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Abstract 

Fibre reinforced polymers (FRPs) are currently being used in new bridge construction as 

a feasible alternative material for corroded bridge deck replacements, footbridges, and emergency 

vehicle bridges.  For both military and civilian applications, there exists a need for bridges that 

are lightweight and inexpensive, that can be readily transported and easily erected.   

The 10 m glass FRP deployable box beam presented in this thesis was developed to aid 

cross-country mobility in areas where infrastructure has been damaged by conflict or natural 

disasters.  The box beam represents one trackway of a dual trackway system.  The quasi-static 

and dynamic behaviour of the box beam was investigated under laboratory and field conditions.  

Quasi-static tests were conducted to ensure the strength of the steel hinge, the hinge connection to 

the base plate of the box beam, and the overall box beam would support the vehicle loads in field 

testing.  Data from these tests were used to validate the finite element model.  Field testing was 

conducted to investigate the natural frequencies of the box beam, calculate the dynamic increment 

of the structure, and confirm the validity of the finite element model created in Matlab.  Three 

vehicles were used to evaluate the response of the box beam to different types of suspension, 

loads, and number of wheels per trackway.   

A finite element model was developed to predict the displacement of the bridge under 

various vehicle loads.  The analysis resulted in displacement contours within a reasonable amount 

of error when compared to those measured in field testing.  Recommendations for future research 

and development of the structure are provided based on this research. 
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Chapter 1 
Introduction 

1.1 Research Motivation 

 Research and successful demonstration projects have shown that fibre reinforced polymer 

(FRP) composite materials are, for some bridge applications, a feasible alternative construction 

material to more traditional ones, such as concrete or steel.  FRPs’ advanced qualities, namely 

high strength to weight ratio, noncorrosive characteristics, and fatigue resistance, make it an 

attractive construction material.  However, FRP cannot be used for all bridge structures by reason 

of the material’s brittleness, high price, and unpredictable dynamic response under vehicle 

loading.   Currently, FRP is being used in new bridge construction mainly for corroded bridge 

deck replacements, footbridges, and emergency vehicle bridges. 

 The FRP deployable bridge presented in this thesis was designed by the Military 

Engineering Research Group (MERG) at the Royal Military College of Canada (RMC).  The box 

beam was designed for the Military Load Class 30 (MLC), a NATO design vehicle represented 

by a wheeled design vehicle and tracked design vehicle (2006).  The weight and dimensions of 

each design vehicle are shown in Figure 1-1.  The box beam was developed to increase cross-

country mobility in areas where infrastructure has been damaged by conflict or natural disasters.  

The structure can be mounted on a vehicle and launched without heavy or extensive equipment.  

Pultruded glass fibre reinforced polymers materials are less expensive, and thus were chosen over 

other composite materials. 

 The first stage of the FRP deployable bridge project was reported by Wight et al. (2006).  

As there are currently no design standards for an all-FRP vehicle bridge design, testing of a 

prototype 4.8 m short-span GFRP box beam was conducted to aid in the design of the 10 m FRP 
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deployable bridge discussed in this thesis.  Xie (2007) performed laboratory tests to evaluate the 

quasi-static and dynamic behaviour of the latter bridge.   

1.2 Research Objective 

 The purpose of this project is to investigate the interaction between an MLC 16 vehicle 

and a 10 m FRP tapered box beam.  The bridge is designed to consist of two box beams; each box 

beam is a single trackway of the double track system.  A theoretical model is presented for one 

track of the four-axle vehicle traversing the bridge.  Vehicle testing was conducted to validate the 

model.  The entire project is summarized in the following steps: 

1) Analyze the data from the drop hammer impact tests to validate the natural frequencies, 

damping ratio, and mode shapes found by Xie (2007); 

2) Construct a model of the bridge representing the longitudinal centreline;    

3) Model the Bison vehicle as four spring-dashpot units, each with two degrees of freedom; 

4) Formulate an uncoupled system to predict the dynamic response of the FRP box beam to 

an MLC 16 vehicle; 

5) Perform field tests to validate the assumptions and techniques used in the model; and 

6) Use the finite element model to determine a limiting speed for the box beam. 

1.3 Chapter Outline 

 Chapter 1 provides a general introduction to the motivation, objectives, and arrangement 

of this thesis.  Chapter 2 presents a review of literature of previous vehicle-bridge interaction 

studies.  This includes theoretical calculations and experimental validation for bridges constructed 

using both composite materials and traditional construction materials. 

 Chapter 3 describes the box beam dimensions, testing instrumentation, and testing 

procedures.  The fourth chapter gives the experimental results from the quasi-static and vehicle 
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tests.  Chapter 5 provides the finite element model and the results of the finite element analyses.  

These results are compared with those obtained during the experimental testing.  Chapter 6 

describes possible deployment strategies for the box beam.  Finally, Chapter 7 offers conclusions 

based on the experimental and predicted results and recommendations for further work. 
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Tracked: 

 

Wheeled: 

 

Figure 1-1 MLC 30 design vehicles 
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Chapter 2 
Literature Review 

2.1 General 

 The accelerating deterioration and questions about the safety of conventional bridges 

built during the last century is a major concern facing structural engineers.  The combination of 

heavier vehicles, increase in traffic volumes, rise in cost of traditional materials, and deterioration 

of materials, mainly due to corrosion, initiated research for more durable construction materials.  

The use of fibre reinforced polymers (FRP) as reinforcement for concrete vehicle bridge 

construction has been a growing research topic over the past decade.  While FRP has been used 

for bridge deck replacement a number of times (Kumar et al. 2004, Turner et al. 2004, Keller 

2001), few bridges have been constructed entirely of FRP.   

 Concurrent with concerns over the civilian infrastructure, construction engineers in the 

Canadian Forces are often sent abroad on missions to secure bridges and restore transportation 

routes.  These operations could greatly benefit from the availability of lightweight, inexpensive, 

gap-crossing aids.  Using FRP for these types of bridges creates a structure that could be easily 

transported by vehicle and erected without the need for heavy construction equipment.   

 The review herein includes the characteristics of FRP materials that affect the dynamic 

performance of structures.  It also presents case histories of FRP vehicle bridges constructed 

around the world, as well as the dynamic testing that has been conducted on prototype FRP 

bridges.  A brief overview of the research on the dynamic behaviour and compressive strength of 

pultruded glass FRP (PGFRP) sections is given.  A history of the study of bridge dynamics is 

given, and the most recently developed methods of solving bridge-vehicle interaction are 

presented.   
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2.2 FRP Characteristics Affecting Dynamic Performance 

 FRP materials are composed of high strength fibres embedded in a polymer matrix.  

Neale and Labossière (1991, Chap. 2) and Ellyin et al. (1991, Chap. 5) give a summary of the 

material processing, manufacturing technology, and mechanical properties of FRP.  In summary, 

the fibres in FRP provide the strength and stiffness of the composite material and, for civil 

engineering structures, the fibres are typically made of glass, carbon, or aramid.  The matrix holds 

the material together, while protecting and transferring load between fibres.  Matrices for civil 

engineering structures are typically polymers or cements, but matrices can be organic, metallic, or 

ceramic.  FRPs are weather resistant, have a high strength-to-weight ratio, and have good fatigue 

resistance.  The main disadvantages that limit the applications of the material are its high cost and 

low strain at failure.  Currently, FRPs are being used in new construction for lightweight 

footbridges, military or civilian emergency bridges, and bridge deck replacement.  The full 

potential of FRPs for use in civil and structural engineering applications is still being discovered. 

The key material properties that affect the dynamic performance of a structure are damping and 

natural frequency.  Studies to determine these values for composite materials are reviewed in this 

section.  Additionally, the material properties of the pultruded glass FRP (PGFRP) sections that 

are incorporated in the computer model presented in Chapter 5 are presented. 

2.2.1 Damping 

 Damping is a major concern in FRP bridges, due to the low self weight of the members.   

The lower weight values can cause higher frequencies and excessive vibrations that would not be 

as significant with bridges constructed from conventional materials.  Thus, damping is required to 

reduce these vibrations.  Table 2.1 shows the comparison of damping values for different types of 

bridges. 
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Chandra et al. (1999) reviewed damping studies in fibre-reinforced composites, noting 

that the sources of energy dissipation differ from those in conventional materials.  The major 

contribution to fibre reinforced composite damping is due to the matrix, and the interface between 

the fibres and the matrix.  Damping also occurs after the composite has been damaged and 

experienced some delamination or matrix cracking.  The damage increases the amount of friction 

between the loading mechanism and the composite, increasing the amount of damping present.  

The authors of the review made the following conclusions: 

1) Most work has been done on macro/micro mechanical modelling of matrix-fibre 

behaviour and damping along the matrix-fibre interface.  Not many studies have been 

conducted on the transverse and shear modes or the transverse and shear damping 

effects.   

2) Analytical modelling of damping due to damage or defects has not been widely 

investigated.  All studies included in the review incorporated multiple unidirectional 

delaminations in the composite laminates.  More general models and theories need to 

be developed. 

3)   Most of the reported work on damping in composite materials relates to a two 

dimensional state of stress. However, thick composite laminates exhibit three 

dimensional interlaminar stresses, which must be accounted for to predict more 

accurate levels of damping. 

2.2.2 Natural Frequency 

 Lin et al. (1984) found the damping coefficients and natural frequencies of carbon and 

glass FRP plates ranging in size from 178 to 230 mm long and 1.37 to 2.12 mm thick.  Values 

were found for plates of eight and twelve layers theoretically and experimentally.  The theoretical 
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calculations involved using a damped element model in a finite element analysis.  The method 

was used to predict natural frequencies, mode shapes, and damping parameters.  Lin et al. found 

that the plates had low damping modes if the majority of the strain energy was stored in the fibres 

as opposed to in the matrix of epoxy resin.  Mode shapes that involved more twisting, and, thus, 

more matrix shear, experienced higher damping.  Laboratory measurements of natural 

frequencies were within ten percent of those calculated using finite element technique.  The 

natural frequencies varied linearly with the ratio of thickness to area of the plates.   

2.2.3 Material Properties of GFRP 

The tensile strength and elastic modulus of FRP are dependent on the direction of the 

fibres.  In the direction of the fibres, the ultimate strength is determined by the ultimate strain and 

fibre volume fraction.  The tensile strength also increases linearly with the elastic modulus of the 

matrix.  The strength of FRP perpendicular to the fibre direction is entirely dependent on the 

modulus and ultimate strain of the matrix.  A poor interfacial bond can cause premature shear 

failure or debonding, significantly reducing the strength of the material.  For the model presented 

in the current thesis, the material characteristics used are those determined by Xie (2007), who 

completed coupon tests of the materials used in the 10 m GFRP box beam.  The results can be 

found in Table 2.2. For comparison, the table also includes properties provided by the 

manufacturer (Creative Pultrusions), and properties for steel sections of the same dimensions. 

2.2.4 Fatigue Behaviour of Connections for PGFRP Members 

 Wight et al. (2002) presented results from fatigue testing of connections for PGFRP 

members.  Cyclic testing of bolted, bonded, and combined bolted/bonded connections showed 

that PGFRP was affected by fatigue much more than a comparable steel structure.  The results 

were plotted on a pseudo S-N plot (plotted log-log) and demonstrated a negative inverse slope of 
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approximately 10 MPa/cycle.  Steel usually exhibits a negative inverse slope of around 3 

MPa/cycle.  Due to the sudden failure of bonded connections, these results showed that an FRP 

structure that experiences cyclic loading could have an unexpectedly low fatigue life.   

