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To investigate the flow characteristics of pore water in asphalt pavement and the variation law of the pore water pressure under
vehicle loading, a novel method based on BA network and quartet structure generation set method was proposed to reconstruct
the three-dimensional (3D) pavement model with pores. *e permeability coefficient and the gradation curve were adopted to
evaluate the reliability and stability of the random growth pavement model. *en, the tire-fluid-pavement coupling model was
established with FLUENT 3D based on the fluid Mie–Gruneisen state equation. According to the built fluid-solid coupling
model, the pressure-velocity coupled finite volume algorithm was applied to study the distribution of the pore water pressure in
asphalt pavement. Results show that the pore water pressure in asphalt pavement decays periodically with time under vehicle
loading. For different types of asphalt pavement, the pore water pressure in open-graded friction course (OGFC) pavement is
the smallest during the whole process. Moreover, the peak values of the pore water pressure decrease in the order of asphalt
concrete (AC) pavement, stone mastic asphalt (SMA) pavement, and OGFC pavement. *e maximum negative value of the
pore water pressure is generally less than 0.3 times the maximum positive values. As for saturated pavement pores, the pore
water pressure is hardly affected by the water film thickness. *e positive peak value of the pore water pressure increases on an
approximate parabolic curve as the vehicle speed improves gradually, while the negative one remains largely unchanged. *e
results are expected to help reduce tire hydroplaning risk and provide guidance for the selection of asphalt mixtures of drainage
asphalt pavement.

1. Introduction

Due to its advantages of smoothness, low noise, riding
comfort, and so on, especially, the drainage capacity caused
by the existence of internal pores, the asphalt pavement
becomes a typical pavement in the rainy areas of southern
China. On rainy days, rainwater will infiltrate into the
pavement internal structure via the connected pores and
cracks. Under the repeated action of vehicle loading, the
pore water pressure usually generates within asphalt pave-
ment internal structure, which seriously damages the

adhesion between asphalt binder and aggregates [1, 2].
Furthermore, it can cause moisture damage and even
structural damage of asphalt pavement [3–6].*e pore water
pressure in asphalt pavement is considered as one of the
major causes of pavement damage. Studies have shown that
asphalt pavement with porosity between 8% and 15% is
more prone to water damage, which is directly related to the
pore water pressure [7].

In order to study the change law of pore water pressure
in asphalt pavement, studies about numerical calculations
and theoretical analyses have been carried out to calculate
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the pore water pressure [8–13]. For example, based on the
porous media theory and Biot theory, Sun et al. [14] built a
hydromechanical coupling model to investigate the spatial
distribution and the change law with time of pore water
pressure in asphalt pavement. Existing research results in-
dicate that there is a positive correlation between the pore
water pressure and vehicle speed based on the fluid dy-
namics theory. However, most of the research could not
directly reflect the pore water flow characteristics in pave-
ment [15–21]. To investigate the flow characteristics of pore
water directly, the three-dimensional (3D) reconstruction of
asphalt pavement with actual pore structure becomes fea-
sible and important in pavement research field. Some re-
construction methods were proposed by researchers, such as
CT scanning, microscope, and image technology [22–24].
Generally, the asphalt pavement texture can be obtained by
microscope to reconstruct the 3D model of asphalt pave-
ment surface.*us, some scholars have reconstructed the 3D
model of pavement according to the tomographic image of
the asphalt mixture specimen scanned by CT technology,
such asWang et al. [25], Kutay et al. [26], and Ran et al. [27].
However, the experiment methods mostly have disadvan-
tages of low accuracy, long time, and certain error. In ad-
dition, some researchers used a simplifiedmodel to study the
hydrodynamic pressure characteristics with the mechanical
characteristics, but it cannot reflect the real situation of the
water flowing from the asphalt pavement void when the tire
is subjected to hydroplaning [28, 29]. Furthermore, the CT
scanning technology and image acquisition work for the
reconstruction of asphalt pavement model always cost much
time and money, especially, the measurement precision is
usually low due to testing equipment. *e reconstructed
asphalt pavement model also lacks randomness, which does
not reflect real pavement structures.

