of green trans-
portation, WMRA has attracted increasing attention and
recognition from the industry. Asphalt binder plays a key
role in recycled asphalt mixture, especially for high per-
centage of recycling [25]. &erefore, there is an urgent need
to investigate the rheological properties of high-percentage
WMRA binder.

Overall, the literature review shows that the application of
the WMRA techniques has a potential to enhance requirement
of RAP. However, limited studies have been reported so far to
characterize the aging, antideformation, and fatigue perfor-
mance ofWMRAbinders in terms of the rheological properties.
&e present study was undertaken to investigate the effects of
RAP binder and WMA additives on recycled binders on
complex modulus and phase angle from frequency sweep,
antideformation at high temperature, and fatigue behavior of
WMRA binders. It is expected that the present research study
would be useful in improving the understanding of the per-
formance of WMRA binders with higher RAP contents.

&e objective of this paper is to evaluate the rheological
properties of recycled asphalt binders containing high
percentage of artificial RAP binder (30% to 70%) with in-
corporation of two types of WMA additives. &e main
purposes of this paper are as follows: (1) to analyze the
changing tendency of the rheological properties of recycled
asphalt binder with different contents of RAP binder and (2)
to analyze the influence of different types of WMA additives
on the rheological properties of high percentage of WMRA
binder. A series of laboratory tests were conducted, in-
cluding dynamic shear rheometer (DSR) tests and beam
bending rheometer (BBR) tests.

2. Materials and Methods

2.1.Materials. A virgin asphalt binder 90#, commonly used
in the north area of China, was selected as the base asphalt
in this study to obtain the recycled asphalt binders.
Considering that the RAP from milling pavement has
complex sources and its own characteristics [7, 26], the
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artificial RAP binder was chosen in this paper in light of its
more stable and controllable properties. &e artificial RAP
binder was obtained by subjecting the virgin binder to the
rolling thin-film oven (RTFO) and long-term pressurized
aging vessel (PAV) according to the AASHTO T240 and
R28 for the following performance tests [27, 28]. &e
properties of the virgin and artificial RAP binders are
shown in Table 1. It should be noted that the G∗ sin(δ)

(2825 kPa) was obtained when the RAP binder was sub-
jected to further RTFO and PAV aging.

In this study, the recycled binders without WMA
additives as control binders were produced by blending the
virgin asphalt with various percentages (30%, 50%, and
70%) of artificial RAP binder by total weight. &e virgin
asphalt and RAP binder were mixed slowly according to
their blending proportion using a glass bar for 10 minutes,
so that the virgin and RAP binders could be mixed pre-
liminarily. &en the mechanical stirring was utilized at
140°C for 15 minutes to make the two binders blend ad-
equately. It should be noted that the blending time was not
for too long so as to avoid the binders aging. For brevity,
they were denoted as 30%-C, 50%-C, and 70%-C,
respectively.

Two types of WMA additives, named R and M, were
utilized to investigate the effect on the rheological property
of the recycled binders. WMA additive R is a polyethylene
wax which is a kind of white powder and M is a kind of
surfactant, which are recommended to be added into the
recycled binders at a rate of 3% and 0.5% by total weight of
asphalt binders, respectively. .According to the determined
percentage of the two types of WMA additives, respectively,
each of theWMA additive and recycled binder were blended
using a glass bar slowly until there was noWMA additive on
the surface of the mixed binder. Similar to the blending
process of the RAP and virgin binders, the mechanical
stirring was utilized at 140°C for 15 minutes to make binders
blend adequately. &e blending time should not be for too
long so as to avoid the binders aging. Two types of original
WMA binders containing WMA additives R and M were
named R-WMA and M-WMA. According to the WMA
additive used, the recycled binders containing artificial RAP
binder were named RAP-R and RAP-M. Additionally,
various percentages (30%, 50%, and 70%) of RAP-R and
RAP-M were denoted as 30%-RAP-R, 30%-RAP-M, etc.

2.2. Frequency Sweep Test. &e frequency sweep test is a
primary test method to study the rheological property of
asphalt binder. In this part, the complex shear modulus (G∗)

and phase angle (δ) weremeasured at different temperatures
(4°C, 16°C, 28°C, 40°C, 52°C, and 64°C) in the frequency
range of 0.1∼50Hz at each temperature. Using the time-
temperature superposition principle, the results were shifted
to a reference temperature of 28°C to conduct master curves
of complex modulus and phase angle. &is paper utilized the
2S2P1D model to fit the master curves describing the rhe-
ological properties of asphalt binders [29–31]. As shown in
Figure 1, the 2S2P1D model consists of two springs, two
parabolic creep elements, and one dashpot with 7 param-
eters, which can be determined using the following
formulation:

G
∗
(iω) � Ge +

Gg − Ge

1 + α iωtτ0( 
− k

+ iωτ0( 
− h

+ iωβτ0( 
− 1,

(1)

where Ge is the static modulus. When the material is rhe-
ological solid, Ge > 0, and when the material is rheological
fluid, Ge � 0. In this paper, Ge is 0. Gg is the glassy modulus
(Gg � 109 Pa). α, k, h, β, and τ0 are parameters of this model
and 0< k< h< 1. Meanwhile, β is constant and defined by

η � Gg − Ge βτ0, (2)

where η is the Newtonian viscosity.
Complex shear modulus G∗ consists of two parts, which

are the energy storage shear modulus G′ and loss shear
modulus G″. Besides, G∗ can be separated as follows [32]:

G
∗

� G′ + iG″. (3)

&erefore, on the basis of the (3), the 2S2P1D model can
be separated and rewritten as follows:

G
∗
(ω) �

Gg

1 + A(ω) + iB(ω)

�
Gg ×(1 + A(ω) − iB(ω))

(1 + A(ω))2 + B2(ω)

�
Gg ×(1 + A(ω))

(1 + A(ω))2 + B2(ω)
  + i

Gg ×(− B(ω))

(1 + A(ω))2 + B2(ω)
 ,

(4)

Table 1: Properties of 90# asphalt and RAP binders.

Binder
type

Unaged RTFO PAV

Penetration
(25°C) (0.1mm)

Softening
point (°C)

Viscosity
(135°C)
(Pa·s)

(G∗/sin)(δ)

(58°C) (kPa)
(G∗/sin)(δ)

(58°C) (kPa)
G∗ sin (δ)

(25°C) (kPa)
Stiffness

(− 12°C) (MPa)
m-value
(− 12°C)

90# 84.3 46.0 0.246 1.9 3.5 1989 196 0.4
RAP
binder 37.4 54.1 0.496 9.0 — 2830 — —
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where

A(ω) � α(ωτ)
− k

× cos
kπ
2

  +(ωτ)
− h

× cos
hπ
2

 ,

B(ω) � − (ωβτ)
− 1

− α(ωτ)
− k

× sin
kπ
2

  − (ωτ)
− h

× sin
hπ
2

 .

(5)

&en, the master curves of complex modulus and phase
angle can be obtained according to (3) and (4). Besides, the
objective error function is defined as

f2 �
1

M

�������������



M

j�1
1 −

Gc,j
′

Gm,j
′

⎛⎝ ⎞⎠

2



+
1

M

�������������



M

j�1
1 −

Gc,j
″

Gm,j
″

⎛⎝ ⎞⎠

2



, (6)

where Gc,j
′ and Gc,j

″ are the predicted energy storage shear
modulus and loss shear modulus, respectively, and Gm,j

′ and
Gm,j
″ are the actual values, correspondingly.

2.3. BBR Low-Temperature Rheological Property. &e rheo-
logical property of asphalt binder is the most significant
factor for the low-temperature cracking of asphalt pavement
[33]. &us, this paper utilized the CAM model to fit the
master curves and Burgers’ model to analyze the visco-
elasticity of recycled binders. &e reference temperature was
− 12°C.

&e CAM model is defined as

S(t) � Sglass 1 +
t

λ
 

β
 

(− κ/β)

, (7)

where Sglass � 3 × 103 MPa is constant and λ, β, and κ are the
parameters of this model.

&e objective error function is defined as

f1 �
1

M

�������������



M

j�1
1 −

Dc,j

Dm,j

 

2



, (8)

where Dc,j is the model predictive value of creep compliance;
Dm,j is the actual value of creep compliance; and M is the
number of data points.

&e asphalt binder is subjected to the flexural deflection
as the BBR test time goes on; the bending tendency is
depicted in Figure 2.

As per the deflection of the binder, the Burgers model
was employed to evaluate the viscoelastic property through

the analysis of its parameters. &e Burgers model is com-
posed of one Maxwell’s model and one Kelvin’s model
including four components in series [34, 35], as shown in
Figure 3.

&e creep compliance is determined by the following
equation:

D(t) �
1

E1
1 − e

− E1/η1( )t( )  +
1

E2
+

t

η2
, (9)

where E1 and η1 are the delayed elastic modulus and viscous
parameter of the Kelvin model and E2 and η2 are the in-
stantaneous elastic modulus and viscosity coefficient of the
Maxwell model.

In this study, the BBR tests were conducted at 4 tem-
peratures (− 6, − 12, − 15, and − 18°C) in accordance with
AASHTO T313 [36] using the recycled asphalt binders
subjected to long-term aging.

2.4.Multiple Stress Creep Recovery (MSCR) Tests. &eMSCR
test according to AASHTO TP70 [37] is conducted on the
binders to evaluate the high-temperature performance of
rutting resistance on the basis of the creep characteristic of
binders [21, 38, 39]. All the binders were short-term aged
using RTFO test. Two creep stress levels, 0.1 kPa and 3.2 kPa,
were adopted in this test involving 10 consecutive cycles, and
each cycle consists of a creep loading period (1 s) and a
recovered period (9 s). &e nonrecoverable creep compli-
ance (Jnr) and percent recovery (R) can be determined using
the following formulations:

Jnr �
cnr

τ
, (10)

R �
cP − cnr

cP − c0
, (11)

where cp, cnr, and c0 are the peak strain, the residual strain,
and the initial strain in each cycle, respectively, and τ is the
shear stress. So, cp is the strain recorded at the end of 1s, cnr

is the strain recorded at recorded at the end of the 10 s creep
phase, which is the unrecoverable strain, and c0 is the strain
at the beginning of 1 s. &us, equation (10) is the expression
of the nonrecoverable creep compliance (Jnr). (cP − c0)

ηhkGg – Ge

Ge

Figure 1: 2S2P1D model.
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Figure 2: Loading time-deflection figure of BBR asphalt beam.
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represents the total strain recorded during the loading pe-
riod, while (cP − cnr) represents the recoverable strain
during the recovered period. &us, equation (11) is the
expression of percent recovery (R).

In this study, the MSCR test was performed at four
temperatures, 46°C, 52°C, 58°C, and 64°C.

2.5. Linear Amplitude Sweep (LAS). Linear amplitude sweep
(LAS) test, that is, asphalt accelerated fatigue test, is the main
test method used to evaluate the fatigue performance of
asphalt in the specifications of AASHTO [40]. In this test,
the strain-controlled loading method was adopted. &e
amplitude of loaded sine wave increased linearly from 0.1%
to 30%, and the sweep time was 300 s.

In the LAS test, elastic deformation and plastic de-
formation will occur to asphalt in turn under repeated
loading. When the load is applied to a certain phase, the
strain of the material continues to increase and the stress
decreases, indicating yield of the material. When the
material yields, the normal stress is the yield stress of the
material. At this time, the corresponding strain is the yield
strain. &e larger the yield stress, the stronger the resis-
tance to deformation under a certain load. &e larger the
yield strain, the greater the deformation under maximum
load, and the better the elasticity of the asphalt material.
And studies show that there is also a peak of phase angle in
the LAS test. If the peak of shear stress is taken as the yield
stress of the material, the final failure of the material can
be used to analyze by the peak of phase angle, because the
peak of phase angle always lags behind the yield stress
[41]. In this paper, the peak of shear stress is taken as the
yield stress, and the corresponding strain is the yield
strain.

&e LAS test is an accelerated procedure to assess the
fatigue resistance of asphalt binders according to AASHTO
TP 101-14 [42]. As we all know, the traditional strain-
controlled fatigue equation is defined as

Nf � A cmax( 
− B

, (12)

where cmax is the amplitude of the applied shear strain; A is
the fatigue law coefficient obtained from the following
equation: A � (f × (Df)[1+(1− C2)α]/ [1 + (1 − C2)α] × (πC1

C2)
α}); B � 2α.&e two coefficients can be determined from

the LAS test.

&e LAS test contains two main steps. In the first step, a
frequency sweep, whose frequency is varied from 0.2 to
30Hz at a constant shear strain amplitude of 0.1% within the
LVE range, is performed to determine the damage analysis
“α” parameter. “α” is obtained by the following equations:

logG′(ω) � m(logω) + b, (13)

G′(ω) � G
∗
(ω) × cos δ(ω), (14)

α �
1
m

. (15)

In the second step, an amplitude sweep is carried out to
identify the damage accumulation of the binders over a
range of amplitude levels linearly from 0 to 30% at a constant
frequency level of 10Hz in 5min. &e viscoelastic contin-
uum damage (VECD) model is introduced to determine the
fatigue life of the binders [43–46]. By means of the VECD
theory, the fatigue behavior under varying strain levels of
binders can be predicted [47].

&e damage accumulation D with testing time can be
obtained as follows:

D(t) � 
N

i�1
πc

2
0 Ci− 1 − Ci(  

(α/(1+α))
ti − ti− 1( 

(1/(1+α))
,

(16)

where C(t) � (G∗(t)/G∗)(Initial) is the material integrity
parameter. &e power law model has been introduced for
analytically relating the material integrity C to the damage
intensity S as follows [43, 48]:

C(t) � C0 − C1 × D
C2 , (17)

where C0 � 1 is the initial value of C, and C1 and C2 are
curve fitting parameters.

According to Singh’s research [47], the maximum peak
shear stress is introduced to define the failure point as
follows:

Df �
C0 − CPeakstress

C1
 

1/C2( )

. (18)

&e calculation formula for fatigue life is

Nf � A cmax( 
− B

, (19)

where cmax is the expected maximum strain level (%); A and
B are the fatigue correlation coefficients; A � (f×

(Df)[1+(1− C2)α]/ [1 + (1 − C2)α] × (πC1C2)
α

 ); B � 2α; and
f is the loading frequency.

In this study, the LAS test was conducted at 20°C using
the long-term asphalt binders.

3. Results and Discussion

3.1. Frequency Sweep Analysis. To assess the availability of
2S2P1D model fitting the master curves, Figure 4 illustrates
the master curves of complex shear modulus and phase
angles of the three types of virgin asphalt binders, in which
the reference temperature is 28°C.

E2 η2

η1

E1

Figure 3: Burgers’ model.
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It can be observed that the 2S2P1Dmodel is available for the
WMA binders in this paper. With respect to the effect ofWMA
additives on the rheological property of binders, Figure 4
displays that the incorporation of WMA additive R causes
lower complex shear modulus and higher phase angle.

It can be seen from Figure 4, there is no noticeable
difference between theWMA-M binder and 90# base asphalt
in terms of complex shear modulus and phase angle, and the
master curves fitted by the 2S2P1D model for the two
binders almost coincide with each other. It indicates that the
addition of WMA additive M has no remarkable impact on
the viscoelasticity of asphalt. &e complex shear modulus of
WMA-R binder is less than that of the other two binders;
nevertheless, there is no big difference in the phase angle in
the low frequency region. As the frequency increases, the
phase angle of WMA-R binder is slightly larger than that of
WMA-M binder and 90# base asphalt.

&e result reveals that the addition of WMA additive R
decreases the complex shear modulus of asphalt, increases
the phase angle, and slightly reduces antideformation
property. However, the addition of WMA additive M with
the recommended dosage had little impact on the rheo-
logical properties of asphalt. It may be because the WMA
additive M is a type of surfactant, which is mainly used as a
bridge to build a better connection between the asphalt and
aggregate, so that the asphalt and aggregate can be coated
completely at a lower temperature. &us, the WMA additive
M mainly has an effect on the asphalt mixture, while the
viscosity of asphalt binder has no remarkable reduction,
while the WMA additive R is a type of organic agent, which
can reduce the viscosity of asphalt binders significantly, so
that the rheological properties of recycled asphalt binders
change a lot comparing to those of control and RAP-M
binders. Besides, due to the mechanism of the two WMA
additives, it is possible to utilize more RAP in recycled

asphalt mixture at a lower temperature with a well coating
condition.

In this paper, three types of recycled asphalt binders with
30%, 50%, and 70% of RAP binder were selected to analyze
themaster curves of complex shear modulus and phase angle
of the asphalt binders before and after PAV aging.

&e master curves of the complex shear modulus and
phase angle of the control binder before and after PAV aging
are shown in Figures 5–7. It can be seen that the master
curves of the complex shear modulus before and after aging
fit well with 2S2P1D model. As the content of RAP binder
increases, master curves of complex shear modulus exhibit
significant change. After PAV aging, the complex shear
modulus improved significantly in the low frequency region
compared to that prior to aging. However, it does not change
significantly in the high frequency region. It indicates that
PAV aging has a relatively greater impact when the load
frequency is relatively lower. It can be seen by the com-
parison that the fitting precision of the phase angle master
curve after PAV aging is obviously worse than that before
aging, indicating that the viscoelasticity of recycled binder
becomes more complex under the load frequency after
aging. &ere is no big difference in the phase angle in high-
and low-frequency regions; an obvious difference is shown
in the intermediate frequency region. It indicates that the
control binder exhibits stronger elasticity at 0.01–104 rad/s
after aging.

&e master curves of complex shear modulus and phase
angle of RAP-M binder before and after PAV aging are
shown in Figures 8–10 above. It can be seen that the trend is
approximately similar to that of the master curve of the
control binder. It indicates that the addition of M has little
impact on the rheological properties of recycled binder.

&e master curves of the complex shear modulus and
phase angle of RAP-R binder before and after PAV aging
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Figure 4: Complex shear modulus and phase angle master curves of three types of virgin asphalt binders.
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are shown in Figures 11–13. &e complex shear modulus
shows a trend similar to that of the control binders. Due to
the addition of R, the phase angle changes greatly. In
particular, when the RAP binder content is 50% and 70%,
the phase angle of RAP-R binder tends to decrease at low
frequency prior to PAV aging, which is even less than that
after aging. &ere is a relatively distinct deviation error in
the fitting curve of the 2S2P1D model. &is may be
explained by the fact that comparing the control and RAP-

M binders, the viscosity of RAP-R binder was reduced
significantly with the addition of WMA additive R. As the
temperature went up, that is, corresponding to the medium
and low frequency, the reduced viscosity caused the change
of rheological property of RAP-R binder. Furthermore, the
phase angle represents the viscosity and elasticity of as-
phalt. When the RAP binder content increases, the vis-
coelasticity of RAP-R binder may present a nonlinear
change. &us, the master curves of phase angle are not ideal
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Figure 5: Complex shear modulus and phase angles master curves for control binder containing 30% RAP binder before and after PAV
aging.
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Figure 6: Complex shear modulus and phase angles master curves for control binder containing 50% RAP binder before and after PAV
aging.
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in the low and medium frequency regions using the
2S2P1D model.

But after PAV aging, the viscoelasticity of RAP-R binder
tends to be normal. &erefore, the influence of R on the
viscoelasticity of the recycled asphalt occurs before PAV aging.

3.2. Analysis of Low-Temperature Rheology in the BBR Test.
&e three types of recycled binders with 30%, 50%, and 70%
of RAP binder after PAV aging are chosen to analyze the
low-temperature rheological properties of recycled asphalt
binder. &e master curves are plotted as shown in
Figures 14(a)–14(c).

It can be seen from Figure 14 that the master curves of
creep compliance of the three types of recycled asphalt
binder are below the 90# base asphalt curve. It indicates that,
due to the addition of RAP binder, the recycled asphalt
binder is harder than the 90# base asphalt at low temper-
ature, and the creep performance is reduced. &erefore, the
ability to resist crack at low temperature is poor. However,
with the increase of the content of RAP binder, the creep
compliance curves have no remarkable change; thus, the
RAP binder contents have little effect on the rheological
properties at low temperature in this research.

It can be seen by the comparison that the addition of R
obviously improved the low-temperature creep performance
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Figure 7: Complex shear modulus and phase angles master curves for control binder containing 70% RAP binder before and after PAV
aging.
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Figure 8: Complex shear modulus and phase angles master curves for RAP-M binder containing 30% RAP binder before and after PAV
aging.
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of the recycled binder. When the RAP binder content is 30%,
it reaches the same level as 90# base asphalt, while the
difference between 50%-R binder or 70%-R binder and 90#
base asphalt is also obviously less than the other two types of
recycled asphalt. In general, the low-temperature creep
performance of the three binders is ranked as follows: RAP-
R binder>RAP-M binder> control binder.

Creep compliance at different temperatures was fitted to
obtain the four viscoelastic parameters of the Burgers model.
At the same time, the corresponding delay time τ � (τ1/E1)

and relaxation time λ � (λ2/E2) can be calculated. &e

results at different temperatures are shown in Figures 15(a)–
15(d).

It can be observed from Figure 15 that the Burgers model
parameters of the three types of recycled binders increase as
the temperature decreases. &e lower the temperature, the
greater the variation. In Figure 15(a), at the same temper-
ature, the elastic modulus of RAP-R is the smallest, while
that of the control binder is the largest. It indicates that the
control binder is the hardest and RAP-R is the softest. E2
represents the instantaneous elastic modulus. At the same
temperature, RAP-R binder has the smallest E2, while E2 of
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Figure 9: Complex shear modulus and phase angles master curves for RAP-M binder containing 50% RAP binder before and after PAV
aging.
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Figure 10: Complex shear modulus and phase angles master curves for RAP-M binder containing 70% RAP binder before and after PAV
aging.
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RAP-M binder and control binder is almost the same. η2
represents the viscosity coefficient of unrecoverable defor-
mation. When the temperature decreases, η2 increases, in-
dicating the reduction of the viscous component of asphalt;
at the same temperature, RAP-R binder has the smallest η2,
which indicates that it has the highest viscosity and the low-
temperature crack resistance is better than that of the other
two recycled binders. Besides, with the increase of the RAP
binder content, η2 increases gradually, which shows that the
RAP binder content will reduce the low-temperature per-
formance of the recycled binder.

&e calculation results of the relaxation time λ are shown
in Figure 16. &e relaxation time λ represents that the stress
dissipates over time. &e longer the relaxation time, the
lower the relaxation rate and the slower the dissipation of
stress. Figure 16 depicts that with the decrease of temper-
ature, the relaxation time is prolonged.&ere is a good linear
relation between λ and temperature, and the linear re-
gression equations and correlation coefficients are shown in
Table 2.&e addition of R significantly reduces the relaxation
time of recycled asphalt binder. &e relaxation time of RAP-
M binder is also less than that of the control binder.
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Figure 11: Complex shear modulus and phase angles master curves for RAP-R binder containing 30% RAP binder before and after PAV
aging.
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Figure 12: Complex shear modulus and phase angles master curves for RAP-R binder containing 50% RAP binder before and after PAV
aging.
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Figure 13: Complex shear modulus and phase angles master curves for RAP-R binder containing 70% RAP binder before and after PAV
aging.
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&erefore, the performances at low temperature of RAP-R
and RAP-M binders are both improved. In addition, the
increased content of RAP binder decreases the viscous
property of asphalt, prolongs the relaxation time of stress,
and reduces the low-temperature crack resistance.

3.3.AnalysisofMSCRTestResults. A comparative analysis is first
made based on the test results of the recycled binder with 50% of
RAP binder at 3.2 kPa, as shown in Figures 17(a) and 17(b).

Figure 17(a) shows the strain–time curve of the control
binder with 50% of RAP binder at different test tempera-
tures. As the temperature increases, the strain increases
significantly at a growing rate. When the temperature is up
to 64°C, the strain is the largest, and there is no distinct
recovery under each cycle of loading and unloading. It
indicates that the elastic component of the control binder
has nearly disappeared at 64°C.

Figure 17(b) gives the strain–time curve of the three
types of recycled binder at 46°C. During the MSCR test, two
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Figure 14: Master curves from the CAMmodel for BBR data of three types of recycled binders. (a) Control binder, (b) RAP-M binder, and
(c) RAP-M binder.
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loads at different stress levels were applied to simulate
different loads on the real pavement due to diverse traffic
volumes. As a result, the difference in deformation can
exhibit the antideformation property.&e strains of the three
types of recycled binders are ranked as follows: RAP-

R> control>RAP-M, which indicates that the addition of M
enhances the antideformation property of the recycled
binder, while the addition of R has an opposite effect. At high
temperatures, the addition of R makes the recycled binder
more like a viscous fluid.
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Figure 15: Parameters of Burgers’ model for WMRA binders at various temperatures. (a) Delayed elastic parameter E1. (b) Instant elastic
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Table 2: Linear regression function and correlation coefficients between relationship of relaxation time λ and temperature.

Control (%) Functions and R2 RAP-R (%) Functions and R2 RAP-M (%) Functions and R2

30 y� − 11.135x − 17.901;
R2 � 0.9560 30 y� − 9.6889x − 15.205;

R2 � 0.9342 30 y� − 11.569x − 23.828;R2 � 0.9663

50 y� − 10.486x − 4.8829;
R2 � 0.9765 50 y� − 10.3x − 19.091;

R2 � 0.9680 50 y� − 11.377x − 17.876;R2 � 0.9778

70 y� − 11.245x − 5.972;
R2 � 0.9679 70 y� − 10.551x − 11.693;

R2 � 0.9619 70 y� − 11.882x − 19.037;R2 � 0.9557
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Figure 17: Strains curve of MSCR: (a) various temperatures and (b) various recycled binders.
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&e unrecoverable creep compliance Jnr and percent
recovery R of recycled asphalt binders at 3.2 kPa at the four
temperatures are shown in Figures 18(a)–18(b).

&e creep percent recovery represents the elastic de-
formation capacity of asphalt binders. &e creep percent
recovery of the recycled binders with different RAP binder
contents at different temperatures are shown in Figure 18(b).
&e results of recycled binders containing 30% RAP binder
are not shown in Figure 18(b), as their percent recovery is
close to 0. By comparison, it can be found that the creep
percent recovery of the RAP-M binder is higher than that of
control and RAP-R binders under the same condition;

therefore, RAP-M binder is more suitable for high-tem-
perature regions. Although the addition of R leads to a
minimum percent recovery, the combined use of RAP
binder can offset its disadvantage in the high-temperature
performance. Moreover, RAP-R binder has the best low-
temperature performance; thus, it can be introduced in
colder regions. Despite the fact that the creep percent re-
covery represents the viscoelastic deformation capacity of
asphalt binders, the accumulation of final permanent de-
formation depends primarily on the unrecoverable com-
pliance (Jnr). &rough the comparison from Figure 18(a),
the antipermanent deformation capacity of the three types of

0

1

2

3

4

5

6

7

45 50 55 60 65

Jn
r (

kP
a–1

)

Temperature (°C)

30%-control
30%-RAP-R
30%-RAP-M

50%-control
50%-RAP-R
50%-RAP-M

70%-control
70%-RAP-R
70%-RAP-M

(a)

0.1

1

10

100

Pe
rc

en
t r

ec
ov

er
y

45 50 55 60 65
Temperature (°C)

30%-control
30%-RAP-R
30%-RAP-M

50%-control
50%-RAP-R
50%-RAP-M

70%-control
70%-RAP-R
70%-RAP-M

(b)

Figure 18: MSCR parameters of three types of recycled binders: (a) Jnr (k/Pa) and (b) R (%).
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Figure 19: Relationship of aging asphalt content and MSCR parameters for control binders: (a) unrecoverable creep compliance and (b)
creep percent recovery.
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recycled binder under the same condition is RAP-
M> control>RAP-R.

&e increment of RAP binder content of recycled
binder can reduce the unrecoverable creep compliance
(Jnr) and improve the creep percent recovery R. &e re-
lationships between Jnr and R and RAP binder content are
shown in Figures 19–21. It can be observed that there is a
good linear relation displayed between the RAP binder
content and either Jnr or R. As the temperature increases,
the impact of RAP binder content on Jnr and R decreases at

a growing rate. &erefore, Jnr and R can be predicted based
on the figures of the recycled binders containing different
contents of RAP binder, which is able to assess the actual
high-temperature pavement performance of high-per-
centage WMRA. Meanwhile, on the premise of satisfying
low-temperature and fatigue performance, increasing the
RAP binder content can improve not only the recycling
efficiency and high-temperature performance but also the
requirements of traffic volume level for the WMRA
pavement.
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Figure 20: Relationship of aging asphalt content and MSCR parameters for RAP-R binders: (a) unrecoverable creep compliance and (b)
creep percent recovery.
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Figure 21: Relationship of aging asphalt content and MSCR parameters for RAP-M binders: (a) unrecoverable creep compliance and (b)
creep percent recovery.
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3.4. Analysis of LAS Fatigue Characteristics. Similar trends
are observed for different artificial RAP contents; thus, only
the recycled binders containing 50% artificial RAP binder
are typically presented in Figure 22. &e dependency of
asphalt materials on the applied strain and the damage
induced under loading can be exhibited from the shear
stress and strain curve in Figure 22 [49, 50]. According to
the peak shape of the shear stress and strain curve, the two
types of WMRA binders have relatively wider peaks, in-
dicating that the combined use of the RAP binder and
WMA additives lowers the dependency of asphalt binder
on the strain; thus, the antifatigue performance of WMRA
binder is improved. In contrast, the 90# base asphalt has a
relatively narrower peak, so the antifatigue performance is
slightly reduced compared with the two types of WMRA
binders.