2.3 FRP Bridges – A Case History 

 Pedestrian footbridges and vehicular bridges constructed of FRP materials have been in 

use for over thirty years.  These bridges range in span from less than 10 m up to 128 m in length 

(MDA Composites 2003).  The all-FRP vehicle bridges found in the literature are described here 

chronologically.   

 The first vehicle bridge constructed from all reinforced plastic materials was built in the 

United States before 1971.  Sponsored by the International Paper Company, laminated paper 

fibres were used to reinforce a polymer matrix.  The bridge had a single 10 m span and was 

composed of 8 transverse and 5 longitudinal flat girders.  The structure was approximately 1.3 m 

in height, could carry a 300 kN truck, and was so light it could be transported by a helicopter 

(Meier 1991). 

 Little information is known about the Ginzi Highway Bridge in Bulgaria.  It was most 

likely completed in 1982.  The bridge is 12 m in length and has a cross section comprised of 

parallel GFRP I-beams.  It is unknown if the bridge is still in service (Meier 1991).   

 The Miyun GFRP Bridge, now dismantled, was a simply supported single span bridge 

completed in 1982 in the Miyun County of China.  The bridge has two vehicle lanes and two 

sidewalks, for a total width of 9.6 m, and a length of 20.4 m.  After laboratory testing on 

prototype girders, the bridge was constructed from five box girders filled with honeycomb-like 

structures.  A modulus of elasticity of 21 GPa was achieved by gluing layers of glass fibre cloth 

with a polyester resin.  Testing of the completed structure with a load of 822 kN yielded a 

deflection of 27 mm, or 1/756 of the total span.  Dynamic testing found the frequencies for the 
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first modes in the vertical, transverse, and longitudinal directions to be 4.86 Hz, 10.78 Hz, and 

12.44 Hz, respectively (Meier 1991).   

 A pony-truss bridge constructed from pultruded glass fibre reinforced plastic structural 

shapes was tested at the Royal Military College of Canada in the 1990s.  The material was 

composed of randomly oriented glass fibres and unidirectional E-glass fibres in a vinyl ester 

matrix.  Sections used were channels and square tubes.  Static testing found the deflection to span 

ratio to be 1:143 (Yantha et al. 1995).  Dynamic testing conducted with an instrumented hammer 

found the first natural frequency to be 12 Hz and the damping ratio to be 10% when timber 

decking was used (Yantha 1995). 

 The Bonds Mill Lift Bridge spans the River Frome, providing access to an industrial 

park.  The bridge is 8.2 m long and 4.3 m wide, with girders that are 1 m deep.  The bridge 

superstructure is composed of PGFRP box beams bonded together with epoxy adhesive.  The 

bridge employs a hydraulic lift to allow boats to pass underneath. 

 A prototype Warren truss bridge built from GFRP profiles was constructed in Germany 

in 2000.  Tests were conducted in 2001 and 2002 under serviceability loading to aid in the design 

of a lightweight emergency bridge with a 30 m span that can support MLC 40.  Numerous tests 

were conducted to evaluate the effects of environmental conditions and types of joint connections 

(Sedlacek et al. 2004). 

 The Idaho National Engineering and Environmental Laboratory (INEEL) Bridge was 

constructed by Lockheed Martin in 1995 at the Lockheed Martin Advanced Technology Centre in 

Paolo Alto, California.  The bridge is 9 m long and 5.5 m wide (MDA Composites 2003).  After 

two years of static and dynamic testing in the lab, the bridge was moved to its permanent site in 

Idaho Falls, Idaho.  In the field, further tests were conducted and temperature data was collected.  

INEEL, which has since changed its name to Idaho National Laboratory (INL), is continuing to 
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monitor strains, deflections, and temperature of the bridge so as to make conclusions on the long 

term service life of composite bridges (INL 2008).   

 The Smith Creek Bridge was constructed in Hamilton, Ohio in 1997.  Measuring 10 m in 

length, 7.3 m wide, and 0.84 m deep, the bridge was renamed the Tech 21 Bridge after its 

completion.  Tech 21 is Ohio’s first all composite bridge, and the United States’ first fully 

instrumented composite bridge.  The deck is composed of two face sheets of E-glass continuous 

fibre in a polymer matrix sandwiching pultruded tubes that run parallel to the traffic direction.  

The deck is supported by three U-shaped structural beams (Butler County Engineers 2008).   

 The Laurel Lick Bridge was constructed in 1997 in Lewis County, West Virginia.  

Replacing a steel stringer bridge with a timber deck, the all composite bridge is 6 m long and 5 m 

wide.  The substructure consists of five pultruded FRP wide flange columns, each 3 m in length.  

Pultruded sandwich panels were used to support lateral soil pressure.  Six FRP wide flange beams 

composed of E-glass fibre in a vinyl ester resin make up the bridge’s superstructure.  The deck 

panels have full depth hexagons and half-depth trapezoids and are connected with shear keys, 

polyurethane adhesive and mechanical fasteners to provide greatest shear strength.  A thin 

polymer concrete overlay is bonded to the FRP deck (Lopez-Anido et al.1997).   

 In 2002, a 10 m short-span highway bridge of advanced composite materials was erected 

in South Korea.  The sandwich structure bridge was cured in two modular pieces for ease of 

transportation.  Advanced composite material laminates were fabricated with a hand lay-up 

procedure, were cured with a corrugate core, and a 7 mm thick asphalt concrete integral wearing 

surface was laid on top.  The bridge is currently being used as part of an experimental advanced 

composite material structural health monitoring program (Ji et al. 2004). 

 The Royal Military College of Canada constructed a single trackway for a 4.8 m 

pultruded glass FRP bridge in 2004.  The trackway consisted of a tapered box beam and it was 
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used as the first stage of development for the 10 m bridge presented in the current thesis.  The 

prototype bridge was constructed of the same materials used in the 10 m bridge that will be 

described in Chapter 3.  The 4.8 m bridge was tested under static patch loads and dynamic vehicle 

loads.  Load-displacement graphs showed the behaviour of the bridge to be linear-elastic.  

Displacements observed during field testing were less than 10% greater than those observed 

during the laboratory testing.  Strain readings were dependent on movement of the vehicle, 

because local strains below wheel loads could be up to 30 times greater than the strains observed 

when the vehicle was stopped on the bridge.  The fatigue life of the bridge requires further 

investigation due to the high live-to-dead-load ratio.  Field testing indicated that modifications to 

the deck would be necessary in the 10 m bridge to prevent buckling of the ribbed decking (Wight 

et al. 2004). 

2.4 Bridge Dynamics 

 Vehicle-bridge interaction has been studied theoretically and experimentally for over 150 

years.  The moving mass complicates the analysis, because the force varies in time and space.  

Many factors affect the interaction.  Numerous techniques have been used in analysis, leading to 

many publications on the subject (Yener and Chompooming 1991).  

2.4.1 Bridge Models 

 The earliest known research on bridge vibration was conducted by Willis in 1849.   He 

created the equations of motion for vibrations of a railway bridge.  Willis idealized the system 

using a “massless” or zero mass bridge, subjected to a moving mass of constant velocity, and 

formulated a second order differential equation.  Stokes (1896) later solved Willis' differential 

equation using a power series expansion.   
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 In the early 1900s, Timoshenko, the father of modern mechanics, incorporated many 

complexities of vehicle bridge interaction into the bridge equations of motion. First, Timoshenko 

considered a constant moving force on a simply supported beam and expanded on the solution by 

using eigenfunctions.   Later, he extended his work by applying a moving harmonic force to a 

massless beam (1922).  In 1929, Jeefcot used an iterative method to study a moving mass 

travelling on a bridge with mass. 

 The vibration of bridges due to moving vehicles was not given serious consideration until 

the 1960s, when Wen was the first to solve the problem of a two-axle sprung mass on a beam of 

uniform mass.  Wen found that the dynamic deflection of the bridge would be approximately 

proportional to its instantaneous static deflection due to the moving vehicle at any time (Wen, 

1960).  The aid of computer technology further advanced the study of vehicle bridge interaction 

in the 1970s.  The finite element method (FEM) was used to create bridge models that 

incorporated effects of torsion and vehicle models having multiple degrees of freedom.  The 

increase in complexity of the vehicle models allowed the vehicle’s rolling and pitching effects to 

be incorporated into the analysis.   

In the past 20 years, a number of iterative solution methods for the dynamic response of 

bridge-vehicle systems have been published.  Some divide the system into two subsystems at the 

interface of the bridge and vehicles and solve the systems separately.  Others employ a coupled 

modal method.  A few are reviewed in this section. 

 Green and Cebon (1994) used a convolution integral to solve the general equation of 

motion of a bridge.   

[ ]
2

2( ) ( , ) ( , ) ( , ) ( , )y ym x x t C x t L y x t f x t
t t

∂ ∂⎡ ⎤+ + =⎢ ⎥∂ ∂⎣ ⎦
 (2.1) 
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where L  is a self-adjoint linear differential operator (for vibration of a simply supported beam, 

L is 
4

4x
∂
∂

, 

 x  is a two dimensional position vector, 

 ( )m x  is the mass per unit surface area, 

 ( , )y x t  is the bridge response, 

 C  is the viscous damping operator, 

and ( , )f x t  is the force exerted on the bridge by the vehicle. 

Green proved that this equation could be solved with the following convolution integral: 

 ( , ) ( , , ) ( , )f fy x t h x x t f x dτ τ τ
∞

−∞

= −∫   (2.2)   

Where ( , , )fh x x t τ−  is the impulse response function at position x for an impulse applied at 

position fx .  Green found this method to be at least 7 times more efficient than time domain 

methods.  The method could incorporate any bridge model with any vehicle model, and it 

accounted for dynamic coupling of the bridge and vehicle.   

The use of uncoupled equations has become increasingly more popular (Yang and Fonder 

1996).  Coupled equations are applicable only for bridges with simple shapes such that the 

deformation modes are known or can be easily predicted.  Using coupled equations is 

inconvenient for dynamic analysis because the coefficient matrices must be updated at each time 

step to accommodate for the current position of the vehicle.  If a different vehicle or bridge is 

introduced into the analysis, all coefficients must be recalculated.  Because this can be a strain on 

memory allocation and computational effort, much attention is being devoted to uncoupled 

equations. 
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Yener and Chompooming (1994) used a finite element analysis to study the dynamic 

effects of a variety of vehicle models.  Their review of literature demonstrated a need for a 

general algorithm for the influence of multiple traversing vehicles (Yener and Chompooming 

1991).  Their analysis included five situations: one vehicle, two vehicles travelling in the same 

direction side by side, two vehicles travelling in the same lane following one another, two 

vehicles travelling in opposite directions in adjacent lanes, and two vehicles following another in 

adjacent lanes.   

The results show that the dynamic response of bridges relies on multiple parameters, 

including bridge superstructure characteristics, number of traffic lanes and vehicles, and vehicle 

velocity, position and direction.  Their results showed that the dynamic response factor calculated 

by their model sometimes exceeded the 1989 AASHTO standards.  Yener and Chompooming 

(1994) concluded AASHTO’s definition of dynamic response factor as a function of span length 

only is inadequate. 

Yang and Fonder (1996) proposed an iterative solution method utilizing uncoupled 

equations.  The method uses relaxation, or Aitken acceleration, to achieve convergence.  The 

authors have shown the method to be efficient for linear systems when compared to solving the 

system by coupled equations. 

 Many finite element models have been created in the past 10 years to analyze vehicle 

bridge interaction.  A number of different computer programs have been used, among them: 

ABAQUS, ANSYS, DYTRAN, LUSAS, NASTRAN, ADINA, and LS-DYNA.  Two-

dimensional models typically use beams to model the bridge, whereas three dimensional models 

utilize orthotropic plates to account for the distribution of mass and stiffness more accurately 

when compared to the real structure.  Vehicles are modelled with varying levels of complexity, 

but the majority reviewed used a lumped mass supported by springs and dampers.  Models with 
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multiple degrees of freedom can account for pitching and rolling to achieve more accurate results.  

