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Rutting is a major distress occurring in the service life of the asphalt pavement, especially in hot weather areas. A laboratory-produced
specimen is widely used for rutting performance evaluationwhichmay not be completely represented by the field situation.,eobjective of
this study is to evaluate the rutting performance of field specimens from the Chongqing highway by utilizing the Hamburg wheel-tracking
test (HWTT) and dynamic modulus test. Different test conditions were conducted on the HWTT by investigation of the actual local
weather condition. ,e results showed that rutting depth was different under different test conditions, and 10000 loading cycles were
recommended as the maximum loading cycles. Particularly, several factors that influence the rutting depth were investigated, and the
specimen height of 6 cm is more appropriate for the HWTT. Additionally, different test conditions were proposed as the HWTT test
condition for different asphalt concrete (AC) layers in the Chongqing area. Rutting contribution of eachAC layer to the pavement structure
was analyzed. Moreover, the dynamic modulus at 54.4°C, 5Hz and 54.4°C, 1Hz could effectively represent the rutting performance of the
asphalt mixture, and the dynamic modulus test is recommended for the rutting performance evaluation of the full-thickness AC layer.

1. Introduction

Due to the increasing traffic volume and extreme weather
condition, rutting is one of the most common distress types
in the asphalt pavement, which decreases the driving
comfort and the pavement service life. A semirigid base and
subbase are the most widely used pavement structures in
China, and as a result, rutting mainly appears in the asphalt
layer [1]. Considerable efforts have been made to describe
the rutting performance of the asphalt mixture. Rutting
relationships with other distress types of the asphalt pave-
ment are analyzed by the association rule mining method
[2]. Rahman et al. calibrated rutting, alligator cracking,
longitudinal cracking, and thermal cracking prediction
models of the hot-mix asphalt (HMA) overlays for Oregon
conditions [3]. ,e Newton–Raphson iteration procedure is
employed to calculate the permanent deformation [4]. A
finite element (FE) model for the tire and pavement used
mechanistic-empirical (M-E) approaches for qualitative
prediction of the pavement rutting [5].

,ere are several different methods which are available
to evaluate the rutting performance of the asphalt mixture.
,e wheel-tracking test is a very common method to
evaluate the rutting performance of the asphalt mixture in
China and abroad [6–8]. A three-dimensional (3D) FE
model is employed to analyze the rutting performance, and it
is validated by the wheel-tracking test [9, 10]. ,e advanced
repeated load permanent deformation (ARLPD) and con-
ventional repeated load permanent deformation (RLPD)
tests are, respectively, employed to evaluate the rutting
performance on selected field cores [11]. Marshall stiffness is
utilized to evaluate the resistance of the permanent defor-
mation [12]. ,e Hamburg wheel-tracking test (HWTT) is
utilized to assess the rutting performance of the asphalt
mixture with different additives at various contents [13].,e
dynamic modulus (E∗), flow number (Fn), and flow time (Ft)
tests are recommended as simple performance tests for
permanent deformation of the asphalt mixture [14]. ,e
dynamic modulus test is recommended as one of the simple
performance tests for rutting evaluation of the asphalt
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mixture by NCHRP 9-19 [15]. Additionally, different studies
have demonstrated that the dynamic modulus test correlates
well with field rutting performance [13, 16–20]. According to
literature studies [18, 21], both the HWTT and dynamic
modulus (E∗) tests are feasible tests for evaluating the rutting
performance of the laboratory and field asphalt mixture
specimens.

,e rutting performance of the asphalt mixture could be
easily affected by material properties, air voids, traffic, en-
vironment, aggregate gradation, and so on [11, 20, 22–25].
Actually, material properties and construction conditions of
laboratory-produced specimens could not be truly repre-
sented as they exist in the field. Moreover, the rutting
performance of laboratory and field specimens is not very
satisfactory [26]; an important reason is that the asphalt
concrete (AC) layer in the field has experienced a complex
climate condition. Even, under the same air void, the lab-
oratory specimens displayed much better performance than
the field specimens [24]. Furthermore, it is more reasonable
to directly evaluate the rutting performance of the field
specimens. ,e rutting and fatigue performance is analyzed
by using four field sections with stabilized/untreated base
layers [27]. Rutting causes and main factors are different due
to the different types of asphalt mixtures and pavement
structures based on the results of field core samples [11]. ,e
relationship among layer thickness, air content, and rutting
is investigated by acquiring transversal profiles and coring
pavement samples on flexible and semirigid structures [28].
Rutting prediction of semirigid pavements is calibrated, and
compared to the void contents of HMA mixtures, the traffic
loads and thickness of HMA are more sensitive to the rutting
depth [29]. According to several research results, different
temperature distribution in the pavement structure has been
investigated [30–34], which indicates that different test
conditions should be conducted for different depth of AC
layers, and the test condition should be determined by the
field weather condition.

