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In order to study the mechanical response of cement concrete pavements under impact loading, four types of typical cement
concrete pavement structures are investigated experimentally and numerically under an impact load. Full-scale three-dimensional
pavement slots are tested under an impact load and are monitored for the mechanical characteristics including the deflection of the
pavement surface layer, the strain distribution at the bottom of the slab, and the plastic damage and cracking under the dynamic
impact load. Numerical analysis is performed by developing a three-dimensional finite element model and by utilizing a cement
concrete damagemodel.The results show that the calculation results based on the cement concrete damagemodel are in reasonable
agreement with the experimental results based on the three-dimensional test slot experiment. The peak values of stress and strain
as monitored by the sensors are analyzed and compared with the numerical results, indicating that the errors of numerical results
from the proposed model are mostly within 10%. The rationality of the finite element model is verified, and the model is expected
to be a suitable reference for the analysis and design of cement concrete pavements.

1. Introduction

At present, design specifications of a cement concrete pave-
ment adopt three kinds of theoretical models, namely, elastic
foundation of a single slab, elastic foundation of a double
slab, and composite slab models [1–5]. These parametric
calculation models incorporate idealized material properties
for concrete materials that are based on their performance
under heavy loading traffic [6–9]. Therefore, the calculation
method provided in the existing design specifications of a
cement concrete pavement is not applicable for the mechani-
cal characteristics of concretematerials under an impact load.

From the 1950s, researchers have analyzed the stress-
strain characteristics of elastic pavement materials under
dynamic loads. For instance, Eason et al. (Year) used the
Fourier transform in perfectly elastic physical equations and
general equations of motion to investigate road boundary
conditions and to solve theoretical formula and then to obtain
expressions for pavement structures’ displacement and stress
and strain under moving loads. However, there is still dearth

of study on the mechanical response of a cement concrete
pavement structure under an impact load.

In this paper, a variety of typical cement concrete pave-
ment structures are numerically and experimentally analyzed
under an impact load.The numerical analysis was performed
by implementing cement concrete damage model in a three-
dimensional finite elementmethod (FEM).The experimental
investigation involved a full-scale three-dimensional slot test.
The mechanical characteristics including the deflection of
concrete pavement surface layer, the strain distribution at
the bottom of slab, and the plastic damage cracking under
dynamic impact load are studied.

2. The Full-Scale Loading Slot Experiment

2.1. Impact Load Characteristics. In order to explore the
dynamic response law of the concrete pavement structure
under an impact load and over load, an impact load was
designed as shown in Figure 1 and the load was applied to the
pavement structure by a dynamic loading device. The acting
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Figure 1: Schematic diagram of the impact load.

face of the loading device comprised a circular area with the
diameter of 2m at the center of concrete surface. The impact
load was imposed on it with the maximum uniform pressure
of 0.5MPa. As shown in Figure 1, the load pressure reached
its peak at 200ms, stayed constant from 200 to 660ms, and
gradually declined after 660ms.The two time points, namely,
200ms and 660ms, are the key time points in this study.

2.2. Typical Pavement Model. After extensively reviewing
cement concrete pavements of six regions in China, four
kinds of typical pavement structures, as summarized in
Table 1, were selected for the analysis in this study.

2.3. Experimental Program. In order to study the mechanical
response law of cement concrete pavement under impact
load, this study performed three-dimensional full-scale load-
ing test slot experiment on the four cement concrete pave-
ment structures as shown in Table 1. Mechanical response
of the pavement structures under static heavy load and
transient impact load was investigated by measuring the
internal stresses and strains of the pavement structures
and their surface displacements. Failure modes under the
impact load were also observed for the pavement structures.
The experimental data from this test were utilized in the
subsequent analysis of dynamic response characteristics and
the finite element analysis of road structures.

The experimental set-up is shown in Figure 2.The loading
device in this experiment applied a uniform circular load
over a pavement area of 2m diameter. The loading point was
determined as the center of the cement concrete pavement
slab and a rubber base was used for loading. The loading
points on the outriggers were determined relative to the
position of the rubber base. Loading on the front and rear
outriggers was realized by replacing the bearing slab.

