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Double-layer paving technology, which is a new technology for construction asphalt pavements, has received increasing research
attention for several years. However, few studies have focused on the eﬀect of asphalt pavement layer thickness and mixture-type
combinations on the fatigue properties of a double-layer pavement. Therefore, the fatigue properties of the double-layer and
traditionally paved asphalt pavements were studied in this work. The eﬀects of two paving technologies, three mixture combinations, and two asphalt layer thickness combinations on the fatigue properties of asphalt pavements were studied through
bending beam tests, and a fatigue equation of diﬀerent asphalt pavements was established using the two-parameter Weibull
distribution. Subsequently, the fatigue lives of diﬀerent pavements were compared and analyzed under the same cyclic load.
Results indicate that the ﬂexural strength and fatigue life of the double-layer pavement increased by at least 10% and 54%,
respectively, compared with those of a traditionally paved pavement structure. The goodness of ﬁt of the equation established
using the Weibull distribution exceeded 0.90. For the traditional paving technology, compared with the pavement structure
combination of 4-cm AC-13 surface layer/6-cm AC-20 bottom layer, the fatigue life of a 3-cm AC-13 surface layer/7-cm AC-20
bottom layer can be increased by at least 8%, while the fatigue lives of other pavement structures are reduced signiﬁcantly. The
results also indicate that the fatigue life of the double-layer pavement structure with the 3-cm AC-13 surface layer/7-cm AC-20
bottom layer can be increased by at least 114% compared with that of the traditionally paved pavement structure (4-cm AC-13
surface layer/6-cm AC-20 bottom layer). Additionally, the fatigue lives of other pavement structures can be improved. To effectively improve the fatigue life of an asphalt pavement, a double-layer pavement structure with the 3-cm AC-13 surface layer/7cm AC-20 bottom layer combination is recommended.

1. Introduction
Pavement structures and material types signiﬁcantly aﬀect
the fatigue life of an asphalt pavement [1–4]. The surface
layer (4-cm AC-13), middle layer (6-cm AC-20), and lower
layer (8–12-cm AC-25, ATB-25, or ATB-30) constitute the
primary asphalt pavement structure of China’s high-grade
highways [5, 6]. In addition, the 5-cm AC-13 surface layer/67-cm AC-20 bottom layer combination is primarily used as
the typical structure of the National Trunk Highway System
of China [5, 6]. Most asphalt pavements were constructed
using traditional paving technology, i.e., stratiﬁed spreading
and layer-by-layer compaction because of the scarcity of

