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Rutting is the most common distress of the asphalt pavement with a semirigid base, mainly when located on a steep longitudinal
slope. Previous studies have shown that shear stress is the leading cause of rutting. ,erefore, it is essential to analyze the
distribution characteristics of shear stress to evaluate pavement rutting performance. Firstly, the truck speed was measured at
different locations on the steep longitudinal slope section.,en, the calculation method of shear stress was improved based on the
method of “systematic clustering.”,e distribution characteristics of shear stress were studied under the different gradients, slope
lengths, horizontal forces, and interlayer bond conditions. Finally, the rutting prediction model was used to evaluate the rutting
performance of the steep longitudinal slope section.,e results show two critical parameters of a steep longitudinal slope: gradient
and slope length can be quantified by establishing the relationship between truck speed and those parameters.,e improved shear
stress calculation method can correspond well with the layer where maximum rutting occurs. Gradients and slope lengths have
little effect on shear stresses, while horizontal forces and interlayer bond conditions significantly change the shear stress dis-
tribution characteristics within the pavement. For the steep longitudinal slope sections, the rutting prediction model should
consider the truck speed separately. With increasing gradient and slope length, the rutting increases the fastest in the middle layer.
For sections with horizontal forces and poor interlayer bonding, the layers with the highest rutting accumulation are the upper
layer and the lower layer, respectively.

1. Introduction

Rutting is themost common distress of the asphalt pavement
with a semirigid base, mainly on a steep longitudinal slope
[1, 2]. ,is kind of distress can negatively impact driving
comfort, safety, and pavement service life [3]. ,erefore, it is
essential to evaluate rutting performance before road con-
struction and reconstruction.

,e evaluation of rutting performance is mainly quan-
tified by rutting depth, which is predicted by the rutting
prediction model [4, 5]. In most prediction models, the
vertical compressive stress is a crucial input parameter.
However, this parameter cannot explain the phenomenon
that the maximum rutting occurs in the middle layer of the

pavement. Sun et al. [3] explained this phenomenon from
the aspect of shear stress distribution in pavement structures
and proved the shear stress is more appropriate than vertical
compressive stress in the rutting prediction model. Nie and
Zhang [6] selected the maximum shear stress in the hori-
zontal plane to study shear stress distribution in different
pavement structures. Yoder and Witczak [7] thought that
the surface at the outer edge of the load is a critical position
for rutting, and this position was chosen to study the dis-
tribution of shear stress. Some researchers have also studied
the relationship between shear stress and rutting [8–10].
However, the rutting is caused by the shear deformation of
the overall asphalt layer [11]. ,e maximum shear stress at a
certain depth or the whole pavement cannot represent the
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rutting distribution of the overall pavement well. ,erefore,
Wang and Sun [3, 12] suggested averaging the shear stress of
different positions at a certain depth by considering the
correspondence between the spatial distribution of rutting
and shear stress distribution. However, the effect of hori-
zontal forces and interlayer bond conditions are not con-
sidered in this method.

Analyzing factors affecting shear stress can help un-
derstand the rutting performance of the steep longitudinal
slope better.,e gradient is steeper for the steep longitudinal
slope section, and the slope length is longer [1, 2]. ,ese
characteristics will make the truck speed much slower or
higher than plain areas. Trucks with high speed will fre-
quently brake and thus will apply large horizontal forces to
the pavement surface. Moreover, the steep longitudinal slope
section is more likely to have poor interlayer conditions. All
these factors will affect the distribution of shear stress and
the rutting performance of the pavement. Wang and AI-
Qadi [13] compared the debonding and full bonding con-
ditions. ,ey found that debonding between the asphalt
layer and semirigid base layer made the shear stress larger.
Xiao et al. [14] found that the shear stress increased linearly
with the increase of the truck speed. Temperature and
horizontal force also impact shear stress to some extent
[15–17].

