
Determination of AASHTO Bridge Design Parameters through Field Evaluation of 
the Rt. 601 Bridge:  A Bridge Utilizing Strongwell 36 in. Fiber-Reinforced Polymer 

Double Web Beams as the Main Load Carrying Members 
 

 
By  

 
 

Edgar Salom Restrepo 
 
 

Thesis submitted to the Faculty of the  
Virginia Polytechnic Institute and State University 

In partial fulfillment of the requirements for the degree of 
 
 
 

Master of Science 
In 

Civil Engineering 
 
 
 
 

Thomas E. Cousins, Chair 
John J. Lesko 
Jose P. Gomez 

Carin L. Roberts-Wollmann 
 
 
 
 

December 3rd, 2002 
 
 

Blacksburg, Virginia 
 
 
 
 
 

Key Words: Composite materials, fiber-reinforced polymer (FRP), hybrid composite 
beam, pultruded structural beam, wheel load distribution, dynamic load allowance, 
deflection control, bridge design 
 
 



 
Determination of AASHTO Bridge Design Parameters through Field Evaluation of 
the Rt. 601 Bridge:  A Bridge Utilizing Strongwell 36 in. Fiber Reinforced Polymer 

Double Web Beams as the Main Load Carrying Members 
 

Edgar Salom Restrepo 
 

(ABSTRACT) 
 

 The Route 601 Bridge in Sugar Grove, Virginia spans 39 ft over Dickey Creek.  

The Bridge is the first to use the Strongwell 36 in. fiber reinforced polymer (FRP) double 

web beam (DWB) in its superstructure.  Replacement of the old bridge began in June 

2001, and construction of the new bridge was completed in October 2001.  The bridge 

was field tested in October 2001 and June 2002.   

 This thesis details the field evaluation of the Rt. 601 Bridge.  Using mid span 

deflection and strain data from the October 2001 and June 2002 field tests, the primary 

goal of this research was to determine the following AASHTO bridge design parameters: 

wheel load distribution factor g, dynamic load allowance IM, and maximum deflection.  

The wheel load distribution factor was determined to be S/5, a dynamic load allowance 

was determined to be 0.30, and the maximum deflection of the bridge was L/1500.  

Deflection results were lower than the AASHTO L/800 limit. This discrepancy is 

attributed to partial composite action of the deck-to-girder connections, bearing restraint 

at the supports, and contribution of guardrail stiffness. 

 Secondary goals of this research were to quantify the effect of diaphragm removal 

on girder distribution factor, determine torsion and axial effects of the FRP girders, 

compare responses to multiple lane symmetrical loading to superimposed single lane 

response, and compare the field test results to a finite element and a finite difference 

model.  It was found that diaphragm removal had a small effect on the wheel load 

distribution factor.  Torsional and axial effects were small.  The bridge response to 

multilane loading coincided with superimposed single lane truck passes, and curb-

stiffening effects in a finite difference model improved the accuracy of modeling the Rt. 

601 Bridge behavior.   
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Chapter 1: Introduction  

1.1 Introduction 
According to a report to the United States Congress published by the U.S. 

Department of Transportation, 167,993 of 587,755 of the nation’s bridges have been 

labeled as “deficient”, roughly 29% of the total.  A structurally deficient bridge is one 

that is characterized by a low load rating, deterioration in its substructure or deterioration 

in its superstructure.  The cost for improvements on these deficient bridges as well as the 

backlog of bridge needs was estimated to be 87.3 billion dollars (AASHTO 2001).  

Maintaining the current backlog of deficiencies would require an annual investment of 

5.8 billion dollars per year, while offsetting the total backlog over the next twenty years 

will require a 10.6 billion dollar annual investment (AASHTO 2001).  The expense of 

maintaining our highway and local bridges has caused engineers to seek design 

alternatives.  Engineers are seeking new design methods that are less vulnerable to 

structural damage and more durable to prolong the service life.  The use of Fiber 

Reinforced Polymer (FRP) materials can potentially lead to a cost effective solution for 

the nation’s increasingly deteriorating bridge infrastructure.  The application of FRP 

technology can enhance bridge performance in a time when there is a growing need to 

repair, rehabilitate, and replace bridges in the United States. 

FRP materials are lightweight compared to traditional bridge superstructure 

components made of steel or concrete.  In bridge deck applications, FRP materials are   

approximately 20% of the weight of a concrete deck (Murton, 2001).  Lighter weights of 

FRP structures create several advantages in the bridge industry.  Handling costs are 

decreased because of reduced transportation costs.  Smaller machinery is required for 

placement of FRP at a bridge site because of its light weight, which further reduces labor 

costs since placement time can be decreased significantly.  The rapid construction 

placement that lightweight FRP allows also decreases traffic delays due to road closing, 

which can have a considerable impact on local economies that are affected by these 

closings.  Lightweight FRP also decreases dead loads, which translates into higher live 

load rating for bridges, which in turn can decrease the amount of structurally deficient 

bridges in need of rehabilitation or replacement.    
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FRP materials also exhibit corrosion resistant properties.  The use of deicing salts 

for harsh climates accelerates corrosion in steel and reinforced concrete structures.  

However, FRP is not susceptible to corrosion under normal traffic conditions, which 

could increase the durability of a bridge and decrease the frequency of bridge 

rehabilitation and replacement.  FRP’s durability can also create lower life cycle costs, 

which include the cost for maintenance, repair, inspection, disposal, and replacement of a 

structure (Nystrom et al 2001).  

Fabrication and shipping have several advantages for FRP when compared to 

cast-in-place concrete.  Quality is closely monitored in a controlled environment when 

FRP materials are fabricated at a manufacturing plant.  At a job site, the potential for 

weather delays is also reduced because tasks such as formwork and placing of rebar, and 

concrete placement do not have to be considered, thus reducing additional material costs 

and labor (Murton, 2001).   

 

1.1.1 Design Standards 
Pultruded Fiber Reinforced Polymer (FRP) market in infrastructure has been 

developing since the early 1990’s.  The pultrusion manufacturing process involves the 

pulling of reinforcing fibers and resin matrix materials through a series of dies that shape 

and cure the material (Hyer 1998).  It is estimated that the FRP market in infrastructure 

will continue to grow at a rate of 25% each year, especially in bridge decks and bridge 

superstructures for both pedestrian and vehicular bridge applications that utilize pultruded 

structural shapes (Kliger & Loud, 2001).  Awareness of the advantages of FRP is 

increasing among engineers.  However, because FRP’s existence has only spanned a little 

more than a decade, its acceptance into the bridge industry is still evolving and remains a 

work in progress. 

Pultruded FRP materials present several disadvantages when used in bridge 

engineering applications.  Material cost is a main disadvantage that engineers and 

contractors cite when passing over FRP materials for use in bridges.  Materials for bridge 

design are chosen with a strong bias toward minimizing initial construction cost.  FRP’s 

manufacturing processes have yet to be optimized because of its recent inclusion in the 

infrastructure market.  The greater manufacturing expense gives FRP higher initial costs 
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than concrete or steel, but FRP’s projected durability can create lower life cycle costs.     

Life cycle costs are often neglected when bridge materials are in consideration for 

construction.  Further studies and emphasis of life cycle costs can help pultruded FRP 

shapes to be more cost competitive with other bridge materials.  This could lead to 

engineers and contractors giving more serious consideration to choosing them as primary 

bridge components. 

  Another disadvantage is the nature of the conservative civil engineering industry 

itself.  Design engineers are familiar with using traditional materials such as steel and 

concrete, for bridge construction as well as using standard procedures presented in 

established design codes.  The lack of a FRP design code has caused civil engineers to 

shy away from designing with FRP since its design requires methods and procedures that 

differ from the standard specifications that are available.  Also, contributing to civil 

engineering’s lack of confidence in using FRP is that much of the published information 

of FRP composites in infrastructure remains isolated within the composite industry 

community.  Only recently has information become more available in journals in the civil 

engineering community. 

Unless more proactive efforts are made within the composite community to apply 

their findings in the civil engineering community publications, it would be naïve to 

expect civil engineers to apply FRP more often in their practice.  The American Society 

of Civil Engineers (ASCE) and the Pultrusion Industry Council (PIC) began a program 

with a long range goal of developing an accepted set of standards for structural design, 

construction and erection of FRP materials (Chambers, 1997).  A main objective of this 

program involves developing a code in a user friendly format so that design engineers can 

readily design FRP structures (Chambers, 1997).  Although this effort is still in the infant 

stages, it will lay the groundwork for future work.  This partnership displays how 

cooperation between the composite and civil engineering community is important if the 

potential for FRP bridge applications is to be fully realized.   

  A few key steps must be undertaken if a design code is to be established.  One is 

the development of an international material specification for pultruded materials.  Such a 

specification will allow designers to more easily access material properties with better 

confidence and reliability.  The second is the development of a consensus based 
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pultruded design code that could be incorporated in existing specifications such as the 

AASHTO bridge code (Bakis et al 2002).  Lastly, increased efforts must be made to 

reduce the initial cost of FRP shapes through optimization of the pultrusion process.   

A large number of FRP decks are currently in service, while Federal Highway 

Administration has documented more in the design and construction phase (FHWA 

2002).  Bridge applications using FRP materials, as the main load carrying members are 

not as common as the FRP decks, but projects such as the Rt. 601 Bridge replacement are 

evidence that girder applications are possible.  Increased efforts to find low risk small-

scale projects will aid in building a database of FRP information, which will be valuable 

in producing a future design specification.  By undertaking initiatives toward producing a 

design specification and with persistent education of engineers, owners, and construction 

workers of FRP applications, FRP may become a more widely accepted material for use 

in bridges. 

 

1.1.2 Objectives 
The Rt. 601 bridge replacement project serves several objectives.  The primary 

objective was to replace an existing simple span bridge that was exhibiting severe 

corrosion and classified as a structurally deficient bridge.  The deteriorated bridge, 

located in rural Sugar Grove, Virginia, experienced a low traffic volume of mostly small 

to medium sized vehicles.  The location was an ideal low risk setting for an FRP girder 

bridge to replace the existing steel stringer bridge.   

Before construction of the Rt. 601 bridge began, the eight 40 ft FRP girders used 

in the bridge replacement were tested in the Virginia Tech Structural Testing Laboratory 

in Blacksburg Virginia during the spring of 2001 A preliminary design of the bridge 

utilizing a timber deck and FRP girders followed laboratory testing of the individual 

girders.  A discussion of the laboratory testing and preliminary design will be included in 

Chapter 2.  Construction of the bridge began in June of 2001 and was completed in 

October 2001.  Following construction of the bridge, the first of two field tests was 

performed on the bridge to monitor its in-service performance and to provide a better 

general understanding of bridge behavior using FRP materials as the main load carrying 

members.  Pultruded FRP materials as the main load carrying members will be the focus 
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of this research.  The bridge was instrumented to compile deflection and strain data over 

critical locations throughout the bridge.  A second field test was performed in June of 

2002.  The objective of this research was to conduct the two field tests on the Rt. 601 

Bridge and collect data from the testing to evaluate and better understand FRP bridge 

behavior under field conditions.   A detailed discussion of the scope of the research is at 

the end of chapter two, and will elaborate on the following objectives: 

 

• Evaluate the behavior of the bridge as compared to the design assumptions 

• Evaluate the behavior of the bridge as compared to the AASHTO specifications 

for Girder Distribution Factors, Dynamic Load Allowance, and Deflection 

Control 

• Evaluate the effects of diaphragms 
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Chapter 2: Literature Review 

2.1 Literature Review 
 The following literature review will provide a survey of previous research 

regarding field testing of bridges utilizing pultruded and non pultruded fiber reinforced 

polymers as the main load carrying members in a bridge superstructure.  Previous 

preconstruction research performed by Virginia Tech on the Rt. 601 Bridge will also be 

discussed.  A summary of bridge design guidelines for dynamic load allowance, girder 

distribution, and deflection control is also provided to give the necessary background for 

the objectives of this research.       

  

2.1.1 Field Test of Bridges using FRP as main load carrying members 
New York state route 248 over Bennets Creek in Rexville, New York is a two-

lane bridge in the rural community of Steuben County.  The bridge experiences a daily 

traffic count of about 300 vehicles per day, with 17% of the traffic composed of trucks 

(Alampalli, O’Connor, et al).  The bridge was constructed in 1926, and was labeled in 

poor condition during an inspection in 1997.  NYDOT officials posted a weight limit of 

ten tons because of its poor condition.  Construction of a new bridge would have rerouted 

the truck traffic, which could have an economic impact of the local businesses.  This was 

a major concern of the residents, so the construction scheduling was an issue that the 

NYDOT considered when designing the Bennets Creek Bridge.  An FRP design was 

selected because of its rapid placement in the field.  An integral superstructure was 

designed using a cell core system made of E-glass and vinyl ester resin sandwiched 

between fiber mats.  The superstructure was fabricated using a vacuum assisted resin 

transfer molding process.  The process saturates a dry fabric preform with a vinyl ester 

resin.   The bridge spanned 23 ft (7.0 m) on a thirty degree skew.  The superstructure was 

constructed in two separate pieces and connected by a longitudinal joint at the center of 

the bridge.  Erection of the FRP superstructure was completed in six hours.   

The bridge was designed with a live load deflection limit of L/800 (8.76 mm) and 

for an inventory rating of HS-118, equivalent to 236 tons (2100 kN).  The Operating 

rating was designated as HS-158, an equivalent of 315 tons (2800 kN).  The bridge was 
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load tested with four five axle dump trucks, with four different loading cases used: two 

empty trucks side by side, two loaded trucks side by side, four loaded normally loaded, 

and four trucks overloaded.  The resulting maximum live load strain was 204 µε, which 

was considerably less than the predicted 600 µε predicted.  The maximum deflection was 

0.14 in (3.5 mm), approximately L/2000 which was considerably less than the imposed 

deflection limit of L/800. 

The St. Francis Street Bridge in St. James, Missouri was completed in March 

2001.  The simply supported bridge was constructed using a prefabricated FRP slab 

bridge.   The bridge was designed for HS20-44 loading with a span length of 26.25 ft 

(8.00 m).  The bridge was constructed in a residential setting with a moderate traffic 

volume of approximately 600 vehicles per day with a limited amount of truck traffic 

(Stone, Nanni, et al).  The bridge utilized honeycomb sandwich construction, in which a 

core of corrugated FRP material is sandwiched between two solid plates (also composed 

of FRP).  The hollow cells were 2 in. by 4 in., with the corrugated layer thickness 

measured at 0.9 in. (22.9 mm).  The modulus of elasticity was experimentally determined 

to be 1940 ksi (Stone, Nanni, et al).  The University of Missouri Rolla conducted a field 

test in March of 2001.  The bridge was loaded with a tandem axle dump truck with a total 

weight of 54 kips (240 kN).  Deflections and strains were monitored at mid-span on the 

bridge with the trucks traveling at a creep speed and stopping at six consecutive positions 

along the span.  The resulting measured deflection of the bridge was 0.15 in (L/2100).  

