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ABSTRACT. The analysis of flexible pavements using circular footprint geometry with uniform
contact pressure has been used for decades due to the lack of a powerful computational tool
that is both reliable and simple to use by pavement engineers. In this paper, the effect of
different footprint geometries Wwith different loading configurations including nonuniform,
uniform, and average pressures on the response of flexible pavement is investigated by
varying the thickness of the AC layer. Our results indicate that the use of circular footprint
areas with uniform contact pressure equal to the tire inflation pressure can produce
erroneous results that tend to overestimate the predicted fatigue life and rutting life of flexible
pavements. Therefore, the pavement response analysis should be carried out using the
measured pressure and footprint ared when possible. In addition, the results showed that
elastic analysis of flexible pavement can be carried out reliably and accurately using
advanced computational tools such as the multilayered elastic pavement program
MultiSmart3D.
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1. Introduction

Pavement design requires good approximation of the anticipated stresses and
strains within the pavement structure. The distribution of the tire contact pressure
along the footprint area is very important since the distribution and the magnitude of

the contact tire/pavement stresses influence the response of the pavement,

The contact pressures had been measured in the past using pressure transducers
at different speeds to understand the factors that affect the tire/pavement contact
pressure distribution (de Beer er al., 1997). The results showed that the tire type, tire
geometry, applied load, inflation pressure, and vehicle speed, affect the contact
pressure distribution and the shape and size of the tire footprint area. For example,
increasing the applied load on the tire can increase the pressure along the sides of
the footprint area compared to the pressure within the footprint area. In addition, test
results (de Beer et al., 1997; Blab, 1999) indicated that, depending on the tire type
and structure, reducing the inflation pressure by 50 percent can increase the footprint

area by 42 percent, while increasing the inflation pressure in the tire by 50 percent
can reduce the footprint area by 33 percent.

Tire footprint area has been modeled for
assuming that the tire/pavement contact stres
the tire. The footprint area is obtained norm:
tire by the tire inflation pressure as follows:

years using a circular contact area and
ses are equal to the inflation pressure of
ally by dividing the applied load on the

Ay =F/p [1]

where Ay is the foo

tprint (contact) area, F is the applied load on tire, and P is the tire
inflation pressure.

Equation [1] indicates that, when assuming a circular footprint area, reducing the

inflation pressure by 50 percent can increase the footprint area by 100 percent while
increasing the inflation pressure b

y 50 percent can reduce the footprint area by 33
percent. This example shows the strong effect of the inflation pressure on the
footprint area as conventionally assumed. On the other hand, this example shows
that the footprint area using this method can be different than the measured actual
footprint area. In addition, test data from Luo and Prozzi (2005) indicated that the
difference between the inflation pressure and the average contact stress over the
footprint area was 18 percent, which contradicts the conventional assumption of
equal pressures. This difference can be attributed to the distribution of the stresses
within the tire itself and the tire carcass. Therefore, the assumption of having full

pressure transfer of the tire pressure to the pavement should be further investigated
for the benefit of pavement design.

Other typical tire footprint shapes that have been used to simulate the actual
contact area are the rectangular and

oval contact shapes. The circular shape has been
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used for decades due to its simplicity when incorporated in any elastic analysis for
layered flexible pavement system and the availability of closed form solutions. The
rectangular and oval shapes are difficult to incorporate in elastic analysis due to the
unmanageable complex expressions in the solution. Accurate selection of the tire
contact area is always a challenge due to the difficulty of measuring the contact area
for vehicles in motion and due to the wide range of tire types, inflation pressures,
and tire boundary conditions such as the applied load, pavement surface roughness,
and pavement temperature. In addition, simulation tools based on multilayered
elastic theory that can be used in flexible pavement analysis are limited to the
circular contact shape only while other advanced tools such as the finite element
method are available for more complex contact geometries. However, Al-Qadi et al.
(2004) showed that the size and thickness of the elements in the finite element
model largely influence the analysis results and the associated computation time. No
guidelines are available to choose the element size and thickness for pavement
analysis and therefore several analysis trials should be carried out to achieve
accurate and reasonable results, which can be both time consuming and error
susceptible.

Finite element models have been developed using both finite and infinite
clements to reduce the computation time of the flexible pavement analysis.
Hjelmstad et al. (1997) showed that the location of the interface between the finite
and the infinite elements should be determined based on trial and error and can
affect both the computation time and accuracy. On the other hand, the contact
pressure collection rate (the interval over which the contact pressure is measured)
can increase the time needed to carry out the analysis using finite element models
since finer mesh sizes at the surface of the pavement should be used to account for
the irregular pressure distribution. Park et al. (2005) calibrated the size of the
clements in the finite element model both vertically and horizontally using
multilayered elastic analysis.