In addition, rutting resistance performance of each AC
layer in the asphalt pavement structure is different. It is
observed that the permanent deformation of the middle AC
layer is the highest, followed by the top and bottom AC
layers based on the ARLPD test result [11]. Moreover, the
top and middle AC layers are crucial to the rutting resistant
performance of the high-modulus asphalt pavement [35].
Hu et al. [36] found that the rutting depth contribution of
the top AC layer, the middle AC layer, and the bottom AC
layer was about 16%–26%, 42%–54%, and 26%–40%, re-
spectively. Hu et al. [37] concluded that the rutting depth
contribution of the top AC layer, the middle AC layer, and
the bottom AC layer was about 15%–50%, 20%–50%, and
10%–50%, respectively.

Based on the aforementioned studies, field specimens
with various thicknesses and different test conditions are
considered and the HWTT and dynamic modulus test are
utilized as the test methods. ,e primary objective of this
study is to evaluate the rutting performance of different AC
layers through the HWTT and dynamic modulus test by
utilizing in-service field specimens from Chongqing. ,e
reasonable test condition of the HWTT to evaluate the

rutting performance is recommended for the Chongqing
area. ,us, the influence of the compaction degree, AC layer
thickness, mixture type, and test condition on the rutting
performance is investigated, and the rutting depth contri-
bution of each layer is calculated under 65°C in the dry
condition. In addition, the rutting performance of the full-
thickness AC layers is analyzed by the dynamicmodulus test.
Furthermore, by incorporating the test results with the
HWTT, the dynamic modulus threshold value of a good
rutting performance is proposed for the Chongqing area.

2. Cores and Specimen Information

2.1. Distribution of the Field Cores. Generally, the asphalt
mixture in the shoulder is regarded as the original state.
However, quality control indicators were relatively weaker
compared to those of the traffic lane, and the degree of
compaction of the shoulder was often insufficient during the
construction. ,erefore, the traffic lane was more appro-
priate as the drilling location. Compared to that on the wheel
path, there was much less traffic loading on the nonwheel
path in the traffic lane, and the asphalt mixture properties in
the nonwheel path were more similar to those of the original
mixtures. Hence, the field cores were distributed in the
nonwheel path of the traffic lane. For the accuracy of the test
results, nondestruction should be guaranteed. In view of
geography features of the Chongqing area, highways contain
many bridges and tunnels, the material must be consistent,
and the sections which were chosen for drilling cores should
meet the requirements as follows:

(1) ,ere were no obvious damages, and the rutting
depth was shallow (i.e., less than 5mm).

(2) ,e section was flat and straight, and there was no
big longitudinal slope.

(3) ,e section was not on bridges or in tunnels.
(4) ,e distance between two sections was less than

20m.

,e position of cores was adjacent to each other, which
were regarded as in one transverse section; Figure 1 shows
the core distribution in a transverse section. ,e number of
cores was 4n − 3, 4n − 2, 4n – 1, and 4n (n� 1, 2, 3, . . .),
respectively. n� 1, 2, 3, . . ., 10 indicated the transverse
section number was 1, 2, 3, . . ., 10. ,e maximum of n was
10, which represented drilling cores were conducted in 10
transverse sections, and the total number of cores was 40.
Based on the original construction data records, the 10
transverse sections were in one construction section, and the
materials used in each pavement layer were consistent.

2.2. Material of the Pavement Structure. ,e pavement
structure consisted of three asphalt layers: 4 cm AC-13 top
layer, 6 cm AC-20 middle layer, and 6 cm AC-20 bottom
layer.,e asphalt binder in the top AC layer was the styrene-
butadiene-styrene- (SBS-) modified binder, and the asphalt
binder in the other two layers was the 70# base binder
(performance graded PG 64-22); the 70# base binder was
widely used in China as the asphalt binder [38]. After
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mechanical testing, they were further used for the extraction
and sieving test. Aggregate gradations and binder content of
each layer are shown in Table 1.

As shown in the original material design data, the
material designation of themiddle and bottom layers was the
same. However, there were some differences in binder
content and aggregate gradation, which might be mainly due
to the quantity limitation of the cores and construction
factors in the paving process.

2.3. Specimen Information. ,e cores from the field were
fabricated into different specimens, which were the top
asphalt layer (T), middle asphalt layer (M), bottom asphalt
layer (B), top and middle asphalt layers (TM), and middle
and bottom asphalt layers (MB), respectively. ,e structure
of the specimen is as illustrated in Figure 2. ,e information
of specimens is shown in Table 2, where groups 1 to 9 are
used for the HWTT and group 10 is used for the dynamic
modulus test.