,emain objective of this study is to investigate the shear
stress distribution and rutting performance of semirigid
asphalt pavement on the steep longitudinal slope. Firstly,
this paper used the “systematic clustering method” to im-
prove the calculation method of shear stress. ,is method
considered the horizontal forces and interlayer bonding
conditions in pavements. ,en, the speeds of trucks at
different locations were measured to characterize the two
essential parameters of the steep longitudinal slope, gradient,
and slope length. A finite element model (FEM) was
established to investigate the effects of gradient, slope length,
horizontal force, and interlayer bond condition on shear
stress. Finally, based on the calculated shear stresses and
other related parameters, the rutting performance of the
steep longitudinal slope section was evaluated.

2. EstablishmentofFiniteElementModel (FEM)
and Determination of Input Parameters for
Steep Longitudinal Slope Sections

2.1. Geometry and Pavement Structure of the Model. ,e
pavement structure is shown in Table 1, which is the most
commonly used structure for the steep longitudinal slope
section. ,e load used for FEM is shown in Figure 1. ,e
contact area is measured by the actual loading vehicle. ,e
size is 0.23m× 0.21m, and the interval between the two
wheels is 0.34m. ,e pressure of the load is 0.688MPa. ,e
size of the finite element model is 10m× 10m× 15m, as
shown in Figure 2, where Z direction is the driving direction
(10m), X direction is perpendicular to the driving direction
(10m), and Y direction is the depth direction (15m). ,e
finite element model is static with the boundary conditions:
the X and Z directions are constricted to the normal

displacement, and the Y direction is completely fixed. ,e
grid is divided, as shown in Figure 2. Along the depth di-
rection, the asphalt layer is divided by 1 cm, the base and
subbase layer are divided by 4 cm, and the subgrade mesh is
gradually sparse along the depth direction, with 20 meshes.
To improve computational efficiency, the mesh division in
the load area is dense and gradually becomes sparse away
from the load area [18, 19].

2.2. Material Properties. ,e modulus of the base, subbase,
and subgrade layer was obtained from the backcalculation of
the field (FWD) evaluation [20]. ,e base and subbase layer
modulus were 7871.1MPa, and the modulus of the soil base
was 118.2MPa. Poisson’s ratio was taken as 0.25 for the
asphalt layer, base layer, subbase layer, and 0.4 for the
subgrade layer according to the specification JTG D50 [5].
,e modulus parameters of the asphalt layer are acquired by
the uniaxial compression dynamic modulus test according
to the specification JTG E20 [21]. ,en, the dynamic
modulus master curve can be established [22]. ,e modulus
values of the asphalt layer can be calculated at the specific
temperature and frequency. ,e dynamic modulus master
curve is generally fitted by

log E
∗
  � δ +

α

1 + e
β+c logf+log aT( )

. (1)

where |E∗| is the dynamic modulus, MPa; α, β, δ, c are the
regression parameters; f is the loading frequency, Hz; and
aT is the shift factor that converts the frequency at measured
temperature to the frequency at the reference temperature.
,e formula for calculating aT is shown in

log aT(  �
C1 T − Tref( 

C2 + T − Tref
, (2)

where C1, C2 are fitting parameters, Tref is reference tem-
perature, and T is the actual temperature which needs to be
calculated, °C.

In this paper, the dynamic moduli of the above three
different asphalt layers were measured. ,e dynamic
modulus master curves were calculated and fitted according
to JTG D50 [5]. ,e measured results and fitted parameters
are shown in Figure 3.

Figure 3 and equations (1) and (2) show that the dynamic
modulus master curve gives the relationship among different
temperatures, loading frequencies, and the modulus.
,rough this relationship, the moduli of the asphalt layers
can be calculated. For example, when the frequency is 10Hz,
and the temperature is 40°C, the moduli of AC-13, AC-20,
and AC-25 layers are 1951.1MPa, 2537.1MPa, and
2563.2MPa. So, it is first indispensable to determine the
temperature and frequency before the modulus of asphalt
layers before determining the moduli of asphalt layers.

2.3. Determination of Effective Temperature for Asphalt
Layers. Yi et al. [23] established a prediction model on
equivalent rutting temperature for asphalt layer at different
depths considering regional differences and asphalt material
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properties, shown in equations (3) and (4). Aiming to study
the rutting performance of steep longitudinal slope sections,
this temperature model is chosen here for further study:

Teff−V � −0.0091d
3

+ 0.2947d
2

− 2.8622 d + 0.5227DD

+ 0.0003MAAT d + 38.6961,

(3)

Teff−M � 1.0270Teff−V − 0.4712, (4)

where Teff−V is the effective temperature for base asphalt
mixture at depth “d,” °C; Teff−M is the effective temperature
for modified asphalt at depth “d,” °C; “d” is the pavement
depth, cm; DD is average yearly air degree-days over 0°C,
×1000°C; MAAT is the mean annual air temperature, °C.