The effect of simplifying the tire contact arca and pressure distribution within the
contact area using either conventional geometrical shape or uniform pressure
distribution should be investigated to provide guidelines for future analysis using the
multilayer elastic theory.

2. Effect of tire contact area

It is known that pavement responscs using numerical simulations are highly
influenced by the tire-pavement interaction due to the simplification involved in
simulating the tire pressure distribution on the pavement surface. Wang and
Machemehl (2006) showed that using uniform tire-pavement pressure Over an
assumed circular tire footprint can overestimate the tensile strains at the bottom of
the AC layer and underestimate the vertical compressive strains at the top of the
subgrade. Yue and Svec (1995) showed that the distribution of the tire contact

. This matoriol be protected by
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pressure can mainly influence the stresses and deformations in the vicinity of the
road surface while the responses of deeper layers depend mainly on the overall
burden. Weissman (1999) showed that the assumption of a uniformly distributed
pressure on a circular area can underestimate the stresses in the pavement. A three-
dimensional finite element analysis was performed by Part et al (2005) on
nonuniform tire contact stresses and their results showed that the actual tire pressure
distribution could significantly influence the pavement response.

In this paper, the effect of the tire contact area was studied by comparing the
pavement response of several assumed contact areas with the response using the
actually measured contact area and stresses. The flexible pavement response was
calculated using the MultiSmart3D program. The MultiSmart3D program is a fast
and accurate software tool developed by the Computer Modeling and Simulation
Group at the University of Akron (Pan et al., 2007), and it is based on the innovative
computational and mathematical techniques for multilayered elastic systems (Pan,
1989a, 1989b, 1990, 1997). The MultiSmart3D program uses the propagator matrix
method to solve only two systems of linear algebraic equations (4x4 and 2x2) no
matter how many layers are in the pavement system. In addition, the adaptive Gauss
quadrature is used along with an acceleration approach for fast and accurate
calculation of integration. The program is capable of analyzing any pavement
system regardless of the number of layers, the thickness of each layer, and the shape
of the applied pressure at the surface of the pavement. Currently, the maximum
number of layers that can be handled by existing layered programs is only 20, not to
mention that these pavement programs cannot calculate the response of irregular
loading shapes or configurations.

The typical flexible pavement section was summarized in Table 1 while a -

summary of the studied cases is shown in Table 2. The contact pressure at the
surface of the pavement, as shown in Figure 1, was measured by Texas Department
of Transportation (Luo and Prozzi, 2005). Pressure sensors were used to measure the
tire-pavement contact stresses for different tire inflation pressures and loadings. The
tire inflation pressure was 690 kPa acting on a circle with a diameter of 220.3 mm
while the applied load was 26.3 kN (Luo and Prozzi, 2005). Pavement responses
below the center of the contact pressure area were calculated using the
MultiSmart3D program. The coordinate system is chosen such that the x- and y-axes
are on the surface of the pavement (z = 0) whilst the z-axis is vertical to the X-y
plane and extends along the depth direction.

In this study, the pavement response using the measured contact area within a
rectangle with the measured contact pressure (Case 1) was compared to the response
using several assumed regular contact areas including circular, rectangular, square,
and oval contact areas (Cases 2 through 5). The pressure acting on the regular
contact areas was assumed to equal the inflation pressure (uniform pressure) of the
tire as typically used by engineers while the size of the contact area was controlled
by Equation [1]. In addition, another case (Case 6) was analyzed using the measured
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contact area (rectangle) but with a uniform pressure distribution equal to the average
of the measured nonuniform pressure.

Table 1. Parameters of a typical flexible pavement example

Resilient Poisson’s

Modulus (MPa)

25.4,50.8,76.2,101 .6,
127,152.4,171.8,
203.2,228.6,254,279.4, 304.8

Subgrade Layer Infinite Half-Space ““

Table 2. Load configurations and footprint geometries

m Load Configuration Footprint Geometry

m Uniform-Tire Pressure Rectangular

AC Layer

Uniform-Average Measured Rectangular

* Case 1 is used as the reference case in this study.