Additional field tests are planned in the near future (Stone, Nanni, et al). 

The University of Missouri-Rolla (UMR) was also involved in the design of 

GFRP pultruded tube pedestrian bridge that was manufactured by Composites Products 

Inc. in St. Louis and transported by truck to the campus in Rolla, Missouri where it was 

placed.  The bridge spanned 30 ft (9.14 m) and was designed for AASHTO HS-20 

loading and deflection criteria of L/800 or 0.45 in (11.4 mm) (Molander, 2001).  The 

cross section of the bridge used an I-beam shape composed of 8 layers of hollow square 

FRP tubes bonded adjacently with adhesive and mechanically fastened with screws.  The 

dimensions of the tubes were 3 in.(76 mm) on the sides and a 0.25 in.(6.4 mm) thickness.  

The layers of tubes were alternated so that the 1st, 3rd, 5th and 7th layers were running 30 ft 

(9.14 m) longitudinally in the direction of traffic while the layers in between were 
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oriented in the transverse direction of traffic spanning 9 ft (2.74 m).  The first and last 

layers used Carbon based FRP tubes while the rest of the layers were made of GFRP 

tubes.  The total height of the superstructure was 21 in. (533 mm) (Kumar 2000).     

UMR conducted two field tests on the bridge using two different trucks.  The first 

field test in October 11, 2000 used a Ford F-150 pickup truck with a front axle weight of 

2700 lbs (12.0 kN) and 2150 lbs on the rear axle (9.54 kN).  The axle weights accounted 

for 8% of the AASHTO HS-20 load used to design the bridge.  The truck drove across at 

slow speeds where strain data was recorded to establish time vs. strain relationships.  The 

maximum mid-span strain recorded from the field test was 8.0 µε.  A second field test, 

conducted in November, 2000 used a two axle dump truck filled with sand with a front 

axle weight of 7000 lbs. (31.1 kN) and a rear axle weight of 21,800 lbs.(96.7 kN).  The 

dump truck axle weights accounted for 68% of the design load.  The maximum mid span 

strain recorded from the test was 45.0 µε.  The bridge has been instrumented for long 

term monitoring and dynamic tests are to be scheduled in the future (Molander 2001).   

The Tech 21 bridge in Butler County, Ohio, designed by Lockheed Martin, was 

constructed using FRP deck panel sandwich construction.  The bridge supports two lanes 

of traffic with a 24 ft (7.31 m) width and a 33 ft (10.06 m) long span.  The bridge was 

designed using AASHTO HS-20 loading with a deflection limit of L/800.  The face 

sheets on the deck panels were made of E-glass, while the core material was made of Co-

Bonded Trapezoid Tubes, resulting in superstructure depth of 33 in. (838 mm) (Richards, 

et. al. 1998).  Live load tests were performed on the bridge using a 47,800 lb (212.6 kN) 

tandem axle truck and a 30,750 lb (136.8 kN) single axle truck.  Instrumentation was 

placed under the mid-span of each of the three trapezoidal tubes to monitor maximum 

deflections and strains.  Four different truck configurations were used for the load test: 

each truck individually loading the bridge, a side-by-side truck pass, and a back-to-back 

pass.    The single tandem axle truck governed over the single axle truck with a maximum 

measured deflection of 0.25 in. (L/1580) and maximum strain recording of 396 µε.  The 

back-to-back pass resulted in a maximum deflection of 0.35 in. (L/1130) and maximum 

strain of 501 µε (Foster, et. al. 1998).  

The recently completed state route 1037 bridge over Dubois creek in 

Susquehanna county, PA utilizes an integral superstructure composed of glass fiber 
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reinforced polymer fabricated by HardCore composites.  The existing bridge is on a 

seventy degree skew and has a roadway width of 36 ft (11.0 m) that supports two lanes of 

traffic while spanning twenty-one feet in the longitudinal direction.  The superstructure 

was constructed in two separate phases with a longitudinal joint located at the center of 

the bridge.  Researchers from ATLAS laboratories of Lehigh University will conduct 

static and dynamic field tests on six-month intervals in the summer of 2002 (Miller, 

2002). 

2.1.2 Tom’s Creek Bridge 
 The Tom’s Creek Bridge in Blacksburg, Va was a replacement project completed 

in June of 1997.  The original bridge was composed of timber deck supported by steel 

stringers with a span of 17.5 ft (5.33 m) on a 12.5° skew.   A bridge inspection in 1990 

revealed deterioration in the steel stringers thus causing a load rating reduction from 

twenty to ten tons.  The location of the Tom’s Creek Bridge suited a controlled 

environment for FRP bridges: rural setting with a low traffic volume (ADT of 1000 

vehicles) and a small volume of truck traffic.  The town of Blacksburg, Virginia 

Transportation Research Council (VTRC), Virginia Department of Transportation 

(VDOT) and Virginia Tech decided that the site would be an excellent opportunity to 

construct a new bridge using the pultruded 8 in. hybrid FRP composite beams 

manufactured by Strongwell (Neely, 2000).   

 The new Tom’s Creek Bridge was designed with the original bridge span of 20 ft 

(6.10 m) and a roadway width of 22 ft (6.70 m) that supports two lanes of traffic.   

Twenty-four Strongwell 8 in. Double Web Beams (DWB) support a glue laminated 

timber panel deck.  The 8 in. DWB is hybrid composite using E-glass fibers in the web 

with carbon fibers placed at the edges of the top and bottom flanges to maximize bending 

stiffness (Strongwell, 2000).  The fibers were pultruded through a vinyl ester resin 

matrix.  The average modulus of each of the Strongwell 8 in. beams was experimentally 

determined to be 6670 ksi (Hayes 1998). 

 After construction of the Tom’s Creek Bridge, five live load tests were performed 

on six-month intervals starting in the fall of 1997. Maximum deflections and strains were 

measured, but tests were also performed in order to determine the wheel load distribution 

factor (g) and the dynamic load allowance (IM).  The bridge was load tested with a single 

 9



tandem axle dump truck filled with gravel with an average weight of 48.8 kips (217.1 

kN).  Approximately 30% of the truck weight was distributed to the front axle, while the 

remaining 70% was distributed to the rear axle. 

 Three different truck passes were used for the load testing: a center lane pass, a 

right lane pass, and a left lane pass.  The three different truck passes were used to 

measure the effect of wheel load distribution with a varying transverse position of the 

axle loads.  Each pass was executed with three different speeds:  a creep speed, 25 mph, 

and 40 mph.  The creep speed was used to simulate a static condition of the bridge, while 

the 40 mph pass was used to simulate a dynamic loading case of the bridge.  The 25 mph 

pass was used as an intermediate speed.  From the five load tests that were performed on 

the bridge, a maximum dynamic load allowance (IM) of 0.90 was determine, suggesting 

the dynamic load effect of a dump truck traveling at a speed of 40 mph is twice as much 

as when its load is placed in a static condition.  The result was significantly 

unconservative compared to the 30% AAHSTO standard specification IM value assumed 

in the design. 

A wheel load distribution factor of 0.10 was determined, or 10 % of a truck wheel 

load which translates into an equivalent AASHTO specification factor of S/9.25.  The 

maximum deflection of 0.430 inches (11 mm) resulted in a corresponding deflection limit 

of L/488, which satisfied the L/500 limit for the AASHTO standard specification 

criterion for an all timber bridge.  However, this deflection value exceeded the L/800 

criterion for a timber deck on steel girder bridge (Neely, 2000).     

 

2.2 Route 601 Bridge 
The original Route 601 Bridge was constructed in 1932 in rural Sugar Grove, VA.  

The bridge used steel stringers in its superstructure spanning 30 ft.  The steel members 

supported a timber deck approximately 15 ft wide providing two lanes of traffic (

 and ).  Steel diaphragms were also used in its primitive design and placed 

at random locations.  Steel Piers were located 4 ft from the face of rubble abutments.  

Corrosion in the steel members in the superstructure over time caused the bridge to be 

labeled in a “poor condition” such that a replacement was needed (Waldron, 2001).   

Figure 

2-1 Figure 2-2
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The new Route 601 Bridge was completed in October, 2001 as a result of another 

collaborative effort between VDOT, VTRC, Strongwell, Virginia Tech, and FHWA.  A 

timeline of the project is shown in Figure 2-3.  The main load carrying members of the 

bridge are the Strongwell 36 in. hybrid DWB ( ), in which the constituent 

materials are very similar to the 8 in. prototype used in the Tom’s Creek Bridge.  The tips 

of the top and bottom flanges are composed of carbon fibers in a vinyl ester resin, while 

the web material and subflanges are composed of E-glass fibers in a vinyl ester resin.   

Figure 2-4

The eight 36 in. DWB supported ten glue-laminated timber deck panels, each 4 ft 

x 30 ft x 5 1/8 in. thick.  The total transverse width of the bridge was 31 ft 9 in., with a 28 

ft roadway width between the glue-laminated timber guardrails (Figure 2-5 and Figure 

2-6).  A asphalt wearing surface placed over the timber deck.  The 36 in. DWB spanned 

39 ft between centers of supports.  The beams rested on 9 in. x 14 in. x 2 in. neoprene 

bearing pads.  A concrete abutment that replaced the existing rubble abutments supported 

the neoprene bearing pads (Waldron, 2001). 

Three diaphragms were placed in between each of the girders, two at the ends and 

one intermediate diaphragm located 1 ft east of mid-span.  A ¾ in. threaded bolt 

connected the FRP beam to a L5 x 3 ½ x ¼   angle located on each side of the FRP web.  

The chords and diagonal struts were all L 3 x 3 x ¼ angles.  The top and bottom chords 

were bolted to the L5 x 3 ½ x ¼  angles located on each side of the FRP web, while the 

diagonal struts were connected to the top and bottom chords using a 5/8 in. bolt (

). 

Figure 

2-7

The deck to girder connection involved two pairs of steel double angles bolted 

together.  A 5/8 in. bolt through the depth of the glue-laminated deck connected to 2L 6 x 

4 x ½ double angles located on each side of a typical FRP girder with the long legs facing 

down.  A ¾ in. bolt through the web width of the FRP beam connected to 2L 7x 4 x ½ 

double angles on each side of the beam.  Four ½ in. bolts connected the adjacent long 

legs of each double angle set ( ). Figure 2-8

 

2.2.1 Rt. 601 Bridge Design Assumptions 
A preliminary design was performed for the Rt. 601 Bridge to determine the 

girder layout and spacing.  A deflection target of L/800 was used along with an assumed 
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dynamic load allowance of 30% a clear span of 38 ft, and a curb-to-curb roadway width 

of 28 ft.  Based on previous research from the Tom’s Creek Bridge project, conservative 

beam properties were assumed in the preliminary design: Young’s Modulus (E) of 6000 

ksi and a shear stiffness of 20 Msi-in2 were used.  AASHTO HS20-44 truck loading 

comprised of an 8 kip front axle and a pair of 32 kip rear axles was used for the design 

(Figure 2-9).  The moment of inertia for the Strongwell DWB was 15,291 in4.  A finite 

difference model, developed by Michael Hayes of the Virginia Tech Engineering Science 

and Mechanics (ESM) department, aided in the preliminary design of the bridge.  Girder 

spacing design curves were generated for deflection limit criteria shown in Figure 2-10.  

By using the L/800 target, a 3.5 ft transverse girder spacing was selected.  With a 28 ft 

wide roadway and a spacing of 3.5 ft, 8 girders were used for the bridge cross section. A 

girder distribution factor of S/5 from the 1996 AAHSTO Standard specification was 

selected based on a timber deck to steel girder bridge superstructure.  The 3.5 ft spacing 

and S/5 girder distribution factor resulted in a 0.70 wheel load fraction to be used for the 

girder design.  A deflection based design approach was used, and it was found that the 

maximum load effect from placing the HS20-44 truck load on the bridge with the 

assumed distribution and dynamic load allowance resulted in a deflection that was 

comparable to the initial L/800 criteria, thus the 8 girder design deemed acceptable (See 

Waldron 2002 for complete discussion). 

 Experimental stiffness testing of eleven Strongwell 36 in. DWB was conducted at 

the Virginia Tech Structures Laboratory to determine the modulus of elasticity and shear 

stiffness of each individual girder.  A four point bending test setup was used for each 

girder with load applied by a 400 kip actuator through a spreader beam at the third points 

of the 39 ft span of the beam. The beam was loaded until a 1 in. deflection was achieved.  

Using Bernoulli/Euler theory, a deflection equation was derived for a four point bending 

case on a simply supported beam as follows: 
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Where P = Load (kip)
E = Elastic Modulus(ksi)
I = Moment of Inertia (in4)
L = Length of beam (in.)
a = Distance load applied from end (in.)
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Where P = Load (kip)
E = Elastic Modulus(ksi)
I = Moment of Inertia (in4)
L = Length of beam (in.)
a = Distance load applied from end (in.)
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However, Fiber Reinforced Polymer materials exhibit a high Elastic Modulus to 

Shear Modulus Ratio (E/G).  A lower shear modulus relates to a higher deformations 

contributed by shear forces.  Conventional bridge materials such as concrete and steel 

have a higher Shear Modulus, thus the deformations caused by shear are very small and 

often neglected in bridge practice.  Euler/Bernoulli beam theory does not take shear 

deformations into consideration; therefore, a higher order beam model must be used to 

account for this additional contribution to deflection.  As noted in Waldron 2001, 

Timoshenko shear deformable theory derives the following equation for a simply 

supported beam with a concentrated load located some distance “a” from the support:   

2
La ≤

Where P = Load (kip)
E = Elastic Modulus(ksi)
I = Moment of Inertia (in4)
L = Length of beam (in.)
kGA = Effective Shear Stiffness(ksi- in4)
a = Distance load applied from end (in)
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Where P = Load (kip)
E = Elastic Modulus(ksi)
I = Moment of Inertia (in4)
L = Length of beam (in.)
kGA = Effective Shear Stiffness(ksi- in4)
a = Distance load applied from end (in)

kGA
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EI
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248
)43( 22
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−
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(2 –2)

From the stiffness testing performed on the individual 36 in. FRP beams, bottom 

flange strains recorded at mid-span were used to aid in the determination of the material 

properties E and kGA.  A direct method was performed for the calculation based on the 
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top or bottom flange strains by first computing the modulus of elasticity from Hooke’s 

law: 

Where M = Moment (kip- in)
E = Elastic Modulus(ksi)
I = Moment of Inertia (in4)
ε = Top or Bottom Flange Strain (in.)
c = Centroidal Distance (in.)