,e temperature-related data in Hebei are chosen, with
DD of 13.3°C and MMAT of 13.6°C. ,en, the equivalent
rutting temperature at different depths was calculated, and
the calculation result is shown in Figure 4.

2.4. Determination of Frequency and Modulus Values at
Different Depths. Odemark proposed a method for calcu-
lating frequencies by equivalent thickness. ,is method has
been used in the mechanistic-empirical pavement design
guide (MEPDG) in the United States [4]. In this paper, the
MEPDG method was used to calculate the frequencies at
different pavement depths.

In the MEPDG method of calculating frequency, the
pavement’s structural layer should be converted to an
equivalent layer with the same modulus as the subgrade.
,en, the loads can be assumed to spread at a diffusion angle

of 45°. Once the calculated point is determined and the
modulus at and above the point is assumed, the stress pulse
length Leff can be calculated. ,e calculation formula Leff

is shown in equation (5). ,e schematic diagram of this
method is shown in Figure 5:

Leff � 2 × ac + Zeff 

� 2 × ac + 
n−1

i�1
hi

���
Ei

ESG

3



⎛⎝ ⎞⎠ + hn

���
En

ESG

3



⎛⎝ ⎞⎠,

(5)

where Leff is the length of the stress pulse at the calculation
depth, m; ac is the half-width of the applied load on top of
the pavement surface, m; hi is the thickness of pavement
layer above the calculation point (excluding the layer where
the calculation point is located), m; Ei is the moduli of
pavement layer above calculation point (excluding the layer
where the calculation point is located), MPa; hn is the
thickness from calculation point to the top of the layer,m; En

is the modulus of the layer to be calculated, MPa.
,e frequency of the stress pulse is calculated as the

inverse of the pulse time [24, 25]. ,erefore, as the duration
of the stress pulse is determined, the corresponding fre-
quency is calculated by

f �
1
t

�
v

Leff

, (6)

where v is the truck speed, m/s, and f is the frequency, Hz.
,erefore, assuming the modulus and the truck speed,

the frequency of the calculation point can be calculated.
Utilizing the temperature, frequency, and the modulus

Table 1: Pavement structure.

Layer ,ickness (cm) Structure

Asphalt layer
4 AC-13 SBS asphalt mixture
6 AC-20 SBS asphalt mixture
8 AC-25 base asphalt mixture

Base layer 20 Cement stabilized macadam (CSM)Subbase layer 32
Subgrade layer

0.23 m

0.34 m

0.
21

 m

Figure 1: Load size and contact area.

Advances in Civil Engineering 3



8

9

10

11

Lo
g 

M
od

ul
us

 (P
a)

α = 2.13 C1=14.389
C2=130.479β = -0.58

γ = -0.74
δ = 8.24

Master Curve
-10°C
5°C

20°C
35°C
50°C

-6 -3 0 3 6
Log Frequency (Hz)

(a)

8

9

10

11
Lo

g 
M

od
ul

us
 (P

a)

Master Curve
-10°C
5°C

20°C
35°C
50°C

α = 2.15 C1=13.882
C2=132.794β = -0.58

γ = -0.76
δ = 8.32

-6 -3 0 3 6
Log Frequency (Hz)

(b)

Master Curve
-10°C
5°C

20°C
35°C
50°C

Lo
g 

M
od

ul
us

 (P
a)

8

9

10

11

-6 -3 0 3 6
Log Frequency (Hz)

α = 2.91 C1=23.809
C2=206.613β = -1.01

γ = -0.62
δ = 7.68

(c)

Figure 3: Dynamic modulus master curve and its fitting parameters: (a) AC-13, (b) AC-20, and (c) AC-25.