According to the research shortcomings mentioned
above, the random generation methods of the pavement are
gradually developed, especially the random aggregate de-
livery method and the quartet structure generation set
(QSGS) method are mainly adopted. In general, the random
aggregate delivery method is more in accordance with the
engineering practice, and it can simulate the aggregate
formation and screening and forming process of the asphalt
mixture [30]. Besides, the QSGS method can quantitatively
describe the structure of porous media from the microscopic
aspect, which is more suitable for studying the pore hy-
drodynamic pressure in asphalt pavement. For example, in
order to reflect the random distribution characteristics of
most porous media, Wang et al. [31] proposed an internal
morphological random growth method based on random
growing cluster theory, that is, the QSGS method. *e
porous medium produced by the QSGS method is close to
the real microscopic structure. Based on the QSGS method,
Li et al. [32] reconstructed the clay microstructure that could
be directly imported into the finite element software. When
the asphalt pavement model is constructed by the QSGS
method, the growth mode is close to the formation process
of the porous medium, and the growth rate is quick and the
pore distribution is uniform. However, the gradation curve
characteristics of the asphalt concrete itself cannot be well

reflected. Nevertheless, the BA network model is a typical
complex network model established by Albert-László Bar-
abási and Réka Albert. *is model has the characteristics of
preferential connectivity, growth, and scale-free. *us, it is
easier to produce aggregation effect by using such a network
form [33]. *erefore, on the basis of the QSGS method, we
tried to apply the BA network model to further control the
growth of the pores, so that the pore distribution and
geometric construction of the randomly growth asphalt
pavement are more consistent with the actual situation.

Taking the above research status into consideration, in
order to investigate the pore water pressure within asphalt
pavement internal structure under repeated vehicle loading
on rainy days, the 3D model of asphalt pavement based on
the BA network and QSGSmethod was reconstructed in this
study. Also, permeability coefficient and gradation curve
were selected to evaluate the reliability of the random growth
pavement model. *en, based on the fluid-solid coupling
theory, the tire-water-pavement coupling model was
established by FLUENT 3D program. *e change rule of
pore water pressure under moving traffic loads and the
influence of the pavement type, water film thickness, and
vehicle speed on the pore water pressure were also analyzed.

2. Research Outline

In this study, a method based on BA network and QSGS
method for 3D model reconstruction of asphalt pavement
with pores was proposed to investigate the pore water
pressure distribution in pavement internal structure under
repeated traffic loads. *e objectives and scope of this study
are as follows:

(1) *e primary objective of this study is to determine
the pore water flow characteristics in asphalt pave-
ment according to the numerical method and sim-
ulation modeling. Based on the BA network and
QSGS method, 3D random growth model of asphalt
pavement was constructed. *en, two indexes of
permeability coefficient and gradation curve are used
to evaluate the reliability of random growth pave-
ment models.

(2) *e established asphalt pavement model and the tire
rolling model are introduced into the FLUENT 3D
program to establish the tire-water-pavement cou-
pling model. *e unidirectional fluid-solid coupling
algorithm is adopted to ensure the calculation effi-
ciency. *e free surface of water flow is constructed
on the water-solid coupling interfaces to transfer the
pressure.

(3) Based on the coupled tire-water-pavement model,
the pressure-velocity coupled finite volume algo-
rithm is applied to increase the calculation speed for
model convergence to obtain the pore hydrodynamic
pressure curve varying with time. We analyzed the
effects of relevant factors on the pore hydrodynamic
pressure of the asphalt pavement, such as asphalt
pavement type, water film thickness, and driving
speed.
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3. Reconstruction of Asphalt
Pavement with Pores

3.1. Quartet Structure Generation Set. *e quartet structure
generation set (QSGS) method is a probabilistic algorithm
for randomly growing pores. Taking the construction of two-
dimensional solid particles and pores as an example, regard
the pores as growth phases and solid particles as non-growth
phases, set the initial solid particles as randomly distributed,
and grow randomly according to a certain probability. *e
specific construction steps are as follows:

(i) Step 1. Construct a random growth region, in which
the growth nucleus of the random pore is preset. Set
the growth nuclear distribution probability as pd.
Meanwhile, the growth nucleus is used to define the
initial node of the pore growth.

(ii) Step 2. Take the randomly distributed pore growth
nucleus in Step 1 as starting point and make them
randomly grow in eight directions with the prob-
ability of Pi, as shown in Figure 1(a).

(iii) Step 3. Make any individual pore node in each
growth direction having a probability of pi to grow
into a new pore node in a certain direction. If the
new growth node itself is a pore in a certain di-
rection, skip it and continue to grow in different
directions.

(iv) Step 4. Repeat Step 2 and Step 3 until the porosity
reaches the initial value n. *en, a two-dimensional
asphalt pavement with pore distribution is obtained,
as shown in Figure 1(b).

*e random aggregate delivery method can be utilized to
simulate the aggregate formation and screening and forming
process of asphalt mixture. However, it is difficult to ac-
curately characterize the contact state between aggregates,
and it always takes too much time. Compared with random
aggregate delivery method, the QSGS method can quanti-
tatively describe the structure of the porous medium from a
microperspective, and its growth mode is close to that of
porous media. *is growth mode is suitable for the semi-
random generation of the skeleton, mortar, and asphalt
components for the asphalt concrete pavement. Moreover,
the distribution of asphalt mortar has a certain regularity
and the formation speed is fast.*erefore, the QSGSmethod
will be used to reconstruct the asphalt pavement.

