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Abstract 
 
 
 Fiber reinforced polymer (FRP) composites are 
increasingly being used in bridge deck applications. 
However, there are no comprehensive standards or de-
sign guidelines to characterize FRP deck systems. Cur-
rent practice has mostly utilized trial and error ap-
proaches based on case studies involving laboratory tests 
on deck panels and field tests. One of the areas often ne-
glected is the need for proper loading method for the 
FRP deck with cellular structure. It has been observed 
that the type of loading patch greatly influences the fail-
ure mode of cellular FRP composite deck. The contact 
pressure distribution of real truck loading is non-uniform 
with more concentration near the center of the contact 
area.  Conversely, conventional steel patch loading on 
FRP composite cellular decks produces stress concentra-
tion near edges. A proposed simulated tire patch has 
been examined for loading on FRP deck with the load 
distribution characterized by pressure sensitive sensors 
and 3D contact analysis using ANSYS 11.0. A new con-
formable pressure profile has been proposed for loading 
on FRP composite deck systems. Proposed profile load-
ing has been applied in FEA simulation of a cellular FRP 
deck panel installed at Hawthorne Street Bridge in Cov-
ington, VA. Results showed much higher strain and dis-
placement values with proposed profile loading com-
pared to those for uniform pressure profile. Parametric 
studies have also been carried out to better understand 
the effect of cell size.  This provides additional insight to 
cost-effective design. Detailed experimental and finite 
element simulation results are documented in this paper. 
 

 
Introduction 

 
There is a growing concern for the deterioration of 

reinforced concrete bridges and their decks. According to 
the Transportation Statistics Annual Report (TSAR) [1], 
nearly thirty percent of 600000 US bridges are either 
structurally deficient (15%) or functionally obsolete 
(14%). To be structurally deficient and functionally ob-
solete means these bridges suffer from loss of material 
properties due to degradation and age, and are experienc-
ing more traffic than they were originally intended for. 
The annual direct cost of corrosion for highway bridges 
is $8.3 billion and life-cycle analysis estimates indirect 
costs to the user due to traffic delays and lost productiv-
ity at more than 10 times the direct cost of corrosion [2]. 
Therefore, there is a need for cost-effective and durable 
technologies for bridge repair, rehabilitation and re-
placement.  

 
FRP composite can provide significant advantages 

over conventional materials for construction of bridges 
such as reduction in dead load and subsequent increase in 
live load rating, rehabilitation of historic structure, wid-
ening of a bridge without imposing additional dead load, 
faster installation, reducing cost and traffic congestion, 
and enhanced service life even under harsh environment. 
The future of infrastructure can be envisioned as bright if 
FRP composites are implemented successfully to its full 
potential.  

 
However, there are significant challenges to im-

plement a fiber reinforced bridge deck [3], including 
higher initial material cost, efficient design of panel-to-
panel connections, lack of comprehensive standards and 
design guidelines, and uncertain durability characteristics 
under combined mechanical and environmental loads. 
Most researchers over the last decade have focused pri-
marily on performance evaluation and characterization of 
FRP composite deck systems on a case study basis. 
There is little or no effort has been made to develop test 
methods and design guidelines for FRP composite deck. 

 
To be cost-effective, FRP composite deck systems 

should be designed to meet the need at service conditions 
for a long period of time (usually 50-75 years). Lack of 
proper understanding of the structural behavior of FRP 
deck can lead to either over design or poor design lead-
ing to premature failure and unexpected failure modes. 
The key element in investigating the response of a deck 
is to apply proper loading in critical locations to produce 
the maximum load effect consistent with its application. 
The current practice is to follow a set of standards and 
guidelines to apply design wheel load uniformly distrib-
uted over a finite surface area (tire contact area) of the 
deck and characterize the response. This is known as 
“Patch loading” among bridge designers and usually ap-
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plied through a rectangular steel plate or reinforced bear-
ing pad. 