Unit : mm

Asphalt layer
Base layer

Subbase layer

Subgrade

Driving 
Direction

Loading

10000

15
00

0

10000

Figure 2: ,e finite element model.
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master curve, another modulus of the calculation point can
be determined.,e modulus is determined by iteration until
the difference between the assumed modulus and the cal-
culated modulus is less than 0.1MPa. ,en, the modulus
obtained is considered to be the final modulus of the cal-
culation point. Assuming that the truck speed is 60 km/h, the
calculated frequency and modulus at different pavement
depths are shown in Figure 6.

From Figure 6, it can be seen that the frequency grad-
ually decreases along with the depth. ,e modulus using the
MEPDG method does not vary regularly along with the
depth, which may be caused by the difference in dynamic
modulus of each asphalt layer.

It has been known that the truck speed is an essential
input parameter in calculating frequency and modulus from
the above description. ,erefore, the truck speed on the
steep longitudinal slope section will be measured below.

2.5. Determine the Truck Speed on Steep Longitudinal Slope
Sections. Heavy trucks are a fundamental cause of rutting in
asphalt layers of asphalt pavements, while the effect of cars is
negligible. In this study, nine steep longitudinal slope sec-
tions were selected to measure the truck speed at different
points. At least 100 samples were measured at each point. A
radar speed meter was utilized to measure truck speed. ,e
results are shown in Table 2.

As shown in Table 2, the average truck speed decreases
with the increase of gradient or slope length. ,e gradient
has a more prominent effect on speed than the slope length.
At the start of the slope (SS), the truck speed, gradient, slope
length, and average truck speed at different points were used
to fit regression analysis. ,e results and fitting equation are
shown in Figure 7 and equation (7), respectively.where y is
the truck speed at the calculation point, km/h, xlength is the
length from the calculation point to the start of the slope,
xgradient is the gradient of the steep longitudinal slope section,
and xinitialspeed is SS, km/h.

y � −0.0141 · xlength − 5.4448 · xgradient + 0.6863 · xinitialspeed + 41.48(R � 0.9210), (7)
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Figure 5: Schematic diagram of the length of the stress pulse.
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As shown in Figure 7, equation (7) can characterize the
relationship between the truck speed at the calculation point
and gradient, slope length, and SS. Since the position at the
end of the steep longitudinal slope generally causes the most
severe rutting, the truck speed at the end of the slope was
used to evaluate the rutting performance under different
service conditions.

2.6. FEM Calculation Results and Model Validation.
Based on the FEM calculation results, the maximum shear
stress values at different points are extracted. ,e maximum
shear stress value is calculated by

τmax �
σ1 − σ3

2
, (8)

Table 2: ,e average truck speed under different gradients and slope lengths.

Section
number

Measured
point

Gradient
(%)

Slope length
(m)

Speed at the start of the slope (SS)
(km/h)

Speed at the end of the slope
(km/h)

No. 1
1

4.4
600

60
48

2 200 59
3 0 60

No. 2
4

4.7
800

50
39

5 400 44
6 0 50

No. 3

7
4.9

700
51

40
8 500 41
9 0 51
10

4.1
900

45
42

11 400 43
12 0 45

No. 4

13

5.28

700

42

32
14 400 28
15 200 40
16 0 53
17

4.92
800

34
32

18 200 33
19 0 34

No. 5

20
5.28

600
55

30
21 400 42
22 0 55
23

5.6
600

40
29

24 300 37
25 0 40

No. 6
26

4.73
1300

60
39

27 600 51
28 0 60
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Figure 6: Modulus and frequency along with depth (60 km/h).
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where τmax is the maximum shear stress value, MPa; σ1 is the
first principal stress, MPa; and σ3 is the third principal stress.
,e shear stress in the latter refers to the maximum shear
stress.

,e FEM calculated results are also compared with Bisar
3.0. ,e results obtained from two calculation software
showed great agreement, proving that the established FEM is
correct and can be used for further analysis.

3. Improvement of the Shear Stress
Calculation Method

,e truck speed was assumed as 60 km/h, which is the
minimum driving speed specified on the highways in China.
,e value of the modulus at this speed is shown in Figure 6.