construction machineries. In the ﬁeld, a tacky coat oil is
typically sprinkled between the asphalt structural layers to
improve the adhesion force between the asphalt concrete
layers [7, 8]. However, although the tacky coat oil can
improve the adhesion between two structural layers to some
extent, the upper layer of a hot paving asphalt mixture
cannot be embedded into the lower layer that has been
cooled and compacted. Consequently, the extrusion eﬀect of
the aggregates between the two structural layers is poor, and
their bonding action is weak. The poor “aggregate-binder”
and “aggregate-aggregate” interfaces result in poor mechanical strength, moisture susceptibility, and poor highand low-temperature performance of asphalt concrete
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[9–11]. This seriously aﬀects the reliability of the pavement
design and the durability of the asphalt pavement [12],
thereby increasing the cost of pavement construction and
maintenance. In addition, many drawbacks such as rapid
heat dissipation, long construction periods, and low work
eﬃciency of construction machineries are diﬃcult to avoid
during traditional paving.
Double-layer paving technology for asphalt pavements,
which is a new construction technology, simultaneously
completes the paving and rolling of two structural layers
[13, 14]. The primary advantage of this paving technology is
that the simultaneous paving and rolling of the two-layer
asphalt structure, which can eﬀectively avoid the “cold and
hot combination” contact between two structural layers
constructed by traditional paving, ensures that the two layers
of asphalt concrete are simultaneously paved and compacted
with the condition of the “hot and hot” contact. Thus, the
asphalt in the upper- and lower-layer mixtures can be
completely in contact with each other, and the aggregates in
the upper- and lower-layer mixtures can be extruded together during the construction, thereby resulting in good
adhesion and extrusion between the mixture layers [15, 16].
Moreover, interlayer treatment is not applied during doublelayer paving, which not only saves the use of the tacky coat
oil and shortens the construction period but also fundamentally solves the interlayer discontinuity problem of a
traditionally paved pavement, thus ensuring a good bonding
eﬀect between the layers [15, 16]. Other advantages, such as a
reduction in the temperature loss of the asphalt mixture
during construction and not being limited to the principle of
2.5–3.0 times between the pavement structure thickness and
nominal maximum particle size of the aggregate in the
asphalt mixture, are also signiﬁcant [15–17]. At present,
Sweden, the Netherlands, and Germany have mastered
advanced double-layer paving technology. In Germany, the
high-grade road surface with double-layer paving construction has reached ∼4 million m2, and the road surface
has been used well. The double-layer paving process has also
been approved by the construction regulations of European
countries such as Germany [18].
Recently, with the development and application of
double-layer paving equipment, road construction researchers have conducted some studies on asphalt mixtures
with double-layer paving technology. Großmann et al.
considered that double-layer paving technology aids to
improve the interlayer bonding eﬀect of the asphalt layers
[19]. Mueller found that double-layer paving technology
fully utilized the thermal capacity stored in the lower-layer
asphalt mixture, thereby allowing the upper layer asphalt
mixture to easily reach a good compact state [20]. Morgan
et al. explored the feasibility of applying double-layer paving
technology to a double-layer large-gap asphalt pavement.
The results indicated that it was feasible and more economical to apply this paving technology in constructing a
large-gap asphalt pavement. Moreover, this technology not
only improved the construction speed and reduced the
temperature loss but also ensured that the asphalt mixture
achieved better compactness [21]. Füleki considered that a
double-layer asphalt pavement is advantageous for
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improving the aggregate interlocking eﬀect between layers,
thereby helping to resist the relative displacement between
the layers caused by the shear stress generated by the traﬃc
load [22]. Kuennan reported that the two-lift asphalt paving
technology not only helps us to improve the durability of the
asphalt pavement but also enhances its ability to resist traﬃc
load and pavement distress [23]. Wang compared the interlaminar shear properties of ﬁeld cores drilled from the
traditional and double-layer paving pavements using the
oblique shear test. The results indicated that the shear
performance of the ﬁeld cores drilled from the double-layer
asphalt pavement increased signiﬁcantly compared with that
of the traditionally constructed pavement, and the test data
were more stable. Moreover, a laboratory rutting test also
indicated that the deformation resistance of the double-layer
paved specimens was clearly better [24]. Gharabaghy et al.
found that compared with the conventional asphalt pavements, the double-layer asphalt pavements showed better
rutting resistance and shear strength [25]. Using ﬁeld testing
and laboratory analyses, Li demonstrated that double-layer
paving can slow down the temperature reduction process
and improve the compaction eﬀect of asphalt pavements
[26]. Liu et al. found that compared with the pavements
constructed using conventional construction technology,
the shear strength of the double-layer asphalt pavements was
improved and the eﬀective compaction time was extended
[27]. Wang et al. established a ﬁnite element prediction
model of mixture temperature loss based on heat conduction
theory to study the eﬀective rolling time and rolling
temperature of the asphalt mixture with double-layer paving
technology. Moreover, a test section was constructed to
verify the model. The results indicated that the asphalt
mixture with double-layer paving required a longer eﬀective
rolling time [28]. Yang et al. analyzed the interlayer stress
distribution law of the double-layer pavement using a
ﬁnite element and studied the fatigue performance of the
double-layer pavement through laboratory tests. The results
indicated that double-layer paving technology facilitated a
reduction in the interlayer horizontal stress and improved
the fatigue resistance of the asphalt pavement [29]. Jiang
et al. studied the eﬀect of paving technology, pavement
materials, and structures on the rutting resistance of doublelayer pavements through laboratory tests. The results
showed that the 3-cm AC-16 surface layer/7-cm AC-20
bottom layer combination could improve the high-temperature rutting resistance of asphalt pavements [30].
The abovementioned studies have undoubtedly promoted the understanding of double-layer paving technology
and the development of such technologies. However, related
studies that were conﬁned to the existing pavement structures and mixture-type combinations primarily investigated
the eﬀects of this paving technology on the bonding between
the asphalt layers, temperature dispersion law during construction, shear performance, road performance, etc.
Moreover, studies related to the eﬀects of asphalt pavement
layer thickness and mixture-type combinations on the fatigue properties of a double-layer pavement are scarce.
Fatigue life is the key performance parameter for asphalt
pavements [31, 32]. Asphalt pavement fatigue cracks due to
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insuﬃcient fatigue life will gradually develop into cracks
throughout the pavement structure. Furthermore, it will
reduce the water damage resistance, road comfort, and safety
of the asphalt pavement; shorten the service life of the road
surface; increase the frequency of road surface maintenance
and major and medium repair time; and increase the road
life cycle cost [33–35]. At present, no standardized laboratory tests for fatigue cracking have been universally
adopted for routine mix design or screening purposes for
hot-mix asphalt crack resistance [36]. Globally, the commonly employed test methods are mainly the indirect tensile
method, trapezoidal cantilever beam bending method, and
bending beam method. The indirect tensile method is the
most common in the early fatigue test of asphalt mixtures.
However, owing to some shortcomings of its test mode, it is
gradually being abandoned by asphalt mixture fatigue researchers. Trapezoidal cantilever beam bending and bending
beam fatigue tests are the more popular fatigue test methods
for small specimens. The former is mainly employed in
Europe, while the latter has been the basis of numerous
experimental studies and applications in the United States,
South Africa, and Australia. The bending beam test piece is
easy to manufacture, and the test operation is simple
compared with that in the trapezoidal cantilever beam
bending fatigue test. In addition, the bending beam fatigue
test has excellent sensitivity in terms of testing inﬂuencing
factors and reliability [37]. Therefore, in this study, the
bending beam fatigue test is used to investigate the eﬀects of
structural asphalt layer thickness and mixture-type combinations on the fatigue properties of a double-layer paving
pavement. The eﬀects of two thickness combinations (3-cm
surface layer/7-cm bottom layer and 4-cm surface layer/6cm bottom layer) and three mixture-type combinations
(AC-13 surface layer/AC-20 bottom layer, AC-16 surface
layer/AC-20 bottom layer, and AC-16 surface layer/AC-25
bottom layer) on the fatigue properties of the double-layer
paving pavement were studied through laboratory tests.
Subsequently, based on the optimal fatigue performance
with double-layer paving technology, the mixture-type
combination and pavement layer thickness are
recommended.