 
The design loads and tire contact areas for patch 

loading on conventional bridge decks (reinforced con-
crete, steel and wood) are specified by the American As-
sociation of State Highway and Transportation Officials 
(AASHTO) and AASHTO LRFD specifications [4-5].  
Many researchers have used these specifications to ana-
lyze and test FRP decks over the past years without any 
consideration for the differences between FRP decks and 
conventional bridge decks.  

 
The important distinctions between FRP deck and con-
ventional decks are the differences in stiffness and ge-
ometry. As a result, the load transfer mechanisms are 
quite different and also the response is complex due to 
orthotropic properties. The stress distribution profile for 
steel patch loading has been explored and its applicabil-
ity in FRP deck systems examined. Interaction of tire 
with deck surface develops conformable pressure distri-
bution which is far from uniform. A new simulated tire 
patch loading has been proposed which mimics the stress 
profile of actual truck tire. Tire contact area and contact 
pressure are characterized using pressure sensitive film 
sensors. A 3D surface-to-surface contact model has been 
developed using finite element software ANSYS 11.0 to 
approximate the conformable pressure behavior of simu-
lated tire patch. Proposed conformable pressure profile 
has been applied to finite element simulation to further 
explore the issues and analyze response of FRP compos-
ite deck systems. The detail characterization of the pro-
posed tire loading patch and its application to FRP bridge 
deck system have been documented in this paper.  
 
Conventional Loading Method and its Applica-
bility for FRP Deck Systems 
 

It is commonly perceived that steel patch loading 
provides uniform stress distribution in FRP deck and the 
possible effect of relative stiffness (between deck and 
loading patch material) is often neglected. However, a 
number of researchers have reported severe localized 
stress concentrations along the edges of the steel loading 
plate and a local punching shear identified as typical 
mode of failure [6-8].   

 
To further explore effect of relative stiffness, a 3D 

contact model has been developed. Surface-to-surface 
contact theories calculate contact pressure at the interface 
between two contacting bodies and give quantitative in-
formation about the load transfer mechanism. For a se-
ries of test run, load has been applied through a rectangu-
lar steel plate area and the stiffness of the deck surface 
varied from soft (E=1msi) to stiff (E=30msi). Three ex-
ample cases (Elastic equivalent solid FRP composite 
deck, concrete deck and a steel deck) are considered and 
the corresponding contact stress distributions are shown 

in Fig. 1. The contact stress values are normalized by av-
erage pressure (calculated as applied load divided by ac-
tual contact area).  It has been observed that the stress 
distribution is far from uniform for soft deck system and 
tends towards some sort of uniformity as the stiffness of 
the deck increases. However, there are still significant 
stress concentrations near edges which might be attrib-
uted to punch shear failure mode cited in the literature. 

 
Due to differences in stiffness, steel patch loading 

could not provide a uniform stress distribution in solid 
FRP deck (approximated elastic equivalent deck). It will 
be interesting to know what the distribution might be if 
the cellular geometry of the FRP deck system is consid-
ered. In a separate 3D finite element contact model with 
steel patch on a representative cellular FRP deck, it is 
observed that contact stress distribution is again not uni-
form. Moreover, there are localized peaks at the loca-
tions of vertical stiffeners and high stresses near the 
edges (Fig. 2). From the principles of mechanics, it is 
known that stresses always go through the stiffest path 
and the higher stresses are therefore expected at vertical 
stiffener location compared to center span.  This phe-
nomenon has been further explored with visualization of 
the differences in stress profile using pressure sensitive 
sensor analysis in later sections.  

 
At this point it is evident that conventional steel or 

reinforced bearing patch loading can not provide uniform 
stress distribution for solid or cellular deck system if 
there is significant difference in stiffness. A relevant 
question is whether this effort for achieving uniform dis-
tribution of stress is realistic in actual bridge deck appli-
cation or not. What is the actual in-service load profile? 