&e yield stresses and yield strains of the asphalt binders
are obtained from the shear stress and strain curves in
Figure 22, and the results are shown in Figure 23.

&e yield stresses of the 10 asphalt samples at 20°C are
ranked as follows: 50%-control> 70%-RAP-M> 50%-RAP-
M≈ 70%-control> 30%-RAP-M> 30%-control> 90#> 70%-
RAP-R> 50%-RAP-R> 30%-RAP-R. Meanwhile, the yield
strains are 30%-RAP-R> 50%-RAP-R> 70%-RAP-R> 30%-
RAP-M> 50%-control> 50%-RAP-M≈ 70%-RAP-M> 30%-
control> 70%-control> 90#. Compared with 90# base as-
phalt, the yield stress and yield strain of the control binder are
improved due to the addition of RAP binder, which exhibits
an obvious peak value with the increase of the RAP binder
content. Incorporating the two types of WMA additives, the
yield stress and yield strain of WMRA binders show a regular
change as the RAP binder content increases. &e RAP binder
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content is positively correlated to the yield stress and nega-
tively correlated to the yield strain. &e yield stress is reduced
and the yield strain is increased with the incorporation of R
comparing with other asphalt binders, which suggests that the
antideformation property of RAP-R binder is weakened,
while the addition of M can improve the antideformation
property and deformation extent of the recycled binder.

However, the increment of the RAP binder content has no
significant impact on the recycled binder on the whole with
the action of M.

In this paper, threemethods were adopted to evaluate the
fatigue failure of high-percentage WMRA binders: (1) the
modulus decreasing to 50% of the initial value; (2) the peak
of phase angle; and (3) the peak of S × N index, where S is the
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ratio of the instantaneous modulus to the initial modulus
and N is the loading times [51]. &e relation curve between
each of the three methods and the cyclic loading times is
plotted, respectively, as shown in Figures 24 and 25.

&e fatigue lives, calculated using the three methods, are
denoted as Nf50, Nfa, and NfSN, respectively, and are
shown in Figure 26.

In Figure 26, the fatigue lives of asphalt binders of the
three methods are ranked as Nfa >NfSN >Nf50. &e
difference between the fatigue lives can be ascribed to the
fact that the fatigue failure obtained through the three
methods corresponding to the process of fatigue failure is
varied. However, the changing tendencies of fatigue lives
of the 10 asphalt binders obtained by the three methods
are almost the same, indicating that the influence of the
RAP binder content and WMA additives on the antifa-
tigue performance of recycled binders is almost the same
in the process of fatigue failure. In general, the additions of
R and M both improve the fatigue life of recycled asphalt
binders, while the effect of R is more noticeable. &e RAP
binder contents have different effects on different recycled
asphalt binders, which indicates that the evaluation of
fatigue failure of recycled asphalt binders, especially high-
percentage WMRA binder, is comparatively complex
considering the combined use of RAP binder and WMA
additive.

&en, the VECD model is employed to analyze the LAS
test results, and the parameters are shown in Table 3.

&e integrity parameter C represents the damage degree
of the asphalt material. When C is equal to 1, the material is
intact. When C is equal to 0, the material has been com-
pletely damaged [44]. According to (15), the damage
characteristic curve of three types of recycled binder with
different contents of RAP binder can be obtained, as shown
in Figures 27(a)–27(c), to evaluate the antifatigue

performance of the recycled binder. In Figure 27(a), the
curve of 70%-control binder is close to that of 90# base
asphalt. &e curves of 30%-control binder and 50%-control
binder are above that of 90# base asphalt when the damage
intensity is larger than 60, indicating that the damage of
30%-control and 50%-control binder is slower than that of
90# base asphalt. &e damage curves of RAP-R and RAP-M
binders are shown in Figures 27(b) and 27(c). With the
combined use of RAP binder and WMA additive, the curves
of RAP-R and RAP-M binders are above that of 90# base
asphalt, indicating that the addition of RAP binder will not
reduce the antifatigue performance of the asphalt binder;
instead, the performance can be further enhanced by adding
the WMA additive, R in particular.

&e parameter α represents the slope of the fatigue life
and the strain in the log-coordinate. &e larger the α, the
more sensitive the fatigue life to strain. Table 3 illustrates that
α of 90# base asphalt is the smallest and that of the three
types of recycled binder increases as the RAP binder content
increases, indicating that the recycled asphalt binder is more
sensitive to the applied strain with the incorporation of RAP
binder. α is ranked as follows: RAP-R<RAP-M< control,
containing the same RAP binder content, indicating that the
addition of WMA additive makes the asphalt binder less
sensitive to the strain.

According to (18) and (19), the fatigue lives with different
strains (1%, 3%, and 5%) can be obtained, as shown in
Figures 28–30.

&e three figures show that as the strain level increases,
the fatigue life of the asphalt binders gradually decreases.&e
fatigue life of the three types of recycled asphalt binder with
50% of RAP binder presents a peak value, indicating that the
current fatigue life is the highest in this regard, especially at
high strain level. &is is consistent with the previous study in
Figure 28. &erefore, emphasis must be placed on the fact
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Figure 26: Fatigue life results of the three methods.
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that when the RAP content is more than 50%, the fatigue
performance will be reduced. However, even though the
percentage of RAP binder is high, the fatigue life is still
longer than that of 90# base asphalt. Moreover, comparing

with the control binder, the fatigue life is improved due to
the addition of two types of WMA additives. As a result, the
antifatigue performance of high-percentage WMRA binders
can satisfy the requirements of pavement.
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Figure 27: Typical damage plots for various recycled binders. (a) Control binder; (b) RAP-R binder; and (c) RAP-M binder.

Table 3: Resulting parameters of the VECD model.

Type of asphalt α C0 C1 C2 A B
90# 1.49276 1 0.10296 0.4175 1.52E+ 05 2.98552
30%-control 1.573317 1 0.10953 0.39992 3.68E+ 05 3.146633
50%- control 1.614987 1 0.10154 0.40942 5.64E+ 05 3.229974
70%- control 1.666944 1 0.10809 0.4076 3.85E+ 05 3.333889
30%-RAP-R 1.510802 1 0.0991 0.41276 3.75E+ 05 3.021604
50%-RAP-R 1.577785 1 0.08369 0.44346 5.38E+ 05 3.15557
70%-RAP-R 1.60901 1 0.10124 0.40828 4.85E+ 05 3.218021
30%-RAP-M 1.547988 1 0.10309 0.41102 3.77E+ 05 3.095975
50%-RAP-M 1.608493 1 0.11199 0.39416 5.40E+ 05 3.216986
70%-RAP-M 2.656452 1 0.11497 0.38876 6.08E+ 05 3.312904
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Figure 29: Nf at applied strain level of 3% for various asphalt binders.
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Figure 30: Nf at applied strain level of 5% for various asphalt binders.
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Figure 28: Nf at applied strain level of 1% for various asphalt binders.
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4. Conclusions

Based on the observations and analyses from this study, the
main conclusions can be drawn as follows:

(1) &e addition of WMA additive R reduced the anti-
deformation property of asphalt binders, and the
viscoelasticity of RAP-R binder changed remarkably
before aging, while the addition of WMA additive M
had little impact on the rheological property of asphalt

(2) Regardless of whether subjected to long-term aging
or not, the RAP binder content had no significant
effect on the rheology property of WMRA binders. It
presents a bad fitting of phase angle using 2S2P1D
model, especially for the RAP-R binder with 50% and
70% RAP binder contents

(3) &e performance of low-temperature crack resis-
tance of recycled binders was reduced comparing
with the 90# base asphalt, due to the addition of RAP
binder. &e low-temperature performance of the
three types of recycled binders was ranked as RAP-R
binder>RAP-M binder> control binder

(4) It should be noted that in terms of master curves of
creep compliance, with the increase of the RAP
binder content, the creep compliance changed
slightly, whereas considering the parameters analysis
of Burgers’ model, the performance of low-tem-
perature crack resistance was reduced with the in-
crease of the RAP binder content

(5) &e antideformation property of recycled binders
was enhanced with the addition of RAP binder. In
terms of Jnr and R at 3.2 kPa from the MSCR test, the
antideformation property and elasticity of RAP-M
binder were better than control and RAP-R binders,
while the addition of WMA additive R remarkably
lowered the rutting resistance

(6) &ere were both good linear relationships between
the RAP binder content of the three types of recycled
binder and Jnr or R. Furthermore, the increment of
RAP binder content of recycled binder can reduce
the unrecoverable creep compliance (Jnr) and im-
prove the creep percent recovery R

(7) &e addition of RAP binder could not reduce the
antifatigue performance of recycled asphalt binders,
but there were different effects on the three types of
recycled asphalt binders depending on the change of
RAP binder content. &e fatigue life of recycled
asphalt binders was improved with the incorporation
of WMA additives R and M, and the effect of WMA
additive R was more significant

(8) &e Nf predicted-based VECD method presents a
peak value when the RAP binder content is 50% for
all the three types of WMRA binders. &erefore,
emphasis must be placed on the fact that when the
RAP content is more than 50%.

It should be mentioned that further research needs to be
carried out to explain some results obtained from this paper,
such as selecting another model to fit the phase angle of
WMRA binders more accurate and exploring the compo-
nents of WMA additive R to explain the WMA mechanism.
Besides, the RAP binder extracted from the milling asphalt
pavement should be recycled comparing with the conclu-
sions of this research.
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Stability of permeable soils near large-scale water reservoirs for paved and unpaved road pavements is all too frequently compromised
due to excessive seepage and the climatic conditions of that area. In this research, a multilevel research approach was adopted by
conducting a comparative study of the microspectroscopy through Fourier transform infrared (FTIR) spectra to investigate the
maximum absorbance correlation along with mechanical investigations (such as the compressive strength, modified proctor test,
California bearing ratio test, and swell percentage test). +e native low plastic soil sample (CL) was blended with varying percentages of
petroleum additives (bitumen and usedmotor oil) independently at 0%, 4%, 8%, 12%, 16%, and 20%. A comparison of results in the case
of bitumen and used motor oil revealed that a decrease in Atterberg’s limits occurred accompanied by an increase of bitumen blending
percentage, while used motor oil (UMO) increased the plastic limit. Maximum dry density (MDD) increases while optimum moisture
content (OMC) decreases with the increase in bitumen.Usedmotor oil (UMO) initially (up to 4%) increased theMDDand subsequently
decreased it. Investigative reports show that bitumen causes a decrease in swell percentage and increases California bearing ratio (CBR),
whereas UMO causes a continuous increase in percentage swell and decrease in CBR. +e addition of bitumen in soil resulted in a
decrease in the coefficient of permeability (k), while UMO has a significant result of up to 4%. Regarding the control sample, spectrum
analysis through FTIR effectively supports the laboratory results as the intensity of peaks increases with the oil, and bitumen con-
centration reveals that oil and bitumen impart cementitious property to the soil. Moreover, this research work by experiment supported
and strengthened the idea of soil pavement stabilization through bitumen, which gives antiwater stability, and facilitates low-cost
construction by obtaining raw material on the spot. UMO adversely affects soil properties beyond 4% addition by weight.

1. Introduction

Considering the material quality, plus transport, economic,
and political issues, engineers sometimes must use low-
quality soil during road construction. +ese low-quality soil
materials are prone to show unattractive engineering be-
havior, such as low bearing capacity, susceptibility to dif-
ferential settlement, high percentage swell, high moisture
susceptibility, and poor permeability or seepage behavior.
+is type of unwanted soil behavior is generally attributed to
the nature of the soil and the fine-grained components

present in the soil material. +us, fine-grained soils such as
silts and clays proved to be the most problematic materials
[1]. Stabilizing such type of local material has millions of
years of history [2]. +is research attempted to improve
certain desired geotechnical properties such as shear
strength parameters (c-ϕ), permeability, CBR, and the
compaction behavior of locally available soil of Peshawar,
Pakistan, through used motor oil (UMO) and bitumen.

UMO, also known as waste crankcase oil or waste engine
oil, is a lubricating oil used in the crankcase of an internal
combustion engine [3]. +is UMO is a mixture of 90%

Hindawi
Advances in Materials Science and Engineering
Volume 2020, Article ID 1360197, 10 pages
https://doi.org/10.1155/2020/1360197

mailto:kamran@emails.bjut.edu.cn
https://orcid.org/0000-0002-0602-5562
https://orcid.org/0000-0002-3544-1944
https://orcid.org/0000-0001-5846-9061
https://orcid.org/0000-0003-1116-0846
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/1360197


hydrocarbons and some other metals such as sulphur,
chlorine, and magnesium for about 10%. It cannot be easily
differentiated in chemical components other than to say that
the major part is either aliphatic or aromatic hydrocarbons
[4, 5]. After use, it loses its original desired properties due to
the breakdown of the additives during the combustion
process. It is considered as the main source of environmental
pollution if contaminated or burnt in the air because it
contains a high level of heavy metals [6]. Pakistan produces
11246 tons of UMO annually. If most of the quantity does
not recycle, it will pollute the environment because the waste
recycling concept and circular economy is a positive ap-
proach to analyse economic, social, and environmental
impacts [7]. In this present research, impacts of waste UMO
have been studied to reuse in the stabilization of low plastic
soil. Many methods of soil stabilization with oil have been
proposed by different researchers. Researchers such as Evgin
et al., Khamehchiyan et al., and Ukpong et al. studied the
changing behavior of soil by considering the effects of crude
oil [8–10]. Rasheed et al. demonstrate that the PL and LL
increase, while MDD andOMC decrease with the increase in
oil percentage as an additive in soil [11]. +e behavior of
motor oil on cohesion and CBR was studied by Nazir who
stated that cohesion decreases while the angle of internal
friction v increases with an increase in the tendency of
motor oil in soil [12].

Bitumen, a by-product of crude petroleum, had also been
used for soil stabilization for a very long time in the form of
cutback, emulsified, and foamed bitumen [13]. Bitumen,
when mixed with soil, helps in binding of the soil particles
thereby increasing the cohesive strength of the soil [14].
Nicholson stated that bitumen and its products are mostly
used in the soil as an additive, to provide water repulsion
and/or adding cohesive strength to the soil [15]. Grouting
with hot bitumen for the remedial measure was first in-
troduced in the end of the 19th century [16]. Dr. Erich
Schonian is one of those scientists who wrote first about the
behavior of hot bitumen’s penetration in cracks and voids
[17]. Bituminous substances are used to stabilize the soil,
particularly for stabilizing subgrade, subbase, or even base
course of road carrying higher traffic load [18]. +is research
paper expostulated upon hot bitumen in soil stabilization for
the stability of road embankment.

Bitumen is a viscous elastic material mostly produced by
the crude oil distillation process. It is frequently used in the
asphalt pavement with some other civil works such as
waterproofing, insulating material, tank material, and
flooring material. Bitumen, if mixed in soil, will affect its
geotechnical properties [19]. Nasr, in his research, investi-
gates the behavior of strip footing on bitumen-contaminated
sand (0–5%) by weight [20]. Michael studied contaminants
in the soil stabilization process in soil stabilization using
emulsified bitumen following bench-scale evaluation [21].
Vishal Kumar uses emulsified bitumen with a small amount
of cement, for gravel road soil stabilization by considering
CBR as a key factor in his experimental work [22].

Research on low plastic soil shows that the Phi “v” angle
of internal friction increases while cohesion “C” decreases
when the oil content increases [14]. Initially, soils had been

stabilized by cement and lime, but this trend was changed by
the innovation known as foamed bitumen stabilization [23].
Paul and Gnanendran suggest that soil stabilization as an
aggregate and bitumen mixture could make a waterproof
layer in sublayers of a road embankment [24]. Jones et al.
follow indirect tensile stabilization for experimental work on
cement-bitumen showing that soil achieves early strength,
thereby allowing traffic in the curing stage [25].

Dr. Arora explained that bitumen are hydrocarbons,
readily soluble in carbon disulphide (CS2) and are obtained
from refined petroleum products. It can be used as a cutback,
emulsified, and even directly. Any inorganic soil can be
stabilized through bitumen. It makes soil waterproof by
plugging its voids and helps cohesive soil in lower moisture
content and higher bearing capacity [26].

+is research has the potential to minimize the failures of
local road and highways in Pakistan by imparting strength
and stability to the poor material used in the road con-
struction and reduce the water seepage effect, both of which
cause serious damage to the roads. +is research will help to
investigate the geotechnical properties and internal chemical
spectroscopy (Atterberg’s limits, compaction test, shear
strength parameters, CBR, permeability, and FTIR) of low
plastic soil with the hope of stabilization with UMO and
bitumen. Stabilization of the native soil has been seriously
felt acutely because of the premature failure of the local roads
due to population growth, environmental factors, and
minimum resources that collectively lead to huge economic
and environmental losses to the country.

2. Materials and Methods

Figure 1 shows work scheme followed in this research work
from soil collection, stabilization with bitumen, and UMO to
independent investigation for the expected change in geo-
technical properties. Continuous and gentle mixing was
applied for both the liquid additives to ensure proper
mixing. At room temperature, the mixing of bitumen with
soil is quite difficult, so bitumen was heated to a temperature
of 140°C with constant stirring. +en the dry soil was
weighed, and the required % of bitumen was added and
mixed at 110–115°C by weight at 4% increment rate.

2.1. Collection of Materials. In this research, a soil sample
was collected from the Warsak road area situated in the
northeast of Peshawar, Pakistan. To ensure satisfactory re-
sults, the sample was collected at 1meter depth below the
ground surface in airtight bags to minimize the natural
moisture loss.+is soil sample then was placed in an oven for
drying to measure the natural moistures contents at 105°C
for a 24-hour time interval. After the sieve analysis test, sieve
# 40 down material was stored for testing. Eighty (80) ki-
lograms of two samples were separated for testing the sta-
bilization by UMO and bitumen independently. UMO was
collected from a local auto workshop. Bitumen (60 grade)
was taken from the National Highway Authority (NHA)
construction material laboratory. In this paper, authors
restrict their research to 0%, 4%, 8%, 12%, 16%, and 20% for
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both UMO and bitumen as soil stabilization independently.
+e unified soil classification system’ (USCS’) soil classifi-
cation Chart Method D-2487 found that testing soil is in-
organic clay of low plasticity or lean clay (CL) in nature.

2.2. Preparation of Samples. Oven-dried samples were used
for each investigation, at a 4% increment of UMO and
bitumen independently. Bitumen was added after heating it
up to 140°C so that it can be poured andmixed easily without
any hard lumps or air contents. Mixing was carefully done
using spades until uniformity of color was perceived at
110–115°C. Mixing in the case of UMO was easy as oil is less
viscous as compared to bitumen even if heated. +e sticking
property of bitumen with soil particles makes flocculants in
the soil sample.

2.3. Laboratory Tests. +is research study was supported by
various laboratory tests.

+e physical properties of both UMO and bitumen were
investigated and listed in Table 1. For this purpose, unit mass
density, viscosity, flash, and fire points were calculated. +e
bitumen penetrometer test (ASTM D-5), the flash and fire
point test (ASTM D-92), the weight density test (ASTM
D-4052), and kinematic viscosity tests for oil (ASTMD-445)
and for bitumen (ASTM D-2170) were performed. Table 2
summarizes the corresponding physical and chemical
properties of the local soil sample.

Table 3 describes the overall performed testing summary
on the soil sample stabilized with UMO and bitumen at a 4%
increment rate. Tests such as the specific gravity test (ASTM
D854-00), the particle size distribution test (ASTM D-422),
Atterberg’s limit test (ASTM D-4318), the modified proctor
test (ASTM D-1557), the CBR test (ASTM D-1883-99), the

direct shear test (ASTM D-3080), and the falling head
permeability test (ASTM D-5084) were performed. Along
with these basic geotechnical investigation tests, some mi-
croscopic analysis was also performed to visualize the basic
internal changes due to the two types of additives.

3. Results and Discussion

3.1. Particle Size Distribution Test. Oven-dried weighed
sample is poured on the sieve column with largest opening at
the top (2 ̋ sieve) to lower sieves with smaller openings (#200
sieve) having a pan at the base. It was mechanically shaken
for 12 minutes using mechanical shakers. After shaking,
material received by each sieve was weighed with the digital
balance having up to 0.1 gram sensitivity. Weight retained
on every sieve is divided by total sample weight to get the
percentage value of each sieve. To get a specific size range,
each passing percentage value was analyzed and drawn as
shown in Figure 2.

3.2. Compaction Test. +e oven-dried soil sample was in-
vestigated to check the effects of UMO and bitumen on
MDD and OMC, as presented in Figures 3 and 4. After each
soil sample was divided into different suitable quantities,
water was added in the probable OMC range. After three or
four trials, we obtained the required OMC value. While
calculatingMDD andOMC, Figures 3 and 4 show thatMDD
increases by increasing bitumen up to 20%. In the case of
UMO, MDD increases up to 4% by 1.94%, and thereafter
inversely decreases. Normally, dry density decreases when
increasing the rate of used motor oil [10, 27]. UMO shows
this trend up to 4%. On further addition of used oil above
4%, the clusters of soil particles lose their cohesion due to a
higher oil absorption rate causing reduction of soil unit
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Figure 1: Work scheme flow chart.
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Table 2: Physical and chemical characteristics of local soil sample.

Soil type Color Density (g/cm3) Unit weight (kN/m3)
Chemical analysis (%) Composition (%)

Ca O C Si Al Others Sand Silt Clay
CL Yellowish brown 2.06 20.20 1.234 22 3.67 34 18 20.39 22 30 48

Table 3: Laboratory investigation of UMO and bitumen-stabilized soil.

% MDD OMC CBR “C” V° LL PL PI “k”gm/cm3 % % kPa degree % % %

Used motor oil

0 2.06 12.5 10.8 38 17 47.4 27.6 19.8 5.282×10−6

4 2.1 12.1 10 33 18 45.9 29.1 16.8 5.202×10−6

8 2.01 12 6.9 32.1 18.8 43.2 29.3 13.9 5.009×10−6

12 1.93 10.3 0 30 20 42.7 30.4 12.3 5.017×10−6

16 1.87 8.8 0 26 21 40.6 31.3 9.3 5.152×10−6

20 1.84 7.6 0 22 23 38.2 32.1 6.1 5.209×10−6

Bitumen

0 2.06 12.5 10.8 38 17 47.4 27.9 19.7 5.282×10−6

4 2.13 13.7 12.7 38.7 16 42.3 23.89 18.5 5.162×10−6

8 2.23 13.4 14.4 39.4 14.7 39.7 21.6 18.1 4.990×10−6

12 2.29 13.21 15 41 13.8 35.5 18.5 17 4.292×10−6

16 2.37 12.6 18 45 13 33.6 18 15.6 3.702×10−6

20 2.42 9.9 21 51 6 31.2 16.6 14.6 3.382×10−6

MDD, maximum dry density, C, cohesion, OMC, optimum moisture content, “ɸ,” angle of internal friction, PL, plastic limit, CBR, California bearing ratio,
“k,” coefficient of permeability, LL, liquid limit, and PI, plasticity index.
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Figure 2: Particle size distribution.

Table 1: Properties of petroleum’s additives.

Material Color Penetration at
25°C (0.01mm)

Flash and fire
point (°C)

Softening
point (°C)

Kinematic viscosity
(cst at 100°C)

Weight density
(kN/m3)

Ductility
(cm)

UMO Bluish black — 161, 167 — 8.19 8.7 —
Bitumen Shining black 64 243, 259 44 341 9.31 87
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density. On the other hand, bitumen as a stabilizer in soil
shows an ascending approach and increases the MDD as
high as 17.47%. Because bitumen holds the soil particles in
clusters which increases the compressibility of soil, bitumen
increases the soil density. Further, bitumen itself is cohesive
in nature at low temperature; hence, it causes the particles of
the soil to cohere, leading to an increase in the effective
cohesion and maximum density.

Figure 4 shows the OMC value, and it reveals that that
OMC in bitumen-stabilized soil initially increases up to 4%

and thereafter decreases. Bitumen increased OMC in the
first 4% increment because of bunches formation in the soil,
which increase the absorbing characteristic of soil. On
further addition of UMO in soil, OMC continuously de-
creases for 39%. According to Al-Homoud et al., cutback
bitumen decreases MDD and increases OMC up to 7% [28].
+e declination in OMC is due to the repelling property of
oil and bitumen. While UMO plays a part in decreasing the
moisture content, UMO has itself low viscosity, which acts
like water, so extra water than OMCwill make the water film
thicker, in consequence of which binding of particles does
not take place that cause reduction in MDD [29]. Ojuri et al.
studied the effect of UMO in soil stabilization and found that
MDD and OMC decrease when increasing UMO contents
[30].

3.3. CBR Test. Figure 5 shows the effect of UMO and the
bitumen effect on soaked CBR. It is clear from the figure that
the soaked CBR increased by increasing bitumen rate and
decreased with increasing UMO. Zumrawi et al. worked on
expansive soil stabilization with bitumen and fly ash. +eir
results are quite in line with our experimental results
[30, 31]. Andavan et al. illustrated that bitumen emulsion
brings considerable improvement in the CBR value if
properly mixed [32]. +e similar result was found by car-
rying a number of tests on bitumen-stabilized expansive soil
by Krishnaiah et al. [33]. On the other hand, as the swell
percentage increases with used motor oil, it shows no re-
sistance to standard piston penetration that gives zero CBR
above 8% oil addition [27].

3.4. Swell Percentage Index Test. Prior to the soaking CBR
test, percentage swell was measured for various UMO and
bitumen contents from 0% to 20% at a 4% increment interval
rate. Figure 6 shows that heated bitumen causes a reduction
in swell percentage rate, while UMO increases in the swell
index. Singh et al. reported a significant increase in swell
percentage in CL soil with UMO that ultimately increases
differential settlement [27].

Bitumen imparts cohesive property to the soil and does
not allow water to enter; hence, the swell index decreases
[32]. Al-Homoud et al. found a significant reduction in the
swell index by treating soil with bitumen [28]. On the other
hand, the UMOmakes a thin film around the soil individual
particle or sum of particles and makes it even coarser. +us,
when soil is stabilized with UMO, moisture and oil contents
stored in the void spaces developed internal stresses that
cause free void spaces and leads to decrease in the cohesion
and increase in the swell percentage.

3.5. Direct Shear Test. +e reduction in the shear strength of
soil sample due to water can be minimized by introducing a
waterproofing material such as bitumen in the soil sample.
+e best way to do this is by providing a layer coating of a
waterproofing agent [34].

Figures 7 and 8 show the direct shear parameters that are
cohesive (attractive force between soil particles) and the
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angle of internal friction v (resistance to shearing move-
ment) based on Coulomb’s shear strength theory. Results
show that cohesion increases by increasing the rate of bi-
tumen. +e angle of internal fraction increases to a peak
value for UMO concentration of 20%. While it gives the
lowest value at 20% bitumen concentration as shown in
Figure 8.

Conversely, cohesion decreases with increased rate of
bitumen, which is obviously a sign of losing shear strength.
+ere is less cohesion between the soil particles and the
particles of oil; hence, UMO, the shear strength, decreases.

Figure 8 shows the angle of internal friction “phi” that
decreases in the case of bitumen, while it increases in the
UMO case.

3.6. Atterberg’s Limit Test. A higher variation in the case of
consistency limits is observed in both bitumen and used
motor oil used as a soil stabilizer. Figure 9 shows that both
bitumen and used motor oil decrease the rate of liquid limit.
+e decrease in the liquid limit (both oil and bitumen case)
and plastic limit (bitumen case only) is because of the
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flocculation and agglomeration of the minerals present in
the soil due to isomorphous substitution of cations at the
surface of soil particles that resembles previous findings
[35–37]. However, increases in the plastic limit with UMO
might be due to the particle thickness due to the cation
effect between soil particles and used oil (Figure 10). Salih
et al. found that UMO not only increases the PL but also
LL and PI [38]. Rasheed et al. reported that Atterberg’s
value of overconsolidated clay decreases by increasing
UMO contents [11]. LL and PL decrease by increasing
UMO contents [19, 27]. Figure 11 shows that the plasticity
index of the soil decreases while increasing both Bitumen
and UMO.

3.7. Permeability Test. For safe operation of traffic and long
life period, remote water and hinterland water which in-
tercept the road embankment is an important element [39].
Figure 12 describes the coefficient of the permeability “k”
test, conducted on the used motor oil and bituminous
stabilized soil. It is observed that up to 8% UMO addition
causes a decrease in the permeability effect of the local soil
and beyond great increases because of the coarser effect of
the soil. It is observed that the coefficient of permeability “k”
fell by 5.83%, but on further addition of UMO, the per-
meability increases up to 4.5% as the soil sample coarsens
with the addition of UMO as a soil stabilizer.