3. Test Methods

3.1. *e Hamburg Wheel-Tracking Test (HWTT)

3.1.1. *e HWTT Process. Generally, the HWTT is utilized
for characterizing the rutting resistance potential and
moisture damage potential of the asphalt mixture in the
laboratory. ,e HWTT is conducted following AASHTO T
324 [39]. Typically, two cylindrical specimens are submerged
in a water bath at a constant temperature of 50± 2°C and
subjected to a steel wheel by 52 passes/min.,eHWTTpass-
fail criteria are based on a maximum rutting depth of 10mm
and the number of load passes of 20000, whichever comes
first. ,e HWTT of field specimens is conducted under
different test conditions, as shown in Figure 3.

3.1.2. Test Conditions of the HWTT. ,e HWTT is con-
ducted at 50°C under the wet condition, which may not
adequately evaluate the rutting performance of the HMA,
and 60°C under the dry condition, which is a supplementary
test condition [21, 40]. Actually, the rutting performance of

the AC pavement is closely related to the local weather
conditions, especially under high temperature and rain.

,e everyday highest temperature and rainfall in the
Chongqing area could be obtained from the China Inte-
gratedMeteorological Information Service System (CIMISS)
[41].,e highest temperature and cumulative rainfall of each
month between 2014 and 2018 were analyzed.,e number of
hot days (the temperature exceeds 30°C) and the highest
temperature of each year are shown in Figure 4. ,e cu-
mulative rainfall of each month between 2014 and 2018 is
presented in Figure 5.

As shown in Figure 4, the highest temperature of the past
five years exceeded 38°C in Chongqing. In the years of 2014,
2016, and 2017, the highest temperature exceeded 40°C. In
addition, the number of hot days reached a minimum of
nearly 70 in 2018 and a maximum of 115 in 2017. As
presented in Figure 5, the rain mainly fell between April and
October, and particularly in June and September. Obviously,
high-temperature days were accompanied by rainy weather.
,erefore, in the Chongqing area, both high temperature
and rainy weather needed to be considered when evaluating
the rutting performance.

According to Gerald [41], the highest temperature of the
pavement surface could be calculated by the following
equation:

Ts � Ta − 0.00618Lat2 + 0.2289Lat + 24.4, (1)

where Ts is the highest temperature of the pavement surface,
°C; Ta is the highest air temperature, °C; and Lat is the
latitude, °.

,e highest temperature in any depth of the pavement
structure could be obtained by the following equation:

Td(max) � Ts(max) + 17.78  1 − 2.48 × 10− 3
d + 1.085

× 10− 5
d
2

− 2.441 × 10− 8
d
3
 − 17.78,

(2)

where Td(max) is the highest temperature of the pavement
structure at a given depth, °C; Ts(max) is the highest tem-
perature of the pavement surface, °C; and d is the depth of
the given position in the pavement structure, mm.

According to equations (1) and (2), the highest tem-
perature at different depth in the pavement could be cal-
culated, which is demonstrated in Table 3. Based on the
literature [42], the highest temperature of the pavement
surface on rainy days under the highest air temperature is
shown in Table 3. 0 cm was the pavement surface, and 2 cm,
7 cm, and 13 cm were the middle position of each asphalt
layer, respectively.

As presented in Table 3, when the depth was between
0 cm and 2 cm, the temperature ranged from 60.6°C to
68.5°C. ,e temperature was between 53.7°C and 57.4°C at
the depth of 7 cm. At a deeper depth of 13 cm, the tem-
perature varied from 48.5°C to 51.9°C. Moreover, the highest
temperature of the surface of the pavement on rainy days
was between 48.3°C and 53.5°C. ,e actual weather condi-
tion for each AC layer was different: 50± 2°C in the water
condition as the HWTT condition was not accurate to
evaluate the rutting performance. ,erefore, the laboratory

Wheel path Wheel path

4n

4n – 2

4n – 1

4n – 3

Nonwheel path

Figure 1: Core distribution in a transverse section.

Advances in Civil Engineering 3



test condition should be determined by the actual weather
condition. In order to analyze the rutting performance of
each layer under the fully considered test conditions, four
main test conditions were taken into account, namely, 50°C
in the water condition (50°C-water), 55°C in the water
condition (55°C-water), 60°C in the dry condition (60°C-
dry), and 65°C in the dry condition (65°C-dry). Test con-
ditions of different specimens for the HWTT are as illus-
trated in Table 4.

3.2. *e Dynamic Modulus Test. Dynamic modulus is es-
sentially the normal value of complex modulus. ,e value is
obtained by dividing the maximum (peak-to-peak) stress by
the recoverable (peak-to-peak) axial strain for the HMA
material subject to a sinusoidal loading, as evident in
equation (3). ,e average diameter of the test specimen shall
be between 100 and 104mm with a standard deviation of
1.0mm. ,e average height of the test specimen shall be
between 147.5 and 152.5mm. ,e typical laboratory test
conditions consist of five test temperatures, namely, − 10°C,
4.4°C, 21.1°C, 37.8°C, and 54°C, each at six loading fre-
quencies of 0.1Hz, 0.5Hz, 1.0Hz, 5Hz, 10Hz, and 25Hz,
respectively [43].