Rutting occurs due to shear deformation within the
entire pavement [11], so the maximum value of shear stress
at a certain depth is difficult to characterize the rutting
behavior at that depth. ,e schematic diagram of mesh
division is shown in Figure 8. ,e calculation points are
numbered from left to right as “P1,” “P2,” “P3,” “P4 “, “P5,”
“P6,” “P7,” “P8,” “P9.” ,e distribution of shear stresses
along with depth for different points is shown in Figure 9.

It can be seen from Figure 9 that the maximum value of
shear stress gradually transitions from the sides of the to the
middle along the depth direction. Wang et al. [26] thought
that the average value of the “P5,” “P7,” and “P9” could
represent the shear stress at a certain depth of the pavement.
However, the reason for using this method is not explicitly
stated. ,erefore, the “systematic clustering” method was
used to cluster the distribution of these 9 points along the
depth direction. One point distribution along with the depth
represents a case.

,e principle of systematic clustering is to combine the
two closest cases of data points by calculating the distance
between them and iterating this process iteratively until all
data points are combined into one class. ,e clustering
results are shown in Figure 10.

As shown in Figure 10, the calculated locations can be
classified into two or three classes. Here, the results of the
“systematic clustering” method were verified using K-means

clustering. ,e results of K-means were consistent with
those of systematic clustering, which proved the reliability of
the “systematic clustering” method. From the perspective of
accuracy, the nine positions can be classified into three
classes.,erefore, the representative value of shear stress at a
certain depth can be calculated by

τ �
5
9
τ5 +

2
9
τ8 +

2
9
τ9, (9)

where τ is the representative shear stress at a certain depth,
MPa; andτ5 , τ8, and τ9 represent “P5,” “P8,” and “P9” when
the mesh is divided into 8, MPa.

For steep longitudinal slope sections, the low speed, the
large horizontal force, and poor interlayer condition are the
main characteristics. ,erefore, this paper used the method
mentioned to verify the clustering results. Here, consider the
different speed conditions (5 km/h, 20 km/h, 40 km/h, and
80 km/h), horizontal force coefficient of 0.5, and poor in-
terlayer bonding between layer and base layer (bonding
coefficient is taken as 0.5). ,e results demonstrate the
applicability of the method mentioned earlier.

4. Results and Discussion

4.1. Influence of Different Factors on the Shear Stress.
Gradient and slope length are two critical parameters on the
steep longitudinal slope section. In this section, poor in-
terlayer bonding condition between asphalt and base layer is
more likely to occur. Besides, trucks will apply a large
horizontal force to the pavement structure due to frequent
braking. So, the gradient, slope length, horizontal force, and
interlayer bonding condition are analyzed here.

4.1.1. Gradient and Slope Length. ,e influences of gradient
and slope length on shear stress are investigated first.
Considering different gradients, the truck speed at the start
of the slope (SS) is 60 km/h, and the slope length is 1000m.
To analyze the effect of slope length, the SS is 60 km/h, and
the gradient is 4%. ,e distribution of the calculated shear
stress along with the depth is shown in Figure 11.
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Figure 7: Comparison of the measured and predicted truck speed.
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As shown in Figure 11, gradient and slope length have
almost no influence on the shear stress, and the distribution
of shear stress along the depth shows a tendency to increase
first and then decrease. ,is tendency is consistent with the
fact that rutting is most severe in the middle asphalt layer. As
the gradient and slope length ultimately affect the truck
speed at the top of the slope, the influence of different truck
speed on shear stress distribution is analyzed, as presented in
Figure 12.

As demonstrated in Figure 12(a), the maximum value of
shear stress is located at a depth of 6 cm, and the value of shear
stress tends to increase as the truck speed decreases. At a depth
of 6 cm, the shear stress at the speed of 5 km/h is about 9%
higher than that at the speed of 100km/h. However, it can be
seen that the shear stress is not very sensitive to truck speed.
,e truck speed can significantly impact the rutting perfor-
mance, so the truck speed variable must be considered sepa-
rately in the rutting prediction model.

4.1.2. Horizontal Force. ,e horizontal force coefficient is
used in FEM. ,e horizontal force coefficient represents the
ratio of horizontal force to vertical load. ,e truck speed is
taken as 60 km/h, and the results are shown in Figure 13.
“Normal” represents the case of no horizontal force.

