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Abstract. Jointed Plain Concrete Pavements (JPCPs) are divided by transverse and
longitudinal joints, with dowel bars commonly embedded across transverse joints to ensure
adequate load transfer efficiency (LTE) between adjacent slabs. However, joints are often
considered the primary source of long-term structural deterioration. Thus, accurate modeling
of joint behavior is essential for comprehensive analysis of the structural response of JPCPs
systems. This study investigates LTE performance using three-dimensional finite element
models developed in ABAQUS, employing three dowel-concrete interaction approaches: (1)
surface contact with Coulomb friction; (2) embedded constraint method; and (3) spring
connection. All three models produced consistent LTE values and closely matched field
measurements. However, notable differences were identified in terms of modeling
complexity, mesh density, numerical stability, and the ability to capture local stress around
the dowel bars. These distinctions underscore the importance of aligning the modeling
approach with the specific objectives of the analysis. The frictional contact model allows for
detailed stress evaluation at the dowel—concrete interface but requires greater computational
resources and modeling effort. In contrast, the embedded constraint and spring connection
methods are better suited for large-scale simulations that focus on overall slab deformation,
where local stress analysis at the dowel interface is not required.

Keywords: jointed plain concrete pavements, dowel bar, load transfer efficiency, finite
element method, ABAQUS.
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1. INTRODUCTION

Jointed Plain Concrete Pavements consist of individual concrete slabs connected by steel
bars at longitudinal and transverse joints. Tie bars are typically placed at longitudinal joints to
maintain slab alignment. At transverse joints, larger and more closely spaced dowel bars are
embedded to transfer loads between adjacent slabs. Under wheel loading, a portion of the
stress is transmitted through the dowels, which reduces localized deflection and improves
pavement durability. The effectiveness of this load-sharing mechanism is quantified by the
load transfer efficiency, defined as the ratio of deflection in the unloaded slab to that in the
loaded slab [1].

LTE = [j—] X 100% (1)

Where:
du = the corresponding deflection at the joint of the unloaded slab.
di = the maximum deflection at the joint of the loaded slab.
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Figure 1. Load transfer mechanism across a transverse joint using dowel bars.

Load transfer efficiency is commonly evaluated in the field using the falling weight
deflectometertest, which measures relative vertical displacement between adjacent slabs under
loading conditions [2,3]. To complement experimental testing, three-dimensional finite
element modeling has been extensively employed to simulate load transfer at transverse joints
and to estimate LTE values [3-5]. The finite element modeling approach offers detailed
representation of pavement components, including slabs, dowels, base layers, and subgrade,
as well as their mechanical interactions. This study investigates three dowel-concrete
interaction models: (1) surface contact with Coulomb friction (Model M1), which explicitly
simulates interface behavior and allows realistic representation of frictional interaction
between the dowel surface and surrounding concrete; (2) the embedded constraint method
(Model M2), which simplifies the interaction by constraining translational degrees of freedom
[6,7]; and (3) the spring connection model (Model M3), which employs zero-length springs to
represent axial and shear resistance along the dowel bars [8-10].

The objective of this study is to evaluate and compare the performance of these modeling
approaches under falling weight deflectometerloading. The models are validated against
experimental data, and their accuracy, computational efficiency, numerical stability, and
suitability for parametric analysis are assessed. The findings aim to guide model selection in
future JPCPs analyses and large-scale pavement design.
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2. FINITE ELEMENT MODELING

2.1. Simulation details of model M1

The falling weight deflectometer test is simulated in the model as a static, uniformly
distributed pressure applied over a circular area [2,3]. The pavement structure included two
concrete slabs over a cement-stabilized subbase, a frost protection layer, and a subgrade. To
reduce computational time, slab length was shortened from 4.50 m to 2.25 m. This reduction
does not significantly affect local stress and deformation near dowels. Fourteen steel dowel
bars, 30 mm in diameter and 500 mm in length, were embedded at mid-slab with 0.23 m
spacing. A static pressure of 0.70 MPa was applied over a 0.32 m diameter area, located
0.09 m from the transverse joint. All materials were modeled as linear elastic, with properties
based on field tests (Table 1).
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Figure 2. Experimental pavement configuration by Piotr Mackiewicz [3].
Table 1. Material properties and layer thicknesses used in the finite element model.