3.2. BA Scale-Free Networks. When constructing the BA
scale-free network model, the number of initial model nodes
is defined as m0, and each initial node can be connected to
other nodes with the number of n. According to the set time
step, the new node continues to grow on the basis of node
m0. Also, the probability U(ki) of adding a new node vi to the
existing node in the network is expressed as follows:

 ki(  �
ki

1≤j≤Nkj

, 1≤ i≤N, (1)

where ki is the degree of node vi, N is the total number of
nodes, and kj is the total number of degrees. Assuming that
the number of initial nodes m0 is 3, its evolution can be
represented by Figure 2.

*e nature of asphalt mixture image has certain simi-
larity with BA scale-free network model: it essentially is a
semi-randomly generated pixel point set. Such a semi-
randomly generated set of pixel points adjacent to the ag-
gregate pixel point group is more likely to be an aggregated
pixel point in terms of probability. *at is to say, a pixel
point adjacent to the pore pixel group is more likely to be a
pore pixel point in terms of probability.

3.3. Random Generation Algorithm of 3D Asphalt Pavement
Model. Referring to the traditional QSGS method to con-
struct the asphalt pavement, the BA scale-free network
model was applied to further control the growth of the pores,
so that the pore distribution and geometric construction of
the asphalt pavement are consistent with the actual state. In
this study, the aggregate phase is set as the growth phase, and
the specific steps of reconstructing a 3D random growth
model of asphalt pavement are as follows:

(i) Step 1. Construct a cuboid region for pore growth.
*e pixel of the growth region size is set as
1200× 678× 223 with each pixel size of
0.4mm× 0.4mm× 0.4mm. *e aggregate growth
nucleuses are randomly distributed in the con-
structed region with the distribution probability of
0.1. *at is, about 10% of the regions are preset as
aggregate pixel points.

(ii) Step 2. Traverse the pixels in the cuboid region
gradually from top to bottom to calculate the es-
timated diameter of each unknown pixel. *en, the
probability of the unknown pixel being the aggre-
gate pixel is analyzed. Meanwhile, the unknown
pixel is determined as the aggregate pixel or not
according to the roulette algorithm.

(iii) Step 3. Remove 5% of the aggregate pixels randomly
after three traversals to increase the randomness
and variability of the model.

(iv) Step 4. Repeat Step 2 and Step 3 to continuously
traverse the growing aggregate pixels for the gen-
erated area until the number of aggregated pixels
reaches the total number of pixels in the cuboid
region constructed by pictures.

Based on the above steps, randomly generated 3D as-
phalt concrete (AC) pavement was reconstructed with
MATLAB software programming, and the specific process is
as follows:

(i) *e dynamic planning algorithm is adopted to
calculate the optimal image of the AC asphalt
mixture image diameter by CTscanning technology.
At the same time, the pixels of the scanned images
are extracted as the judgment basis.

(ii) Initialize the model and aggregate distribution and
store the data in the three-dimensional matrix.
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*en, take the existing clusters to be divided or
aggregated.

(iii) Traverse and fit the geometry construction from
different directions, use the roulette algorithm to
determine the aggregate location, and let it grow
randomly. During the growth process, randomly
remove pixels to maintain the randomness of the
generated road surface.

(iv) *e random generation process of pavement is
actually a semi-random process. *e main idea is to
identify the asphalt pixels in CT scanning images of
asphalt mixture. Based on this, the pixels are ran-
domly grown in the preset area to simulate the 3D
asphalt pavement.

(v) Based on the above steps, the random generation
process of stone mastic asphalt (SMA) pavement
and open-graded friction course (OGFC) asphalt
pavement is similar. After identifying the CT
scanning images of SMA asphalt mixture or OGFC
asphalt mixture, the pixel cluster diameters are
counted and its pixel characteristics are identified to
be judgment basis for the random growth of the
pavement model.

(vi) *ereafter, the reconstructed 3D models get
meshed, mirrored, and expanded, and then the
randomly generated 3D model for AC pavement,
SMA pavement, and OGFC pavement was obtained.
Taking the meshed 3D AC asphalt pavement model
as example, we imported it into Fluid 3D mechanics
software as shown in Figure 3.

3.4. Validation of 3D Asphalt Pavement Model. *e ran-
domly generated model of asphalt pavement is different in
each operation. *us, the permeability coefficient and gra-
dation curve were selected to verify the reliability of the
randomly generated model of asphalt pavement in this
study. In this section, AC pavement was taken as research

project to validate the reliability and accuracy of the ran-
domly generated model.

