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Abstract: To improve the structural design rationality of cement concrete bridge deck pavement
systems and reduce diseases such as interlayer displacement and rutting in the early stage of bridge
deck use, this paper studies the influence and law of the coupling effect of various factors of the
waterproof system on the typical stress of bridge deck pavement and determines the best structure
combination for the bridge deck pavement structure. A finite element model was established by
using commercial software to simulate the mechanical response of different types of waterproof
bonding layer, waterproof leveling layer, and impervious structure layer under different parameters.
The simulation results show that when the thickness of the pavement layer was 8 cm, the maximum
shear stress of the pavement layer occurred in the middle of the wearing course and the junction
between layers. When the pavement layers were continuous, the maximum strain of the waterproof
bonding layer with the “rubber asphalt + protective plate” structure in the transverse and longitudi-
nal directions was the largest. When the waterproof leveling layer was cement concrete, the structure
bore a large amount of stress and easily produced cracks, resulting in water damage. High-density
water-based asphalt concrete with a low permeability coefficient can reduce the interlayer shear stress
and effectively ensure the interlayer bonding effect. On this basis, the following bridge deck pave-
ment structure was proposed: waterproof system + multifunctional waterproof layer + load-bearing
structure layer + surface functional layer.

Keywords: bridge deck pavement; finite element method; multistage waterproofing; mechanical
response; shear stress; structure combination

1. Introduction

In the transportation industry, an asphalt mixture is often used as the pavement mate-
rial of cement concrete bridge decks [1]. In recent years, with the increase in the number of
heavy-duty vehicles and the normalization of overloaded and overweight vehicles, bridge
deck pavement systems have become prone to water damage, such as a loose surface
during use due to internal shear deformation resulting in water infiltration [2–7]. The
selection of bridge deck pavement materials and a reasonable structure design significantly
affects the service life and performance of bridge deck pavement systems [8].

The service performance and construction performance of the materials used in
the bridge deck pavement have a vital impact on the service performance during the
service period [9,10]. Jin et al. [11] analyzed the cost, construction difficulty, environmental
protection, and other factors of four materials by using an analytic hierarchy process (AHP).
They found that SBS-modified asphalt is the most suitable waterproof bonding layer for
diatomite rubber–granular asphalt mixture bridge decks in seasonal frozen soil areas. In
addition, the performance of the asphalt mixture is greatly affected by temperature. When
studying the performance of bridge deck pavement, the influence of temperature should
be considered [12]. Xu et al. [13] studied the bond strength under the combination of
load and temperature and found that the performance of the adhesive layer decreased
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significantly with the increase in temperature. These scholars considered the influence
of the vehicle and the external temperature on the waterproof adhesive layer, but did
not consider other problems with bridge deck pavement and asphalt mixture pavement.
Han et al. [14] established a wheel–pavement coupling system considering temperature
changes to simulate the mechanical response relationship between an actual wheel and the
pavement. Sun et al. [15] explored the damage behavior of asphalt pavement on different
scales during a change in the temperature field using the finite element method based on
the mesostructure. They confirmed that the temperature field has an essential impact on
the initiation of damage to the asphalt pavement. It is still essential to study the waterproof
bonding layer material systematically and deeply and select a waterproof bonding layer
material that is suitable for the actual highway and bridge engineering requirements.

Many scholars have studied the failure mechanism of bridge deck pavement and
proposed various solutions to relevant problems, which provide a basis for research on
bridge deck pavement [16,17]. Yoon et al. [18] improved the evaluation method of the
bridge deck pavement and established a bridge evaluation standard based on empirical
data and actual measurements. Elsamty et al. [19] analyzed the factors that influence bridge
deck pavement cracking, proposed a set of early cracking mechanisms of concrete bridge
deck pavement, and verified the correctness of the cracking mechanisms. Chen et al. [20]
summarized the crack distribution behaviors of bridge deck pavement by using a multi-
scale evaluation method and compared the advantages and disadvantages of the traditional
and multi-scale models. The feasibility of applying a multi-scale model to bridge deck
pavement was verified. In addition to the selection and use of materials, mechanical
analysis and structural design also play important roles in understanding the mechanical
properties and improving the performances of bridge deck pavement [21]. The use of
finite element software to model and calculate the mechanical responses of bridge deck
pavement can effectively solve many practical engineering problems. In stress analysis,
cracking and interface bonding are key problems to be considered [22]. Walter et al. [23]
studied the cracking mode of a Portland cement concrete (PCC) overlay on a steel bridge
using a cracking model. The results showed that longitudinal cracking along the bridge
axis occurred after transverse cracking occurred at the top. Xu [24] established three-
dimensional finite element models of a T-beam bridge and a box girder bridge under a
moving traffic load. A rubber pad was designed to “absorb” the bending stress in the finite
element model. For calculating the mechanical responses of bridge deck pavement, the
finite element method considering structural and material characteristics is effective [25,26].
Gong et al. [27] studied the mechanical responses of concrete deck asphalt pavement under
complex load conditions through three-dimensional finite element modeling. They found
that the temperature field had the most significant impact on the damage to the deck
pavement, followed by the driving speed and the radius of curvature. Wang et al. [28]
conducted field tests on the pavement of sea-crossing bridges by combining static and
dynamic methods and proposed reasonable suggestions for the thickness and modulus
of the pavement. Ma et al. [29] studied the interlayer adhesion between the bridge deck
and asphalt pavement, determined the interlayer adhesion by the quasi-static finite ele-
ment method, and found that the interlayer adhesion met the application requirements.
Cheng et al. [30] established a viscoelastic model of bridge deck pavement. They studied
the effects of moving and periodic loads on the mechanical responses of the bridge deck
pavement based on finite element software. Most researchers pay attention to the structural
layer itself, rarely consider the influence of the material’s permeability and the waterproof
leveling layer’s structure on the interlayer stress, and do not give a clear recommended
value. In addition, few researchers have used the finite element method to study the void
water pressure of bridge deck pavement structures. A scientific, reasonable, economical,
and reliable bridge design and control system is the critical problem we must solve for the
bridge, transportation, and other engineering technology of the future.