+e increasing rate of bitumen from 0% to 20% reduces
the coefficient of permeability to go as low as 40% and thus
minimizes the deleterious impact of percolated water. +e
reason is that the strong adhesive force of bitumen prevented
the water from percolating through the voids by blocking the
pathways. Venkatesh demonstrated that bitumen causes
reduction in the permeability of soil [40]. Resistance to water
or impermeability is mostly estimated by the value of water

absorption or penetration. According to Fang, if bitumen in
liquid form is mixed with soil up to 5-6%, irrespective of the
type of soil, the absorption will be less than 2% [41].

3.8. FTIR Test. Functional groups and molecular structures
have different absorptions rate of infrared radiation.
+erefore, chemical compositions of control and modified
soil samples were identified through the analysis of infrared
absorption spectrum. Spectrometry was performed having a
wavenumber 500–4000 cm−1 with 0.1 accuracy wavelength.
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FTIR tests were performed for the soil sample at which
maximum dry density (strength) was obtained in the sta-
bilization process. As seen in Figure 3, UMO gives maxi-
mum dry density at 4%, while bitumen does so at 20%.
+rough FTIR tests, we compared the changing spectrum of
4% UMO stabilized soil sample and 20% bitumen-stabilized
soil sample to that of control soil sample.

FTIR results for control soil and stabilized soil with
UMO and bitumen were observed with tremendous changes
in the peaks values. +e difference in transmission or ab-
sorbance usually arises due to difference in concentration, as
described by Lambert’s law [42], which states that absorp-
tion depends on path length, concentration, and strength of
absorbance band. In Figure 13, different peaks can be seen: a
very broad peak at 3600 cm−1 shows that the OH group is
present, a very small peak at 3000 cm−1 shows that the CH
group is present at lowest intensity, the peak at 2500 cm−1

shows the SH group, the peak at 1500 cm−1 shows the N-O
group, and a very sharp and intense peak at 1000 cm−1

represents C-O. So, it is clear from Figure 13 that natural soil
contained compounds having C-O, NO, SH, and CH
functional groups, but the concentration of S-H and N-O
containing compounds are low. In Figure 13, the position of
the peak is identical but the intensity of peaks varies, peaks at
3600 cm−1 become broad and increase in length, which
shows that more absorbance occurs in this case due to in-
crease in the concentration of compounds, while the in-
tensity of peaks at 3000 cm−1 and 1500 cm−1 increases, which
is an indication of the concentration of CH and NO con-
taining compounds increment after addition of used oil into
the soil. Similarly, in Figure 13, the intensity of peaks in-
crease, and peaks at 3600 cm−1, 3000 cm−1, and 1500 cm−1

become more intense, which show the concentration of CH,
and NO containing compounds increased after the addition
of bitumen to the soil.+e peaks at 2500 cm−1 and 1000 cm−1

did not show more increase in intensity, which confirm that

when bitumen is added to soil, the amount of SH and C-O
containing compounds are not increased. Figure 12 shows
that oil and bitumen are organic compounds, and they
increase the intensity of soil by leaving the hydrocarbons and
sulphur content in the soil mix, which impart cementitious
properties to the soil mix. UMO contains a lesser amount of
hydrocarbons but more carbonyl groups from ketones or
acids, while bitumen contains a greater number of hydro-
carbons. A large number of hydrocarbons makes the soil
hard and gives antiwater characteristic to the soil, decreases
the ability to absorb water, and makes it waterproof. So far,
from the FTIR result, it is confirmed that bituminous is more
effective instead of waste oil in soil stabilization.

4. Conclusions

In this research work, the stabilizing effect of UMO and
bitumen was studied by mixing it with a local soil sample to
evaluate its geotechnical properties and specifying the ap-
plication of that soil in embankment layers. Mechanical and
chemical laboratory tests were performed, and graphical
tools were used to reach the following conclusions:

(1) +e local roads and district highways condition can
be improved by using the waste motor oil up to 4%
effectively. +is research work illustrates that 4% of
UMO is the effective percentage for soil stabilization.
Above 4%, it has an inverse effect on soil
stabilization.

(2) Bitumen as a stabilizer agent was proved to be more
effective than UMO. Native soil can be stabilized up
to 20% bitumen and used in the embankment layers.

(3) CBR results show that bitumen is a better stabilizer
to give strength to the soil as compared to UMO.

(4) Swell percentage in the case of UMO shows a tre-
mendous rise that reduces the soaked CBR to 0%.
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(5) Bitumen reduces the permeability of the soil more
effectively as compared to motor oil.

(6) +e liquid limit tends to decrease with the addition of
bitumen and UMO. Similarly, plasticity decreases
with bitumen increasing. It initially increases and
then decreases with UMO increasing.

(7) +e variation in graph peaks from the FTIR test
indicates that bitumen impart more cementing
characteristic than UMO because of more hydro-
carbons, which give higher concentration.
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In the paper, the method of deicing and melting snow by the carbon fiber heating wire (CFHW) embedded in the airport asphalt
pavement is proposed to improve the security of airport operation. )e field experiment of deicing and melting snow on the
airport asphalt pavement is conducted. Deicing and melting snow, asphalt pavement temperature, ice-free area ratio, and snow-
free area ratio are analyzed. Electrical power with 350W/m2 is input to the airport asphalt pavement for deicing and melting snow
by the CFHW. In the experiment, 3mm ice can be melted, and the average infrared ray temperature (IRT) of the airport asphalt
pavement surface can achieve an increment of 13.0°C in 2.5 hours when the air temperature is from −7.5°C to −2.2°C. Snow with
3.2mm precipitation can be melted in 2 hours when the air temperature is from −4.8°C to −3.5°C, and the asphalt pavement
temperature can achieve an increment of 5.9°C at the depth of 0.5 cm. )e results show that the method of deicing and melting
snow on the airport asphalt pavement by the CFHW is practicable in the cold zone.

1. Introduction

Ice and snow on the airport asphalt pavement affect
aircraft takeoff, landing, and taxiing in winter because ice
and snow increase the braking distance of the aircraft.
)e conventional methods of removing ice and snow by
using airport pavement deicing fluid and deicing
equipment induce flight delay and need a lot of man-
power, deicing fluid, and machinery. It is necessary to
conduct timely and high-efficient removal of ice and
snow to avoid the adverse effect of deicing fluid and
machinery on the airport asphalt pavement [1]. Some
scholars study how to improve the performance of bi-
tumen and asphalt mixture to avoid negative effect [2–4].
At the same time, some methods of deicing and melting
snow on the pavement have been researched, such as
asphalt mixture containing the snow-melting agent [5],
hydraulic heating system [6–10], electrically conductive
concrete [11–13], carbon fiber grille [14], and CFHW
[15–19]. )e recent research of deicing and melting snow
on the pavement mainly focuses on the CFHW [1]. Zhao

et al. studied deicing on the bridge deck and concrete
pavement by the CFHW [15, 16]. In frozen and snowy
weather, the results of laboratory and field experiments
verified the validity of the electrothermal method of
deicing and melting snow on the pavement and bridge
deck under an appropriate input power. )e authors
studied the effects of heat flux, wire spacing, wind speed
on the concrete pavement temperature, and deicing on
the cement concrete pavement by the CFHW [1, 17, 18].
)e authors also studied the snow-melting effect, tem-
perature, and energy distribution along the depth of the
airport cement concrete pavement [19]. Due to different
materials of airport cement concrete and asphalt pave-
ment, the physical properties, construction methods, and
dimensions of two kinds of pavement are also different.
)ese determine the difference of deicing and melting
snow between airport cement concrete and asphalt
pavement. )erefore, the method of deicing and melting
snow by the CFHW requires a study on the application of
the airport asphalt pavement. In order to prevent ice and
snow accumulation, the temperature of the airport
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asphalt pavement surface must maintain above 0°C. Fi-
nally, the full-scale experiments of deicing and melting
snow are performed in the real environment of ice and
snow.

2. Materials and Methods

2.1. Raw Materials. )e airport asphalt pavement includes
the lower layer and the upper layer, and their thickness is
8 cm and 7 cm, respectively.)e asphalt mixture of the lower
layer is AC-25. )e asphalt mixture of the upper layer is
SMA-13.

2.2. Airport Asphalt Pavement. According to specifications
for asphalt pavement design of civil airports, the design and
construction of the airport asphalt pavement were imple-
mented. Airport asphalt pavement construction is shown in
Figure 1. )e airport asphalt pavement is made of 1# and 2#
asphalt pavement. )e sizes of 1# and 2# asphalt pavement
are 5m× 10m. )e thickness of the lower layer and the
upper layer is 8 cm and 7 cm, respectively. )e CFHW was
tied to steel wire gauze, which was buried in the middle of
the lower layer and the upper layer. )e depth of the CFHW
is 7 cm. )e spacing of the CFHW is 10 cm. At the depth of
0.5 cm and 15 cm, six sensors for testing temperature were
evenly and vertically buried in the asphalt pavement. )e
vertical distance between the sensor and the CFHW is 5 cm.

2.3. Experimental Instrument. )e experimental instrument
contains a power distribution control box, infrared thermal
image instrument, temperature sensor, temperature data
receiver, and adapter. )e power distribution control box
provides electric energy for the asphalt pavement. )e in-
frared thermal image instrument can measure the temper-
ature of the asphalt pavement surface. )e temperature
sensor canmeasure −50∼150°C, and its accuracy is 0.1°C.)e
temperature data receiver is used to receive temperature
information.)e temperature data receiver and data adapter
are connected. )e asphalt pavement temperature is mea-
sured by using six temperature sensors at 0.5 cm and 15 cm
depth, respectively. )e airport asphalt pavement temper-
ature is the average temperature of the asphalt pavement at
the same depth.

3. Results and Discussion

In the test, each circuit voltage is 220V, and the electrical
power is 350W/m2.)e airport asphalt pavement is exposed
in the outdoor environment, which is near Beijing Capital
International Airport.

3.1. Deicing andAsphalt Pavement Temperature. On January
22, 2014, 0°C water was evenly sprayed on the 1# airport
asphalt pavement in the experiment, the amount of which
was 3mm/m2. When the time was from 0:00 to 7:30, water
was frozen into ice because the air temperature was always
below 0°C, and then the asphalt pavement began to be
energized and heated. No ice was on the 2# airport asphalt

(a) (b) (c)

Figure 1: Airport asphalt pavement construction. (a) Lower layer. (b) Heating system layout. (c) Upper layer.
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pavement. )e wind speed and relative humidity were
1.0–2.4m/s and 30%–45%, respectively. Figure 2 shows that
the air temperature raises from −7.5°C to −2.2°C in 150
minutes. )e solar radiation intensity is 0–60W/m2 in
Figure 3.

Figure 4 shows the process of deicing on the 1# airport
asphalt pavement. Ice begins to melt at 90 minutes. In the
paper, the evaluation criterion for the performance of
deicing is ice-free area ratio, which is the ratio of the ice-free
area to the total area. At 90 minutes, 110 minutes, 130
minutes, and 150 minutes, the ice-free area ratio is 0, 0.25,
0.78, and 1, respectively. Ice on the 1# airport asphalt
pavement is completely melted in 150minutes. It can be seen
that the ice melts faster in the later stage.

)e asphalt pavement surface temperature is accurately
measured by using the infrared thermal image instrument.
Figure 5 shows the IRT of the airport asphalt pavement
surface at the beginning and end of heating. At the beginning
of heating, the IRTof the 1# asphalt pavement surface is from
−12.7°C to −10.1°C, and the average IRT is −11.5°C. )e IRT
of the 2# asphalt pavement surface is from −12.4°C to −9.9°C,
and the average IRT is −11.1°C. At the end of heating, the
asphalt pavement is heated for 2.5 hours. )e IRT of the 1#
asphalt pavement surface is from 0.1°C to 2.8°C, and the
average IRT is 1.5°C. )e IRT of the 2# asphalt pavement
surface is from 4.1°C to 8.4°C, and the average IRT is 6.3°C.

Figure 6 shows the asphalt pavement temperature var-
iation with heating time at different depths of the pavement.

(a) (b) (c) (d)

Figure 4: Melting ice on the 1# airport asphalt pavement. (a) 90 minutes. (b) 110 minutes. (c) 130 minutes. (d) 150 minutes.
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As shown in Figure 6(a), the temperature of the 1# asphalt
pavement is always lower than that of the 2# asphalt
pavement at the depth of 0.5 cm because of the ice on the 1#
asphalt pavement. )eir temperature difference increases
from 0.2°C to 4.7°C in 150 minutes. At the depth of 0.5 cm,
the heating process of the 1# asphalt pavement includes three
stages: rising stage, stable stage, and rapid rising stage. )e
asphalt pavement temperature of the rising stage is less than
0°C. )e asphalt pavement temperature of the stable stage is
from 0.5°C to 2°C. )e asphalt pavement temperature of the
rapid rising stage is more than 2°C. In the process of 150
minutes of heating, it can be seen in Figure 6(b) that 1# and
2# asphalt pavement temperature difference at the depth of
15 cm is less than 0.3°C at the same time. At the end of

heating, 1# and 2# asphalt pavement temperature increases
by 4.3°C and 3.9°C, respectively.

3.2. Melting Snow and Asphalt Pavement Temperature.
Snowfall stopped when the time was 9:00 on January 21,
2016. )e accumulated snow thickness is 3 cm. )e total
precipitation is 3.2mm. )e heating time was from 9:00 to
11:00. )e experiment was tested from 9:00 to 11:00. )e
wind speed and relative humidity were 0.3–1.8m/s and
80%–88%, respectively. )e air temperature rose from
−4.8°C to −3.5°C in 2 hours.)e solar radiation intensity was
37–79W/m2.

Figure 7 shows the process of melting snow on the 1#
asphalt pavement. )e initial time of melting snow is 60
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Figure 6: )e asphalt pavement temperature variation with heating time. (a) 0.5 cm depth. (b) 15 cm depth.

(a) (b) (c)

(d) (e) (f )

Figure 7: Melting snow on 1# asphalt pavement. (a) 60 minutes. (b) 80 minutes. (c) 90 minutes. (d) 100 minutes. (e) 110 minutes. (f ) 120
minutes.
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minutes. )e snow-free area ratio is 0, 0.02, 0.21, 0.72, 0.94,
and 1 at 60 minutes, 80 minutes, 90 minutes, 100 minutes,
110 minutes, and 120 minutes, respectively. Most of the
snow is melted from 60minutes to 100minutes. Snow on the
1# asphalt pavement is completely melted in 120 minutes.
)e control group is the 2# asphalt pavement that is not
heated. At the depth of 0.5 cm, it can be seen in Figure 8(a)
that 1# asphalt pavement temperature increases from −3.6°C
to 2.3°C in 120 minutes because of heating; 2# asphalt
pavement temperature increases from −3.4°C to −2.2°C in
120 minutes because of weather condition. 1# asphalt
pavement temperature curves of melting snow and ice are
similar. 1# asphalt pavement temperature for melting snow
includes three stages that are the rising stage, stable stage,
and rapid rising stage. At the depth of 15 cm, it can be seen in
Figure 8(b) that 1# asphalt pavement temperature increases
from −3.0°C to −0.8°C in 120 minutes, and 2# asphalt
pavement temperature is between −2.7°C and −2.2°C in 120
minutes.

4. Conclusions

Deicing and melting snow by the CFHW buried in the
airport asphalt pavement is studied in the paper. It is
practicable for deicing and melting snow that the depth of
the CFHW is 7 cm, and the CFHW spacing is 10 cm in the
airport asphalt pavement. According to frozen and snowy
weather in Beijing, the electrical power with 350W/m2 is
input to the airport asphalt pavement for deicing and
melting snow in these experiments. )e results of the full-
scale field experiment show that it is effective for deicing and
melting snow on the airport asphalt pavement by the
CFHW. When the air temperature is from −7.5°C to −2.2°C,
3mm ice can be melted in 2.5 hours; the average IRT of the
asphalt pavement surface increases by 13.0°C. When the air
temperature is from −4.8°C to −3.5°C, snow with 3.2mm
precipitation can be melted in 2 hours; and the asphalt
pavement temperature can achieve an increment of 5.9°C at
the depth of 0.5 cm. It is an hour when the ice-free area ratio
is from 0 to 1 for deicing. It is also an hour when the snow-
free area ratio is from 0 to 1 for melting snow. )e findings
indicate that the technique of deicing and melting snow on

the airport asphalt pavement by the CFHW is practicable in
actual engineering of the cold zone.
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,e types of crude oil for producing asphalt have a decisive influence on various performance measures (including aging re-
sistance and durability) of asphalt. To discriminate and predict the crude oil source of different asphalt samples, a discrimination
model was established using 12 greatly different infrared (IR) characteristic absorption peaks (CAPs) as predictive variables. ,e
model was established based on diverse fingerprint recognition technologies (such as principal component analysis (PCA) and
multivariate logistic regression analysis) by using attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-
FTIR). In this way, the crude oil source of different asphalt samples can be effectively discriminated. At first, by using PCA, the 12
CAPs in the IR spectra of asphalt samples were subjected to dimension reduction processing to control the variables of key factors.
Moreover, the scores of various principal components in asphalt samples were calculated. Afterwards, the scores of principal
components were analysed through modelling based on multivariate logistic regression analysis to discriminate and predict the
crude oil source of different asphalt samples. ,e result showed that the logistic regression model shows a favourable goodness of
fit, with the prediction accuracy reaching 93.9% for the crude oil source of asphalt samples.,emethod exhibits some outstanding
advantages (including ease of operation and high accuracy), which is important when controlling the source and quality and
improving the performance of asphalt.

1. Introduction

Asphalt pavements are widely used: as a black binding
material produced from oil, asphalt is widely used as the
binder in asphaltic mixtures [1–3]. Due to the differences in
origins and production modes of crude oil for producing
asphalt, the properties of crude oil exert important influ-
ences on the performance of asphalt mixtures, which also
lead to significant differences in the performance of the
various asphalt produced therewith [4–8].

,e conventional performance of the same grade of
asphalt is very similar; however, different asphalt exhibit
large differences in various aspects, including high- and low-
temperature performance, durability, and fatigue properties,
which are considered as external expressions of chemical
composition, molecular structure, and transformation of

asphalt [9–11]. Furthermore, the study shows that the dif-
ferences in the composition and structure of asphalt mainly
depend on the source of crude oil and refining process of
asphalt production. Due to the differences in the geological
structure, oil generation conditions, and age, the nature and
composition of crude oil in different regions are very dif-
ferent. However, crude oil with similar properties and
composition in the same region has similar processing,
storage, and transportation options. At the same time, most
of the petroleum asphalt is produced by distillation cur-
rently, and the molecules in the asphalt retain their original
state in the crude oil.,erefore, most of the composition and
structure of asphalt are inherited from crude oil; that is to
say, the structural performance of asphalt mainly depends
on the source of crude oil. Because the asphalt is produced by
different types of crude oil, the physical and chemical
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composition information about asphalt is unique. Just like
the human fingerprint information, these components
which can express the unique structure of asphalt can be
called the “oil fingerprint” of asphalt. It is because of the
uniqueness of “oil fingerprint” information of asphalt that it
is feasible to discriminate the oil fingerprints of asphalt from
different crude oil sources [12–16].

At present, as the composition and structure of asphalt
are extremely complex, the characterization of its structure
requires more high-resolution and high-throughput analysis
means and equipment, so there are few reports on the
identification and analysis of asphalt oil fingerprints [17].
However, the identification and analysis of marine oil spill
fingerprints has always been an issue of widespread concern.
Similar to the method and purpose of identifying “oil fin-
gerprints” of oil spills at sea, the purpose of recognising oil
fingerprints of asphalt is to attain oil fingerprint information
of asphalt through different methods such as physical,
chemical, and biological methods [18]. Moreover, by ap-
plying multivariate statistical methods (including principal
component analysis (PCA) and regression analysis), the
chemical composition variables of oil fingerprints are
summarised, classified, and discriminated [19, 20]. On this
basis, qualitative and quantitative relationships between data
are obtained to distinguish the crude oil source of asphalt,
thus effectively controlling their qualities. Meanwhile, some
testing methods used in the “oil fingerprint” identification of
marine oil spills have been successfully used to analyse the
composition and structure of asphalt [21–23]. For example, a
gas chromatograph-mass spectrometer (GC-MS) was used
to explore the chemical compositions of smoke released by
asphalt materials during heating [24, 25]. Gel permeation
chromatography (GPC) and thin-layer chromatography
(TLC) were used to measure the molecular weights and the
composition distributions of asphalt [26–28]. Nuclear
magnetic resonance (NMR) and Fourier transform infrared
spectroscopy (FTIR) were used to investigate the compo-
sitions, structures, and functional groups of asphalt [29, 30].
In all analytical techniques, compared with other methods
(including GC-MS and NMR), which generally show some
disadvantages (including high cost, damage to samples, and
being laborious and time consuming during analysis), in-
frared (IR) spectroscopy is themost widely used technique in
investigating asphalt materials. ,e reason is that IR spec-
troscopy shows many outstanding advantages, including
being label-free, rapid, nondestructive, and low-cost, with
simple sample preparation [31–33]; however, in the above
analysis, the chemical structures of asphalt are qualitatively
analysed, mainly aiming at those of a certain or multiple
specific asphalt samples while lacking quantitative research
into the types of asphalt. ,e research into discrimination of
the types of asphalt, tracing of the production area, and
quality control of asphalt has not yet been reported.

,erefore, by utilising attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR), the
characteristic functional groups of asphalt from different
crude oil source were discriminated and quantitatively
analysed. Based on multivariate statistics, PCA and logistic
regression analysis were conducted on IR spectral data to

establish a discriminant function. An accurate, nonde-
structive, stable method of discriminating the crude oil
source of asphalt samples was explored, which provides a
scientific basis for realising reasonable selection, supervision
quality, and guaranteed origins of asphalt.

2. Experimental Raw Materials and Methods

2.1. Experimental Materials. During the experiment, 33
asphalt samples were purchased from factories in China for
producing asphalt. Before being applied, the asphalt samples
were sealed in original oxygen-free containers at 5°C to
prevent the samples from being oxidised. Additionally, all
asphalt samples were unprocessed before use. As mentioned
in Section 1, the differences in the “oil fingerprint” of asphalt
are determined by the crude oil from which it is produced.
Due to the same geological structure, oil generation con-
ditions, and age in the same region, the composition and
chemical structure of crude oil are also very similar.
,erefore, the “oil fingerprints” of asphalt produced by
crude oil from the same region are very similar, such as
crude oil from the Middle East Gulf region, including Saudi
Arabia, Iran, Kuwait, Iraq, and United Arab Emirates, crude
oil from South America, including Marry, Poscan, Maya,
and Castilla, and crude oil from the Bohai Rim region of
China, such as Bohai Bay, Huanxiling, and Caofeidian. ,e
crude oil of 33 asphalt samples came from the above three
regions. According to the names of the three regions, the
crude oil source of asphalt is divided into three categories:
Middle East, South America, and the Bohai Rim region of
China. ,e basic performance measures (penetration ratio
(ASTM D5), ductility ratio (ASTM D113), and softening
point (ASTM D36)) of asphalt and the crude oil source of
asphalt are listed in Table 1. It is worth noting that the last
digit of the asphalt number listed in Table 1 represents
different sampling batches of the same asphalt.

2.2. FTIR Analysis. ,rough ATR-FTIR (using a Cary 630
FTIR microscope), the IR spectra of asphalt samples were
explored. Within the range of 400–4,000 cm−1, 64 scans were
conducted, each at a resolution of 1 cm−1. ,e samples were
placed on the horizontal ATR crystal made of zinc selenide,
being subjected to multiple reflections. After each operation,
the ATR crystal was cleaned using acetone.

,e original spectrum data were first subjected to
baseline correction by applying the OMNIC software to
eliminate baseline effects. Afterwards, based on the stand-
ardised variation diagram of preprocessed spectrum data,
the difference in masses of different samples was eliminated.

2.3. Multivariate Statistical Analysis. ,rough the combi-
nation of principal component analysis (PCA) and multiple
logistic regression analysis, the infrared spectrum data are
analysed to establish the discrimination model of the crude
oil source of asphalt. Logistic regression analysis is a mul-
tivariate analysis method to analyse and predict attribute-
dependent variables based on single or multiple continuous
or attribute-independent variables. Furthermore, each
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variable is required to be independent of each other in
variable screening and parameter estimation. In many
studies, there is a certain degree of linear dependence be-
tween their variables, which is called multicollinearity. ,is
multiple collinear relationshipmay increase themean square
error and standard error of the estimated parameters, which
leads to the instability of the analysis results of the logistic
regression model. ,e main reason for the problem of
multicollinearity is the overlap of information. However,
PCA can reduce the repeatability of information and achieve
the purpose of eliminating multicollinearity by extracting
independent principal components from explanatory
variables.

For this reason, this study used a multinomial logistic
regression model based on PCA to improve the discrimi-
nation accuracy of the model. First of all, the PCA was used
to reduce the dimension of the CAPs variables of the infrared

spectrum, so that the variables with strong correlation were
integrated into the same principal components. ,e prin-
cipal components were independent of each other; thus, the
multiple collinear relationship between variables was
eliminated. ,en, by using these principal components as
independent variables, the discriminant model of crude oil
source of asphalt was obtained by logistic regression analysis.

2.3.1. PCA Analysis. PCA refers to a simplification of
multidimensional data to several relevant variables (prin-
cipal components) through a dimension reduction ap-
proach. Each principal component reflects most of the
information of original variables, and the contained infor-
mation is not repeated. PCA can compress countless in-
formation and simplify complex problems [34]. ,e
modelling process of PCA is as follows:

Table 1: Basic properties and crude oil source of asphalt.

Asphalt
number

Asphalt
name1

Penetration
(0.1mm)

Ductility (cm,
10°C)

Softening point
(°C) Source Category

1 MM-1 79.6 65.7 47.3 Middle East (Saudi Arabia) 1
2 Q-1 75.4 >100 46.5 South America (Marry & Poscan) 2
3 SK (BY)-1 69.7 52.2 46.9 Middle East (Saudi Arabia) 1
4 Q-2 61.5 39.0 48.5 South America (Marry & Poscan) 2
5 SL-1 63.4 47.5 47.0 Middle East (Saudi Arabia) 1
6 CMR-1 67.5 >100 47.2 South America (Marry) 2
7 LH-1 76.6 >100 45.6 South America (Marry & Poscan) 2
8 QPK-1 61.8 >100 46.8 Middle East (Iran) 1
9 MM-2 61.1 16.0 49.6 Middle East (Saudi Arabia) 1
10 QP-1 68.9 33.2 48.7 Middle East (Kuwait) 1
11 JB-1 67.3 74.0 47.5 South America (Marry & Poscan) 2
12 SK (XY)-1 71.5 47.9 47.2 Middle east (Saudi Arabia) 1
13 ZH-1 67.4 13.5 48.1 South America (Maya & Castilla) 2
14 JL-1 64.2 35.6 48.2 Middle East (Kuwait) 1
15 HR-1 63.2 85.2 48.6 South America (Marry & Poscan) 2
16 AS-1 62.1 84.3 47.4 Middle East (Saudi Arabia) 1
17 XT-1 62.7 23.9 48.8 Middle East (Saudi Arabia) 1
18 ZH-2 64.0 >100 50.1 South America (Maya& Castilla) 2
19 LH-2 69.0 >100 47.0 South America (Marry & Poscan) 2
20 QL-1 64.0 21.3 50.0 Middle east (Kuwait) 1

21 KL-1 79.8 >100 47.2 Bohai Rim region of China (Bohai
Bay) 3

22 KL-2 61.0 57.8 49.5 Bohai Rim region of China (Bohai
Bay) 3

23 SL-2 65.0 30.0 49.2 Middle East (Saudi Arabia) 1
24 SK (NB)-1 71.0 47.9 48.4 Middle East (Saudi Arabia) 1
25 Q-3 75.0 >100 47.3 South America (Marry & Poscan) 2

26 DSZ-1 69.0 >100 50.0 Bohai Rim region of China
(Huanxiling) 3

27 CMR-2 68.2 >100 47.9 South America (Marry) 2
28 JB-2 64.6 74.0 46.3 South America (Marry & Poscan) 2
29 ZH-3 63.5 >100 51.2 South America (Maya & Castilla) 2
30 LH-3 68.7 >100 47.9 South America (Marry & Poscan) 2

31 DSZ-2 78.4 >100 48.6 Bohai Rim region of China
(Huanxiling) 3

32 SZ-1 61.9 57.8 49.3 Bohai Rim region of China (Bohai
Bay) 3

33 SZ-2 68.0 >100 50.9 Bohai Rim region of China (Bohai
Bay) 3

1In this column, 1, 2, and 3 indicate the different sampling batches of the same asphalt.
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(1) Calculation of the correlation coefficient matrix:

R �

r11 r12 · · · r1p

r21 r22 · · · r2p

⋮ ⋮ ⋮

rp1 rp2 · · · rpp

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (1)

where rij(i, j � 1, 2, . . . , p) refers to the correlation
coefficient of original variables Xi and Xj, rij � rji,
which can be calculated by using the following formula:

rij �


n
k�1 Xki − Xi(  Xkj − Xj 

�����������������������������


n
k�1 Xki − Xi( 

2


n
k�1 Xkj − Xj 

2
 . (2)

(2) Calculating eigenvalues and eigenvectors:
,e characteristic equation |λI − R| � 0 was solved.
Generally, the eigenvalues were calculated by using
the Jacobi method and, in descending order are
λ1 ≥ λ2 ≥ · · · ≥ λp ≥ 0. ,e eigenvectors ei(i � 1, 2,

. . . , p) corresponding to eigenvalue λ1 were sepa-
rately calculated, satisfying ‖ei‖ � 1, that is,


p

j�1 e2ij � 1, where eij denotes the jth component of
vector ei.