E
∗
 �

σ0
ε0

, (3)

where σ0 is the peak compressive axial stress and ε0 is the
corresponding peak compressive axial resilient strain.

According to AASHTO R 62–13, the master curve of
HMA could be developed by using the time-temperature
superposition principle. ,e following equation presents
the generalized form of a dynamic modulus master curve
[44]:

log E
∗
 � δ +

(α)

1 + eβ+clogfr
. (4)

fr is the reduced frequency expressed as

logfr � logf + a1 TR − T(  + a2 TR − T( 
2
, (5)

where E∗ is the dynamic modulus; α, β, δ, c, a1, and a2 are
the fitting parameters; fr is the reduced frequency at the
reference temperature; f is the loading frequency at the test
temperature; TR is the reference temperature; and T is the
test temperature. 21.1°C was used as the reference
temperature.

,e specimen thickness of the top AC layer, middle AC
layer, and bottom AC layer was 4 cm, 6 cm, and 6 cm, re-
spectively. One of our goals was to investigate |E∗| of the full-
thickness AC layers. ,e measured stress and strain could
cover each of the AC layers, and |E∗| could be regarded as
representative of the full-thickness AC layers in this study.
,e distribution of the LVDT in each layer was about

Table 1: Aggregate gradations and binder content of each layer.

Mixture types, binder content AC-13 top layer, 4.5% AC-20 middle layer, 4.2% AC-20 bottom layer, 4.1%
Sieve size (mm) Passing percent
26.5 100 100 100
19 100 99.1 95.5
16 100 91.7 86.4
13.2 97.6 78.7 78.2
9.5 73.7 66.1 55.6
4.75 47.2 43.2 36.4
2.36 33.3 28.7 23.4
1.18 23.3 21 16.2
0.6 15.1 13.9 9.3
0.3 10.3 9.8 6.5
0.15 8.5 8.1 5.1
0.075 7.3 6.8 4.2
AC-13/20: dense graded asphalt mixture with a nominal maximum aggregate size (NMAS) of 13.2/20mm.

AC-13

AC-20

AC-20

(a)

AC-13

(b)

AC-13

AC-20

(c)

AC-20

AC-20

(d)

AC-20

(e)

Figure 2: Specimen composition. (a) Pavement. (b) T (top AC layer). (c) TM (top and middle AC layers). (d) MB (middle and bottom AC
layers). (e) M (middle AC layer) and B (bottom AC layer).
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Ht � 25mm, Hm � 60mm, and Hb � 15mm, as shown in
Figure 6(a). Another purpose was to study |E∗| of the middle
and bottom AC layers. ,e distribution of the LVDT in each
layer was about Hm � 50mm and Hb � 50mm, as presented
in Figure 6(b). ,e dynamic modulus test setup is illustrated
in Figure 6(c).

4. Results and Discussion

4.1. HWTT Result

4.1.1. Rutting Depth and the Recommendation of Test
Conditions. ,e rutting depth and rutting curves of different
specimens were different within four kinds of test condi-
tions, as demonstrated in Figure 7. When the material type
and the specimen height were the same, the higher the
temperature, the deeper the rutting depth, as shown in
Figures 7(a)–7(d). B-5-1, B-5-2, B-6-1, and B-6-2 showed
three stages of the rutting process before 10000 loading
cycles under 55°C in the water condition, while T-5-1, T-6-1,
T-5-2, and T-6-2 had the first two stages after 20000 loading
cycles, as illustrated in Figure 7(c). ,e modified asphalt
binder could significantly improve the rutting resistance
performance of the asphalt mixture, and compared to other
rutting test conditions, 55°C in water might be the most
severe test condition. However, the asphalt type of B-5-1,
B-5-2, B-6-1, and B-6-2 was the base asphalt binder, and the
test condition was 55°C in water, which might be the reason
that rutting performance of B-5-1, B-5-2, B-6-1, and B-6-2
was greatly different from that of the other specimens.
Moreover, compared to Figure 7(a), 55°C in the water
condition was more suitable to evaluate the rutting per-
formance of the top AC layer. As presented in Figure 7(d),
rutting depth was influenced by specimen height and rutting
depth would be shallower with the thicker specimen, which
also manifested that the rutting resistance performance
could be enhanced by increasing the thickness of the asphalt
layer.