The combination design of the bridge deck pavement structure and research on
waterproof bonding materials are essential parts of the whole bridge design system and
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current research challenges. Based on this, this study established a finite element model of
bridge deck pavement by using ANSYS software, analyzed and calculated the influence
law of different interlayer connection states, load characteristics, pavement thicknesses,
and moduli of four kinds of waterproof bonding layers on the typical stress of bridge deck
pavement, and compared the stress states of two kinds of waterproof leveling layers. Finally,
COMSOL software was used to calculate and analyze the influence law of the impermeable
structural layer of eight pavement structure combinations on the interlayer mechanical
state. This provides a theoretical basis for developing a new waterproof system and bridge
deck pavement structure under heavy traffic conditions in seasonal freezing areas.

2. Establishment of the Finite Element Model
2.1. Numerical Simulation Calculation

Finite element models with beam heights of 570 and 500 mm were established. To
avoid the hourglass phenomenon of the concrete beams during the numerical simulations,
fully integrated c3d8 solid elements were adopted for the concrete beam bodies and t3d2
truss elements were adopted for the reinforcements. In this model, the bond-slip charac-
teristics between the concrete and reinforcement were not considered. The reinforcement
was embedded in the concrete by an embedding method such that the reinforcement and
concrete shared the external load. Simply supported constraints were adopted. That is,
one end constrained the translation and rotation in the X-, Y-, and Z-directions, and one
end constrained the translation and rotation in the X- and Y-directions. When simulating
the ultimate bearing capacity of a beam and slab system, linear displacement loading was
adopted to account for the nonlinearity of the concrete material and ensure convergence of
the model. The finite element model of the test beam and reinforcement skeleton is shown
in Figure 1. The basic calculation parameters are shown in Table 1.

Figure 1. Finite element model.

Table 1. Basic calculation parameters.

Calculation
Parameters

Asphalt
Concrete
Modulus

(MPa)

Asphalt
Concrete

Thickness

Asphalt
Concrete

Thickness
(cm)

Cement
Concrete
Modulus

(Mpa)

Poisson’s
Ratio of
Cement

Concrete

Modulus of
Waterproof
Layer (Mpa)

Poisson’s
Ratio of

Waterproof
Layer

Thickness of
Waterproof
Layer (mm)

Value 1500 0.25 8 35,000 0.15 10–1500 0.3 3

2.2. Loading Test of the Cement Concrete Beam with Pavement

The bending capacity test of the beam was performed using a servo loading system
for quarter-point loading, and the load was transmitted to the test beam through the
distribution beam. During the test, the clear span of the beam was 7.96 m, the pure bending
section in the middle of the span was 2.0 m, and the support was hinged. Displacement
sensors were arranged at the middle and quarter points of the beam span and on the left
and right sides of the supports at both ends. A concrete strain gauge was attached to the
surface of the web plate in the middle of the beam span, the concrete of the bottom plate
protective layer at the tensile reinforcement in the middle of the span was chiseled, and a
reinforcement strain gauge was installed. A Dh3819 wireless communication static strain
test system collected the displacement and strain. The loading mode, measuring point
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layout, and photographs of the loading system of the reinforced-concrete hollow-slab beam
are shown in Figures 2 and 3.

Figure 2. Loading mode and measurement point layout of the test beam (unit: cm).

Figure 3. Loading test photographs.

2.3. Validation of the Applicability of the Finite Element Model for Mechanical Analysis

Based on the calculation results of the established finite element model and the actual
loading test data, the deflection versus displacement curves at one half of the mid-span
was plotted as shown in Figure 4. The inconsistency between the measured boundary
constraints and the software constraints led to slight differences in the final results. In
the experiment, the end constraints simply restricted the vertical displacements at both
beam ends but not displacements in other directions. However, the configuration in the
simulation used simply supported beams, and, thus, the constraints were stricter than
those in the experiment.