2. Materials and Methods
2.1. Materials
2.1.1. Asphalt. In this study, Singapore Esso A-70 road
petroleum asphalt, which was obtained from Shangluo City,
Shaanxi Province, China, was used in the asphalt mixture.
Moreover, the styrene-butadiene-styrene- (SBS-) (I-C)
modiﬁed asphalt, which was collected from Karamay City,
Xinjiang Uygur autonomous region, China, was used as the
gluing material between two asphalt layers. The technical
properties of the asphalt used in this study are listed in
Table 1.
2.1.2. Aggregate. The coarse aggregate of the surface layer
asphalt mixture used in this study was amphibolite obtained
from Shangluo City, Shaanxi Province, China, while the
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coarse aggregate of the bottom layer asphalt mixture was
limestone from Luonan City, Shaanxi Province, China. The
ﬁne aggregate of the surface and bottom layers’ asphalt
mixture was limestone from Luonan City, Shaanxi Province,
China. The mineral powder used in this study was limestone
ore powder from Luonan County, Shaanxi Province, China.
All aggregates used in this study satisﬁed the technical
speciﬁcations for the construction of highway asphalt
pavements (JTG F40-2004) [17], and their technical indicators were omitted.
2.2. Research Programs
2.2.1. Test Plan. To study the eﬀects of diﬀerent mixture
types on the fatigue properties of asphalt pavements, four
types of asphalt mixtures were selected: AC-13, AC-16, AC20, and AC-25. The AC-13 or AC-16 asphalt mixture was
used in the surface layer, whereas the AC-20 or AC-25
asphalt mixture was used in the bottom layer. Table 2 gives
the gradations of the asphalt mixtures used in this study.
Moreover, Table 3 gives the design data of the asphalt
mixtures, in which VV, VFA, VMA, MS, and FL are deﬁned
as the air void volume, volume of the voids ﬁlled with asphalt, voids in mineral aggregate, Marshall stability, and ﬂow
value of the asphalt mixture, respectively. It is noteworthy
that all types of asphalt mixtures used in this study were
designed by the standard Marshall procedure.
To study the eﬀects of diﬀerent pavement structure
combinations on the fatigue properties of asphalt pavements, the total thickness of the asphalt pavement was set to
100 mm, and two types of pavement structure combinations
with diﬀerent thicknesses of the surface and bottom layers
were selected: 3-cm surface layer/7-cm bottom layer and 4cm surface layer/6-cm bottom layer.
To study the eﬀects of diﬀerent paving technologies on
the fatigue properties of asphalt pavements, two paving
technologies were compared: the traditional and doublelayer paving technology.
2.2.2. Specimen Preparation Methods. The process of preparing mixture specimens by traditional paving technology
for fatigue tests in the laboratory was divided into four
primary stages:
(1) Mold the bottom layer cut board: a cut board of size
300 mm × 300 mm × 60/70 mm
(length × width × height) was produced by a rolling
compaction machine with its own optimal asphalt
content. The rolling compaction machine stopped
when the density of the cut board specimens and that
of the standard cylindrical specimens were similar.
Subsequently, the cut board specimens were kept at
room temperature for at least 24 h (Figure 1(a)).
(2) Spray the sticky layer oil: the prepared bottom layer
cut
board
was
placed
into
a
300 mm × 300 mm × 100 mm
(length × width × height) cut board mold. Subsequently, the SBS-modiﬁed asphalt of 0.45 kg/m2 was
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Table 1: Technical properties of the asphalt used in this study.

Technical
index
A-70
petroleum
asphalt
SBSmodiﬁed
asphalt

Penetration
Ductility (10°C, cm) Soft point (°C) Relative density (15°C) Dissolvability (%)
(25°C, 0.1 mm)

Dynamic
Engle
viscosity
viscosity
°
(60 C, Pa·s)

73

37.1

47

1.019

99.7

236.5

—

65

69.5

85

1.035

99.6

—

13.0

Table 2: Aggregate gradations of the diﬀerent asphalt mixtures used in this study.
Mixture types
AC-13
AC-16
AC-20
AC-25

31.5
—
—
—
100

26.5
—
—
100
99.3

19
—
100
92.7
80.5

16
100
98.8
82.0
70.6

Percentage passing for sieve size (mm)
13.2
9.5
4.75
2.36
1.18
92.4
79.1
53.5
37.6
25.3
88.4
70.6
44.3
32.5
22.1
73.2
61.1
41.1
31.9
21.5
63.0
52.8
40.1
32.7
22.0

0.6
17.6
15.6
15.0
15.3

0.3
10.2
9.3
8.6
8.6

0.15
7.4
6.8
6.0
6.0

0.075
6.1
5.7
5.0
5.0

Table 3: Design data of the asphalt mixtures used in this study.
Mixture types
AC-13
AC-16
AC-20
AC-25

Optimal asphalt content (%)
4.7
4.5
4.2
3.8

Density (g/cm3)
2.510
2.492
2.481
2.462

sprayed evenly on the cut board surface, with curing
for at least 2 h (Figure 1(b)).
(3) Mold the surface layer cut board: a certain weight of
the surface layer asphalt mixture was placed into the
cut board mold and compacted by the rolling
compaction machine until the height of the board
was 100 mm (Figure 1(c)).
(4) Produce the beam specimen: the prepared cut board
(300 mm × 300 mm × 100 mm) was cut into beam
specimens of size 250 mm × 100 mm × 100 mm
(length × width × height (Figure 1(d)).
The preparation process of the mixture specimens
produced by the double-layer paving technology for the
fatigue test in the laboratory was divided into three primary
stages:
(1) Spread the bottom layer mixtures: a certain weight
of the bottom layer asphalt mixture was placed into
the cut board mold (300 mm × 300 mm × 100 mm)
and subsequently placed into a 165°C oven after it
was originally pressed using a hammer
(Figure 2(a))
(2) Spread the surface layer mixtures and compaction: a
certain weight of the surface layer asphalt mixture
was placed into the cut board mold and compacted
by the rolling compaction machine until the height
was 100 mm (Figures 2(b) and 2(c))