2.3.1. Scheme for Burying Sensors. Under an impact load, the
structural dynamic response of concrete pavement structures
varies quickly, which requires sensors to have certain data

Figure 2: Schematic diagram of the reaction frame and II-shape
beam used in loading the pavement slabs.

M-1

M-2
M-3

M-4

M-5

M-7

M-8

M-6

120

120

70

84.9
49.545

∘

Figure 3: Layout of strain sensors on the concrete slab.

acquisition performances. In this three-dimensional test slot
experiment, the method of combining multiple dynamic
sensors and dynamic data acquisition was adopted. After
rigorously reviewing the market availability, sensors were
selected such that they have high dynamic frequency and
stable performance, and at the same time they can be buried
simply and conveniently inside the concrete pavement slabs
[14, 15]. The layout of dynamic strain sensors at the bottom
of a concrete slab is shown in Figure 3, where M1, M2,
and M7 were aligned horizontally; M3, M5, and M8 were
aligned longitudinally; and M4 and M6 were aligned at an
inclination angle of 45∘ on the concrete lab. In order to better
detect the change in compressive stress at different roadbed
depths, the sensors were placed in four layers with varying
depths as shown in Figure 4. Moreover, for convenience and
also considering the requirement of the data acquisition and
processing, all the earth pressure gauges TY1∼TY20 in the
roadbed were grouped according to the four depths and were
numbered as 1∼6, 7∼11, 12∼16, and 17∼20, respectively, for the
four depths as shown in Figure 4.

2.3.2. Experimental Procedure. Before beginning the test,
strain sensors were connected with a dynamic data acquisi-
tion device, whichwas then connected to a computer through
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Table 1: Typical cement pavement structures.

Structural layers Pavement structure A1 Pavement structure A2 Pavement structure A3 Pavement structure A4
Surface layer 30 cm PCC 26 cm PCC 22 cm PCC 18 cm PCC
Base layer 20 cm water-stable gravel 20 cm water-stable gravel 20 cm water-stable gravel 18 cm lime soil
Subbase layer 30 cm lime soil 20 cm lime soil — —
Roadbed 330 cm compacted soil 330 cm compacted soil 330 cm compacted soil 330 cm compacted soil
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Figure 4: Layout of strain sensors in concrete base layer along its depth.

an USB interface. The data measurement and acquisition
system was debugged until it worked normally.

According to the loading point schemementioned above,
the position of the loading point was determined by using a
steel ruler and other measurement tools. The loading devices

were fixed on the II-shape tie-beam as shown in Figure 2 for
applying the load in accordance with the established loading
scheme as shown in Figure 1.

The loading system and the data measurement and
acquisition system were tested by imposing a small load
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Figure 5: Cracking and warping of the edges of a cement concrete
slab.

for prepressing the slab to verify whether the whole test
system was in the normal working condition. The following
procedures were continued only after this verification.

According to the loading scheme considered, a control
system was used for the loading device to conduct the impact
loading test based on the established load spectrum as shown
in Figure 1 and then to conduct the loading test for a static
heavy load.

During the loading process, data sampling was closely
watched to confirm that everything behaved normally. After
the loading was over, all the experimental data were saved to
the connected computer.

2.3.3. Experimental Analysis. In the four full-scale three-
dimensional test slot loading tests, observations were made
for cracks, vertical displacement, and warping of the edges of
the cement concrete slab as shown in Figure 5. The observed
damage progression is analyzed in detail as follows.

(1) Annular Shear Cracks. As the first visible damage features,
semicircular penetrating shear cracks appeared along the
longitudinal direction of the cement concrete slabs and they
spread towards the slab edges from the periphery of the
circular loading ring. Such cracking is attributed to the
following three aspects. (i) Since the size of the concrete
slabs was relatively smaller than that of the base, the size
effect caused the annular shear cracks under the impact load
which failed to be distributed on the whole concrete slab.
Meanwhile, the annular shear cracks and the radial cracks in
the transverse direction of concrete slab overlapped, causing
the annular shear cracks to directly change their direction to
spread towards the slab edges. (ii) The airbag pressure load
under the rubber base was nonuniform and the pavement
structural materials were also nonuniform, which caused the
fact that the semicircular ring of pavement annular shear
cracks did not appear. (iii) As mentioned above, compared
with that of actual load, the impact effect of the test load was
relatively weaker, which is also an important reason why the
annular shear cracks failed to spread on the whole concrete
slab. Measurement of the annular shear cracks revealed that
the crack width reached up to 1 cm and was wider compared
to the radial crack.