As shown in Figure 13, the horizontal force has a no-
ticeable influence on the shear stress at a depth of 0–5 cm.
,e shear stress increases as the horizontal force coefficient
becomes larger, showing a rising exponential trend, while
the increase rate gradually decreases along with depth. Below
6 cm, it can be seen that the horizontal force has a modest
effect on the shear stress. As demonstrated above, the upper
layer of the pavement is more sensitive to the change of
horizontal force, so the upper layer in the steep longitudinal
slope sections should be designed carefully.

4.1.3. Interlayer Bonding Condition. ,e shear stress is
calculated with the interlayer bonding coefficients of 0.0, 0.5,
and 1.0, respectively. ,e truck speed was taken as 60 km/h,
and “normal” represents the case that the interlayer between
the asphalt layer and base layer is completely bonding. ,e
results are shown in Figure 14.

As presented in Figure 14, the shear stress inside the
pavement gradually increases along with the depth com-
pared to “normal.” At 17 cm depth, the maximum value of
shear stress is twice that of the case “normal.” However,
different interlayer bonding coefficients do not affect the
distribution of shear stress with the same gradient and slope
length. ,erefore, sufficient attention should be paid to the
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21
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Figure 8: Schematic diagram of mesh division.
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interlayer bonding problem in pavement design and
construction.

4.2. Influence of Different Factors on the Rutting Performance.
,e rutting performance is generally evaluated using the
index of rutting depth. ,erefore, the rutting depth

prediction model proposed by Sun [3] is used in this paper.
,e model takes the truck speed and the shear stress as
essential input parameters. And this model can characterize
the rutting depth well, considering the different factors
mentioned above. ,e rutting prediction model is shown in

R D � 1 + LP(  · 
n

i�1
10−7.6422

· T
3.7586
i ·

N

1 + 5.5572V1.2219 
0.8358· τi/[τ]i( )

0.6526

, (10)

where RD is the rutting depth, mm; LP is the uphill coef-
ficient, 0.505 for semirigid base asphalt pavement; Ti is the

equivalent rutting temperature of the asphalt sublayer i, °C;
N is the cumulative axle load, times; V is the truck speed,
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Figure 11: Distribution of shear stress values along with the depth: (a) different gradients and (b) different slope lengths.
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km/h; τi is the calculated shear stress of the asphalt sublayer,
MPa; [τ]i is the shear strength of the asphalt sublayer i, MPa.

As shown in equation (9), this equation considers var-
ious factors that cause rutting and has a good differentiation
for services conditions of steep longitudinal slope sections.
Among them, the horizontal force and interlayer bonding
condition can be characterized by the shear stress of each
sublayer. ,e model considers the truck speed separately,
which can reflect the influence of gradient and slope length.

4.2.1. Gradient, Slope Length, and the Truck Speed at the Start
of the Slope (SS). ,is paper first analyzed the effects of
different gradients, slope lengths, and SS on the rutting
performance of steep longitudinal slope sections. ,e uphill
coefficient is taken as 0.505, the rutting equivalent tem-
perature of each sublayer is taken as the temperature in
Figure 4, and the cumulative axle load is taken as 1,000,000
times. For the shear strength, 0.8MPa is taken for the AC-13
layer, and 0.6MPa is taken for both AC-20 and AC-25 layers.
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Figure 12: Distribution of shear stress along with the depth under the different truck speed: (a) normal value and (b) standardized value.
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Figure 13: Effect of different horizontal forces on the distribution of shear stress alongwith the depth: (a) normal value and (b) standardized value.
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,e top of the slope is chosen for further study as it is the
most severe location for rutting. ,e truck speed is calculated
by equation (7). Once the truck speed is obtained, the shear
stress can be calculated by the method described above. When
calculating the rutting depth under different gradients, the SS is
60 km/h, and the slope length is 1000m.,e calculation results
are shown in Figure 15. When considering different slope
lengths, the SS is 60 km/h, and the gradient is 4%. ,e cal-
culation result is shown in Figure 16. ,e gradient is 4%, and
the slope length is 1000m when considering the SS. ,e
calculation result is shown in Figure 17.