Figure 2 shows the dimensions of the studied contact arcas. The dimensions of
the rectangle were assumed based on the approximation of the dimensions of the
measured contact area. The square area Was added as a special case of the
rectangular contact area when the ratio between the length and width is equal to one.
The oval contact arca dimensions were suggested by Yoder and Witczak (1974).
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The relation between the dimensiong and the contact area for each of the studied
shapes is given below:

Square L=/4 Y (2]
Rectangle L=/1.4286 4 y [3] :
Oval L=1/1.9I31Af [4]

where 4,is the fo

otprint (contact) areg ag calculated using Equation [1], and L is the
dimension as sho

wn in Figure 2,
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Figure 2. Studied contact areas: (a) rectangular (Cases 2 and 6), (b) square (Case
3), and (c) oval (Case 4)

In order to study the effect of the contact area shape and pressure distribution on
the pavement response, the thickness of the asphalt concrete (AC) layer was varied
between 25.4 mm (1 inch) and 304.8 mm (12 inches), as shown in Table 1. The
studied AC thickness range includes both thin (less than 101.6 mm) and thick
pavement layers.

2.1. Pavement fatigue prediction

The damage of flexible pavements can be assessed by predicting the number of :
loads needed to initiate cracks (fatigue cracking). The Shell Model (Bonnaure ef al, -

Nﬁmmmﬁdmybewby
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1980) and the Asphalt Institute Mode] (Shook et al, 1982
fatigue cracking in flexible pavements,

The Shell Model is based
Constant Strain Model:

5
N, =13909A,1<(i) E™

[5]
8!
and Shell Constant Stress Model:
I 5
N, =4 fK[—) E (6]
81

where N, and No are the number of |
constant strain and constant stress a
based on the materia] properties, &
is the stiffness of the material (i.e. resili
applicable to thin asphalt paveme

constant stress model is applicable to thick asphalt pavement layers usually more
than 203 mm. The Sheli Model w.

as calibrated and generalized for any thickness as
given below (MEPDG, 2004):

5
N,=4 ,KF"(iJ E [7]
81

where Ny is the number of |

oad repetitions to fatigue cracking, 77
depends on the layer thickn

1S a constant that
ess and the stiffness of the material,

The Asphalt Institute Model is given below:

1 3.291 1 0.854
N,= 0.00432C(—) (——J (8]
g, E

5

where, similarly, Ny is the number
constant depending on the materia]
location and again E; is the stiffness
be used for any thickness.

of load repetitions to fatigue cracking, C is a
properties, & is the tensile strain at the critical
of the material. The Asphalt Institute Model can

It can be seen from the ab

OVe equations, that the critical tensile strain and the
stiffness of the asphalt concre

te layer are the main factors affecting the number of

) are frequently used for

on two different loading modes, as given by Shell

oad repetitions to fatigue cracking using the
nalysis, respectively, A, and X are constants
is the tensile strain at the critical location and E,

&
2




Loading and Footprint Effect on Pavement 167

load repetitions needed to initiate fatigue failure. The effect of the contact area and
pressure distribution on the fatigue in flexible pavements can be studied by finding
the ratio between the estimated number of repeated loads (N) from the calculated
pavement response using the assumed contact area and pressure and that using the
measured contact arca and pressure. In other words, the ratio is equal to Ny (assumed

area and pressure) over Ny (measured area and pressure).

2.2. Rutting damage

Rutting in flexible pavement 18 considered as a functional deterioration. Rutting
is mainly predicted by calculating the vertical strains at the top of the subgrade and
then estimating the allowable load repetitions until a certain rutting threshold is met.
For example, Shook et al. (1982) assumed a rutting depth of 10 mm in their method,
while Potter and Donald (1985) assumed a 20-30 mm rutting depth.

Recently, the results from the test sections at MnROAD were used to develop a
method to predict the number of allowable load repetitions until rutting failure using
a rutting depth of 13 mm as shown in the following relation (Skok et al., 2003):

3.929
N, = (5.5).1015(3 9]

\4

where N, is the number of allowable load repetitions until rutting failure, and & is
the maximum compressive strain at the top of the subgrade layer.

It can be seen, from the above equation, that the vertical strain at the top of the
subgrade layer is very important to predict the lifetime of the pavement due to
rutting. Similar to the fatigue case, the effect of the contact area and pressure
distribution on the rutting can be studied by finding the ratio between the estimated
number of repeated loads (N;) from the calculated pavement response using the
assumed contact area and pressure and that using the measured contact arca and
pressure. In other words, the ratio is equal to N; (assumed area and pressure) over N,

(measured arca and pressure).

