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ABSTRACT 
 
The nature of force propagation is one of the key issues that must be resolved if we are to understand rutting. In 
this study imaging technique and finite element modelling were used to better understand the distribution of 
force vectors in selected asphalt pavement core sample image. The mechanistic approach was initiated to 
understand the progression of the force vectors in the mixture under loading. The image processing toolbox of 
MATLAB was utilized in obtaining the black and white images of scanned pavement core sample. The scanned 
image was converted by MATLAB into the format required by ANSYS as an input file, with the same 
dimensions. It was observed that after loading the virgin mix was damaged. Surface irregularities, especially on 
asphalt binder zones, was observed due to difference between elastic modulus of the aggregate and the binder. 
There were no paths traced by aggregates moving as a result of the externally applied load. The analysis results 
indicated that the vertical and horizontal force vector distribution in the model was random. The aggregate 
gradation is important but more importantly the aggregates should be distributed in such way that we have 
optimum amount in each vertical section. 
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INTRODUCTION 
 

A major concern in asphalt pavement roads is rutting, excessive permanent deformation, resulting from 
heavy truck loads. Rutting is prevalent on high volume traffic streets with the most severe occuring at signalized 
intersections. Virtually excessive permanent deformation occurs witin the asphalt concrete layer itself. Safety 
concerns such as steering problems and decrease in bearing capacity on asphalt pavements are the results of 
rutting. Consequently, it is important that a procedure be developed which will reasonably predict the rut depth 
for an asphalt paving mixture.  

The asphalt pavement layer must exhibit high resilient moduli and show low permanent deformation in 
order to reduce and rutting in the asphalt pavement. Granular materials have a major function in the structural 
capacity of a highway pavement. Because approximately 85 % of the total volume of asphalt pavement mixtures 
consist of aggregates, the performance of the asphalt pavement mixture is greatly affected by the properties of 
the aggregate blend [1-10]. They provide a foundation that supports asphalt concrete layers and helps to support 
the pavement.  

The development of reliable and practical approaches to evaluate a bituminous mixture’s ability to 
meet structural requirements remains a major challenge. The design of pavements during the past years has 
relied on empirical procedures that have been improved incrementally over time. Those procedures, however, 
have limitations because of their empirical nature. The mix procedures are based on trial and error methods. 
They are time-consuming and may sometimes lead to costly pavement failures. 
         The progression for the next generation of pavement design methods is increasingly shifting to 
mechanistic design. The objective of 2002 AASHTO was to develope the state of the practice from empirical to 
mechanistic related design procedure [11]. AASHTO Joint Task Force on Pavements initiated an study aimed to 
develope a mechanistic pavement analysis meeting the requirements of future AASHTO design regulations.  

Finite element (FE) analyses provide significant basis for the development of mechanistic analysis. FE 
analysis have shortened design cycles and dramatically reduced the need for prototype tests. While tests give 
gross but important result of whether the product withstands a certain environment, they usually provide little of 
the detail of behaviour of the product on which a redisgn can be based if the product does not meet a test. The 
FE analysis, on the other hand, give detailed histories of vector, stress and strains. 

Finite element techniques are now available that are well adapted to the analysis of permanent 
deformation in pavement structures. They can effectively handle complex constitutive relationships. Several 
finite element computer programs for flexible pavements have been developed. The best known of these include 
ILLI-PAVE, ELSYM, SHELL Method, BISAR, VESYS, CHEVRON, ILLI-SLAB, ILLI-PAVE and MICH-
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PAVE. In addition, general-purpose finite element codes like ABAQUS, and DYNA have also been, used for 
pavement analysis. Details of each technique can be found in Standard textbooks [12] and in comparison studies 
in the literature [13].  

Traditional FEM programs for asphalt pavements are mainly focused on using simple mechanical 
properties. ELSYM-5 uses elastic layer theory to calculate the stresses, strains and displacements in a flexible 
pavements. MICHPAVE nonlinear finite element computer program computes displacements, stresses and 
strains within the pavement due to a single circular wheel load. The computer program BISAR is used to 
compute stresses, strains and displacements at any point in the system under any number of surface loads. The 
Shell method is based on a linear elastic multi-layered system and the materials are characterised by their 
modulus of elasticity and Poisson's ratio.  

