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Abstract

Pavement analysis and design is an essential part of sustainable and durable road construction. Current analytical
methods (Westergaard) may tend to overestimate the effect of different loading scenarios, which can be improved
by means of FEM modelling. In this paper, a numerical model for one slab of jointed plain concrete pavement
(JPCP) is developed to analyse the pavement subjected to traffic loading.
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1 INTRODUCTION

Concrete pavements are one of the most common solutions for highways or airports due to their high durability
when considering mechanical loads. They also have a longer service life compared to bituminous alternatives [1].
Generally, concrete pavements are divided based on the size of the individual slabs and their reinforcement. JPCP
(jointed plain concrete pavement) is generally the most commonly used construction type. The individual slabs
are typically rectangular, with transverse joints reinforced with dowel bars. The combined effects of traffic loading,
together with temperature cycles and drying caused by moisture transport, are the most influential factors affecting
the service life of such pavements [2].

The original solutions for concrete pavements originated from Westergard [3]. Analytical solutions were
developed mainly until the 1980s, when Huang et al. published their numerical solution specifically for concrete
pavements [4]. Further research has focused on solutions for temperature analysis [5], dowel bars [6] and their
influence on the stress distribution of neighbouring slabs of concrete pavement [7], or damage to the slab and
analysis of cracking and crack propagation [8].

2 METHODOLOGY

For the numerical analysis of concrete pavement (dimensions: 3.75 x 5.0 x 0.29 m), a finite element model in
OOFEM software [10] is created. The mechanical model consists of a 3D pavement slab with linear elastic material
properties, a 2D subsoil, and interface elements (see Fig.1). The pavement slab is placed on an elastic 2D subsoil
plate described using Winkler-Pasternak (W-P) properties. The calibration of the W-P model is shown in [9] and
is based on a comparison of deformed shapes resulting from different approaches to subsoil modelling. In this
paper, we used the W-P model to reduce the degrees of freedom and computation time while achieving similar
results compared to a subsoil modelled as a 3D continuum. It is important to note that the aim of this article is to
analyse the concrete pavement, not the subsoil; therefore, the simplification, while using comparable stiffness of
the subsoil, is acceptable.
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Fig. 1 Mesh for the FEM model of one JPCP slab.

The first classical critical load position according to the literature [5] is at the longitudinal edge of the pavement
slab. For slab edge loading, the dimensions play a role: since the slab analysed in this paper has a typical
rectangular shape, the stress from the load on the longitudinal edge of the concrete slab should be higher than on
the transverse edge.

The subsoil plate with the Winkler-Pasternak model uses material properties ¢; and ¢, representing the normal and
shear stiffness of the system [11]. The governing equation is (1):
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where f(z) is the surface normal load and wy(z) is the deflection in the z-direction (caused by both traffic loading
and the weight of the pavement above). The shear stiffness ¢, mostly influences the deformed shape of the plate.

The interface elements allow separation between the slab and the subsoil, eliminating tensile stress. Both the 3D
mesh of the slab and the 2D subsoil mesh have coinciding nodes at the interface. The traction-separation law takes
the form of:

tn =k, 6, )
k, = kin compression 3)
k, = 0.01k in tension 4)

where 0 is the displacement between two vertically aligned nodes (one on the bottom surface of the pavement and
the second on the top of the W-P plate), with a positive value in separation. & is the compressive stiffness. Shear
stiffness is neglected in this simulation. Interface elements can generally lead to convergence issues (see (2), (3),
(4)); it is therefore important to find suitable stiffness value for the analysis. The input material properties for the
Winkler-Pasternak model, interface elements, and linear elastic properties for concrete are summarized in Tab.1.

Tab. 1 Overview of material properties for FEM analysis in OOFEM.

Material property Value Units
37.5 GPa
v 0.2 -
cl 70.0 MNm-3
c2 60.0 MNm-1
k 200 MNm-1

DOI 10.13164/juniorstav.2025.25035



27 INTERNATIONAL

JUNIORSTAV 2025
SCIENTIFIC
CONFERENCE SECTION 03
ON VI ENGINEERING STRUCTURAL AND TRANSPORT ENGINEERING

3 RESULTS

The model presented above can be used for any concrete pavement analysis that is loaded with typical traffic loads,
while it can also be used for any other mechanical loading scenarios. Within this section, potential critical load
positions are analysed: longitudinal edge, transverse edge, corner, and centre of the slab. At the same time, the
load is placed within realistic combinations: transverse edge + corner of the slab, longitudinal edge + centre of the
slab, and all corners of the slab. To clarify, the load is never placed directly on the edge element of the grid, as this
substantially increases the potential error in the calculation due to an inaccurate approximation in the calculation.
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Fig. 2 Stress o1 from loading positioned on the longitudinal edge of the JPCP slab.

The maximum value of the tensile stress with the load positioned on the longitudinal edge of the slab is
o1 =0.918 MPa. The tension is located on the bottom surface of the pavement (see Fig. 2).
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Fig. 3 Stress o1 from loading positioned on the transverse edge of the JPCP slab.
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When the load is located on the transverse edge of the pavement, the stress is slightly lower than that at the
longitudinal edge position. The maximum value of the principal tensile stress in this loading case is
o1 =0.915 MPa. The maximum value is again located at the bottom surface of the slab (see Fig. 3).