Number Materials Parameters Values Thickness

1 Concrete slab Modulus of elasticity 35000 MPa  0.25m
Poisson’s ratio 0.20

2 Subbase (cement-stabilized aggregate) Modulus of elasticity 2900 MPa 0.25m
Poisson’s ratio 0.30

3 Frost-protection (crushed stones) Modulus of elasticity 193 MPa 0.15m
Poisson’s ratio 0.35

4 Subgrade Modulus of elasticity 143 MPa 250m
Poisson’s ratio 0.35

5 Steel dowel bar Modulus of elasticity 210000 MPa —
Poisson’s ratio 0.30

The finite element model consisted of the concrete slab, subbase, protection layer,
subgrade, and dowel bars. All pavement layers and dowel bars were discretized using 8-node
linear continuum three-dimensional elements (C3D8). These elements, which possess three
translational degrees of freedom per node, were selected to accurately capture local stress
concentrations and strain around dowel bars due to their full integration scheme, which avoids
hourglass modes and enhances stress resolution.The full model comprised approximately
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271330 elements, ensuring sufficient resolution for reliable results. Contact behavior was
defined using Coulomb friction in the tangential direction and hard contact in the normal
direction to allow separation between surfaces [12]. According to [11], the friction coefficient
between the slab and base ranges from 0.90 to 2.20, depending on the base type. A value of
1.80 was selected to represent the cement-stabilized subbase. The same contact definition was
applied at the interfaces between the subbase and protection layer, and between the protection
layer and subgrade. Interaction between the slab and dowel bars was modeled using surface-
to-surface contact. Coulomb friction with a coefficient of 0.30 was applied on the bonded side
of the dowel, while a reduced friction coefficient of 0.05 was assigned to the free side to
reflect partial restraint [4]. The interaction between foundation layers also needs to be defined
[4,13]. The friction coefficients between the subbase and the frost-protection layer, as well as between
the frost-protection layer and the subgrade, were specified as 1.0, following the value reported in [13].
Friction at the transverse joint was neglected to reflect realistic conditions, where joint sealant
prevents direct contact and allows slab movement due to thermal and moisture effects [11].
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Figure 3. Three-dimensional finite element modeling of JPCPs.
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Symmetry was applied along vertical faces perpendicular to the longitudinal axis (x-
direction), restricting displacement in x (Ux = 0). Vertical faces along the transverse axis (z-
direction) were constrained in z (U; = 0) to simulate the restraint from adjacent slabs. A
subgrade thickness of 2.50 m was selected based on a convergence study, as increasing the
thickness beyond this value caused negligible changes in the results, consistent with the
findings in [3,4,5]. The bottom surface of the subgrade was fully fixed in all directions (Ux =
Uy = U, = 0), representing a rigid, bonded subgrade foundation.

2.2. Simulation details of model M2

Figure 4 illustrates the finite element modeling configuration for simulating dowel—
concrete interaction in JPCPs. The concrete slab and subbase were modeled using C3D8 solid
elements, while dowel bars were represented by B31 beam elements. Each B31 element
consists of two nodes, with each node possessing three translational and three rotational
degrees of freedom, resulting in 12 degrees of freedom per element. The concrete domain
serves as the host region in the embedded method, with a total of approximately 93276 finite
elements used in the model.

Transverse joint
Solid element for slab (C3D8) l Beam element for dowel bar (B31)

(host region) \ '\ / (embedded region)
Bl JrlilziLLLLIij7LU7J ]UIII:%L
INE [ ][]
Concrete slab {’7‘4‘ ! |7‘§|{
INEEIEasaannnmEE
L LTI EIN L ]
¢ Node on embedded element © Node on host element e Host constraint nodes

Figure 4. Embedded constraint scheme.

The interaction between dowel bars and concrete was simulated using the embedded
constraint method. In this approach, the translational degrees of freedom of the embedded
beam nodes are fully constrained through interpolation from surrounding host solid elements
[6,7,8], ensuring displacement compatibility and enabling effective transfer of axial and shear
forces. The rotational degrees of freedom remain unconstrained [8], allowing realistic bending
behavior of the dowel bars. Despite the embedding, the stiffness of the beam elements is
retained in the global stiffness matrix, contributing to the overall structural response.

2.3. Simulation details of model M3

In model M3, the dowel bars were modeled using linear B31 beam elements and the
concrete slabs using C3D8 solid elements, consistent with the element types employed in
model M2. However, the main difference is the modeling approach for the dowel-concrete
interaction. Each spring element was oriented along the local axis connecting the coincident
nodes of the beam and solid elements. The mechanical linkage between the two domains was
simulated using linear elastic zero-length spring elements, providing resistance to axial
separation, compression, or slip. The stiffness of the springs was defined based on a modulus
of dowel support of k = 407.3 x 10°kN/m?, as reported in experimental studies [14,15]. The
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model comprised approximately 82472 elements. The equivalent discrete spring stiffness is
determined by equation (2):

Ks= K.D.L

)

Where Ks is the equivalent discrete spring stiffness (kN/m), K is the modulus of dowel support
(kN/mg3), D is the dowel bar diameter (m), L is the spacing between two adjacent spring nodes (m).
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Figure 5. Zero-length spring connection scheme.