In combination with the failure modes of pavement
structures observed in the experiment, the annular shear
crack on the concrete slab was formed in the periphery area
that is 15∼35 cm away from the round base due to the strong

impact effect of the rubber base. Therefore, the concrete slab
in the pavement structurewas subjected to shear action under
the strong impact load. Such a shear cracking of the pavement
structure is quite different from the cracking under traffic
loads in which fatigue effects due to traffic load and thermal
cracks should be considered. Moreover, this observation
indicates that the impact and the shear action of the impact
load on the pavement structure can directly destroy a typical
pavement structure by causing vertical direct shear cracks.

(2) Radial Cracks. Under the impact load, a large number
of radial penetrating cracks were formed along the radial
direction of the concrete slab. In the test site, slight cracks
were also observed on the destructed pavement. Through an
analysis, it was known that the radial penetrating cracks on
the concrete slab were caused by the fact that after the strong
impact load was imposed on the pavement, the pavement
structure was compressed, causing tensile failure and cracks
at the bottom of the cement concrete slab and then causing
radial penetrating cracks to appear on the surface of the
concrete pavement. According to the analysis, themechanism
of formation of this kind of pavement failure mode was in
agreement with the failure mechanism under loads specified
in design specifications of cement concrete road pavement.
They are both caused by the tensile cracks at the bottom of
the cement concrete slabs subjected to compression on the
pavement surface. This indicates that the radial cracks are
formed from bottom to top. Therefore, the width of radial
cracks as appeared on the pavement surface was smaller than
that of radial shear cracks.

(3) Vertical Settlement of the Pavement Structures.The vertical
settlement of the whole pavement structure was measured by
comparing the vertical spacing between the pavement and
rubber base before and after the experiment. Since its value
was relatively large in the range of few cm, it wasmeasured by
using a steel ruler. The vertical settlement of the base center
was calculated by measuring its vertical spacing with respect
to the edges of the rubber base. Before the experiment, the
initial vertical spacing at the edges of rubber base was about
5m when the loading devices were installed. Therefore, the
vertical settlement of the rubber base edges was obtained
by subtracting the initial spacing from the spacing after the
experiment.

(4) Warping of the Edges of the Cement Concrete Slabs. Under
an impact load, cement concrete slab edges canwarp, which is
different from the fatigue failure in highway pavements under
coupling effects of load, temperature, water, and other factors.
That is because the destruction of pavement structures under
an impact load belongs to strength failure unlike fatigue
failure.

In summary, under the impact load in an actual exper-
iment, the failure modes of typical pavement structures
mainly included annular shear cracks, radial cracks, vertical
settlement of the pavement, and warping of the edges of the
cement concrete slabs.The impact load caused obvious effects
of impact on the pavement structures and the failure modes
differed from the fatigue failure under regular traffic loads.
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Table 2: CDP basic parameters.

Parameter
name

Dilatancy
angle

Flow
potential
offset

Ultimate
strength ratio
of biaxial and

uniaxial
compression

Invariant
stress ratio

Viscosity
coefficient

Value 30∘ 0.1 1.16 0.6667 0.0005

The damage under impact load belonged to strength failure
in which the stresses surpassed the ultimate strengths of the
pavement materials. The annular shear cracks were formed
from top to bottom with relatively larger widths, while radial
crackswere formed frombottom to topwith relatively smaller
widths. Moreover, the formation mechanisms of the two
kinds of cracks were markedly different.