The contact between the vehicle wheel and the bridge is typically considered to be a point to 

avoid integration of the contact area.   

2.4.2 Bridge Codes 

 This section reviews the parts of bridge design procedures that account for vehicle-

induced bridge vibrations.  Four different codes are compared: the American Association of State 

Highway and Transportation Officials Standard Specifications for Highway Bridges (AASHTO 

1996) and AAHSTO Load and Resistance Factor Design (LRFD) (AASHTO 1998) and the 

Ontario Highway Bridge Design Code (OHBDC 1983, 1991).  

 Most bridges are designed for a dynamic load allowance (DLA), which is a factor that 

accounts for the dynamic effects between vehicles and bridges.  Dynamic load allowance is also 

referred to as impact factor, dynamic amplification factor, and dynamic increment.  The DLA is 

defined as: 

 Dynamic Design Load *)1( DLA+= Static Design Load (2.3) 

Table 2.2 depicts how each code applies the dynamic load allowance.   

 The Ontario Highway Bridge Design Code (OHBDC) of 1983 specified a DLA as a 

function of the natural frequency of the bridge as shown in Figure 2-1.  This is because highway 

trucks have first natural frequencies of bounce between 2.5 Hz and 4.5 Hz; thus, the DLA should 

be highest in this region.  The Canadian Highway Bridge Design Code 2006, which is based on 

the now defunct OHBDC, simplified the DLA by making it a function of the number of axles on 

the bridge (CHBDC 2006).   

 The United States uses two design standards for bridges.  Traditionally, bridges have 

been designed by allowable stress design, which was based on the AASHTO Standard 
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Specifications for Highway Bridges (1996).  Allowable stress design dictates that the loading 

effects produce stresses that do not exceed a specified fraction of the yield stress of the structure.  

In an attempt to account for variability in the loads on a structure and how the structure responds 

to those loads, a statistically based code was developed.  The loads are multiplied by a load factor 

and the resistance is multiplied by a resistance factor, hence the name Load and Resistance Factor 

Design (LRFD) (AASHTO 1998). 

2.4.3 Dynamics of FRP Bridges 

 The mass, stiffness, and damping of FRP bridges are considerably different than those of 

bridges built with traditional materials.  There has been insufficient research on the dynamics of 

FRP bridges to know if the impact factors specified in bridge codes are applicable.   

Zhang et al. (2006) studied the dynamic performance of an FRP slab bridge with a 

corresponding concrete slab bridge using finite element modelling.  The bridges measured 7.08 m 

long, 8.45 m wide; the FRP sandwich panel was 0.57 m thick and the concrete slab was 0.25 m 

thick to give the concrete slab bridge comparable flexural stiffness. Numerous parametric studies 

were conducted and impact factors were calculated for each situation.  Varying the road 

roughness from good to poor and using a vehicle travelling at 15 m/s changed the impact factors 

from 0.174 to 1.213 and 0.174 to 1.208 on the FRP and concrete bridges, respectively.  When the 

rigidity of the vehicle was doubled and the vehicle was travelling at 20 m/s, the impact factors 

changed from 0.383 to 2.292 and 0.387 to 2.267 when the road surface conditions were changed 

from good to poor. They concluded that the FRP deck did not change the calculated impact factor 

significantly. 

Aluri et al. (2005) tested three instrumented FRP bridge decks in West Virginia.  The 

study found high acceleration in the bridge deck response to a moving vehicle load.  All three 



 

 18

bridges had low damping, sometimes as low as 0.5%, resulting in vibrations at least 90% of the 

acceleration limits.  The dynamic load allowance was found to be compliant with 1998 AASHTO 

and 1983 OHBDC bridge specifications, but pedestrian serviceability limits were beyond the 

acceptable ranges.   

2.5 Control of Deflections  

 The serviceability limit state of a bridge consists of deflection, slenderness, flexibility, 

and fatigue.  These factors affect a bridge’s performance throughout its service life.  Controlling 

deflections in bridge structures is important for several reasons.  Deflections may cause: 

a) deterioration of wearing surfaces, 

b) local cracking in concrete slabs and metal bridges, 

c) loosening of deck-beam connections, and 

d) discomfort of motorists. 

AASHTO deflection criteria are a function of bridge material and span length.  For steel, 

aluminum, and/or concrete bridges, the deflection limit for vehicular loads is span/800 and for 

vehicular and/or pedestrian loads is span/1000.  For wood construction, the deflection limits for 

vehicular and pedestrian loads is span/425.  The 1983 and 1991 OHBDC restrict the allowable 

static deflection of the bridge based on the first flexural frequency as shown in Figure 2-2.  

Neither AASHTO nor CHBDC have established deflection limitations for all composite bridges.   

2.6 Military Deployable Bridges 

Military bridges are used to cross wet and dry gaps in a variety of situations.  These 

situations can be generalized into three circumstances: under enemy fire, for temporary military 

or civilian mobility, and for long-term use.  The rapid deployable FRP box beam is not for assault 

use and is being tested for use in the latter two situations.   
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Military bridges differ from conventional bridges not only in their mobility, but also in 

the labour and equipment available for erection and placement.  This limits the weight of 

materials and complexity of erection.  Military bridges must also be extremely durable as field 

repair is not practical.  For this reason, many deployable bridges are constructed of multiple 

repeating pieces that can be easily replaced for quick repair.  Therefore, the optimal deployable 

bridge is lightweight, durable, and requires minimal manpower and machinery to erect and put in 

place.   

The United States Army has developed and tested a composite bridge treadway similar to 

the rapid deployable FRP box beam.  The DARPA/UCSD Composite Army Bridge (CAB) is a 

two parallel trackway system linked together by detachable separator bars.  The design is 

constructed of nearly all graphite members, which was chosen for its lower weight than low-cost 

glass members.  The superstructure is a W-shaped cross section 6.12 m in length with seventeen 

sandwich panel bulkheads bonded perpendicularly for improved shear transfer and side-wall 

buckling stability.  The roadway deck has upper and lower deck sheets surrounding a corrugated 

deck core, creating a system similar to the ribbed decking panels utilized for the rapid deployable 

FRP box beam.  The wear surface was chosen from fourteen material systems that were tested in 

various weather conditions with 3200 crossings of a 67 ton tank.  A spray-on urethane was 

chosen for its durability, low cost, and easy maintenance (Kosmatka, 1999). 

The most significant difference between the U.S. Army prototype and the current design 

being tested for the Canadian forces is the aluminum end-caps the CAB has added to the ends for 

abrasion resistance and lower bearing surfaces.  The end-caps are box beams with welded face 

sheets that are bonded to the composite trackways.  Full-scale testing demonstrated that the 

aluminum end-caps were successful in minimizing stress concentrations in the graphite at the 

ends of the bridge.   
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2.7 Summary 

Vehicle bridge interaction has been briefly reviewed.  Previous field testing programs, 

similar to the one described in Chapter 3, has been reviewed.  The use of finite element analysis 

for bridge studies has been summarized.
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Table 2-1 Typical Damping Ratios of Bridges (Paultre et al. 1992 and Aluri et al. 2005*) 

Type of Bridge 
Number of bridges 

tested 

Average damping 

value (%) 

Lowest damping 

value (%) 

Concrete 213 7.9 2 

Steel-concrete 

composite 
12 8.4 5.5 

Prestressed concrete 4 2.2 0.8 

Steel 14 1.3 0.4 

FRP* 2 1.24 0.5 

 

Table 2-2.  Material Properties of GFRP and Steel 

Specimen Property Steel GFRP 

Modulus of Elasticity 200 GPa 22 GPa 

Poisson’s Ratio 0.28 0.35 
Tube (50.8 mm x 50.8 mm 

x 6.4 mm) 
Density  1.90 Mg/m3 

Compressive Modulus (LW) 250 GPa 12.4 GPa 

Compressive Modulus (CW) 250GPa 6.9 GPa 

Poisson’s Ratio 0.28 0.32 

Plate (6.4 mm x 1220 

mm) 

Density 7.86Mg/m3 1.90 Mg/m3 

Modulus of Elasticity (LW) --- 20.7 GPa 

Modulus of Elasticity (CW) --- 10.35 GPa 

Poisson’s Ratio 0.28 0.32 
Deck (40 mm x 610 mm) 

Mass per Unit Surface Area --- 14.65 kg/m2 

LW: Lengthwise parallel to the unidirectional fibre rovings 

CW: Crosswise parallel to the unidirectional fibre rovings 
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Table 2-3 Comparison of Design Code Dynamic Load Allowance 

Design Code Dynamic Load Allowance 

OHBDC 1983 40.020.0 ≤≤ DLA  

varies with the first natural frequency of the bridge as shown in 

Figure 4 

OHBDC 1991 0.40 for one axle 

0.30 for two axles 

0.25 for three or more axles 

0.10 for uniformly-distributed portion of lane load 

AASHTO Standard 

Specifications for Highway 

Bridges (1996) 

30.0
125

50
≤

+
=

L
DLA   

where L is the loaded length of the bridge in feet 

AASHTO LRFD (1998) 0.75 deck joints 

0.33 other bridge superstructure members 
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Figure 2-1 1983 OHBDC dynamic load allowance based on first flexural frequency 
(OHBDC 1983) 

 

Figure 2-2 1983 OHBDC static deflection limits (OHBDC 1983) 
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Chapter 3 
Experimental Program 

3.1 General 

A two phase testing program, consisting of a laboratory and a field component, was 

conducted to investigate the dynamic behaviour of the FRP 10-m deployable box beam.  The first 

phase was conducted in the structural laboratory of the Royal Military College of Canada to 

ensure that the box beam could safely carry the full load of the single line of wheels of the 

heaviest vehicle to be used in the dynamic tests.  Full scale vehicle testing provides the most 

accurate data of box beam behaviour and is the best method of validating analytical models.  

Field testing in this study involved recording the dynamic response of the FRP box beam when 

excited by the single line of wheel loads of three military vehicles, namely a four-axle Light 

Armoured Vehicle, a Heavy Logistic Vehicle Wheeled (HLVW), and a forklift.  The last two 

vehicle types were considered supplementary tests, conducted to evaluate the response of the box 

beam to different types of a) vehicle suspension, b) vehicle loads, and c) number of wheels per 

trackway.  Section 3.2 describes the box beam.  Section 3.3 describes the quasi-static testing 

procedures and Section 3.4 describes the dynamic testing procedures, including a description of 

the Bison Light Armoured Vehicle that was used. 

3.2 Description of the FRP box beam 

The structural form of the 10-m FRP bridge consists of two box beams, each with two 

slopes as shown in Figure 3-1.  Each box beam is a single trackway laced together to create a 

double trackway structure.  Each trackway consists of two equal halves connected by a 300 mm 

steel hinge, allowing the box beam structure to fold and be mounted on a light armoured vehicle 

(LAV).   
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The two slope design was developed from the results of the testing of the 4.8 m FRP box 

beam (Wight et al. 2004) and has many benefits.  For example, the two slopes of the tapered box- 

beam structure provide a geometry that is closer to the parabolic shape of the bending moment 

curve of the structure than a single slope system.  Also, a dual slope system is a more economical 

use of material, as the height at mid-span is reduced without compromising the span of the box 

beam.  The dual slope system reduces driver discomfort.  Finally, the use of two slopes reduces 

the change in angle at the apex, reducing the impact force as a vehicle crosses the apex of the box 

beam.   