The measured value was basically consistent with the simulation value during the
initial loading process. At the beginning of the loading process, the force borne by the
beam was small, and the boundary conditions had little effect on the overall deflection
of the beam. With the increase in the load, there were slight discrepancies between the
measured and simulated values. Generally, the measured values were greater than the
simulated values, but the maximum difference was within 3 mm. This showed that the
results obtained by the simulations reflected the actual stress situation. The load used in
the calculation in this paper is the standard axle load of 100 kN. When the applied load is
less than 15 t, the measured value and the calculated value agree better, indicating that the
results simulated by the software can reflect the real stress situation, and the finite element
model is applicable.
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Figure 4. Comparison between actual and calculated displacements.

3. Influence of Different Parameters of the Waterproof Adhesive Layer on
Pavement Stress
3.1. Influence of Waterproof Layer Modulus on Interlayer Shear Stress

Due to the high stiffness of the concrete bridge deck, the influence range of the
wheel load and its interaction are negligible. In the simulations, combined with the
computer performance and calculation efficiency requirements, the plane size was set to
1 m (transverse bridge direction) × 3 m (longitudinal bridge direction) for the rectangular
deck pavement structure system. The results of the empirical calculation meet the cal-
culation accuracy requirements. In the model, the upper and lower surfaces were free
and the surrounding boundaries perpendicular to the surface were completely fixed. The
simulation model used three-dimensional eight-node hexahedral solid elements, and the
maximum side length of the element was 40 mm. The calculation model is shown in
Figure 5. The model adopts the standard double-circular uniformly distributed load in the
pavement design. The wheel load radius was 10.65 cm, the vertical pressure was 0.707 MPa,
and a certain horizontal force coefficient was considered. The influence of the waterproof
layer modulus on the shear stress is shown in Figures 6 and 7.

Figure 6 shows that the change in the modulus of the bonding layer had little impact
on the maximum shear stress of the pavement layer, but it had a significant impact on
the maximum shear stress of the bonding layer itself. In particular, when the modulus of
the bonding layer changed from 10 to 50 MPa, the maximum shear stress of the bonding
layer increased by 95.5%, and the impact decreased with the increase in the modulus of the
bonding layer. When the modulus of the bonding layer changed from 50 to 300 MPa, the
impact decreased to 48.0%. When the modulus of the adhesive layer changed from 300 to
1500 MPa, this effect decreased to 13.7% and gradually tended to a stable value.

Figure 7 shows that when the total thickness of the pavement layer was 8 cm, the
shear stress in the pavement layer increased first and then decreased with the increase
in the depth. The maximum shear stress occurred between 2 cm and 4 cm, that is, the
middle of the wearing course and the junction between layers, which would create higher
requirements for the high-temperature shear resistance and interlayer stability of the upper
pavement layer. The amount of shear stress decreased with the increase in the waterproof
layer modulus. When the modulus was 10 MPa, the internal shear stress was the highest.
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At the same depth, the internal shear stress of pavement with a modulus greater than
300 MPa decreased significantly. Still, the bottom shear stress of the pavement layer
increased relatively.

Figure 5. Finite element calculation model: (a) side view of the pavement structure calculation model; and (b) the finite
element solid model.

Figure 6. Relationship between the bottom shear stress of the pavement layer and the modulus of
the waterproof layer (MWL).
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Figure 7. Variation in the internal shear stress of the pavement and the modulus of the waterproof layer.

3.2. Influence of Waterproof Layer Type and Parameters on Interlayer Stability

A standard axle load and a heavy load were selected for the simulation. The standard
axle load was a double-wheel single-axle load of 100 kN, and the grounding pressure was
0.7 MPa. The heavy load was a double-wheel single-axle load of 250 kN, and the grounding
pressure was 1.4 MPa. The modulus at 40 ◦C was selected for the calculation.

A rectangular bridge deck pavement structure system with a plane size of 4 m
(transverse bridge direction) × 6 m (longitudinal bridge direction) was selected for the sim-
ulation. The upper and lower surfaces were free, the boundary in the forward direction of
the vehicle was completely fixed, and the lateral boundary was free. The finite element
model (using symmetry, the finite element model was half of the actual model) and the
model diagram are shown in Figure 8. The calculation model used three-dimensional eight-
node hexahedral solid elements, and the element size was 2–20 cm. Four different types of
waterproof system structures were analyzed. The specific structures and parameters are
shown in Table 2.

Figure 8. Finite element solid model.
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Table 2. Modulus parameters of pavement materials for the calculation.