3. Mechanical Pavement Model

In the finite element calculation, the surface layer was
analyzed using the cement concrete damaged plasticitymodel
(CDP model). Dynamic modulus was adopted for the lime
soil in the base layer and the extended Drucker-Prager (D-P)
model was adopted for the roadbed.

3.1. Damaged Plasticity Model. Concrete damaged plasticity
model (CDP model [10, 16, 17]) was developed based on the
models by Lubliner [11] and Lee and Fenves [12]. This model
is based on the basic assumption that the isotropic damage
inside the materials is the same. It adopts the isotropic elastic
damage model and combines it with plastic deformation
to simulate the inelastic behavior of concrete. Its advantage
is that it is applicable for all forms of load. After concrete
material is subjected to external loads and the material
deformation exceeds the elastic stage, CDP model will bring
in a damage factor to describe the material’s deformation
in the inelastic stage. At this time, the expression for elastic
modulus 𝐸 is shown as follows:

𝐸 = (1 − 𝑞) 𝐸0, (1)

where 𝐸0 represents the initial elastic modulus and 𝑞 repre-
sents the damage factor in tension or compression.The range
for damage factor 𝑞 is (0, 1); when 𝑞 = 0, the material is
not damaged; and when 𝑞 = 1, the material is completely
damaged and does not have any load carrying capacity.

The primary data to input the CDP model in the finite
element software ABAQUS are listed in Table 2.

3.2. Drucker-Prager (D-P) Model for the Roadbed. Finite
element software ABAQUS has extended the Drucker-Prager
(D-P) model and has classified the extended model into
three variations, they are exponential function model, linear
functionmodel, and hyperbolic functionmodel, according to
the different shapes of the yield surface on themeridian plane.
Because the hyperbolic function model and the exponential
function model are only applicable for the standard model
and the explicitmodel as adopted in this paper to simulate the
dynamic instantaneous load, linear Drucker-Prager model
[11–13, 18] was used for the roadbed.

3.2.1. Yield Surface. The function for the yield surface in the
linear D-P model is shown as follows:

𝐹 = 𝑡 − 𝑝 tan𝛽 − 𝑑, (2)

where 𝑡 = (𝑞/2)[1 + 1/𝑘 − (1 − 1/𝑘)(𝑟/𝑞)3]; 𝛽 represents the
dip angle of the yield surface in the 𝑝 ∼ 𝑡 stress space, and
it is related to friction coefficient 𝜑; 𝑘 is the ratio of tensile
strength and compressive strength under the condition of
triaxial stress, with its value stipulated as 0.778 ≤ 𝑘 ≤ 1;
and 𝑑 represents the intercept of yield surface in the 𝑝 ∼ 𝑡
stress space and it can be determined through the following
3 formulas:

Based on the uniaxial compressive strength 𝜎𝑐, it can
be defined as 𝑑 = (1 − 1/3 tan𝛽)𝜎𝑐.
Based on the uniaxial tensile strength 𝜎𝑡, it can be
defined as 𝑑 = (1/𝑘 + 1/3 tan𝛽)𝜎𝑡.
Based on the shear strength 𝜏, it can be defined as 𝑑 =
(√3/2)𝜏(1 + 1/𝑘).

3.2.2. Plastic Potential Surface. The function of plastic poten-
tial surface of the linear Drucker-Prager model is expressed
as

𝐺 = 𝑡 − 𝑝 tanΨ, (3)

where 𝑡 stands for the measurement parameter of deviatoric
stress; 𝑝 is the equivalent compressive stress; and Ψ is the
expansion angle.

A hardening law was defined to control the size of the
yield surface. The yield surface size of the D-P model in
ABAQUS was controlled by an equivalent effective stress 𝜎
and was controlled by inputting the relationships of 𝜎 with
an equivalent plastic strain 𝜀pl in ABAQUS. The equivalent
effective stress 𝜎 can be determined by three methods,
namely, uniaxial compressive strength, tensile strength, and
cohesive strength.

