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Abstract. In this paper, to analyze the Jointed Plain Concrete Pavement (JPCP), a 3-D
dynamic model of the pavement was modeled using ABAQUS. Moving load with different
speed and interaction between the Dowel bar and concrete has been considered in this
research. The output for the strain in the joints has been validated with accurate
experimental results. Research has shown that the finite element analysis, is an accurate
and efficient method to model the interaction between the dowel bar and surrounding
concrete. The results showed that with increasing the speed of moving load, the maximum
strain in joints decreases. Such reduction is about 18 % for the 20 ton axial load and the
speed of 120 km/ht. relative to the speed of 32 km/hr. In addition, with increasing the
axial load, the maximum strain in the joints increases. This increase is more for the lower
speeds. In addition, it is found that decreasing the loading speed and increasing the axial
load will result in increasing the maximum strain and maximum stress in the connected
area of dowel bar and surrounding concrete. Thus it may become more than the ultimate
tensile strength and result in initiate cracking in the tensile area of concrete slab, especially
in the joints. Furthermore, the results showed that changing the mechanical specification
of concrete would not significantly affect the maximum strain in the JPCP, which using
C50 instead of C25, the maximum strain would increase about 10 %. However, the
mechanical specification of JPCP could affect the cracking propagation and concrete
durability.
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1. Introduction

Jointed Plain Concrete pavement (JPCP) are constructed of Portland cement concrete and composed of
numerous discrete concrete slabs, longitudinal and transverse joints, and dowels. Although transverse joints
are used to control cracks regarding to thermal deformation and drying shrinkage of the slabs, application
of these joints may decrease the load carrying capacity of the concrete slabs near the edge. That reduction
should be controlled to prevent pavement damage under repeated wheal load [1].

There are various methods for evaluating the structural capacity of pavements from deflection basin
data including non-destructive testing (i.e. FWD testing) techniques and numerical and analytical programs
(i.e. statistical regression analysis, closed-form solutions, ISLAB2000, DIPLOMAT, KENSLABS finite
element programs, EverCALC 5.0, BAKFAA, EverFE 2.24 pavement backcalculation programs), which
most of them focused on the amount of load transfer across a dowelled joints. With the development of
computational mechanics, the finite element method and the boundary element method broke the
limitations of boundary conditions and load types in analytical methods |2]. Several researches applied finite
element method (FEM) as one the most accurate and powerful numerical tool to investigate the pavement
layer properties and critical pavement responses in-depth under traffic and environmental loading
conditions.

2. Literature Review

The size and location of vehicle loads can be time-dependent. Based on Kim et al., the dynamic loads
imposed by moving vehicles have variations in load magnitude due to the surface roughness of the
pavement system and larger dynamic loads than the design loads can affect the pavement performance and
life [3]. As a result, two different methods are used in pavement analysis.

Hendrick et al. [4], simulated a moving load in which a uniform contact pressure is moving at a
constant speed on a straight line in the longitudinal direction of the concrete slab. In the second procedure,
Kim et al. evaluated pavement roughness profiles along the wheels path and truck suspension. For this
purpose, they estimated the load time history and then the analysis has been conducted using the time
history of axle load integral. Comparison between the failure rates of the first and second methods by
Hendrick et al. [4] showed that the second approach, after 15 years lifespan of the pavement, leading to
cracking due to fatigue will be approximately 38% larger than the first method. They also found that if one
considers the constant moving loads, in the area near the joints, severe damage will be witnessed. On the
other hand, using the load time history, reduces cracking at the corner about 15% and dramatically
increases the cracking at the middle edges. In addition, these results are influenced by the speed of the truck
[4, 5].

Chatti et al. [6] formulated the dynamic solution (moving load method) in both the time and frequency
domains. Subgrade layer represented by either a damped Winkler model with uniformly distributed
frequency dependent springs and dashpots or a system of semi-infinite horizontal layers resting on a rigid
base. The results indicated that quasi-static models are sufficient and conservative, which the wheal load
adjustment has been considered for the effects of vehicle velocity, truck suspension characteristics, and
pavement roughness.

Kim [7] modeled the frictional contact interface between the concrete slab and supporting layer in
order to enhance the accuracy of finite element solution with solid elements. Their approach could directly
evaluate the amount of load transfer across doweled joint by computing the shear force in the beam
elements. Based on the results, 15 to 30% of the applied wheel load were transferred to the adjacent slab
segment by the dowels, which varied in accord with design and loading conditions. Furthermore, 95% of
the transferred shear force is carried only by the nine or eleven dowels which were closest to the applied
load. In addition, the other approach conducted by Shafabakhsh et al. [8] focused on the stress, strain and
deformation in pavement under traffic loads for asphalt concrete pavement. The results indicated that in
static and quasi-static loadings, the maximum strain were observed exactly under the load center, while in
dynamic loading, unexpectedly, the maximum value occurred behind the load center, and the distance
increases by increase of vehicle velocity.