3.4.1. Permeability Coefficient of Asphalt Mixture. *e
permeability coefficient is an important indicator to reflect
the permeability of asphalt pavement. Usually, the constant
water head penetration test was applied to measure the
permeability coefficient. *e 3D model of asphalt pavement
based on CT scanning technology and the random growth
pavement model based on BA network and QSGS method
were introduced into the fluidmechanics program.*en, the
permeability coefficient k of asphalt pavement was nu-
merically calculated based on the following steps:

(i) Step 1. Number the above 3D reconstructed AC
asphalt pavement model by CTscanning technology
as A. *en, randomly generate models of above
asphalt pavement three times to obtain the 3D
pavement model, which are numbered as B1, B2, and
B3, respectively. Furthermore, the above four
models are imported into fluid dynamics program.

(ii) Step 2. Set the water flow as the k-ε turbulence model
and the water film thickness on road surface as 2mm.
Keep water film thickness constant to simulate the
constant water head. *e model bottom is set as the
wall boundary, the periphery of themodel is set as the
outflow boundary, and the water inlet is set as the
pressure boundary conditions with 0 kPa.

(iii) Step 3. Assume that the water flow covers the whole
pavement model so that the pavement model can be
initially saturated.

(iv) Step 4. Calculate the water output within 1 s of the
above four models under the constant head con-
dition. *e permeability coefficients of the four
reconstructed models are calculated according to
equation (2), and the results are shown in Table 1.

k �
VL

A · Δh · t
, (2)

where V is the flow volume, L is the height, A is the cross-
sectional area, ∆h is head difference between the section and
water film, and t is drainage time.
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(a) (b)

Figure 1: 2D model of asphalt pavement based on QSGS method. (a) Random growth in different directions. (b) 2D model with random
pore distribution.

Figure 2: Evolution process when the number of initial nodes is 3.
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From Table 1, the relative error of permeability coeffi-
cient among the 3D reconstructed pavement A and the three
randomly generated 3D pavements is 1.18%, which is within
the range of the allowable error. It can be seen that the
randomly generated pavement model is consistent with the
real 3D reconstructed model. *erefore, the randomly
generated models have certain stability.

3.4.2. Gradation Curve of Asphalt Mixture. Aggregates with
different particle sizes are matched according to a certain
ratio to obtain higher compactness or strength, that is,
mixture gradation. *e gradation curve can reflect the es-
sence of asphalt mixture. In this study, the following method
was used to estimate the gradation of the randomly gen-
erated 3D model of asphalt pavement.

To obtain the equivalent diameter of aggregate where the
pixel A is located, it is necessary to acquire the number of
consecutive aggregate pixels at the left, right, upper, and
lower sides of the pixel point A. In Figure 4, it shows that the
number of consecutive pixels on the four sides is 1, 3, 2, and
2, respectively.*e diameter in the left and right directions is
4, and that in the up and down directions is 4. *en, the
harmonic mean value is determined. *e aggregate equiv-
alent diameter of pixel point A is 4 at the moment. In order
to increase the calculation accuracy of the aggregate
equivalent particle size, the aggregate equivalent diameter is
also calculated from the diagonal direction in this study.
*ereafter, the two calculation results are subjected to
harmonic averaging calculation. *e profiles of the 3D
randomly generated asphalt pavement model are cut into
sections to obtain the equivalent diameter of the aggregates.
Finally, the number of pixels within the sieve range is
counted and converted into a gradation curve.

Based on the above specific method, the gradation curves
of 3D randomly generated models of B1, B2, and B3 are
compared with the A model (that is AC asphalt mixture),
and the results are shown in Table 2.

From Table 2, the gradation curves of the pavement
models based on randomly generated method tend to be
consistent with those of the actual AC asphalt mixture.
Compared with the randomly generated model method with
CT technology, the largest relative error is 2.62%, which is
within the range of allowable error of 5%. It shows that the

randomly generated model of the asphalt pavement has
certain reliability and accuracy. Furthermore, the gradation
curves of three kinds of randomly generated pavement
models vary consistently indicating that the randomly
generated model has significant stability.

4. Tire-Fluid-Pavement Coupling FE Model

4.1. Patterned Inflatable Tire Modeling. Based on the
achievement of the research group [34], the 205-55-R16 tire
model is adopted as the research object, in which the tire
rubber material adopts the Yeoh constitutive model [35] to
simulate themechanical properties of the rubber superelastic
material. As for the rubber-cord composite material con-
taining the reinforcement material, the surface unit em-
bedded the Rebar units is used to simulate the skeleton
material passing through the rubber material in the tire
structure. *e specific material parameters can be obtained
by referring to the literatures [36, 37].