Project Material Type Thickness of
Structural Layer/cm Modulus Value/MPa Poisson’s Ratio

Structure 1 (S1)

SMA-13 6 2515 0.25
Asphalt mortar 2 1988 0.3

Hot SBS-modified asphalt + ready mixed macadam 0.12 - -
Cement concrete slab 22 50,000 0.15

Structure 2 (S2)
SMA-13 7.2 2515 0.25

Rubber-modified asphalt + protective board 0.8 85 0.35
Cement concrete slab 22 50,000 0.15

Structure 3 (S3)
SMA-13 5 2515 0.25

Cast asphalt concrete 3 1308 0.3
Cement concrete slab 22 50,000 0.15

Structure 4 (S4)
SMA-13 8 2515 0.25

Waterproof coating 0.12–0.15 - -
Cement concrete slab 22 50,000 0.15

Six specific load positions were selected for the simulation:
(1) The middle of the outer edge of the single wheel at the bottom of the pavement;
(2) The center of the single wheel at the bottom of the pavement;
(3) The middle of the inner edge of the single wheel at the bottom of the pavement;
(4) The centers of the two wheels at the bottom of the pavement;
(5) The front end of the single-wheel center at the bottom of the pavement; and
(6) The rear end of the single-wheel center at the bottom of the pavement.
Figure 9 shows the load layout diagram of the double-wheel set.

Figure 9. Schematic diagram of the calculation model’s size and load layout.
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The state of the interlayer was divided into two states: smooth and continuous. For
Structure 2, the waterproof layer was hot-rubber-modified asphalt with a high viscosity,
and a diluted asphalt primer was used to connect the well to the bridge deck. Therefore,
the rubber asphalt layer was assumed to not be damaged. Since the total thickness of the
waterproof layer and protective plate was 0.86 cm, it needed to be analyzed as a separate
layer. It was assumed that the change in the interlayer conditions occurred between the
rubber asphalt and the bridge deck. That is, a possible failure occurred in the asphalt
concrete layer. Therefore, the bottom of the asphalt concrete layer (the upper surface of the
protective layer) was selected as the calculation position. We analyzed situations in which
the braking was not considered and the braking force was 0.5 times the axle load.

3.2.1. Calculation and Analysis of Stability between Waterproof Layers

The maximum displacements of the pavement layers of the four structures, with
continuous and smooth layers, were determined as shown in Figure 10. The maximum
displacement value refers to the elastic deformation of the pavement layer under a load.
With smooth and continuous states between the layers, the maximum displacement values
of the four structures were in the order of Structure 2 > Structure 3 > Structure 1 > Structure 4.
Elastic deformation is the reflection of the modulus of the pavement mixture. Due to the
large modulus of the bridge deck, it provided sufficient support to the asphalt pavement.
Therefore, the maximum vertical displacement is only a reference index for the service
performance of the pavement. We focused more on the plastic cumulative deformation
under the pavement load at high temperatures. The horizontal stresses at each calculation
point in different directions were calculated under different interlayer states at the bottom
of the pavement layer as shown in Figure 11.

Figure 10. Calculation of the maximum displacement of the pavement structure for different inter-
layer states.
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Figure 11. Horizontal stress at each calculation point in each direction under different interlayer
conditions at the bottom of the pavement layer: (a) transverse bridge direction, continuous state
between layers; (b) transverse bridge direction, interlayer smooth state; (c) longitudinal bridge
direction, interlayer continuous state; and (d) longitudinal bridge direction, interlayer continuous
state.

When the interlayer was smooth and continuous, the horizontal stress of the transverse
bridge of Structure 2 underwent significant variations in the horizontal direction. The
stresses at the center under the wheel and the centers of the two wheels were the largest.
The stress changes of other structures were similar, and the stresses were in the following
order: Structure 3 > Structure 1 > Structure 4. Under the two states of continuous and
smooth interlayers, the maximum horizontal stress at the bottom of the pavement layer
along the bridge appeared at the center of the single wheel. In the continuous state,
the horizontal stress of Structure 2 was the smallest. When the connection between the
waterproof layer of Structure 2 and the bottom of the pavement layer failed, the horizontal
stress increased to twice the original value.

The model was used to calculate the horizontal shear stress at each point along the
bridge to the bottom of the layer as shown in Figure 12. The maximum horizontal shear
stress at the bottom of the pavement layer appeared at calculation point 2, and the shear
stresses were in the order of Structure 4 > Structure 1 > Structure 3 > Structure 2. In this
paper, it is considered that the magnitude of the shear stress reflects the requirements
for the shear resistance between layers. The closer the moduli of the pavement structure
and the bridge deck, the stronger the integrity and the higher the load transfer capacity.
As a result, the requirements for the treatment of the bottom bonding would be higher.
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Figure 12. Horizontal shear stress along the bridge direction at the bottom of the pavement layer.