 As presented by Xie (2007), the main components of the box beam are illustrated in 

Figure 3-2 and the complete structure is shown in Figure 3-3.  The box beam consists of three 

types of FRP purchased from Creative Pultrusions Incorporated: 1625 series (thermoset vinyl 

ester class 1 FR) rectangular tube, 1625 polyester series flat sheet, and Flowgrip solid flooring 

panel (Creative Pultrusions Inc. 2000).  All members have unidirectional E-glass fibres.  The 

sections of FRPs used in the box beam are a 40 mm thick ribbed deck, a 6.4 mm thick plate, and a 

50.8 x 50.8 x 6.4 mm tube.  The box beam consists of three beams, each with a top and bottom 

flange and a web.  A polyurethane structural adhesive is used to bond sections to avoid the stress 

concentrations that occur with bolted connections.   

The overall length of the box beam is 10 m, but it is 9.6 m centre to centre of the simple 

supports, and reaches a maximum height of 0.953 m at mid-span.  At the change in slope, which 

occurs at the west and east quarter-spans, the height is 0.610 m.  The box beam has a total mass 

of approximately one metric tonne.  A detailed shop drawing of the box beam is given by Xie 

(2007) and reproduced in Appendix A. 
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3.3 Quasi-Static Tests 

Quasi static testing was conducted to: a) ensure that the strength of the steel hinge (Figure 

3-4) and its connection to the bottom plate of the box beam, as well as the overall box beam, 

would support the load of a Bison vehicle in the field testing, and b) obtain data to validate the 

finite element model.  The box beam was loaded uniformly at the mid-span in three stroke 

controlled tests.  Sections 3.3.1 to 3.3.3 describe the loading apparatus, box beam 

instrumentation, and test procedures.   

3.3.1 Loading Apparatus 

A hydraulic driven actuator with 1000 kN capacity was mounted vertically in a steel 

loading frame and bolted to the laboratory floor to perform the quasi-static tests, as shown in 

Figure 3-5.  The actuator applied the load to the box beam through a steel beam cushioned by a 

wood section as shown in Figure 3-6.  The load was assumed to be uniformly distributed across 

the mid-span of the box beam.  All three tests were conducted in the same location using a stroke 

controlled test, loading at 5 mm per minute.   

3.3.2 Instrumentation 

Two types of instrumentation were available for static data collection: electrical 

resistance strain gauges and Linear Variable Differential Transducers (LVDTs).  Strain gauges 

experience a change in electrical resistance when the material to which the gauge is bonded is 

deformed.  The strain values can be used to calculate the stress in the material.  The LVDTs were 

used to measure the base plate displacement, and they convert linear position to a proportional 

electrical output.  The box beam was instrumented with 64 strain gauges that were applied during 

construction, shown in Figure 3-7 continued 
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.  Locations of the strain gauges are indicated in Table 3-1.  The box beam was raised on 

pedestals 0.5 m from the ground to allow displacement measurements to be taken underneath the 

box beam.   

Data from the FRP box beam tests were collected using a Hottinger Baldwin Messtechnik 

(HBM) MGC-plus data acquisition system.  The data input cards allowed for a maximum of 16 

strain gauges, eight Linear Variable Displacement Transducers (LVDTs), and the load and 

displacement readings from the actuator.  The software program used as the interface between the 

personal computer and the HBM MGC-plus was Catman 5.0, which is also manufactured by 

HBM.   

For the quasi-static tests, conducted to evaluate the strength of the steel hinge, strains 

were only measured around the mid-span of the box beam.  Data were collected from sixteen 

strain gauges: eight on the steel hinge, five on the GFRP base plate, one on the south ramp tube 

90 mm from mid-span, one on the south web 90 mm from mid-span, and one on the mid-span 

diaphragm.   

 Seven LVDTs were used to monitor deflection of the base plate.  The LVDTs were in a 

cruciform layout measuring longitudinal displacement at 5 locations along the centre beam, and 2 

LVDTs measuring the transverse displacement of the mid-span.  The layout of the LVDTs is 

shown in Figure 3-8. 

3.3.3 Test Procedure 

The box beam was loaded uniformly at the mid-span in 3 stroke controlled tests.  The 

loading rate for each test was 5 mm per minute.  Test Q1 reached a target maximum load of 150 

kN.  The Bison vehicle weighs 12,860 kg (28,350 lbs), when combat loaded, which is equal to a 

force of 126 kN.  Thus, test Q1 represented more than the full weight of a Bison vehicle 



 

 28

positioned entirely at the mid-span of the box beam.  Additionally, each box beam would only 

carry one track of the Bison, or 63 kN, which is far less than the maximum load reached on Test 

Q1.  Tests Q2 and Q3 reached maximum loads of 100 kN each and were used for linearity 

checks. 

3.4 Vehicle Tests 

Most bridge dynamic testing programs focus on measuring the natural frequencies and 

damping of the structure.  Preliminary dynamic tests were conducted by Xie (2007) with an 

instrumented hammer.  Those tests were used to evaluate the damping ratio of the structure and 

identify its natural frequencies.  Vehicle tests herein were conducted to: a) verify the practicality 

of the structure and assess the level of driver discomfort; b) confirm the validity of the finite 

element model created in MATLAB; c) calculate the dynamic load allowance of the structure; 

and d) investigate the natural frequencies of the FRP box beam.  Section 3.4.1 describes the Bison 

vehicle used for testing.  Sections 3.4.2 through 3.4.4 describe the instrumentation, data 

acquisition, and testing procedure for the dynamic field tests.   

3.4.1 Description of Bison Vehicle 

 The FRP deployable bridge was designed to support a Military Load Class (MLC) 30 

vehicle.  The vehicle used for field testing was a Bison, an eight-wheeled armoured vehicle of 

MLC 16.  The vehicle has a two person crew and can accommodate 8 troops in the rear and 1 

person in the jump seat.  The Bison can reach a maximum speed of 100 kph on land and can 

travel 643 kilometres at its average speed of 48 to 64 kph.   

In the field testing, one track of the vehicle traversed the FRP box beam and the other 

track drove on a gravel ramp that had an elevation profile approximately equal to that of the box 

beam; Figure 3-9 shows the field testing setup.  Thus, the box beam supports the 63 kN force of 
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one track of the Bison.  The ground contact length and width of each tire is 0.30 m and 0.46 m, 

respectively.  Figure 3-10 shows the dimensions and forces associated with the axles of the Bison.   

3.4.2 Instrumentation 

 Displacements, strains, and accelerations were collected at selected points on the box 

beam.  These locations were chosen using the results of the quasi-static tests and key locations 

identified by Xie (2007).   

Owing to safety concerns arising from the use of the heavy vehicles, the box beam was 

supported only 110 mm above the ground, making it impossible to put LVDTs under the base 

plate as was done for the quasi-static tests.  Seven LVDTs were used on the top of the bottom 

flange of both the north and south beams to measure the longitudinal displacements, as shown in 

Figure 3-11. 

 Strain data were collected to provide information on the stresses experienced in various 

members in the FRP box beam.  The flexural performance was monitored using gauges on the 

base plate, and the axial behaviour was monitored using gauges on the mid-span diaphragm and 

vertical tubes.  In addition, gauges located on the ribbed decking were monitored, because local 

buckling occurred in the ribbed decking during field testing of the 4.8 m box beam.   

 Accelerometers were attached upside down to the base plate of the box beam by screwing 

the accelerometers to aluminum blocks glued to the base plate as shown in Figure 3-12.  Seven 

accelerometers collected data from the dynamic tests; the accelerometer locations are described in 

Figure 3-13 and Table 3-2.   

3.4.3 Data Acquisition and Processing 

 The same data acquisition system used for quasi-static testing was used for vehicle 

testing.  All seventeen tests were conducted with 24 strain gauges, 7 LVDTs, and 7 
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accelerometers in the same locations.  For Tests V1 – V13, the sampling rate was 50 Hz.  Using a 

low sampling rate introduced a common digital signal analysis error known as aliasing.  By using 

an improper sampling time, the digital record cannot capture all the details of the analog signal, 

and high frequencies can appear as low frequencies.  To avoid aliasing, Shannon’s sampling 

theorem recommends using a sampling rate of 2.5 samples per cycle of the highest frequency to 

be calculated (Inman 2001).  For Tests V14 – V17, the sampling rate was increased to 1200 Hz to 

minimize the effects of aliasing.   

Except for the strain gauges, all instrumentation and the data acquisition system were 

installed on the day of testing.  The first test run was used as a ‘dry run’ to test the 

instrumentation configuration and allow the Bison driver to become acclimated to the test setup.  

The recorded data were saved on the computer’s hard drive after each test run in the Catman 

program and also as Microsoft Excel files.  After testing concluded, the data files were transferred 

to another computer for data analysis in Microsoft Excel and Catman. 

3.4.4 Dynamic Testing Procedure 

Because the FRP box beam only holds one half of the test vehicle, a gravel ramp having 

approximately the same elevation profile and width as the FRP box beam was constructed 

adjacent to the box beam.  The gravel was retained by concrete retaining blocks, steels channels 

and lumber.  Geogrid and threaded rod were used as internal reinforcement.  Each layer of 

approximately 150 mm of gravel was compacted using a Compaction America BW65S 

compacting roller with double smooth drums.  Stages of the gravel ramp construction are shown 

in Figure 3-14. 

On the morning of the test, the LVDTs, accelerometers, and strain gauges were connected 

to the data acquisition system.  Because it was raining, care was taken to protect the 
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instrumentation and the associated wires from excessive moisture.  The LVDTs and 

accelerometers were deflected manually to make sure all measuring devices were calibrated and 

reading properly.  Traffic control was implemented to provide a safe working environment. 

The Bison vehicle tests were conducted on June 3rd, 2008 outside of the Sawyer Building 

on the Royal Military College of Canada campus in Kingston, Ontario.  For each test run, the 

vehicle would cross the “bridge”, consisting of the FRP box beam and the gravel ramp, once 

travelling from West to East, with the North beam of the bridge underneath the vehicle body.  For 

a quasi-static condition, the Bison approached the bridge at 8 km/h and idled with half of the 

vehicle on either side of mid-span for 3 seconds.  To test the box beam’s dynamic performance, 

the Bison crossed the bridge at speeds varying from 10 km/h to 25 km/h.  Twenty-five kilometres 

per hour was the fastest speed the vehicle could attain in the 18 m (60 ft) approach.   

To induce additional dynamic impact, a wood plank (100 mm by 100 mm) was placed on 

the west half of the box beam and gravel ramp, approximately 0.30 m from mid-span.  

Additionally, tests were conducted with the vehicle braking hard after the front two wheels 

crossed mid-span.  All tests are outlined Table 3-3. 

3.4.5 Supplemental Vehicle Tests 

Additional tests were conducted with two vehicles on July 24, 2008.  These tests were 

conducted to evaluate the response of the box beam to different types of a) vehicle suspension, b) 

vehicle loads, and c) number of wheels per trackway.  The first vehicle, a Heavy Logistic Vehicle 

Wheeled (HLVW), is a cross between a flatbed transport truck and an all terrain vehicle.  The 

total mass of the HLVW is 15,000 kg, similar to the Bison, but with only six wheels and a 

different suspension system.   
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The second vehicle, a 25,500 kg forklift, was used for quasi-static testing.  The vehicle 

could be driven in either direction, either leading with the counterweight or with the forks.  In this 

thesis, the ‘front’ refers to the forklift being driven with the counterweight leading.  Axle loads of 

the HLVW and forklift were unavailable.   