εI
McE =

Where M = Moment (kip- in)
E = Elastic Modulus(ksi)
I = Moment of Inertia (in4)
ε = Top or Bottom Flange Strain (in.)
c = Centroidal Distance (in.)

εI
McE = (2 –3)

Once the bending modulus was calculated, it was substituted in equation 2-2 to 

obtain the shear stiffness kGA.  The procedure was repeated for each of the eleven beams 

that were tested.  After stiffness properties were determined for each of the beams, each 

was proof tested to five times the equivalent service load from an AASHTO truck at the 

request of VDOT.  At the time of testing, failure modes were not known for the 36 in. 

DWB and little information was available for environmental degradation and fatigue.  

The service load requirement by VDOT was primarily for safety concerns to account for 

these unknown factors.  Three of the eleven beams were eliminated from consideration 

due to visual flaws and audible emissions heard from testing to five times the service load 

requirement, leaving the remaining eight beams to be used for the final bridge design 

(Waldron 2001).  The beams were oriented so that the stiffest beams were placed on the 

exterior of the bridge (Figure 2-11).          

            

2.3 AASHTO Design Guide Parameters 
The following section reviews bridge design parameters in the AASHTO Standard 

Specification (1996) and AASHTO Load Resistance and Factor Design Specification 

(1998) that are relevant to the objectives of this research.  

 

2.3.1 Dynamic Load Allowance 
Whenever a moving vehicle crosses a bridge, there are certain dynamic properties 

between the vehicle and bridge that may cause an amplification of the static load effect 
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from the wheel loads of the vehicle.  One cause of this dynamic effect is when the wheel 

assembly rides on surface discontinuities, such as roadway approaches, deck joints, 

cracks, potholes, or delaminations.  Another source of this dynamic effect is related to the 

bridge response to moving vehicles.  Resonant excitations as a result of similar 

frequencies of vibration between the bridge and vehicle create a dynamic effect as well 

(AASHTO 1998).  AASHTO takes these dynamic effects into account in the bridge 

design process by applying an impact factor to the static wheel loads.  This impact factor 

is referred to as the dynamic load allowance (Barker, 1998).           

The AASHTO Standard Specification for Highway Bridges (1996) allows 

highway wheel loads to be increased to account for dynamic, vibratory, and impact 

effects for certain structural elements that includes superstructure, piers, and any portion 

above the groundline of concrete or steel piles that supports the superstructure.  Portions 

of a bridge system of which an impact factor is not specifically applied includes 

abutments, retaining walls, most piles, footings, timber structures, sidewalk loads, 

culverts and other structures having more than 3 ft of cover.  Section 3.8.2 specifies the 

impact equation as follows to the applicable structural elements stated above: 

125
50
+

=
L

I (2 –4)

 

Where I is the impact factor, L is the length in feet of the portion of the span that is 

loaded to produce the maximum loading effect on the member in question.  For a simply 

supported bridge, L is essentially the span length measured from centerline of support.  

The impact allowance may not exceed 1.3, which would be a maximum 30% increase in 

live load (AASHTO, 1996). 

Section 3.6.2.1 of the AASHTO Load and Resistance Factor Design specification 

(1998) treats the impact factor differently than the previous standard specification. For 

bridge superstructures, a dynamic load allowance of 33% is used, thus multiplying static 

wheel loads by a factor of 1.33.  Previous studies done on most short to medium span 

bridges indicate that the dynamic load allowance does not exceed 25%.  AASHTO design 

procedures include a lane load plus truck load effect which is approximately 4/3 the 
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effect of just the truck alone.  This product of 25 percent and 4/3 gives the 33 % value 

used in the code (AASHTO 1998). 

Table 2-1:  AASHTO LRFD (1998) Dynamic Load Allowance 
Component IM

Deck Joints- all Limit States 75%

All Other Components
Fatigue and Fracture Limit State 15%
All Other Limit States 33%

 

2.3.2 Wheel Load Distribution Factor 
Wheel load distribution is an important concept to consider in the design of new 

bridges or when determining a load capacity of an existing bridge (Zookaie, 1992).  

Analysis of a highway bridge can be a complex task when considering the geometry and 

two dimensional live load applications, but the concept of wheel load distribution can 

decrease the complexity of the analysis.  The method of load distribution uses a girder 

distribution factor to represent a fraction of wheel load that is transferred to a specific 

load carrying element, thus simplifying a two dimensional loading case into a one 

dimensional girder line analysis (Shahwt and Huang, 2001).   

The AASHTO Standard Specification handles wheel load distribution by giving 

specific provisions for typical interior and exterior beams.  In Table 3.23.1, the 

distribution of wheel loads for interior beams is characterized by the following: 

D
Sg = (2 –5)

Where g represents the girder distribution factor per wheel line of loads, S is the 

average stringer spacing in feet, and D represents a factor that varies with the type of 

bridge girder and deck material, and the number of traffic lanes considered in the bridge 

design.  A bridge comprised of glued laminated timber deck 4 in. thick supported by steel 

stringers that is designed for a single lane of traffic would have a girder distribution 

factor of S/4.5, while two or more traffic lanes would result in a distribution factor of 

S/4.0.  For a timber glued laminated deck 6 in. thick or more supported by steel stringers, 

the distribution factors are S/5.25 for bridges designed with a single lane of traffic and 
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S/4.5 for bridges designed with two or more lanes of traffic (AASHTO 1996).  The 

assumed per wheel line girder distribution factor of the Rt. 601 bridge design was based 

on the code value for a glue laminated deck supported by steel stringer.   

 Section 3.23.2.3 of the AASHTO Standard Specification outlines provisions for 

exterior or outside roadway stringers and beams.  The provision states for live load 

bending moment determination, the engineer must assume the flooring to be simply 

supported between girders.  The design live load for the exterior girder is determined by 

the reaction resulting from the placed wheel load. 

 The AASHTO Standard Specification provisions on girder distribution were 

developed based on simply supported nonskewed bridges (Barr et al 2001).  

Modifications were made to the wheel load distribution factors in the 1998 AASHTO 

Load and Resistance Factor Design specification.  The NCHRP 12-28 study performed 

by Toorak Zookai (1991) resulted in different methods of incorporating wheel 

distribution for highway bridge design to better represent actual bridge behavior.  For 

most applications, the girder distribution factor was no longer based on an S/D value, but 

empirical equations developed from detailed finite element analyses and bridge field 

tests.  These equations incorporated parameters of deck modulus, girder modulus, 

moment of inertia, span length, girder to girder spacing for interior girders as well as 

exterior girders, and effects of skew (Zookai 1991).  However, Zookai’s research resulted 

in no new empirical equations for timber deck on steel stringer bridges, only slight 

modifications to the S/D value.               

 For a typical interior beam of a simply supported bridge comprised of a timber 

deck and steel stringers, the wheel load distribution factor for live load is specified as 

follows in table 4.6.2.2.1-a of the AASHTO Load Resistance Factor Design (1998): 

Table 2-2: AASHTO LRFD (1998) girder distribution factors for glued laminated 
deck supported by steel stringers, where “S” is in ft 

Bridge Type One Design Lane 

Loaded 

Two or More Design 

Lanes Loaded 

Range of 

Applicability 

Glued Laminated Panels 

on Steel Stringers 

S/8.8 S/9.0 S ≤ 6.0 
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The wheel load distribution factors shown in Table 2-2 are specified in live load 

per axle, unlike the units AASHHTO Standard Specification where the units are live load 

per line of a wheel load.  In addition, the factors in Table 2-2 do not vary with increasing 

deck thickness where the factors of the AASHTO Standard Specification do.    

 The procedure for wheel load distribution for an exterior girder summarized in 

AASHTO LRFD 4.6.2.2.1 is known as the lever rule.  The lever rule treats longitudinal 

girders as supports when looking in the transverse direction. A hinge is assumed in the 

first interior girder, thus a creating determinant structure to solve for the reaction in the 

exterior girder when only considering the region that is loaded (AASHTO 1998).    

 Zookai’s detailed finite element models used for the NCHRP 12-28 project   

included many parameters that were previously neglected in girder distribution, but his 

models did not include all bridge components.  Intermediate and end diaphragms were 

not included in the main parameter study, and thus were left out when revisions of for 

girder distribution were made in the AASHTO LRFD Specification (Barr et al 2001).  A 

study was performed by the University of Washington and Washington Dept. of 

Transportation to investigate the effects that diaphragms had on girder distribution.  A 

live load test was performed on the bridge carrying the east lane traffic of State Route 18 

over State Route 516.  The prestressed I –girder bridge had three spans with lengths of 

24.4 m (80 ft), 41.7 m (137 ft), and 24.4 m (80 ft) with a 40° skew.  The bridge was 

loaded with a two axle dump truck weighing 35.6 kips (158 kN) while the bridge was 

wired with vibrating wire strain gages.  A finite element model of the bridge was 

developed to make comparisons to the girder distribution from the results of the live load 

test and the current AASHTO formulas.  The intermediate and pier diaphragms were 

modeled using shell elements while the pier diaphragms were also modeled with rigid 

end constraints to represent the composite action between the diaphragms and the pier 

cap (Barr et al 2001).        

 The model reproduced mid-span strains within 6% accuracy for the in-situ 

conditions of the SR 18 over SR 516 Bridge.  Additional analyses were performed on the 

bridge model by changing some of the conditions such as the skew, continuity, 

intermediate and end diaphragms to monitor their individual effects on girder 

distribution.  The study concluded that the addition of intermediate diaphragms had little 

 18



effect on girder distribution for interior girders, and slightly increased girder distribution 

factors on exterior girders with low skew angles.  The addition of end diaphragms 

consistently decreased the distribution factor for interior and exterior girders, with the 

magnitude of the decrease ranging from 6% at no skew to 23% when the skew angle was 

60° (Barr et al 2001).        

2.3.3 Deflection Control 
Deflections are one category of serviceability that must be considered for bridge 

design.  The serviceability limit state also considers flexibility, slenderness, and fatigue 

of a bridge, which are factors that can affect a structure’s performance over the course of 

its service life.   Deflection limits are employed for several reasons.   

 

1. Deformations under service load may cause damage to nonstructural 
bridge components, such as cracking in the wearing surface. 

 
2. For timber structures, excessive deflection can cause also cause fasteners 

to loosen.   
 
3. Deflection limits are also imposed for aesthetical reasons.  A large 

structure sagging with excessive deflection may be structurally adequate, 
however its appearance may cause the public to view otherwise.    

 
4. Deflections caused from moving vehicles produce vibrations that can 

annoy both drivers and pedestrians.  Deflection limitations are imposed is 
for rider comfort.  

 
The rider comfort topic is often debated in the bridge community, because the 

source of the uneasiness that riders experience may also be attributed to acceleration 

rather than magnitude of deflection.  This topic is being further researched (AASHTO, 

1998).           

 The AASHTO Standard Specification (1996) recommends the use of deflection 

limitations when designing bridges for service live load and impact.  Deflection 

limitations are outlined in section 8.9 for reinforced concrete bridges, section 9.11 for 

prestressed concrete bridges, section 10.6 for steel bridges, and section 13.4 for timber 

bridges.  For reinforced concrete, prestressed concrete, and steel bridges, the deflection 

limits are as follows: 

 19



Bridges under vehicular load:

Bridges with vehicular and pedestrian load:

800
L

1000
L

Bridges under vehicular load:

Bridges with vehicular and pedestrian load:

800
L

1000
L

(2 -6) 

For timber bridges, the deflection criteria is as follows:  

500
LFor all timber bridges: 500
LFor all timber bridges: (2 -7) 

Where L is the span length of a bridge measured from centerline of the supports.  

AASHTO LRFD also provides deflection provisions similar to that of the Standard 

Specification in section 2.5.6.2.2.  The deflection limits specified in both AASHTO 

specifications are not mandatory, only a recommended criteria that is up to the judgment 

of the engineer to impose on bridge superstructure design.  The deflection limits are 

stated as follows for steel, prestressed concrete, and reinforced concrete bridges: 

 

Bridges under vehicular load:

Bridges with vehicular and pedestrian load:

800
L

1000
L

Bridges under vehicular load:

Bridges with vehicular and pedestrian load:

800
L

1000
L

(2 -8) 

Deflection limits may also be considered for timber bridges as follows: 

here L is defined in the AASHTO LRFD Specification as the span length of the 

bridg

2.4 Scope of Research      
esearch is part of an ongoing investigation to assess the 

behav

Design Specification (1998).   

425
LBridges under vehicular and pedestrian load

Relative deflection between adjacent panels and planks        0.10 in
425

LBridges under vehicular and pedestrian load

Relative deflection between adjacent panels and planks        0.10 in
(2 -9) 

 

W

e measured from centerline of the supports. 

 

 The Rt. 601 bridge r

ior and performance of Fiber Reinforced Polymer Bridges.  Data gathered from two 

field tests have been analyzed to determine the wheel distribution factor g, the dynamic 

load allowance or impact factor IM, and maximum deflections and strains under service 

load.  Comparisons of the determined wheel load distribution factors, dynamic load 

allowance, and maximum deflections will be made with current provisions of the 

AASHTO Standard Specification (1996) and AASHTO Load and Resistance Factor 
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The effect of diaphragms will also be discussed in this research.  The design of 

the Rt. 601 Bridge allowed for the removal of the mid-span diaphragms.  Comparisons 

will be

ections and maximum strains will also be compared to results of a finite 

differen

 terms of a new girder alignment and spacing.  The 

results 

 made from the field test data of the two conditions of the bridge acting with and 

without diaphragms to establish the effect that diaphragms have on wheel load 

distribution.   

The field test results of dynamic load allowance, wheel load distribution, 

maximum defl

ce model that was used to aid in the design of the Rt. 601 bridge.  The loading 

condition of the field test will be substituted in the finite difference model for the 

AASHTO HS-20 loading condition. 