Figure 13 shows the horizontal strain distributions of the pavement structures with
continuous and smooth states between layers. The horizontal strain represents the probabil-
ity of horizontal creep of the pavement under a load. When the interlayer connection state
transitioned from continuous to smooth, the horizontal strain at the bottom of the layer
increased gradually. When the layers were continuous, the maximum horizontal strain in
the transverse bridge direction occurred at the fourth calculation point of Structure 2, that
is, at the center of the two wheels, up to 370 µε. The maximum horizontal strain along the
bridge direction occurred at the second calculation point of Structure 2, that is, at the wheel
center, up to 298 µε. The horizontal strain of the other three structures in a continuous state
was less than 100 µε. The main reason was that the modulus of the pavement determined
the horizontal deformation at the bottom of the asphalt pavement. The smaller the ratio
of the elastic modulus of the cement concrete slab to the modulus of the asphalt concrete
pavement (defined as the modulus ratio coefficient n, dimensionless) was, the better the
bonding between the bridge deck and the pavement became. The stronger the combined
effect of the two was, the lower the load stress was in each component of the pavement
system. When the waterproof layer had a certain thickness, the waterproof layer was
considered to be a single layer. Under the same horizontal shear stress, the greater the
difference between the modulus ratio of the waterproof layer and cement concrete slab, the
greater the probability of interlayer dislocation.



Coatings 2021, 11, 1540 12 of 24

Figure 13. Horizontal strain distribution of the pavement structure with continuous and smooth
states between layers: (a) transverse bridge direction; and (b) longitudinal bridge direction.

3.2.2. Calculation and Analysis of the Interlayer Stability of Pavement with Different
Interlayer Connection States and Load Characteristics

The finite element model was used to calculate the stress–strain states of different load
characteristics, different interlayer contact states, and different interlayer bonding states
when the pavement thickness was 8 cm. Figure 14 shows the deflection of the pavement
top surface under different interlayer contact states when the axle load was standard and
heavy. The load impacted the overall deformation of the beam and the slab. Under a heavy
load, the deflection value of the top surface increased to twice the original value, and the
interlayer connection and braking state had little impact.

Figure 14. Top surface deflection of the paving layer under different interlayer contact states.

Figure 15 shows the changes in the stress along the bridge and the strain across the
bridge at each calculation point under the two contact states of continuous and smooth
interlayers. In the continuous interlayer state, compressive stress formed along the bridge
direction, and the maximum value appeared under the wheel. In the smooth state, tensile
stress formed, and the maximum value appeared between the two wheels. The load char-
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acteristics significantly affected the compressive stress along the bridge, which increased
2.5 times under a heavy load but had no significant effect on the tensile stress, which was
mainly related to the braking force. The stress–strain states at the same point were similar,
but the ranges of the increase and decrease in the relative value of the same type were
different. However, the ranges of the increase and decrease in the relative value of the same
type were poor.

Figure 15. Changes in stress and strain at each calculation point under different interlayer con-
tact states: (a) stress variation along the bridge at each calculation point in different interlayer
contact states; and (b) transverse bridge strain at each calculation point under different interlayer
contact conditions.

Figure 16 shows the results of the maximum shear stress at each point for different
interlayer connection states and load characteristics. The maximum shear stress appeared
at the lower center of the single wheel. Under a standard load, when the continuous
state changed to a smooth state, the stress state increased by 60%, and under a heavy
load, the stress state increased by 20%. Under continuous and smooth conditions, the
shear stress under a heavy load was four and two times higher than that under a standard
load, respectively.

As shown in Figure 17a,b, the maximum shear stress of both structures decreased with
the increase in thickness. The maximum shear stress of Structure 1 decreased linearly with
the increase in thickness, and the position of the maximum shear stress of each thickness
occurred at point 6. The maximum shear stress of Structure 2 decreased nonlinearly with
the increase in thickness, and the decreasing range decreased with the increase in thickness.
These results show that an increase in the pavement’s thickness can effectively reduce
the maximum shear stress of the pavement. Under the same thickness, the maximum
shear stress at each point of Structure 2 is greater than that of Structure 1, indicating
that the structural combination of “asphalt mortar + SMA-13” has better shear resistance
than that of “rubber asphalt + protective plate + SMA-13”. The structural design of
“asphalt mortar + SMA-13” can better adapt to the impact of heavy traffic.

As shown in Figure 17c,d, the maximum along-bridge shear stress of Structure 1 and
Structure 2 occurred at point 6, and the stress direction of point 5 changed accordingly. With
the increase in thickness, the second point, that is, the center under the wheel, had a large
amount of attenuation. Under the thickness of 11–13 cm, the stresses basically coincided.
This phenomenon indicates that there was a limit to the pavement’s thickness. The internal
stress will not change significantly after the thickness increases to a fixed value.
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Figure 16. Influence of interlayer connection state and load characteristics on maximum shear stress.

3.2.3. Calculation and Analysis of Interlayer Stability under Variable Thickness Conditions

The established finite element model was used to calculate the maximum shear stress
along the bridge at different points when the pavement thickness was 8, 11, and 13 cm as
shown in Figure 17.