 
 

Actual Truck Tire Loading Profile and Proposed 
Simulated Tire Patch 
 

There has been extensive research on tire induced 
stress profiles and tire-pavement interaction mechanisms 
over the last 10 years [9-13]. Although the primary focus 
of those researches had been the effect on pavement, the 
knowledge on actual tire induced contact stress informa-
tion can be useful to structural community as well. Tradi-
tional design guidelines assumed that contact stress is 
uniformly distributed over a rectangular or circular area 
and stress value is equal to tire inflation pressure. How-
ever, a number of studies including tire footprint analysis 
by Pottinger [9] and Stress-in-Motion (SIM) sensor 
analysis by de Beer [14] have demonstrated that tire in-
duced normal contact stress is  far from uniform. Contact 
stresses were found to be very much dependent on tire 
pressure, tire load, and tire type. It is also noteworthy 
that the behavior of truck tire is significantly different 
from performance tires in passenger cars. From test re-
sults of a range of truck tires, it was observed that inner 
treads carry significantly higher normal stress compared 
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to out treads and for passenger car it is fairly uniform or 
shows only a small lateral variation. In addition to higher 
axle load, this observation of concentrated stress profile 
also explains why truck tire loading is considered severe 
from structural point of view. A typical truck tire contact 
pressure profile by Pottinger [9] is shown in Fig. 3 and it 
will be considered as reference in subsequent analysis. 

 
Based on previous discussions, the possible effect 

of nonuniform contact pressure profile of actual truck 
tire on FRP composite deck systems should be investi-
gated further. For design and performance evaluation of 
FRP composite deck, there is a need for a new method of 
loading which will be more realistic considering in ser-
vice considerations and structural behavior of FRP com-
posite deck system. 
 

This has led to the development of a proposed 
simulated tire patch for loading on FRP composite decks 
and is expected to mimic the contact loading conditions 
of an actual truck tire. The simulated tire patch consists 
of a quarter section of a truck tire half-filled with hyper-
elastic silicone rubber as shown in Fig. 4. Maximum 
height of silicone is 3 inches at central location and the 
rest of the height of tire section is filled with steel plate. 
When load is applied on this simulated tire patch, it de-
forms and develops conformable pressure, and transfers 
load on to the FRP deck. 
 
Characterizing Proposed Simulated Tire Patch: 
Experiment 
 

For the proposed simulated tire patch to be used in 
evaluating performance of FRP deck systems, the behav-
ior of this tire patch need to be characterized. Important 
parameters of interest are contact area and contact pres-
sure as a function of applied load. 

 
Experimental Procedure: 
 
A series of tire contact tests were conducted at dif-

ferent load levels (5, 10, 15, 22, and 30 kips) on a 6 ft by 
6 ft FRP composite deck panel manufactured by Strong-
well Corporation [15] . The FRP deck is made of pul-
truded box shapes (6 inch by 6 inch) adhesively bonded 
together to form cellular structure.  There are also 3/8 
inch thick top and bottom plates bonded to the square 
tube assembly. Load was applied through simulated tire 
patch and a pressure sensitive film called Pressurex [16] 
was placed between tire and deck surface to measure 
contact pressure (Fig. 5). Pressurex is a Mylar film that 
contains a layer of tiny microcapsules. The application of 
force upon the film causes the microcapsules to rupture, 
producing an instantaneous and permanent high resolu-
tion "topographical" image of pressure variation across a 
contact area. Contact area can be measured from the 
footprints obtained from pressure film sensor. Even fur-
ther, the color intensity of Pressurex is directly related to 

the amount of pressure applied to it. The greater the pres-
sure, the more intense is the color.  Based on color inten-
sity and pressure correlation chart, the recorded footprint 
of simulated tire patch was analyzed to find magnitude of 
tire pressure along contact path. 