Based on trial and error, rutting curves between loading
cycles 6000 and 20000 could be fitted by straight lines well,
which are demonstrated in Figure 7, except that B-5-1, B-6-
1, B-5-2, and B-6-2 appeared the third rutting stage within
10000 loading cycles. Fitting equations and R2 values are
illustrated in Table 5. ,e R2 values were greater than 0.95,
which indicated that the simulation results had a strong
correlation with the rutting curves. ,erefore, the rutting
depth at 20000 loading cycles could be predicted by using a
fitting line between 6000 and 10000 (or smaller) loading
cycles. It also could be inferred that concerning the time
consumption and energy-saving, the test should be stopped
at the loading cycles of 10000 or even smaller loading
cycles.

,e average rutting depth of each group and coefficient
of variation (CV) value of the rutting depth are illustrated in
Table 6. ,e average rutting depth of each group was the
representative value of the same asphalt layers under the
same test condition and specimen height. It was evident that
rutting depths of different AC layers vary greatly under four
different kinds of test conditions. ,e top AC layer was
directly in contact with the traffic loading and weather
condition, which could have a great impact on the CV
values. CV values of groups 5 and 6 exceeded 20%, which
may be because the two groups contained the top AC layer,
while the other CV values were acceptable.

Considering the actual field conditions, compared to
the middle and bottom AC layers, the influence of the high

Table 2: Information of specimens.

Group
number

Test
group

Compaction
degree (%)

Specimen
height (mm)

1

T-1-1(1) 98.10 42.50
T-1-2 96.13 41.85
T-2-1 97.21 41.85
T-2-2 94.44 41.25

2

T-5-1 98.40 44.50
T-5-2 94.63 43.25
T-6-1 99.77 39.25
T-6-2 97.85 40.00

3

B-5-1 96.38 40.20
B-5-2 94.16 39.35
B-6-1 96.93 36.40
B-6-2 95.95 37.05

4

MB-1-1 N/A(3) 101.25
MB-1-2 N/A 101.80
MB-2-1 N/A 101.95
MB-2-2 N/A 102.00

5

T-3-1 97.00 38.45
T-3-2 95.21 38.60
T-4-1 98.35 42.85
T-4-2 97.13 41.95

6

TM-7-1 N/A 100.90
TM-7-2 N/A 101.70
TM-8-1 N/A 101.40
TM-8-2 N/A 101.20

7

B-7-1 97.86 41.70
B-7-2 97.22 42.25
B-8-1 98.06 42.25
B-8-2 96.54 41.85

8

M-5-1 96.98 60.50
M-5-2 95.97 59.60
M-6-1 96.92 59.65
M-6-2 95.77 59.20

9

MB-3-1 N/A 101.50
MB-3-2 N/A 101.55
MB-4-1 N/A 102.10
MB-4-2 N/A 101.30

10

E-9-1(2) N/A 150.84
E-9-2 N/A 150.64
E-9-3 N/A 150.46
E-10-1 N/A 149.55
E-10-2 N/A 149.53

(1) T indicates the test specimen is the top asphalt layer of the core, which
could be recognized from Figure 2. ,e first Arabic number 1 indicates the
test specimen was drilled from number 1 transverse section of the pave-
ment. ,e second Arabic number 1 indicates the test specimen is the first
specimen in transverse section, and the Arabic number of group 10 has the
same meaning as the above. Moreover, others could be understood in terms
of this example. (2) E indicates the specimen is used for the dynamic
modulus test. (3) Because the groups 4, 6, 9, and 10 are composed of
different AC layers, the compaction degree could not be measured, so it is
expressed as “N/A” in the table.
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Figure 3: HWTT process of the field cores.
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temperature and rain on the top AC layer was more
significant and high temperature in the dry/water con-
dition should be considered. As shown in Table 6, in-
corporating the actual weather conditions, groups 1, 2, 5,
and 6 showed that 50°C in the water condition could not
comprehensively evaluate the rutting performance, and
both high temperature in the dry condition (65°C) and
high temperature in the water condition (55°C) were
necessary for evaluating the rutting performance of the
top AC layer. In accordance with the impermeability
requirement of the asphalt mixture in China, it was
reasonable to evaluate the rutting performance of the
middle and bottom AC layers in the dry condition.
Moreover, according to the rutting results of groups 4, 7,
8, and 9, 60°C in the dry condition was acceptable as the
test condition for the rutting performance evaluation of
the middle and bottom AC layers. Based on the analysis
results above, and the actual highest temperature at dif-
ferent AC depth, as illustrated in Table 3, the test con-
dition was recommended as follows:

(1) HWTT test condition for the top AC layer: 55°C in
the water condition and 65°C in the dry condition
were recommended.

(2) HWTT test condition for the middle and bottom AC
layers: when the top AC layer was the dense graded
asphalt mixture, 60°C in the dry condition was
recommended; for the permeable top AC layer, 50°C
in the water condition and 60°C in the dry condition
were proposed.