Figure 17. Cont.
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Figure 17. Effect of structural layer thickness on the shear stress at each point: (a) maximum shear
stress (standard load, continuous, Structure 1), (b) maximum shear stress (standard load, continuous,
Structure 2), (c) shear stress along the bridge (standard load, continuous, Structure 1), and (d) shear
stress along the bridge (standard load, continuous, Structure 2).

4. Influence of the Waterproof Leveling Layer on the Stress of Pavement

A cement concrete beam section with a length of 6 m, a width of 11 m, and a height
of 2.5 m was selected for analysis. The extreme tension of the bridge deck pavement was
selected as the basis for the pavement design. The maximum negative bending moment
obtained in the bridge structure calculation was located in the root area of the bridge tower.
Thus, it was assumed that the maximum reverse deflection of the beam section with a
length of 6 m was 1 mm.

Two pavement structure schemes were adopted to analyze the stress state of each
pavement layer. Structure 1 was a 6 cm cement concrete leveling layer + 5 cm coarse grain
asphalt concrete + 4 cm medium grain asphalt concrete. Structure 2 was 5 cm anti-fatigue
asphalt concrete + 6 cm coarse grain asphalt concrete + 4 cm medium grain asphalt concrete.
In the initial stage of Structure 1, because the cement concrete layer’s cement slurry was
well bonded to the bridge deck, the interlayer was assumed to be completely continuous.
There was no treatment between the asphalt concrete layer and the leveling layer, which
was assumed to be completely smooth. Complete continuity was assumed between the
asphalt concrete layers. Structure 2 was considered to examine the bonding treatment
between layers, and each layer was assumed to be completely continuous. In addition,
both sides of the concrete box girder were in a free state, and all degrees of freedom were
constrained at both ends.

The calculation results of the two pavement structures are shown in Figure 18, which
shows the maximum stress and strain of each structural layer. The maximum tensile stress
and maximum shear stress of the cement concrete leveling layer of Structure 1 were much
greater than those of the lower layer of Structure 2. The tensile and shear strains of the
asphalt concrete layer of Structure 2 were large. In Structure 1, due to the high strength of
the leveling layer, it bore large tensile and shear stresses, and the upper asphalt concrete
layer bore less stress.



Coatings 2021, 11, 1540 16 of 24

Figure 18. Maximum stress and maximum strain of each layer of the two structures: (a) Structure 1; and (b) Structure 2.

5. Influence of the Impermeable Structural Layer on the Stress of Pavement

Biot deduced a three-dimensional consolidation equation that accurately reflects the
relationship between void pressure dissipation and soil skeleton deformation from the
basic equation of a continuous medium in 1840 and established the Biot consolidation
theory. Based on this theory, we used the COMSOL finite element software to establish a
model of the bridge deck pavement structure for numerical analysis.

5.1. COMSOL Finite Element Pore Water Pressure Verification

The two-dimensional axisymmetric model was constructed using COMSOL soft-
ware, and the calculated results were compared with Dong’s results obtained with AD-
INA software [31] to verify the reliability of the software. The finite element model is
shown in Figure 19.
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element model.
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The pore water pressure was calculated using a two-dimensional axisymmetric model
in the COMSOL finite element software. It was assumed that the pavement was composed
of fully saturated porous two-phase medium materials. The solid phase was the road
surface and base material, and the liquid phase was water. The right boundary of the solid
phase was radially fixed and vertically free. The bottom boundary was fixed axially and
radially. The liquid phase was impermeable at the load position and bottom boundary. The
other boundaries were permeable. The calculation results are shown in Figure 20.

Figure 20. The calculation results: (a) nephogram of the pore water pressure variation along the depth direction calculated
by ADINA; and (b) nephogram of the pore water pressure variation along the depth direction calculated by COMSOL.

It can be seen from Figure 20 that the calculation results of the two methods are basically
the same, and the most unfavorable position of pore water pressure also appears in the middle
and lower layers. At t = 0.038 s, the maximum pore water pressure calculated by ADINA is
327 kpa, and the maximum pore water pressure calculated by COMSOL is 330 kPa. Although
there is a gap between the values, the pore water pressure calculated by COMSOL is more
accurate and can better reflect the actual pore water pressure.

5.2. Study on the Influence of the Material Permeability of Each Structural Layer on the Stress
of Pavement

The model size and mesh division of the finite element software were the same as
those described in Section 3.2. The fluid boundary conditions were as follows: the load
position and lower boundary were impenetrable, and the others were permeable. Eight
different types of bridge deck pavement structure were analyzed. The specific structures
and parameters are shown in Figure 21 and Table 3, respectively. Figure 22 shows the
surface pore water pressure at the center of the wheel with different structures calculated
by the finite element model.