(3) Calculating contribution and cumulative contribu-
tion of principal components:

contribution :
λi


p

k�1 λk

, (i � 1, 2, . . . , p),

(3)

cumulative contribution :


i
k�1 λk


p

k�1 λk

, (i � 1, 2, . . . , p).

(4)

In general, the eigenvalues with the cumulative
contribution not lower than 70% are taken.
λ1, λ2, . . . , λm are the corresponding first, second, . . .,
mth (m≤p) principal components.

(4) Calculating the loads of principal components:

lij � p Zi, Xj  �
����
λieij


. (i � 1, 2, . . . , p). (5)

(5) Scores of various principal components:

Z �

z11 z12 · · · z1m

z21 z22 · · · z2m

⋮ ⋮ ⋮

zn1 zn2 · · · znm

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (6)

2.3.2. Logistic Regression Analysis. Logistic regression is a
multivariate analysis method for investigating the rela-
tionship between binominal or multinomial observation
results (dependent variable) and influencing factors (inde-
pendent variable), belonging to probabilistic nonlinear re-
gression methods. ,e logistic regression when the

dependent variable only shows two or more states belongs to
binomial logistic regression and multinomial logistic re-
gression, respectively [35, 36]. For discriminating and
classifying the crude oil of asphalt, multinomial logistic
regression is applied to conduct data analysis, owing to the
crude oil of asphalt being sourced from the Bohai Rim region
of China, South America, and the Middle East.

(1) Model fitting:
For multinomial logistic regression, a certain level of
dependent variables is defined as the reference level
herein. Compared with the other levels, i-1 (i refers
to the number of dependent variables) generalised
logistic regression models were fitted. By taking
three-level dependent variables as an example, it is
supposed that the values of dependent variables are 1,
2, and 3: the probabilities corresponding to the values
are π1, π2, and π3, respectively. Based on m-inde-
pendent variables, two models are fitted as follows:

logit
π1

π3
� α1 + β11X1 + β12X2 + . . . + β1mXm, (7)

logit
π2

π3
� α2 + β21X1 + β22X2 + . . . + β2mXm. (8)

(2) Meaning of regression parameters:
For multinomial logistic regression, each indepen-
dent variable contains (m − 1) parameters. ,e pa-
rameter β1m represents an independent variable xm

that changes one unit on the premise that other
independent variables remain unchanged, and it
reflects the variation of the log-odds ratio (OR) of
class i. ,e OR is subjected to logarithmic trans-
formation to obtain the linear mode (ln(pi/1 − pi) �

β0 + β1X1 + β2X2 + . . . + βnXn) of the logistic re-
gression model.

3. Results and Discussion

3.1. Establishment of Discrimination Indices for Crude Oil
Source of Asphalt. FTIR is an important means of iden-
tifying organic compounds. When irradiating organics
using the IR light, the molecules absorb the IR light
leading to vibrational energy level transition, and dif-
ferent chemical bonds or functional groups show diverse
absorption frequencies. ,e contents of various mate-
rials are reflected in their IR absorption spectra, which
can be quantitatively analysed according to peak location
and absorption intensity. ,e structural composition of
asphalt is complex, and asphalt shows significant dif-
ferences in behaviour. For these reasons, it fails to ef-
fectively characterize the difference of behaviours of
asphalt from different crude oil only by quantitatively
comparing the peak areas of IR spectrograms. ,erefore,
by observing the shapes and locations of IR spectro-
grams, 12 significant characteristic absorption peaks
(CAPs) were selected to analyse the transmittances of
absorption peaks.
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,e IR absorption spectra of 33 asphalt samples are
similar. By using the mean value method, the mutual
mode of the IR spectrogram of all asphalt samples was
constructed (Figure 1): the assignments of 12 character-
istics peaks are as follows: the strong absorption peaks
around 2850 cm−1 and 2920 cm−1 are triggered by the
stretching vibration of CH2, and a very weak absorption
peak around 1700 cm−1 is induced by the stretching vi-
bration of C�O. Moreover, the vibration of the benzene
ring leads to the absorption peak in the vicinity of
1600 cm−1, and the absorption peaks at 1380 cm−1 and
1460 cm−1 are caused by the bending vibration of CH3.,e
fingerprint region appears below 1300 cm−1, in which the
absorption peaks at 1166 cm−1 and 1032 cm−1 are trig-
gered by the stretching vibrations of C�S and S�O, re-
spectively.,e stretching vibration of CH results in a weak
absorption peak around 969 cm−1, while the absorption
peaks at 872 cm−1 and 812 cm−1 are induced by vibrations
of an isolated hydrogen and two adjacent hydrogen atoms
on the benzene ring, respectively. Additionally, the ab-
sorption peak at 723 cm−1 is also caused by the stretching
vibration of CH2.

3.2. Analysis of Predictive Variables Based on Descriptive
Statistics. ,e IR spectra of all asphalt samples are similar,
and it is difficult to distinguish the differences among asphalt
samples by comparing spectrograms alone. Hence, 12 sig-
nificantly different CAPs were selected from the spectro-
grams to describe the transmittances of absorption peaks
based on descriptive statistics. From two aspects of cen-
tralised location (including indices such as average and
median) and degree of dispersion (including indices such as
extreme value), the samples are described so as to reflect
spectrographic data (Table 2).

In Table 2, according to the analysis result of descriptive
statistics on the transmittances of 12 CAPs, it can be seen
that the asphalt produced by crude oil from the Bohai Rim
region of China showed a larger transmittance. By contrast,
the transmittances of asphalt produced by crude oil from the
Middle East and South America were consistently low.
However, it is impossible to distinguish the oil source of
asphalt based on the descriptive statistics of infrared spectral
transmittance of asphalt. ,erefore, it is necessary to in-
troduce multivariate statistical analysis methods, such as
multinomial logistic regression analysis based on PCA de-
scribed in Section 2.3.

3.3. Correlation Analysis of Predictive Variables.
Correlation analysis aims to explore the correlation among
multiple variables, which is also an important parameter for
evaluating the fingerprint variables of asphalt [37]. In order
to further evaluate whether the selected 12 variables were of
sufficient significance to the prediction model, a correlation
analysis of the 12 CAP variables was required. Generally,
correlation analysis is conducted by applying Pearson and
Spearman correlation coefficients. ,e Pearson correlation

coefficient is generally applicable to data satisfying a normal
distribution, and the Spearman correlation coefficient is
employed for data that do not satisfy a normal distribution.
,erefore, before the correlation test, it is necessary to test
the normal distribution of 12 variables to determine the
appropriate correlation test method.

By using the skewness-kurtosis test method, whether
the transmittances of the 12 CAPs of 33 asphalt samples
conform to a normal distribution was assessed, and
through the K-S test as an auxiliary analysis method, the
accuracy of the test results was ensured [38, 39]. ,e 12
variables were processed by importing them into SPSS19
(Tables 3 and 4).

It can be seen from Table 3 that the values of skewness
and kurtosis of transmittances of the 12 CAPs of all asphalt
samples produced by three origins of oil fluctuate within a
certain small positive and negative range around zero. It can
be further seen from Table 4 that the asymptotic signifi-
cances of the 12 variables all exceed 0.05. Moreover, based on
the result of the skewness-kurtosis test, it can be considered
that the 12 variables of 33 asphalt samples all conform to a
normal distribution, which provides a basis for determining
the method for testing correlation among variables.
,erefore, the Pearson correlation coefficient is used to
analyse the correlation between variables (Table 5).

As shown in Table 5, the IR CAP at 2850 cm−1 showed a
significant correlation with those at 2920, 1460, and
723 cm−1, respectively. Additionally, there are significant
correlations between each IR CAP at 1700, 1600, 1460, 1380,
1166, 1032, 969, 872, 812, and 723 cm−1. Moreover, multiple
CAPs exhibited a high correlation. ,e aforementioned
CAPs with high correlation covered all 12 CAPs. ,is
showed that the 12 selected CAPs contained most of the
fingerprint information about the asphalt, thus providing a
basis for selecting variables capable of discriminating the
different crude oil sources of asphalt.
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Figure 1: ,e common mode of infrared fingerprints of the
asphalt.
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3.4. Establishment of Logistic Regression and Discriminant
Model Based on PCA

3.4.1. PCA on All Variables. According to the correlation
analysis of variables, it can be seen that the information
contained in the 12 CAPs shows a certain repeatability. PCA
not only can remove repeated information but can retain key
information, thus realising dimension reduction. Further-
more, it makes the modelling for logistic regression and
discrimination more reliable due to reducing the distur-
bance caused by accidental factors.

,e transmittances of the 12 CAPs of 33 asphalt samples
are input into the SPSS19 software for PCA. ,e results are
displayed in Table 6 and Figure 2. As shown in Table 6, there

Table 2: Descriptive statistics analysis of the 12 CAPs.

Statistical indicators Oil source Average value Median value Maximum value Minimum value

2920–1
Middle East 52.10 51.62 55.46 49.83

South America 55.85 54.20 61.02 53.29
Bohai Rim region of China 54.39 53.29 56.64 53.23

2850–1
Middle East 59.82 59.51 63.60 58.43

South America 63.26 62.39 67.38 60.74
Bohai Rim region of China 62.97 62.36 64.88 61.69

1700–1
Middle East 91.07 91.14 91.96 89.28

South America 91.46 91.50 92.29 90.83
Bohai Rim region of China 92.92 92.41 94.06 92.29

1600–1
Middle East 87.31 87.37 88.25 85.10

South America 87.67 87.49 88.74 87.20
Bohai Rim region of China 90.66 90.26 91.63 90.08

1460–1
Middle East 68.71 68.64 70.10 67.64

South America 69.81 69.81 71.68 68.27
Bohai Rim region of China 72.03 72.18 72.24 71.67

1380–1
Middle East 75.51 75.48 76.95 74.08

South America 76.11 76.12 77.26 74.77
Bohai Rim region of China 78.51 78.50 78.96 78.07

1166–1
Middle East 85.26 85.41 86.33 83.43

South America 85.88 85.91 86.84 84.65
Bohai Rim region of China 89.48 89.10 90.25 89.08

1032–1
Middle East 84.37 84.49 86.35 82.29

South America 85.78 86.30 86.80 82.57
Bohai Rim region of China 90.10 89.81 90.68 89.81

969–1
Middle East 86.53 86.72 87.73 84.97

South America 87.28 87.22 88.10 85.98
Bohai Rim region of China 90.33 90.15 90.69 90.14

872–1
Middle East 83.74 83.93 84.64 81.00

South America 84.86 84.67 86.09 83.79
Bohai Rim region of China 88.97 88.53 89.86 88.50

812–1
Middle East 80.73 81.12 81.85 77.23

South America 82.70 82.79 83.88 80.40
Bohai Rim region of China 88.63 88.24 89.43 88.21

723–1
Middle East 78.18 78.14 80.74 76.17

South America 81.32 81.38 82.70 78.25
Bohai Rim region of China 85.61 84.90 87.15 84.78

Table 3: ,e skewness-kurtosis test of the 12 CAPs.

Statistical indicators (cm−1) Skewness Kurtosis
2920 1.123 1.279
2850 0.797 0.130
1700 0.713 1.241
1600 1.120 1.379
1460 0.509 −1.149
1380 0.509 −0.728
1166 1.129 0.600
1032 0.737 −0.213
969 0.926 0.074
872 1.052 0.735
812 0.975 0.245
723 0.651 0.459
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are three principal components whose eigenvalues exceed
one.,e first, second, and third principal components explain
77.658%, 15.498%, and 3.508% of the nature of the original
variables, respectively. ,e cumulative variance contribution
of the three principal components is 96.664% (research shows
that there is a high explanation rate when the cumulative
contribution is higher than 70%). It can be seen from the scree

plot (Figure 2) that the broken lines of the first three principal
components are steep while later tending to become shal-
lower. ,is further indicates that it is appropriate to extract
the three principal components (PCA1, PCA2, and PCA3).
According to the correlation coefficients between the prin-
cipal component and the original variables, the principal
componentsY1,Y2, andY3 are separately expressed as follows:

Y1 � 0.035x1 + 0.055x2 + 0.095x3 + 0.103x4 + 0.098x5 + 0.097x6 + 0.104x7 + 0.100x8 + 0.104x9
+ 0.106x10 + 0.106x11 + 0.102x12,

(9)

Y2 � 0.503x1 + 0.449x2 − 0.088x3 − 0.056x4 + 0.128x5 − 0.001x6 − 0.115x7 − 0.138x8 − 0.120x9

− 0.042x10 − 0.049x11 + 0.069x12,
(10)

Y3 � −0.025x1 + 0.393x2 + 0.527x3 + 0.049x4 − 0.781x5 − 0.997x6 + 0.004x7 + 0.305x8 − 0.025x9

+ 0.129x10 + 0.069x11 + 0.471x12,
(11)

where x1, x2, . . . , x12 represent the transmittances of CAPs
at 2920, 2850, 1700, 1600, 1460, 1380, 1166, 1032, 969, 872,
812, and 723 cm−1, respectively.

3.4.2. :e Process and Result of Multinomial Logistic
Analysis. By substituting the transmittances of the 12 CAPs
of 33 asphalt samples into formulae (9–11), the scores of the

Table 6: Result of principal component analysis.

Number of principal components Eigenvalue Variance contribution (%) Cumulative variance contribution (%)
1 9.319 77.658 77.658
2 1.860 15.498 93.156
3 1.017 3.508 96.664
4 0.255 2.123 98.787
5 0.081 0.677 99.464
6 0.031 0.256 99.720
7 0.019 0.159 99.879
8 0.006 0.051 99.931
9 0.004 0.033 99.964
10 0.003 0.021 99.985
11 0.002 0.013 99.998
12 0.000 0.002 100.000
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Figure 2: Analysis of the scree plot of principal components.
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three principal components can be calculated (Table 7).
Moreover, the scores of the principal components are taken
as factors, and three kinds of origins of asphalt are con-
sidered as dependent variables. Among them, the crude oil
from the Bohai Rim region of China is regarded as a ref-
erence group to establish a multinomial logistic regression

model based on principal components. On this basis, the
parameters of the three principal components used for the
logistic regression model are obtained.

Based on the parameter from regression, the logistic
regression model can be obtained as follows:

logitp1 � 17.130 − 40.988Y1 + 5.758Y2 − 1.788Y3,

logitp2 � 22.543 − 21.163Y1 + 9.509Y2 + 0.024Y3,

logitp3 � 0(reference group),

(12)

where p1, p2, andp 3 refer to the probabilities of crude oil
sources (the Middle East, South America, and Bohai Rim
region of China) of asphalt and Y1, Y2, and Y3 denote the
first, second, and third principal components, respectively.

By substituting expressions (9), (10), and (11) into ex-
pression (12), the expression (formula (13)) for

characterising the relationship between the logistic regres-
sion model and the 12 variables can be acquired. During
discrimination and prediction, the probabilities of crude oil
sources of asphalt can be separately acquired by substituting
the transmittances of the 12 CAPs of the asphalt. ,e
maximum probability corresponds to the predicted origin:

Table 7: ,e scores of each principal component.

Asphalt number Asphalt name2 PCA1 PCA2 PCA3
1 MM-1 −0.446 −0.840 −0.024
2 Q-1 −0.537 0.876 1.484
3 SK (BY)-1 −0.870 −0.225 −0.392
4 Q-2 −0.383 0.118 −1.233
5 SL-1 −0.986 0.240 −0.471
6 CMR-1 −1.796 0.963 −0.386
7 LH-1 −0.865 −1.151 0.438
8 QPK-1 −0.123 −0.995 −0.555
9 MM-2 −1.042 −0.455 −0.089
10 QP-1 −0.593 −1.212 −0.046
11 JB-1 −0.742 −1.037 −0.711
12 SK (XY)-1 −1.152 −0.335 0.338
13 ZH-1 −0.470 −0.919 −0.641
14 JL-1 −0.113 −0.717 −1.306
15 HR-1 −0.523 −0.757 0.423
16 AS-1 −0.316 −0.098 1.739
17 XT-1 −0.268 0.156 2.187
18 ZH-2 0.418 2.666 −0.827
19 LH-2 −0.434 2.149 −1.062
20 QL-1 −0.451 0.336 0.688
21 KL-1 0.175 −0.225 −0.545
22 KL-2 −0.153 0.221 0.312
23 SL-2 0.627 1.081 0.147
24 SK (NB)-1 −0.268 0.156 2.187
25 Q-3 0.418 2.666 −0.827
26 DSZ-1 0.175 −0.225 −0.545
27 CMR-2 −0.153 0.221 0.312
28 JB-2 1.536 −0.789 −0.679
29 ZH-3 1.626 −0.611 −1.122
30 LH-3 2.273 0.072 1.503
31 DSZ-2 1.536 −0.789 −0.679
32 SZ-1 1.626 −0.611 −1.122
33 SZ-2 2.273 0.072 1.503
2In this column, 1, 2, and 3 indicate the different sampling batches of the same asphalt.
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logitp1 � 17.130 + 1.506x1 − 0.372x2 − 5.343x3 − 4.632x4 − 1.883x5 − 2.199x6

− 4.932x7 − 5.439x8 − 4.909x9 − 4.817x10 − 4.750x11 − 4.626x12,

logitp2 � 22.543 + 4.042x1 + 3.115x2 − 2.835x3 − 2.711x4 − 0.876x5 − 2.086x6

− 3.294x7 − 3.421 − 3.343x9 − 2.640x10 − 2.708x11 − 1.491x12,

logitp3 � 0(reference group).

(13)

Additionally, to validate whether the model shows ade-
quate practical meaning, it is necessary to test the goodness of
fit, pseudo R-squared, and likelihood ratio of the model. ,e
tests (including the Pearson chi-square test and the deviance
chi-square test) of goodness of fit can test whether the model
fits the original data, or not. If the significance level exceeds
0.05, the fitting effect is favourable.,e pseudoR-squared value
can verify the degree of explanation offered by the model for
information contained in its original variables, which is shown
in Cox, Nagelkerke and McFadden pseudo R-squared values.
,e closer the result is to 1, the better the explanation. ,e
likelihood ratio test measures the contribution of original
variables to the model. If the significance level is lower than
0.05, the contribution of original variables is high.

According to the test result (Table 8) obtained through
use of the logistic regression model, the goodness of fit,
pseudo R-squared, and likelihood ratio of the model all
satisfy test requirements. ,is indicates that the extracted
principal components PCA1, PCA2, and PCA3 also retain
key information about the data while effectively realising
dimension reduction, which makes a significant contribu-
tion to the construction of the logistic regression model. ,e
final result obtained through model regression is also
meaningful.

3.4.3. Validation of Discriminatory Effect of the Model.
By taking IR CAPs of 33 original asphalt samples as veri-
fication samples, the discrimination effect obtained through

the multinomial logistic regression model in multivariate
statistical analysis was evaluated by applying formula (13).
,e discrimination result of multinomial logistic regression
in multivariate statistical analysis is shown in Table 9.

As shown in Table 9, discrimination accuracies of 15, 12,
and six asphalt samples separately produced by crude oil
sourced from the Middle East, South America, and Bohai
Rim region of China are 93.3%, 91.7%, and 100%, respec-
tively. ,e comprehensive discrimination accuracy is 93.9%.
,e above result showed that multivariate logistic regression
analysis based on PCA can rapidly discriminate the origins
of asphalt.

4. Conclusions

Based on ATR-FTIR technology, the infrared spectra of 33
kinds of asphalt produced by crude oil from the Middle East,
South America, and Bohai Rim region of China were col-
lected. Furthermore, the 12 selected CAPs of infrared spectra
were analysed by multivariate statistics. ,e comprehensive
accuracy of the logistic regression model based on PCA in
discriminating asphalt, which were produced by crude oil
from three different regions reached 93.9%. ,e results
indicated that the combination of ATR-IR spectral analysis
and multivariate statistics can accurately and nondestruc-
tively discriminate between different crude oil source of
asphalt. Moreover, the method shows some remarkable
advantages, including ease of operation, rapidity, and high

Table 8: ,e test of the logistic regression model.

Test of goodness of fit
Coefficient Chi-square Significance level
Pearson 5.502 1
Deviance 6.078 1

Test of pseudo R-squared Cox and Snell Nagelkerke McFadden
0.849 0.971 0.971

Test of likelihood ratio

Parameter Chi-square Significance level
B 13.521 0.001
F1 47.335 0.000
F2 8.554 0.014
F3 3.389 0.042

Table 9: ,e discrimination result of multinomial logistic regression.

Observed value
Predicted value

Middle East South America Bohai Rim region of China Discrimination accuracy (%)
Middle East 14 1 0 93.3
South America 1 11 0 91.7
Bohai Rim region of China 0 0 6 100.0
Percentage (%) 45.5 36.4 18.2 93.9
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accuracy, which is important when controlling the origins
and quality of asphalt and improving the performance
thereof.

,e method provided in this paper is suitable for the oil
source identification of base asphalt produced by crude oil
from different regions and can also provide reference for
other kinds of asphalt, such as polymer-modified asphalt.
However, the accuracy and applicability of this method need
to be further improved. In particular, whether the asphalt
produced by crude oil mixing from different regions can be
effectively identified needs further research.
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(is paper is devoted to the introduction of physicochemical, filler size, and distribution effect in micromechanical predictions of
the overall viscoelastic properties of asphalt mastic. In order to account for the three effects, the morphologically representative
pattern (MRP) approach was employed. (e MRP model was improved due to the arduous practical use of equivalent modulus
formula solution.(en, a homogeneousmorphologically representativemodel (H-MRP) with the explicit solution was established
based on the homogenization theory. Asphalt mastic is regarded as a composite material consisting of filler particles coated
structural asphalt and free asphalt considering the physicochemical effect. An additional interphase surrounding particles was
introduced in the H-MRP model. (us, a modified H-MRP model was established. Using the proposed model, a viscoelastic
equation was derived to predict the complex modulus and subsequently the dynamic modulus of asphalt mastic based on the
elastic-viscoelastic correspondence principle. (e dynamic shear rheological tests were conducted to verify the prediction model.
(e results show that the predicted modulus presents an acceptable precision for asphalt mastic mixed with 10% and 20% fillers
volume fraction, as compared to the measured ones.(e predictedmodulus agrees reasonably well with the measured ones at high
frequencies for asphalt mastic mixed with 30% and 40% fillers volume fraction. However, it exhibits underestimated modulus at
low frequencies. (e reasons for the discrepancy between predicted and measured dynamic shear modulus and the factors
affecting the dynamic shear modulus were also explored in the paper.

1. Introduction

Asphaltic material is a typical rheological material. Asphalt
mastic is regarded as a composite material consisting of
asphalt and fillers, which plays an essential role in the
binding between aggregates in asphalt mixture. Dynamic
shear modulus is the leading indicator to evaluate the vis-
coelastic properties of asphalt mastic. A large number of
dynamic shear rheological tests have been conducted to
explore the influence of different asphalt and fillers on the
dynamic shear modulus of asphalt mastic [1–3]. However,
plenty of factors are influencing the viscoelastic properties of
asphalt mastic, and it is unrealistic and uneconomic to
analyze these factors through a large amount of tests.(us, it

is necessary to propose the prediction methods that can be
used to obtain the dynamic shear modulus of asphalt mastic.

(e empirical prediction models were proposed under
the support of NCHRP, including theWitczak 1–37Amodel,
improved Witczak model, and NCHRP 1–40D model [4–6].
In order to provide the parameters of asphalt binder for the
prediction model of asphalt mixtures, an empirical pre-
diction model for the dynamic shear modulus of asphalt
binder was established by Bari and Witczak [7]. However,
the model was adopted under specific conditions in the
United States, and it may not be applicable in other regions.
(erefore, it is necessary to get rid of the empirical method
and predict themacroscopic properties from the volume and
mechanical properties of the components. (e
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micromechanics method of composite materials provides a
reliable method for this work.

(e classical micromechanical methods of composite
materials, including composite sphere model [8], self-con-
sistent model [9], generalized self-consistent model
(Christensen Lo model) [10], and Mori Tanaka method [11],
have been widely used in the equivalent properties pre-
diction of the particle and fiber-reinforced composite ma-
terials. Some scholars applied these classical
micromechanical methods to establish the micromechanical
model of asphalt mixtures. Pang et al. utilized a composite
sphere model to predict the elastic modulus of the asphalt
mixture [12]. Luo et al. adopted the self-consistent model
and generalized self-consistent model to predict the dynamic
modulus of the asphalt mixture [13, 14]. Zhu et al. presented
a micromechanical model considering the effect of the in-
terface between asphalt and aggregate [15, 16].

Asphalt mastic was considered as a known matrix in the
above prediction models. (e modulus test of asphalt mastic
should be conducted repeatedly to provide the input pa-
rameters for the models due to the variety of the fillers
concentration. (erefore, it is also necessary to establish the
micromechanical model of asphalt mastic. Asphalt mastic is
regarded as a composite material composed of spherical filler
particles embedded in asphalt binder. A lot of different
methods have been presented to establish the micro-
mechanical model of asphalt mastic. Yin et al. applied four
micromechanics methods, that is, dilution model, self-
consistent model, generalized self-consistent model, and
Mori Tanaka method, to predict the dynamic shear modulus
of asphalt mastic [17]. Underwood and Kim presented 12
existing micromechanical methods to predict the dynamic
shear modulus of asphalt mastic [18]. However, the results
show that the micromechanical model considerably un-
derestimates the viscoelastic properties of asphalt mastic.

(e percolation effect of fillers and asphalt is considered
by Shashidhar and Shenoy [19]. (ere is an increasing
probability of the particles touching one another and the
filler becoming percolated; then a modified method was
proposed for the prediction model by percolation theory.
(ey use the calculation to suggest that percolation phe-
nomenon onset occurs at 2%–10%. However, the me-
chanical data compiled by multiple scholars suggest that a
filler concentration of approximately 42% is more appro-
priate for asphalt mastics [20–22]. Li et al. utilized Ju-Chen
model to predict the dynamic shear modulus of asphalt
mastic considering the interparticle interaction [23].
However, the interaction between fillers is difficult to
measure, and it is not easy to judge whether it actually
occurred. (erefore, it is necessary to ascertain the interior
structural components and interaction mechanism of as-
phalt mastic and to establish a targeted micromechanical
model.

An experiment was conducted by Davis and Castorena
using atomic force microscopy [24]. (e microscopic var-
iation of asphalt near the filler particle surface was founded,
which indicated that the physicochemical effect has occurred
between the fillers and asphalt. (e physicochemical process
of selective adsorption of the asphalt binder compounds by

the aggregate particles occurring in asphaltic composites is
also widely reported [25–27]. A structural asphalt layer will
be formed on the surface of the fillers under the physico-
chemical effect; thus, a four-phase micromechanical model
of asphalt mastic was proposed by Underwood and Kim [18].
(e model is based on the classical n-layer sphere model
derived from point-approaches, according to which the
Representative Volume Element (RVE) is defined through
some statistical information on points belonging to such or
such phase. It is meaningless to endow them with any in-
dividual geometrical or physical specific property of these
phase elements, such as their size, their mutual distances, or
their superficial area. (us, the influence of the particle size
and distribution of fillers were not taken into consideration
in the four-phase micromechanical model.

In order to consider the distribution and size effects in
micromechanical predictions model, a morphologically
representative pattern (MRP) approach has been proposed
for composite materials [28, 29], which could be applied for
asphalt mastic. (e objective of this paper strives to establish
a new micromechanical model considering the physico-
chemical, filler size, and distribution effect based on theMRP
approach. (e new proposed model is used to predict the
dynamic shear modulus of asphalt mastic, and the prediction
results were compared with the experiment results of the
asphalt mastic with different filler volume fractions to val-
idate its applicability. In additions, the influence of model
parameters on the prediction results is also analyzed.

2. Micromechanical H-MRP Model

Marcadon et al. proposed a morphology representative
pattern (MRP) model considering distribution and size
effects in micromechanical predictions of the overall elastic
moduli of particulate composite materials [28]. (e com-
position of MRP model comes from the composite sphere
model [8]. However, the spherical particles with different
particle sizes are replaced by a series of spherical particles
with the same particle size. (e MRP model consists of
matrix-coated spheres (two-phase pattern) and the
remaining matrix (pure matrix pattern); see Figure 1.