VV (%)
3.1
3.5
4.2
5.4

VFA (%)
74.4
73.1
71.5
70.9

VMA (%)
14.1
14.3
14.7
15.4

MS (kN)
12.4
13.2
14.5
13.7

FL (mm)
3.7
3.2
2.6
3.0

(3) Produce the beam specimen: the prepared cut board
(300 mm × 300 mm × 100 mm) was cut into beam
specimens of size 250 mm × 100 mm × 100 mm
(length × width × height), as shown in Figure 2(d)
2.2.3. Fatigue Test Method. The fatigue tests used to evaluate
the fatigue property of asphalt mixtures in the laboratory
primarily included the bending beam fatigue, indirect tension, and semicircular bending fatigue test [38, 39]. Compared with the indirect tension and semicircular bending
fatigue test, the specimen preparation process of the bending
beam fatigue test is more complicated and the experiment
data dispersion is more signiﬁcant. Moreover, the bending
test could simulate the stress conditions of the actual
pavement structures better and the experiment results could
be directly used for asphalt pavement structure design.
However, as the total thickness of the asphalt pavement
structure was 100 mm, it was diﬃcult to perform the fatigue
test using the indirect tension or semicircular bending fatigue test. Furthermore, the overlay test can be used to
evaluate cracking resistance of asphalt overlays, but the
overlay test device is scarce in China [33–36]. Therefore, the
bending beam fatigue test was adopted to study the fatigue
property of asphalt pavements. Figure 3 shows the fatigue
test model used in this study.
Generally, two primary control modes exist for fatigue
testing: the controlled-strain and controlled-stress. For the
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(a)

(b)

(c)

(d)

Figure 1: Traditional paved beam test specimen preparation process. (a) Mold the bottom layer cut board. (b) Spray the sticky layer oil.
(c) Mold the surface layer cut board. (d) Produce the beam specimen.

controlled-strain fatigue test, the fatigue life of materials is
deﬁned as the number of load cycles corresponding to a 50%
reduction in stiﬀness; meanwhile, for the controlled-stress
test, the fatigue life of materials is deﬁned as the number of

load cycles corresponding to a fracture of specimens [40, 41].
Because of beam inhomogeneity, the modulus of the beam
could not be computed from the fatigue tests. Therefore, the
controlled-stress test was used in this study, and the fatigue
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(a)

(b)

(c)

(d)

Figure 2: Double-layer paved beam test specimen preparation process. (a) Spreading the bottom layer mixtures and original compaction.
(b) Spread the surface layer mixtures. (c) Compaction by rolling compaction machine. (d) Double-layer paved beam test specimen.

life of the beam was obtained according to the number of
load cycles corresponding to the fracture of the specimens.
The bending beam fatigue test was divided into two
primary stages:

double-layer and traditional paving technologies was
measured using a material test system (MTS). The
test temperature was 15°C, and the loading rate was
50 mm/min.

(1) Bending beam test
The ﬂexural strength of the beam specimen
(250 mm × 100 mm × 100 mm) produced by the

(2) Bending fatigue test
The fatigue test was conducted on the MTS at 15°C.
Sine wave loading was used. The loading waveform
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F

7
y

Fmax

200 mm

Figure 3: Fatigue test model.

diagram used in this study is shown in Figure 4. To
maintain the contact between the indenter of the
MTS and the specimens during the fatigue test, only
vertical pressure (and no tension) was applied by the
indenter. The loading frequency of the sine wave was
10 Hz. The circulation characteristic value (R) (deﬁned as the ratio of the maximum stress to the
minimum stress) was 0.1, and ﬁve stress levels were
selected: 0.3, 0.4, 0.5, 0.6, and 0.7. It is noteworthy
that the failure criteria adopted for fatigue testing
correspond to the fracture of the specimens.

3. Results and Discussion
3.1. Bending Beam Test. Flexural strength is the basic parameter used to establish the bending fatigue equation. The
bending beam test was repeated six times; subsequently,
Grubbs’ method was used to examine and obtain the average
of the test results [42, 43]. Hoe beam replicates were used per
material per test condition. The results of the bending beam
test of asphalt pavements with diﬀerent paving technologies,
mixture types, and pavement structural thicknesses are given
in Table 4, where Pd and Pt represent the ﬂexural strength of
the beam specimen produced by the double-layer and traditional paving technologies, respectively. In addition, Pd/Pt
represents the ratio of the ﬂexural strength of the beam
specimen produced by the two paving technologies.
As presented in Table 4, the bending resistance of the
double-layer paved specimens with the same mixture types
and pavement structure thicknesses increased by at least 10%
compared with that of the traditionally paved specimens.
The interlayer contact of the traditionally paved specimens
exhibits the “cold and hot combination.” In this case, the interlayer bonding eﬀect is provided primarily by the tacky coat oil;
thus, achieving good extrusion eﬀect of the aggregate between
asphalt layers is diﬃcult. In contrast, the interlayer contact of the
double-layer paved specimens exhibits the “hot and hot combination.” In this case, the extrusion eﬀects between the asphalt
layers are signiﬁcant, merging the surface and bottom layers’
asphalt mixtures into one and facilitating the formation of a
structural skeleton. These are the primary reasons for the better
bending resistance of the double-layer paved specimens.
3.2. Bending Fatigue Test. Figure 5 shows the fatigue test
process for double-layer paved beam specimens.
The maximum and minimum load stresses were calculated based on the data presented in Table 4. Subsequently,

