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ABSTRACT 

The sustainability of pavement slabs was analyzed using finite element models with Abaqus and EverFE to 
establish both surface and deep stress zones and the delimitation of damage. The stress results of finite element models 
with these two tools were verified with the results of the Westergaard analytical model. It was found that, in the case of 
load located at the edge of the slab -where the main stress is higher- the EverFE model is better verified with the analytical 
model while, in the load cases located at the corner and interior the slab -where stresses are lower-, Abaqus model is closer 
to the results of the analytical model, concluding that both tools are powerful and reliable for the analysis of stresses in 
pavement slabs. This type of analysis with a sustainable focus leads not only to better decision making in the design, 
management and construction of pavement slabs, but also to better conservation alternatives for these structures. 
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1. INTRODUCTION 

This work was carried out as a contribution to the 
sustainability of pavement slabs based on structural 
analysis, this stage being previous to the design and 
construction of the slabs. Based on the definition of 
sustainability issued by the RAE - which can be supported 

or defended with reasons - [1]. In addition, it can be said 
that finite element modeling is a viable alternative for 
determining in greater detail the state of stress in the face 
of vehicular loads, since it allows for the adequate 
representation of the reality of the phenomenon, since the 
damages evidenced in situ are well reproduced in the 
results of the models. Thus, modelling by finite elements 
contributes to sustainability because it allows more 
realistic analyses to encourage designs that are more in 
line with the behavior of the pavement slabs, enables the 
phenomenon to be understood and, in this way, better 
conservation alternatives to be put forward for these 
structures, better designs to defend themselves against 
traffic loads.  

Similarly, finite element modeling contributes to 
the sustainable pavement systems of the Federal Highway 
Administration (FHWA) which from its topics presents the 
following definition - thus sustainability can be 

misconstrued as an effort to rebrand existing practices 

rather than an effort to advance engineering design and 

construction - [2] [3] [4]. Since design is a priority for 
improvement then, it is a duty to make structural analyses 
more in line with reality. 
 
2. METHODS 

The problem was studied with the Abaqus and 
EverFE finite element computer programs, validating their 
results by the Westergaard analytical method (1948), 
representing different load cases, such as in the interior, 
corner and edge of the slab. 
 
 

 
2.1 Analytical Method 

The analytical method Westergaard (1948), 
handles the Equations (1) to (5): 
 

l= [ E*d3

12*(1-μ2)*K
]0.25

         (1) 

 

b=√1.6*a2+d2-0.675*d        (2) 
 

σI=
3*P*(1+μ)

d2*2*π
* [ln (ℓ

b
) +0.6159]→ interior      (3) 

 

σC= 3*P
d2 * [1- (a*√2ℓ )0.6]→ corner       (4) 

 

σE= 0.803*P
d2 * [4*Log (ℓ

a
) +0.666* aℓ -0.034]→ edge     (5) 

 
Where E is the elastic module of hydraulic 

concrete [5], d is the thickness of hydraulic concrete slab, 
µ is the Poisson ratio of material (hydraulic concrete) [5], 
K is the reaction modulus of the subgrade [6], P is the 
applied load, a is the radius of circular area, ℓ is the 
relative stiffness radius, σI is the maximum principal 
interior tension of the slab, σC is the maximum principal 
tension at the corner of the slab and σE is the maximum 
principal tension at the edge of the slab [7] [8] [9]. 
 
2.2 Abaqus Model 

Figure-1 shows the finite element used in 
Abaqus. It is a brick finite element (C3D8R) with three 
degrees of freedom per node (UX, UY, UZ), eight-node 
with reduced integration and hourglass control. The 
Abaqus works with meshes of different degrees of 
refinement and is composed of eleven interfaces that 
perform different functions: a) Part: contains CAD tools 
that allow the construction of geometric models, b) 
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Property: create section and material definitions and assign 
them to regions of parts, c) Assembly: create and assemble 
part instances, d) Step: create and define the analysis steps 
and associated output requests, e) Interaction: specify the 
interactions, such as contact, between regions of a model, 
f) Load: specify loads, boundary conditions, and fields, g) 
Mesh: create a finite element mesh, h) Optimization: 
create and configure an optimization task, i) Job: submit a 
job for analysis and monitor its progress, j) Visualization: 
for view results, k) Sketch: create two-dimensional 
sketches [10]. 
 