Since dynamic parameters were used in this analysis and the corresponding dynamic
load model was not adjusted by the load, the finite element simulation results were only
used to compare the pore water pressures of different structures qualitatively. Figure 22
shows the following. First, the pore water pressure had a slight relationship with the
thickness and modulus combination of the structural layer, mainly related to the perme-
ability coefficient of the material and the combination of upper and lower layers. For
example, the thicknesses of the structural layers of Structures 7 and 8 were less than
those of Structures 2–6, but there was a significant difference in the pore water pressure.
Second, the thicknesses of the structural layers of Structures 3–5 were similar. The main
difference was the permeability coefficient between the bearing layer and bottom layer.
Therefore, there was a slight difference in the surface pore water pressure, and the influence
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of the interlayer water pressure should be analyzed thoroughly. Third, the comparison of
Structures 7 and 8 shows that the pavement was set according to the “upper drainage and
lower watertight” from top to bottom, which is beneficial for alleviating the pore water
pressure of the pavement.

The maximum shear stresses of the eight structures under different conditions were
calculated, and the results are shown in Table 4. The interlayer shear stress was significantly
reduced when the structural layer thickness and permeability coefficient were increased.
The shear stress between the middle and lower layers of Structure 6 was reduced to a
very small value, effectively ensuring the interlayer connection effect. This would be
beneficial for improving the pavement’s overall performance by combining pavement
layers of different materials and structures and considering the optimized combination of
the modulus and permeability coefficient.

Figure 21. Schematic diagram comparing different structural combination designs. Note: the design permeability coefficient
of the mixture is shown in brackets with the unit of cm/s. Blind drainage ditches were set at the outer edge of the
pavement structure.

Table 3. Design parameters.

Serial Number Mixture Type Modulus/Hz Poisson’s Ratio

1 (AC-16, AK-13) 1800 0.25
2 Cement concrete bridge deck 50,000 0.15
3 SMA-13, AC-13 2515 0.25
4 AC-20 3200 0.25
5 SMA-10 2200 0.25
6 SMA-13 2515 0.25
7 SBS-modified asphalt mortar 1988 0.30
8 Dense high-modulus asphalt mortar 4100 0.25
9 OGFC-10 (13) 1500 0.30

10 Dense high-modulus asphalt mixture 4100 0.25
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Figure 22. Comparison of the surface pore water pressure at the lower center of each structural wheel
(standard load, continuous, no braking).

Table 4. Maximum shear stress combinations under different structural combinations.

Maximum Shear Stress between Layers/kPa (Standard Load, Continuous, No Braking)

Structure 1
h (cm) 0 6

Without water 33 31
With water 32 32

Structure 2
h (cm) 0 4 9

Without water 43 50 27
With water 42 45 28

Structure 3
h (cm) 0 4 8 10

Without water 51 130 41 29
With water 49 120 38 29

Structure 4
h (cm) 0 4 8 11

Without water 56 52 46 31
With water 54 47 42 30

Structure 5
h (cm) 0 4 10 13

Without water 55 51 42 34
With water 53 47 41 33

Structure 6
h (cm) 0 4 10 13

Without water 45 5.7 0.02 0.04
With water 45 4 0.01 0.05

Structure 7
h (cm) 0 4 8

Without water 32 47 28
With water 32 47 29

Structure 8
h (cm) 0 4 8

Without water 82 66 28
With water 74 53 28

5.3. Influence of Structural Layers on the Dynamic Water Pressure Resistance of Pavement
5.3.1. Pore Water Pressure Distribution

The finite element model was used to calculate the positive and negative pore water
pressure distributions under uniaxial load action for one, two, and three impermeable
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structure layers as shown in Figures 23 and 24. The most unfavorable position of the pore
water pressure of the single- and three-layer bridge deck pavement occurred in the upper
part of the pavement. This position appeared on the pavement surface for the single-layer
bridge deck pavement. For the three-layer bridge deck pavement, this position appeared on
the upper part of the upper layer. The most unfavorable position of the pore water pressure
of the two-layer bridge deck pavement appeared in the upper part of the lower layer.

Figure 23. Distribution of positive pore water pressure under uniaxial action: (a) single-layer structure; (b) double-layer
structure; and (c) three-layer structure.

Figure 24. Distribution of negative pore water pressure under uniaxial action: (a) single-layer structure; (b) double-layer
structure; and (c) three-layer structure.

5.3.2. First Principal Stress Distribution

The COMSOL finite element model was used to calculate the first principal stress
distribution under uniaxial load action for one, two, and three impermeable structure
layers as shown in Figure 25. For the different deck pavement structures, the maximum
value of the first principal stress occurred at the upper part of the pavement near 0.1 m
from the load edge.

Figure 25. Distribution of the first principal stress under uniaxial action: (a) single-layer structure; (b) double-layer structure;
and (c) three-layer structure.

5.3.3. Shear Stress Distribution

The COMSOL finite element model was used to calculate the shear stress distribution
under uniaxial load action when the number of impermeable structure layers was one,
two, and three as shown in Figure 26. For single-deck pavement, the maximum shear
stress occurred in the middle of the pavement directly below the load. For double-deck
pavement, the maximum shear stress occurred in the middle of the pavement directly
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below the load. For the three-layer bridge deck pavement, the maximum shear stress
occurred at the junction of the middle and upper layers directly below the load.