The aforementioned results and comparisons will offer insight on a redesign and 

optimization of the Rt. 601 Bridge in

of this research will also contribute to the current body of collected FRP bridge 

data that should aid in producing a specification for bridge materials using Fiber 

Reinforced Polymer as the main load carrying members, especially in the areas of girder 

distribution, dynamic load allowance, and deflection criteria.     
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2.5 Figures 

Figure 2-1:Old Route 601 Bridge Elevation 

 

 

Figure 2-2: Old Rt. 601 Bridge Superstructure 
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Timeline of Rt. 601 Bridge  
Replacement Project 

Jan. 2001 
Preliminary 
Design 

Feb. – Mar. 2001 
Laboratory 
Testing of 36 in. 
DWB 

June-Oct. 2001 
Bridge 
Construction 

Oct.  2001 
1st Field Test 

 

Figure 2-3:  Timeline of Rt. 601 Bridge Project  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4: Strongwell 36 in. Double Web Beam.  All dimensions in inches. 
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Figure 2-5: Rt. 601 Bridge Cross Section 

 

Figure 2-6:  Rt. 601 Bridge Plan View 
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Figure 2-7: Diaphragm Detail 

 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 2-8: Deck-to-Girder Connection Detail 
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Figure 2-9:  AASHTO HS20-44 Truck Loading Dimensions 
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Figure 2-10: Design Curves for Rt. 601 Bridge (from Waldron 2001) 

 
 
 

Beam # Strongwell E KGA Eeff Strain at Ratio of
I.D. (Msi) (Msi-in2) (Msi) service strain to

loading failure strain*
1 2 6.45 24.3 5.49 431 14%
2 8 6.35 23.1 5.38 433 14%
3 19 6.05 24.8 5.21 459 14%
4 21 6.06 25.0 5.23 456 14%
5 23 5.88 30.7 5.22 475 15%
6 11 6.18 26.2 5.35 446 14%
7 10 6.20 34.1 5.54 445 14%
8 4 6.59 25.2 5.62 422 13%

*Ultimate Strain 3170 µε (top flange)

Beam # Strongwell E KGA Eeff Strain at Ratio of
I.D. (Msi) (Msi-in2) (Msi) service strain to

loading failure strain*
1 2 6.45 24.3 5.49 431 14%
2 8 6.35 23.1 5.38 433 14%
3 19 6.05 24.8 5.21 459 14%
4 21 6.06 25.0 5.23 456 14%
5 23 5.88 30.7 5.22 475 15%
6 11 6.18 26.2 5.35 446 14%
7 10 6.20 34.1 5.54 445 14%
8 4 6.59 25.2 5.62 422 13%

*Ultimate Strain 3170 µε (top flange)
Figure 2-11: Summary of Properties of Individual 36 in . DWB 
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Chapter 3: Experimental Procedures 

3.1 Bridge Instrumentation 

The Rt. 601 Bridge was instrumented with strain gages and deflectometers to 

monitor its behavior during load testing.  The same instrumentation plan was used for the 

October 2001 load test and the June 2002 load test. 

 

3.1.1 Girder Strains    

Strain gages produced by Micro-Measurements group from Raleigh, North 

Carolina were used to measure surface strains on the FRP girders.  The gages were a 

quarter of an inch in length and had nominal resistance of 350 ohms.  At the location of 

the gages in the FRP girders, the surface was sanded and cleaned with acetone.  The 

strain gages were applied to the girder using Micro-Measurements M bond 200 adhesive 

kit.  Cable lead wires were then soldered to the terminals of the strain gages.  Once the 

cable wire was soldered, the gage was protected with Mirco-Measurements M Coat F 

weatherproofing kit.  The M Coat F application started with a piece of Teflon tape 

applied over the gage area.  A piece of butyl rubber with at least a half of an inch cover 

around the Teflon tape was then applied as a second layer.  About two inches of the lead 

wire from the soldered end were embedded in the butyl rubber layer.  A small piece of 

neoprene was applied over the butyl rubber layer, followed by a larger rectangular piece 

of aluminum foil.  The foil was large enough to cover the butyl rubber area, including the 

two-inch portion of the lead wire embedded in the butyl rubber.  Finally, two layers of 

nitrile rubber coating brushed around the edges of the aluminum foil to provide a seal.  A 

strain gage with the M Coat F weatherproofing Kit applied is shown in Figure 3-1.  

 All of the gages were applied so that strain was measured in the direction of 

traffic, which is along the longitudinal axis of the beam.  Instrumentation of the Rt. 601 

Bridge can be categorized as follows: 

• Axial gages – Strain gages used to measure axial behavior 
• Bending gages – Strain gages used to measure flexural strain 
• Torsional gages – Strain gages used to measure torsional effects 
• Deflectometers – Devices used to determine girder deflections.  Section 3.1.2 will 

discuss the use of deflectometers 
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Figure 3-2 shows the instrumentation plan of the Rt. 601 field test.  Gages placed 

at the mid-height of the web help to determine if any shift in the neutral axis occurred in 

girders five and eight located 3 ft from the centerline of each support (Figure 3-3 and 

Figure 3-9).  Four gages arranged in pairs of two were responsible for recording torsion 

in girders one and eight at mid-span.  One gage was placed on the bottom of the top 

flange while the other was placed symmetrically on top of the bottom flange on the north 

side of the girder.  A second pair of gages was also placed symmetrically on the south 

side of the girder (Figure 3-4 and Figure 3-12).  By taking the difference of the recorded 

strain from the top and bottom flange gages, torsion could be quantified on each side of 

the girder.   

 The rest of the gages were responsible for recording tensile flexural strain at the 

bottom of the girders.  Mid-span bottom flange strain gages were located at each of the 

girders.  At girders one, two, seven and eight, additional gages were placed at the location 

underneath the interior diaphragm (one ft east of mid-span) and one ft offset the location 

of the diaphragm (two ft east mid-span location) (Figure 3-3, Figure 3-5, and Figure 

3-11).  A total of twenty-eight strain gages were used for both field tests.  The 

instrumentation details can be seen in Figure 3-3 through Figure 3-12. 

The strain gage instrumentation was performed in two phases.  The axial web 

gages and the torsional gages were first instrumented during the summer of 2001 before 

the deck-to-girder connections and diaphragm connections were positioned.  These 

particular gage locations would have been more difficult to instrument out in the field 

once the connections and deck were in place.  The second phase of instrumentation 

involved wiring of the bottom flange flexural gages.  This was performed after the bridge 

construction was completed to prevent potential damage to the instrumentation had it 

been done prior to the construction. Before the bridge load testing, a digital voltmeter was 

used to measure the resistance of the lead wire ends to ensure that the gages measured to 

a 350 ohm resistance.  Those that did not produce the desired resistance were replaced 

with a new strain gage.  During the fall and summer field tests, some of the strain gages 

exhibited excessive noise up to  ± 30 µε.  A ten point floating average was taken to 

reduce the strain to a level approximately within ± 5 µε. Intervals of ten consecutive 

strain and time recordings were averaged into a single point, and the process was carried 
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out throughout the total number of recordings.   Figure 3-13 and Figure 3-14 show the 

effect of taking a floating point average on strain gages with excessive noise. 

 

3.1.2 Girder Deflections 

Linear Variable Displacement Transducers (LVDT’s) and wire pots were used for 

deflection measurements in the laboratory experimentation of the FRP girders  (Waldron 

2001).  Laboratory conditions make it possible to use these devices; they could be 

mounted from the beam to the reaction floor below since the distance from the bottom of 

beam to the floor is small.  However, the field setting for the Rt. 601 Bridge presented 

some challenges.  The Rt. 601 Bridge spans over the Dickey Creek, and a 6 ft clear 

distance from the bottom of the FRP girders to the surface of the water poses difficulties 

in mounting the same deflection instrumentation that was used for the laboratory 

experimentation.   

Deflectometer devices were manufactured at the Virginia Tech Structures and 

Materials Laboratory at Virginia Tech in the fall of 1997 and were used for the series of 

field tests performed on the Tom’s Creek Bridge that began that year (Neely 2000).  The 

original deflectometers consisted of a 0.125 in. (3.18 mm) aluminum plate that was 

bolted in between two thicker aluminum plates that measured 6.25 in. x 4 in. x 0.375 in. 

(150 x 102 x 9.5 mm).    The top plate of the deflectometer was replaced with a 18 in. x 4 

in. x 0.375 in. (460 x 102 x 9.5 mm) plate to accommodate the larger bottom flange of the 

Strongwell 36 in. DWB (Figure 3-15).  The 0.125 in. plate had a cantilevered end that 

extended approximately 10 in. from the face of the two .375 in. thick plates.  The bolted 

end of each deflectometer was mounted underneath the FRP bottom flange by three “C” 

clamps.  Four strain gages were placed on the bottom of the cantilevered plate and were 

wired as a full bridge.  Steel eyehooks were also mounted at the corner of the 

cantilevered plate where steel wire was attached.  The cantilevered end of the 

deflectometers was predeflected 0.5 in (13 mm) while the other end of the wire was 

extended vertically downward approximately 6 ft (1.8 m) to the bed of the creek (

).  The wire was fastened to a hooked reinforcing bar embedded into a grouted cinder 

block that rested on the bed of the creek.  The weighted block ensured that the stream 

Figure 

3-16
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would not cause any lift during the field test.  The predeflection allows for a 

measurement of the relaxation of the wire when the girder deflects downward under test 

load.  The deflectometers were calibrated at different deflections levels to within 0.003 

in. accuracy.  The calibrations took place in October 2001 and May of 2002, a week prior 

to each of the field test dates.  Inaccuracies of the testing could be attributed to the 

following categories: strain gage noise levels at ± 30 µε, deflection calibrations at 0.003 

in., human error involved in measuring weights and dimensions of the truck (section 

3.2.1), and driver error involved when aligning the truck axle in the proper orientation 

(section 3.2.2).           

 

3.1.3 Data Acquisition 

Optim Electronics MEGADAC 3108 AC data acquisition system was used for the 

field data collection.  The system allowed for a maximum of sixteen full bridge channels 

and thirty-two quarter bridge channels.  For the field testing, eight full bridge 

deflectometers and twenty-eight quarter bridge strain gages were wired to the 

MEGADAC system.  Test Control Software (TCS) by Optim Electronics was used to 

establish communication from the computer to the MEGADAC hardware.  TCS software 

interface allowed the configuration of channel inputs, the output display on screen, the 

instrumentation properties, and the scanning rate of output.  A scanning rate of 400 scans 

per second was used for both field tests to permit adequate data collection from the 

dynamic testing that will later be discussed in this chapter. 

The day before the field test, a “dry run” was performed to troubleshoot errors 

with the instrumentation, TCS test file, and the MEGADAC hardware.  The computer 

and MEGADAC were placed inside a van parked adjacently to the southwest corner of 

the bridge (Figure 3-17).  A portable generator powered the computer and MEGADAC.  

The data was recorded on the computer hard drive and backed up by zip disk at the 

conclusion of testing.  The test files were later converted to an ASCII file format where 

they were exported to a PC and used for data analysis.      
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3.2 Procedure of Field Testing 

The day before field testing, the cinder blocks were tied to the deflectometers and 

the instrumentation was wired to the channels of the MEGADAC.  A dry run was 

performed to troubleshoot errors in the instrumentation, TCS software, and the 

MEGADAC.  Gages that were not functioning properly were replaced.  VDOT traffic 

control was available during testing to provide temporary closure of the bridge while 

field testing was in progress.     

 

3.2.1 Truck Description 

Two three-axle VDOT dump trucks filled with gravel from a local quarry were 

used for the field test of the Rt. 601 Bridge.    The front and rear axle of each of the trucks 

was weighed and recorded for both the fall 2001 and summer 2002 field tests.  The two 

trucks for the Fall 2001 field test each weighed 55.0 kips, with the truck used for the 

single lane crossings having a 17.44 kip (78 kN) front axle and a 37.56 kip (167 kN) rear 

axle.  The second truck used only for the multiple lane crossings consisted of a 14.80 kip 

(66 kN) front axle and a 40.20 kip (179 kN) rear axle.  The center-to-center axle 

dimensions of the single lane truck was 15.25 ft (4.47 m) from front to middle axle and 

19.58 ft (5.97 m) from front to rear axle.  The transverse wheel spacing was 6.83 ft (2.08 

m).  The second truck used for only multiple lane testing had a 14.67 ft (4.47 m) front to 

middle axle spacing and a 19.12 ft (5.83 m) front to rear axle spacing.  The transverse 

wheel spacing was 6.79 ft (2.07 m).   

For the summer 2002 field test, identical trucks were used but the axle weights 

deviated a bit from the fall test.  The single truck had a front axle weight of 14.2 kips (63 

kN) and a rear axle weight of 41.12 kips (93 kN).  The dimensions of the truck for the 

single lane passes were identical to those of the second truck in the fall field test.  The 

second truck used for multiple lanes in the 2002 field test had a front axle weight of 16.32 

kips (73 kN) and a rear axle weight of 39.36 kips (175 kN).  The dimensions of the 

second truck for the 2002 field test are identical to those of the truck used for the single 

lane passes in the fall 2001 field tests.  The axle weights, wheel weights, and dimensions 
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of the trucks used for each of the field tests can be seen on  through 

. 

Figure 3-18

Figure 3-18

Figure 

3-21

Figure 3-21

 

3.2.2 Truck Orientations 
Several truck orientations were used for the October 2001 field test.  One objective 

of the field test was to determine the wheel load distribution factor for the Rt. 601 Bridge 

by giving different loading configurations using single lane and multiple lanes loaded.  

The first configuration was to load the centerline of the first interior girder.  The initial 

crossing over the first interior girder configuration was performed in the Rt. 601 

eastbound lane (labeled east) where the centerline of the left wheel patch from the dump 

truck would cross over the centerline of girder seven (Figure 3-22 and Figure 3-23).  A 

westbound cross was performed over the Rt. 601 westbound lane where the centerline of 

the wheel patch crossed over the centerline of girder seven (Figure 3-24).  A center lane 

truck crossing was also performed to load where the wheel lines of the truck would be 

oriented symmetrically along the centerline of the bridge (Figure 3-25).   

A multiple lane cross was also used where two trucks simultaneously crossed the 

bridge in the same direction.  Each truck was oriented so their far wheel line would align 

with the centerline of the exterior girder in their respective lane.  In the east lane, the 

truck would align its wheel over the centerline of girder 8 while in the west lane, the 

second truck aligned its wheel over the centerline of girder 1 (Figure 3-26 and Figure 

3-27).   

 The June 2002 field test included similar truck crossings to the October 2001 test 

with some additional orientations.  The east, west, center, and multiple lanes were 

performed in a similar manner with the same dimensions from the previous test.  The two 

trucks used in the October 2001 test were used for the June 2002, however the trucks 

weights were slightly different with the total weights as well as the axle weights deviating 

a little (  through ).  Two additional truck orientations added were 

an east exterior lane and west exterior lane.  The east exterior lane pass used a single 

truck with its wheel aligned with the exterior girder of the lane, which is girder eight 

(Figure 3-28).  The west exterior followed with a singular truck aligning its wheel over 

girder one (Figure 3-29).  The purpose of this test was to determine girder distribution 
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factors for the exterior girders for a single lane cross, as well as compare the symmetrical 

behavior of the Rt. 601 bridge by superimposing the single lane exterior crosses with the 

multiple lane cross since their orientations have the same geometry.  The results of this 

will be discussed in Chapter 4.  