(e far-field uniform strain of two patterns is equal to
the total strain, 〈ε〉 � E. Marcadon et al. obtained the
equivalent modulus solution formula of the MRP model
characterized by nonlinear equations [28]. Although
mathematical software such as Mathematica can be used for
auxiliary calculation, some negative solutions appear fre-
quently, which make it difficult to be applied. (e ho-
mogenization method is employed to improve the MRP
model. (e two-phase pattern in the MRP model is ho-
mogenized into an equivalent medium by using the gen-
eralized self-consistent method. Subsequently, the medium
is put into the remaining matrix. (e self-consistent method
is applied for homogenization into the equivalent composite
material. (us, an improved model is established, called
homogenized MRP model (H-MRP), as shown in Figure 2.

According to theMRP approach, each pattern consists of
one particle surrounded by a concentric shell of the matrix of
variable thickness depending on the packing density, with an
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additional pattern of the residual pure matrix. (e shell
thickness may then be correlated with the mean distance
between nearest-neighbor particles, say λ. (e first two
patterns are made of two concentric spheres, with a particle
at the core and a shell, with the thickness Rm − Ri � (λ/2),
constituted with the pure matrix. (erefore, the volume
fraction of particles in the two-pattern approach ci is cal-
culated as

ci �
fi

cH

�
R3

i

R3
m

�
R3

i

Ri +(λ/2) 
3 �

1
1 + λ/ 2Ri( 

3
  

, (1)

where fi is the volume fraction of inclusions; cH is the volume
fraction of two-phase pattern; Ri and Rm are the particle and
matrix radius, respectively. From equation (1), it is apparent
already that the effective properties simultaneously depend
on the particle size Ri and on the mean distance λ through
the ratios (λ/(2Ri)), so that (λ/(2Ri)) is defined as the
particle distribution coefficient. It is an important parameter
reflecting particle distribution characteristics.

According to the composite sphere (CS) model [8], the
bulk modulus of the equivalent medium KH can be obtained
by

KH � Km +
ci Ki − Km(  3Km + 4Gm( 

3Km + 4Gm + 3 1 − ci(  Ki − Km( 
, (2)

where Ki and Km are the bulk moduli of inclusions and
matrix, respectively; Gm is the shear modulus of the matrix.

According to the generalized self-consistent (GSC)
model [10], the shear modulus of the equivalent medium GH
is given by

A
GH

Gm

 

2

+ 2B
GH

Gm

  + C � 0, (3)

where A, B, and C are functions related to the modulus and
volume fraction of particles and matrix, expressed as

A � 8
Gi

Gm

− 1  4 − 5]m( η1c
10/3
i

− 2 63
Gi

Gm

− 1 η2 + 2η1η3 c
7/3
i + 252

Gi

Gm

− 1 η2c
5/3
i

− 50
Gi

Gm

− 1  7 − 12]m + 8]2m η2ci + 4 7 − 10]m( η2η3,

(4)

B � − 2
Gi

Gm

− 1  1 − 5]m( η1c
10/3
i

+ 2 63
Gi

Gm

− 1 η2 + 2η1η3 c
7/3
i − 252

Gi

Gm

− 1 η2c
5/3
i

+ 75
Gi

Gm

− 1  3 − ]m( η2]mci +
3
2

15]m − 7( η2η3,

(5)

Equivalent composite

ParticleMatrix Two-phase pattern Pure matrix pattern

Equivalent composite

λ

Figure 1: MRP model.

λ

Equivalent composite

Equivalent
medium

RmRi

λ
λ/2

Figure 2: Homogenized MRP model (H-MRP model).
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C � 4
Gi

Gm

− 1  5]m − 7( η1c
10/3
i

− 2 63
Gi

Gm

− 1 η2 + 2η1η3 c
7/3
i + 252

Gi

Gm

− 1 η2c
5/3
i

+ 25
Gi

Gm

− 1  ]2m − 7 η2ci − 7 + 5]m( η2η3,

(6)

η1 � 49 − 50]i]m( 
Gi

Gm

− 1  + 35
Gi

Gm

]i − 2]m(  + 2]i − ]m(  ,

(7)

η2 � 5]i

Gi

Gm

− 8  + 7
Gi

Gm

+ 4 , (8)

η3 �
Gi

Gm

8 − 10]m(  + 7 − 5]m( , (9)

where ]m is Poisson’s ratio of the matrix.
(e equivalent shear modulus can be written in an

explicit expression as

GH �

�������
B2 − AC

√
− B

A
Gm. (10)

(e equivalent medium is embedded in the remaining
matrix. From equation (1), the volume fraction of equivalent
medium cH is given by

cH �
fi

ci

� fi 1 +
λ
2Ri

 

3

. (11)

According to the self-consistent (SC) model [9], the bulk
modulus Kc and shear modulus Gc of the composite can be
obtained as follows:

Kc � Km +
cH KH − Km(  3Kc + 4Gc( 

3KH + 4Gc

, (12)

Gc � Gm +
5cHGc GH − Gm(  3Kc + 4Gc( 

3Kc 3Gc + 2GH(  + 4Gc 2Gc + 3GH( 
. (13)

It can be found that the explicit expressions of the GSC
model and SC model are used to obtain the equivalent
modulus of the composite, which is convenient for engi-
neering application.

(e spherical particles and the matrix in the composite are
regarded as elastic materials. Let Young’s modulus ratio

(Ei/Em) � 10 andPoisson’s ratio ]i � ]m � 0.3; theMRPmodel
was employed to predict the equivalent modulus of composite
with different particle distribution coefficient by Majewski et al.
[29]. (e predicted results of H-MRP model are obtained by
using the same model parameters as the MRP model. (e
comparison results are shown in Figures 3(a) and 3(b).

It can be seen from Figure 3 that the prediction results of
H-MRP model proposed in this study are consistent with the
MRP model. (e predicted modulus of the H-MRP model is
between the GSC model and SC model. Since the predicted
results of the H-MRP model are related to the mean mini-
mum distance between nearest-neighbor particles λ, there are
two limit cases: (1) When λ� 0, the thickness of the particle-
coated matrix layer in the composite sphere is 0. (e
equivalent material is still spherical particles after homoge-
nization, which is equivalent to the self-consistent model.
(erefore, the upper limit of the H-MRP model is the SC
model. (2) When the particles in the composite sphere coated
the overall matrix, there is no remaining matrix, expressed as

λ
2Ri( 

� f
− (1/3)
i − 1. (14)

It is equivalent to the GSC model, so the lower limit of
the H-MRP model is the GSC model.

3. Micromechanical Model of Asphalt Mastic
considering the Physicochemical Effect

A structural asphalt layer on the surface of fillers should be
produced by physicochemical interaction between asphalt
and fillers, and the outside of it is a free asphalt layer without
physicochemical effect. (erefore, it is proposed to trans-
form the two-phase pattern of spherical filler particles coated
asphalt in H-MRP model into a three-phase pattern of fillers
coated structural and free asphalt. (e modified H-MRP
model is shown in Figure 4.

When studying distribution effects in Section 2, we al-
ready noticed (see Figure 2) that a GSCmodel and SC model
are chosen. A similar conclusion can be drawn with the 4-
phase model [30] when coated particles are dealt with (see
Figure 4). Let R1, R2, and R3 be, respectively, the radii of the
three different spheres in the composite sphere in Figure 4,
by beginning the numbering from the center of the com-
posite sphere.

(e effective moduli Keff and Geff of the equivalent
medium are then determined from equations (46) and (51)
of Herve and Zaoui [30].

Keff � K3 +
3K3 + 4G3( R3

2 K1 − K2( R3
1 3K3 + 4G2(  + K2 − K3( R3

2 3K1 + 4G2(  

3 K2 − K1( R3
1 R3

2 3K3 + 4G2(  + 4R3
3 G3 − G2(   + 3K1 + 4G2( R3

2 3R3
2 K3 − K2(  + R3

3 3K3 + 4G3(  
, (15)

Geff �

���������

B′
2

− A′C′


− B′

A′
G3,

(16)
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where R1, R2, and R3 are the radii of fillers, structural asphalt,
and free asphalt, respectively. A′, B′, and C′ are given by

A′ � 4R
10
3 1 − 2]3(  7 − 10]3( Z12 + 20R

7
3 7 − 12]3 + 8]23 Z42

+ 12R
5
3 1 − 2]3(  Z14 − 7Z23( 

+ 20R
3
3 1 − 2]3( 

2
Z13 + 16 4 − 5]3(  1 − 2]3( Z43,

(17)

B′ � 3R
10
3 1 − 2]3(  15]3 − 7( Z12 + 60R

7
3 ]3 − 3( ]3Z42

− 24R
5
3 1 − 2]3(  Z14 − 7Z23( 

− 40R
3
3 1 − 2]3( 

2
Z13 − 8 1 − 5]3(  1 − 2]3( Z43,

(18)

C′ � − R
10
3 1 − 2]3(  7 + 5]3( Z12 + 10R

7
3 7 − ]23 ]3Z42

+ 12R
5
3 1 − 2]3(  Z14 − 7Z23( 

+ 20R
3
3 1 − 2]3( 

2
Z13 − 8 7 − 5]3(  1 − 2]3( Z43,

(19)

Zαβ � P
(2)

α1
P

(2)

β2 − P
(2)

β1
P

(2)

α2 , (20)

P(n)
� 

3

k�1
Μ(k)

, (21)

Μ(k)
� L− 1

k+1 Rk( Lk Rk( , (22)
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Figure 3: Predicted results of themicromechanicalmodel under different particle distribution coefficients. (a)MRPmodel [29]. (b)H-MRPmodel
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with

Lk(r) �
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6]k

1 − 2]k
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. (23)

(e viscoelastic properties of the equivalent medium can
be directly converted from the elastic solutions from the
micromechanical models using the elastic-viscoelastic cor-
respondence principle. (e correspondence principle states
that the effective complex material properties for a visco-
elastic material can be obtained by replacing the elastic
material properties by the Laplace transformed material
properties [31, 32]. It is reasonable to assume that structural
asphalt and free asphalt are viscoelastic, while fillers are
elastic. Based on the elastic-viscoelastic correspondence
principle, equations (15) and (16) can be expressed in the
frequency domain as follows:

K∗eff � K
∗
3 +

3K∗3 + 4G∗3( R3
2 K1 − K∗2( R3

1 3K∗3 + 4G∗2(  + K∗2 − K∗3( R3
2 3K1 + 4G∗2(  

3 K∗2 − K1( R3
1 R3

2 3K∗3 + 4G∗2(  + 4R3
3 G∗3 − G∗2(   + 3K1 + 4G∗2( R3

2 3R3
2 K∗3 − K∗2(  + R3

3 3K∗3 + 4G∗3(  
, (24)

G
∗
eff �

����������
B″2 − A″C″


− B″

A″
G
∗
3 , (25)

where K∗eff and G∗eff are the complex moduli of the equivalent
medium. K∗2 , G∗2 , K∗3 , and G∗3 are the complex moduli of the
structural asphalt and free asphalt, respectively. A″, B″, and
C″ are derived from equations (17) to (23) by replacing Gk

by Gk
∗ and ]k by ]k

∗.
Fromequations (12) and (13), the complex bulkmodulusK∗ms

and complex shear modulus G∗ms of asphalt mastic are given by

K
∗
ms � K

∗
3 +

ceff K∗eff − K∗3(  3K∗ms + 4G∗ms( 

3K∗eff + 4G∗ms
, (26)

G
∗
ms � G

∗
3 +

5ceffG
∗
ms G∗eff − G∗3(  3K∗ms + 4G∗ms( 

3K∗ms 3G∗ms + 2G∗eff  + 4G∗ms 2G∗ms + 3G∗eff 
,

(27)

where ceff is the volume fraction of equivalent medium,
calculated as

ceff �
f1

c1
� f11 +

λ
2R1( 

3
⎛⎝ ⎞⎠, (28)

where f1 is the volume fraction of fillers in asphalt mastic; c1
is the volume fraction of fillers in three-phase pattern.

(e storage modulus G′ and loss modulus G″ of asphalt
mastic are calculated from equations (26) and (27) by using
the complex modulus relation G∗ � G′ + iG″. (e dynamic
shear modulus of asphalt mastic |G∗| is calculated as

G
∗
 �

�����������

G′( 
2

+ G″( 
2



. (29)

4. Viscoelastic Properties Prediction and
Validation for Asphalt Mastic

(e dynamic shear modulus of asphalt mastic with different
filler volume fractions was collected from the literature
reported by Underwood and Kim [18]. (e volume fractions

of fillers are, respectively, 10% (MS10), 20% (MS20), 30%
(MS30), and 40% (MS40). Based on the time-temperature
equivalence principle, the master curves of the dynamic
shear modulus of asphalt mastic |G∗ms| are shown in Figure 5.

(e fillers in asphalt mastic are stone materials, and the
elastic modulus and Poisson’s ratio of the filler could be
valued as E1 � 56GPa and ]1 � 0.25 [32]. Di Benedetto ob-
tained that Poisson’s ratio of the asphalt varies with frequency
from 0.48 to 0.5, and the phase angle is from − 0.18 to − 1.29°
[33]. Approximate values of 0.49 and 0° are used as Poisson’ s
ratio and phase angle of asphalt for computing convenience.

Assuming that the fillers are uniformly distributed as
body-centered cubic, the fillers distribution coefficient is
shown as [29]

λ
2R1( 

�

�
3

√
π

8f1( 
 

1/3

− 1. (30)

(e fillers are regarded as spherical; the cumulative
passing percentage of particle size di of the fillers is expressed
as Pi, (i� 1, . . ., m). (e average particle size of sieve i is
represented by (di+ di− 1)/4. (e number of filler particles of
sieve i in unit mass Ni is expressed as

Ni �
Pi − Pi− 1( 

ρf(4/3)π di + di− 1( /4( 
3, (31)

where ρf is the density of fillers.
From equation (31), the specific surface area of filler

particles Sf is given by

Sf � 

m

i�1
4π

di + di− 1

4
 

2

Ni. (32)

(e number of filler particles in asphalt mastic is N; the
relationship between the average radius R of all spherical
particles and the specific surface area S is calculated as
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S �
4πR

2
N

(4/3)πR
3ρfN

�
3

Rρf
. (33)

From equation (33), the average radius of filler particles
is given by

R �
3

Sρf
. (34)

(e dynamic shear moduli of structural asphalt in
equations (24) and (25) are assumed to satisfy the loga-
rithmic mean value relationship between filler and asphalt.
(e complex shear modulus of structural asphalt can be
expressed as

G
∗
2 � 10 lgG1+lgG∗ba( )/2( ), (35)

where G1 and G∗ba are the complex shear moduli of fillers and
asphalt, respectively.

(emixed model proposed by Underwood and Kim [18]
is employed to characterize the interaction between struc-
tural asphalt and free asphalt; the complex shear modulus of
free asphalt can be obtained:

G
∗
3


 �

G∗ba


 × G∗2


 × c3

G∗2


 − G∗ba


 × c2

, (36)

where c2 and c3 are the volume fractions of structural asphalt
and free asphalt in the total asphalt.

Figure 6 shows the dynamic shear moduli of structural
asphalt and free asphalt calculated from equations (35) and
(36). It can be seen that the structural asphalt absorbs the
polar component of the matrix asphalt until it is saturated,
which leads to a significant increase in the complexmodulus.
A small number of polar components are lost in the free
asphalt, resulting in a slight decrease in the complex
modulus.

(e thickness of the structural asphalt layer is related to
the physicochemical reaction between asphalt and fillers.
Underwood et al. have obtained that the thickness of
structural asphalt layer is 0.2–0.63 μm when the volume

fraction of fillers in asphalt mastic is 10%–60% by micro-
scopic analysis. (erefore, the volume fraction of structural
asphalt was determined as csa � 30%, and the structural
asphalt thickness ds and volume fraction of each component
are calculated as shown in Table 1.

(e H-MRP and modified H-MRPmodels are applied to
predict the dynamic shear modulus of asphalt mastic |G∗ms|

with different filler volume fractions. Figure 7 presents the
predicted and measured |G∗ms| values for asphalt mastic. It
can be seen that when the volume fraction of fillers is 10%
and 20%, the predicted results of the two models are close to
the measured ones. However, the predicted modulus of the
modified H-MRP model is higher than the measured
modulus at high frequency. It shows that when the content
of fillers is low, the physicochemical effect between asphalt
and fillers may be weak. (erefore, the volume fraction of
structural asphalt assumed as csa � 30% overestimates the
physicochemical effects. (e volume fraction of structural
asphalt should be lower than 30%; however, when the
volume fraction of structural asphalt is 0%, the modified H-
MRP model is equivalent to the H-MRP model. It can be
seen from Figures 7(a) and 7(b) that the modulus predicted
by the H-MRP model is closer to the measured modulus
than the modified H-MRP model. (erefore, it is suggested
to apply H-MRP model to predict the viscoelasticity of
asphalt mastic, while the volume fraction is less than 20%.

When the volume fractions of fillers are 30% and 40%,
the predicted value of the modified H-MRP model is closer
to the measured ones compared with the H-MRP model,
which could be attributed to the fact that the physico-
chemical effect is strengthened when the volume fractions of
fillers are high, so it is reasonable to assume csa � 30%. (e
predicted dynamic modulus is much closer to the measured
ones at high frequencies than at low frequencies. It indicated
that the proposed models underestimated the viscoelastic
effect of asphalt at low frequencies, asphalt mastic can be
considered as asphalt with the addition of fillers in it, and
fillers are basically elastic. With the elastic fillers added to
asphalt, the proportions of the elastic and viscous
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components in asphalt mastic are different from those in
pure asphalt, which will definitely cause the change in the
elastic and viscous components of the complex modulus.
(erefore, asphalt mastic should exhibit higher modulus
than that of pure asphalt due to the addition of elastic fillers.
(e dynamic modulus is not a linear elasticity but a vis-
coelasticity. (e equivalent modulus of elasticity is directly
transferred to viscoelasticity by using the elastic-viscoelastic
correspondence principle, which weakens the effect of

viscosity. Asphalt mastic behaves more like a viscous ma-
terial at low frequencies. (erefore, the difference between
predicted and measured moduli was larger. With the in-
crease in the loading frequency, asphalt mastic shows more
elastically and the predicted modulus was much closer to the
measured value.

In order to analyze the effect of the structural asphalt
volume fraction on the prediction modulus, the structural
asphalt volume fraction csa was taken from 10% to 60% for

Table 1: (ickness of structural asphalt layer and volume fraction of each component.

Mastic types ds (μm)
Asphalt mastic Asphalt

Fillers (%) Structural asphalt (%) Free asphalt (%) Structural asphalt (%) Free asphalt (%)
MS10 2.22 10 27.1 62.9 30.1 69.9
MS20 1.22 20 24.1 55.9 30.1 69.9
MS30 0.79 30 21.2 48.8 30.2 69.8
MS40 0.54 40 18.2 41.8 30.3 69.7
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Figure 7: Comparison of predicted and measured |G∗ms| values. (a) MS10. (b) MS20. (c) MS30. (d) MS40.
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comparative analysis. Due to space limitation, the effect of csa
on the dynamic modulus of MS30 is shown here only; see
Figure 8. (e modulus of structural asphalt is higher than
that of free asphalt, so the predicted modulus increases as the
volume fraction of structural asphalt increases. It can be seen
that the increase in the volume fraction of structural asphalt
is an effective method to increase the dynamic modulus of
asphalt mastic through the improvement of the physico-
chemical effect between fillers and asphalt. From the analysis
of Figure 7, the underprediction at low frequencies is caused
by the elastic-viscoelastic conversion, which is not related to
the structural asphalt volume fraction. When the structural
asphalt volume fraction is 40%–50%, the predictionmodulus
is still lower than the measured value at low frequency. It can
be found from Figure 8 that the measured modulus of as-
phalt mastic is among the predicted values when the volume
fraction of structural asphalt is 20%–50%; the volume
fraction of structural asphalt of different types of fillers and
asphalt will be measured by nano-micro experiments in
future research.

5. Parameters Influencing the Dynamic Shear
Modulus of Asphalt Mastic

5.1. Effect of Fillers Distribution. (e prediction results in
Figure 7 were obtained under the assumption that the
distribution of fillers is uniform, but the fillers are non-
uniformly distributed in the asphalt mastic actually. In order
to analyze the influence of fillers distribution on the pre-
diction results of the model, the distribution coefficients are
0.025, 0.05, and 0.25 for comparative analysis. Due to space
limitation, the influence of the filler distribution coefficient
on the prediction results of MS30 is given here only; see
Figure 9.

(e decrease in the distribution coefficient means that
the particles are dense. From the predicted results in Fig-
ure 3, it can be observed that the distribution coefficient
decreases and the predicted modulus increases. However,
Figure 9 shows an opposite prediction trend. It can be found
that the distribution coefficient decreases, and the prediction
|G∗ms| decreases. (is is due to the use of different prediction
models. (e prediction results in Figure 3 are obtained by
MRP model, and the structural asphalt layer by physico-
chemical effect is not considered in the model. (e distri-
bution coefficient decreases, which results in the decrease of
the thickness of the asphalt in the adsorption structure of the
fillers considering physicochemical effect. When
λ/(2R1) � 0.25, there is a small amount of accumulation of
fillers, and the predicted value slightly decreases. When
λ/(2R1) � 0.05 and 0.025, a large number of agglomerations
occur in fillers, and the predicted value decreases obviously.
(erefore, in order to improve the viscoelasticity of asphalt
mastic, the agglomeration of fillers should be avoided in the
actual production process of asphalt mastic.

5.2. Effect of Fillers Gradation. In order to analyze the in-
fluence of the fillers grade on the predicted results of the
dynamic shear modulus of asphalt mastic, three different

grades of fine, medium, and coarse are used for comparative
analysis; see Table 2. Here, only the predicted dynamic shear
modulus of the MS30 is shown; see Figure 10.

It can be seen from Figure 10 that the fillers gradation has
a considerable influence on the predicted |G∗ms| of MS30,
which indicated that the H-MRPmodel proposed in this study
could be well considered for the effect of fillers particle size.
Asphalt mastic mixed with fine-grade fillers has the highest
predicted modulus; it is due to the fact that the increase of
the specific surface area of fillers will enhance the cementation
of structural asphalt so that the modulus value increased.

5.3. Effect of Young’s Modulus and Poisson’s Ratio of Fillers.
(e influences of Young’s modulus E1 and Poisson’s ratio υ1 of
fillers on the predicted |G∗ms| of MS30 are shown in Figures 11
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and 12. It can be seen that the dynamic modulus of the asphalt
mastic increases as the modulus and Poisson’s ratio of fillers
increasewithin a certain range; themagnitude of the increase in
|G∗ms| is comparably small, which means that the contribution
of aggregate to the dynamic modulus improvement of the
mixture is limited, given the fixed portion of fillers.

6. Conclusion

(1) A micromechanical prediction model of asphalt
mastic was established based on the morphologically

representative pattern (MRP) approach. (e influ-
ences of physicochemical effect between fillers and
asphalt, distribution of fillers, and the filler particle
size were considered in the model. An explicit so-
lution was derived to predict the dynamic modulus
of asphalt mastic.

(2) (e DSR test was conducted to verify the prediction
effect of the model. When the fillers volume fractions
were 10% and 20%, the predicted value was relatively
close to the experimental value. When the volume
fractions of fillers were 30% and 40%, the predicted
value was lower than the measured ones at low
frequencies; the reasons for the underprediction
were investigated.

(3) (e micromechanical model developed in this paper
was able to reflect the effect of factors during a
parameter influencing analysis. Based on the sensi-
tivity analysis, the use of uniformly distributed fillers
and fine fillers was an effective way to increase the
dynamic modulus of asphalt mastic.

(4) In the proposed model, the volume fraction of the
structural asphalt and the distribution coefficient of the
fillers were assumed; the nano-micro test would be
conducted to obtain these parameters in the future
research to improve the model proposed in this paper.

Data Availability

(e data used to support the findings of this study are in-
cluded within the article.
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Table 2: Different types of fillers gradation.

Mastic types
Sieve opening, mm (%)

0.075 0.030 0.023 0.017 0.0077 0.0038 0.0029 0.0013
Coarse 100 50 43 29 14 8 3 0
Medium 100 57 50 36 21 15 10 7
Fine 100 64 57 43 28 22 17 10
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Figure 10: Effect of fillers gradation on predicted |G∗ms|.
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/is study aims to evaluate the effect of different rejuvenators and antistripping agents on the healing performance of hot
mix asphalt (HMA). Two damage HMA series (e.g., moisture damage and aged damage) were subjected to either in-
duction or microwave heating. A PG64-22 virgin and aged binder were used and modified with several additives. /ree
long-term aged binders (e.g., PAV5, PAV15, and PAV20) were conducted by pressure aging vessel (PAV) test.
/e moisture damage series fabricating with a new binder was further categorized into four different freeze-thaw (FT)
cycles (e.g., 0FT, 1FT, 3FT, and 5FT). Also, the aged series was fabricated with three different aged binders. A total of eight
damage-healing cycles were applied to all asphalt mixtures, examined by the three-point bending test. /e moisture
resistance of modified asphalt mixture was examined by indirect tensile strength test. Overall, asphalt mixtures modified
with either antistripping additives or rejuvenators not only obtained higher moisture resistance but also gained
better healing performance under moisture damage. In addition, the study showed a probable correlation between
moisture damage and long-term aging in terms of healing performance, such as PAV15 and 3FT cycles and PAV20 and
5FT cycles.

1. Introduction

Moisture damage is one of the main factors affecting the
durability of asphalt mixtures [1]./e application of freezing
and thawing cycles is adopted to replicate in-service
moisture damage on pavements. Moisture damage greatly
affects internal structure and consequently results in pave-
ment degradation. /is occurs when moisture from either
rainwater or snowmelt makes its way into existing micro-
cracks during high temperature, after which, as the tem-
perature drops below freezing point, the moisture within the
microcracks begins to freeze and expand. /e repetition of
this occurrence leads to accelerate aging of asphalt binders
[2]. /e strength of interaction is reduced, which creates a
weak asphalt-aggregate system [3]. However, moisture
damage can be prevented either by improving the adhesion
strength of asphalt aggregate or by preventing water

intrusion on asphalt concrete [4]. Nowadays, antistripping
agent is used to enhancing moisture resistance of asphalt
mixture. /is additive agent can improve internal structure
of asphalt mixture, which enhances the adhesive of aggregate
and binder [5]. In addition to reducing water intrusion,
microcracks healing is also a promising solution [6]. Elec-
tromagnetic induction, microwave, and infrared have been
used to heat asphalt concrete for healing purposes. It has
been proved that the healing level of asphalt concrete can be
improved by induction and microwave heating. During the
heating process, mixture containing conductive additives is
exposed to high frequency alternating magnetic fields. Based
on the Joule law, the eddy current heats conductive particle.
/en, the heat energy diffuses into the asphalt mixture to
increase sample temperature [7]. A sufficient temperature
leads to low viscosity of asphalt binder, and the binder can
fill microcracks. /is phenomenon is explained by the fact
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that asphalt binder is a temperature-dependent material./e
first applied induction heating on the road has been taken on
the A58 near Vlissingen in Netherland. After three years of
paving time, the healing result was promising; this road
could be heated in the expected time [8].

Aging is another factor influencing the performance of
asphalt mixture, which occurs during production and
construction and continues throughout the services life of
asphalt pavements. Long-term aging caused asphalt binder
to stiffen and embrittle, which leads to a high potential of
cracking [9]. Repetition of the healing process may lead to
similar aging attributes, which are easily recognized at late
damage-healing cycles. According to SHRP, 20 hours aging
in the PAV simulates the asphalt binder aging that occurs
during 5–10 years of in-service HMA pavements [10].
Previous researches have been proved that rejuvenators
could be used to restore some of the mechanical properties
of an aged asphalt binder [11, 12].Wang et al. confirmed that
sufficient rejuvenator could improve physical properties and
crack resistance [13]. However, it was found that there was a
lack of research focused on the performance of healed HMA
under both moisture damage and aging effects. In reality,
asphalt mixtures are subjected to aging and moisture
damage simultaneously [14–16]. Hence, further investiga-
tion is also needed on the correlation between the long-term
aging process and moisture damage.

/is research aims to study the effect of different additive
agents (e.g., antistripping agent and rejuvenator) on the
healing performance of moisture damage asphalt mixture.
Induction heating and microwave heating are used to heat
asphalt mixture. Long-term aging is considered to find the
correlation between moisture damage and aging in terms of
healing performance. Two sample series are fabricated to
archive the research objectives. First, the unaged asphalt
binder is modified with four types of additive agents. /ese
samples are going on to four different freeze-thaw (FT)
cycles. Second series was fabricated with three levels of PAV
asphalt binder (e.g., PAV5, PAV15, and PAV20). /e
healing performance of mixture is assumed by the three-
point bending (TPB) test, while the moisture resistance is
conducted to indirect tensile strength (ITS) test. Steel wool
fiber (SWF) is utilized to obtain a prime healing perfor-
mance. All test samples are applied to eight damage-healing
(DH) cycles. During healing process, the infrared camera
(FlukeTiS20 model) is used to record the surface tempera-
ture of sample. /e ANOVA and Tukey HSD post hoc are
employed to find the correlation between moisture damage
and aging in terms of healing performance.