The instrumentation for supplemental testing was identical to the Bison vehicle testing, 

with the exception of an additional LVDT.  The LVDT was added to make the North and South 

side symmetrical, four LVDTs per side.  Data were recorded from the same eight accelerometers 

and twenty-four strain gauges described in Section 3.4.2.  Data were captured using three HBMs: 

one in the vehicle as before and two for the box beam instrumentation.  Adding an extra HBM 

allowed the sampling rates to be increased. 

Nine test runs were conducted with the HLVW.  The first seven tests involved the vehicle 

driving from West to East on the bridge.  The first test was a trial run for the driver and the 

instrumentation.  The second test was the quasi-static run to collect data to be used for impact 

factor calculations.  The axle loads of the HLVW were not available, so two situations were 

tested to record strains with the approximate centre of the vehicle’s gravity over mid-span.  The 

vehicle paused with the front wheel on the eastern quarter-span and then rolled forward until the 

second axle was located over the western quarter-span.  As the flatbed was not loaded, the rear 

wheels were not in contact with the bridge and the majority of the weight was assumed to be in 

the front of the vehicle. 

Tests H3, H4, and H5 involved the HLVW driving across at a steady speed with the 

wheel line aligned with the centre beam as closely as possible.  For test H6, wood planks (100 

mm by 100 mm) were placed on the box beam and gravel ramp approximately 0.30 m west of 

mid-span to induce a greater dynamic impact.  Test H7 involved the wheel line positioned off 

centre, close to the south beam.   



 

 33

After testing the bridge with the Bison vehicle, it was learned that the Bison’s weight is 

unevenly distributed; the right side of the vehicle is much heavier due to the amount of equipment 

mounted on the right side.  For the supplemental tests, less information was available about the 

vehicles; tests were conducted in both directions to check for uneven weight distribution.  For 

tests H8 and H9, the vehicle drove from east to west on the bridge.  For test H8, the wheel line 

was off centre, very close to the north beam.  Test H9 was along the centreline at a fast velocity. 

Sampling rates were increased from the Bison tests to enhance the quality of the dynamic 

data recorded.  For the first test run, all instrumentation was recorded at 9600 Hz, but the 

computer malfunctioned.  For the static test H2, the accelerometers were at 9600 Hz and the 

strain gauges were sampled at 50 Hz.  For tests H3 and H4, the accelerometers were sampled at 

9600 Hz and the strain gauges and LVDTs were sampled at 1200 Hz.  The accelerometer data 

was not reading well, so the sampling rate of the accelerometers was changed to 4800 Hz.  For 

the forklift tests, all instrumentation was sampled at 50 Hz due to the slow speed of loading. 

The forklift rolled slowly onto the western half of the bridge and stopped with the front 

wheel approximately 250 mm from mid-span.  Cracking was heard at the western support during 

loading and unloading.  The test was repeated and cracking was heard in the deck plate and end 

support.  The next test was conducted on the eastern half of the bridge with the front wheel not 

passing mid-span (Test F1).  The final test with the forklift (Test F2) involved the rear wheels 

slowly rolling up the eastern half of the bridge and pausing after the front wheels passed the 

eastern support.  Cracking was heard in the ribbed decking and eastern end support. 

3.5  Summary 

This chapter describes the experimental program for the quasi-static and vehicle testing 

of the FRP box beam.  Quasi-static tests were conducted to ensure the safety of the box beam 

prior to vehicle testing.  Vehicle testing was conducted to collect data on how the box beam will 
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perform in field conditions.  Results and observations are presented in Chapter 4 and are 

compared to the finite element model in Chapter 5.
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Table 3-1 Strain Gauge locations 

Strain 
gauge  Direction Location Notes 
SG 1 L Ramp plate (external) 
SG 2 L Ramp plate (external) 
SG 3 L Ramp plate (internal) 
SG 4 T Ramp plate (internal) 
SG 5 L Ramp tube 
SG 6 L Ramp tube 
SG 7 V Web-centre beam 
SG 8 H Web-centre beam 
SG 9 D Web-centre beam internal 
SG 10 D Web-centre beam external 
SG 11 L Bottom tube, south beam 
SG 12 L Bottom tube, centre beam 
SG 13 L Bottom plate (external), under south beam 
SG 14 L Bottom plate (external), under centre beam 

Cross section 
1,600 mm from 
mid-span 

SG 15 H Ramp plate (external), above south beam 
SG 16 H Ramp plate (external), above centre beam 
SG 17 H Ramp plate (internal) 
SG 18 V Ramp plate (internal) 
SG 19 H Ramp tube, south beam 
SG 20 H Ramp tube, centre beam 
SG 21 V Web, centre beam 
SG 22 H Web, centre beam 
SG 23 D Web, centre beam internal 
SG 24 D Web, centre beam external 
SG 25 H Base tube, south beam 
SG 26 H Base tube, centre beam 
SG 27 H Base plate (external), under south beam 
SG 28 H Base plate (external), under centre beam 

Cross section 
2,200 mm from 
mid-span 

SG 29 L Ramp tube, south beam 
SG 30 L Ramp tube, centre beam 
SG 31 H Web, south beam  
SG 32 H Web, centre beam  

Within 90 mm of 
mid-span 

SG 33 L Ramp tube, centre beam 
SG 34 L Base tube, centre beam 

Around 1/8 span 

SG 35 V Web  At centre 
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SG 36 H Web  
SG 37 D Web  
SG 38 D Gusset plate  

web/gusset plate 
350 mm from 
end edge 

SG 39 V Mid-span diaphragm  
SG 40 H Mid-span diaphragm  
SG 41 D Mid-span diaphragm  

Mid-span 
diaphragm 

SG 42 V Quarter-span diaphragm 
SG 43 H Quarter-span diaphragm 
SG 44 D Quarter-span diaphragm 

Quarter-span 
diaphragm 

SG 45 L Deck plate 

SG 46 T Deck plate 

Ribbed deck, 600 
mm from mid-
span 

SG 47 L Deck plate 

SG 48 T Deck plate 

Ribbed deck, 
2,200 mm from 
mid-span 

SG 49 H Steel plate, under south beam, 30 mm from mid-span 
SG 50 H Steel plate, 30 mm from mid-span 

SG 51 H Steel plate, under centre beam, 30 mm from mid-span 

SG 52 H Steel plate, under south beam, 130 mm from mid-span 
SG 53 H Steel plate, 130 mm from mid-span 

SG 54 H Steel plate, under centre beam, 130 mm from mid-span 

SG 55 H Steel plate, under south beam, 230 mm from mid-span 

SG 56 H Steel plate, under centre beam, 230 mm from mid-span 

Installed on steel 
plate 

SG 57 H Base plate, under south beam, 130 mm from mid-span 

SG 58 H Base plate, 130 mm from mid-span  

SG 59 H Base plate, under centre beam, 130 mm from mid-span  

SG 60 H Base plate, under centre beam, 130 mm from mid-span  

SG 61 H Base plate, under centre beam, 230 mm from mid-span  

SG 62 H Base plate, under centre beam, 230 mm from mid-span  

SG 63 H Base plate, under centre beam, 410 mm from mid-span  

SG 64 H Base plate, under centre beam, 410 mm from mid-span  

Installed on FRP 
base plate 

Notes: 
L: aligned with the longitudinal axis of the box beam 
T: aligned with the transverse direction of the box beam 
H: parallel to the bottom plate 
V: perpendicular to the bottom plate 
D: at 45 degree rotation to the bottom plate 
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Table 3-2 Accelerometer Locations 

Accelerometer Location 

ACC D West Quarter-span, Centre Beam 

ACC E Between West Quarter-span and Mid-span, Centre Beam 

ACC F Mid-span, Centre Beam 

ACC G Between Mid-span and East Quarter-span, Centre beam 

ACC H East Quarter-span, Centre Beam 

ACC J Mid-span, South Beam 

ACC K East Quarter-span, South Beam 

 

Table 3-3 Field Tests 

Test Approximate  

Speed (kph) 

Notes 

V1 5 Test run for driver and instrumentation 

V2 <2 Vehicle paused when centred at mid-span, slightly to the South beam 

V3 10 Medium speed 

V4 14 Slowed down after front wheels passed the apex 

V5 <2 Vehicle paused when centred at mid-span on centre beam 

V6 20 High speed 

V7 20 High speed 

V8 15 Vehicle braked on west half of the bridge 

V9 12 Vehicle braked after two wheels passed mid-span 

V10 18 Vehicle braked hard after two wheels passed mid-span.  Hesitated on 

North-eastern part of the bridge. 

V11 20 High Speed 

V12 15 Rear wheels drove over pieces of wood before passing mid-span 

V13 10 Wheel line off centre 

V14 25 Wheel line off centre 

V15 23 High speed 

V16 20 Rear wheels drove over pieces of wood before passing mid-span 

V17 23 Hard braking after two wheels passed mid-span. 
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Table 3-4 Supplemental Field Tests 

Test Maximum 

Speed  (kph) 

Notes 

H1 13 Trial Run, Medium Speed 

H2 <2 Vehicle Paused with Front Wheel on Eastern Quarter-span 

H3 13 Medium Speed 

H4 26 High Speed 

H5 20 High Speed 

H6 16 Medium speed, wood planks on bridge and ramp 

H7 16 Off centreline towards south beam 

H8 26 East to West, Wheel-line close to North beam 

H9 28 East to West, High Speed 

F1 < 2 Rolled up Eastern Side to Mid-Span 

F2 < 2 Rolled up Eastern Side to Mid-Span 
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Figure 3-1 Plan and profile view of box beam with dimensions 
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Figure 3-2 Components of half of the box beam (after Xie 2007) 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) (10) 

(11) 

(12) 
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Box Beam Components (after Xie 2007) 

Number Name of the components 

1 Ramp ribbed decking 

2 Ramp plate (top plate) 

3 Mid-span diaphragm 

4 Mid-span diaphragm transversal tube (upper) 

5 Mid-span diaphragm transversal tube (lower) 

6 Beams 

7 Base plate 

8 End cover plate 

9 End transversal tube 

10 Quarter-span diaphragm 

11 Quarter-span diaphragm transversal tube 

12 Quarter-span diaphragm vertical tube 

 

 

Figure 3-3 FRP Box Beam 

N

S 
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Figure 3-4 Steel hinge 

 

Figure 3-5 Quasi-static Test Setup 
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Figure 3-6 Load at mid-span distributed uniformly across the width of the box beam 
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Figure 3-7 Strain gauge locations (after Xie 2007) 
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Figure 3-7 continued 

 

 

 

Figure 3-8 LVDT Locations for Quasi-Static Testing (Plan View) 
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Figure 3-9 Field Testing Setup 

 
Figure 3-10 Bison with wheel spacing and wheel loads (i.e. loads for half the vehicle) 
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Figure 3-11 Location of LVDTs for dynamic testing (Plan View) 

 
Figure 3-12 Accelerometer attached to base plate 

 

 

Figure 3-13 Accelerometer Locations (Plan View) 
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Figure 3-14 Gravel Ramp Construction 
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Figure 3-15 HLVW 

 

 

 

Figure 3-16 Forklift 
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Chapter 4 

Experimental Results 

4.1 General 

The results of the laboratory and field testing of the FRP box beam are presented in this 

chapter.  These include the quasi-static tests conducted in the laboratory and the dynamic field 

tests.  In section 4.2, the results of the quasi-static tests are presented; section 4.3 details the 

results of the field testing with the Bison Armoured Vehicle.   

4.2 Quasi-Static Test Results 

Quasi-static tests were used to evaluate the strength of the steel hinge that connects the 

two halves of the box beam, to assess the transverse load distribution under maximum load, and 

to ensure the structural capacity of the box beam for the field testing.  The box beam was loaded 

at the mid-span uniformly across its width and the magnitudes of the maximum loads for tests Q2 

and Q1 were 100 and 150 kN, respectively.  The tests are outlined in Table 4-1.  The load-

deflection response was linear elastic, as shown in Figure 4-1 and Figure 4-2.   