Figure 26. Distribution of shear stress under uniaxial action: (a) single-layer structure; (b) double-layer structure; and (c)
three-layer structure.

In summary, from the hydrodynamic pressure analysis results of single-layer, double-
layer, and three-layer bridge deck pavement, the most unfavorable position of the pore
water pressure of the single-layer bridge deck pavement ran through the whole thickness of
the pavement. The occurrence of water damage will cause damage to the whole structure.
The most unfavorable position of the pore water pressure in the double-deck pavement
depended on the permeability coefficient, and the maximum pore water pressure occurred
in the layer with a small permeability coefficient. The maximum value of the first principal
stress of the single-deck pavement occurred on the pavement’s surface at the right edge of
the load. The maximum value of the first principal stress of the double-layer and three-layer
bridge deck pavement occurred at the bottom of the layer below the right edge of the load.
The maximum shear stress of the single-deck pavement appeared in the middle of the
pavement directly below the load. The layers for the different structural combinations of
the double-deck pavement were different. The maximum shear stress of the three-layer
bridge deck pavement appeared in the middle of the upper layer directly below the load.
If water damage to the bridge deck pavement occurred, to perform later maintenance, the
three-layer bridge deck pavement combination would be most suitable as the structural
combination scheme.

The complete bridge deck pavement should be a multi-channel, dense water system
combined with fortification and drainage. The functions of each layer from the top to the
bottom of the pavement complement each other to increase the waterproof insurance coef-
ficient, which not only meets the waterproof design life requirements but also ensures the
long-term service performance of the pavement. Based on this, four kinds of waterproofing
systems are recommended: (1) special hot-spread SBS/rubber-modified asphalt for bridge
deck waterproofing + 0.4% ready-mixed gravel + asphalt mortar + modified emulsified
asphalt; (2) diluted asphalt primer + special hot-applied rubber asphalt for bridge deck
waterproofing + protective plate + modified emulsified asphalt; (3) special hot-construction-
poured asphalt concrete for bridge deck waterproofing; and (4) a special cold-construction-
reinforced polymer-modified asphalt coating for bridge deck waterproofing.

6. Conclusions

Aiming to study the bridge deck pavement structures in the frozen areas of North
China, combined with the concept of multi-level waterproofing in the bridge deck pave-
ment structure’s design, this paper studied the influence law of various factors, such as
waterproof layer modulus, waterproof system structure type, and material permeability,
on the typical stress of bridge deck pavement under four kinds of waterproof bonding
layers, two kinds of waterproof leveling layers, and eight kinds of structural combinations
of the pavement structure. The main conclusions are as follows:

(1) When the thickness of the pavement layer was 8 cm, the maximum shear stress of the
pavement layer occurs at 2 cm and 4 cm, that is, the middle of the wearing course and
the connection between layers, which suggests that an upper pavement layer with
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sufficient high-temperature shear resistance should be selected as the load-bearing
structural layer in the structural design.

(2) When the paving layers are continuous, the difference between the elastic modulus
of the waterproof bonding layer structure of “rubber asphalt + protective plate” and
the modulus of the cement concrete slab is the largest, and the maximum horizontal
strain in the transverse bridge direction and longitudinal bridge direction is 370 µε
and 298 µε, respectively, The horizontal strain of the other three structures in the
continuous state is less than 100 µε. This shows that, to ensure that the load stress
and strain remain stable in the pavement system, the ratio of the elastic modulus of
the waterproof bonding layer material to the elastic modulus of the cement concrete
slab should be considered in the structural design.

(3) The greater the thickness of the structural layer and the smaller the permeability
coefficient, the lower the interlayer shear stress. Compared with other structural
combinations, the shear stress between the middle and lower layers of Structure 6 was
reduced to 0.04 kPa. Therefore, the use of high-density water-based asphalt concrete
with a low permeability coefficient can reduce the shear stress between layers, which
could more effectively ensure the connection effect between layers.

Through the analysis of the typical stress of bridge deck pavement, it was found that
research on the combination waterproof system + multi-functional waterproof layer + load-
bearing structure layer + surface functional layer is of great significance to adjusting the
thickness of the pavement layer, improving the watertightness of the pavement layer,
mitigating the shear stress damage caused by a low modulus, and ensuring the service
performance of bridge deck pavement.
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Nomenclature

AC Asphalt concrete

N
Ratio of the modulus of the asphalt mixture to the modulus of the
cement concrete (dimensionless)

H Thickness of the structural layer
SMA Stone matrix asphalt
S1 Structure 1
S2 Structure 2
S3 Structure 3
S4 Structure 4
X Transverse bridge direction
Y Along bridge direction
Z Vertical bridge deck direction
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