4.1.2. Analysis of Different Factors of the Rutting Depth.
,e effect of the compaction degree, specimen height,
mixture type, and test condition on rutting depth was in-
vestigated. “Compaction” represented the compaction de-
gree (Table 2), “Height” represented the specimen height
(Table 2), “Condition” represented the test condition,

“Material” represented the mixture type, and “Rutting”
represented the rutting depth. Figure 8 shows the scatter plot
of the relationship between factors and rutting depth
(Figure 7). Since the “Material” and “Condition” could not
be described directly, the Arabic numbers were used instead.
For the test condition, “1” represented 50°C in the water
condition, “2” represented 65°C in the dry condition, and “3”
represented 55°C in the water condition. For the mixture
type, “4” represented AC-13 and “5” represented AC-20. It
should be noticed that only groups “1, 2, 3, 5, 7, and 8” in
Table 2 were chosen for analysis, and only one material type
was contained in the groups.

As demonstrated in Figure 8, the rutting depth de-
creased when the “Material” increased, and the top AC
layer had better rutting resistance than middle and bottom
AC layers. Although the NMAS of AC-13 was smaller than
that of AC-20, the modified asphalt binder enhanced the
rutting performance of the asphalt mixture. Compared to
65°C in the dry condition, 55°C in the water condition was
more likely to cause rutting. ,erefore, in hot areas, par-
ticularly the areas with high temperature and rainy days
(i.e., Chongqing area), the rutting performance should be
evaluated under the high-temperature and water condi-
tions. In addition, rutting depth decreased with the in-
creasing specimen height. Based on the distribution of
specimen thickness along the rutting depth, when the
specimen height was 4 cm, the test results of the rutting
depth were distributed discretely. 6 cm was more suitable as
the specimen height for the HWTT. Moreover, the com-
paction degree was one of the most important factors as the
construction quality control, and rutting depth decreased a
little as the compaction degree increased from 94% to 99%.
It is worth to notice that 94% was the control threshold of
the compaction degree that satisfied the construction
specification of China [38]. It could be inferred that, with
the scientific asphalt mixture design and good construction
quality control, the compaction degree had little influence
on rutting performance when it met the specification
requirement.

,e linear correlation between the rutting depth and
factors was calculated, and the linear correlation coefficient
between rutting depth and “Compaction,” “Height,” “Ma-
terial,” and “Condition” was − 0.1, − 0.33, 0.47, and 0.63,
respectively. It could be concluded that the test condition
had the most significant influence on the HWTT result,
followed by the mixture type, specimen height, and com-
paction degree, respectively. Furthermore, the rutting per-
formance of the AC layer could be improved by increasing
the compaction degree, the thickness of the AC layer, and
the material type chosen.

Table 3: ,e highest temperature at different depth in the pavement (unit: °C).

Year 0 cm 2 cm 7 cm 13 cm ,e highest temperature of the surface on rainy days
2014 68.5 64.6 57.4 51.9 53.5
2015 65.7 61.9 54.9 49.6 50.0
2016 67.1 63.2 56.2 50.7 51.8
2017 66.3 62.5 55.5 50.1 50.8
2018 64.3 60.6 53.7 48.5 48.3

Table 4: Test conditions of different specimens.

Group number Test condition
1 50°C-water
2 55°C-water
3 55°C-water
4 60°C-dry
5 65°C-dry
6 65°C-dry
7 65°C-dry
8 65°C-dry
9 65°C-dry

Advances in Civil Engineering 7
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4.1.3. Contribution of Each Layer under 65°C in the Dry
Condition. As previously demonstrated by HWTT results,
the rutting depth of each AC layer was different, and ac-
tually, the function of each layer was different. ,e con-
tribution of each AC layer to rutting depth was calculated by
the following equation:

R �
RDX

RDT + RDM + RDB
∗ 100%, (6)

where R represents the layer of interest which contributes to
rutting depth; RDX represents the rutting depth of the AC
layer of interest; and RDT, RDM, and RDB represent the
rutting depth of the top AC layer, middle AC layer, and
bottom AC layer, respectively.

,e specimens of groups “5, 7, and 8” were under the dry
condition at 65°C, which were used for rutting contribution
analysis. Additionally, the pavement structure was formed
by the specimen with the same last Arabic number of each
test group number. Two specimens were contained in each
AC layer. ,e rutting contribution of the top AC layer,
middle AC layer, and bottom AC layer was calculated by
equation (6), as shown in Table 7.

As presented in Table 7, the rutting contribution of each
layer was calculated, and it could be obtained that the
bottom AC layer had the most significant influence on the
rutting performance of the full-thickness AC layers, followed
by middle and top AC layers. ,e conclusion was consistent

with prior researches [36, 37]. ,erefore, in the process of
asphalt pavement structure design, it was more important to
focus on the material selection, design, and construction
quality control of the middle and bottom AC layers.