Fmin

x

Figure 4: Schematic of the loading waveform.

the fatigue life of the specimens was tested. Table 5 gives the
results of the bending fatigue test of specimens produced
with diﬀerent paving technologies, mixture types, and
pavement structure thicknesses. Note that the hoe beam
replicates were used per material per test condition.
Table 5 reveals that the coeﬃcient of variation (CV ) of the
fatigue test results is around 10%, which indicates that the
test results are stable and reliable. Moreover, Table 5 also
shows that the fatigue life of double-layer paved or traditionally paved beam specimens decreases as the stress levels
increase. Furthermore, it is noteworthy that the fatigue test
results of the specimens are not the same even when the
stress levels are the same. In this case, it is diﬃcult to analyze
the fatigue data and accurately evaluate which pavement
structure combination or paving technology is better.
Recently, some road researchers have successfully
applied the Weibull distribution to the fatigue life analysis
and observed that such distribution was particularly
useful for analyzing the reliability of fatigue life [44, 45].
Therefore, the Weibull distribution was used to analyze
the fatigue test data of double-layer beam specimens in
this study.
The equivalent fatigue life (N) and failure probability (P)
conform to the following equation [38, 39, 46]:
m

P � F(N) � 1 − exp−

N
,
u

N ≥ 1, m, u > 0.

(1)

Equation (1) can be transformed into the following
equation after using the logarithmic transformation:
ln ln

1
� m ln N − ln u � m0 ln N − ln u,
1−P

(2)

where m0 is the shape parameter, N � N1− R , and u is the
scale parameter.
Substituting the fatigue test results that are presented
in Table 5 into the Weibull distribution model (equation
(2)), its coeﬃcients such as m0, ln u, and R2 are as given in
Table 6.
From Table 6, it is observed that the values of R2 of the
Weibull distribution model are greater than 0.90. These
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Table 4: Results of the bending beam test.

Mixture types
Surface layer
Bottom layer
AC-13
AC-20
AC-13
AC-20
AC-16
AC-20
AC-16
AC-25

Structure thickness (cm)
Surface layer
Bottom layer
4
6
3
7
3
7
4
6

Failure load (kN)
Pd
Pt
10.43
9.23
10.03
9.13
9.87
8.53
9.10
8.10

(a)

(b)

(c)

(d)

Pd/Pt
1.13
1.10
1.16
1.13

Figure 5: Double-layer beam fatigue test process. (a) Initial specimen. (b) Crack propagation. (c) Further crack propagation. (d) Final
specimen.

observations indicate that the fatigue test results examined
by the Weibull distribution model are reliable.
3.3. Fatigue Equation. Table 7 shows the equivalent fatigue
life (N) of the double-layer beam specimens under diﬀerent
stress levels (S) and failure probabilities (P) after substituting
the coeﬃcients (given in Table 6) into the Weibull distribution model (equation (2)).
The relation between the fatigue life and stress level is
shown as follows [38, 39, 46]:
lgN � a − b lgS,

(3)

where N is the fatigue life of the specimens, S is the stress
level used in the fatigue test, and a and b are the coeﬃcients
of the fatigue equation.
The value of a represents the intercept on the longitudinal axis of the fatigue equation coordinate axis, reﬂecting

the fatigue performance of the specimens; the larger the
value of a, the better the fatigue performance of the specimens. The value of b represents the absolute value of the
slope of the fatigue equation, reﬂecting the sensitivity of the
fatigue performance of the specimens to the change in the
stress level; the smaller the value of b, the lower the sensitivity of the fatigue performance of the specimens to the
change in the stress level [39, 46].
From equation (3) and combinations using the values in
Table 7, the fatigue equations of the double-layer beam
specimens were established using regression analysis. Table 8
lists regression coeﬃcients a, b, and R2 of equation (3).
Table 8 reveals that the correlation coeﬃcients R2 of
the fatigue equations of the specimens produced with
diﬀerent structure combinations and paving technologies
are not less than 0.97. These results indicate that a good
double logarithmic linear relationship exists between the
stress level and fatigue life.
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Table 5: Bending fatigue test results.
Mixture types
Surface layer

Bottom layer

Structure thickness (cm)
Surface layer

Paving technologies

Bottom layer
Traditional paving

AC-13

AC-20

4

6

CV (%)
Double-layer paving
CV (%)
Traditional paving

AC-16

AC-25

4

6

CV (%)
Double-layer paving
CV (%)
Traditional paving

AC-13

AC-20

3

7

CV (%)
Double-layer paving
CV (%)
Traditional paving

AC-16

AC-20

3

7

CV (%)
Double-layer paving
CV (%)