 
Pressure Sensor and Image Analysis:  
 
A representative set of tire footprint images are 

shown in Fig. 6 and these images were analyzed by pixel 
based image processing software to map the color inten-
sity contour. The footprint of the simulated tire showed a 
nonuniform contact pressure profile similar to the actual 
truck tire (Fig. 7). On the other hand, the normal stress 
contour for the bearing pad shows that stress concentra-
tions at vertical stiffeners similar to previous results from 
FEA contact analysis (Fig. 2). This visualization contact 
pressure distribution supplements previous discussions 
on the need for new simulated tire patch.  

 
The tire footprint images from Pressurex sensor 

films were further developed into complete pressure con-
tour plot using TOPAQ pressure analysis system [16]. 
TOPAQ system provided color coded mapping of pres-
sure profile and magnitude between two surfaces that 
come into contact. With advanced statistical data of color 
intensity, contact pressure distribution can be obtained at 
any point and along any line. A representative plot show-
ing contour map by TOPAQ along with line scan (along 
two edge treads and center tread) plots are shown in Fig. 
8. At each applied load level, such plots are generated 
and average of three line scans are taken as pressure pro-
file at that particular load level.  Contact pressure plots 
for different load levels and actual tire profile plot are 
summarized in Fig. 9 which again demonstrates nonuni-
form pressure profile characteristic of this proposed 
simulated tire patch. 

 
 

Characterizing Proposed Simulated Tire Patch: 
Finite Element Contact Analysis  

 
A three dimensional finite element model utilizing 

the contact theory has been developed to simulate the 
contact behavior of proposed tire patch loading. The 
deck was modeled using solid elements with quadratic 
shape functions and orthotropic material properties were 
used (Fig. 10). A simplified tire patch was modeled using 
higher order 18X series of solid elements in ANSYS 
11.0 capable of hyper elasticity, large strain and mixed u-
p formulation. The surface-to-surface contact algorithm 
was chosen to simulate the behavior along with a number 
of advanced analysis options to account for large defor-
mation and Neo-Hookian hyper elastic model was used 
to describe nonlinear material response. The detail of fi-
nite element contact theory will not be discussed in this 
paper as it is well documented in ANSYS theory refer-
ence and advanced analysis guide [17].  
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For the simulated tire patch, it was observed that 

stress concentrations occurred at the central part of the 
contacting area. However, no concentration was ob-
served at the contacting edges for the simulated tire 
patch. The contact pressure distribution is normalized 
with average contact pressure and compared with ex-
perimental results (Fig. 11).  It is observed that both ex-
perimental data from sensor analysis and finite element 
predictions fall within a small range of values compared 
to actual tire profile. Such collapse of normalized data in 
a nice narrow band allow for a curve fit to obtain pres-
sure profile which can account for variation of tire size, 
inflation pressure and applied loading. The proposed 
curve for pressure profile and contact area will be dis-
cussed in later sections. 

 
Calculation of tire contact area: 
 
Tire contact area is defined as length of contact 

path along length of tire patch multiplied by length of 
contact path in the tire patch width direction.  Tire con-
tact length was measured from tire footprint images ob-
tained from sensor film analysis and also from 3D con-
tact model using finite element method. Tire contact 
length is plotted as a function of applied load in Fig. 12 
and the plot shows gradual increase in tire contact length 
with increase in applied load. Form experimental data it 
has been found that tire contact in width direction is 
fairly constant up to 30kips load and therefore tire con-
tact width is considered to be equal to tire width.  A plot 
of tire contact area as a function of applied load is shown 
in Fig. 13 for different tire width. This plot provides ap-
proximate tire contact area of simulated tire patch con-
structed with different sizes of tire. 

 
Proposed Model for Tire Contact Area and Con-
tact Pressure Profile 

 
Based on tire contact data, a power law type curve 

fitting has been done to express tire contact length as a 
function of applied load. 

 

WPAareaContact **52.7, 212.0=  
 
Here, P = Applied load on single tire (kips) and W 

= Width of tire patch (inch). For applied load above 30 
kips, a 10% increase in width may be used as an ap-
proximation. 