3.2.3. Calculation Parameters. The D-P model included five
parameters: cohesive strength 𝑐, internal friction angle 𝜑,
elastic modulus 𝐸, 𝐾, and 𝛽. The calculating methods for 𝐾
and 𝛽 are given as

𝐾 =
3 − sin𝜑
3 + sin𝜑

,

tan𝛽 =
6 sin𝜑
3 − sin𝜑

.

(4)
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Table 3: Basic parameters in the D-P model of the Shaanxi loess.

Name Cohesive strength 𝑐 Internal friction angle 𝜑 Elastic modulus 𝐸 𝐾 𝛽 Ψ

Value 47.57 kPa 25.61∘ 100MPa 0.778 45.28∘ 20∘

Table 4: The natural frequencies for five modes in the pavement model.

Order 𝑛 1 2 3 4 5
Circular frequency 𝜔

𝑖
/(rad⋅s−1) 116.16 173.51 228.31 235.68 258.96

Frequency 𝑓
𝑖
/Hz 18.488 27.614 36.337 37.509 41.214

Figure 6: Sketch of the load position in three-dimensional test slot
experiment.

Based on the review of literature about loess in Shaanxi,
basic mechanical parameters of old loess (silty clay) based
on Zhang were used. Cohesive strength value was taken as
47.57 kPa, and internal friction angle valuewas taken as 25.61∘.
TheD-Pmodel built for the Shaanxi loess is shown in Table 3.

3.3. Finite Element Model. This study mainly considered the
deflection of every structural layer of concrete pavement, the
variations in stress and strain, and the thermal stress. With
reference to the modeling scheme in the existing literature,
three-dimensional hexahedron elements were used in the
calculation. “C3D8R” hexahedron elements in ABAQUS [19–
21] were adopted. The finite element model is shown in
Figure 6. Due to the temperature variation, the structure
or the element will produce stretch or shrink, which will
lead to stress inside the structure or element when the
stretch or shrink is limited. The stress produced during
this progress is called thermal stress. During the adiabatic
analysis, mechanical deformations will produce heat, and the
whole process is extremely short, with no diffusion occurring.
ABAQUS/Standard or ABAQUS/Explicit could be used to
solve this problem.

Considering that the pavement structures and loads
were all symmetrical in the experiment, only one-fourth of
the pavement structures were modeled. In order to study
the dynamic response characteristics of concrete pavement
structures under an impact load, the contact surface of the

loading device and the surface of the pavement structures
were modeled as circles with a diameter of 2m. The load
magnitude was entered as the actual measured value from the
three-dimensional test slot experiment.

Under a dynamic load, the dynamic response of pavement
structures is largely dependent on their natural frequencies.
Therefore, before the simulation, natural frequencies and
vibration modes were obtained through a modal analysis.
The modal analysis provided vibration parameters for the
dynamic analysis of pavement structures and the damping
factors of themodels. Considering that the load was a vertical
impact load, the vertical direction of the pavement was set
as the main vibration direction. The calculation results are
shown in Table 4.

4. Numerical Response Analysis

4.1. Road Surface Deflection

4.1.1. Time History Analysis of the Road Surface Deflection.
The change in road surface deflection with the duration
of load acting at the model’s origin point O is shown in
Figure 7. The figure shows that the deflection response is
basically consistent with the load curve as shown in Figure 1.
The maximum deflection was observed corresponding to
the time of 660ms, when the load began to decline. At
800ms when loading was over, pavement structures did not
completely recover to the original state and deflection did not
recover to zero. It shows that irreversible plastic deformation
characteristically occurs in the pavement structures. The
majority of the plastic deformation is attributed to the
roadbed deformation.

4.1.2. Spatial Distribution Characteristics of Road Surface
Deflection. At the time of 660ms under the action of the
impact load, the cement concrete slab surface in the model
exhibited the maximum deflection. The three-dimensional
spatial distribution of the maximum road surface deflection
for the four concrete pavement structuresA1–A4 correspond-
ing to 660ms is shown in Figure 8. From the figure, the
following laws can be observed.

(1) Under a circular uniform load, the distributions
of road surface deflection among four different pavement
structures were consistent and they all had the peak deflec-
tions. The nearer a point was from the center point of
the circular load, the larger was the deflection. Because
the strength of four kinds of pavement structures A1–A4
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Table 5: Comparison of the maximum deflections (mm) for the four pavement surfaces.