The deformations along the longitudinal axis below the centre beam are plotted in Figure 

4-3 and Figure 4-4.  At a maximum load of 150 kN, the mid-span displacement was 32.5 mm.  

Using the AASHTO deflection criterion of span/800 (L/800), the maximum allowed deflection is 

12 mm.  Although live load deflection limitations have not yet been established for an all-

composite material bridge, the criterion can be used to conclude that the all-FRP box beam is 

much more flexible than bridges of typical construction materials.  While this may be 

unacceptable for civilian roadway bridges, deflection limitations for civilian bridges are based on 
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structural safety, pedestrian perspective, and rider discomfort.  Thus, the displacement of the FRP 

box beam may be acceptable for military and emergency applications. 

 The design of the box beam bridge is such that symmetry is expected transversely, 

namely along the north-south axis.  The difference between the displacements of the north and 

south beam was always less than 1 mm, which was expected from the uniform loading across the 

section.  Xie’s (2007) patch load tests confirmed that the box beam was designed and built with 

sufficient torsional rigidity.  This is important during field testing and actual use, because the 

wheel loads will not necessarily be aligned with the longitudinal centreline.   

 The longitudinal centreline displacement at maximum load of all three quasi-static tests 

was plotted in Figures 4-5 and 4-6 to check repeatability.  All three plots show LVDT D 

deflecting less than expected.  This was also observed in the tests conducted by Xie (2007), who 

assumed it was an instrumentation malfunction issue and applied a correction factor.  The data 

proved the box beam load-deflection response was linear and repeatable because the slope of the 

mid-span deflection was 4.55 kN/mm and 4.50 kN/mm for Q2 and Q3, respectively.  The slope of 

the mid-span deflection for test Q1 was 4.63 kN/mm.   

 For brevity, only the load-strain response for test Q1 is presented to show the maximum 

strains achieved.  The load-strain response of the steel hinge is plotted in Figure 4-7.  Strain 

gauges 56 (SG 56) and 49 (SG 49) have the highest magnitude of strain (1154 and -1109 

microstrain, respectively).  These strains correspond to stress values of 230 MPa and -201 MPa.  

The steel hinge is ASTM A36 steel, which has yield strength of 250 MPa and an ultimate strength 

of 400 MPa.  Quasi-static test Q1 came within 8% of the specified yield strength.  Strains were 

recovered upon unloading of the bridge, and there was no visible deformation or cracking 

observed.  As the maximum load of 150 kN was more than expected in the dynamic field testing, 
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even after accounting for a generous impact factor, the steel hinge was determined to be safe and 

sufficient for the service loading. 

 The load-strain response of the FRP members monitored for test Q1 is shown in Figure 

4-8.  The highest strain values were experienced by strain gauges 29 (SG 29) and 57 (SG 57).  SG 

29 was located on a GFRP tube at mid-span and reached a maximum strain of 707 microstrain.  

SG 57 was located on the south edge of the base plate close to the hinge, underneath the steel 

plate, very close to SG 49 and reached a maximum strain of 303 microstrain.  The corresponding 

stress values are 20.2 MPa and 5.2 MPa, far from the ultimate material strengths of 257.8 MPa 

and 240.6 MPa, respectively.  Comparisons of the four strain gauges with their respective 

material strengths and maximum stresses can be found in Table 4-2.    

4.3 Results of Field Tests 

In each run, the Bison drove from West to East across the bridge, and the displacements, 

strains, and accelerations were recorded.     

4.3.1 Bridge Deflection 

Several of the LVDTs on the bridge did not function properly due to poor weather on 

testing day.  However, the 4 out of 7 LVDTs that did work provided interesting information about 

the displacement of the bridge as a result of the Bison traveling across.  The results from tests V7, 

V14, and V15 are presented to show the differences between an off-centreline and centred test, all 

at high speed.  The graphs of the LVDT data for the three tests are presented in Figures 4-9, 4-10, 

and 4-11, respectively. 

Tests V7 and V15 are both high speed tests with the wheels aligned with the centreline.  

Reviewing the video showed that the wheel line was slightly north of centre on test V7, and very 

close to centre on test V15.  When the Bison initially made contact with the western end of the 
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box beam on both tests, the LVDT data shows that the bridge lifted up.  On test V7, L3 and L4, 

both located on the south-eastern part of the box beam, lifted upward 5.5 mm.  The off-centre line 

test experienced less than 0.75 mm of uplift.   

The maximum deflection on the off-centre line test was greater than on any of the 

centreline tests.  On test V14, the LVDT at the eastern third span deflected 16.5 mm downward.  

The maximum deflection on the centreline tests was 15.4 mm.  Although mid-span deflection 

data was not available, inferences can be made based on the other data and the quasi-static tests.  

In quasi-static tests, the mid-span deflection was between 20-25% more than the third span 

deflection.  Using this information, the maximum expected deflection at mid-span would be just 

over 20 mm downward.   

4.3.2 Dynamic Increment 

The term ‘dynamic increment’ will be used to describe the calculated value referred to in 

AASHTO bridge codes as impact factor and Canadian bridge codes as dynamic loading 

allowance.  The term impact factor can be misleading because the bridge does not necessarily 

experience ‘impact’ but rather an increase in dynamic loading.  Two tests (V2 and V5) were 

conducted in which the Bison braked after two wheels had passed the apex, paused for 3 seconds, 

and then drove slowly off the bridge (Figure 4-12).  In test V2, the Bison wheels were slightly 

south of centre, and test V5 was conducted to collect data with the Bison wheels centred over the 

centre beam as closely as possible.  These tests were conducted for use in calculating the dynamic 

increment of the bridge.  The dynamic increment is defined as 
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where Rd represents the maximum dynamic strain and Rs represents the maximum quasi-static 

strain.   

Strain gauges located near the mid-span of the bridge were monitored for calculating the 

dynamic increment.  However, during most test runs, the front wheels of the Bison would lift off 

the bridge before crossing the apex, and would regain contact with the bridge slightly past mid-

span, as shown in Figure 4-13.  Because of this occurrence, the strain readings near mid-span 

were actually less than the strain readings during quasi-static tests, because the weight of the 

Bison was centred on mid-span in the static case.  Dynamic increments calculated from tests V7 

and V11 were inconclusive, because most values were negative. 

Tests V16 (wood planks) and V17 (hard braking) were conducted in attempts to increase 

the amount of dynamic impact induced on the bridge.  Using the strain data from test V17, it was 

possible to calculate positive dynamic increments.  Extremely large values were calculated for 

strain gauges on the exterior beams or on the ribbed decking, but the strain values for these 

members were small compared to the other strains recorded.  This fact raises the question: which 

dynamic increment value is representative of the whole bridge?   

In traditional bridge design, the beam carrying the largest total loading controls the 

design.  Thus, the large dynamic increments calculated from low strains are not as relevant as the 

more representative values calculated from the FRP members that had high static strain values.  

Thus, the dynamic increments were separated into three categories (high, medium, and low strain) 

by the static strain values recorded.  The categories are described in Table 4-3, and the 

corresponding dynamic increments are shown in Tables 4-4, 4-5, and 4-6. 
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The dynamic increments calculated from the high static strain values measured were 

mostly negative, with the exception of those calculated on tests V16 and V17.  The maximum 

dynamic increment calculated was 45%.  The dynamic increments calculated from tests V16 and 

V17 ranged from -12% to 45% for FRP members and from 16% to 38% for the steel hinge.  The 

OHBDC of 1991 specifies a dynamic increment based on the number of axles of the vehicle.  The 

Bison has 4 axles, dictating a maximum dynamic increment of 25%.  AASHTO specifications 

give the dynamic increment as: 

( )L
I

+
=

125
50

    (4.2) 

where L is the length of the bridge span in feet.  The dynamic increment should not exceed 30% 

for a bridge constructed of traditional materials.  For the FRP box beam, the dynamic increment 

predicted by AASHTO code is 32%.  There were sixteen calculated dynamic increments values in 

the high category for tests V16 and V17.  Eleven out of 16 (69%) were within the CHBDC 

specifications, while 14 out of 16 (88%) were less than the value specified by AASHTO. 

4.3.3 Data processing 

The plots of acceleration data provide little information about the bridge, as seen in 

Figure 4-14, the graph of the acceleration data from test V15.  Acceleration data were analyzed 

using the Fast Fourier Transform (FFT).  The FFT, first discussed by Cooley and Tukey (1965), 

is a more efficient method of using the Discrete Fourier Transform (DFT) algorithm by reducing 

the number of calculations.  The FFT reveals periodicities in input data and the strengths of 

important periodic components.  The FFT transforms sample data in the time domain into a series 

of frequency-domain points.  Figure 4-15 shows the FFTs of the acceleration data from test V15.   
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There are disadvantages associated with using the Fast Fourier Transform technique.  For 

example, discretizing the continuous time history can lead to an aliasing problem, as discussed in 

Section 3.4.3.  For this reason, the dynamic results from tests V14-V17 are considered more 

accurate for determining the natural frequencies of the box beam bridge because a higher 

sampling rate was used.   

Leakage is another common disadvantage associated with Fourier Transform techniques.  

Leakage occurs when a frequency component of the original time domain sample data is not an 

integer multiple of the sampling period.  Thus, information leaks into the spectral lines 

surrounding the true frequency.  Windowing functions are commonly used to minimize leakage 

errors.  A range of windowing functions are available depending on the type of data.  Exponential 

windows are typically used for transient vibration data, and Hanning windows are commonly 

applied to random vibration data.  Windowing functions are applied to time domain data prior to 

the calculation of FFTs.   Hanning windows were chosen for presenting the results.  FFTs were 

calculated using MATLAB and FFT Software developed by Dr. Ronald Anderson at Queen’s 

University. 

The FFT was used to transform the bridge accelerometer data and the Bison 

accelerometer data into the frequency domain.  FFTs were calculated using 8192 samples at 1200 

Hz; the total sample time was 6.83 seconds giving a frequency resolution of 0.15 Hz.  As seen in 

Figure 4-15, there are multiple frequency peaks.  The frequency peaks found from the bridge data 

are similar to the natural frequencies found by Xie using LUSAS and hammer testing as shown in 

Table 4-7. 
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4.4 Supplemental Vehicle Testing Results 

Testing the bridge with the HLVW provided results to fill in the gaps from 

instrumentation failure during Bison testing.  The data also provided a comparison for the Bison 

vehicle data and insight for the performance of the bridge when traversed by vehicles of different 

wheel loads and suspension systems.   

4.4.1 Deflection 

The LVDT data provided results not available from the Bison vehicle tests.  The 

maximum vertical displacement of the bridge can be plotted for both the north and south side as 

shown in Figure 4-16.  Reviewing the high speed video taken of test H5 showed the wheel line 

slightly south of the centre beam.   Plotting the maximum displacement for off centreline test H6 

provided similar results but with a larger difference between the North and South sides due to the 

transverse loading shift, as shown in Figure 4-17. 

The LVDT data from the Bison vehicle tests only represents four locations whereas the 

HLVW tests had eight LVDTs.  In both the centreline and off centreline tests, the bridge 

experienced less uplift with the HLVW than when traversed by the Bison.  During fast centreline 

tests using the Bison vehicle, the maximum uplift of the bridge was 5.5 mm, compared to 3.0 mm 

using the HLVW, as shown in Figures 4-18 and 4-19.  However the bridge was moved between 

tests and this difference could be attributed to the bridge being more stable on the concrete ramps 

that were used as end supports.   