In order to study the hydrodynamic pressure distribu-
tion and the water flow characteristics in the complex pores
of the asphalt pavement during the tire rolling process, the
tire rolling model is selected in this paper. In view of the
slight deformation of the tire rim and the road surface, the
rim and the pavement are regarded as a rigid surface. Also,
the rim is formed by analytical rigid body to ensure that the
rim is consistent with the tire center. *e augmented La-
grangian method is applied to describe the contact behavior
between the rim and the tire.

4.2. FluidModeling. *e established asphalt pavement model
and the gridded tire model are introduced into the FLUENT
3D software to establish the tire-water-pavement coupling
model. Among them, the flow state model is adopted for the
water flow region, which reflects the relationship between the
fluid density ρ, the pressure p, and the internal energy Em, as

(a) (b)

Figure 3: Reconstruction of AC pavement model with different methods. (a) QSGS method combined with BA networks. (b) CT scanning
technology.

Table 1: Permeability coefficient of asphalt pavement models.

Models A B1 B2 B3
Permeability coefficient (cm/s) 0.0169 0.0162 0.0171 0.0168

2

A 31

2

Figure 4: Gradation calculation of the random growth model.
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shown in Figure 5(a).*e state equation is applied to describe
the impact effect of the water flow, and the dynamic response
of the water flow is obtained by solving the equation of
motion of the liquid particles under the impact effect. *us,
considering the flow characteristics of water film under the
impact effect of high-speed tire, combined with the superi-
ority of the state equation in simulating impact explosion, the
high-pressure state equation in solid form is used in this
study. *e Mie–Gruneisen state equation is selected to rep-
resent the state of water flow, which is expressed as follows:

p � pH

1 − Γ0η
2

  + Γ0ρ0Em, (3)

where p is the pressure which the water flow is subjected to,
pH is the Hugoniot impact pressure, s and Γ0 are the material
constants, ρ0 is the initial density of the water flow, ρ is the
density after impact effect, η� 1−ρ0/ρ, and Em is the ratio of
internal energy of water. *e fitting form of flow Hugoniot
impact curve is obtained by the conservation of mass and
momentum, as shown in the following equation:

pH �
ρ0c

2
0η

(1 − sη)
2. (4)

Based on (3) and (4), the general formof theMie–Gruneisen
state equation is derived. In equation (4), the c0 is the velocity of
sound in water, and s is the material parameter. Combined with
the Hugoniot test data [38] of the water fluid impact, the fitting
material parameters are calculated as shown in Figure 5(b).
*ereinto, the constant s is 1.92 and Γ0 is equal to 1.2. *e
material parameters of the selectedMie–Gruneisen equation are
ρ0� 998.203kg/m3 and c0�1480m/s.

To investigate the water flow characteristic in pores and
the pore water pressure under moving traffic loads, the slight
deformation of the tire and pavement is not considered.
*erefore, the unidirectional fluid-solid coupling algorithm
was adopted to ensure the calculation efficiency. *e free
surface of water flow was constructed on the fluid-solid
coupling interface to transfer the pressure. *e calculation
was converged by repeated iterations, and the final hydro-
dynamic pressure value was obtained (as shown in Figure 6).
Due to the large difference in the formation of the fluid mesh
and the tire mesh, the weighted residual method was
adopted to transfer and calculate the physical quantity be-
tween them [39]. In order to accelerate the calculation
convergence, the water film in the calculation area was
meshed, and the grids of contact surfaces were encrypted.

4.3. SettingofBoundaryConditions. As for thewater film inlet,
a pressure inlet boundary is used to simulate the initial state of
water film under wheel loading firstly. For the inlet boundary
condition, the turbulent flow energy K and the fluid dissipation
rate ε are, respectively, defined according to (5 and 6).

K �
3
2
(uI)

2
, (5)

ε �
0.093/4k3/2

l
, (6)

where μ is the flow velocity, l is the length of the water flow,
and I is the flow intensity.

As the vehicle drives over the asphalt pavement at high
speed, it will cause splash of water flow. *us, the water film
surface also should be set as one of the exit boundaries. Both
the water outlet and the upper surface of the water film are
set as free flow to simulate the water splashing situation. It is
assumed that the flow of water at the outlet is fully developed
as incompressible fluid, and there is no backflow at the
double boundary exit. *e wall boundary condition was
adopted for the bottom of the pavement model as well as the
tread and the side of tire. Since the Reynolds stress near the
wall disappears substantially inside the viscous underlayer
and the turbulent motion gradually transforms into a
laminar flow, it is necessary to realize the transition from
laminar flow to turbulent flow through wall functions.