Chen et al. [13] verified several common computer programs against each other. There were are no 
comparisons against field data. Their study nevertheless provided some insight into the variability among different 
analysis procedures. ILLI-PAVE (2D FEM), KENLAYER (MLET), DAMA (MLET), MICH-PAVE (2D FEM), 
and ABAQUS (3D FEM) pavement analysis programs were studied. Linearly elastic static conditions were 
assumed in all analysis. The conclusion was that the predicted response quantities differed by as much as 15% due 
to variations in algorithm details and modeling differences such as treatment of boundary conditions 

The pavement response model should be capable of analyzing true picture of the asphalt layer. 
Advances in imaging and numerical analysis techniques allow better understanding of the geometric and 
mechanical conditions of compozite materials in asphalt pavemets (14). 

- OBJECTIVE  
The nature of force propagation is one of the key issues that must be resolved if we are to understand 

rutting The knowledge of distribution of force vectors within AC layer is not well developed. The main obejective 
of this research was to develope a mechanistic procedure which evaluates force vectors under loading using actual 
asphalt concrete core sample. The procedure studies digital image process based finite element method that takes 
into account the size distribution, skeleton structure of aggregate particles and the material inhomogeneities. These 
results can provide useful information needed to understand the progression of visual changes in the mixture and 
the force distribution under loading. Understanding why rutting occurs may require understanding and 
characterizing the importance of force vector chains (how the effects of force vector chains are minimized).   

 
MATERIALS AND METHODS 

 
Sample Preparation 

The preparations of the samples were followed according to superpave protocols. 15.24 cm (6 inches) 
diameter sample was prepared by a superpave gyratory compactor. The weight of sample was 9,976 Kg. The 
composition of the aggregates was mostly crushed aggregate.  
 

Image Analysis 
Digital image processing was applied to convert video picture into a digital form by analyzing the pixel 

arrays. The image-processing toolbox of MATLAB was utilized in obtaining the rectangular gray images. 
Mathematical algorithm in the MATLAB allowed extracting significant information from the picture. 

An algorithm that examines for sharp changes in gray level of neighboring pixels was employed to find 
the edge of aggregates depicted in the image. The core sample was cut into horizontal cross-section. The cross-
section was scanned at resolutions from 400% to 700% of actual size. The scanned image was converted by 
MATLAB into Figure 1 which was the format required by the FEM as an input file, with the same dimensions. 
In the rectangular sample the aggregates were white and the asphalt binders were black. 
 

Finite Element Analysis            
Normally, if we look at a sample taken from the AC layer, you will not see the forces under loading. 

However, in the FE model, we can use little vector arrows to show where, how forceful, and in which direction 
there are forces in this field.             

In this research the general purpose finite element method ANSYS Version 8 [15,16] was selected as a 
numerical tool which was useful when calculating the stress and strains for the transferred image from the cut 
asphalt pavement core. A 2-D F.E.M. structure similar to Figure 1 (b) was constructed. The following sections 
are described in the order that they were used in the FEM. Table1 shows the typical materials properties 
assigned. The aggregate material is normally much stiffer than the binder, and because of this aggregates were 
modeled as rigid particles. 
 

Element 
The FEM model consist of 62,012 (148 x 419) elements. The asphalt pavement layer was represented 

by PLANE82 element. Four node quadrilaterals and 8 node hexahedra are generally more accurate than 3 node 
triangles and tetrahedra, respectively. PLANE82 is a higher order version of the two-dimensional, four-node 
element (PLANE42). Higher order elements can be more efficient and therefore require fewer elements than do 
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lower order elements for comparable accuracy. The 8-node element is defined by eight nodes having two 
degrees of freedom at each node: translations in the nodal x and y directions. The element may be used as a 
plane element or as an axisymmetric element. The element has plasticity, creep, swelling, stress stiffening, large 
deflection, and large strain capabilities.  

The PLANE 82 quadratic element showed very good performance under the loading and geometries. 
The good performance is attributed to the ability of the elements to properly handle bending and shear energy, in 
contrast to the linear elements. 
 