3. Pavement response

. The pavement response Was studied for different cases as summarized in Table 1
using different loading and footprint configurations. In order to study the variation
of the pavement response under different conditions the analysis results for the 50.8
mm AC layer (2 inches AC layer) and the 203.2 mm (8 inches AC layer) are shown *

in Figures 3 and 4.
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It can be seen from Figure 3 that the variation of the horizontal and vertical
strains is nearly linear with depth in the thin AC layer (Figures 3a, 3b) while it is
obviously nonlinear in the thick AC layer (Figures 3c, 3d) regardless of the loading
configuration and footprint gcometry. However, the selection of the loading

horizontal strains in the AC layer while it increased the vertica] strains at the top of
the AC layer and decreased the vertical strains at the bottom of the layer.

area on the vertical stresses decreases as the depth in the thick AC layer increases
(Figures 4c, 4d).

The effect of the AC layer thickness on the response of the underlying layers was
shown in Figures 5 and 6 for Case 1. These figures show, as anticipated, that more
strains are transferred to the underlying layers through the AC layer as the thickness
of the AC layer decreases. However, in thin AC layers the vertical strains increase

;
4
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Figure S. Horizontal strain &x under the measured load and footprint ared for

different AC layer thicknesses (Case 1)

e variation of the horizontal strains at the bottom of the AC

Jayer will help in understanding the effect of the calculated strains on the fatigue

cracking prediction using Equations 7 and 8. As it can be seen in Figure 7, the
horizontal strain at the bottom of the AC layer increases as the thickness of the AC
Jayer increases to an optimal point. Then it decreases with increasing thickness for
all the six different cases. However, the selection of the loading configuration and
geometry influences the mechanical response along the bottom of the thin AC

the bottom of the 25.4 mm AC

layers. Figure 7 shows that the horizontal strains at
layer are compressive for Cases 2, 4, and 6 while they aré tensile for the other cases,
d 6 to study the pavement response in

indicating the invalidity of using Cases 2, 4, an
thin AC layers for fatigue cracking prediction. On the other hand, for AC layers with

thickness larger than 152.4 mm (6 inches), Case 6 showed relatively close

agreement (less than 9 percent difference) with Case 1 (measured case). For all

cases, the horizontal strains at the bottom of the AC layer were underestimated

compared to Case 1.

Understanding th
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The effect of the calculated horizontal strains on the prediction of the number of
load repetitions (N fatigue cracking is shown in Figures 8 and 9. The results show
that the selection of the loading configuration and geometry can signiﬁcant]y affect
the predicted N, value. The figures show that as the thickness of the AC layer
increases the ratio between Ny values using Cages 2 through 6 and using Case |
decreases (approaching 1). In addition, the figures indicate that the selection of the
loading configuration and geometry can overpredict the fatigue life of the pavement
by a factor of 56 in thin AC layers and by a factor of 7 in thick AC layers using the
Shell Model. Using the Asphalt Institute Model, the fatigue life can be overpredicted
by a factor of 14 in thin AC layers and a factor of 4 for thick AC layers when Cases
2 through 6 are ysed, It should be noted that Figures 8 and 9 do not show the ratio
for the 25.4 mm AC layer due to the predicted compressive strains there,

As anticipated, the vertical strain at the top of the subgrade layer decreases with |
increasing AC layer thickness regardless of the Joad configuration and geometry, as
shown in Figure 10, The results show that the vertical strains decrease as the
thickness of the AC layer increases. The conventional use of the circular footprint
with the tire inflation pressure (Case 5) always underestimated the vertical strains at
the top of the subgrade layer while the use of the rectangular footprint with the
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Figure 10. Verticq] Strain &, at the top of the subgrade 4 a function of the AC layer
thickness for different loading configurations ang Jootprint areqs
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4. Conclusions

Flexible pavement design and analysis depends largely on analysis performed
using multilayered elastic programs. These programs are used normally to analyze
layered pavement responses under circular loaded areas due to limitations in the
programs to simulate actual footprint geometries and hence the reliability of the
calculated pavement response should be verified. The MultiSmart3D program is a
powerful multilayered program that can be used for any number of elastic layers and
footprint geometry. The program Wwas used to study the effect of the loading
configuration and footprint geometry on the pavement response by varying the
thickness of the AC layer.

The results of the analysis showed that the conventional footprint geometries and
pressure assumptions (contact pressure is equal to tire pressure) can overpredict the
fatigue and rutting life of flexible pavements. In addition, the response of the
pavement system can be largely influenced by the footprint area as well as the
loading configuration. '

Tt should be noted that the presented results are applicable for the given examples
only and variation in results is anticipated if different  measured loading

configurations and geometries are used. Therefore powerful computational tools
such as the MultiSmart3D program should be utilized to predict the flexible

rial may be protected by -
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pavement responses ' using the actually measured loading configurations and
geometries.
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