 
 

Figure-1. Brick in Abaqus element. Source: [10] 
 
2.3 EverFE Model 

The EverFE is a free program that works with 
meshes of different degrees of refinement and consists of 
six interfaces that perform different functions: a) 
Geometry: contains a CAD tool that allows to build a 
geometric model and to introduce the characteristic data of 
the layers and to define the borders of the domain of the 
model, b) Material: stores the parameters of stiffness of 
each material, densities, coefficient of thermal expansion 
of the hydraulic concrete and the boundary conditions 
between layers, c) Loading: stores the parameters of load, 
type of axis, the width and depth of the wheel contact 
(rectangular contact area), location on the x-y plane of the 
slab and temperature loading, d) Dowel: contains the 
parameters of rigidity and geometry of the segments and 
tie bars, in addition, boundary conditions between 
segments and the hydraulic concrete of the slab(s), e) 
Interlock: stores joint openings with their respective 
stiffness, acco MPanied by the option of linear to non-
linear model, f) Meshing: determines the meshing 
parameters, g) Solver: runs the finite element solver, h) 
Results: allows to obtain the results of the analysis [7] [11] 
[12] [13] [14] [15]. 
 
2.4 Case of Study 

The case of study focused on determining the 
principal stresses in the interior, corner and edge of a 
hydraulic concrete slab (see Figure-2). Slab is square with 
a side of 3.5 meters, thickness 0.2286 meters (9 in), 
fracture modulus 4  MPa (578.74 lb/in2) [16] [17]. Elastic 
modulus is assumed to be 28000  MPa (4000000 lb/in2) 
and Poisson ratio 0.15. The hydraulic concrete slab is 

supported by a 150 lb/in3 (40.82  MPa/m) subgrade. A 
design load of 40 kN (9000 lb) is applied on the pavement 
-this load is equivalent to half of a single axle load. The 
contact area of the model is circular according 
Westergaard analytical method (1948) and rectangular in 
EverFE and Abaqus -the equivalence must be calculated 
by Equations (6,7)-. Figure-3 justifies the origin of the 
new calculation data. 
 

 
 

Figure-2. Location of loads on the interior, corner and 
edge of a hydraulic concrete slab. 

 
Acircle= π a2 = (π) (6 in)2 = 113,097 in2                  (6) 
 
Arectangular= 113,097 in2 = (L2) ⇨L=10,634 in ≈ 270 mm (7) 
 

Where L is the width of the rectangular contact 
area, A, contact area, a, radius of circular area. 
 

 
 

Figure-3. Circular and rectangular contact areas. Source: 
[7] 

 
3. RESULTS AND DISCUSSIONS 

Table-1 and Table-2 shows the results of Abaqus, 
EverFE and the analytical method Westergaard (1948) - 
used as a validator-. 
 

Table-1. Validation of results - Abaqus. 
 

Loading 

location 
Parameter 

Westergaard 

(1948) 
Abaqus 

Variation 

[%] 

Interior σI ( MPa) 1.05 1.03 1.90 % 

Corner σC ( MPa) 1.35 1.35 0 % 

Edge σE ( MPa) 1.99 1.83 8.04 % 
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Table-2. Validation of results – EverFe. 
 

Loading 

location 
Parameter 

Westergaard 

(1948) 
EverFe 

Variation 

[%] 

Interior σI ( MPa) 1.05 1.08 2.86 % 

Corner σC ( MPa) 1.35 1.52 12.59 % 

Edge σE ( MPa) 1.99 1.88 5.53 % 

 
From Table-1, the maximum stress is at the edge. 

This is an important stress condition for design. In 
addition, the percentage of variation in Abaqus and 
EverFE against the analytical model are lower than 8.04 % 
and 5.53 % respectively, which allows to conclude that 
modeling decisions made in Abaqus and EverFE were 
adequate, also, the location of the damage was obtained 
according to the isocontour graphs shown in Figures 4 to 
17. 
 

 
 

 

Figure-4. Maximum principal stresses present at the 
bottom of the loaded slab on the interior by Abaqus. 