Pavement structure A1 A2 A3 A4
Original point O 4.487 7.907 9.975 18.293
Slab corner −1.444 −2.881 −5.637 −32.051

Table 6: Time point of plastic deformation and corresponding load magnitudes.

Pavement structure A1 A2 A3 A4
Time (ms) 68 60 56 36
Load (MPa) 0.344 0.291 0.270 0.142
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Figure 7: Time history curves of deflection from the finite element
analysis under the impact load.

decreased in sequence, their integral rigidity also decreased
in sequence. Therefore, the change in reflected deflection
response increased in sequence.

(2) The bearing capacity of the pavement structure A4
was far from sufficient, so the deflection in the center of
pavement slab reaches 18.293mm. Due to the large deforma-
tion, significantly larger warping occurred on the slab edges
and the maximum warping reached 27.206mm. It should be
noted that, in the three-dimensional test slot experiment,
there were no constraints around the edges of the cement
concrete slabs, which is greatly different from the case of
highway pavement structures, where dowel bars restrain the
edges from wrapping. Because of this difference, slab edge
warping was observed in both the field experimental results
and the calculation results. Meanwhile, it also shows that the
base layer of this kind of pavement structures does not have
strong structural integrity.

(3) Peak values of the road surface deflection in the two
kinds of pavement structures A2 and A3 were 7.907mm and
9.975mm, respectively. It should be noted that, for A2, 20 cm
lime soil subbase layer was adopted, while for A3 no subbase
layer was used as shown in Table 1. Their deflection does not

differ greatly, which shows that even though lime soil subbase
layer acts as the functional layer in the pavement structures,
it plays a small role in the load bearing process.

For the distribution of three-dimensional space deflec-
tion as shown in Figure 8, the largest deflection appeared at
the load center, namely, the center of pavement structures.
Because pavement structures and load distribution were
symmetric, the transverse and longitudinal distributions of
road surface deflection had the same shapes, namely, a
“U-shape” distribution. Their maximum values were at the
load center for both directions. With an increase in the
distance from the original position, the deflection decreased
significantly. The maximum deflections in the four kinds of
pavement structures are shown in Table 5.

4.2. Strain at the Bottom of the Cement Concrete Surface
Layer. The deformation process of concrete material under
an external force can be divided into elastic stage and plastic
stage. In this paper, the load imposed on pavement structures
had the features of an impact load.Under this load,most areas
of the concrete surface layer reached the plastic stage in the
load bearing process.

4.2.1. Analysis of the Strain at the End of the Concrete Surface
Layer. By investigating the plastic strain of all areas in four
kinds of surface layers, the time point when the plastic
deformation began to occur and the corresponding load
magnitudes were obtained as shown in Table 6.

The comparison between the true strain and the plastic
strain at the bottom center point of the concrete slab pave-
ment structure A1 is shown in Figure 9.The figure shows that
no plastic strain occurred during 0∼68ms, and the plastic
deformation began to occur after 64ms (when the impact
load reached 0.344MPa).

4.2.2. Analysis of the SpatialDistribution of the Tensile Strain at
the Bottom of the Concrete Surface Layer. For the four kinds
of concrete pavement structures A1∼A4 having different
strengths, the spatial distribution of the tensile strain at the
bottom of the surface layer at the time point of 200ms is
shown in Figure 10. The figure shows that the distributions
of the tensile strain at the bottom of the surface layer are
generally similar for the four pavement structures. Due to
a large integral rigidity of the concrete surface layer, after
the load was imposed on the concrete surface layer, tensile
stress wasmainly produced in the transverse and longitudinal
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Figure 8: Spatial distribution of deflection of the four kinds of pavement structures as obtained from the numerical analysis.

directions. Abrupt change occurred in the tensile strain near
the central symmetry axis of the concrete surface layer.
Moreover, the closer the distance from origin O was, the
more obvious was the abrupt change. With a decrease in
the pavement strength, abrupt change in the tensile strain
appeared at increasing locations. These locations indeed
represented the positions where cracks occurred.