Average contact pressure can be easily calculated 
from applied load and contact area. Average contact 
pressure as a function of applied load is plotted in Fig. 14 
for various tire patch width. 

A
PpressurecontactAverage *1000

=  

 
Normalized contact pressure profile from experi-

mental data and finite element simulation were plotted in 
Fig. 11. A curve fit to those data can provide an expres-
sion of approximate contact pressure profile for the pro-
posed simulated tire patch.  The contact pressure profile 
can be expressed by a polynomial approximation as fol-
lows: 

xxxxxxpp 02.0229.0311.0446.1541.061.00 +−+−−+=  

 
Where, p0 is the intensity factor defined as max pressure 
divided by average pressure and in this current study p0 
is equal to 1.66. However, for different stiffness of sili-
cone rubber this factor will change. The variable x is the 
normalized distance defined as path distance divided by 
half of the total contact length and it varies from -1 to 1.  

 
In the literature it has been stated that an increase in 

tire inflation pressure will decrease the tire contact area 
and eventually result in higher contact pressure intensity. 
This behavior can be achieved with simulated tire patch 
also by choosing a silicone with different stiffness. If the 
modulus of the silicone is higher, tire contact area will be 
less and contact pressure intensity will be higher. 

 
Application to Cellular FRP Deck 
 

The proposed simulated tire patch has been used in 
performance evaluation of FRP composite deck manu-
factured by Strongwell Corporation and this deck system 
was installed at Hawthorne Street Bridge, Covington, 
VA. Extensive lab testing of full scale bridge sections are 
conducted using the simulated tire patch [18]. From labo-
ratory test results it has been observed that the response 
of the deck is substantially different under tire patch 
loading compared to the case when a conventional steel 
patch or bearing pad was used. Previous research at Vir-
ginia Tech has reported punching shear failure mode 
while using steel patch [19-20]. However, using the 
simulated tire patch, a transverse tension failure was ob-
served at the top flange of the tube of the cellular deck 
[18]. This difference in failure mode (Fig. 16) can be at-
tributed to the fact that stress-strain distribution for tire 
patch loading is quite different than uniform patch load-
ing. The simulated tire patch provides more localized ef-
fects on the deck.  This difference in failure mode indi-
cates completely different damage accumulation areas on 
the deck and this will affect long term performance of 
the deck.  

 
In this current study, the proposed pressure profile 

has been used as input to finite element model of a 6 ft 
by 6 ft cellular FRP composite deck panel (Fig. 15).  The 
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deck is modeled using higher order solid elements 
(solid95 in ANSYS 11.0) and the conformable pressure 
profile applied though user defined programming feature 
using ANSYS Parametric Design Language (APDL). 
The response of the deck panel from finite element simu-
lation is compared with experimental results obtained 
using proposed tire patch.  A representative displacement 
response for applied load of 47 kips over double tire 
patch placed at 11 inch apart is summarized in Table 1. It 
is observed from experimental and FEA results that dis-
placement at top flange and bottom of the deck were ini-
tially identical until 7.5 kips. However, as the load in-
creased, the difference gradually increased and the dis-
placement of the top flange was found 15-17% higher 
than displacement at the bottom of the deck at 47kips 
load. The response of the deck at ultimate load (94kips) 
is summarized in Table 2. Higher transverse strain and 
displacement at top flange again demonstrates local de-
formation characteristics of the cellular FRP deck and is 
consistent with failure mode result.  

 
Parametric Study on Behavior of Cellular FRP 
Deck 
 

Parametric studies have been carried out to investi-
gate the effect of deck geometry (plate thickness and web 
spacing) on displacement-strain behavior.  For five cases, 
the same normalized displacement can be achieved at the 
bottom of the deck by varying thickness and web spac-
ing. However, the transverse strain at the top flange of 
the tube can be very different for each of those cases 
(Fig. 17).  From this parametric study it is observed that 
the concept of global deflection may be inadequate for 
design criteria of cellular FRP composite deck. This 
demonstrates that local effects should be considered dur-
ing design of cellular FRP composite deck. 
 