3.2.3 Dynamic Testing 
Determination of the dynamic behavior of the Rt. 601 Bridge was another main 

objective of the field testing.  Different truck speeds were used to simulate different static 

and dynamic conditions of the bridge.  In the Fall 2001 field test, three different speeds 

were used.  The truck crossed at a creep speed of approximately 2 mph (3.2 km/h) to 

simulate a static loading condition of the bridge.  An intermediate speed of 25 mph (40 

km/h) followed to simulate a pseudo-dynamic condition of the bridge.  The final speed 

that was used for the test was the fastest speed the truck could travel safely across the 

bridge, which was approximately 40 mph (64 km/h).  The dynamic tests of 25 mph and 

40 mph were only performed on the center lane runs and the east and west runs over the 

first interior girder.  Dynamic tests were not performed on the exterior runs and the 

multiple trucks run because of safety concerns.   The roadway approaches to the bridge 

lacked guardrails and the approaches were narrower than the bridge width.  Other 

concerns were the possibility of the moving trucks riding to close to the edge of the 

guardrail.   

An additional speed of 15 mph (24 km/h) was used for the summer 2002 field 

test.  Results from the initial field test indicated that ramping effects due to settling at the 

approaches caused the truck to produce lower strains with increasing speed.  An 

additional speed between the static and 25 mph case was used to further investigate this 

condition.  Chapter 4 will provide discussion on this condition. 

 

3.2.4 Investigation of Diaphragm effects 
The summer 2002 field test included additional truck runs to investigate the 

behavior of the bridge resisting load without the use of diaphragms.  At the conclusion of 

the static and dynamic runs of the aforementioned truck passes, the VDOT construction 

crew removed the intermediate diaphragm bolts from the eastbound lane (Figure 3-30 and 
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Figure 3-31).  The bolts were loosened and removed in the intermediate diaphragms 

between girders five through eight, and field testing sequence proceeded with two 

additional orientations: an eastbound run over the exterior girder number eight (Figure 

3-28) and an eastbound run over the first interior girder number seven ( ).   

The additional two truck tests were performed only at static speeds at five repetitions per 

test. 

Figure 3-22

Five repetitions of truck crossings were performed for individual bridge 

orientations at each speed.  A total of 50 tests were performed in the fall 2001 field test, 

while 85 total tests were performed for the summer 2002 field test.  Table 3-1 and 

 display the testing sequence of both field tests. 

Table 

3-2
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3.3 Tables 
 

Table 3-1:  October 2001 test sequence  

 OCT. 2001 TESTING LOG

Pass # Trucks Lane Orientation Direction Recorded Speed
1 thru 5 Multiple E & W Exterior East & West Static

6 thru 10 Single East 1st Interior East & West Static
11 thru 15 Single West 1st Interior East & West Static

16 Single East 1st Interior East 37 mph
17 Single West 1st Interior West 36 mph
18 Single East 1st Interior East 38 mph
19 Single West 1st Interior West 37 mph
20 Single East 1st Interior East 41 mph
21 Single West 1st Interior West 37 mph
22 Single East 1st Interior East 43 mph
23 Single West 1st Interior West 37 mph
24 Single East 1st Interior East 41 mph
25 Single West 1st Interior West 39 mph

26 thru 31 Single Center Symmetric East & West Static
32 Single Center Symmetric West 37 mph
33 Single Center Symmetric East 42 mph
34 Single Center Symmetric West 38 mph
35 Single Center Symmetric East 45 mph
36 Single Center Symmetric West 37 mph

37 thru 41 Single Center Symmetric East & West 25 mph
42,44,46,48,50 Single West 1st Interior West 25 mph
43,45,47,49,51 Single East 1st Interior East 25 mph
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Table 3-2: June 2002 test sequence 

 JUNE 2002 TESTING LOG

Pass # Trucks Lane Orientation Direction Recorded Speed
1 thru 5 Single West Exterior West Static

6 thru 10 Single East Exterior East Static
11 thru 16 Multiple E & W Exterior West Static
17 thru 21 Single Center Symmetric East & West Static
22 thru 26 Single West 1st Interior West Static
27 thru 31 Single East 1st Interior East Static
32 thru 36 Single Center Symmetric East & West 15 mph
37 thru 41 Single Center Symmetric East & West 25 mph

42 Single Center Symmetric East & West 40 mph
43 Single Center Symmetric East & West 40 mph
44 Single Center Symmetric East & West 41 mph
45 Single Center Symmetric East & West 45 mph
46 Single Center Symmetric East & West 42 mph

47,49,51,53,55 Single East Symmetric East 15 mph
48,50,52,54,56 Single West Symmetric West 15 mph
57,59,60,62,64 Single East Symmetric East 25 mph

58,61,63,65 Single West Symmetric West 25 mph
66 Single West Symmetric West 38 mph
67 Single East Symmetric East 38 mph
68 Single West Symmetric West 39 mph
69 Single East Symmetric East 37 mph
70 Single West Symmetric West 38 mph
71 Single East Symmetric East 36 mph
72 Single West Symmetric West 39 mph
73 Single East Symmetric East 36 mph
74 Single West Symmetric West 40 mph
75 Single East Symmetric East 35 mph

76 thru 80* Single East Symmetric East Static
81 thru 85* Single East Symmetric East Static

*Note:  diaphragms botls removed for last two sets
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3.4  Figures 

Figure 3-1:  Weatherproof Gage Components 
 

Figure 3-2:  Rt. 601 Bridge Instrumentation Plan 
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Figure 3-3:  Elevation View of Girder 8 Strain Gage Instrumentation 

 

 
Figure 3-4:  Girder 8 Cross Section of Strain Gage Instrumentation 
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Figure 3-5:  Elevation View of Girder 7 & 2 Strain Gage Instrumentation 

 

 
Figure 3-6: Girder 7 & 2 Cross Section of Strain Gage Instrumentation  
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Figure 3-7:  Elevation View of Girder 6, 4, & 3 Strain Gage Instrumentation 

 

Figure 3-8: Girder 6, 4 & 3 Cross Section of Strain Gage Instrumentation 
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Figure 3-9:  Elevation View of Girder 5 Strain Gage Instrumentation 
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Figure 3-10: Girder 5 Cross Section of Strain Gage Instrumentation 
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Figure 3-11: Elevation View of Girder 1 Strain Gage Instrumentation 
 

 
Figure 3-12: Girder 1 Cross Section of Strain Gage Instrumentation 
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Figure 3-13:  Plot of ten point floating average to reduce excessive strain gage noise. 

 

Time (sec.) Time (avg.) Raw Strain (µε) Clean Strain (avg.) 

14.9675 14.9788 187.45 174.13 

14.9700 14.9813 166.23 173.19 

14.9725 14.9838 153.26 174.60 

14.9750 14.9863 159.16 177.55 

14.9775 14.9888 176.84 180.03 

14.9800 14.9913 187.45 179.91 

14.9825 14.9938 189.81 177.79 

14.9850 14.9963 178.02 174.60 

14.9875 14.9988 172.12 174.72 

14.9990 15.0013 171.95 176.96 

Figure 3-14: Sample calculation of ten point floating average performed to reduce 
strain.  Ten consecutive points in columns 1 and 3 are averaged, resulting in a time 
and strain point shaded in gray in columns 2 and 4.  The process is executed for the 
next ten points throughout the entire data set.
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Figure 3-15: Deflectometer Top Plate Sized to Fit FRP flange 
 
 

 

Figure 3-16: Deflectometer predeflected 0.5 in. 
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Figure 3-17:  Instrumentation wired to data acquisition system in van 
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Figure 3-18:  Axle weights and dimensions for dump truck used for October 2001 

single lane test runs. 
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Figure 3-19:  Axle weights and dimensions for 2nd dump truck used for October 
2001 multiple lane test runs. 
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Figure 3-20: Axle weights and dimensions for dump truck used for June 2002 single 
lane test runs. 
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Figure 3-21: Axle weights and dimensions for 2nd dump truck used for June 
multiple lane test runs. 
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Girder Number
1 2 3 5 6 7 84

Girder Number
1 2 3 5 6 7 84

 
Figure 3-22: East lane pass where centerline of wheel aligned over centerline of 1st 
interior girder (Girder 7). 

 

Figure 3-23:  Dump truck loading the bridge over the 1st interior girder in the 
eastbound lane. 
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Girder Number
1 2 3 5 6 7 84

Girder Number
1 2 3 5 6 7 84

Figure 3-24: West lane pass where center of wheel aligned over centerline of 1st 
interior girder (Girder 2). 
 

Girder Number
1 2 3 5 6 7 84

Girder Number
1 2 3 5 6 7 84

Figure 3-25: Center lane pass where truck is aligned symmetrically over centerline 
of Rt. 601 Bridge  
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1 2 3 5 6 7 841 2 3 5 6 7 84
 
Figure 3-26:  Multiple lane pass; centerline of wheels aligned over the exterior 
(girders 1 and 8). 

 

Figure 3-27:  Multiple lane pass over Rt. 601 Bridge.  Lines were painted on the 
bridge to assist the drivers. 
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Girder Number
1 2 3 5 6 7 84

Girder Number
1 2 3 5 6 7 84

Figure 3-28:  East exterior lane pass.  Centerline of wheel aligned over centerline of 
exterior girder (girder 8). 
 

Girder Number
1 2 3 5 6 7 84

Girder Number
1 2 3 5 6 7 84

 
Figure 3-29: West exterior lane pass.  Centerline of wheel aligned over centerline of 
exterior girder (girder 1). 
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Figure 3-30:  VDOT workers removing diaphragm bolts 

 
Figure 3-31:  Close-up of diaphragm without bolts 
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Chapter 4: Discussion of AASHTO Parameter Results 

This chapter discusses the results of the Rt. 601 bridge field tests.  The calculations 

of dynamic load allowance IM, wheel load distribution factor g, and deflection limits are 

discussed.  The results are compared with the initial parameter assumptions of the Rt. 601 

Bridge design. 

 

4.1 Wheel Load Distribution Factor, g 
Girder Distribution Factors (GDF) were calculated for the Rt. 601 Bridge using 

both deflection and strain data from all the truck passes of both the October 2001 and 

June 2002 field test.  Stallings and Yoo (1993) presented previous research on girder 

distribution factors based on field tests of steel girder bridges and derived the calculation 

for a particular ith girder for strain data as follows:          
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Mi = bending Moment at ith girder 
E = Modulus of Elasticity 
Si = Section Modulus of ith girder 
Sl = typical interior section Modulus 
εi = maximum bottom flange strain at ith girder 
wi = ratio of the section modulus of the ith girder to 
that of a typical interior girder 
k = number of girders 

(4 -1)

 

When all girders of the same section modulus are used in a bridge, the weight ratios 

wi and wj of equation 4-1 cancel and the formula simplifies to the following: 
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For the Tom’s Creek Bridge field test, Neely (2000) used both deflection and 

strain measurements to quantify girder distribution factors, and used a similar calculation 

approach to that of Stallings and Yoo:  

∑
=

= k

j
j

i
i

R
RGDF
1

(4 –3)

 

where R is the response of a girder, either in strain or deflection.  Neely proceeded to 

determine distribution factors from both strain and deflection data.   

For this research, identical material properties were assumed in the calculation of 

girder distribution.  The largest difference of the experimental Young’s modulus among 

the eight girders is 10% (Figure 2-11).  A moment of inertia of 15291 in4 has been 

established for the Strongwell 36” DWB.  Therefore, all of the FRP girders were assumed 

to have the same section modulus.  The assumptions of the same material and section 

properties for all girders cancels the section modulus and Young’s modulus terms in 

equation 4-1, thus reducing the girder distribution calculation a relative ratio of a girder’s 

response as shown in equation 4-3.   

In order to convert the load fractions from the above equation to an equivalent 

distribution factor in the AASHTO Standard Specification, the load fractions must be 

divided by the number of wheel lines used.  For instance, for a typical single lane truck 

pass, the load fraction would be divided by two wheel lines, and for multiple (two) lane 

passes the load fractions would be divided by four wheel lines.  For this research, Girder 

Distribution factors results will be per truck wheel line and the values will be presented 

as a function of the bridge girder spacing.  Load fraction results from the above equation 

will be based on the fraction of total load on the bridge, and will be presented in a 

decimal format.    

The mid-spans of all eight girders were instrumented to measure strain and 

deflections to be used for the calculation of transverse wheel load distribution factors.  

Although the magnitude of strain and deflection varied with truck speed throughout the 

field testing, the calculation of the girder distribution factors are based on a ratio of 
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relative response of a single girder compared with the sum of the responses of the rest of 

the girders.   

 

4.1.1 Procedure of Calculation of GDF 
Five repetitions were used for each individual truck pass at the specified speeds 

mentioned in 3.2.2.  The maximum response for any girder was first determined, and then 

the time of the maximum response was noted.  After the time of maximum response was 

established, each individual girder response at that time was recorded ( ).  

Girder distribution factors were then calculated for each girder per repetition for both 

strain and deflection based for their individual response at the time of peak response.  In 

bridge design procedures, the most heavily loaded girder is designed for by applying a 

distribution factor to the wheel loads of a standard AASHTO truck.  The five repetitions 

were averaged for each test at each speed, with the largest girder distribution factor 

controlling.    For determination of a final girder distribution factor for the Rt. 601 

Bridge, only the most heavily loaded girder was taken into consideration for each 

different truck orientation.   

Figure 4-1

Two mid-span instrumentation channels were not functioning properly during the 

Fall 2001 field test (the mid-span strain gage under girder eight and a deflectometer under 

girder five).  A response value was obtained for the strain in girder eight by linear 

interpolation from the diaphragm strain gage (1 ft offset the mid-span gage) and the strain 

gage 1 ft offset from the diaphragm (2 ft offset the mid-span gage).  A deflection reading 

was obtained for girder five by linearly interpolating the deflectometer values between 

girder number four and girder number six.  Calculations proceeded with the interpolated 

values from girder eight strain and girder five deflection.  All the mid-span channels 

worked properly for the June 2002 field test. 

 

4.1.2 Wheel Load Distribution Results of October 2001 Test 
The fall 2001 test had four different orientations: east interior, west interior, 

center, and multiple lane truck crossings.  For the East interior lane loading configuration, 

the maximum girder distribution factor was calculated at girder six.  The East interior 
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lane configuration (Figure 3-22) had the wheel load of the truck placed over the 

centerline of girder seven.  Girder six is 42 in. (1.07 m) away from girder seven, while 

girder five is twice the spacing, or 84 in. (2.13 m).  The measured transverse axle 

dimensions between centerline of wheels is 82 in. (2.08 m), comparable with the girder 

spacing of the bridge, meaning that a wheel line over girder seven corresponds with the 

second wheel line two inches from the centerline of girder five.  This loading condition 

results in the VDOT dump truck straddling girder six, the location of maximum response.  