4.4.2  Dynamic increment 

Dynamic increment calculations from the HLVW testing yielded more reasonable values 

than those calculated from the Bison vehicle testing.  This is most likely due to the vehicle’s 
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wheels remaining in contact or regaining contact with the bridge around mid-span, where most of 

the strain gauges are located.  Dynamic increments were calculated for tests H5 (high speed) and 

H6 (fast speed with wood planks).   

The calculated dynamic increments for various strain gauges are compared in Table 4-8.  

For test H5, the maximum dynamic increment was 27% and the average dynamic increment was 

18%. These measured dynamic increments are also similar in magnitude to the predictions of 

design codes (25% for CHBDC and 32% for AASHTO).  When wood planks were placed on the 

bridge, the calculated dynamic increments were significantly higher, averaging 67%.  This 

indicates the bridge will experience higher dynamic responses if the terrain leading up to the 

bridge is uneven.   

4.5 Summary 

The results of the bridge tests were used to validate the finite element model that is 

presented in Chapter 5.  Strain values and dynamic increment calculations provide information 

for the limits of deployment strategies that are discussed in Chapter 6. 
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Table 4-1 Quasi-static tests 

Test Maximum Load 

Q1 150 kN 

Q2 100 kN 

Q3 100 kN 

 

Table 4-2 Maximum strains and equivalent stresses for Q1. 

Strain 

Gauge 

Member Type Measurement 

(microstrain) 

Equivalent 

Stress (MPa) 

Material 

Strength (MPa) 

Ratio of stress to 

material strength 

49 Steel Plate 1154 230 250 1:1.1 

56 Steel Plate -1109 -201 250 1:1.2 

29 GFRP Tube 707 20 258 1:13 

57 Base plate 303 5 241 1:46 

 

Table 4-3 Static strain categories for dynamic increment calculations 

Category FRP (microstrain) Steel (microstrain) 

High |Strain| > 300 Strain > 60 

Medium 
-300 < Strain < -100 

100 < Strain < 300 
30 < Strain < 60 

Low -100 < Strain < 100 0 < Strain < 30 
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Table 4-4 Dynamic increments calculated from high static strains 

Test SG30 SG32 SG45 SG57 SG64 SG52 SG54 SG56  

V6 -9 -4 -9 6 3 11 13 10 

V7 -15 -12 -14 -11 -12 -7 8 -4 

V10 -2 3 -2 1 -4 12 9 7 

V11 -17 -11 4 -15 -15 -19 -5 -7 

V12 -3 2 28 -4 2 -13 16 11 

V15 -17 -11 21 -17 -16 -24 13 1 

V16 -12 -10 45 6 10 22 38 27 

V17 -2 -1 23 16 18 29 33 16 

 

Table 4-5 Dynamic increments calculated from medium static strains 

Test SG58 SG61  SG53  
V6 7 6 24 
V7 -15 -11 15 

V10 -5 0 25 
V11 -23 -14 3 
V12 1 -1 12 
V15 -22 -14 12 
V16 7 8 45 
V17 9 17 67 

 

Table 4-6 Dynamic increments calculated from low static strains 

Test SG4 SG46 SG63 
V6 7 615 11 
V7 -11 -2659 -17 

V10 123 4765 -3 
V11 544 -170 -25 
V12 974 34156 -4 
V15 951 32989 -22 
V16 703 24208 16 
V17 335 21076 15 
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Table 4-7 Comparison of Natural Frequencies 

 Vehicle Testing Hammer Testing LUSAS (Xie) 

11 12 14.3 

22  19.7 

28  28 

Natural Frequency 

(Hz) 

35  33 

 

Table 4-8 Dynamic increments calculated from HLVW tests 

 SG 59 SG 61 SG 57 SG 58 SG 64 SG 30 SG 12 

H6 66 56 71 60 71 76 69 

H5 27 9 16 12 20 23 15 
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Figure 4-1 The load-deflection response of the base plate for test Q1. 
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Figure 4-2 The load-deflection response of the base plate for test Q2. 
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Figure 4-3 The transverse load-deflection response of the base plate for test Q1. 
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Figure 4-4 Transverse load-displacement response of the base plate for test Q2. 
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Figure 4-5 Vertical centreline displacement at 150 kN 
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Figure 4-6 Vertical centreline displacement at 100 kN. 
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Figure 4-7 The load-strain response of the strain gauges on steel for Q1. 
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Figure 4-8 Load-strain response of the strain gauges on FRP members for test Q1 
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Figure 4-9 LVDT data from V7 
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Figure 4-10 LVDT data from V14 
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Figure 4-11 LVDT data from V15 

 

Figure 4-12 Static Test  
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Figure 4-13  Wheels not in contact with the bridge 
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Figure 4-14 V15 Acceleration (acceleration in g) 
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Figure 4-15 Test V15 FFTs 
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Figure 4-16 Vertical displacement of the box beam for test H5 
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Figure 4-17 Vertical displacement for test H6 
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Figure 4-18 Southern LVDT data from test H5 
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Figure 4-19 South LVDT data from test H6 
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Chapter 5 
Analysis 

5.1 Introduction 

A finite element model was developed and validated using the quasi-static and dynamic 

data.  A description of the model and comparisons to the quasi-static and vehicle tests are 

presented in Sections 5.2 – 5.6.  The model is used to develop speed limits for the bridge which is 

discussed in Section 5.6.2.   

5.2 Description of the Model 

An effective and reliable finite element model needs assurance in the accuracy of the 

model’s results.  The finite element model was developed in stages in order to validate the model 

with known solutions (Fryba 1972).  The initial version considered a simply supported beam with 

a static load.  The location of the load was changed to verify proper deflection of the beam and 

that the Hermitian shape functions were correctly implemented.  The second stage was a simply 

supported beam with a moving point load, similar to modelling a bridge with just a wheel load on 

it. 

 The third stage involved a spring-dashpot unit, or ‘quarter-car’ model, traversing a simply 

supported beam.  The accelerations, velocities, and displacements of the bridge, unsprung mass 

(wheel), and sprung mass (car body) all closely matched known solutions.  There was a small 

amount of error in each comparison, which is reasonable for comparing finite element solutions 

to theoretical calculations.  At this point, the simply supported beam was changed to a series of 

elements matching the geometry of the FRP box beam.  This introduced portions of the model 

that could not be verified with known solutions and added the complexity of transforming from 

local to global coordinates in order to account for the two slopes of the box beam. 
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 A single quarter car model is insufficient for modelling a complex vehicle such as the 

Bison, especially on the short-span box beam.  Four quarter car models were used as shown in 

Figure 5-1, representing the wheels of the right track of the Bison.  This model of the vehicle is 

not entirely accurate because the four quarter-cars act independently of each other spaced at the 

distances between the axles.  This does not account for the shifting of the body mass of the 

vehicle.  The wheel loads are modelled as point loads although the contact surface area of each 

tire is 0.30 m.  The box beam is modelled as a series of beam elements as shown in Figure 5-2.  

Only the deflections due to flexure are calculated.  Also, the current model allows for the 

possibility of further developments including modelling the front wheels as lifting off the bridge. 

In the numerical model, assumptions about the structural components are necessary.  The 

geometry of the bridge members, as well as the respective mass, moment of inertia, and stiffness 

are crucial to the accurate modelling of the dynamic response.  The mass of the bridge is assumed 

to be uniform, even though it increased by small increments due to the change in height of the 

webs of the box beam from the supports to the mid-span; however, the finite elements had 

varying elastic modulus and inertia values depending on the height of the webs.  The analysis is 

performed using MATLAB; the finite element mesh is shown in Figure 5-3.     

5.3 Sensitivity Analysis 

A sensitivity analysis was conducted to determine the appropriate length of the beam 

elements.  Elements of 100 mm, 60 mm, and 25 mm were selected.  The model using 60 mm 

elements was adequate for slower vehicle velocities, but was inaccurate for higher speeds.  Using 

smaller elements is a little unrealistic, because of the size of military vehicle tires.  The wheel 

loads are modelled as point loads, but actually would be in contact with 5 elements if 60 mm 

elements, and 12 elements if 25 mm elements are used.  Using 60 mm elements was seen as a 

compromise and greatly decreased the computational time. 
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5.4 Modeling Equations 

The model employs the equations developed by Yang and Fonder (1995).  The iterative 

model is broken into steps, as shown in the flowchart in Figure 5-4.  Because the order of the 

vehicle-bridge interaction element is of the same order as that of the Newmark solution method, 

using convergence criteria is not necessary when using this algorithm (Yang and Fonder 1995).  

Uncoupled equations are chosen so that the type of vehicle could be changed without 

necessitating changes to the equations.  The material properties of the box beam can also be 

modified without difficulty.  This stipulation is important because the box beam is a prototype 

and is likely overdesigned.  Thus, the developed MATLAB code could be modified easily to 

accommodate numerous vehicles and changes to the box beam.   

5.5 Results of the Static Analysis 

The finite element analysis was conducted three times to validate the three different 

quasi-static tests conducted: 50 kN (Xie 2007), 100 kN, and 150 kN.  The quasi-static analysis 

was used to validate the formulas used for the elastic modulus and moment of inertia.  For the FE 

analysis, the load was located on the node at mid-span. 

The plots of the displacement contours of the base plate from FE analysis and laboratory 

testing for the three tests are presented in Figure 5-5, 5-6, and 5-7.  The comparison of all three 

quasi-static tests conducted with the load at mid-span is shown in Table 5-1.  The FE model 

closely approximates the maximum mid-span displacement for all three tests.  However, for the 

50 kN and 150 kN comparisons, the model underestimates the quarter-span displacements, by as 

much as 3 mm in the 150 kN test.  The 150 kN load is more than the vehicle loads that will be 

used in the model, so the model should predict the box beam displacement with an error of less 

than 3 mm under vehicle loads.   
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5.6 Results of the Vehicle Analysis 

Two different vehicle models are used as described in Section 5.2.    The results of the 

finite element analysis with the two models are discussed in Section 5.6.1.  The velocity 

parameterization used to determine the limiting speed for the bridge is described in Section 5.6.2. 

5.6.1 Vehicle Models 

The first model used in the finite element analysis with the FRP box beam was a two 

degree of freedom, ‘quarter-car’ model as previously described.  The input vehicle parameters for 

an idealized Bison vehicle are shown in Table 5-2. The first natural frequency of the quarter car 

model is approximately 2.0 Hz.  For this model, the whole mass of the vehicle is concentrated on 

one axle.  The predicted mid-span displacement of the box beam when traversed by the quarter-

car model at 25 km/h is shown in Figure 5-8.   

 The second model used in the finite element analysis was the four spring-dashpot units.  

The distance between each was determined by the distance from wheel centre to wheel centre on 

the Bison.  Figure 5-8 shows the comparison between the results for the four spring-dashpot units 

to that for the on quarter-car model. The deflections for the model with the four units are much 

lower because the total mass of the vehicle is distributed across the four axles. Thus, the four unit 

model is expected to be more representative of the vehicles. 

 Predicted results using the four unit model are compared to measured displacements 

observed during tests V7 and V15 (Figures 5-9 and 5-10).  As shown in Figure 5-9 and 5-10, the 

model predicts a displacement contour similar in shape to the observed displacement, including 

the uplift as the vehicle leaves the box beam.  The vehicle speed varied as it crossed the bridge, 

but only the maximum velocity attained by the vehicle was recorded.  Without knowing the initial 

velocity of the vehicle, it was difficult to match the predicted and observed results.  Figure 5-9 
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shows a comparison using a constant speed for the vehicle of 20 km/h for run V7.  The model 

predicts the same general shape of the deflection as was measured. Also, the magnitude of the 

vibrations superimposed on the static deflection is comparable between the model and the test 

data. However, the model is not particularly accurate in capturing the phase of the vibration. 