4.2. Dynamic Modulus Test Result. ,e |E∗| master curve
could be obtained by utilizing equations (4) and (5), as il-
lustrated in Figure 9. According to equation (5), the high
temperatures corresponded to the low loading frequency
range and the low temperatures were equivalent to the high
loading frequency range. As demonstrated in Figure 9, in the
high-temperature domain, the rutting performance ranking
in terms of the |E∗| values was as follows: E-9-2, E-9-1, E-9-3,
E-10-2, and E-10-1. ,e |E∗| value ranking was E-9-3, E-9-1,
E-9-2, E-10-2, and E-10-1 in low temperature. Considering
that E-9-3, E-9-1, and E-9-2 consisted of AC-13 and AC-20
and E-10-1 and E-10-2 contained AC-20, it was indicated
that the |E∗| value of AC-13 with modified asphalt was
higher than that of AC-20 with the base asphalt binder.

Witczak et al. [17] proved that the |E∗| values at 54.4°C
and 37.8°C correlated well with the rutting performance.
Pellinen et al. proposed the |E∗| value of 345MPa at 54.4°C
and 5Hz as a threshold to indicate a good rutting resistance
performance of the HMA [45]. A tentative criterion of
241MPa at 50°C and 5Hz was recommended as the in-
dicative threshold [21]. For convenience, 241MPa was
regarded as the threshold value at 54.4°C and 5Hz in this
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Figure 7: Rutting curves for varying specimens under different test conditions: (a) 50°C-water; (b) 60°C-dry; (c) 55°C-water; (d) 65°C-dry.
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study. All the specimens were with sufficient |E∗| values,
which indicated that the rutting performance of all AC layers
was in good condition, as illustrated in Figure 10.

4.3. Correlations between the Dynamic Modulus Test and the
HWTT. E-9-1, E-9-2, and E-9-3 consisted of the top,
middle, and bottom AC layers, and E-10-1 and E-10-2
contained the middle and bottom AC layers. |E∗| values at
the low loading frequency (equivalent to the low frequency)

under 54.4°C are listed in Table 8. ,e HWTT results of the
specimens containing both the top and middle layers are
shown in Table 9. As previous studies illustrated, 241MPa or
345MPa as the |E∗| value at 54.4°C and 5Hz could be
regarded as the threshold to indicate the rutting perfor-
mance [21, 45]. ,e following could be concluded from
Tables 8 and 9:

(1) ,e rutting performance of all specimens could meet
the requirements under 65°C-dry. ,e dynamic
modulus could meet the rutting requirement as the
threshold value of 241/345MPa at 54.4°C and 5Hz.

(2) When 241MPa was chosen as the threshold for
rutting performance, the dynamic modulus at 54.4°C
and 1Hz could represent the rutting performance
well compared to the dynamicmodulus at 54.4°C and
5Hz.

(3) E-10-1, E-10-2, and MB-3-1 and MB-3-2, MB-4-1,
andMB-4-2 both contain the middle and bottom AC
layers, and the material type was AC-20. Addi-
tionally, all the rutting depth was less than 10mm, all
the dynamic modulus at 54.4°C and 1Hz met the
threshold, and it could be inferred that dynamic
modulus at 54.4°C and 1Hz could effectively

Table 5: Linear fit of rutting curves between 6000 and 20000 loading cycles.

Linear fit
Equation: y � a + b∗x

Intercept Slope R2

T-1-1 1.62 5.16E − 05 0.98
T-1-2 1.60 5.43E − 05 0.96
T-2-1 2.34 3.88E − 05 0.99
T-2-2 1.67 6.00E − 05 0.99
MB-1-1 1.68 3.96E − 05 0.98
MB-1-2 1.10 5.18E − 05 0.99
MB-2-1 1.54 4.17E − 05 0.98
MB-2-2 0.944 6.39E − 05 1.00
T-5-1 1.43 1.29E − 04 0.99
T-5-2 1.82 9.67E − 05 1.00
T-6-1 1.37 1.44E − 04 1.00
T-6-2 1.51 1.20E − 04 1.00
T-3-1 1.03 3.71E − 05 0.98
T-3-2 0.48 2.99E − 05 0.98
T-4-1 1.34 5.61E − 05 1.00
T-4-2 0.60 7.34E − 05 1.00
MB-3-1 1.72 5.25E − 05 0.98
MB-3-2 1.19 5.22E − 05 0.99
MB-4-1 1.17 9.93E − 05 0.99
MB-4-2 1.11 7.67E − 05 0.98
M-5-1 1.59 7.26E − 05 0.99
M-5-2 1.54 3.97E − 05 0.99
M-6-1 1.20 1.06E − 04 1.00
M-6-2 1.10 8.09E − 05 1.00
TM-7-1 0.95 3.26E − 05 0.99
TM-7-2 0.33 4.14E − 05 0.99
TM-8-1 1.20 4.26E − 05 1.00
TM-8-2 0.82 3.51E − 05 0.99
B-7-1 1.62 9.86E − 05 1.00
B-7-2 1.27 8.65E − 05 1.00
B-8-1 2.07 1.05E − 04 0.99
B-8-2 1.83 9.80E − 05 1.00

Table 6: ,e average rutting depth and CV values of each group
under different test conditions.