The distribution of tensile strain at the bottom of the
surface layer along the transverse and longitudinal directions
of the road (from origin O) is shown in Figure 11. Along the
transverse direction of road, the maximum tensile strain of
the structure A4 occurred at a point 645mm from the origin,
that of the structure A3 occurred at a point 322mm from the
origin, that of A2 occurred at a point 665mm from original
point O, and that of A1 occurred at a point 87mm from
original point O. The order of magnitude of the maximum
tensile strain was consistent with the order of strength of the
pavement structures.

4.3. Plastic Damage Cracking. In this paper, calculation
parameters of concrete materials adopted the CDP damaged

plasticity model. It not only defined values of concrete plastic
strain under different stress conditions but also utilized the
definition of damage factor to predict the time and position
of cracking in concrete slab. Figure 12 shows the damage
distribution at the bottom of the surface layer in the four
concrete pavement structures. The definition of concrete
damage only shows the cracking degrees under different
degrees of plastic strain, and the load bearing capacity of the
slabs would not change with that. Therefore, the CDP model
cannot predict the change in stress conditions after concrete
surface was cracked partially.

By observing the surface layer damage under the same
load, it was found that the load bearing capacity of structure
A1 was the largest, that of A4 was the lowest, and those of A2
andA3were intermediate and similar to each other. Concrete
damage was locatedmainly within the loading areas and near
the transverse central line and the longitudinal center line
of the concrete slab. The cracking mechanism was basically
in accordance with the mechanism of crack development as
observed in the three-dimensional test slot experiment.
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Figure 9: Comparison of the true strain and the plastic strain in A1.

Table 7: Comparison of the numerical and experimental values of
strains (10−6) in the surface layer under 0.1MPa.

Sensor position Calculated value Measured value Error
M1 67.669 64.062 5.63%
M2 49.124 44.809 9.63%
M3 52.440 47.668 10.01%
M4 58.272 53.515 8.89%
M5 16.452 14.305 15.01%
M6 32.429 28.307 14.56%
M7 −7.387 0.000 —
M8 −2.746 0.000 —

The plastic damage at the bottom of the slab in the pave-
ment structure A4 during 0–800ms is shown in Figure 13.
Before 28ms, that is, before the load of 0.104MPa, concrete
surface layer was in the elastic stage and no damage occurred.
Between 28ms and 67ms, load increased from 0.104MPa to
0.343MPa, and radial damage zones occurred on the concrete
surface layer. At 150ms, a relatively large number of annular
damage zones occurred at the bottom of concrete slab, and
the concrete slabwas basically damaged.With the continuous
action of load, the damage at the bottom of the surface layer
gradually spread to the top of surface layer. The damage
condition is shown in Figure 13(d).

5. Analysis of Key Mechanical Indices

In order to verify the consistency between the numerical
analysis results and the experimental results, the measured
and calculated values of strains were compared at corre-
sponding positions of every sensor in the surface layer and
roadbeds of concrete pavement structures. Corresponding
percentage errors were computed. Because damage occurred
only after plastic deformation occurred in concrete surface
layer under a relatively heavy load, no peak strain was

Table 8: Comparison of calculated values and measured values
(MPa) of vertical stress in the roadbed under 0.74MPa.

Sensor’s position Calculated value Measured value Error
TY1 −0.055 −0.050 9.32%
TY2 −0.051 −0.046 11.27%
TY3 −0.035 −0.030 14.78%
TY4 −0.026 −0.022 14.38%
TY5 −0.089 −0.081 9.38%
TY6 −0.078 −0.070 10.23%
TY7 −0.079 −0.070 11.06%
TY8 −0.033 −0.028 13.01%
TY9 −0.013 −0.011 14.69%
TY10 −0.178 −0.164 7.65%
TY11 −0.132 −0.119 9.63%
TY12 −0.132 −0.119 10.08%
TY13 −0.035 −0.030 12.35%
TY14 −0.020 −0.018 13.69%
TY15 −0.229 −0.216 5.42%
TY16 0.002 0 —
TY17 −0.209 −0.194 6.89%
TY18 −0.003 −0.002 7.01%
TY19 −0.007 −0.006 10.16%
TY20 −0.237 −0.218 8.03%

detected. Therefore, the verification of tensile strain at the
bottom of the concrete surface layer utilized the experimental
data obtained in the device debugging stage, that is, under a
load of 0.1MPa.The comparison results are shown in Table 7.
In the complete test (under the load of 0.74MPa), the earth
pressure had a relatively stable peak value and the comparison
results are shown in Table 8.