The five repetitions of strain recordings at static speed resulted in an averaged load 

fraction of 0.24 (GDF of S/7.3), or 24% of the total mid-span bridge girder strain 

occurred in girder six.  The range of results from the five truck crossings at static speed 

was consistent.  Maximum and minimum load fractions were calculated at 0.24 (S/7.3), 

identical to the average result.   The 25 mph and 40 mph passes also resulted in averages 

of 0.24 (S/7.3) load fractions, respectively.   The average deflection recorded resulted in 

comparable load fractions of 0.23 (S/7.6) for each speed.   The maximum and minimum 

girder distribution result of the five passes at each speed for deflection and strain 

recordings were within 0.01 of the average result.         

Girders seven and five experienced responses that were slightly less than the 

adjacent girder six.  The total response of the loaded region from girder five through 

seven resulted in 60% of the load distribution.  Girder eight had a distribution factor 

lower than the loaded region, while the distribution got increasingly smaller from girder 

four to girder one.  Girder one experienced a small amount of uplift in some of the east 

lane truck passes which resulted in a load fraction of approximately –1%.  Figure 4-2 and 

Figure 4-3 show typical examples of superimposed deflection vs. time and strain vs. time 

plots of each of the mid-span channels for interior east lane runs.  Each test was 

conducted at the three different speeds at five repetitions per speed and resulted in similar 

behavior of the mid span FRP girder response.  Maximum, minimum, and average load 

fractions were calculated for each set of five truck crossings, with the results often within 

the range of 0.01 of each other.  The results from the east interior lane test are shown in 

 and . Table 4-1 Table 4-2

The interior west lane runs were symmetrically identical to the interior east lane 

run, and the girder distribution factors had similar results to those of the east lane.  One 
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wheel load was applied over girder number two, with the other wheel load was near the 

centerline of girder number four.  The wheel loads of the truck straddled over girder 

number 3, which was the location of the maximum girder distribution.  The average value 

of the load fractions of girder three varied from 0.23 (S/7.6) to 0.25 (S/7.0) for strain at 

the three speeds, and from 0.23 (S/7.6) to 0.24 (S/7.3) for deflection at the same speeds.  

The girder distribution was similar to the east interior lane results; the maximum 

distribution values were located under the loaded region with decreasing distribution 

values for girders away from the loaded region.  See Table 4-3 and Table 4-4 for average, 

maximum, and minimum individual girder results for the west interior lane pass. 

The center lane pass represented a symmetric loading condition about the 

centerline of the transverse width of the bridge.  The centerline of the transverse width of 

the bridge was located 14 ft from the face of the curb, which was directly between girders 

four and five (Figure 3-25).  The truck axle was placed so that the wheel lines straddled 

this midpoint, with one wheel approximately 41 in. north of the midpoint between girders 

three and four, while the other wheel line was located 41 in. south of the midpoint, 

between girders five and six.   

The maximum center lane distribution factors were determined at the location of 

girders four and five, which were in the interior of the transverse wheel load placement.  

Girder five was the location of maximum strain recording with an average g of 0.24 for 

the static speed run.  The 40 mph and 25 mph average g deviated slightly from the static 

run, with average g values of 0.23 for each.  Girder four was slightly lower, with an 

average load fraction of 0.22 (S/8.0) for each speed.   For the deflection data, girder four 

controlled with an average load fraction value of 0.23 (S/7.6) for the static runs.  The 40 

mph and 25 mph runs resulted in comparable load fraction values of 0.22 (S/8.0) for 

girder four.  Girder five average deflection load fraction values ranged from 0.19 (S/9.2) 

to 0.20 (S/8.7) for the three different speeds.  The average, maximum, and minimum 

individual girder results of the center lane test can be seen in Table 4-5 and Table 4-6. 

There are some possible explanations of the discrepancy of the location of the 

maximum girder distribution for the center lane case.  Possibilities include the shifting of 

weight of the gravel truck as it makes its center lane pass.  Driving error has to be 

considered for the faster speeds since aligning the front tire with the painted lines for the 
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40 ft bridge span is difficult.  Besides systematic errors of the testing that involve some 

amount of human error, the discrepancy of the location of maximum girder distribution 

can also be attributed to the mechanical behavior of the FRP girders.  The mid-span 

bottom flange strain gages on the FRP girders only measure strain due to flexural effects.  

However, the measured deflection of the FRP girders includes the effects of flexure and 

shear as shown in Waldron 2001.  Girder five strain from flexural effects was higher than 

that of girder four, however, girder four’s shear contribution to deflection may be higher 

than that of girder five, thus leading to a higher deflection in girder four despite the 

greater flexural strain in girder five.  This is evidenced by their respective experimental 

shear stiffness (Figure 2-11), where girder five was determined to have a shear stiffness 

of 30.7 Msi-in2, while girder four has a value of 25.0 Msi-in2.  Girder four’s shear 

stiffness value is 20% less than girder five, meaning that the contribution of shear effects 

to deflection will be greater in girder four than girder five.  Also contributing to the 

varying maximum girder distribution location is the experimental modulus of elasticity.  

The modulus for girder four was experimentally determined to be 6060 ksi, compared to 

5880 ksi for girder five.  The slightly lower elastic modulus of girder five and the lower 

shear stiffness for girder four may explain why girder five had the highest load fraction 

for strain and girder four displayed the highest load fraction for deflection.   

The variation in material properties may have affected the location of maximum 

girder distribution for the center lane passes for strain and deflection, but the difference in 

deflection and strain between girders four and five is still small.  The strain in girders 

four and five were within 10 µε, and the deflections were within 1/16 in (2 mm).  The 

girder distribution calculations were based on the assumption of similar modulus of 

elasticity for all girders, even though there were differences in each of the girders.  

However, the slight variation in modulus of elasticity does not significantly affect girder 

distribution values.  The girder distribution values of girder four and five were 

consistently larger than the other girders for all center lane passes.  The girder 

distributions factors calculations were carried on as a ratio of a girder’s individual 

response to the total response. 

The multiple lane truck passes resulted in a more distributed response across the 

bridge width.  Table 4-7 shows the load fraction results for deflection and strain.  
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Averaged load fractions ranged from 0.09 from the interior girders four and five to a 

maximum value of 0.16 at exterior girder one for deflection.  For deflection, averaged 

load fractions ranged from 0.10 from girders four and five to a maximum of 0.15 at girder 

one.     The load fractions are based on the total axle loads on the bridge.  Load fractions 

were smaller for the multiple lane compared to single lane passes, but taking four wheel 

lines into account, the controlling average girder distribution factor results in a value of 

S/5.3 for deflection and S/5.7 for strain which is larger than the single lane passes.  

Figure 4-4 and Figure 4-5 shows a comparison of maximum averaged distribution factors 

for each lane configuration and speed.   

The wheel load distribution behavior of the Rt. 601 Bridge is characterized by 

higher responses in the girders located under the truck and a gradual decrease in response 

along the bridge girders away from the loaded region.  A condition of a higher relative 

deck to girder stiffness would result in a more uniform load distribution as shown in 

.  Poor load distribution would result in larger responses in the girders directly 

below the wheel lines, caused by smaller relative stiffness of the slab compared to the 

girders as shown in Figure 4-7 (Barker 1997).  Figure 4-8 through Figure 4-15 plot the 

girder distribution factor along the bridge width for each truck lane.  The results of the 

Fall 2001 field test suggest the Rt. 601 bridge behavior to be closer to the first case of a 

more uniform distribution from higher relative deck stiffness.  The field test plots also 

support the claim that girder distribution is not significantly affected by speed.  Girder 

distribution factors were consistent for each truck pass performed at the three different 

speeds of 0, 25 and 40 mph, showing the negligible effect of speed on girder distribution. 

Figure 4-6

 

4.1.3 Wheel Load Distribution Results June 2002 Test 
Truck passes over the first interior girder in the summer 2002 test were performed 

similarly to the Fall 2001 field test along the center, east, and west lanes. The only 

difference was that an additional speed of 15 mph (24 km/h) was used.  The reasoning for 

the additional truck speed is explained in section 4.2.1.  The orientation of the truck was 

identical, however, the truck weight and axle measurements deviated slightly from the 

ones found in the fall test (  and ).  Girder distribution results were Figure 3-20 Figure 3-21
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consistent with the October 2001 tests.  Individual girder results are summarized in Table 

4-8 through Table 4-13 for interior lane passes.   

Additional axle orientations were performed for the June 2002 field test with the 

truck’s wheel load aligned over an exterior girder in the east lane and a west lane (Figure 

3-28 & Figure 3-29).  Similar procedures for the calculation of wheel load distribution 

factors used.  For the east exterior lane crossing over girder number eight, the maximum 

average load fraction based on strain data was calculated at 0.33 (S/5.3), or 33% of the 

wheel load at girder number eight.  The load fraction based on deflection data was a 

comparable 0.34 (S/5.2), or 34% of the wheel load being resisted by girder eight.  The 

loaded region of the girder encompassed girder eight through girder six, where the 

centerline of the wheel load was approximately two inches south of the centerline of 

girder number eight; girder seven was straddled by the dump truck wheel loads.  The 

loaded region for the west lane exterior truck run spanned from girder one through three 

with girder two being straddled.  The location of resulting maximum girder distribution 

factor g was symmetrically identical to the east lane run, exterior girder one.  The load 

fraction based on strain data resulted in a 0.31 (S/5.6).  The girder distribution factor 

based on deflection data resulted in S/6.0, or a load fraction of 0.29.  The exterior girder 

runs were only performed at static speeds, so the calculated results were based on an 

average of five repetitions.  Results of the single lane exterior runs can be seen in 

. 

Table 

4-14

For the truck passes over the first interior girder, the straddled girder experienced 

the highest response, which was girder three for the west lane passes and girder six for 

the east lane runs. The bridge response for the exterior passes experienced differing 

behavior, with the highest response recorded at the exterior girders.  Because no girder 

existed on the other side of the spandrel girder, more load was distributed directly to the 

exterior girder under the wheel load.  Intermediate diaphragms were located one foot 

offset of mid-span in between each of the girders.  For the truck pass over the first 

interior girder, diaphragms were connected to each side of the girders located in the 

loaded region.  However, for the exterior runs, the spandrel FRP girders only have one 

diaphragm connected.  With only one diaphragm helping to distribute load versus two for 

the first interior girder, larger responses at the spandrel girders resulted.   
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The multiple lane runs are summarized in Table 4-15. The load fractions ranged 

from 0.08 from the interior girders to 0.16 at girder eight for both strains and deflections, 

thus giving a girder distribution factor of S/5.5 when taking four wheel lines into 

consideration.  Comparisons of the summer 2002 maximum girder distribution factor 

results for strain and deflection data are shown in Figure 4-16 and Figure 4-17. 

4.1.4 Comparison of Girder Distribution Results 
The behavior of the June 2002 girder distribution results for the three interior single 

lane truck passes were similar to the results of the October 2001 field test, even the center 

lane where girder four had a higher deflection g but a lower strain g compared to girder 

five.  The magnitude of response was higher for the June 2002 runs.  Reasons for higher 

responses include the load effect created by the truck weights and dimensions.  The larger 

axle weights and spacing of the truck used for the June 2002 test produce a moment on 

simply supported beam approximately 10% larger than the truck used in the October 

2001.  Also contributing to the higher response is seven month in-service time of the 

bridge.  Deck-to-girder connections may have experienced some loosening during this 

time, causing more flexibility in the bridge system and thus contributing to higher 

responses.  The maximum wheel load distribution factors were consistent for all three 

single interior lane tests, with the average maximum values ranging from S/8.1 to S/6.9 

(load fractions from .22 to .25).  As predicted, truck speed is not a significant factor when 

determining wheel load distribution factors.   Maximum wheel load distribution factors 

are summarized for each test configuration and speed for the fall 2001 and summer 2002 

field tests in Table 4-16 and Table 4-17. 

From the results of the of the field testing, a maximum load fraction of 0.34 

occurred in the east exterior lane pass based on deflection data, which the translates into 

an equivalent girder distribution factor or S/5.1, which shows the initial assumption of 

S/5.0 to be slightly conservative.  The controlling field girder distribution factor is also 

less than the lever rule.  The transverse spacing of an AASHTO truck is specified at six 

feet, which is greater than the Rt. 601 girder spacing of 3.5 ft.  When the transverse wheel 

loads are applied on the bridge for the lever rule, summing moments about an assumed 

hinge on the first interior girder results in a distribution factor of S/3.5, the equivalent of 

one wheel load (Figure 4-18).   The girder distribution factors calculated from the field 
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test results are compared to the AASHTO specifications based on timber deck supported 

by steel girders in Figure 4-19.  Based on the Rt. 601 field test results, a girder 

distribution factor of S/5.0 is proposed for a glue-laminated timber deck over Strongwell 

36” FRP DWB.            

 

4.2 Dynamic Load Allowance 
Section 2.2.1 mentions that an assumed dynamic load allowance of 30% was used 

for the Rt. 601 Bridge preliminary design.  A review by Paultre et al. 1991 on dynamic 

bridge behavior gives the calculation of a dynamic amplification of a passage of vehicles 

on a highway bridge as follows: 

(2 –4))(1 DARR stadyn +=

Where Rdyn= maximum dynamic response of the bridge
Rsta=maximum static response of the bridge
1+DA = Dynamic Amplification Factor

)(1 DARR stadyn +=

Where Rdyn= maximum dynamic response of the bridge
Rsta=maximum static response of the bridge
1+DA = Dynamic Amplification Factor

 

The AASHTO Standard Specification (1996) and the AASHTO LRFD (1998) refer 

to the dynamic amplification as the dynamic load allowance, or impact factor IM.  Paultre 

mentions that full scale testing under traffic is the most economical and practical way to 

evaluate dynamic amplification (1992).  Determining the impact factor from field testing, 

the equation is rearranged for the dynamic load allowance as follows: 

1−=
R
RIM

stat

dyn

Where Rdyn= maximum dynamic response 
of the bridge (strain or deflection)

Rsta = maximum static response 
of the bridge (strain or deflection)

IM = Dynamic Load Allowance

1−=
R
RIM

stat

dyn

Where Rdyn= maximum dynamic response 
of the bridge (strain or deflection)

Rsta = maximum static response 
of the bridge (strain or deflection)

IM = Dynamic Load Allowance

)

 

  The dynamic behavior of the Rt. 601 Bridge was investigated using the s

deflection results from a series of dynamic load tests performed October 2001 
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2002.  Only the maximum mid-span responses of the bridge were used for determining 

the dynamic load allowance. 

 

4.2.1 Procedure of Calculation of Dynamic Load Allowance 
Peak responses at the mid-span from both strain and deflection data were used in 

the calculation of the dynamic load allowance.  Static and dynamic responses used in the 

calculation were values obtained from identical truck axle orientation with the only 

difference being the speed.  The creep speed crossings were used as the static condition, 

and the faster speeds from 15 mph, 25 mph, and 40 mph were used to represent dynamic 

conditions.  Figure 4-20 shows a strain versus time plot with superimposed responses of a 

typical static pass and a 40 mph truck pass.   