Fig. 4 Stress g1 from loading positioned on a single corner of the JPCP slab.

With the load positioned at the corner of the slab, the achieved stress value is lower than at the edge positions, but
this position is important due to the potential combination with the transverse edge. It is also important to note that
tension is generated on both the top and bottom surfaces of the plate. The maximum value of the main tensile
stress is g1 = 0.829 MPa (see Fig. 4). This value is again located at the bottom surface of the slab, but at the same
time a tensile stress of approximately o1 =~ 0.3 MPa is generated at the top surface.

Fig. 5 Stress o1 from loading positioned on the centre of the JPCP slab.

The load at the centre of the plate is lower than at the previous positions, but it is again important due to the
potential combination with the longitudinal edge of the plate, as they induce a similar deformed shape and this

DOI 10.13164/juniorstav.2025.25035



27 INTERNATIONAL

JUNIORSTAV 2025
SCIENTIFIC
CONFERENCE SECTION 03
O CVIL ENGINFERING STRUCTURAL AND TRANSPORT ENGINEERING

combination is realistically achievable. The maximum value of the principal tensile stress at the centre of the slab
is o1 =0.788 MPa (see Fig. 5) at the bottom surface.

X o, (MPa)

— -0.402 -0.20-0.100.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 1.001
I | | | |

Fig. 6 Stress g1 from loading positioned on the longitudinal edge and centre of the JPCP slab.

Therefore, if only one load position is selected at a time, the load position on the longitudinal edge is the decisive
load position for this slab dimension. If this position is combined with the load position in the centre of the plate,
the stress will increase slightly and the deformed shape will change according to the applied load. The maximum
value of the principal tensile stress from this combination of loads (longitudinal edge + centre) is 1 = 1.001 MPa
(see Fig. 6). This value is located on the bottom surface of the plate, as when these loads are placed separately.
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Fig. 7 Stress o1 from loading positioned on the transverse edge and corner of the JPCP slab.

If the second critical position on the transverse edge is combined with the position of the load in the corner of the
plate, the stress changes; the deformed shape causes a redistribution of stress. The maximum value of the principal
tensile stress from this load combination (transverse edge + corner) is o1 = 0.836 MPa (see Fig. 7). This stress
value is located on the bottom surface of the plate. At the same time, tensile stress also arises on the top surface of
the plate o1 = 0.3 MPa.
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Fig. 8 Stress o1 from loading positioned on the corners of the JPCP slab.

If the aim is to induce the highest possible stress on the top surface of the plate, it is advantageous to place the load
in all corners of the slab. This configuration will induce a tensile stress of o; = 0.867 MPa on the bottom surface
(see Fig. 8), but also o1 = 0.53 MPa on the top surface at the transverse edge of the plate.

4 DISCUSSION

This paper generally aims to improve current methodology for concrete pavement analysis, which is generally
constrained by the original assumptions of Westergaard’s theory [3]. When comparing the achieved tensile stress
from analytical solutions caused by traffic, these tend to be around 2 MPa. According to 3D FEM analysis, these
are approximately half (see Tab. 2 and Tab. 3). This is caused primarily by the assumption in the analytical solution
that the slab is infinite. This research generally aims to improve pavement design methods by improving the
analysis method.

Tab. 2 Overview of resulting tensile stress o1 from different loading positions.

Load position Maximum stress value (1) Related Fig.
Longitudinal edge 0.918 MPa 2
Transverse edge 0.915 MPa 3
Corner 0.788 MPa 4
Centre 0.829 MPa 5

Tab. 3 Overview of resulting tensile stress oy from different load combinations.

Load combination Maximum stress value (61) Related Fig.
Longitudinal edge + centre 1.001 MPa 6
Transverse edge + corner 0.836 MPa 7
All corners 0.867 MPa 8

Results (summarized in Tab. 2 and Tab. 3) show that the maximum tensile stress from a single load is at the
longitudinal edge, achieving o1 = 0.918 MPa. When combined with the load positioned in the centre of the slab,
the achieved stress is o1 = 1.001 MPa. The highest values of tensile stress are located on the bottom surface of the
slab. It is important to acknowledge that for the long-term durability of the pavement, the top surface of the slab
is more important (temperature and drying). The highest value on the top surface is achieved when the load is
positioned in all four corners (o1 = 0.53 MPa).
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S CONCLUSION

This paper summarizes the effects of traffic loading on a single JPCP concrete pavement slab. The critical loading
position confirms the assumption based on the classical analytical solution by Westergaard. The results are
summarized as follows:

e Loading at the longitudinal edge is the critical position for JPCP pavements (o1 = 0.918 MPa).
e A combination of various positions results in higher stress than a single load (61 = 1.001 MPa).
e The results confirm the assumptions based on classical theories.

Results of this paper will be used in further research focused on developing a method to analyse the fatigue
performance of concrete pavements under a combination of temperature, drying, and traffic loading scenarios, in
order to improve the design and durability of concrete pavements.
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