Meshing 

Mesh size and configuration was an important part of finite element modelling, precise mesh 
refinement being necessary in regions of high stress intensity. However, as the mesh was made finer, the 
number of elements increased resulting in increased memory and computational time requirements. The 
software was limited to 100,000 nodes. Thus, some modifications (smaller dimension) were required in the 
modeling process. 

One of the main concerns in a finite element analysis is the adequacy of the finite element mesh. 
Precise mesh refinement was obatined in the bottom and top of the image where high stress intensity were 
expected. Mesh was chosen to be especially fine in this area. Effort and time has been spent in meshing 
procedure to avoid creating ill-conditioned elements. Error estimation technique was utilized to estimate the 
amount of solution error due specifically to mesh discretization.  

Structural energy error for the element in the model was found to be in the acceptable limits. The 
energy error is similar in concept to the strain energy. The structural energy error is a measure of the 
discontinuity of the stress field from element to element. 
 

Boundary Conditions 
The boundary conditions used to simulate the rutting behavior were important to the results obtained. The 

boundary conditions of the model were as follows: the nodes at the bottom of the pavement sample model were 
constrained in both x and y directions and the top surface was free boundary. The outer edges were allowed only in 
the horizontal and vertical directions. Material properties (elastic modulus, poison ratio) of mix were entered. 
Homogenous linear load pressure of 690 kPa representing the tire was positioned on the top surface. 
 

RESULTS AND DISCUSSION 
 

It was observed that the deformation of the image sample visually demonstrated the rut depth and the 
virgin mix was damaged (Figure 2). Sharp deformations were obatined on asphalt binder sections due to several 
orders of magnitude difference between the stiffness of the aggregate and the binder. In contrast less 
deformations on aggregates were observed due to the fact that while the aggregates undergo very small strains, 
most of the strain accumulates within the binder. The vertical and horizontal aggregate displacements on the 
loading surface was higher than the bottom.   

In the model, the image in the FEM was plotted using vector graphics. Vector displays were used in the 
structural analysis to see how the aggregates in the pavement core sample were forced to move under the 
pressure load. As shown in Figures 3 and 4, it can be said that the aggregates under loading not only moved in 
the vertical direction but also in the horizontal direction. This means that aggregate materials were forced to 
move under the horizontal and vertical force vectors.  

Vector display of arrows showed the variation of the magnitude and the direction of a vector quantity in 
the model (Figures 3 and 4). The vector lengths were proportional to the magnatude and point in the principal 
direction. It was clear that the force vector direction and magnetidue distribution along the whole sample surface 
varied.  

The magnitude of the vectore forces at the top were higher than the bottom. Moving downword, stress 
transition rapidly dropped to a low magnetide region where arrowheads disappeared. It should be noted that the 
vector magnetudes at the bottom were lower than the surface indicating that aggregate particles at the bottom 
were subjected less lateral and vertical movements. The aggregate particles did not show significant rotation 
movements around their Z axis.  

The force vector directions were not in accordance through the same depth of the sample because of the 
heteregeneous material property distribution. This is in contrast to the conventional FEM programs assumptions 
that the forces at same levels shoud be the same for same radial distance which in our case radial distances are 
almost ziro.  

It is hard to say that there were paths traced by aggregates moving as a result of the externally applied 
load. In the particular force field modeled here, the particle trajectories were random. Each aggregate particle 
moved some finite amount before calculating its new heading. Therefore, the particles did not turn as much as 
they would if their headings were continuously recalculated.  
http://ccl.northwestern.edu/netlogo/models/VectorFields   
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Computed vertical deformation of 7.6 mm (0.3 inche) was obatined on the left side portion of the image 
(AB line). Measured rut depths were higher on the left side of the FEM image due to the fact that on this section 
smaller aggregates (less stiffness) were piled and as mentioned earlier higher force vector magnitudes existed in 
this section. The aggregate skeleton on the right zone provided higher deformation resistance contributing to 
higher stiffness.  

Altough the sample used in this study was small enough (6 cm x 3 cm) the vertical deformations varied. 
It is interesting to note that the surface deflection (rut depth) is highly correlated to the total white areas 
(aggregates) in the vertical directions on AB, CD, and EF lines. The lowest deflections where obatined on AB 
line where white pixels (aggregates) were the lowest. We can say that the more aggregates, in a given vertical 
section, the less rutting will occur.  The aggregate gradation is important but not enough to minimize rutting 
rather the aggregate amount in a given vertical section is more important.  