3.4. Analysis of Inﬂuence Factors of Fatigue Property
3.4.1. Fatigue Life Analysis. Various studies indicate that the
tensile stress level generated by the traﬃc load appearing on
an asphalt pavement is generally less than 0.45 [47].
Therefore, in this study, the fatigue life of the specimens was
analyzed under the stress level of 0.45. However, the ratio of
the applied load to the material failure strength is deﬁned as
the stress level. Therefore, a comparison between fatigue
lives under the same stress level cannot accurately reveal the
fatigue properties of diﬀerent materials.
Table 4 reveals that when the stress level is 0.45, the load
(F) of the traditionally paved combination of 4-cm AC-13
surface layer/6-cm AC-20 bottom layer is 4.15 kN
(F � 0.45 × 9.23 kN � 4.15 kN). Therefore, the evaluation of
the fatigue life of specimens with diﬀerent paving technologies, mixture types, and pavement structure thicknesses
under the same load of 4.15 kN is more reasonable. Table 9

Fatigue life under the following stress
levels
0.3
0.4
0.5
0.6
0.7
4521
1550
635
421
258
4690
1830
696
435
277
5063
1858
815
482
322
4.8
8.0
10.4
5.8
9.4
5103
1530
804
431
223
6146
1634
830
489
261
6853
1961
848
591
315
11.9
10.7
2.2
13.1
14.2
4394
1371
505
349
157
4517
1453
568
363
189
4671
1556
595
405
220
2.5
5.2
6.8
6.4
13.6
5039
1471
854
526
216
5092
1586
958
593
235
5161
1665
1101
641
258
1.0
5.1
10.4
8.0
7.3
5971
1648
664
500
270
6039
1800
778
541
288
6133
1919
781
566
331
1.1
6.2
7.3
5.1
8.6
7539
2407
1023
704
454
8337
2582
1151
711
468
8981
2663
1200
763
545
7.1
4.2
6.6
3.6
8.2
4957
1628
627
456
245
5188
1749
680
503
268
5382
1859
691
529
288
3.4
5.4
4.2
6.1
6.6
5883
1952
928
503
287
6451
2026
991
522
312
6984
2171
1144
534
377
7.0
4.4
8.9
2.5
11.7

gives the results of the fatigue life of specimens based on the
same load.
3.4.2. Eﬀects of Paving Technology. The ratio (Nd/Nt) of the
fatigue life of the specimens with the same mixture types and
structure thicknesses produced by the double-layer and
traditional paving technologies is plotted in Figure 6.
Figure 6 indicates that under the load of F � 4.15 kN, the
fatigue life of the specimens produced by the double-layer
paving technology is increased by at least 54% compared
with that produced by the traditional paving technology.
This is because for the double-layer paving technology, the
surface and bottom layers’ asphalt mixture is the “hot and
hot combination” during compaction. In this case, the aggregate between the surface and bottom layers’ asphalt
mixture can form an interlocking joint to avoid discontinuity between the asphalt layers. Thus, the integrity of this
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Table 6: Fatigue test results after examination by the Weibull distribution model.

Pavement structure

Paving technologies
Traditional paving

4-cm AC-13/6-cm AC-20
Double-layer paving

Traditional paving
4-cm AC-16/6-cm AC-25
Double-layer paving

Traditional paving
3-cm AC-13/7-cm AC-20
Double-layer paving

Traditional paving
3-cm AC-16/7-cm AC-20
Double-layer paving

Stress levels S corresponding to Weibull model coeﬃcients
0.7
0.6
0.5
0.4
0.3
6.7084
10.455
6.0927
7.2798
13.153
38.334
64.190
40.442
54.749
111.79
0.9276
0.8772
0.9524
0.8626
0.9296
4.5249
4.8765
29.370
5.7919
5.2682
25.654
30.728
197.73
43.507
46.251
0.9858
0.9668
0.9978
0.8923
0.9934
4.6639
9.6552
9.1773
12.355
25.545
24.823
57.566
58.414
90.435
215.46
0.9999
0.8925
0.9690
0.9867
0.9847
8.8248
7.9006
6.1481
12.607
65.069
48.635
50.765
42.684
93.217
555.58
0.9905
0.9971
0.9849
0.9969
0.9804
7.2826
12.512
7.7191
10.307
57.928
41.851
79.032
51.415
77.603
504.83
0.9254
0.9924
0.8228
0.9995
0.9756
7.2971
15.937
9.3307
15.04
8.9709
45.591
105.4
65.958
118.39
81.343
0.8216
0.7877
0.9602
0.9769
0.9997
9.7279
10.367
14.447
11.864
19.124
54.760
64.756
94.339
88.969
163.96
1.000
0.9868
0.9123
0.9995
0.9999
5.4063
26.043
7.0776
14.187
9.1763
31.667
163.27
49.439
108.6
80.884
0.9191
0.9952
0.9237
0.9436
0.9994

Coeﬃcients
M0
ln u
R2
m0
ln u
R2
m0
ln u
R2
m0
ln u
R2
m0
ln u
R2
m0
ln u
R2
m0
ln u
R2
m0
ln u
R2

Table 7: Equivalent fatigue lives of specimens under diﬀerent failure probabilities.
Pavement structure
Surface layer

Paving technologies

Failure probability (%)