Figure 5 illustrates the zero-length spring connection scheme in detail. Table 2
summarizes the primary modeling characteristics of the finite element modeling models
developed for JPCPs. Although all models share identical pavement geometry and layer
discretization, they differ notably in the representation of element type, total number of
elements, mesh density, dowel-concrete interaction, modeling effort, and computational
efficiency.

Table 2. Summary of modeling characteristics of the three-dimensional finite element modeling.

Criteria Model M1 Model M2 Model M3
Pavement layer C3D8 C3D8 C3D8
element type
Dowel bar element C3Ds B31 B31
type
Total number of 271330 93276 82472
elements
High — fine mesh Moderate — require
Mesh density required around dowel- Moderate — standard extra setup for spring

slab interface

mesh density

connections

Dowel—concrete
Interaction

Surface-to-surface
contact with Coulomb
friction

Embedded method
constraining
translational DOFs

Axial and shear
resistance via zero-
length spring elements

Modeling effort

High — complex
contact and mesh
compatibility

Low — straightforward
implementation using
built-in constraints

High — requires
definition of spring
stiffness and coincident
node alignment
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3. RESULTS AND DISCUSSION

3.1. Analysis of vertical displacement in finite element modeling

Uy (mm) Maximum displacement

+0.001
-0.010
-0.021
-0.032
-0.042
-0.053
-0.064
-0.075
-0.086
-0.097
-0.108
-0.119
-0.129

a) Color contour plot of vertical displacement (Uy) in model MI.
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-0.033
-0.044
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-0.078
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-0.123
-0.134

b) Color contour plot of vertical displacement (Uy) in model M2.
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Figure 6. Color contour plot of vertical displacement (Uy).
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The contour plots in Figure 6 illustrate the vertical displacement (Uy) distribution in
model M1, M2 and M3 under static loading conditions. All models exhibit similar
deformation patterns, with the maximum vertical deflection consistently observed at the
transverse joint between the loaded and unloaded concrete slabs. Notably, the peak
displacement occurs on the edge of the loaded slab, leading to a measurable deflection
differential between the two slabs. This behavior indicates that the LTE is less than 100%,
which is consistent with field observation, as LTE is strongly influenced by the joint design
and configuration of the dowel bar system. Due to the presence of the dowel bar system, the
variation in Uy displacement on either side of the loading point along the transverse direction
(z-axis) is significantly smaller than that along the longitudinal direction (x-axis) of the two
slabs.

Figure 7 presents the vertical displacement (Uy) responses of the loaded slab for Models
M1, M2, and M3 across the transverse joint under loading conditions. All three models
exhibit similar deformation patterns, with symmetrical vertical displacements distributed
across the transverse joint. The peak vertical displacements occur near the center of the slab,
consistent with the location of the applied load. Among the three models, M2 exhibited the
largest deflection (—0.134 mm), followed by M1 (—0.129 mm) and M3 (—0.128 mm). The
difference in peak deflection between M2 and the other two models is approximately 3.9%
compared to M1 and 4.7% compared to M3. These values indicate that M1 and M3 achieved
more effective load transfer across the transverse joint than M2, as evidenced by their lower
deflections under the same loading conditions. The nearly identical deflection values of M1
and M3 suggest comparable structural performance in terms of LTE, despite differences in
modeling approach and complexity.
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Figure 7. Comparison of deflection responses for the loaded slab at transverse joint.
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Figure 8 illustrates the vertical displacement (Uy) profiles of the unloaded slab for Models
M1, M2, and M3 across the transverse joint. All three models exhibit similar deformation
patterns, with symmetrical vertical displacements along the slab. These deflections represent
the structural response of the unloaded slab under load transmitted via dowel bars from the
adjacent loaded slab. Among the models, M2 displays the largest deflection of —0.116 mm,
whereas M1 and M3 show smaller values of —0.112 mm. The slightly smaller deflections in
M1 and M3, approximately 3.6% lower than M2, indicate more effective load transfer,
consistent with their higher LTE values and reduced deflections in the loaded slab. These
findings confirm that M1 and M3 provide better joint performance by minimizing differential
movement between adjacent slabs.
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Figure 8. Comparison of deflection responses for the unloaded slab at the transverse joint.