The force vector directions changed from vertical to horizontal close to outwords (AB and CD lines). 
The change was significant at the bottom of the image indicating that the aggregates were subjected to tension 
forces. Tension force, under loading, at the bottom of the AC layer is an expected general concept. 
 
Limitations  

There were several limitations to this technique. The first limitation was that while the rutting are 
formed in 3-D, this study was focused on 2-D. In fact, because the image acquired is only a two-dimensional 
projection of the particles, even the thickness of the particles are not measured. This limitation can only be 
overcome by developing 3-D images of asphalt pavement core samples, and applying the same technique in 3-D 
[17]. We also know that the two-dimensional model with the plane stress element may give results very close to 
those of the three-dimensional model for reinforced concrete pavements [18]. It is important to recognize the 
implementing a 2-D finite element study is the first step towards implementation of a full 3-D formulation. 
Keeping the pavement response model as simple as possible may help minimize the discourage of using 3-D 
nonlinear analys problems. 

The second limitation was that a full bond between the aggregates and the asphalt binder was assumed. 
This may not be true especially when water penetrates through asphalt pavement cracks and finally exists 
between the aggregate and the asphalt binder. The third limitation was that many randomly-shaped aggregates 
are present in the image. This makes the contact problem computations more complicated.  
        A possible limitation of the imaging technique used in this study is the number of aggregates that should be 
analyzed in order to represent an aggregate structure and thus pavement core sample. This problem becomes 
even more important when the procedure requires high-resolution images.  
         Temperature factor which directly effects rutting was not included. The structural model in the study was 
considered very important and was maintained as simple as possible. However, temperature effects on the 
pavement structural response can be considered for future studies.  
         Even with all of these limitations, however, this technique should at least still give some qualitative insight 
into how aggregate distribution can cause permenant deformation. 

 

Table 1. Material Properties 
 Modulus of Elasticity (MPa) Poisson’s Ration 

Asphalt 15 0.4 
Aggregate 20000 0.2 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

(a) 
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Figure 1. a) Cross-section image converted to Matlab. This MATLAB’s black and white output image is the format required 
by ANSYS as input file. b) two-dimensional finite element structure. 

 

 
Figure 2. Sample defomation after loading. 
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Figure 3. Vector arrows indicate loading sites of forces and the mechanism of deformation of the sample structure. The red 

and blue colors intensities indicate the maximum and minimum magnitudes of the vectors, respectively. 
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Figure 4. Force vector distribution in the second half of the image evaluated by the two-dimensional analyses. 
 

CONCLUSION  
 

This paper describes a imaging-finite element modelling technique that can be used to help determine 
the mechanism of rutting. The FEM and image analysis technique represents a first step beyond the usual 
empirical guessing at deterioration mechanisms. From the results the following conclusions can be drawn: 
1. The vector analysis indicate that the force vectors in the asphalt sample mastic varied widely (force was 

rarely transmitted uniformly) depending on the aggregate distribution. In the force field, the particle 
trajectories were random. This is important because common FEM programs assume that at the same depth 
level the forces should be the same presuming that the material properties are homogenously distributed. 

2. The aggregate gradation is important but more importantly the aggregates should be distributed same 
amount in each vertical section. 

3. The lateral, horizontal and rotation movements showed that aggregates at the bottom of the pavement are 
subjected to minimal force vectors in horizontal and vertical directions.  

 
Recommendation  
Several areas of research remain to improve the study described in this paper.  
 

1. Currently, field and accelerated laboratuary testing studies are being cunducted to make comparison 
and find how well its predictions match measured vertical displacements in the field under realistic 
traffic so that future study will be a full mechanistic-empirical analysis. This admittedly is a difficult 
undertaking, as measurement of stresses in the field has its own errors.  

2. The envisioned next tasks is the characterization of aggregate quality which is important for all areas of 
usage in engineering. The ability to characterize aggregates with respect to shape (angularity) and 
surface texture will result in better management of resources and increase the life of the asphalt and 
thus result in economic savings. 

3. The next logical increment is to move to 3D geometric modelling finite element analysis. Also, the new 
geometric model should include bigger dimensions. 
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