 

 
 

 

Figure-5. Maximum principal stress in the Y-Z plane with 
load on the interior by Abaqus. 

 

 
 

 

Figure-6. Maximum principal stresses present at the 
bottom of the loaded slab on the interior by EverFE. 

 

 
 

 

Figure-7. Maximum principal stress in the Y-Z plane with 
interior loading by EverFE. 

 

 
 

 
Figure-8. Internal linear crack. Source: [18] 

 
Figures 4 to 7 show that the maximum stresses 

are located from the bottom (lower fibers) of the slab, 
determining that the lower linear crack starts from the 
lower fibers and ends on the road layer (see Figure-8). The 
technical literature determines that internal linear cracks 
are generally caused by a combination of repetitive heavy 
loads and stresses caused by temperature gradient 
(curling), moisture gradient (warping), and drying 
shrinkage cracks [18] [19]. For this study, only the case of 
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repetition of heavy loads was taken into account and the 
presence of shrinkage stresses due to drying, temperature 
and humidity gradients is avoided, because the plan 
dimensions of the slab for this study are less than 4.5 m 
(3.5 m x 3.5 m). 
 

 
 

 

 
Figure-9. Maximum principal stresses present at the top of 

the loaded slab at the corner by Abaqus. 
 

 
 

 

 
Figure-10. Maximum principal stress in the Y-Z plane 

with corner loading by Abaqus. 
 

 
 

 
Figure-11. Maximum principal stresses present at the top 

of the corner loaded slab by EverFE. 
 

 
 

 

Figure-12. Maximum principal stress in the Y-Z plane 
with corner loading by EverFE. 

 

 
 

 

Figure-13. Corner crack. Source: [20] 
 

Figures 9 to 12 show that the maximum stresses 
are located at the top (upper fibers) of the slab, 
determining that the corner crack starts from the upper 
fibers and ends at the base of the slab (see Figure-13). The 
technical literature determines that corner cracks are 
generally caused by repeated loading [18] [19]. 
 

 
 

 

Figure-14. Maximum principal stresses present at the 
bottom of the slab with edge loading by Abaqus. 
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Figure-15. Maximum principal stress in the Z-Y plane 
with edge loading by Abaqus. 

 

 
 

Figure-16. Maximum principal stresses present at the 
bottom of the slab with edge loading by EverFE. 

Source: [7] 
 

 
 

Figure-17. Maximum principal stress in the Y-Z plane 
with corner loading by EverFE. 

 

 
 

Figure-18. Linear edge crack. Source: [21] 

Figures 14 to 17 show that the maximum stresses 
are located from the bottom (bottom fibers) of the slab, 
determining that the linear edge crack starts from the 
bottom fibers and ends in the road layer (see Figure-18). 
The technical literature considers that linear edge crack 
damage is caused by the same arguments as the linear 
internal crack [18] [19]. 
 
4. CONCLUSIONS 

 FEM modeling in Abaqus and EverFE three-
dimensional programs proved to be reliable 
calculation tool for establishing areas of high tension. 
This was evidenced the tension isocontour plots 
where possible start, end and delimitation of damage 
in pavement slabs were observed. 3D FEM was 
usefulness as a method for calculating tension stress 
in pavement slabs. 

 The development of computer models by finite 
elements reliably predicts the possible damage in the 
field for the pavement slabs, generating the 
opportunity to make better decisions in the design, 
management and construction of this type of structure, 
and thus establish better conservation alternatives, i.e., 
sustainability. 

 Despite the variation between EverFE tension results 
(σC) located in the corner of slab and analytical model 
was 12.59 % while the variation with Abaqus was 0 
%, for the purposes of this study, both models are 
good, because the main reason was to find the areas of 
greatest stress and damage, conditions consistent with 
the reality observed in situ. 

 The usefulness of EverFE free software is highlighted 
in the case of load located over edge because this is 
where the main stress for a structural design is 
located. Also, the best verification with the analytical 
method is obtained with EverFE. In addition, EverFE 
allows for user-friendly use when generating a 
computer model. 

 Despite finding better validation by EverFe with edge 
loading, Abaqus outperforms EverFe with slab 
loading in the corner and interior, because better 
validation was found with the analytical method. This 
is useful to find areas of high stress. 
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