For the calculation procedure, the first step involved isolating the five static runs 

and obtaining an average static value run for each girder for strain and deflection.  This 

average static value would be used for the Rstatic variable in equation 2-5.  Each dynamic 

response was substituted in the Rdynamic numerator, with five dynamic load allowances 

calculated for each axle orientation test for each truck speed. Table 4-18 shows an 

example calculation. 

 Dynamic load allowances were calculated at all girders for each dynamic truck 

pass, but only the maximum loaded girder was taken into consideration for determining 

the final dynamic load allowance for the bridge system.  An averaged dynamic load 

allowance from five repetitions of truck passes were calculated for three truck 

orientations considered, east interior pass, west interior pass, and center lane pass.  For 

the fall 2001 field test, only 25 mph and 40 mph truck speeds were considered for 

dynamic testing.  A total of six different averaged dynamic load allowances were 

calculated for the fall 2001 by taking into consideration the three different axle 

orientations at two different dynamic speeds.  For the summer 2002 field test, an 

additional speed of 15 mph was added to the testing sequence; therefore, nine sets of 

averaged dynamic load allowances were calculated.  The maximum of all the averaged 

cases in the October 2001 and June 2002 tests was used as the final dynamic load 

allowance for the bridge system.   
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4.2.2 Dynamic Load Allowance Results October 2001 Test 
  The magnitude of the bridge dynamic behavior was small compared to the creep 

static speeds.  The 40 mph runs over the west, east, and center axle orientations did not 

produce a significant dynamic amplification, with some negative dynamic load 

allowances resulting from the calculation.  The negative impact factors resulted from the 

static condition responses being greater than the dynamic responses produced by a 

moving vehicle.  Figure 4-21 shows an example of this behavior.   

 The calculations for the impact factors of the 40 mph tests resulted in low values.  

The center lane runs yielded an average impact factor of  –8% for strain at girder four and 

-7% at girder five.  The impact for deflection was  –7% at girder four and five.  For the 

east lane runs over the girder seven, the average impact factors were +4% for strain at 

girder six and +1% for deflection at girder six.  The west lane followed suit with IM of  –

3% at girder three for strain and + 1% in deflection at girder three.  The impact factors 

calculated were at the location of maximum response.  Larger impact factors were 

calculated for other locations, and a relationship can be developed when comparing 

impact factor vs. magnitude of static strain or deflection (Figure 4-22 through Figure 

4-25).  As the static response is larger for a particular girder, the lower the impact factor.  

For smaller values of static strain, a small change in magnitude equates to a large change 

in dynamic load allowance since the equation is simply a ratio.  However, objectives in 

bridge design are to design for the maximum loaded girder.  Therefore, the girder with 

the maximum response in strain or deflection is the critical girder and is the location that 

AASHTO design parameters should be based on.   

For the 25 mph runs in the fall 2001 test, the center lane runs yielded results 

similar to those of the 40 mph runs, with an average IM of 0% for strain at girders four 

and five, and an average IM of –4% and -5% for deflection at the same locations.  The 

slower truck runs along the center lane pass did not affect the dynamic load allowance.  

However, the dynamic behavior of the bridge differed during the slower 25 mph runs in 

the east and west interior lane.  The truck passes along the east interior lane resulted in an 

average impact factor of +10% for strain and +6% in deflection at the location of 

maximum response, girder six.  The impact factor results for the west interior lane were 

+6% in strain and +7% in deflection.   
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Some conclusions were drawn from the evaluation of the fall 2001 dynamic 

testing results.  Paultre et al (1992) considered vehicle speed to be an important factor in 

determining the dynamic amplification phenomenon.  He mentions that increasing speed 

of a vehicle may have an effect on the dynamic amplification.  There is a trend associated 

with increasing vehicle speed corresponding to an increasing dynamic amplification of 

bridge response, known as the dynamic load allowance of the AASHTO bridge codes.  

However, the October field test of the Rt. 601 Bridge proved otherwise.  The 40 mph 

truck passes had the lowest responses of the three tests used, and actually the 25 mph 

load tests had consistently higher responses than those of the 40 mph test.   

 The lower bridge responses from the increased test speeds can be caused by the 

condition of the approaches.  Paultre et al (1992) lists a variety of reasons of how 

dynamic behavior of bridges can be affected, with bridge approaches being a major 

factor.  The Rt. 601 bridge was experiencing settlement on both the east and westbound 

approaches shortly after construction, because of the fact that the soil back fill toward the 

abutment ends were not compacted sufficiently.  A settlement of the range of several 

inches ensued on both approach ends, creating a different condition than the ideal 

roadway approaches (Figure 4-26 and Figure 4-27).  Many highway bridges use approach 

slabs to prevent excessive settling toward the approaches, but for municipal bridges on 

rural roads the use of approach slabs is not practical because of the minimal amount of 

traffic that a bridge could experience.   

 From Figure 4-27, the approaches caused the truck to ramp over the bridge.  The 

25 mph runs did not exhibit this behavior, simply because the truck was not driving at a 

fast enough speed to cause lift from the front axle end; therefore, all three axles come into 

contact with the bridge for the entire crossing, thus explaining the higher responses in 

strain and deflection. A similar phenomenon occurred during a dynamic testing of the 

Washington School House Lane Bridge in Cecil, Maryland.  The bridge was composed of 

an FRP composite slab.  Structural Testing Incorporated (STI) reported that some strain 

readings of their static runs were higher than the truck runs at higher speeds.  They 

attributed the this behavior of a negative dynamic load effect to a combination of a short 

span and the varying contours at the approaches of the bridge, which caused the truck to 

be airborne for a moment, only to land further down the lane (STI, 1998). 
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 Because of the effect of settlement, an additional speed of 15 mph was used for 

the field test sequence to further investigate how slower speeds affect the impact factor, 

whether the bridge had settled or non-settled approaches.  The settlement varied the 

contour of the approaches across its width, and this would affect the magnitude that the 

impact factor depending on the axle orientation of the truck.  The approaches were filled 

with asphalt within the first month of service on the bridge, after the October field test 

took place to level the approaches (Figure 4-28 and ).  The second field test in 

June 2002 took place with the improved approaches. 

Figure 4-29

 

4.2.3 Dynamic Load Allowance Results June 2002 Test 
The procedure for impact factor calculation of the June tests was identical to the 

October 2001 results, only that a dynamic load allowance was produced for the 15 mph 

runs as well as the 25 mph and 40 mph.  For the 15 mph testing, the average IM for the 

center lane pass was +7% for strain, and 0% for deflection.  For the east lane, the average 

impact for deflection was +8% for strain and +5% for deflection.  The average IM for the 

west lane results were +4% for strain and +2% for deflection.  The 25 mph tests resulted 

in center lane IM of +8% and +5% for strain and deflection respectively.  The east lane 

IM results were 4% for strain and 3% for deflection.  The west lane IM results were +9% 

for strain and +7% for deflection.   

 The 40 mph runs had some varying results.  For the center lane results, the 

average IM for strain increased to 23.0%, while the deflection data corresponded with an 

average IM of +22%.  The dynamic behavior of the bridge during the west lane passes 

was similar in magnitude of IM.  The average IM for a west lane pass was +29% for 

strain and 28% for deflection.  The east lane behavior however, was different with an 

average IM for strain being 0% and an average IM for deflection of 6%.  Table 4-19 and 

Table 4-20 show the results of the October 2001 and June 2002 dynamic testing. 

 

4.2.4 Comparison of Dynamic Load Allowance Results 
The results showed significant increase in the dynamic load allowance for the 

center and west lane runs, while the east lane runs had similar behavior to those of the fall 
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2001 field test with a dynamic load allowance for the runs with higher truck speeds.  A 

reason for this was that despite the asphalt fill at the approaches during October 2001, 

settlement over the approaches occurred over the course from October 2001 till June 

2002.  The contour of the approaches was again varied, with little settlement along the 

westbound approach, compared with a larger settlement along the eastbound approach.  

Across the center of the bridge, the depth of the void created by settlement was small.  

The result of the dynamic load allowances of the summer 2002 field test resulted from 

the varying settlement across the width of the bridge.  The small settling displacements 

prevented truck liftoff on the bridge, therefore causing higher strains and deflections, 

while the larger magnitude of settling displacement at the approaches caused the dump 

truck to be slightly airborne over its bridge pass, causing smaller responses because its 

front axle was not in contact with the bridge throughout the whole truck pass.   

The maximum impact factor results from the two field tests are compared with the 

AASHTO specification values discussed in chapter two are shown in Figure 4-30 and 

Figure 4-31.  The maximum results from the June 2002 field tests were in close 

agreement with the AASHTO Standard Specification value of 30%.  The proposed 

dynamic load allowance for a glue-laminated timber deck supported by an FRP girder 

bridge is 30%.   

 

4.3 Deflection Limits 
Maximum deflection under load was determined for the Rt. 601 Bridge field tests.  

For the Fall 2001 test, the maximum deflection case occurred during the multiple lane 

load case where the axles of the two trucks were aligned over the centerline of the 

exterior girders (Figure 3-26).  The maximum deflection occurred at girder number one 

for all five runs, with a maximum average deflection of 0.26 in., which is equivalent to 

approximately L/1800.  Girder eight, opposite of girder one also had a deflection close in 

magnitude to girder one, with an average maximum deflection of 0.23 in.  The multiple 

lane test was performed again during the June 2002 field test.  The maximum deflection 

was over girder eight, with an average value of 0.31 in., about a 12% increase from the 

fall test.  The multiple lane runs were only performed at creep speeds for both field tests, 

thus dynamic effects are not taken into account.  Applying the proposed dynamic load 
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allowance of 30% to the multiple lane deflections, the October 2001 maximum deflection 

results in 0.34 in. (L/1380) and the June 2002 result is 0.40 in. (L/1180). 

  Reasons for the increase could be attributed to different axle weights and 

dimensions of the trucks used for each test; the measurements suggest that the June 2002 

truck would produce higher responses.  The Rt. 601 Bridge had also been in service for 8 

months at the time of the summer test; a slight loss of stiffness during service may have 

contributed to the increased deflection.  Section 4.1.4 mentions how loosened of 

connections could have contributed to the increased flexibility of the bridge system.  In 

addition, warmer temperatures of the June field test may have contributed to the larger 

girder responses.  The average daily mean ambient air temperature for the June 2002 test 

was 79ºF (22ºC), compared to 54ºF (15ºC) for the October 2001 test.  The Tom’s Creek 

Bridge field tests experienced similar behavior in that larger responses resulted from 

spring and summer tests conducted at higher temperatures (Neely 2000).  As a result of 

higher temperatures in the June 2002 test, thermal deformations in the neoprene bearing 

pads may have contributed to higher girder deflections.  This trend is not conclusive, but 

it does support the indication as reported by Neely that bridge response due to vehicular 

loading appears to be somewhat related to ambient air temperature.  Overall, the 

difference of deflection is less than a 1/16 in., which is very small considering that 

deflection control is an optional AASHTO design requirement.   

The dynamic tests at 40 mph speed for the east and center lane passes of the June 

2002 field test also produced high deflection results.  The average center lane pass 

deflection was 0.30 in. at girder number four, while the west lane average deflection over 

girder three was 0.31 in.  Table 4-21 shows the maximum deflection results from the 

different axle orientations with associated speeds for both the Fall 2001 and June 2002 

field tests. 

For the June 2002 field test, the axle orientations over the exterior girder yielded 

results higher than that of the multiple lane passes.  The west lane exteriors pass over 

girder one resulted in an average deflection of 0.28 in., while the East lane exterior passes 

over girder eight caused an average maximum deflection of 0.31 in.  The East Lane 

exterior pass controlled the deflection limit with an approximate AASHTO equivalent of 

L/1500 (Figure 4-32).   shows a normalized deflection comparison of the Figure 4-33
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October 2001 and the June 2002 results by scaling the field deflections by a ratio of a 

VDOT permit vehicle rear tandem axle of 34 kips to the rear tandem axles of the trucks 

used for each field test (Virginia DMV, 2000).  From the preliminary assumptions of the 

Rt. 601 Bridge, the AASHTO deflection criteria of L/800 controlled the design.  

 shows a comparison of the controlling deflections from both field test results to the 

AASHTO deflection control criteria.  Figure 4-35 shows a normalized deflection 

comparison using the same rear tandem axle weight ratio of a VDOT permit vehicle to 

the dump truck used in each field test.  Because the maximum deflections resulted from 

exterior static runs, a dynamic load allowance of 30% is also applied to the field 

deflections.  The discrepancy of the initial assumptions and true field behavior can be 

attributed to several points.   

Figure 

4-34

Stallings and Yoo (1993) reported that field testing results can reveal a hidden 

amount of reserve stiffness from secondary elements.  One area that contributes extra 

stiffness to a bridge system is unintended composite action in bridges that are not 

constructed with shear studs or other shear transfer devices.  Partial composite action can 

result from partial shear transfer between the deck and top flanges, thus shifting the 

neutral axis of the bridge and lowering the maximum moment.  Another contribution to 

extra stiffness of a bridge system is through support conditions.  For simply supported 

beams, frictionless supports are assumed.  However, when truck loads are applied on a 

bridge, the ends of the girders rotate in a manner that causes the bearings to move away 

from mid-span.  Restraining moments are then caused by the frictional forces at the 

bearings, which reduce the bending moment resisted by the girder along the span.  In 

addition to bearing restraint, other elements such as guardrails and diaphragms can stiffen 

the edge of a deck and resist moment as well.  Guardrail stiffness was not quantified in 

this research, but a prediction model in section 5.4 incorporates curb stiffening effects in 

the Rt. 601 Bridge and compares the mid span deflections to the field results.  The main 

point is that a three dimensional structure does not resist loading the same as a set of one 

dimensional beams (Stallings and Yoo, 1993), thus contributing to the discrepancy to the 

assumed deflection and the actual deflection due to field conditions. 

 The Rt. 601 Bridge was also designed using AASHTO HS-20 loading, where three 

truck axles of 8 kips (36 kN) and a pair of 32 kips (143 kN).  The dump truck used in the 
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June 2002 field test had a 14.2 kip front axle (63 kN) and a pair of 20.56 kip (92 kN) rear 

axles.  When the loads (with girder distribution and impact factors applied) are placed at 

the position to provide the maximum moment on a simply supported beam, the load 

effect of the AASHTO HS-20 is approximately 11% more than the June 2002 truck, 

causing a theoretical deflection of L/800, thus contributing to the deflection discrepancy.  