2. Materials and Methods

2.1. Materials. Laboratory-fabricated HMA mixtures
were used to conduct a series of experiments. Table 1
shows the gradation of experiment aggregate. /e bi-
tumen PG 64-22 had a penetration at 25°C of 70 mm/10s
and a density of 1.02 g/cm3. /e SWF has a diameter
ranging from 70 to 130 μm, a density of 7.18 g/cm3, a
length of 4–4.5 mm, and thermal conductivity of 80W/
mK./e antistripping additives consist of silane additive,

amine type surfactant, and stabilizer. Two kinds of
antistripping additives named A and B have different
proportions of silane additive to amine type surfactant.
Rejuvenator types 1 and 2 had a viscosity of 79–90 and
60°cSt at 60°C and a density of 0.93 and 0.8 g/cm3 at 20°C,
respectively. Further, three levels of long-term aged
asphalt binder (e.g., 5 hours, 15 hours, and 20 hours)
were used to fabricate aged mixtures.

2.2. Sample Preparation. /e asphalt mixtures were pre-
pared according to the Superpave Mix Design Method [17].
Two sample series were designed in this experiment (as
shown in Figure 1). Table 2 shows the mix proportion of the
moisture damage series. Four additives were used in this
series, while only two additives were used in the aged series
(Table 3). /is is because of the weight limitation of binder
from the PAV process. /e SWF was utilized in both series
to gain an optimum healing performance [18–20]. All test
specimens were prepared according to the Superpave Mix
Design Method [17], with an optimum asphalt binder
content of 5.4% and target air void of 4± 0.5%.

Asphalt binder-additive mixing process involved pre-
heating the asphalt binder for an hour at 160°C. Once
preheated, two percent of additive was then introduced and
stirred thoroughly unto the binder. /e mixture was allowed
to sit in the oven for an additional hour (at 160°C), stirring
the mixture at 30 minutes interval. Based on ITS test
requirements, a cylindrical test specimen had a dimension
of 63.5mm in height and 100mm in diameter
(Figure 2(a)). /e TPB specimen which has a dimension of
100mm in both height and diameter was followed. After
curing for one day at room temperature (25°C), the TPB
molded specimen was cut into six equal semicircular
samples with an overall size of 30mm thick, 50mm height,
and 100mm in width (Figure 2(b)). To ensure cracking of
the sample at midpoint during the three-point bending
test, a 10mm depth and 2mm thick notch were made at the
base of the sample. /is preexisting cut will ensure crack
propagation at midsection. /e notch dimension was
based on the finding of Garcı́a [21]. After cutting, these
samples were let to dry at room temperature for 48 hours
(to remove liquid due to cutting). Each mixture condition
was prepared with three replicates to compute the average
results.

Table 1: Aggregate gradation.

Sieve size (mm)
Aggregate

Coarse (33%) Fine (60.5%) Filler (6.5%)
19 100 100 100
12.5 83 100 100
9.5 35.5 100 100
4.75 1.7 79.3 100
2.36 41.3 100
0.6 16.5 100
0.3 10.5 100
0.15 6.2 56
0.075 4 47
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2.3. Test Methods

2.3.1. Aged Binder Process. /e asphalt binder underwent
short-term and long-term aging. Short-term aging was
simulated first, using RTFO (Rolling /in-Film Oven) in

accordance with D2872-12 [22], typically subduing binder
for 85min at 163°C. /e binder from the short-term aging
process was further used for long-term aging simulation
with the pressure aging vessel (PAV), which mimics the
aging of road pavements during its life span. /e PAV test

Table 2: Mix proportion of moisture damage series.

New binder (by wt. of total mix)
Additive agent (by wt. of binder)

SWF (by wt. of binder)
C Type 1 Type 2 Type A Type B

Induction heating 5.4% 2% 6%
Microwave heating 5.4% 2% 2%

Table 3: Mix proportion of aged series.

Aged binder (by wt. of total mix) Additive agent (by wt. of binder)
SWF (by wt. of binder)

PAV5 PAV15 PAV20 C Type 2 Type A
Induction heating 5.4% 2% 6%
Microwave heating 5.4% 2% 2%

100mm 63.5mm

(a)

30mm

100mm

50m
m

(b)

Figure 2: Test setup for (a) ITS test and (b) TPB test.

Additive agents

Rejuvenator Antistripping Control∗

Type 1 Type 2 Type A Type B C

First sample series
(virgin binder)

Second sample series
(virgin binder)

Additive agents Long-term aging

Additive agents
(type 2 and type A)Freeze-thaw damage

Indirect tensile 
strength test

Healing test
(TPB test)

Healing test
(TPB test)

Figure 1: Research flowchart. ∗Mixture without additive agent.
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was conducted with a pressure of 2070 kPa on three different
time periods: 5 hours, 15 hours, and 20 hours. Finally,
specimens were fabricated using the long-term aged binder
to investigate the effect of aging on healing performance.

2.3.2. Freeze-2aw Process. /e moisture damage series in-
cluded 4 groups of freeze-thaw cycle: unconditioned/control
(0FT), one cycle (1FT), three cycles (3FT), and five cycles (5FT).
According to AASHTO T 283 [23], one freeze-thaw cycle in-
cludes saturating samples on a sealed vacuum container.
Samples were supported by steel grills inside the container to
acquire aminimum of 25mmwater above its surface. A relative
vacuum of 13–67kPa was applied on the sealed container for
5–10min. Once finished, the vacuum pressure was removed,
and the samples were left submerged approximately 5–10min
more. /en, the saturated specimens were transferred unto
sealed plastic bags filled with 10ml water and kept inside a
freezer at −18°C for 16 hours, after which, the specimens were
placed unto a hot water bath at 60°C; once the ice has melted,
the sealed plastic was removed, and samples were left at this
temperature for 24 hours. Finally, the specimens were then
again transferred in a water bath at 25°C for 2 hours.

To investigate the effect of additive agents on moisture
susceptibility, the indirect tensile strength test was con-
ducted. /e indirect tensile strength was recorded by ap-
plying a loading rate of 50mm/min. /e indirect tensile
strength St is calculated using

St �
2P

π Dt
, (1)

where P is the maximum load (kN), t is thickness of
specimen (mm), and D is the diameter of specimen (mm).

2.3.3. Damage-Healing Process. To obtain brittle condition
before TPB test, samples were placed in a refrigerator at aged
binder process −18°C for 2 hours. TPB test contained a
loading roller at midpoint on the semicircular arch sample,
supported by two fix rollers spaced at 80mm apart
(Figure 2(b)). A testing machine with a capacity of 100 kN
was used in this experiment. /e test was performed under
the loading rate of 0.9mm/min until failure, and the load
was reduced 25% of the peak load./e test was carried out at
room temperature (approximately 25°C). After the TPB test,
the damaged specimens were kept in ambient condition for
24 hours covered with paper a towel to ensure that the
condensate moisture from freezing has totally dried.

Two healing treatments were used unto damaged
samples: the induction heating generator and microwave
heating machine./e induction heater used in this study has
a capacity of 50 kW and a maximum frequency of 35 kHz.
/e damaged sample was placed under the induction heating
coil and heated until 90°C (as shown in Figure 3). In ad-
dition, microwave heating treatment was conducted using a
microwave oven with a maximum frequency of 2.45MHz
and a power capacity of 700W. Damaged sample was
subjected to electromagnetic waves for 50 seconds [20]. /e
surface temperature was recorded by an infrared camera
(Figure 4).

After healing treatment, healed samples were allowed to
rest approximately three hours to achieve stable room
temperature. Rested and healed samples were again con-
ditioned in a refrigerator for two hours and tested for the
TPB test./is equates to one DH cycle. Based on preliminary
research recommendations and the author’s team experi-
ment, the healing performance of the test samples was
conducted until eight damage-healing cycles. /e healing
level of the asphalt mixture sample Sh (%) was calculated by

Sh �
Fn

F0
× 100, (2)

where F0 is the force of the initially tested sample (0 DH
cycle) (kN). Fn is the force of sample after the damage-
healing process (nth DH cycle) (kN).

3. Results and Discussion

3.1. Results of Surface Temperature after Healing Process.
Figure 5 shows the relationship between surface temperature
and several freeze-thaw cycles of unaged asphalt mixture
composed of different types of additive agents. Overall, the
temperature gradually decreased at every FT cycle. /e re-
sults indicated that samples treated by microwave heating
obtained a higher temperature than that of induction
heating. /is occurrence can be explained by the fact that
any material exposed to electromagnetic radiation heats up,
while magnetic induction only affects conductive objects
(i.e., SWF) [24]. Among four types of additive agents and
control samples, type 2 achieved the highest surface tem-
perature in both microwave and induction heating. In ad-
dition, the trends of temperature variation between
antistripping additives and rejuvenators were most similar.

Induction coil

Specimen
Infrared camera

Figure 3: Induction healing test setup.

Specimen

Infrared camera

Figure 4: Microwave healing test setup.
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By using microwave heating, the average surface tem-
perature was increased after one FT cycle and decreased
subsequently (see Figure 5). /e type 2 mixture had the
highest surface temperature of 93.5°C, and type A presented
the lowest temperature with 68.8°C (after five FTcycles). /e
increase in temperature at the early stages of FTcycle can be
explained by the change of air void content. After one FT
cycle, air void content within samples might have been
sufficient to hold a substantial amount of water, which led to
an increase in temperature. However, with successive FT
cycles, the repetition of freezing and thawing may have
caused much air void volume expansion [25], with bigger air
gaps that led to the flow of moisture rather than retention
[26]. /erefore, this may have caused a decrease in tem-
perature due to the decrease in moisture content.

Under induction heating, the average surface tempera-
ture of samples gradually decreased with increasing FT
cycles. /e highest temperature was recorded in type 2
additive samples with 85°C (at 0 FT cycles), and the lowest
was type A with 63°C (after 5 FT cycles). As mentioned
before, when the number of FT cycles was increased, there
would be higher air void content, thereby breaking the
interconnecting bonds of the mixture (especially SWF). /is
phenomenon which led to heat transfer was interrupted. In

addition, the water retained on the samples played a role as a
thermal absorbing material, which lowers the temperature.
/erefore, the temperature of test samples gradually reduced
with an increasing FT cycle when using induction heating
method. Temperature attainment after the healing process
plays an important role during real-scale heating scenarios.
With the results presented, it is conclusive that although it
reached the margin of 80–90°C, it is within boundaries of a
regular asphalt pavement working temperature.

3.2. Results ofMoisture Resistance. To better understand and
express the indirect tensile strength of samples in this ex-
periment, the tensile strength ratio (TSR) was computed.
TSR is defined as the ratio of the tensile strength of both wet-
conditioned (i.e., 1, 3, and 5 FT cycles) and dry-conditioned
samples (i.e., 0 FT cycles). /e tensile strength ratio can be
calculated by following equation:

TSRi
k �

Ki

K0
× 100, (3)

where TSRi
k is tensile strength ratio of mixture with type “K”

additive agent at cycle “i,” Ki is the wet-conditioned tensile
strength of mixture with “K” additive agent at cycle “i,” and

Surface temperature of unaged mixtures
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Figure 5: Surface temperature after healing.

Advances in Materials Science and Engineering 5



K0 is the dry-conditioned tensile strength of mixture with
“K” additive agent.

/e results from Figure 6 show that additive could
enhance moisture resistance of modified asphalt mixture.
Particularly, mixtures containing antistripping archived the
highest indirect tensile strength. With the dry condition,
type A mixture showed the highest value of 1.89MPa;
however, the control mixture presented the lowest indirect
tensile strength, which was 1.45MPa. Overall, TSR of all
asphalt mixtures decreased at every freeze-thaw cycle. /e
control mixture showed the lowest TSR values of 53% and
19% after one and five FTcycles, respectively./e decrease in
TSR could be caused by the presence of more air void
content after succeeding in FT cycles. /e antistripping
additive samples had better results compared to samples
modified with rejuvenators. /is can be explained by the fact
that antistripping additive increases adhesion between
binder and aggregates, giving stronger tensile strength.
Although lower in TSR percentage, the rejuvenator im-
proved the moisture damage resistance of test samples by at
most 85% over control. According to KS F 2398, the damage
due to moisture is controlled by specific limits of the TSR.
Under one cycle of freeze thaw, all of the antistripping
samples meet the minimum criteria of TSR value of 80% [27].

Moreover, (4) was developed to analyze the effect of
introducing additive agents unto the mixture at different
freeze-thaw cycles:

E
i
k �

Ki − Ci

Ci

× 100, (4)

where Ei
k is the tensile strength percentage improvement of

mixture with type “K” additive agent at cycle “i,” Ki is the
tensile strength of mixture with “K” additive agent at cycle
“i,” and Ci is the tensile strength of control sample (without
additive agent) at cycle “i.”

Figure 7 illustrates the effect of adding additive agents.
/e bar graph shows that all mixtures with additive can
improve tensile strength. /e antistripping additive
samples had significant improvement in tensile strength
compared to rejuvenator additive samples. /e im-
provement of the antistripping additive is visible in un-
conditioned state (0 FT cycles). Type B additive increased
tensile strength by 32% over the control sample. On the
other hand, rejuvenator additive samples imposed a slight
increase of only 8% (at 0 FTcycles). /e increase in tensile
strength is caused by the characteristic of each additive.
/e antistripping additives can improve the adhesive
between asphalt binders and aggregates, while rejuvenator
can restore the mechanical properties of an aged binder
[12].

3.3. Results of Healing Performance

3.3.1. Without Moisture Damage (0 FT Cycles). Table 4
shows the initial force of the moisture-damage series.
Without moisture damage (i.e., 0 FTcycles), the mixtures
containing additive agents were slightly improved initial
force of asphalt mixture. /e type B mixture was 7%

higher than the control mixture. In addition, the healing
performance of samples without moisture damage is
shown in Figure 8. In general, the healing levels of all
mixes decreased at every damage-healing cycle. /e
microwave heating method indicated a higher healing
level than induction heating method. /is outcome
agrees well with the results previously discussed from
attained surface temperature after the healing process.
/e higher surface temperature helps sufficient crack
healing [18].

Under the microwave heating treatment, the effect of
antistripping additives was less than that of rejuvenators.
/is can be seen at the fourth DH cycle, with rejuvenator
type 2 mixture having a healing level of 76% compared to
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55% for antistripping additive type B mixture. Type 2
mixture showed a promising healing performance with a
level of 76% and 47% under 4 and 8 DH cycles, respectively.
Additionally, the type 1 mixture had the lowest healing
level of 43% and 29% corresponding to 4 and 8 DH cycles.
It can be explained due to the high viscosity of rejuvenator
additive 1, which causes slow and inefficient diffusion into
the asphalt. In the early stages of DH cycles, the difference
in the healing level of the control sample and additive agent
sample was insignificant. Control samples also have healing
capabilities effective until four DH cycles. Furthermore,
from the fifth DH cycles, the effect of an additive agent,
specifically rejuvenators, can have a significant impact on
continuing the healing level above 50%. Adding an ap-
propriate rejuvenator (type 2 with lower viscosity) helps
asphalt binder reduce its viscosity, which can explain a
higher level of healing [28].

/e healing result under induction heating is shown in
Figure 8. In early cycles of DH, themixtures without additive
agents (control) and type 2 had a better healing level
compared to other mixtures, obtaining 79% and 83%, re-
spectively. However, after 4 cycles, the healing performance
of the control sample dropped significantly by 39%. /e
results might be due to the repetition of damage-healing
cycles, which lead to aging and oxidization of asphalt binder.
As a result, it caused high viscosity that prevented the
capillary flow of asphalt binders to repair cracks.

3.3.2. With Moisture Damage (1, 3, and 5 FT Cycles).
/e effect of additive agents was proved after one FT cycle
(Table 4). /e initial force of additive mixtures was ap-
proximately 10% higher than the control mixture. /e
healing performance of asphalt mixtures suffering from

Table 4: /e initial force of moisture damage asphalt mixtures (kN).

Freeze-thaw cycle
Mixture types

Type C Type A Type B Type 1 Type 2
0 2.45± 0.10 2.56± 0.13 2.62± 0.11 2.53± 0.11 2.55± 0.13
1 2.31± 0.12 2.52± 0.14 2.54± 0.15 2.43± 0.13 2.47± 0.13
3 2.11± 0.09 2.45± 0.09 2.47± 0.12 2.39± 0.12 2.38± 0.12
5 1.95± 0.11 2.21± 0.12 2.32± 0.17 2.33± 0.16 2.21± 0.14

 Induction heating  Microwave heating

1st DH cycle
4th DH cycle
8th DH cycle

1st DH cycle
4th DH cycle
8th DH cycle

Healing level without moisture damage

0

10

20

30

40

50

60

70

80

90

100

H
ea

lin
g 

le
ve

l (
%

)

0

10

20

30

40

50

60

70

80

90

100

H
ea

lin
g 

le
ve

l (
%

)

2 A B C1
Additive types

2 A B C1
Additive types

Figure 8: Healing level of unaged mixtures without moisture damage.

Advances in Materials Science and Engineering 7



 Induction heating  Microwave heating
Healing level with moisture damage (1 FT cycle)

0

10

20

30

40

50

60

70

80

90

100

H
ea

lin
g 

le
ve

l (
%

)

0

10

20

30

40

50

60

70

80

90

100

H
ea

lin
g 

le
ve

l (
%

)

2 A B C1
Additive types

2 A B C1
Additive types

1st DH cycle
4th DH cycle
8th DH cycle

1st DH cycle
4th DH cycle
8th DH cycle

Figure 9: Healing level of unaged mixtures with moisture damage (1 FT cycle).

 Induction heating  Microwave heating
Healing level with moisture damage (3 FT cycles)

0

10

20

30

40

50

60

70

80

90

100

H
ea

lin
g 

le
ve

l (
%

)

0

10

20

30

40

50

60

70

80

90

100

H
ea

lin
g 

le
ve

l (
%

)

2 A B C1
Additive types

1st DH cycle
4th DH cycle
8th DH cycle

1st DH cycle
4th DH cycle
8th DH cycle

2 A B C1
Additive types

Figure 10: Healing level of unaged mixtures with moisture damage (3 FT cycles).

8 Advances in Materials Science and Engineering



moisture damage is shown in Figures 9–11. Overall, the
healing level decreased with increasing damage-healing
cycle. Similarly, with the increasing FT cycles, the healing
level decreased. /is occurrence was observed for both
microwave and induction heating method. Moreover, mi-
crowave heating showed a slight advantage in the healing
level over induction heating for all FT cycles. Observing the
figures, all mixtures with additive agents showed im-
provement in the healing level over control samples.
However, during the late DH cycles, the gap on the healing
level becomes less significant. /is might be attributed to the
limitation of the healing characteristics of a mixture with an
additive agent during excessive DH cycles.

Figure 9 shows the corresponding healing level on
every type of additive agent that underwent one FT cycle.
It can be observed that type A antistripping additive
obtained the highest healing level at 83% during one DH
cycle. It is important to note that mixtures with type 2
rejuvenator additive had a better healing performance
overall. At 8 DH cycles, type 2 additive mixture showed an
8% higher healing level compared to type A mixture. By
further observing Figures 10 and 11, type 2 additive
samples show consistency in its healing level, obtaining
69% at 5 FT cycles on 1 DH cycle. Furthermore, it seems
that antistripping additive can heal significantly only at
the early cycles of FT. With Figure 11, the significant
difference in using a rejuvenator additive over antistrip-
ping additive can be seen. /is further proves the

advantageous effect of using rejuvenator for optimum self-
healing characteristics.

Similar trend results with microwave heating can be
observed, with type 2 additive showing best healing per-
formance and consistency on all mixtures. With moisture
damage at 5 FT cycles, type 2 rejuvenator additive samples
showed 20% and 32% higher healing level compared to type
B antistripping additive samples and control samples, re-
spectively. It is obvious that the healing performance of the
mix with rejuvenators was better than that of the mixture
with antistripping additives. /e antistripping additives
can protect the asphalt mixture from water intrusion and
increase the adhesion of the aggregate to the asphalt binder.
However, in terms of healing performance, rejuvenators
with low viscosity can increase the flowability of an asphalt
binder; hence, the binder can easily flow to repair
microcracks. /is observation also explains the high
healing level of rejuvenator type 2 additive, which had the
lowest viscosity value. /e results highlight the important
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Figure 11: Healing level of unaged mixtures with moisture damage (5 FT cycles).

Table 5: /e initial force of aged damage asphalt mixtures (kN).

PAV damage
Mixture types

Type C Type A Type 2
5 h 2.36± 0.13 2.52± 0.12 2.57± 0.14
15 h 2.26± 0.15 2.41± 0.16 2.43± 0.13
20 h 2.01± 0.15 2.28± 0.17 2.25± 0.16
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role of the viscosity of an additive agent in providing a self-
healing ability.

3.3.3. With Long-Term Aging. /e containing of additive
agents could enhance the initial force of aged asphalt
mixtures (Table 5). Mixtures with additive agents gain a
10% higher compared to the control mixture. /e healing
level results of aged asphalt mixture without an additive
agent are shown in Figure 12. Observing the general trend
portrayed by the figure, aging shows a great influence on
the healing performance of asphalt mixture. /e longer
aging exposure caused a smaller healing level. From both
healing treatments, 5 hours aged mixture showed the
highest healing result among other levels of aging. At the
first DH cycle of PAV-5 hrs samples, the healing perfor-
mance of induction and microwave was 78% and 83%,
respectively. During subsequent DH cycles until the fourth
cycle, the healing level remained over 65%. Meanwhile, the
healing level of 15 hours and 20 hours significantly de-
creased by 50% in the first cycle of damage healing. It can be
explained that longer aging exposure makes asphalt binder
stiffer. /e research result from Lin confirmed that pen-
etration and ductility decrease with the increase of aging
time. Particularly, penetration decreases significantly after
PAV for 20 hours.

Figure 13 illustrates the healing performance of aged
mixture modified with 2 additive agents (i.e., type 2 and
type A) that undergone two different healing treatments.
Overall, the healing level of aged mixtures is improved by
using additive agents. Particularly, using rejuvenator
additive type 2 showed good performance. At the initial
stage of damage healing, all samples with rejuvenator
additive kept their healing level over 70%. /e healing
level of type 2 and type A showed a slight improvement
compared to the control mixture; however, the im-
provement was significant only during late DH cycles on
longer aging exposure. Different from rejuvenator addi-
tive, antistripping additive causes an increment of co-
hesion free energy [29], which is evident at the first stage
of damage-healing.

/e analysis of variance (ANOVA) with Tukey’s HSD
post hoc was used to evaluate the statistical significance of
the change in healing performance with moisture-damaged
and aging time (shown in Table 6). /e result from ANOVA
indicates that the healing performances of asphalt mixtures
are significantly affected by moisture damage and long-term
aging. However, there is no significant difference at α � 0.05
level between 3 FT cycles and 15 hours and also 5 FT cycles
and 20 hours. In other words, a statistical correlation may be
found betweenmoisture damage and long-term aging within
the scope and procedure of this experiment.
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4. Conclusions

In this study, the indirect tensile strength test and the three-
point bending test were conducted to investigate the effect of
additive agents on the healing performance of hot mix as-
phalt under moisture and long-term aging damage. A series
of test results showed that adding additive agents can im-
prove the healing performance of asphalt mixture after being
subjected to damage. /e main research conclusions are
presented as follows:

(i) Microwave heating method shows a better healing
option than that of induction heating. /e entire
asphalt mixture heats up with electromagnetic ra-
diation, while for magnetic induction, thermal
energy disseminates only through conductive ma-
terials, that is, steel wool fibers.

(ii) Mixing asphalt binder with antistripping additive
can obtain significant moisture resistance.

However, if healing performance is the primary
goal of the mixture, a low viscosity rejuvenator
additive is best.

(iii) /ree to four damage-healing cycles on asphalt
mixture, with or without moisture damage, are able
to achieve prime healing performance.

(iv) /e application of rejuvenators leads to the soft-
ening of the asphalt binder. /is concept may en-
hance the healing performance of asphalt to some
extent. Asphalt binders with rejuvenator may be
softened faster under heating treatment, and the use
of rejuvenator is expected to accelerate the crack
healing process.

Following the statistic results of healing performance, there
may have been a correlation between freeze-thaw cycles and
long-term aging time in terms of healing performance, such as 3
freeze-thaw cycleswith 15 hours of aging time and 5 freeze-thaw
cycles with 20 hours of aging time. /e mechanism correlation
needs to be clarified in further studies.

Data Availability

/e experimental data used to support the findings of this
study will be made available from the corresponding author
upon request.
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Figure 13: Healing level of aged mixtures modified with two additive agents.

Table 6: Tukey’s HSD post hoc summary result.

Types of damaged PAV 5 hours PAV 15 hours PAV 20 hours
1 FT cycle S N N
3 FT cycles S N N
5 FT cycles S S N
N: nonsignificant; S: significant.
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In order to evaluate the possibility of the application of warm mixing technology in high-viscosity asphalt mixture, in this paper,
the effects of surfactant warm-mix additives (WMAs) on physical and rheological properties of high-viscosity asphalt (HVA)
which was prepared with self-developed SBS/C9 petroleum resin blends (SPR) modifier were measured. 1e results indicate that
the addition ofWMA can decrease the viscosity and softening point but improve the penetration and ductility of warm-mix HVA.
With the increase of the content of WMA, the modulus, failure temperature, viscosity, and recovery rate of warm-mix HVA all
increased at first and then decreased, and the maximum value appeared when the modifier content was 1.0%–1.5%. Moreover,
when the amount ofWMA is 1.5%, the low-temperature performance of warm-mix HVA reaches the best value.1us, the amount
of WMA is of great importance for the warm-mix HVA, and in order to achieve ideal rheological properties, the recommended
amount of WMA is 1.0%–1.5%. Considering economic improvement and environmental protection, WMA could be an al-
ternative for increasing the workability of HVA.

1. Introduction

Porous asphalt pavement has various advantages such as a
high void ratio, large frictional resistance attributed to the
rough surface, skid and rutting resistance, and sound ab-
sorption and noise reduction [1, 2]. 1erefore, it can reduce
the thickness of water film on the pavement, water spray, and
noise in wet weather, thus improving the skid resistance and
enhancing driver safety [3–5]. 1us, porous asphalt pave-
ments have been widely used in many countries [6]. Due to
functional requirement of drainage, it is necessary to realise
a void ratio greater than 18% through the formation of an
interlocked skeleton structure by increasing the amount of
coarse aggregates and reducing the amount of fine aggre-
gates when designing porous asphalt mixtures; However, the
structure has high internal frictional resistance and a low
cohesion, and the bonding property of the binder can be

crucial if it is expected to acquire a large strength and re-
sistance to external failure [7, 8]. Ordinary modified asphalts
fail to satisfy the requirements for practical application and
therefore the application of HVA is inevitable [9, 10]. Based
on many years of practical experience in Japan, the concept
of HVA was proposed to improve the long-term perfor-
mance and durability of porous asphalt mixtures. For HVA,
the dynamic viscosity at 60°C is a key parameter [11–13].1e
higher its value, the better the high-temperature perfor-
mance, deformation resistance, and cohesiveness of asphalt
binders [9]. However, with the increase of dynamic viscosity
at 60°C, the viscosity of HVA at 135°C is also higher than that
of the ordinary modified asphalt binder [14]. 1ere is no
doubt that this problem will increase the difficulty of con-
struction, thus making asphalt mixtures harder to be pro-
duced and compacted for construction [15]. However, as
HVA can satisfy machinability requirements, it is necessary
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to heat the HVA to a higher temperature, which is likely to
accelerate the aging of asphalts and increases energy con-
sumption and harmful gas emission during construction.
1is hinders the development and application of HVA to
some extent [16].