Group
number

Average rutting depth
(mm)

CV of rutting depth
(%)

1 2.79 8.30
2 4.03 5.66
3 8.70 17.61
4 2.29 6.92
5 1.83 31.60
6 1.58 21.75
7 3.59 12.31
8 2.83 16.13
9 2.63 13.69
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represent the rutting performance of the asphalt
mixture.

(4) Considering the material composition, E-9-1, E-9-2,
and E-9-3 contained AC-13 and AC-20. TM-7-1,
TM-7-2, TM-8-1, and TM-8-2 had the same material

composition. Based on the |E∗| values of E-9-1,
E-9-2, and E-9-3 and the rutting depth of TM-7-1,
TM-7-2, TM-8-1, and TM-8-2, the rutting perfor-
mance of E-9-1, E-9-2, and E-9-3 was sufficient.
Moreover, E-9-1, E-9-2, and E-9-3 contained the
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Figure 8: Scatter plot of the influence of different factors on rutting depth.

Table 7: R of each layer.

Test group Average rutting depth (mm) R (%) Test group Average rutting depth (mm) R (%) Average R (%)
T-3-2 1.56 21.01 T-3-1 2.1 23.17 22.09T-4-2 T-4-1
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12 Advances in Civil Engineering



whole AC layers, and it could be concluded that the
rutting performance of the asphalt pavement was
sufficient.

In general, compared with the HWTT, the rutting
performance of the full-thickness AC layers could be tested
by the dynamic modulus test more directly. Besides, only the
dynamic modulus at 54.4°C, 5Hz or 54.4°C, 1Hz was re-
quired when evaluating the rutting performance, which was
more time-saving and energy-saving for less cutting.

5. Conclusions and Recommendations

A total of 40 field cores were obtained from the Chongqing
area and were divided into 10 groups to investigate the

rutting performance of field specimens by the HWTT and
dynamic modulus test.,emain findings are summarized as
follows:

(i) Rutting depth of each AC layer is different under
different test conditions. 10000 loading cycles are
recommended as the maximum loading cycle.

(ii) For the Chongqing area, 55°C in the water condition
and 65°C in the dry condition are recommended as
the test condition of the HWTTfor the top AC layer.
When the top AC layer is the dense graded asphalt
mixture, 60°C in the dry condition is recommended
as the test condition of the HWTT for the middle
and bottom AC layers. When the top AC layer is
permeable, 50°C in the water condition and 60°C in
the dry condition are proposed as the test condition
of the HWTT for the middle and bottom AC layers.

(iii) Test condition and mixture type are two of the
major factors influencing HWTT results. Addi-
tionally, the influence of the compaction degree on
rutting performance could be ignored when it meets
the specification requirement. Compared to 4 cm,
6 cm is a more appropriate specimen height for the
HWTT.

(iv) ,e bottom AC layer contributes the most rutting
depth, followed by the middle AC layer and top AC
layer.

(v) ,e dynamic modulus at both 54.4°C, 5Hz and
54.4°C, 1Hz could effectively represent the rutting
performance of the asphalt mixture when the dy-
namic modulus threshold is 241MPa.

(vi) Compared with the HWTT, the dynamic modulus
test is a more convenient test method for the rutting
evaluation of the full-thickness AC layers.

It should be noted that there are still some issues that are
worth to be discussed. ,ese findings only pertain to the
materials and pavement structures investigated in this study.
,e material and pavement structure are obtained from only
one highway, and different materials and pavement struc-
tures need to be further addressed.
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Table 8: |E∗| values at the low loading frequency under 54.4°C
(unit: MPa).

Test group
54.4°C

0.1Hz 0.5Hz 1Hz 5Hz
E-9-1 225 406 535 1160
E-9-2 286 426 506 977
E-9-3 256 454 596 1256
E-10-1 157 247 310 653
E-10-2 153 225 270 585

Table 9: Rutting depth of different samples at 65°C (TM and MB).

Test group Test condition Rutting depth
(mm)

TM-7-1

65°C-dry

1.58
TM-7-2 1.22
TM-8-1 2.04
TM-8-2 1.47
MB-3-1

65°C-dry

2.7
MB-3-2 2.19
MB-4-1 3.06
MB-4-2 2.56
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