Bottom layer
Traditional paving

4-cm AC-13

6-cm AC-20
Double-layer paving
Traditional paving

4-cm AC-16

6-cm AC-25
Double-layer paving
Traditional paving

3-cm AC-13

7-cm AC-20
Double-layer paving
Traditional paving

3-cm AC-16

7-cm AC-20
Double-layer paving

pavement structure is better, the stress concentration generated by the wheel load is reduced, and the fatigue property
of the asphalt pavement is improved.
3.4.3. Eﬀects of Mixture Types and Structural Thicknesses.
Figure 7 shows the ratio (Nt/Nc) of the fatigue life of
specimens with diﬀerent pavement structure combinations
produced by the traditional paving technology to that of the

5
50
5
50
5
50
5
50
5
50
5
50
5
50
5
50

Equivalent fatigue life (N) under the
following stress levels S
0.3
0.4
0.5
0.6
0.7
3918
1227
469
349
195
4776
1755
719
448
287
3698
1095
758
297
150
6061
1717
829
506
267
4098
1187
420
286
108
4538
1466
558
374
189
4879
1285
639
424
177
5078
1580
976
589
237
5788
1395
532
437
208
6054
1796
745
538
298
6225
2152
855
618
344
8321
2559
1130
728
492
4529
1406
558
388
205
5189
1751
668
498
268
4870
1712
710
471
202
6467
2057
1026
521
327

pavement structure combination of the 4-cm AC-13 surface
layer/6-cm AC-20 bottom layer produced by the same
paving technology.
Figure 7 shows that compared with that of the traditionally paved typical pavement structure (4-cm AC-13
surface layer/6-cm AC-20 bottom layer), the fatigue life of
the traditionally paved pavement structure combination of
3-cm AC-13 surface layer/7-cm AC-20 bottom layer can be
increased by at least 8%, whereas the fatigue lives of other
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Table 8: Correlation coeﬃcient of fatigue equation under diﬀerent failure probabilities.
Pavement structure
Surface layer
Bottom layer

Paving technologies

Failure probability (%)
5
50
5
50
5
50
5
50
5
50
5
50
5
50
5
50

Traditional paving
4-cm AC-13

6-cm AC-20
Double-layer paving
Traditional paving

4-cm AC-16

6-cm AC-25
Double-layer paving
Traditional paving

3-cm AC-13

7-cm AC-20
Double-layer paving
Traditional paving

3-cm AC-16

7-cm AC-20
Double-layer paving

Correlation coeﬃcient
a
b
R2
1.7195
3.4958
0.9849
1.9060
3.3524
0.9949
1.6612
3.6470
0.9805
1.8691
3.5787
0.9930
1.4361
4.1407
0.9891
1.7022
3.6957
0.9933
1.7133
3.6978
0.9845
1.9305
3.3693
0.9776
1.7114
3.7750
0.9722
1.9095
3.4819
0.9859
1.9969
3.3791
0.9898
2.1194
3.3394
0.9866
1.7426
3.5895
0.9906
1.8787
3.4499
0.9875
1.7875
3.6363
0.9918
1.9504
3.5121
0.9977

Table 9: Fatigue life of specimens with diﬀerent paving technologies, mixture types, and pavement structural thicknesses.
Pavement structures
Surface layer

Bottom layer

4-cm AC-13

6-cm AC-20

4-cm AC-16

6-cm AC-25

3-cm AC-13

7-cm AC-20

3-cm AC-16

7-cm AC-20

Traditional paving
Double-layer paving
Traditional paving
Double-layer paving
Traditional paving
Double-layer paving
Traditional paving
Double-layer paving

2.5
Fatigue life ratios of asphalt mixtures (Nd/Nt)

Fatigue life ratios of asphalt mixtures (Nd/Nt)

2.5

2.0

1.5

1.0

0.5

0.0

P (%) in the list correspond to
N
5
50
855
1171
1320
2000
433
594
943
1201
1006
1260
1955
2503
732
905
1425
1862

Paving technologies

4 cmAC-13/
6 cmAC-20

4cmAC-16/
3cmAC-13/
6cmAC-25
7cmAC-20
Pavement structure

(a)

3cmAC-16/
7cmAC-20

2.0

1.5

1.0

0.5

0.0

4cmAC-13/
6cmAC-20

4cmAC-16/
3cmAC-13/
6cmAC-25
7cmAC-20
Pavement structure

3cmAC-16/
7cmAC-20

(b)

Figure 6: Fatigue life ratios of the asphalt mixtures with diﬀerent paving technologies. (a) Failure probability � 5%.
(b) Failure probability � 50%.
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1.25
Fatigue life ratios of asphalt mixtures (Nt/Nc)

Fatigue life ratios of asphalt mixtures (Nt/Nc)

1.25

1.00

0.75

0.50

0.25

0.00

4 cmAC-13/
6 cmAC-20

4cmAC-16/
3cmAC-13/
6cmAC-25
7cmAC-20
Pavement structure

1.00

0.75

0.50

0.25

0.00

3cmAC-16/
7cmAC-20

4cmAC-13/
6cmAC-20

(a)

4cmAC-16/
3cmAC-13/
6cmAC-25
7cmAC-20
Pavement structure

3cmAC-16/
7cmAC-20

(b)

Figure 7: Ratio of the fatigue life of specimens with diﬀerent pavement structure combinations to the 4-cm AC-13 surface layer/6-cm AC-20
bottom layer pavement structure combination. (a) Failure probability � 5%. (b) Failure probability � 50%.
2.5
Fatigue life ratios of asphalt mixtures (Nd/Nc)

Fatigue life ratios of asphalt mixtures (Nd/Nc)