Warm-mix asphalt technology is considered to be an
effective solution to improve the workability of asphalt
mixture and control the construction temperature at a low
level by decreasing the viscosity of asphalts. Compared with
hot-mix asphalt technology, warm-mix asphalt technology
can lower the mixing and compaction temperatures, thus
saving energy consumption and reducing the emission of
harmful gas. 1erefore, warm-mix asphalt technology can
probably be classified as green technology for road con-
struction [17, 18]. 1e application of warm-mix asphalt
technology to the porous asphalt pavement can not only
improve functional pavements but also can be beneficial to
the environment. However, whether or not the application
of different kinds of warm-mix asphalt technology exerts
unfavourable effects on the performance of finished HVA is
waiting to be further explored. Rodŕıguez-Alloza et al. [19]
evaluated the influence of four types of warm-mix additives
(Sasobit, Asphaltan A, Asphaltan B, and Licomont BS 100)
on the performance of the crumb rubber modified asphalt
(CRMA). 1e results showed that the WMAs can success-
fully reduce the viscosity of CRMA, improve the softening
point, and lower the penetration. Additionally, the four types
ofWMAs do not exert great influence on the elastic recovery
and ductility of asphalts at 25°C. Sanchez-Alonso et al. in-
vestigated the influences of three kinds of warm-mix asphalt
technology (including chemical WMAs, organic WMAs,
and foamed asphalt) on the performance of asphalt mix-
tures.1e results revealed that the addition ofWMA reduces
the construction temperature. At the temperature adopted in
the experiment, compared with hot-mix asphalt mixture, the
water sensitivity of warm-mix asphalt mixture is improved
[20]. Podolsky et al. explored the influences of biological
base WMA on the compactness and low-temperature
cracking of matrix asphalt and polymer-modified asphalt
mixture. 1ey suggested that, compared with a hot-mix
asphalt mixture, the addition of WMA reduces the con-
struction temperature and still generates similar compaction
performance. Furthermore, WMA polymer-modified as-
phalt mixture is similar to hot-mix asphalt mixture in low-
temperature cracking terms [21]. Zheng et al. investigated
the influences of three types of WMAs (RH, EC-120, and
Sasobit) on dynamic viscosity at 60°C, Brookfield viscosity at
135°C, high-temperature rheological properties, and low-
temperature creep properties of styrene-butadiene-styrene
(SBS) HVA. 1e results suggested that these WMAs sig-
nificantly reduce the high-temperature viscosity (135°C) of
SBS HVA asphalts while EC-120 and Sasobit decrease the
absolute viscosity (60°C). Moreover, EC-120 can increase the
high-temperature rheological properties and improve the
low-temperature creep properties of asphalt mixtures [6].
Frigio et al. explored the moduli and fatigue performance of
warm-mix porous asphalt mixture before and after aging
process. 1ey found that warm-mix asphalt technology
lowers the construction temperature and reduces the elastic

modulus of the mixture, with no influence on the fatigue
performance of mixture after long-term aging [22]. How-
ever, at present, there are few studies on the rheological
properties of the high-viscosity asphalt with a surfactant
warm mixing agent.

In this study, the influences of the dosage of surfactant
WMA on physical properties and rheological properties of
HVA which was modified by a self-developed SPR modifier
were characterized.

2. Materials and Measurement

2.1. Materials. 1e AH-70 asphalts purchased from Petro-
China Company Limited (Qinhuangdao, Hebei Province,
China) were taken as the base asphalts. 1e physical prop-
erties and four-component compositions of the base asphalts
are summarised in Table 1. 1e self-developed SBS/C9 pe-
troleum resin blends (SPR) were chosen as the modifier. 1e
SPR modifier was prepared via a simple one-pot polymer
alloying process by taking SBS and C9 petroleum resin as
main raw materials (see preparation process in Supplemen-
tary Section). In addition, the molecular weight of SPR is
211114 and its melting point is 111.40°C. 1e Evotherm M1
developed by MeadWestvaco Investment Co., Ltd. (China)
was used as the surfactant WMA. 1e density of Evotherm
M1is 0.95 g/cm3 at 20°C, and the kinematic viscosity is
960mPa s at 25°C. Furthermore, based on our previous re-
searches, when the content of Evotherm M1 is 1.0wt%, the
mixing temperature of high-viscosity asphalt mixture de-
creases by about 30°C if it is to meet the volume requirement.

2.2. Preparation of Samples. Based on the results of our
previous researches on the high-viscosity asphalt andwarm-mix
asphalt, by using a stirrer with a temperature-control electric
jacket, the warm-mix HVA (WHVA) was prepared, and the
preparation process of warm-mixHVA is shown in Figure 1. To
minimise the influence of other factors, the preparation tech-
nology is optimised according to previous research, and the
temperature variation was no greater than 1°C during its
preparation. 1e molten asphalt was poured into a cylindrical
vessel after being weighed, and then the vessel was heated in the
electric jacket. In this case, the asphalts were heated to 175°C
while stirring at 300 rpm, to which the SPRmodifier was slowly
added. After the stirring rate was adjusted to 800 rpm, the
asphalts were stirred for 2.5h. 1ereafter, WMA was slowly
added to the asphalts and stirred the mixture for 0.5 h to obtain
warm-mix HVA. For comparison, the prepared warm-mix
HVA in which the dosage of WMA accounts for 0wt% (no
added WMA), 0.5wt%, 1.0wt%, 1.5wt%, and 2.0wt% of HVA
were separately numbered: WHVA0, WHVA0.5, WHVA1.0,
WHVA1.5, and WHVA2.0, respectively.

2.3. Physical Properties Test. Conventional tests were carried
out to evaluate the properties of warm-mix HVA, including
penetration (ASTM D5), softening point (ASTM D36),
ductility (ASTMD113), kinematic viscosity (ASTMD4402),
motive viscosity (60°C) (ASTM D4402), and elastic recovery
(ASTM D6084).
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2.4.Rheological Test. By applying aMCR302 DSR rheometer
(Anton Paar), the rheological behaviours of the warm-mix
high-viscosity asphalt were explored. Strain and stress sweep
tests were previously employed on each sample to obtain the
linear viscoelastic range.Within the linear viscoelastic range,
the samples were subjected to small-amplitude oscillatory
shear testing to acquire the isothermal sweep results at
frequencies of 0.1 to 50 rads at 5°C, 25°C, 40°C, 55°C, and
75°C. In the temperature sweep test, the strain control mode
was adopted, the frequency was at 10 rad/s, and the tem-
perature was incrementally increased (by 10°C steps) from
30°C to 120°C. It is worth noting that a 25mm diameter plate-
plate geometry with a 1mm gap was used for measurements
at room temperature (20°C) or above, while an 8mm di-
ameter plate-plate geometry with a 2mm gap was applied for
tests below the room temperature. In the multistress creep
recovery (MSCR) test, 10 cycles were applied, each of which
consisted of 1 s of creep and 9 s of recovery.1e two processes
were separately conducted at 0.1, 1.6, and 3.2 kPa.Moreover, a
steady-state viscous flow test was conducted on the samples
under the steady-state shear mode of the rheometer, with a
25mm diameter plate-plate geometry with a 1mm gap. 1e
viscous flow properties of the samples weremeasured within a
large range (10−3 to 101 s−1) of shear rates at 60°C. 1e creep
behaviours of the high-viscosity asphalt at a low temperature
were characterized by applying a bending beam rheometer
(BBR) to attain two indices, creep stiffness S and the rate of
change m of the stiffness with time [23].

By using the time-temperature equivalence principle, the
viscoelasticity within wide frequency and temperature
ranges was acquired. However, the viscoelasticity spanning
several orders of magnitude was rarely measured directly.

1e time-temperature equivalence principle indicates that
the influence of prolonging the test duration (or decreasing
the frequency) on mechanical properties of materials is
equivalent to that of increasing the temperature. According
to the time-temperature equivalence principle, various
viscoelastic parameters measured through experiment can
be superimposed through shift factors to draw a master
curve.

3. Results and Discussion

3.1. Physical Properties. 1e effects of WMA on physical
properties of warm-mix HVA are shown in Figure 2. 1e
penetration, softening point, ductility, elastic recovery, and
viscosity indices reflecting physical properties separately can
reflect high- and low-temperature performance, mechanical
properties, and workability of asphalts. As shown in Fig-
ure 2, with increasing dosage of WMA, the physical prop-
erties of warm-mix HVA generally show the following
changes: rising penetration, decreasing softening point,
growing ductility, reducing Brookfield viscosity at 135°C and
dynamic viscosity at 60°C, and an insignificantly changing
elastic recovery. 1is indicated that the addition of WMA
can lower the viscosity of warm-mix HVA and therefore
improve its workability.

1e warm-mix asphalt technology based on WMA is
expected to reduce the viscosity (high-temperature viscosity)
of asphalts during construction through addition of WMA
while showing an insignificant influence on the low-tem-
perature viscosity and rutting resistance. 1erefore, it is
important to determine an appropriate dosage of WMA for
warm-mix HVA. 1rough measuring different effects of the

Table 1: Physical properties and chemical compositions of AH-70 asphalt.

Properties Specifications Measured
values

Penetration (25°C, 0.1mm) ASTM D5 69
Penetration index (PI) ASTM D5 −1
Softening point (R&B, °C) ASTM D36 48.5
Ductility (15°C, cm) ASTM D113 168
Kinematic viscosity (135°C, Pa·s) ASTM D4402 0.475
Density (15°C, g·cm–3) ASTM D70 1.014
Saturates (wt%)

ASTM D4124

16.29
Aromatics (/wt%) 39.68
Resins (wt%) 30.68
Asphaltenes (wt%) 13.35

HVA WHVA

+WMA+16%SPR
Asphalt

Stirring
175°C 800r/min

for 2.5 hours

Stirring
175°C 800r/min

for 0.5 hours

Physical properties analysis

Rheological properties analysis

Figure 1: Preparation process of warm-mix HVA.
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dosage of WMA on physical properties of the warm-mix
HVA, it can be seen that the appropriate dosage of WMA
was between 0.5 and 1.5 wt%.

3.2. Rheological Properties. 1e utilisation of the porous
asphalt pavement depends on the mechanical and visco-
elastic properties of HVA.1e linear viscoelasticity of warm-
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Figure 2: Physical properties of warm-mix HVA: (a) penetration; (b) softening point; (c) ductility; (d) motive viscosity (60°C); (e) kinematic
viscosity (135°C); (f ) elastic recovery.
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mix HVA is sensitive to changes in composition and
structure of the polymers and dosage of WMA. Due to the
complexity of the systems, it is difficult to deduce the
characteristics of the internal structures of warm-mix HVA.
1e rheological parameters within the linear viscoelastic
range were independent of changing stress and strain while
were only related to the material properties. 1erefore, the
linear viscoelasticity of asphalts was sensitive to changes in
the internal structures of modified asphalts. Testing the
linear viscoelasticity is a powerful way of investigating the
effects of different structures of polymers and the dosages of
WMA on performances of warm-mix HVA. In this section,
through a frequency sweep, temperature sweep, steady-state
shear testing, MSCR testing, and low-temperature creep
testing, the rheological properties of warm-mix HVA were
measured.

3.2.1. Frequency Sweep at Intermediate and High
Temperatures. 1emaster curves of warm-mix HVA at 25°C
at different dosages of WMA are shown in Figure 3. 1e
master curves are obtained through the shift in frequency-
sweep curves at 5°C, 25°C, 40°C, 55°C, and 70°C. As shown in
Figure 3, the dosage of WMA exerted complex effects on the
complex modulus G∗ of warm-mix HVA. Over the whole
frequency range, there was a significant difference in the
master curves of warm-mix HVA with different dosages of
WMA. In a low ω range, the addition of WMA caused the
value of G∗ warm-mix HVA to increase and then decrease. It
reached a maximum at a dosage ofWMA of 1.0 wt%. Adding
less than 1.0 wt% WMA can improve the high-temperature
performance of warm-mix HVA while excessive amount of
WMA will destroy the high-temperature performance and
rutting resistance of warm-mix HVA.

As shown in the master curves in Figure 3(a), the time-
temperature equivalence principle can be applied to a warm-
mix HVA. 1e change of shift factors with temperature is
shown in Figure 3(b). It can be seen that the warm-mix HVA
with different dosages of WMA exhibited different shift
factors at different temperatures. 1e temperature depen-
dence of the shift factor can characterise the temperature
susceptibility of samples. 1e dependence of shift factors on
temperature can be described by utilising an Arrhenius-like
equation or Williams–Landel–Ferry (WLF) equation [24].
Here, we applied the Arrhenius-like equation to describe the
change of shift factors with temperature.

It can be seen from Figure 4(a), although warm-mix
HVA with different dosages of WMA showed approximate
shift factors, the difference in shift factors can be quanti-
tatively distinguished according to the slope of the Arrhe-
nius-like equation. 1at is, the activation energy Ea was used
to characterise the systems, as shown in Figure 4(b).

Figure 4(b) shows that the addition ofWMA reduced the
activation energy of the warm-mix HVA, indicating that the
sensitivity of the warm-mix HVA to temperature decreased.
Moreover, with the increase of WMA, the activation energy
of the warm-mix HVA first decreased and then stabilised.
1is is because the change of activation energy is mainly
determined by SPR modifier molecules. 1e hydrophilic

segment of Evotherm M1 is composed of long-chain ali-
phatic alkanes. Furthermore, the aliphatic alkanes can be
adsorbed by SPR modifier molecules to promote their
swelling and dispersion in asphalt and then play a better role
in modification. However, when the amount of WMA
reaches a certain value, the adsorption reaches equilibrium
and the activation energy tends to equilibrium as well.

3.2.2. Temperature Sweeps. Apart from the master curve, the
samples were subjected to temperature sweep within a large
temperature range to explore the linear viscoelasticity of
warm-mix HVM asphalts. 1e changes in storage modulus
G′, loss modulus G″, and rutting factor G∗/sinδ with
temperature are shown in Figure 5. With increasing tem-
perature, the values of G′ and G″ of the warm-mix HVA
decreased and presented complex changes with temperature
as well. Within the medium- and high-temperature range
(30°C to 70°C), the values of G′ and G″ of various samples
were similar and showed a consistent rate of change with
temperature. Above 80°C, especially in the ultrahigh-tem-
perature range (above 100°C), G′ and G″ differed signifi-
cantly.1e relative values ofG′ andG″ of various samples, in
descending order, were WHVA1.0, WHVA0.5, WHVA1.5,
WHVA0, and WHVA2.0. Considering the rate of change,
WHVA2.0 showed the largest rate of reduction with in-
creasing temperature, followed by WHVA0. It is worth
noting thatWHVA1.0, WHVA0.5, andWHVA1.5 exhibited
similar rates of change: within the temperature range of 90°C
to 100°C, G′∼Tand G″∼Tcurves of the samples both showed
a zone of low gradient. In that case, the slope of the curves
was at a minimum. When the temperature was higher than
100°C, G′ and G″ decreased significantly.

AASHTO code M320 defines the rutting factor G∗/sinδ
to characterise the rutting resistance of asphalts and requires
that G∗/sinδ of new asphalts be no lower than 1.0 kPa. 1e
changes in rutting factor G∗/sinδ with temperature are
shown in Figure 5(c): G∗/sinδ decreased with increasing
temperature, and these were consistent with the change ofG′
and G″ 1e changes in failure temperature when various
samples showed rutting with WMA are shown in
Figure 5(d), the failure temperature of warm-mix HVA
increased at first and then decreased with increasing dosage
of WMA, and it reached a maximum when the dosage of
WMA was 1.5 wt%.

As described above, at low content, WMA can promote
the dispersion of modifiers in asphalt and play a better role
in modification. However, due to the low viscosity of WMA,
when the content of WMA exceeds a certain value, the
viscosity and rutting resistance of warm-mix HVA will
decrease.

3.2.3. Flow Behaviour. 1e linear viscoelasticity was ob-
tained under a small-amplitude deformation. Nonlinear
viscoelasticity measured under a large-amplitude defor-
mation can reveal useful information, especially that dis-
tinguishing differences in modified asphalts caused by
changes to polymer structures and that establishing rela-
tionships between structure and performance.

Advances in Materials Science and Engineering 5



1e change in steady-state viscosity of warm-mix HVA
at 60°C with shear rate (that is, the viscous flow curve) is
shown in Figure 6. Within the whole range of shear rates
tested, the viscosity of the warm-mix HVA decreased slightly
with increasing shear rate, showing shear thinning behav-
iour. 1e viscous flow curve can be fitted by applying the
Cross model [24], and the fitting parameters of warm-mix
HVA obtained by using the Cross model are listed in Table 2.

As shown in Table 2, η0, η∞, λ, and d denote the zero-
shear viscosity (ZSV), the viscosity corresponding to an
infinite shear rate, the characteristic time, and flow index,
respectively. 1e value of η0 of warm-mix HVA increased at
first and then decreased with increasing dosage of WMA.
When the dosage of WMA was 1.0 wt%, η0 of warm-mix
HVA was maximised. For warm-mix HVA, within the
dosage range of WMA tested in the study, the addition of
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WMA increased the ZSV (η0) of HVA. 1e reason for this
result is consistent with that in Section 3.2.4.

3.2.4. MSCR. MSCR is an index developed in recent years to
evaluate high-temperature performance of modified as-
phalts. In this study, MSCR was conducted at 60°C under
three stress levels (100, 1600, and 3200 Pa). 1rough MSCR,
two parameters (involving recovery rate R and non-
recoverable compliance Jnr) can be acquired. R and Jnr were
separately calculated based on recoverable and non-
recoverable strains. 1e strain responses of warm-mix HVA
within ten cycles at 60°C under 100 Pa are shown in Figure 7.

When the dosage of WMA was between 0 and 1.0 wt%, the
higher the strain on warm-mix HVA when the creep stage
ended, the higher the strain when the recovery stage was
completed in a creep-recovery cycle. 1e strain decreased
with increasing dosage of WMA; however, the strains on
WHVA1.5 and WHVA2.0 samples were much greater than
those on the other samples.

To characterise the effects of WMA on high-temperature
performances of warm-mix HVM asphalts, Figure 8 shows
the changes of recovery rate of warm-mix HVA with dosage
ofWMA at 40°C and 60°C under three stresses. It can be seen
from Figure 8(a) that, at 40°C, with increasing dosage of
WMA, the recovery rate of warm-mix HVA increased at

20 40 60 80 100 120
100

101

102

103

104

105

106

G′
 (P

a)

T (°C)

WHVA0
WHVA0.5
WHVA1.0

WHVA1.5
WHVA2.0

(a)

101

102

103

104

105

G″
 (P

a)

T (°C)

WHVA0
WHVA0.5
WHVA1.0

WHVA1.5
WHVA2.0

20 40 60 80 100 120
100

106

(b)

T (°C)

WHVA0
WHVA0.5
WHVA1.0

WHVA1.5
WHVA2.0

20 40 60 80 100 120
10–2

10–1

100

101

102

103

G
∗
/s

in
δ 

(K
Pa

)

(c)

0.0 0.5 1.0 1.5 2.0
40

50

60

70

80

90

100

110

120
Fa

ilu
re

 te
m

pe
ra

tu
re

 (°
C)

WMA content (wt.%)

(d)

Figure 5: Evolution of (a)G′, (b)G″, and (c) G∗/sinδ versus temperature and (d) temperature calculated at the point of G∗/sinδ � 1.0 kPa for
warm-mix HVA.

Advances in Materials Science and Engineering 7



first, then decreased, and finally slightly increased, and it
reached its maximum and minimum at dosages of WMA of
0.5 wt% and 1.5 wt%, respectively. At 60°C, with increasing

dosage of WMA, the recovery rate of warm-mix HVA in-
creased at first, then decreased, and finally increased slightly,
and its maximum appeared at 1.5 wt% dosage of WMA,
indicating that the recoverability of the asphalt pavement
was the strongest. Additionally, increasing temperature and
stress also resulted in the significant reduction of R of warm-
mix HVA samples.

1e change in nonrecoverable compliance Jnr with
dosage of WMA is shown in Figure 8(b): Jnr increased with
increasing temperature. 1e difference between Jnr100 and
Jnr3200 increased with increasing dosage of WMA. At 40°C,
the Jnr of warm-mix HVA increased and then decreased with
increasing dosage of WMA, and its maximum was found
when the dosage of WMA was 1.5 wt%. At 60°C, Jnr first
decreased, then increased with increasing dosage of WMA,
and was minimised when the dosage of WMA was 1.0 wt%.

3.2.5. Low-Temperature Creep Behaviour. To characterise
the influence of the dosage of WMA on low-temperature
creep behaviour in warm-mix HVA, the creep behaviours of
warm-mix HVA under different loading durations at −18°C
and −24°C were tested in the BBR. 1e changes in creep
stiffness S and m with loading time are shown in Figure 9.
Ductility of the system decreased.When the dosage ofWMA
was 1.5 wt%, minimum s and maximum m were found
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Table 2: 1e resulting Cross model parameters as a function of WMA content for warm-mix HVA.
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similar to that at −18°C. As for a warm-mix HVA, at −18°C,
the S of WHVA1.5 was minimised; however, the S of
WHVA2.0 was maximised. WHVA1.5 exhibited the largest
m. At −24°C, S and m of warm-mix HVA showed a similar
trend to those at −8°C. 1is implied an optimal low-tem-
perature performance of the warm-mix HVA system at a
dosage of WMA of 1.5 wt%.

At low temperature, a low S and a high m represent a
strong cracking resistance of the asphalts. 1e coefficient I
was defined to characterise the low-temperature cracking
resistance of asphalts, that is, the ratio of S to m at 60 s. 1e
lower the value of I, the better the low-temperature per-
formance. At −18°C and −24°C, the changes in S/m values of
warm-mix HVA with changing dosage of WMA are shown
in Figure 9(c): the S/m values of the warm-mix HVA de-
creased at first and then rose with increasing dosage of
WMA. I was minimised when the dosage of WMA was
1.5 wt%. With increasing dosage of WMA, the value of I
increased; therefore, for warm-mix HVA, the most suitable
dosage of WMA was 1.5 wt% from the perspective of low-
temperature performance.

4. Conclusion

1e effects of surfactant WMA on physical and rheological
properties of HVA prepared with the self-developed SPR
modifier were measured.1e addition ofWMA can decrease
the viscosity and improve the workability of HVA. With the
increase of WMA content, penetration and ductility in-
creased; softening point, kinematic viscosity at 135°C, and
motive viscosity at 60°C decreased; and elasticity recover was
unchanged.

Meanwhile, with the increase of WMA content, the
modulus, failure temperature, viscosity, and recovery rate of
warm-mix HVA increased at first and then decreased, and
the maximum value appeared at 1.0%–1.5%. Moreover,
when the amount of WMA is 1.5%, the low-temperature

performance of warm-mix HVA shows the best value. 1us,
for HVA, in order to achieve ideal rheological properties, the
recommended amount of WMA is 1.0%–1.5%.

As a conclusion, WMA could be an alternative for in-
creasing workability of HVA. However, the amount of a
warm mixing agent must be reasonably determined because
it has a great influence on high-low temperature perfor-
mance of warm-mix HVA. Moreover, in the future research,
we will pay more attention to the effect of WMA on the
performance of high-viscosity asphalt mixture, especially the
durability.
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High-modulus asphalt concrete (HMAC) is considered as an effective paving material for addressing the increasing heavy traffic
and rutting problems. )erefore, one high-modulus agent was used in this study to prepare high-modulus asphalt binder with
different dosages. )e objective of this study is to investigate the performance and modification mechanism of high-modulus
asphalt. )e effects of high-modulus agent on the viscoelastic properties of asphalt with different dosages were quantified via
rheological tests as compared to base binder and styrene-butadiene-styrene- (SBS-) modified asphalt. Moreover, the modification
mechanism of the high-modulus agent was examined using fluorescence microscopy and infrared spectrum test. Based on rutting
and dynamic modulus tests, the differences of road performances between high-modulus modified asphalt mixture and SBS-
modified asphalt mixture were compared. )e results demonstrate that the high-modulus agent improves the high-temperature
performance and viscoelastic properties of the matrix asphalt.When the dosage increases to 6.67%, the modification effect is better
than that of the SBS-modified asphalt. Furthermore, the results of the rutting test show that the high-modulus modified asphalt
mixture has better resistance to deformation than the SBS-modified asphalt mixture. )e dynamic modulus test further
demonstrates that the high-modulus modified asphalt mixture exhibits superior performance in high-temperature range.
Fluorescence microscopy shows that the high-modulus agent particles can swell in the asphalt to form polymer links that improve
the viscoelastic properties of the asphalt. Based on the results of the infrared spectrum test, it can be concluded that a high-
modulus agent changes the asphalt matrix via physical blending modification.

1. Introduction

To improve the strength of asphalt pavement and reduce its
thickness, France was the first country to adopt high-
modulus asphalt concrete (HMAC) [1]. When the complex
modulus was larger than 14000MPa at 15°C and 10Hz, the
asphalt concrete can be called HMAC. Practically, re-
searchers determined that HMAC has excellent high-tem-
perature rutting resistance, fatigue resistance, and water
stability. Due to these benefits, HMAC is gradually used in
the joint and surface layers [2, 3]. )e selection of high-
modulus asphalt is extremely important to the production of
HMAC. Generally, there are three methods to obtain high-
modulus binders that increases the stiffness of asphalt
concrete: (1) using hard-grade asphalt binders that have low
penetration and high softening points [1]; (2) using a
polymer modifier, such as styrene-butadiene-styrene (SBS)

and lake asphalt [4, 5]; and (3) using a high-modulus agent
[6, 7].

In recent years, in South China, rutting has become one
of the most common distresses of asphalt pavement in high
temperature and heavy traffic areas. Because HMAC has
excellent high-temperature rutting resistance, the investi-
gation on the performance of HMAC has become popular
with researchers. Xiao et al. [8] added two types of high-
modulus agents to 70# asphalt and SBS-modified asphalt and
studied the performance of modified asphalt and asphalt
mixture. )ey reported that the high-temperature perfor-
mances of asphalt and asphalt mixture improved after
adding a high-modulus agent, but their low-temperature
performances slightly decreased. Cao et al. [9] used SBS-
modified asphalt and an antirutting agent for compound
modification of asphalt concrete and similar conclusions
were obtained. Considering that high-modulus admixture
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may reduce the performance of asphalt concrete, Cheng [10]
examined the effects of different types of admixtures on the
cracking resistance of HMAC and concluded that a mineral
fiber admixture could effectively improve the cracking re-
sistance of asphalt concrete. Wang [11] studied the fatigue
performance of a high-modulus asphalt mixture and de-
termined that the inorganic modifier calcium sulfate crystal
improved the fatigue resistance of HMAC. By investigating
and analyzing 80 normal asphalt pavements with HMAC
base or conventional asphalt concrete base in Poland, Rys
et al. [12] concluded that pavements with high-modulus
asphalt bases had a 2.45 times higher probability of being
cracked compared to pavements with conventional asphalt
concrete bases. Some researchers have investigated the
mechanical characteristics of HMAC in the pavement
structure and suggested that when HMAC is applied to the
middle surface layer, it can bear the maximum shear stress
generated by vehicle load better and thus reduce rutting and
achieve the best combination of pavement performance and
cost. Wang et al. [13] tested the uniaxial penetration and
compressive resilient modulus of HMAC, SBS-modified
asphalt concrete, and 70# asphalt concrete at 15°C, 20°C,
40°C, and 60°C. )ey reported that HMAC has relatively
high shear strength and compressive resilient modulus at the
different temperatures. Si et al. [14, 15] established the
structural models of high-modulus asphalt pavement and
conventional asphalt pavement. Using the finite element
method and the discrete element method, they investigated
the mechanical properties of high-modulus asphalt pave-
ment and reported that HMAC pavement can improve the
deformation resistance of asphalt pavement and reduce the
deformation of asphalt material in each layer and the rutting
potential. Wang et al. [16] and Yang [17] explored the
modification mechanism of the high-modulus modifier using
scanning electron microscopy, differential scanning calo-
rimetry (DSC), and Fourier transform infrared spectroscopy
(FTIR). )ey explained the mechanism for improving the
dynamic modulus of asphalt mixture from the perspective of
the interaction between functional groups, additives, and
aggregates. To summarize, most of previous research on high-
modulus asphalt and HMAC focused on their macroscopic
performances and engineering applications. However, there
have been very few studies on the mechanism of the high-
modulus agent and the rheological properties of high-
modulus asphalt. )erefore, the scarcity of relevant research
makes it more difficult to determine the function of the high-
modulus agent in the asphalt mixture accurately, leading to
unstable quality of the high-modulus asphalt mixture.

)e study evaluates the effect of the high-modulus agent
on the rheological properties of asphalt, along with its
mechanism and performance in the application process. )e
main objectives of this study are (1) to introduce a high-
modulus agent as a modifier to improve the performance of
asphalt and asphalt mixture, (2) to investigate the influence
of high-modulus agent on the rheological properties of
asphalt binder, (3) to determine the rutting resistance and
dynamic modulus of HMAC, and (4) to study the mecha-
nism of high-modulus agent and its role in improving the
performance of asphalt in the process. To achieve these

objectives, 70# asphalt was selected as base asphalt and was
modified with a high-modulus agent to obtain high-mod-
ulus asphalt. In comparison, the rheological properties of
high-modulus asphalt and SBS-modified asphalt at high and
low temperatures were studied via rheological testing. )e
mechanism of high-modulus agent modification in the as-
phalt was analyzed via fluorescence microscopy and FTIR.
Furthermore, the rutting test and dynamic modulus test of
the asphalt mixtures were conducted to investigate the road
performance. Figure 1 shows the flowchart of the steps and
tasks followed in this research project.

2. Materials and Methods

2.1. Materials

2.1.1. Asphalt Binders and Modifiers. In the comparative
study, the 70# asphalt and SBS-modified asphalt used in the
test were provided by Shell and came from the same pro-
duction batch, and the content of SBS was 4.5%. High-
modulus modified asphalt was prepared using 70# asphalt
that was selected as base binder. )e main technical indexes
of 70# asphalt and SBS-modified asphalt were tested by the
standard test method of asphalt and asphalt mixture [18].