Because there were many influencing factors in the
experiment, and particularly the impact load caused obvious
damage to the concrete slabs, sensors failed to detect stable
strain value. Therefore, parts of stress-strain positions were
positive and strains could not be monitored at the bottom of
the surface layer and at the lime soil base under heavy loads.
From Figures 10 and 11, it is known that test errors at most
of the positions were around 10% and did not exceed 15%
at most, which meets the engineering requirements for such
types of analysis.

As to the displacement of slab corners, the three-
dimensional test slot experiment revealed that the displace-
ment of slab corner was clearly noticeable due to relatively
poor bonding condition between the concrete surface layer
and the base layer. The experimentally measured interspace
heights between the four slab corners and the base layer are
shown in Table 9. By comparing them with the numerical
results, the errors were found to lie within 15%. 15% is a
frequently used range in the engineering application, as well
as an experience value in engineering practice, whichmet the
test requirements in this work. In other words, 15% is adopted
according to investigation of the construction site.
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Figure 10: Distribution of stress at the bottom of the surface layer of the four concrete pavements.
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Figure 12: Contour of damage distribution at the bottom of the surface layer of the four pavements at 200ms.
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Figure 13: Contour of damage distribution at the bottom of the surface layer in the pavement structure A4 during 0∼800ms.
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Table 9: Interspace height values of concrete slab corners.

Slab corner position A B C D
Measured value (mm) 26 27 21 22
Calculated value (mm) 24.092
Error 7.3% 10.8% 12.8% 9.5%

6. Conclusions

We conclude the following:

(1) By carrying out modeling calculation for four most
typical kinds of cement concrete pavement structures
in China, this paper studied the mechanical response
of cement concrete pavement structures under an
impact load. Mechanical characteristics of the slabs
were determined which included deflection distribu-
tion of the surface layer in the concrete pavements,
strain distribution at the bottom of the slabs, and
plastic damage and cracking under a dynamic impact
load. Under a circular uniform load, the distribu-
tions of road surface deflection among four different
pavement structures were consistent and they all had
the peak deflections. The nearer a point was from
the center point of the circular load, the larger was
the deflection. Because the strength of four kinds of
pavement structures A1–A4 decreased in sequence,
their integral rigidity also decreased in sequence.
Therefore, the change in reflected deflection response
increased in sequence.

(2) By analyzing the results from a three-dimensional
test slot experiment and a finite element analysis, the
calculation results from the analysis were verified.
The finite element model built in this paper could
effectively reproduce the response of test pavement
structures in an actual loading scenario. The largest
deflection appeared at the load center, namely, the
center of pavement structures. Because pavement
structures and load distribution were symmetric,
the transverse and longitudinal distributions of road
surface deflection had the same shapes, namely, a “U-
shape” distribution. Their maximum values were at
the load center for both directions. With an increase
in the distance from the original position, the deflec-
tion decreased significantly.

(3) The peak values of the stress-strain curves from
every sensor were compared and analyzed.The errors
of the numerical results were mostly within 10%,
indicating that the calculation results were reasonably
accurate, showing that the numerical model could
reasonably simulate the experimental condition and
meet requirements of the experiment.

(4) In this paper, a three-dimensional test slot experiment
was performed as an experimental basis.However, the
selected pavement structures were all made of cement
concrete. In the future, it is recommended to carry out
similar experiments on the frequently used asphalt

pavement and composite pavement. Further experi-
ments will help to reasonably modify the proposed
numerical model and the material parameters based
on the newly available experimental data.
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