AASHTO [9] test used single axle vehicles with a load between 54.432 KN and 136.08 KN to study
dynamic effects of moving loads on the pavement responses. The results indicated that an increase in truck
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speed from 3.22 km/hr to 96.558 km/hr decreases the magnitude of induced tensile stress and deflection in
the concrete slabs by about 29 percent.

Uddin et.al [10] conducted a research using finite element to investigate the effects of pavement
discontinuities on the surface deflection response of a jointed plain concrete pavement. They develop a 3D
model with an appropriate boundary conditions in their research. The results showed an improvement over
the multi-layered linear static analysis.

From the previous researches, it could be noticed that there is a lack of coordination among the results
for the response of conctrete pavement under dynamic loads. It seems that more fututre research should be
conducted in order to achieve a brighter and additional instructions on dynamic analysis of concrete
pavements.

3. Methodology

In this study, three-dimensional finite element model for JPCP has been analyzed using ABAQUS 6.11 as a
powerful and useful tool for evaluating load carrying capacity of the concrete slabs near the edge. In
addition to the interaction between dowel bar and concrete slab, the effect of post-slip horizontal
displacement has been considered during the analysis. In this paper, the dynamic loads with different
speeds has been modeled, considering the effect on the pavement. Finally, the effect of axial load and speed
of the vehicle on the maximum vertical displacement applied to the pavement edge has been examined.

3.1. Dynamic Analysis of Rigid Pavement Parameters

Vehicle loads, which are applied to the concrete slabs with different speeds along the road, are inherently
dynamic. As a result, the size and location of vehicle loads can be time-dependent. Transient dynamic time
(also known history analysis), is a technique for determining the dynamic response of a structure under
time-dependent loads.

The basic equation of motion solved by an implicit transient dynamic analysis can be given as Eq. (1):

[MI A%}, +[Cal 1%, +IK X} ={F (O} O

where [M]  is the mass matrix in the time ¢ [Cy ](t) is the damping matrix in the time t [K,] . is the

(t) (t)
stiffness matrix in the time t; {)"(}([) is the acceleration vector in the time t; {X}([) is the velocity vector in

the time t; {X} © is the position vector in the time t; and F(t) means the load vector. This application can be

extended to all the nodes of rigid pavement. If there is a balance between the applied load and reaction
loads included, the pavement will assumed to be sustainable. At any given time t, this equation can be
regarded as a set of “static” equilibrium equations, which can also take into account inertia forces

[M](t) {)"(}(t) and damping forces [C, ](t) {)'(}(t) [13].

Several methods have been proposed to determine the stiffness and damping matrices. Nowadays finite
element software assist users to determining these matrixes simpler than before. Riley provides an equation
which predicts the damping matrix based on mass and stiffness matrix (see Eq. (2)) [13].

[Cal=[M]+ 5 [K, ] @
where o and By are Riley constants and can be calculated based on damping ratio ().

3.2. Model Assumption

To analyze the linear three-dimensional, elastic pavement layers are taken into account to analyze the linear
3-D model. In addition, a solid foundation is assumed to model subgrade layer. Three layers including
concrete slabs, base and subgrade has been considered in the model.

Pavement layer and dowel bars properties and dimensions used in model is represented in Table 1.
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Table 1. Material and layers properties.

Layer Dimension (m) Elasticity module (MPa) Poisson ratio Density (Kg/m3)
Concrete slabs 0.26*4.5%5 30000 0.15 2400
Base 0.2¥5.5*%11.1 800 0.3 2000
Subgrade 2¥5.5%11.1 150 0.35 2100
Dowel bar £0.032 210000 0.3 7800

Despite Kirchhoff plate elements, solid elements can represents the strain and displacement changes in
concrete slabs under loading accurately. In addition solid element is used to model the subgrade to consider
heterogeneous properties of the layer. Frictional contact has been used for the interaction between the
dowel bar and concrete slabs. Different mesh size has been checked using trial and error method, so the
borderline have no effect on the results of the analysis.

Defining of small and triangular mesh is necessary to obtain accurate results in the loading region.
However, for the other areas of the pavement away from the edge larger mesh is used to reduce the analysis
time [11].

Concrete slab and the layers are interconnected by frictional contact. The value of this friction is
considered 0.05. Connecting the base layer and the substrate is defined as bonded [7]. Dowell bars are all
uniform on one side and on the other by frictional contact (assumed to be 0.1) with bonded contact [12].