Figures 15–17 show that the gradient, slope length, and
SS significantly affect the rutting depth of asphalt

pavement on steep longitudinal slope sections. With the in-
crease of gradient and slope length, the increase of rutting
depth shows an approximately linear relationship. Among
them, the parameter of SS has the most significant effect on
rutting depth. ,e total rutting depth increases by nearly 1.9
times for a speed of 20 km/h compared to 60 km/h. ,erefore,
to reduce the rutting depth, the trucks should reach a relatively
high speed before entering the steep longitudinal slope section.
Once the truck speed is lowwhen entering the slope, the rutting
of this section will be severe.

It can also be seen that the rutting depth is most ex-
traordinary in the middle layer. ,is result is consistent with
the in-service pavements’ results, thus proving the reliability
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Figure 14: Effect of different interlayer bonding coefficients on the distribution of shear stress along with the depth: (a) normal value and
(b) standardized value.
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Figure 15: Rutting depth under different gradients: (a) normal value and (b) standardized value.
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and applicability of the rutting prediction model utilized in
this paper.

4.2.2. Horizontal Forces and Interlayer Bonding Conditions.
,e assumptions of the model’s parameters are the same as
above, and the truck speed ismaintained at a constant of 60km/h.
Four cases are considered here: Case 1, Case 2, Case 3, andCase 4.

Case 1 represents the normal condition. In this case, neither
horizontal force nor interlayer bonding condition was
considered. In Case 2, the horizontal force is considered, and
the horizontal force coefficient is taken as 0.5. Case 3

includes a poor interlayer bonding condition, and the in-
terlayer bonding coefficient is taken as 0.5. In Case 4, both
horizontal force and interlayer bonding coefficient are taken
as 0.5. ,e calculation results are shown in Figure 18.

As shown in Figure 18, in Case 2, the rutting depth of the
upper layer is 2.9 times compared with Case 1. When only
the interlayer bonding condition existed, like in Case 3, the
rutting depth of the lower layer is about 1.9 times that in
Case 1. ,e total rutting depth is the highest when con-
sidering poor interlayer bonding conditions and horizontal
forces. However, compared to Case 2, the rutting depth of
the upper layer was smaller in Case 4. ,is result is probably
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Figure 16: Rutting depth under different slope lengths: (a) normal value and (b) standardized value.
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Figure 17: Rutting depth under different SS: (a) normal value and (b) standardized value.
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because the shear stress in the upper layer of the pavement is
reduced to some extent due to the poor interlayer bonding.

5. Conclusion

In this paper, the truck speed at different positions of steep
longitudinal slope sections was measured. Based on the
measured speed, the parameters of steep longitudinal slope
sections such as gradient and slope length can be quanti-
tatively evaluated. ,en, the shear stress distribution char-
acteristics and rutting performance can be investigated. ,e
main conclusions are as follows:

(1) It is feasible to use equations y � a1 · xlength + a2 ·

xgradient + a3 · xinitialspeed + a4 to describe the rela-
tionship among the truck speed at the start of the
slope (xinitialspeed), gradient (xgradient), slope length
(xlength), and the truck speed of calculation point.
,e truck speed of the steep longitudinal slope
section can be predicted well based on the above
equations.

(2) ,e shear stress calculation method is improved
using the “systematic clustering” method, and the
equation τ � (5/9)τ5 + (2/9)τ8 + (2/9)τ9 can repre-
sent the shear stress distribution of the whole
pavement.

(3) ,e gradient and slope length do not influence the
distribution of shear stresses. As the gradient and
slope length affect the truck speed noticeably in the
sections, the speed must be considered in the rutting
prediction model as an influencing factor. ,e
horizontal force and interlayer bonding condition
can also affect the shear stress inside the pavement
significantly.

(4) ,e middle layer contributes the most to the rutting
depth under normal conditions. When there exists a
considerable horizontal force, the contribution of the

upper layer to the rutting depth is the largest. With
an interlayer bonding problem, the rutting depth of
the lower layer increases about twice that of the
normal condition. ,erefore, attention should be
paid to the interlayer bonding problem in steep
longitudinal slope sections.
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