Table 1 shows the basic properties of the two types of
bitumen. It can be seen from Table 1 that the main technical
indexes of base asphalt and SBS-modified asphalt meet the
requirements of Chinese specification [19].

Crumb rubber has been successfully applied into asphalt
pavement as a performance enhancer for many decades, and
many studies have proved that asphalt rubber (AR) can
provide better rutting and fatigue resistance [20–22]. It was
also found that the rubberized asphalt mixture provided
higher modulus than the mixture with hard-grade binder
and SBS-modified asphalt mixture [23]. In this study, crumb
rubber was selected as a high-modulus agent from Dong-
guan Yinxi Technology Co., Ltd., China. Figure 2 shows the
selected high-modulus agent, which is mainly composed of
rubber plastic alloy material, and its basic properties are
shown in Table 2.

High-modulus modified asphalt was prepared via the
high-speed shear method. Table 3 shows the dosage of the
high-modulus modifier and the asphalt serial number. )e
different dosages used in this study were based on the field
experience. In Guangdong Province, China, the dosage of
high-modulus agent is generally 0.2%∼0.4% of the total mass
of asphalt mixture. According to the optimal asphalt content
(around 4.5% for AC-20), the ratio of high-modulus agent to
asphalt binder is 4.45%, 6.67%, and 8.89%, respectively,
when the percentage of high-modulus agent by mass of
asphalt mixture was 0.2%, 0.3%, and 0.4%, respectively. To
prepare JG1, JG2, and JG3, 70# asphalt was heated to 140°C,
and the corresponding dosage of the high-modulus agent
was slowly added to the asphalt. )en, the mixture was
sheared at 3500 rpm for 15min and then at 6000 rpm for
45min. Both JG0 and FG0 were not mixed with high-
modulus agent but high-speed sheared for 60min and
heated at 140°C for 3 h to simulate the aging process of the
blending asphalt binders.
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2.1.2. Mixtures. To prevent rutting, the high-temperature
stability of the middle surface of the asphalt pavement is
crucial [14]. To evaluate the practical effect of the high-
modulus modifier in road performance, the AC-20 mixture,

which is commonly used in the middle surface of asphalt
pavement, was selected to explore the effect of the high-
modulus modifier on the high-temperature performance of
asphalt mixture. Table 4 shows the gradation used in the test.
)e asphalt consumption is 4.14%, and the designed void
ratio is 4.1%.

2.2. Test Methods

2.2.1. Dynamic Shear Rheological Test. )e dynamic shear
rheological test is considered as an important method to
investigate the influence of the loading conditions and
temperature on the properties of the asphalt as well as to
analyze the viscoelastic properties of asphalt [24, 25]. )e
Malvern Kinexus dynamic shear rheometer (DSR) was used
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Figure 1: Flowchart of the test program.

Table 1: Technical indexes of 70# asphalt and SBS-modified asphalt.

Test properties 70# asphalt SBS-modified asphalt
Test results Technical index Test results Technical index

P25°C, 100 g, 5 s (0.1mm) 61 60–80 55 40–60
TR&B (°C) 48.5 ≥46 81 ≥60

Ductility (cm) 5°C — — 34.4 ≥20
10°C 18.3 ≥15 — —

RTFOT (163°C, 85min)

Mass loss (%) 0.092 ±0.8 −0.047 ±1.0
Penetration ratio 72 ≥61 80 ≥65

Ductility (cm) 5°C — — 22 ≥15
10°C 6.2 ≥6 — —

Figure 2: High-modulus agent used in this study.

Table 2: Technical indexes of the high-modulus agent.

Particle size (mm) Density (g/cm3) Particle morphology Color
1–6 0.92–0.98 Granular solid Black

Table 3: High-modulus agent dosage and asphalt serial number.

Asphalt type 70#
asphalt SBS-modified asphalt

High-modulus agent dosage
(%) 0 4.45 6.67 8.89 0

Serial number JG0 JG1 JG2 JG3 FG0
Note. )e high-modulus agent content is the ratio of the high-modulus
agent to the asphalt quality.
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in the temperature-sweep test and the frequency-sweep test.
In the temperature-sweep test, the diameter of the plates was
25mm and the gap between two plates was 1mm, the
control strain was set at 0.1%, the control frequency was
1.592Hz (10 rad/s), and the temperature range was from
58°C to 112°C with an interval of 6°C. For the frequency-
sweep test, the diameter of the plates was 25mm with a gap
of 2mm. )e control strain was set at 0.1%. )e selected
temperatures were 5, 20, and 35°C, and the frequency range
was 0.1–100 rad/s. Each order of magnitude had 10 fre-
quency points, thus yielding 30 frequency points. Based on
DSR frequency-sweep test results, the sigmoidal function
[26, 27] was used to fit the master curves of the complex
shear modulus of the asphalt, as shown in equation (1).
Considering 20°C as the reference temperature, based on the
time-temperature superposition principle, the Wil-
liams–Landel–Ferry (WLF) equation was used to calculate
the shift factor of the complex shear modulus at different
temperatures. )e WLF equation is shown in equation (2).

Lg G
∗
 � δ +

α
1 + eβ+cLgfr

, (1)

where |G∗| is the complex shear modulus (GPa); fr is the
reduced frequency at the reference temperature (Hz); and δ,
α, β, and c are constants.

LgαT � −
C1 T − Τ0( 

C2 + T − Τ0( 
, (2)

where T is the test temperature (°C); αT is the shift factor at
temperature T; T0 is the reference temperature (°C); and C1
and C2 are constants. Two replicates were prepared and
tested for each type of binder.

2.2.2. Multistress Creep Recovery Test. Many studies have
shown that G∗/sinδ cannot be used to evaluate accurately the
high-temperature properties of the polymer-modified as-
phalt [28, 29]. NCHRP 9–10 proposed a method of evalu-
ating the performance of modified asphalt based on
multistress creep recovery (MSCR) tests [30]. )e creep
recovery rate (R) was used to characterize the elastic de-
formation capacity of the asphalt binder, the unrecoverable
creep compliance (Jnr) was used to characterize the resis-
tance potential of asphalt binder to permanent deformation
accumulation, and the unrecoverable creep compliance
difference (Jnr−diff ) was used to characterize the sensitivity of
asphalt binder to loading stress. Note that the higher R value
implies the improvement of elastic deformation capacity of
the asphalt binder, lower Jnr indicates the increase of per-
manent deformation resistance, and Jnr−diff decreases with
the decrease of stress sensitivity. )e loading mode of the
MSCR test is close to the actual situation of the pavement
load, which can demonstrate the viscoelastic characteristics
of asphalt well. In this study, the temperature of 60°C was

selected, and MSCR test was conducted to evaluate the
viscoelastic characteristics of high-modulus modified as-
phalt according to AASHTO TP-70. Two replicates were
prepared and tested for each binder.

2.2.3. Bending Beam Rheological Test. )e bending beam
rheometer (BBR) test is a grading test method of evaluating
the low-temperature performance of asphalt recommended
by the Strategic Highway Research Program (SHRP) [18, 25].
In the test, the deflection values were used to calculate the
stiffness of asphalt binder; the equation is shown as follows:

S(t) �
PL3

4bh3δ(t)
, (3)

where P is the applied constant load (100 g or 0. 98N); L
represents the distance between beam supports (102mm); b
represents beam width (12.7mm); h is beam thickness
(6.25mm); S(t) represents asphalt binder stiffness at a
specific time (MPa); and δ(t) is the deflection at a specific
time (mm).

Stiffness value was calculated at 60 s, and the slope of
stiffness versus time is called m-value. )e creep stiffness
from the BBR test is a measure of the development of
thermal stresses in the asphalt binder. )e two parameters
are used as indicators of asphalt binder to characterize the
thermal cracking potential at the low temperature. With a
higher S, the asphalt becomes more brittle at low temper-
ature, and it is more likely to crack at low temperature. With
a higher m value, the stress relaxation performance the
asphalt is better, and the possibility of low-temperature
cracking decreases. )e grading standard is that the stiffness
modulus (S) should not exceed 300MPa, and the creep rate
(m) should not be less than 0.3. In this study, CANNONBBR
was used and the test temperature was −10°C. Two replicates
were prepared and tested for each binder.

2.2.4. Fluorescence Microscopy. Fluorescence microscopy
was used to observe the distribution of the modifier in the
asphalt. By using excitation light of different colors, the
fluorescent dye samples, which are difficult to be observed
using an ordinary microscope, were clearly observed and
identified. In Figure 3, the magnification of the objective lens
was 10–100 times and that of the eyepiece was 10 times.
)ree replicates were tested for each prepared binder.

2.2.5. Infrared Spectrum Test. In this experiment, the at-
tenuated total reflection method was used in the Agilent
Cary 630 FTIR (Figure 4) to conduct infrared spectrum
detection on the high-modulus modifier, 70# asphalt, and
high-modulus modified asphalt samples, so as to determine
the basic chemical composition and modification

Table 4: Gradation of the AC-20 asphalt mixture.

Sieve size (mm) 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Passing rate (%) 100 96.4 85.2 73.2 57.1 33.2 25.2 18.8 14 10.4 8.2 6
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mechanism of the high-modulus modifier. )ree replicates
were tested for each prepared binder.

2.2.6. Rutting Test. )e rutting test was used to test the high-
temperature antirutting capacity of the asphalt mixture by
simulating the actual wheel movement on the asphalt
pavement by the reciprocating movement of the wheel on
the plate-shaped test piece. HMAC is widely used in South
China to address the serious rutting problem. Considering
these two factors including high temperature and precipi-
tation in this area, two sets of rutting tests were conducted at
60°C and 70°C to evaluate the high-temperature rutting
resistance of the asphalt mixture. Furthermore, a drying
group and a soaking group were set to analyze the water
stability. Additionally, considering the overload phenome-
non, the test loading was increased from 0.7 to 0.9MPa for
three comparative analyses. Following the rutting test
method of asphalt mixture (T0719-2011) [18], the size of the
rutting test samples was 300× 300× 50mm, and dynamic
stability (DS) was calculated as follows:

DS �
42 ×(60 − 45)

d60 − d45
, (4)

where DS is the dynamic stability in cycle/mm; d60 is the
rutting depth at 60min inmm; and d45 is the rutting depth at
45min in mm. Two replicates were tested for each prepared
sample.

2.2.7. Dynamic Modulus Test. Due to the fact that the
modulus of HMAC is different from that of conventional
asphalt concrete mixture [14, 26], the dynamic modulus test
was used. )e multifunctional material testing machine
(UTM-100) was used for this test, and the test samples were
100mm in diameter and 150mm in height. )e dynamic
modulus test was performed with the loading frequencies of
0.1, 0.5, 1, 5, 10, and 25Hz at 4°C, 15°C, 25°C, 35°C, 45°C, and
60°C. )e test was conducted from low temperature to high
temperature with the decrease of loading frequencies so as to
enhance the testing accuracy. )e dynamic modulus test was
conducted with constant strain, making sure that the stress-
strain relationship within the loading range remained linear.
In the control mode, sinusoidal load was applied to the
samples, and the strain was controlled between 85 and 115 με.
)e room temperature was selected as the reference tem-
perature. According to the time-temperature superposition
principle, the master curve of the dynamic modulus of the
asphalt mixture was fitted using the sigmoidal function. Two
replicates were prepared and tested for each type of sample.

3. Results and Discussion

3.1. Rheological Properties of Asphalt

3.1.1. Analysis of Temperature-Sweep Test Results.
Figure 5 shows the temperature-sweep test results. In
Figure 5(a), it can be seen that the complex modulus (G∗) of

(a) (b)

Figure 4: Infrared spectrum test of asphalt: (a) infrared spectrometer; (b) asphalt samples.

Figure 3: Fluorescence microscope.
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the asphalt decreases with the increase of temperature, in-
dicating the poor deformation resistance of asphalt at high
temperature. Compared with JG0, the complex modulus of
JG1, JG2, and JG3 with the high-modulus modifier consid-
erably improved. And with the content of the high-modulus
agent increasing, the complex modulus increases. Taking the
temperature of 70°C as an example, the complex modulus of
JG1, JG2, and JG3 increases by 2.4, 9.9, and 15.1 times, re-
spectively, compared with the figure for JG0. If the content of
the high-modulus agent is equal to that of SBS (4.5%), SBS-
modified asphalt has a higher complex modulus as the
temperature surpasses 64°C. With the content of the high-
modulus agent increasing to 6.67%, the complex modulus of
the high-modulus modified asphalt is higher than that of the

SBS-modified asphalt. )is indicates that the high-modulus
modified asphalt has better high-temperature stability when a
certain content of the high-modulus agent is used.With high-
modulus agent content increasing, the slopes of the complex
modulus curves rapidly decrease and then remain stable,
which indicates that the addition of the high-modulus agent
may lead to the decline of the temperature sensitivity of the
asphalt. When the content increases to 6.67% or more, no
significant difference in the slopes of curves can be found
among the high-modulus modified asphalt and the SBS-
modified asphalt. )is means that the two types of asphalt
show similar temperature sensitivity.

Figures 5(b) and 5(c) show the fatigue factors and the
rutting factors of the samples versus temperature. )e
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Figure 5: Relationship between the viscoelastic properties of asphalt and temperature: (a) complex modulus versus temperature; (b) fatigue
factor versus temperature; (c) rutting factor versus temperature; (d) phase angle versus temperature.
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change trends of both are consistent with the complex
modulus, which demonstrates that the high-modulus
modified asphalt containing 6.67% high-modulus agent or
more has better high-temperature performance and fatigue
performance than the SBS-modified asphalt. )e result of
better rutting resistance of high-modulus modified asphalt is
consistent with previous finding in the literature [23]. In
Figure 5(d), it can be observed that the phase angle of asphalt
significantly decreases with the increase of high-modulus
agent content, from 89.0° of JG0 to 68.2° of JG2 at 70°C; it
means that the addition of the high-modulus modifier can
contribute to the improvement of the elastic performance of
asphalt at high temperature. However, when the content was
higher than 6.67%, the decrease of the phase angle is not
obvious. It may be attributed to the formation and en-
hancement of a polymer link network with relatively small
content, which improves the elastic properties of the asphalt.
But the additional increase has no significant effect on the
link network, indicating that the improvement of the elastic
properties of the asphalt with the addition of the high-
modulus agent is limited. It also can be found that the SBS-
modified asphalt shows the lowest phase angle, which in-
dicates that SBS-modified asphalt has better elastic recovery
performance than 70# asphalt. And the addition of the high-
modulus modifier can narrow the gap between the two types
of asphalt to some extent.

3.1.2. Analysis of Frequency-Sweep Test Results. Selecting
20°C as the reference temperature, the master curves of the
complex shear modulus and the main curve of the phase
angle are shown in Figure 6.

As shown in Figure 6(a), compared with the SBS-
modified asphalt, 70# asphalt has a higher modulus at higher
frequencies (100–104 rad/s) and a lower modulus at low
frequencies (10−3–10° rad/s). According to the time-tem-
perature superposition principle, low frequency is equivalent
to a temperature increase. Similar to the results obtained
before, the SBS-modified asphalt shows lower temperature
sensitivity and better high-temperature performance. After
the addition of the high-modulus modifier, the master curve
of the complex shear modulus of the asphalt reflects a
positive correlation. In the high-frequency band
(102–104 rad/s), the complex shear modulus of the asphalt
somewhat changes with the content. In the low-frequency
band (10−3–102 rad/s), if the content of the high-modulus
agent is not more than 6.67%, the complex shear modulus of
the asphalt significantly increases with the increase of the
content under the same loading frequency, indicating that
the high-temperature performance of the high-modulus
modified asphalt considerably improves. When the dosage is
further increased, the complex modulus does not continue
to increase, which confirms that the improvement of the
high-temperature performance of the asphalt is limited
despite the addition of the high-modulus agent. Similar to
Figure 6(a), the master curves of the phase angle in
Figure 6(b) show that the addition of the high-modulus
agent can effectively improve the viscoelasticity of the as-
phalt, reduce the phase angle of the asphalt, and enhance the

elastic recovery ability of the asphalt. In the low-frequency
band (10−3–10−1 rad/s), the phase angles of JG0 and JG1 are
significantly higher than those of the SBS-modified asphalt,
which indicates that JG0 and JG1 are more similar to vis-
coelastic fluids at high temperature and more likely to flow
compared to the SBS-modified asphalt. With further in-
crease in the high-modulus agent content, the viscoelasticity
of the asphalt significantly improves. When the content is
6.67%, the modified asphalt has the best elastic performance
and viscoelasticity. )e increase in the content of the asphalt
makes the phase angle of the asphalt increase, which may be
attributed to the heterogeneous dispersion of the high-
modulus modifier and the weakening of the link with the
asphalt, leading to the increase of the phase angle of the
asphalt.

3.1.3. Analysis of the MSCR Results. )e MSCR results are
shown in Figure 7. In both stress conditions (0.1 kPa or
3.2 kPa), with the increase of high-modulus agent, the shear
strain of the asphalt gradually decreases, and when the high-
modulus agent content increases to 6.67%, the strain re-
sponse of the asphalt remains stable, which demonstrates
that the addition of the high-modulus agent improves the
deformation resistance of the asphalt. It is also found that
JG2 showed lower strain response compared with the SBS-
modified asphalt, indicating the high-temperature defor-
mation resistance of JG2 is better than that of the SBS-
modified asphalt. Moreover, comparing the shear-strain
curves of the 70# asphalt, the high-modulus modified as-
phalt, and the SBS-modified asphalt, it can be seen that the
shear strain of the 70# asphalt increases gradually during the
loading time but does not significantly recover during the
unloading time. However, the shear strain of SBS-modified
asphalt during the loading time is significantly less than that
of 70# asphalt, and the residual shear strain of creep stress
after unloading is smaller, which shows that SBS-modified
asphalt has better elastic recovery performance than 70#
asphalt at high temperature.

Table 5 shows the calculation results of the rheological
parameters of the 70# asphalt, the high-modulus modified
asphalt, and the SBS-modified asphalt based on the MSCR
test. With the increase of high-modulus agent content, R
value increases considerably and then tends to remain stable,
and Jnr decreases first and then tends to remain stable. )is
demonstrates that the addition of the high-modulus additive
can lead to the enhancement of the high-temperature elastic
deformation recovery capacity and the improvement of the
antirutting ability. At 0.1 kPa, the R values of JG2 and JG3 are
higher than those of SBS-modified asphalt, whereas Jnr
values of JG2 and JG3 are lower than those of the SBS-
modified asphalt. At 3.2 kPa, the Jnr values of JG2 and JG3
are 0.184 kPa−1 and 0.154 kPa−1, respectively, which are
lower than those of the SBS-modified asphalt. Moreover, the
R value of JG3 is 48.2%, which is slightly lower than that of
the SBS-modified asphalt. With the increase of high-mod-
ulus agent content, the Jnr−diff value of the high-modulus
modified asphalt increases gradually, which is greater than
those of the 70# matrix asphalt and the SBS-modified
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asphalt, indicating that the high-modulus additive increases
the sensitivity of asphalt to load.

3.1.4. Low-Temperature Performance of Asphalt. Figure 8
shows the BBR test results for the high-modulus modified
asphalt. With the increase of high-modulus additive content,
the creep stiffness of the asphalt increases, whereas the m-
value gradually decreases. )is indicates that the addition of
the high-modulus agent increases the stiffness of the asphalt
but reduces its flexibility, which makes it stiffer and more
brittle and thus causes damage to its low-temperature
performance. )erefore, the determination of the content of
the high-modulus agent needs more caution. According to
the test results for the high- and low-temperature perfor-
mance of the high-modulus modified asphalt with different
high-modulus agent contents, adding 6.67% high-modulus
agent to 70# asphalt is recommended for preparing HMAC
in engineering applications.

3.2. High-Temperature Performance of Asphalt Mixtures

3.2.1. Analysis of Rutting Test Results. )e rutting test was
conducted on three types of asphalt mixtures using 70#
asphalt, SBS-modified asphalt, and JG2 as binder, and the
test results are shown in Table 6. Obviously, the addition of
the high-modulus agent can significantly improve the DS of
the 70# asphalt mixture. Moreover, the improvement effect
of high modulus-modified asphalt is better compared with
SBS-modified asphalt under all test conditions. Under the
standard test conditions (0.7MPa, 60°C), the DS of the high-
modulus modified asphalt mixture is 6.8 times more than
that of the base asphalt mixture, whereas there is 5.2 times
increase in the SBS-modified asphalt mixture. Under high-
temperature and heavy-load conditions (0.9MPa, 70°C), the

high-modulus agent has a particularly prominent effect on
the high-temperature performance of the mixture. After
adding the high-modulus agent, the DS of the asphalt
mixture increases significantly. Compared with the base
asphalt mixture, there is 12.4 times increase in the high-
modulus asphalt mixture. And the DS of JG2 mixture is
about 40 percent higher than that of the SBS-modified as-
phalt mixture, which demonstrates that the HMAC has
better rutting resistance under special conditions such as
high temperature and heavy load. When the humidity in-
creased during the test, the DS of the three asphalt mixtures
decreased. However, the decrease in the DS of the high-
modulus modified asphalt mixture was only 11.1%, which
was considerably lower than those of the 70# asphalt mixture
(22.2%) and the SBS-modified asphalt mixture (19.9%),
confirming that the asphalt mixture modified by the high-
modulus agent has good water stability.

3.2.2. Analysis of Dynamic Modulus Test Results.
Figure 9 shows the dynamic modulus master curves of
HMAC and the SBS-modified asphalt mixture; it can be seen
that HMAC has higher modulus under both high- and low-
temperature conditions. )is conclusion is consistent with
the results of the asphalt frequency-sweep test, which further
confirms that high-modulus modified asphalt has good
applicability in high-temperature range.

3.3. Modification Mechanism

3.3.1. Fluorescence Microscopic Observations. )e mechan-
ical properties of polymers come from the entanglement
between chains. Only when the entanglement between
different molecules is formed in the interface area, can the
interface have a certain mechanical strength. Based on the

0.01 0.1 1 10 100 1000 100000.001
Frequency (rad∗s–1)

100

101

102

103

104

105

106
G

∗
 (k

Pa
)

JG0
JG1
JG2

JG3
FG0

(a)

0.01 0.1 1 10 100 1000 100000.001
Frequency (rad∗s–1)

20

30

40

50

60

70

80

90

δ 
(°

)

JG0
JG1
JG2

JG3
FG0

(b)

Figure 6: Frequency-sweep test results: (a) master curve of complex shear modulus; (b) master curve of phase angle.

8 Advances in Materials Science and Engineering



minimum energy principle, the addition of modifiers causes
redistribution in the system, and the system tends to a new
equilibrium by reducing the surface energy [28]. Moreover,
some polymer segments of the modifier particles diffuse into
the asphalt phase to form an interface layer, which slows
down the movement of the molecules. Furthermore, some
polymers have high stability and strong network structure
with the asphalt molecular chain, which helps improve the
mechanical properties of the asphalt mixture. In addition,

the polar graft copolymer component present in the
high-modulus agent can lead to the formation of a stronger
polymer link between aggregate surface and asphalt com-
pared to the structural asphalt and can improve the modulus
and the high-temperature performance of the asphalt
mixture. According to previous studies [31, 32], one high-
modulus modifier (a polyolefin modifier) tends to form a
network in the binder system possibly because of the
swelling through fluorescence microscope observation.
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Figure 7: MSCR test curves at 60°C: (a) 0.1 kPa; (b) 3.2 kPa.

Table 5: MSCR test results.

Rheological parameters Stress JG0 JG1 JG2 JG3 FG0

R (%) 0.1 kPa 2.3 48.4 95.4 98. 1 89.2
3.2 kPa −0.3 3.4 41.3 48.2 77.8

Jnr (kPa−1) 0.1 kPa 2.907 0.400 0.007 0.002 0.095
3.2 kPa 3.222 1.096 0.184 0.154 0.211

Jnr−diff (%) — 10.8 174.2 2409.5 6354.9 122.9
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Based on this, the modification mechanism of the high--
modulus modifier used in this study was investigated using
fluorescence microscopic test. Figure 10 shows a fluorescent
micrograph of JG3 at different development times. )ere is a
clear interface between the high-modulus agent and the
asphalt before high-temperature development. With the
increase of the development time, the difference between the
yellow pattern (representing the high-modulus agent) and
the orange background (representing the asphalt) becomes
smaller, and the boundary between them becomes fuzzy
gradually. )is shows that the sheared high-modulus agent
particles can swell and develop in the high-temperature

environment, absorb the light components of the asphalt,
form polymer links, distribute more homogeneously in the
origin asphalt, and improve the viscoelastic properties and
high-temperature performance of asphalt.

3.3.2. Infrared Spectrum Analysis. Apart from the observed
results from fluorescence microscope, using infrared spec-
trum test can also help to investigate the modification
mechanism of high-modulus agent in the binder. In the
previous study [17], Yang reported that there was neither
new chemical reaction nor the formation of new functional
groups in the asphalt containing one high-modulus modifier
through infrared spectrum test. Figure 11 shows the infrared
spectrum of the high-modulus modifier. )ere are four
obvious sharp infrared absorption peaks of the high-mod-
ulus modifier at 715, 1468, 2847, and 2914 cm−1. )e
715 cm−1 peak represents the in-plane rolling vibration
absorption peak of –(CH2)n– (n≥ 4), the 1468 cm−1 peak
represents the bending vibration absorption peak of–CH2–,
the 1468 cm−1 peak represents the symmetric stretching
vibration absorption peak of–CH2–, and the 2914 cm−1 peak
represents the asymmetric stretching vibration absorption
peak of–CH2–. Figures 12(a)–12(c) show the infrared
spectrum of the high-modulus modifier, the 70# matrix
asphalt, and the high-modulus modified asphalt JG2, re-
spectively. )e infrared spectrum of the high-modulus
modified asphalt is the superposition of the infrared spec-
trum of the high-modulus modifier and the infrared spec-
trum of the 70# asphalt. )ere is no new infrared absorption
peak in the infrared spectrum of the high-modulus modified
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Figure 8: )e relationship between S, m, and the high-modulus modified asphalt content.

Table 6: Dynamic stability results (cycle/mm).

Test conditions
Asphalt binder type

70# asphalt SBS-modified asphalt (FG0) High-modulus asphalt (JG2)
0.7MPa, 60°C, dry 1866 9856 12670
0.7MPa, 60°C, wet 1452 7892 11253
0.7MPa, 70°C, dry 868 6524 7624
0.9MPa, 70°C, dry 233 2112 2886
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Figure 9: Dynamic modulus master curve of the asphalt mixtures.
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asphalt JG2. )erefore, it can be concluded that the mod-
ification of the base asphalt by adding the high-modulus
modifier is purely physical blending modification, the
modifier and the base asphalt are not chemically bonded,
and no new substances are formed. )is behavior is con-
sistent with the macroscopic morphology observed by
fluorescence microscopy. )e high-modulus modifier only
exhibits physical changes such as swelling of the matrix
asphalt.

4. Conclusions

In this study, the rheological properties of high-modulus
asphalt, 70# asphalt, and SBS-modified asphalt, high-tem-
perature performance of asphalt mixtures, and the modi-
fication mechanism of the high-modulus agent in the binder
were discussed via a series of laboratory tests. )e results
confirm that HMAC has excellent road performance in
high-temperature areas, and the following conclusions could
be drawn:

(1) )e addition of a high-modulus agent can signifi-
cantly improve the high-temperature performance
and viscoelastic properties of the asphalt binder and
reduce the temperature sensitivity of the matrix
asphalt to some extent. When the content of the
high-modulus modifier increases to 6.67%, the
modified asphalt has better high-temperature per-
formance than SBS-modified asphalt.

(2) )e rutting resistance of HMAC is better than that of
SBS-modified asphalt mixture, especially under
high-temperature and heavy-load conditions. And
the water stability of HMAC is better than that of
SBS-modified asphalt mixture. )e modulus of
HMAC is higher than that of SBS-modified asphalt
concrete under high and low temperature, which
indicates that HMAC has good applicability in high-
temperature range.

(3) By using the fluorescence microscopy test and in-
frared spectrum test, it can be found that the high-
modulus agent particles develop by swelling in a
high-temperature environment, absorbing the light
components of asphalt. Some polymer chain

High-modulus agent

Virgin asphalt

(a) (b) (c)

Figure 10: Fluorescence micrograph of different developmental times of the JG3 asphalt: (a) 0 h; (b) 1 h; (c) 1.5 h.
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Figure 11: Infrared spectrum of the high-modulus agent.
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Figure 12: Infrared spectrum of (a) the high-modulus modifier, (b)
the 70# matrix asphalt, and (c) the high-modulus modified asphalt
JG2.
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segments of the modifier particles diffuse into the
asphalt phase to form an interface layer, which slows
down the movement of the molecules; some poly-
mers can exhibit high stability and strong network
structure with the asphalt molecular chain, which
improves the high-temperature performance and
viscoelastic property of the asphalt.
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