In order to ensure that the tire travels on actual slippery
road surface, the fluid area covers the entire longitudinal
road surface in simulation. Actually, when the tire rolls on
the wet pavement, the water flow will splash due to the traffic
loading. *erefore, an air layer with thickness of 50mm was
defined above the water film layer to ensure sufficient
scattering space for water film splash when the tire rolls on
the asphalt road surface. *e moving and simple deforming
objects were used to allow the tire move with a specific speed,
which realize the coupling of the tire and the water flow.

4.4.ValidationofCouplingModel. Set the water film thickness
of 0mm to simulate the tire rolling process, which is uniformly
accelerated from 0km/h to 90km/h under dry road condition.
*en, the vertical contact force was obtained and compared
with wet pavement condition (as shown in Figure 7). It can be
seen that the vertical contact force of the tire keeps around
3922N on dry pavement. *e main reason is that there is no
dynamic water pressure in pores of pavement structure. As the

Table 2: Gradation curves of 3D randomly generated models and AC asphalt mixture.

Specimens
Sieve diameter
Pass rate (%)

0.15 0.3 0.6 1.18 2.36 4.75 9.5 13.2 16
A model 8.9 13.2 17.9 26.8 36.1 52.7 76.5 94.3 100

3D randomly generated models

B1 model 9.2 13.7 18.3 27.4 36.9 52.8 79.1 97.8 100
B2 model 8.1 12.6 16.8 25.9 35.7 49.9 72.2 90.1 100
B3 model 8.7 12.5 17.4 26.3 35.3 51.6 75.9 93.9 100

Average value 8.67 12.93 17.50 26.53 35.97 51.43 75.73 93.93 100
Relative error (%) 2.62 2.02 2.23 1.00 0.37 2.40 1.00 0.39 0
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tire damping effect was not considered, the contact force of the
tire exhibits slight fluctuation.

*e lifting force of water flow to the tire was obtained
according to the difference of vertical contact force between
dry and wet road conditions as shown in Figure 7(a).
Meanwhile, the relationship between the water flow lifting
force and vehicle speed is shown in Figure 7(b). *e slope of
the fitted curve for water lifting force is approximately 2. It
indicates that the water lifting force is approximately pro-
portional to the square of the vehicle speed, which is in

accordance with reference [40]. *us, it validates that the
coupling model built in this study has certain accuracy.

5. Calculation and Discussion

5.1. Distribution Characteristics of Pore Water Pressure.
Based on the established tire-fluid-road coupling model, the
tire rolling speed and rotation speed were set as 60 km/h and
8.40 r/s, respectively. Also, the water film thickness was a
constant of 5mm.*emodel was given an initial time step of

1/ρ1 1/ρ0

pH

pHl1

pHl0
1/ρ

(a)

0
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)
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Testing data
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(b)

Figure 5: Hugoniot impact pressure curve of water flow: (a) standard Hugoniot impact curve; (b) fitting Hugoniot impact curve.

Solve flow free surface based on
volume fraction

Determine contact surface
between tire and fuild

Resolve tire physical parameters

Update flow boundary conditions
and physical variables

Resolve flow volume fraction function

Resolve tire physical parameters

Balance state

End

Convergence

No convergence

Figure 6: Contact algorithm of fluid-solid coupling model.
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0.001, and minimum time step is 1e−5.*e pressure-velocity
coupled finite volume algorithm was applied to improve the
calculation speed for model convergence.*e distribution of
pore water pressure within pavement structure was simu-
lated as shown in Figure 8.

As the vehicle drives over the asphalt pavement at high
speed, there are both positive pressure and negative pressure.
Under the action of positive and negative alternating hy-
drodynamic pressures, asphalt mixture in pavement internal
structure is peeled off, leading to certain moisture damage
(such as holes, pumping, and so on) of the asphalt pavement.

*e cube region was selected in the middle of the as-
phalt pavement to calculate the mean value of pore hy-
drodynamic pressure. *e hydrodynamic pressure curve
varying with time was obtained as shown in Figure 9. It can
be seen that the pore water pressure in pavement internal
structure under vehicle loading has a certain change reg-
ularity. *e pore hydrodynamic pressure begins to appear
at 14.81ms and gradually increases with time. After
reaching the peak value at 23.86ms, it begins to gradually
decrease. After falling to 0 kPa, the hydrodynamic pressure
starts to show a negative value and reaches the minimum
value at 36.07ms. *en, it starts to gradually rise to zero,
and there is a small fluctuation. Generally, the pore water
pressure decays periodically over time, and this

phenomenon can be explained by hydrodynamic water
hammer theory [41].