Conclusion 
 

The contact pressure distribution of real truck load-
ing is non-uniform with more concentration near the cen-
ter of the contact area, but conventional steel patch load-
ing produces stress concentration near edges. Due to the 
localization of load under the tire, conventional uniform 
patch loading is not suitable for performance evaluation 
of FRP composite deck systems with complex geometry 
and relatively low modulus.  A new simulated tire patch 
has been proposed for loading on FRP deck and the load 
distribution has been characterized by contact area stud-
ies using pressure sensitive sensors and 3D contact 
analysis using finite element method. The proposed pro-
file can be a useful design tool for performance evalua-
tion of FRP deck. The conformable pressure profile ob-
tained from experimental observations has been applied 
in FEA simulation of a cellular FRP deck. A simulated 
tire patch yielded larger maximum deflection and strain 
than the uniform patch loading. The tire patch produced 
significantly different failure mode (local transverse fail-

ure under the tire patch) compared to the punching-shear 
mode while using steel plate. Such difference in damage 
accumulation areas will contribute to long term behavior 
of the FRP deck. In summary the authors conclude that 
due to the local effects of a real tire load and relative 
stiffness effect, a simulated tire loading patch would be 
more appropriate for performance testing of FRP deck 
accounting for the conformable contact between the tire 
and the cellular FRP deck.  
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Figure 1 Contact pressure profile for Steel patch 
loading on deck systems with different stiffness 
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Figure 2 Contact pressure profile for steel patch 
loading on cellular FRP deck 
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Figure 3 Truck tire (295/75R22.5) contact pres-
sure at applied load of 6182 lb and 125 psi infla-
tion pressure 
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Figure 4 Proposed Simulated Tire Patch with 
hyper elastic silicone  
 

 
 
Figure 5 Tire patch contact test setup and cross 
sectional view of Pressurex film sensor 
 

 
 
Figure 6 Simulated tire patch footprints from 
Pressurex sensor film at different load levels 
 

 
 
Figure 7  Contact pressure profile difference be-
tween conventional and simulated tire patch at 
30 kips load 
 

Figure 8 Contact pressure contour plot and line 
scan plot using TOPAQ analyzer 
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Figure 9  Contact pressure distribution at differ-
ent load levels from experiment 
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Figure 10 FEA model of the proposed tire patch 

contact with FRP composite deck 
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Figure 11 Normalized contact pressure distribution- 
Experiment vs. FEA 
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Figure 12 Contact length as a function of applied 
load 
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Figure 13 Variation of contact area with applied 
load 
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Figure 14 Tire contact pressure as function of 
applied load for different tire width 
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Figure 15 Proposed contact pressure profile ap-
plied to cellular FRP composite deck 
 

 
 
Figure 16 Failure using steel patch [19] and Tire 
Patch [18]  
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Figure 17 Effect of geometry on global displace-
ment and local strain 
 
Table 1 Deck response at 47kips load with double tire 
 

 FEA Experiment 

Displacement 
(inch) 

Tire 
Profile 
load 

Uniform 
load over 
contact 

area 

Proposed 
tire patch 

Top flange of 
the tube 

0.222 0.149 0.214 

Bottom of the 
deck 

0.194 0.141 0.182 

% difference 
between top 
and bottom  

14.4 5.6 17.5 

 
Table 2 Deck response at 94kips load with double tire 
 

  FEA 

  Tire 
Profile 
load 

Uniform 
load 
over 

contact 
area 

AASHTO 
20 by10 

inch 
patch 
area 

L-strain (µε) Top -4633 -3066 117 

 bottom 4029 2872 3444 

T-strain(µε) Top 10045 5604 20708 

 bottom 542 346 1291 

Displacement 
(inch) 

Top 0.48 0.328 -0.66 

 bottom 0.436 0.3096 0.399 
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