4. Model Validation

In this study the model is validated with valid experimental data and numerical studies [11]. In this test the
load time axis with double wheels, two levels of load area as shown in Fig. 1 was considered as static. For
the analysis of the tandem axle load, two wheel loads are applied as static loads at the position as shown in
Fig. 1 [11].
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Fig. 1. Wheel load position in the model [5].
4.1. Geometry of Finite Element Model
The finite element model consists of two concrete slabs, dowel bars embedded in the slabs, a base layer and

subgrade. The joint width assumed to be 5 mm between two concrete slabs for free expansion and
contraction. The model consists of 15 dowel bars in the middle of the slab with 30 cm joints (see Fig. 2).
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Fig. 2. 3-D finite element model of JPCP.
4.2. Validation Results

In order to simulate vatious load levels, three different values of tandem axial load double (10 tons, 20 tons
and 30 tons) is used in this study. This load has a uniform distribution on a rectangular area with
dimensions of 25 x 35 cm [11].

Figure 3 represents a comparison of the maximum vertical displacement near the edge for the model of
this research and a valid experimental and numerical results [11]. The figure shows that the maximum strain
around dowel bars in this research is close to the experimental results with an acceptable error. Thus, the
results of this study can be accurate and effective to simulate doweled joint performance.
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Fig. 3. Validation results.
5. Results and Discussion

Twelve finite element models has been simulated with three axle loads (10, 20 and 30 tons) and four
different speed of 32, 56, 80 and 120 kilometers per hour. Loading direction is represented in Fig. 4. The
load is simulated by applying a uniform contact pressure with constant speed on a straight line in the
longitudinal direction of the concrete slab.

After performing the analysis, structural response (maximum strain) at pavement edge pavement is
recorded. The results show that for different speeds if axle load increases, the maximum strain will also
increase. The rates of increase for low and high speeds are about 70 and 80 percent respectively. In addition,
increasing the speed will result in decrease in the maximum strain at the pavement edge under each axle
loads. It is calculated that the maximum strain for 120 and 32 kilometers per hour is 579 and 709 micro-
strain respectively. Therefore, there is 18 percent reduction in maximum strain when the velocity changes
from 120 to 32 kilometers per hour. Figure 5 represented the relation between maximum strain and
different speeds.
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Fig. 5. Maximum strain in JPCP results for different velocities.

In addition, seven finite element model based on seven different values for modulus of elasticity of
concrete has been considered for axle weight was 20-ton axle weight. Figure 6 represents the pavement
strain response under different values of modulus of elasticity. The results show that an increase in
modulus of elasticity of concrete will result in reduction of maximum strain.
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Fig. 6. The effect of modulus of elasticity of concrete on maximum strain in JPCP.

Regarding to Eq. (3) and assuming normal weight for concrete (2400 kg/m?) in the model, the effect of
mechanical specification of concrete could be compared with the pavement response.
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E,=(3300/f, +6900)(%)1.5 )

Figure 7 shows the effect of mechanical specification of concrete in JPCP on maximum strain. The
results showed that changing the mechanical specification of concrete would not significantly affect the
maximum strain in the JPCP, which using C50 instead of C25, the maximum strain would increase about 10
%. However, the mechanical specification of JPCP could affect the cracking propagation and concrete
durability.

1050

1000

950

900

850

Maximum Strain of JPCP (ue)

800

750
25.15 34.44 41.43 49.07 57.36 61.75

Compressive strength 28 days (MPa)

Fig. 7. The effect of mechanical specification of concrete on maximum strain in JPCP.

6. Conclusion

In this paper, to analyze JPCP, a 3-D dynamic model of the pavement was modeled using ABAQUS and
the pavement response of the model were validated, using experimental data. The results are summarized as

bellow:
1.

Dynamic analysis conducted on JPCP has shown that moving loads and vehicle speeds have
significant impact on pavement response. The results suggests that the tensile stress and strain
under dynamic loads is less than the static loads. Hence, the design based on static loading could be
more reliable.

Vehicle axle load could have significant impact on maximum strain of JPCP, especially at the
interaction between dowel bars and concrete, where increasing the axle load will result in increasing
the maximum strain of the pavement for different speeds. Based on the results, the rate of increase
for low speeds to high speeds are approximately 70 percent and 80 percent.

Under each passing axle loads the stress and strain at joints will be by increasing the vehicle speed.
The results showed an approximately 18 percent reduction in the strain for changing the vehicle
speed from 120 km/hr to 32 km/ht.

The maximum strain at lower speeds would decrease with the rate more than higher speeds, where
the decline is approximately 10 petcent for speeds of 32 km/hr 56 km/hr 10% and 2 percent for
96 km/hr and 120 km/hr. The percentage of this reduction is negligible at high speeds and optimal
speed to achieve the least amount of damage could be considered between 80 and 120 km/hr.
With decreasing the speed and increasing the passing axle load maximum strain and subsequently
the maximum stress in the interaction between dowel bar and the concrete will reach the ultimate
tensile strength of concrete, which began cracking in tensile area of concrete slab, especially at the
joints.

Changing the mechanical specification of concrete would not significantly affect the maximum
strain in the JPCP, which using C50 instead of C25, the maximum strain would increase about
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10 %. However, the mechanical specification of JPCP could affect the cracking propagation and
concrete durability.
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