3.2. Comparison of the finite element modeling with falling weight deflectometer test

Figure 9 compares the simulated vertical deflection profiles of Models M1, M2, and M3
with field measurements from an falling weight deflectometer test [3] across a transverse
joint. The deflection curves of all three models demonstrate good agreement with the
experimental data, particularly in the vicinity of the peak deflection. The maximum vertical
displacements (Uy) observed at the loaded slab for Models M1, M2, and M3 were —0.129
mm, —0.134 mm, and —0.128 mm, respectively, while the corresponding deflections at the
unloaded slab were —0.116 mm, —0.112 mm, and —0.116 mm. These values result in
calculated LTEs of 89.9%, 83.6%, and 90.6% for Models M1, M2, and M3, respectively.
These results are consistent with expected field performance, where LTE is typically less than
100% due to imperfect load transfer across transverse joints. The minor differences among
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models reflect the influence of different dowel modeling techniques on joint behavior. All
three models showed similar load transfer behavior, with LTE values consistent with field
data. M1 and M3 performed slightly better than M2, as indicated by smaller deflection
differences between the slabs.
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Figure 9. Comparison of experimental results with three-dimensional finite element modeling.

3.3. Comparison of M1, M2 and M3 modeling techniques

Table 3 presents a comparative summary of the numerical performance and modeling
capabilities of the three finite element approaches. The models are evaluated based on key
metrics such as vertical deflection, load transfer efficiency, stress output capabilities,
computational demand, and their applicability for further parametric investigations.

In summary, while all three finite element models demonstrate comparable load transfer
performance, their distinct modeling strategies lead to different balances among
computational efficiency, numerical stability, and stress output capabilities. These differences
should be carefully considered when selecting an appropriate modeling approach for specific
research objectives. In particular, Models M2 and M3 may offer practical advantages for
large-scale or parametric studies due to their stable performance and reduced computational
demands, especially when detailed stress analysis at the dowel-concrete interface is not
required. On the other hand, Model M1 is more suitable for investigations that require explicit
simulation of contact interactions and detailed stress distribution around dowel bars and
within the surrounding concrete at dowel holes.
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Table 3. Summary of modeling characteristics of the three-dimensional finite element modeling.

Criteria Model M1 Model M2 Model M3

Maximum Uy

(loaded slab) -0.129 mm -0.134 mm -0.128 mm
Maximum Uy -0.116 mm -0.112 mm -0.116 mm
(unloaded slab)
Estimated LTE 89.9% 83.6% 90.6%
Loaded transfer Good — consistent with . Good — slightly lower = Good — consistent with

performance field results than M1 and M3 field results

Stress output at dowel—
concrete interface

Available — allows
evaluation of local
stress concentration

Not available —
embedded method does
not allow stress output

Not available — springs
do not support stress

near dowels at interface output
Sensitive — contact
Numerical stability convergence issues Stable Stable

possible

Computational time

T - long, attributed to
dense mesh and
computationally

demanding 3D contact

0.13T - short, resulting
from simplified
embedded constraints

0.30T - moderate,
reflecting fewer
elements but additional
spring-based linkage

modeling formulation
Moderate — requires
Suitability for remeshing for . .
parametric study geometry/contact High High
changes

Note. T represents the computation time of Model M1 and serves as the reference baseline.

4. CONCLUSION

This study evaluated three finite element modeling approaches for simulating dowel-
concrete interaction in JPCP systems: surface contact with Coulomb friction (Model M1),
embedded constraint method (Model M2), and spring connection (Model M3). All models
reproduced realistic load transfer behavior, with consistent LTE values and deflection patterns
that align well with field measurements, confirming their reliability for structural analysis of
transverse joints.

Each model has its own advantages and limitations. Model M1 enables local stress
evaluation at the dowel—concrete interface and achieves high load transfer accuracy, but it
requires dense mesh, complex contact definitions, and significantly longer computation time.
Model M2 is the most computationally efficient and numerically stable, while Model M3
provides a simplified linkage scheme with good balance between modeling effort and
performance, though both do not support stress output at the dowel—concrete interface.

All three models demonstrated good load transfer performance. However, Models M2
and M3 are especially well-suited for large-scale simulations focused on global stress and
deformation of concrete slabs, where localized stress evaluation around dowel bars is not
essential.

Overall, the findings provide practical guidance for pavement engineers in selecting the
most appropriate finite element modeling approach based on project scale, computational
resources, and required output detail. The study emphasizes the need to balance modeling
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accuracy and computational efficiency when analyzing load transfer in jointed plain concrete
pavements.
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