Better prediction of measured results could be attained by improving the vehicle models (for 

example, by incorporating pitch motions), or improving test measurement procedures by 

accurately measuring the position and speed of the vehicle. 

For faster speeds, the vehicle appeared to be accelerating during the crossing of the 

bridge. Also, the concrete ramps at the entrance to the bridge (Figure 3-12) vibrated since they 

were not on even ground, and transmitted some of this vibration to the box beam.  This initial 

vibration made it difficult to determine the time the vehicle entered the box beam.  Because the 

ramps will not be used in actual field applications, they were not included in the finite element 

model. To simulate the acceleration while on the box beam, the predicted results in Figure 5-10 

were calculated with the speed increasing stepwise from 15 km/h when the vehicle entered the 

box beam to 23 km/h when the vehicle exited the box beam. Once again, the model captures the 

general shape of the measured deflection but is not particularly accurate with respect to the phase 

of the vibrations. The largest discrepancies between the measured results and the prediction occur 

near the entrance to the box beam when the beam is influenced by vibration of the concrete ramps 

that is not simulated in the model. 

5.6.2 Limiting Speed 

There is a concern that speed could be a limiting factor for the use of the FRP box beam.  

A finite element analysis was used to determine a safe speed limit.  The model was run with the 

velocity of the vehicle at 5 km/h, 10 km/h, 25 km/h, and 50 km/h; the predicted displacements 
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from each analysis are shown in Figure 5-11 to 5-14.  The current model has only been validated 

for lower speeds.  Increasing the velocity in the model greatly decreased the maximum mid-span 

displacement, from 32 mm at 5 km/h, down to 16 mm at 50 km/h.  Although not included in the 

model, not all of the wheels of the Bison vehicle would retain contact with the mid-span of the 

box beam at higher speeds.  This would further decrease the mid-span displacement.   

From the finite element analysis, speed limits cannot be determined.  The maximum 

speed limit should be determined to limit the amount of impact the vehicle induces on the box 

beam when the wheels regain contact with the box beam after mid-span.  This model has the four 

wheels always in contact with the box beam, and thus cannot fully determine the maximum speed 

limit.  The analysis determined speeds up to 50 km/h to be within acceptable displacement limits. 

Although the vehicles used in testing can reach maximum speeds greater than 50 km/h, it is 

impractical to think they would when using a structure such as the FRP box beam.   

5.6.3 Sources of Discrepancy 

There are a number of reasons for differences between the finite element model and the 

field testing results.  The discrepancies do not negate the validity of the model, but it becomes 

difficult to superimpose the results.  The model can still be used to make predictions about the 

performance of the box beam. 

The first complication occurred during field testing.  There was only 18 m for 

acceleration before traversing the box beam.  The military drivers were trying to reach the 

maximum speed in that amount of space, and the displacement plots indicate that acceleration 

continued across the box beam.  The finite element model can accommodate changes of speed, 

but the exact speed at each time step is not known.  This explains why the plots of field testing 

data show the box beam deflecting more slowly than the model. 
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The four wheels of the Bison vehicle did not retain contact with the box beam the entire 

time the vehicle was traversing.  The weight of the vehicle would be redistributed among the 

remaining wheels in contact as wheels lifted off.  This would have posed enormous difficulties in 

the modelling process and was, therefore, not implemented.   

The loads used in the vehicle models were taken from the axle weights of the Bison 

vehicle used on test day.  Each wheel was assumed to transmit half of the axle load.  However, 

one of the wheels was traversing the FRP box beam whereas the other was on the compacted 

gravel ramp.  How this affected the load distribution is not known.   

5.7 Summary 

A finite element model has been presented that predicts the measured responses with an 

acceptable amount of error.  The model can be used for both quasi-static and dynamic 

predictions.  A speed parametrization was conducted to determine a maximum speed limit for 

field application, and it was discovered that a minimum speed limit would also be beneficial.  

Sources of error between the predicted results and those measured are identified and explained.
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Table 5-1 Comparison of 3 Quasi-static Tests and the FE model 

 Displacements from FE analysis and quasi-static testing (mm) 
 50 kN 100 kN 150 kN 

Location Model Measured Model Measured Model Measured
West 

Quarter-Span -7.0 -8.1 -14.3 -16.0 -20.4 -23.4 

Mid-Span -11.1 -11.2 -20.6 -22.1 -30.8 -31.9 
East 

Quarter-Span -7.0 -8.1 -14.3 -16.4 -20.4 -23.4 

 

Table 5-2 Input values for quarter-car model 

Model Parameter Symbol Value 

Sprung mass M 6605 kg 

Unsprung mass m 405 kg 

Suspension stiffness ks 1000 kN/m 

Tire stiffness kt 1950 kN/m 

Suspension damping c 15 kNs/m 
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Figure 5-1 Four spring dashpot units 

 

 

Figure 5-2 Beam element with Hermitian shape functions 

 

 

Figure 5-3 Finite element mesh 
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Figure 5-4 Flowchart of the model 

 

 

Input data about the bridge and vehicle(s) 

Assemble vehicle matrices 

Assemble bridge matrices free of any vehicles 

Set initial acceleration, velocity, and displacement to zero.   
Set starting position of each wheel and velocity of vehicle(s). 

t = t + ∆t 

Determine position of each wheel and contact elements. Calculate 
Hermitian shape functions for each contact element. 

Calculate bridge element contact matrices and contact forces. 

Calculate bridge displacements, acceleration, and velocity. 

Calculate contact point displacement. 

Calculate contact force. 

Calculate wheel displacement. 

Calculate car body displacement. 
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Figure 5-5 Comparison of Xie's (2007) results with the FE model 
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Figure 5-6 Comparison of test Q1 with the FE model 
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Figure 5-7 Comparison of test Q2 with the FE model 
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Figure 5-8 Predicted mid-span displacement with quarter-car model and series of quarter-

car models 
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Figure 5-9 Comparison with V7 with constant speed of 20 km/h 
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Figure 5-10 Comparison with V15 with varying speed 
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Figure 5-11 Predicted box beam displacements when vehicle velocity is 5 km/h 
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Figure 5-12 Predicted box beam displacements with vehicle velocity of 10 km/h 
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Figure 5-13 Predicted box beam displacements with vehicle velocity of 25 km/h 
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Figure 5-14 Predicted box beam displacements with vehicle velocity of 50 km/h
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Chapter 6 

Deployable Bridges 

6.1 Introduction 

The critical factors pertinent to the development of a deployable bridge system are 

described, and how the FRP box beam relates to each is discussed.  Possible deployment 

strategies are described in Section 6.3.   

6.2 Deployable Bridges 

There are five critical factors considered during the development of an Armoured Vehicle 

Launch Bridge (AVLB): mobility, transportability, military load class, gap crossing ability, and 

survivability (Carriere 2004).  The FRP box beam is light weight and compact, making the bridge 

able to be moved on a HLVW and transported on a CC-130 HERCULES, the Canadian Forces’ 

cargo aircraft.  The box beam was designed for a military load class 30 (MLC 30) and quasi-static 

tests have verified the strains are within acceptable limits.   

Gap crossing capability could be an issue with the short-span FRP box beam.  Studies 

conducted by the U.S. Army indicate a 24 m bridge can cross 73% of gaps encountered while an 

18 m bridge can only span 54% of gaps (qtd. in Carriere 2004).    Thus, the 10 m FRP box beam 

would be able to cross less than half of the gaps worldwide.   

While survivability is typically based on criteria such as size, silhouette, and mine and 

ballistic protection (Carriere 2004), the FRP box beam is not going to be used in assault 

situations.  Thus, these issues become less of a factor but must still be considered.  The FRP box 
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beam is small relative to AVLBs currently being used, but depending on the deployment 

technique used, could still project a sizable silhouette during the launching process. 

6.3 Deployment Strategy 

For the rapid deployable FRP box beam to be feasible for use by the Canadian Forces, the 

following questions must be answered: 

a) How will the bridge be transported?  Will it be folded? 

b) How will the box beam be erected and put in place?  How long will that take? 

c) How much impact can the box beam sustain during this process?   

d) What will be used for approach ramps to minimize axial impact? 

The size of the FRP box beam allows for many transportation options.  When folded, the 

box beam easily fits on a HLVW or similar sized vehicle.  From that position, the trackways, 

outfitted with cables attached at three points, could be lifted and deployed in a scissor fashion, 

pulling the cable to open the box beam, and then lower it as shown in Figure 6-1.   

An alternative option for deployment involves using the current Armoured Vehicle 

Launched Bridge (AVLB) vehicle used by the Canadian Forces, the BEAVER.  The BEAVER 

lays its bridge by bracing itself with a blade and the two bridge sections slide against each other 

and the upper drops and down, locking onto the lower piece.  The assembled bridge is pushed 

forward on a cantilever boom and lowered to the ground, as shown in Figure 6-2. 

Using the method described above, the FRP box beam could be transported fully 

assembled, as the length of the box beam is shorter than one section of the current bridge being 

launched by the BEAVER.  The cantilever boom grips the spacers between trackways.  The 

spacers for the FRP box beam have not yet been designed as only on trackway has been built.  If 

this deployment method is chosen, the spacers would need to be carefully designed.  The spacers 
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must be able to accommodate different vehicle widths, as the box beam had to be moved farther 

from the gravel ramp for the supplemental testing. 

Both deployment methods introduce impact loads to the ends of the bridge as the bridge 

is emplaced.  This issue could potentially be solved by adopting similar end-caps as the United 

States FRP deployable bridge.  The end-caps solve the issue of needing approach ramps to reduce 

axial impact.  Using end-caps of a durable material would reduce the damage the FRP members 

sustain each time the box beam is deployed. 

6.4 Summary 

This chapter was just a brief introduction to the deployment strategies the Canadian 

Forces could use to deploy the box beam.  Further research should be undertaken to investigate 

the feasibility of the suggested methods.  Additionally, the structural components to connect the 

two trackways must be developed and tested. 
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Figure 6-1 Scissor type deployment by a Swedish Brobandvagn 971 

 

Figure 6-2 Beaver AVLB 
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Chapter 7 
Conclusion 

7.1 Introduction 

Field testing and finite element analysis have been conducted to evaluate the dynamic 

performance of the FRP box beam.   

7.2 Conclusion 

The following conclusions are made based on the field testing and finite element analysis 

conducted on the 10 m FRP box beam. 

1) Analyzing the strain values from the various vehicle tests demonstrated that the FRP box 

beam can handle the MLC 16 vehicles used in testing. 

2) The speed parametrization determined that the box beam deflects significantly less if the 

vehicle is moving at least 10 km/h. 

3) Calculated dynamic increments produced values within code limits. 

4) The increase in dynamic increment when planks were placed on the box beam indicates 

that field conditions such as uneven terrain could cause increased dynamics and 

potentially lead to fatigue concerns. 

5) Minor modifications to the current box beam design could allow it to be deployed using 

existing systems. 

7.3 Recommendations for Further Work 

The following recommendations are made for further research, possible design changes 

to the FRP box beam, and modifications to the finite element model. 
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1) A new box beam should be built with the hinge offset so that the box beam can be 

folded.  Quasi-static tests should be conducted to ensure this does not change the 

strength of the bridge. 

2) The service life of the bridge will most likely be related to fatigue.  Fatigue testing 

should be undertaken to determine the service life.   

3) A final test to failure should be conducted to find the failure modes and the reserve 

capacity of the present design. 

4) The finite element model should be developed further to reflect the wheels losing contact 

with the bridge around mid-span, and to include pitch modes for the vehicles.   
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