2.5

2.0

1.5

1.0

0.5

0.0

4 cmAC-13/
6 cmAC-20

4cmAC-16/
3cmAC-13/
6cmAC-25
7cmAC-20
Pavement structure

3cmAC-16/
7cmAC-20

(a)

2.0

1.5

1.0

0.5

0.0

4cmAC-13/
6cmAC-20

4cmAC-16/
3cmAC-13/
6cmAC-25
7cmAC-20
Pavement structure

3cmAC-16/
7cmAC-20

(b)

Figure 8: Ratio of fatigue life of specimens with the double-layer paving technology to the 4-cm AC-13 surface layer/6-cm AC-20 bottom
layer with traditional paving technology. (a) Failure probability � 5%. (b) Failure probability � 50%.

traditionally paved pavement structures are reduced
signiﬁcantly.
Furthermore, the ratio (Nd/Nc) of the fatigue life of
specimens with diﬀerent pavement structure combinations
produced by the double-layer paving technology to that of
the pavement structure combination of 4-cm AC-13 surface
layer/6-cm AC-20 bottom layer produced by the traditional
paving technology, is shown in Figure 8.
Figure 8 shows that compared with that of the pavement
structure combination of 4-cm AC-13 surface layer/6-cm
AC-20 bottom layer produced by the traditional paving
technology, the fatigue life of all double-layer pavement
structures is improved. The fatigue life of the double-layer
pavement structure of the 3-cm AC-13 surface layer/7-cm

AC-20 bottom layer combination can be increased by at least
114%.
Figure 8 also shows that under the same structural
thickness and with the double-layer paving technology,
the fatigue life of the pavement structure combination of
AC-13 surface layer/AC-20 bottom layer is higher than
those of the AC-16 surface layer/AC-20 bottom layer and
AC-16 surface layer/AC-25 bottom layer pavement
structure combinations. Under the same test conditions,
the fatigue life of the asphalt mixture decreases with an
increase in the VV of the asphalt mixture; the larger the
VV, the smaller the fatigue life of the asphalt mixture
[48–50]. The surface layer of the combination of the AC13 surface layer/AC-20 bottom layer is the AC-13 asphalt
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mixture, whereas the bottom layer is the same as that in
the AC-16 surface layer/AC-20 bottom layer combination.
Thus, the relatively smaller VV (Table 3) of the AC-13
asphalt mixture compared with that of the AC-16 asphalt
mixture can eﬀectively hinder the expansion of cracks,
thereby improving the fatigue properties of the mixtures
[48, 49]. Moreover, the VVs of the surface layer and
bottom layers’ asphalt mixtures of the AC-13 surface
layer/AC-20 bottom layer combination are smaller than
those the pavement structure combination of the AC-16
surface layer/AC-25 bottom layer, thereby relieving the
stress concentration of the asphalt pavement and the
development of cracks and indicating better fatigue
properties [48, 49].
Furthermore, as shown in Figure 8, for the mixture-type
combination of AC-13 surface layer/AC-20 bottom layer, the
fatigue life of the thickness combination of 3-cm surface layer/
7-cm bottom layer is longer than that of the thickness combination of the 4-cm surface layer/6-cm bottom layer. The
thickness values of the bottom layer asphalt mixture aﬀect the
antifatigue cracking ability of the pavement [51, 52]. When the
mixture types are the same, increasing the thickness of the
bottom layer can eﬀectively improve the fatigue performance of
the double-layer pavement [52]. This is the primary reason why
the pavement structure combination of 3-cm surface layer/7cm bottom layer demonstrates better fatigue resistance than
that of the 4-cm surface layer/6-cm bottom layer structure
combination.

4. Conclusions
In this study, the eﬀects of paving technologies, pavement
materials, and structures on the fatigue properties of a
double-layer asphalt pavement were investigated. The following conclusions are obtained from the results:
(1) The asphalt mixture specimens produced by the
double-layer paving technology with the same
mixture types and pavement structure thicknesses
exhibit higher ﬂexural strength and fatigue life than
those produced by the traditional paving technology.
(2) The bending beam fatigue test shows high practicality, repeatability, and data consistency. The fatigue
life of the double-beam mixture specimens obeys the
Weibull distribution and the fatigue equations with
diﬀerent paving technologies, mixture-type combinations, and pavement structural thicknesses eﬀectively reﬂect the fatigue life of the combination
specimens.
(3) The fatigue life of the 3-cm surface layer/7-cm
bottom layer pavement structure combination is
better than that of the pavement structure combination of 4-cm surface layer/6-cm bottom layer
when the mixture-type combinations are identical.
(4) The double-layer pavement with 3-cm AC-13 surface
layer and 7-cm AC-20 bottom layer combination is
applicable to the ﬁeld and industry and will be effective in improving the fatigue property of asphalt
pavements.
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Compared with the traditionally paved typical pavement
structure (4-cm AC-13 surface layer/6-cm AC-20 bottom
layer), the 3-cm AC-13 surface layer/7-cm AC-20 bottom
layer with double-layer paving technology not only saves the
asphalt binder (the asphalt content used in AC-13 is higher
than that of the AC-20) and tacky coat oil but also improves
the durability of asphalt pavements. Thus, the cost of
construction and maintenance of asphalt pavements are
obviously lower. Finally, the current study was focused
primarily on the eﬀects of paving technologies, pavement
materials, and structures on the fatigue properties of doublelayer asphalt pavements. Accordingly, our future study will
explore their eﬀects on the low-temperature anticracking
performance of asphalt pavements.
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