It can be seen that the pore hydrodynamic pressure
periodically decays under traffic loading. *is is because the
built fluid model obtains the initial speed under the
squeezing of high-speed rotating tire and the pavement. *e
internal free water produces a large impact force in pave-
ment pores. *e instantaneous impact force obtained by the
water flow can be regarded as a pressure shock wave
according to the fluid mechanics. Moreover, the energy will
gradually dissipate during the water flow impact in pores.
*e pore water pressure in pavement structure gradually
decreases as traffic loading moves away.
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Figure 7: Comparison of vertical contact force on dry and wet roads. (a) Contact force curve of tire and pavement. (b) Fluid lifting force
varying with speed.
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Figure 9: *e pore water pressure curve varying with time.
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5.2. Influence of Pavement Type on Hydrodynamic Pressure.
According to the above tire-fluid-pavement model, set the
water film thickness as a constant of 5mm with the driving
speed of 60 km/h and the wheel loading of 3500N. In this
study, three kinds of asphalt pavement were, respectively,
simulated with FLUENT 3D, dense-graded asphalt concrete
(AC), stone matrix asphalt (SMA), and open-grade friction
course (OGFC). *e gradation design for the three asphalt
mixtures is shown in Table 3. *e pore water pressure for
different asphalt pavement is shown in Figure 10.

According to Figure 10, for the three types of asphalt
pavement, the pore water pressure curves varying with time
tend to be similar. When the pore water pressure changes
from zero to positive peak and then returns to zero, the time
spent is the same, that is to say, the type of asphalt pavement
does not have much influence on the periodicity of pore
hydrodynamic pressure. However, the pavement type has
great influence on the positive peak value of the pore water
pressure, while it has little influence on negative pressure (as
shown in Table 4). Moreover, the negative peak values of
pore water pressure are generally less than 0.3 times the
positive peak values.

For the three types of pavements, the maximum values
both of positive hydrodynamic pressure and negative hy-
drodynamic pressure are listed by AC pavement> SMA
pavement>OGFC pavement. In addition, the pore water
pressure of OGFC pavement is the smallest when the vehicle
runs at high speed on rainy days. It can be seen that the
OGFC pavement is superior to the other two types of asphalt
pavement for preventing vehicle hydroplaning and reducing
moisture damage.

5.3. Influence of Water Film Cickness on Hydrodynamic
Pressure. Similarly, set the water film thickness of 1mm,
2mm, 5mm, 8mm, and 10mm, respectively, in the water
film model (see Figure 11). AC asphalt pavement is taken as
research object with constant tire speed of 60 km/h and
wheel loading of 3500N.

According to the simulation results, the average water
hydrodynamic pressure in the calculated water region was
analyzed. Moreover, the average hydrodynamic pressure
curve varying with time under different water film thick-
nesses was obtained. It can be seen that under different water
film thicknesses, the water hydrodynamic pressure values
varying with time tend to be consistent. *e maximum
values of water hydrodynamic pressure with different water
film thicknesses were obtained as shown in Figure 12.

It can be seen that the maximum negative value of
hydrodynamic pressure increases slightly with the increasing

water film thickness. *e maximum negative value of hy-
drodynamic pressure decreases by 13.02% as the water film
thickness increases from 1mm to 10mm. *e maximum
positive hydrodynamic pressure increases parabolically with
increasing water film thickness. Compared with the influ-
ence of the water film thickness on the tire lifting force [42],
the water film thickness has little effect on the hydrodynamic
pressure. *is is because the pores in pavement are usually
saturated on rainy days. With same vehicle speed, the initial
speed of water flow obtained by the tire squeezing is the same
under different water film thicknesses. *erefore, the impact
of different water film thickness on the asphalt pavement
pore structure has no significant difference.

5.4. Influence of Tire Speed on Hydrodynamic Pressure. In
order to study the influence of driving speed on the pore
hydrodynamic pressure in asphalt pavement, keeping the
water film thickness and wheel loading constant of 5mm
and 3500N, respectively, the driving speed is, respectively,
selected to be 30 km/h, 60 km/h, 90 km/h, 100 km/h, and
120 km/h. *rough simulation results, the pore hydrody-
namic pressure in asphalt pavement at different vehicle
speeds was obtained.

*e hydrodynamic pressure varying with time in asphalt
pavement at different vehicle speeds has a consistent trend.
Firstly, the hydrodynamic pressure increases to a peak value
and then decreases with time, until dropping to the maxi-
mum negative value. It gradually increases from the max-
imum negative value to 0. *en, it shows a small range of
fluctuations until it becomes 0 finally. As the tire gradually
rolls away from the calculation area, the hydrodynamic
pressure gradually becomes 0. On the whole, the

Table 3: Gradations for three kinds of asphalt pavement.

Pavement types
Sieve size (mm)

Passing rate of each sieve (%)
0.075 0.15 0.3 0.6 1.18 2.36 4.75 9.5 13.2 16

AC 6 10 13.5 19 26.5 37 53 76.5 95 100
SMA 10 13.2 16.3 19.5 22.7 25.8 29 63.5 97.9 100
OGFC 4.6 5.4 6.1 8.7 11.5 15.0 18.8 63.3 97.8 100
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Figure 10: Pore water pressure varying with time for different
kinds of asphalt pavement.
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hydrodynamic pressure in asphalt pavement appears peri-
odically and decays constantly with the increasing tire speed.

According to the pore water pressure curves varying with
time, the peak value of pore water pressure at different
speeds was obtained (as shown in Figure 13). It can be seen
that the positive peak values of hydrodynamic pressure
increase parabolically with increasing driving speed.

However, the negative peak values change little with vehicle
speed. As the vehicle speed increases from 30 km/h to
120 km/h, the maximum positive value of pore water
pressure increases by 281.60 kPa, while the maximum
negative value just increases by 38.41 kPa. *e higher the
vehicle speed is, the shorter the time needed for the pore
water pressure to reach the peak value, that is, the shorter the
periodicity of the pore water pressure variation is.

6. Summary and Conclusions

To investigate the variation rule of pore water pressure in
asphalt pavement under vehicle loading, a novel method
based on BA network and QSGS method for the recon-
struction of asphalt pavement 3D model with pores was
proposed. *e permeability coefficient and the gradation
curve were used to validate the reliability of the random
growth pavement model. *en, based on the fluid Mie–
Gruneisen state equation, the tire-water-pavement coupling
model was established by FLUENT 3D to analyze the dis-
tribution characteristics of pore water pressure under vehicle
loading. *e main findings are as follows:

(1) Based on BA network and QSGS method, the
established random growth model of asphalt pave-
ment is close to the formation process of porous
media. It has a fast growth rate and a uniform void
distribution. Meanwhile, compared with the ran-
domly generated model method with CT technology,
the largest relative error is 2.62%, which is within the
range of allowable error of 5%.

(2) When the vehicle drives at high speed under wet
road condition, the pore water pressure in pavement
internal structure has a certain periodicity and at-
tenuation, which can be explained by hydrodynamic
water hammer theory. Under the repeated extrusion
of positive and negative hydrodynamic pressures, the
asphalt mixtures easily peel off and further result in
moisture damage of asphalt pavement.

(3) *e change rule of the pore water pressure with
different pavement types tends to be consistent
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Figure 13: Maximum hydrodynamic pressure at different tire
speeds.

Table 4: Peak values of pore water pressure in pavement structure.

Items
Asphalt pavement types

AC pavement SMA pavement OGFC pavement
Maximum positive (kPa) 219.31 159.38 124.27
Maximum negative (kPa) −56.88 −48.19 −37.11
Relative change rate (%) 25.94 29.61 29.86

(a) (b) (c) (d) (e)

Figure 11: Water film thickness: (a) 1mm; (b) 2mm; (c) 5mm; (d) 8mm; (e) 10mm.
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Figure 12: Maximum hydrodynamic pressure with different water
film thicknesses.
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with time. *ere is no obvious influence of
pavement type on the periodicity of the pore water
pressure. *e peak value of pore water pressure in
AC pavement is the largest, followed by SMA
pavement and OGFC pavement. *e maximum
negative value of the pore water pressure is
generally less than 0.3 times the maximum posi-
tive values.

(4) *e maximum negative value of the pore water
pressure increases slightly as the thickness of the
water film increases, while the maximum positive
pore water pressure increases parabolically with the
increase of the thickness of the water film. As the
water film thickness increases from 1mm to 10mm,
the maximum negative value of pore water pressure
decreases by 13.02%. When the pavement pores are
already saturated, the thickness of the water film has
little effect on the pore water pressure.

(5) Under different vehicle speeds, the pore water
pressure appears to be periodic and attenuating. As
the vehicle speed improves from 30 km/h to 120 km/
h, the maximum positive value increases by
281.60 kPa while the maximum negative value of
pore water pressure only increases by 38.41 kPa. *e
larger the tire speed, the shorter the variation pe-
riodicity of the pore water pressure.

Since the pavement model with void and texture is too
complex, the tread pattern was simplified in the tire-fluid-
pavement model in this study.*e subsequent consideration
should be given to the water flow characteristic for different
tread groove types when the vehicle drives on wet road
surface at high speed.
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