The three axle dump trucks were used because of weight restrictions of other adjacent 

bridges in Sugar Grove, availability and ease of loading the dump truck to give 

significant load effect, and the truck gives more of a true representation of the maximum 

load effect that the bridge can expect to experience during service. 
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4.4 Tables 

Table 4-1: Girder distribution results based on strain data for the East interior lane 
passes during October 2001 test.  The average strain column is based on responses 
from five truck passes.  The maximum, minimum, and average girder distribution 
factors are also based on the corresponding five truck passes.   

October 2001  East Interior Lane  Pass (Strain Data)
Static Data 25 mph Data 40 mph Data

Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Strain GDF GDF GDF Strain GDF GDF GDF Strain GDF GDF GDF

# (µε) (µε) (µε)
G1 -7 -0.010 -0.011 -0.010 -7 -0.007 -0.010 -0.009 -10 -0.013 -0.014 -0.014
G2 8 0.012 0.011 0.011 7 0.013 0.004 0.009 7 0.013 0.007 0.009
G3 43 0.062 0.057 0.060 40 0.060 0.039 0.052 40 0.061 0.051 0.055
G4 88 0.127 0.121 0.124 86 0.121 0.093 0.111 82 0.119 0.108 0.111
G5 159 0.228 0.217 0.223 160 0.217 0.188 0.207 150 0.209 0.199 0.204
G6 171 0.242 0.238 0.240 188 0.246 0.239 0.243 178 0.247 0.236 0.242
G7 156 0.223 0.214 0.219 182 0.258 0.218 0.235 170 0.234 0.223 0.231
G8 95 0.138 0.130 0.133 118 0.183 0.133 0.153 120 0.169 0.151 0.162

Σ = 1.00 Σ = 1.00 Σ = 1.00
 

Table 4-2: Girder distribution results based on deflection data for the East interior 
lane passes during October 2001 test. 

 

October 2001  East Interior Lane  Pass (Deflection Data)
Static Data 25 mph Data 40 mph Data

Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Defl. GDF GDF GDF Defl. GDF GDF GDF Defl. GDF GDF GDF

# (in.) (in.) (in.)
G1 -0.005 -0.005 -0.008 -0.006 -0.006 -0.004 -0.008 -0.007 -0.009 -0.008 -0.013 -0.010
G2 0.019 0.024 0.021 0.023 0.015 0.022 0.011 0.017 0.016 0.021 0.016 0.019
G3 0.057 0.071 0.066 0.069 0.051 0.065 0.044 0.058 0.054 0.067 0.058 0.062
G4 0.114 0.141 0.134 0.138 0.106 0.131 0.103 0.121 0.103 0.127 0.114 0.120
G5 0.154 0.188 0.184 0.186 0.156 0.181 0.167 0.177 0.149 0.175 0.169 0.173
G6 0.193 0.234 0.233 0.233 0.205 0.235 0.231 0.233 0.194 0.228 0.222 0.225
G7 0.174 0.215 0.208 0.210 0.201 0.244 0.218 0.228 0.193 0.229 0.217 0.224
G8 0.121 0.152 0.143 0.147 0.153 0.205 0.157 0.174 0.162 0.200 0.177 0.188

Σ = 1.00 Σ = 1.00 Σ = 1.00
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Table 4-3: Girder distribution results based on strain data for the West interior lane 
passes during October 2001 test. 

 

 

October 2001  West Interior Lane  Pass (Strain Data)
Static Data 25 mph Data 40 mph Data

Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Strain GDF GDF GDF Strain GDF GDF GDF Strain GDF GDF GDF

# (µε) (µε) (µε)
G1 97 0.139 0.126 0.134 111 0.150 0.127 0.141 98 0.164 0.082 0.128
G2 156 0.219 0.210 0.215 174 0.232 0.213 0.221 146 0.213 0.163 0.191
G3 180 0.248 0.246 0.247 192 0.245 0.242 0.244 175 0.233 0.218 0.228
G4 150 0.208 0.205 0.206 159 0.207 0.197 0.201 153 0.220 0.183 0.199
G5 94 0.135 0.122 0.129 100 0.133 0.120 0.126 116 0.175 0.130 0.150
G6 37 0.054 0.048 0.051 40 0.054 0.045 0.051 57 0.089 0.057 0.073
G7 13 0.020 0.016 0.018 14 0.020 0.014 0.018 23 0.039 0.020 0.030
G8 0 0.001 -0.002 0.000 -1 0.002 -0.004 -0.001 4 0.009 0.003 0.006

Σ = 1.00 Σ = 1.00 Σ = 1.00

 

Table 4-4: Girder distribution results based on deflection data for the West interior 
lane passes during October 2001 test. 

 

October 2001  West Interior Lane  Pass (Deflection Data)
Static Data 25 mph Data 40 mph Data

Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Defl. GDF GDF GDF Defl. GDF GDF GDF Defl. GDF GDF GDF

# (in.) (in.) (in.)
G1 0.116 0.133 0.123 0.130 0.137 0.152 0.131 0.143 0.121 0.160 0.088 0.129
G2 0.194 0.222 0.213 0.218 0.212 0.231 0.217 0.221 0.191 0.225 0.173 0.202
G3 0.214 0.242 0.241 0.241 0.228 0.240 0.237 0.238 0.219 0.233 0.227 0.231
G4 0.182 0.208 0.203 0.205 0.190 0.204 0.194 0.199 0.190 0.216 0.187 0.201
G5 0.116 0.134 0.129 0.130 0.121 0.130 0.122 0.126 0.130 0.154 0.122 0.136
G6 0.050 0.060 0.053 0.056 0.052 0.057 0.049 0.054 0.069 0.092 0.057 0.072
G7 0.016 0.020 0.016 0.018 0.016 0.019 0.014 0.017 0.026 0.041 0.017 0.027
G8 0.002 0.003 0.001 0.002 0.001 0.003 -0.001 0.001 0.006 0.011 0.002 0.006

Σ = 1.00 Σ = 1.00 Σ = 1.00
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Table 4-5:  Girder distribution results for center lane pass based on strain data from 
October 2001 test. 

 

October 2001  Center Lane  Pass (Strain Data)
Static Data 25 mph Data 40 mph Data

Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Strain GDF GDF GDF Strain GDF GDF GDF Strain GDF GDF GDF

# (µε) (µε) (µε)
G1 11 0.019 0.012 0.014 18 0.033 0.012 0.023 15 0.025 0.017 0.020
G2 59 0.084 0.071 0.076 70 0.102 0.070 0.088 66 0.103 0.082 0.091
G3 133 0.184 0.168 0.172 140 0.194 0.152 0.176 130 0.198 0.165 0.177
G4 173 0.224 0.222 0.224 174 0.224 0.207 0.218 162 0.232 0.212 0.220
G5 182 0.240 0.233 0.236 181 0.237 0.219 0.227 166 0.232 0.216 0.227
G6 127 0.170 0.152 0.165 125 0.179 0.137 0.156 112 0.163 0.137 0.153
G7 64 0.086 0.075 0.082 67 0.103 0.070 0.083 62 0.092 0.071 0.084
G8 24 0.032 0.027 0.031 23 0.041 0.020 0.029 20 0.035 0.017 0.028

Σ = 1.00 Σ = 1.00 Σ = 1.00

 
 

Table 4-6:  Girder distribution results for center lane pass based on deflection data 
from October 2001 test. 

 

October 2001  Center Lane  Pass (Deflection Data)
Static Data 25 mph Data 40 mph Data

Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Defl. GDF GDF GDF Defl. GDF GDF GDF Defl. GDF GDF GDF

# (in.) (in.) (in.)
G1 0.019 0.027 0.018 0.021 0.028 0.038 0.020 0.031 0.028 0.040 0.026 0.032
G2 0.084 0.102 0.089 0.092 0.093 0.119 0.083 0.104 0.095 0.116 0.101 0.106
G3 0.162 0.188 0.174 0.179 0.167 0.204 0.161 0.186 0.165 0.195 0.179 0.186
G4 0.211 0.233 0.230 0.232 0.203 0.231 0.218 0.225 0.197 0.225 0.220 0.222
G5 0.179 0.198 0.192 0.197 0.170 0.197 0.183 0.189 0.166 0.190 0.182 0.187
G6 0.147 0.166 0.152 0.161 0.138 0.177 0.135 0.152 0.135 0.158 0.141 0.152
G7 0.077 0.087 0.077 0.084 0.073 0.099 0.067 0.080 0.072 0.088 0.075 0.081
G8 0.031 0.036 0.030 0.034 0.030 0.045 0.023 0.033 0.029 0.038 0.029 0.033

Σ = 1.00 Σ = 1.00 Σ = 1.00
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Table 4-7:  Girder distribution results for multiple lane pass based on deflection and 
strain data from October 2001 test. 
 

October 2001  Multiple Lane  Pass (Strain Data)
Static Strain Data Static Deflection Data

Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Strain GDF GDF GDF Defl. GDF GDF GDF

# (µε) (in.)
G1 218 0.165 0.157 0.161 0.261 0.155 0.149 0.153
G2 199 0.148 0.145 0.146 0.247 0.145 0.144 0.144
G3 176 0.131 0.128 0.129 0.215 0.127 0.125 0.126
G4 126 0.094 0.089 0.091 0.168 0.099 0.096 0.098
G5 128 0.095 0.090 0.093 0.160 0.106 0.103 0.105
G6 165 0.121 0.117 0.119 0.154 0.113 0.111 0.112
G7 188 0.138 0.136 0.137 0.215 0.126 0.125 0.125
G8 171 0.127 0.119 0.124 0.234 0.138 0.135 0.136

Σ = 1.00 Σ = 1.00
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Table 4-8: Girder distribution results based on strain data for center lane passes during June 2002 test.  Results based on a 
series of five truck passes at each speed. 

 
June 2002  Center Lane  Pass (Strain Data)
Static Data 15 mph Data 25 mph Data 40 mph Data

Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Strain GDF GDF GDF Strain GDF GDF GDF Strain GDF GDF GDF Strain GDF GDF GDF

# (µε) (µε) (µε) (µε)
G1 11 0.015 0.011 0.013 11 0.017 0.011 0.013 20 0.027 0.019 0.022 21 0.027 0.015 0.020
G2 62 0.078 0.069 0.074 62 0.073 0.067 0.070 75 0.084 0.074 0.081 84 0.096 0.068 0.080
G3 148 0.181 0.165 0.175 148 0.176 0.164 0.169 172 0.195 0.168 0.186 190 0.199 0.163 0.178
G4 196 0.236 0.230 0.232 196 0.228 0.225 0.227 214 0.236 0.224 0.231 243 0.237 0.222 0.228
G5 206 0.245 0.243 0.244 206 0.252 0.247 0.250 222 0.243 0.237 0.239 253 0.245 0.222 0.236
G6 144 0.180 0.164 0.170 144 0.179 0.169 0.175 145 0.171 0.150 0.157 178 0.182 0.141 0.165
G7 64 0.081 0.073 0.076 64 0.082 0.075 0.079 65 0.083 0.065 0.070 82 0.085 0.065 0.077
G8 13 0.018 0.013 0.016 13 0.019 0.016 0.018 14 0.022 0.010 0.015 19 0.021 0.012 0.017

Σ = 1.00 Σ = 1.00 Σ = 1.00 Σ = 1.00
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Table 4-9: Girder distribution results based on deflection data for center lane passes during June 2002 test.  Results based on a 
series of five truck passes at each speed. 

 

June 2002  Center Lane  Pass (Deflection Data)
Static Data 15 mph Data 25 mph Data 40 mph Data

Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Defl. GDF GDF GDF Defl. GDF GDF GDF Defl. GDF GDF GDF Defl. GDF GDF GDF

# (in.) (in.) (in.) (in.)
G1 0.017 0.019 0.015 0.017 0.017 0.020 0.014 0.016 0.025 0.026 0.021 0.023 0.026 0.028 0.017 0.021
G2 0.097 0.099 0.089 0.094 0.093 0.094 0.087 0.090 0.109 0.106 0.093 0.101 0.122 0.113 0.086 0.097
G3 0.169 0.168 0.157 0.164 0.165 0.164 0.156 0.160 0.187 0.181 0.159 0.173 0.212 0.187 0.156 0.169
G4 0.243 0.241 0.234 0.236 0.242 0.235 0.232 0.234 0.257 0.242 0.229 0.237 0.296 0.241 0.230 0.235
G5 0.232 0.228 0.223 0.225 0.234 0.228 0.225 0.226 0.237 0.221 0.216 0.219 0.279 0.229 0.208 0.221
G6 0.164 0.166 0.155 0.159 0.169 0.166 0.159 0.163 0.162 0.162 0.144 0.150 0.198 0.168 0.138 0.156
G7 0.087 0.090 0.082 0.085 0.090 0.090 0.083 0.087 0.083 0.088 0.072 0.077 0.103 0.090 0.069 0.081
G8 0.021 0.024 0.018 0.021 0.023 0.024 0.020 0.023 0.021 0.027 0.016 0.019 0.027 0.025 0.016 0.021

Σ = 1.00 Σ = 1.00 Σ = 1.00 Σ = 1.00
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Table 4-10: Girder distribution results based on strain data for East interior lane passes during June 2002 test.  Results based 
on a series of five truck passes at each speed. 
 

June 2002  East Interior Lane  Pass (Strain Data)
Static Data 15 mph Data 25 mph Data 40 mph Data

Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Strain GDF GDF GDF Strain GDF GDF GDF Strain GDF GDF GDF Strain GDF GDF GDF

# (µε) (µε) (µε) (µε)
G1 3 0.009 0.001 0.004 6 0.010 0.003 0.007 5 0.010 0.002 0.006 6 0.014 0.004 0.007
G2 9 0.012 0.010 0.011 12 0.015 0.011 0.013 12 0.016 0.012 0.014 15 0.020 0.017 0.018
G3 41 0.054 0.049 0.050 50 0.060 0.053 0.056 50 0.068 0.053 0.058 55 0.070 0.064 0.067
G4 94 0.121 0.111 0.114 110 0.130 0.117 0.124 106 0.134 0.118 0.123 113 0.142 0.132 0.137
G5 187 0.233 0.223 0.227 209 0.241 0.229 0.236 199 0.236 0.225 0.231 190 0.233 0.228 0.230
G6 200 0.245 0.242 0.244 216 0.246 0.241 0.244 208 0.245 0.238 0.242 199 0.243 0.237 0.241
G7 186 0.231 0.221 0.227 191 0.222 0.208 0.215 184 0.221 0.202 0.214 160 0.201 0.185 0.194
G8 101 0.128 0.115 0.122 93 0.115 0.097 0.105 96 0.117 0.102 0.111 89 0.111 0.104 0.108

Σ = 1.00 Σ = 1.00 Σ = 1.00 Σ = 1.00
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Table 4-11: Girder distribution results based on deflection data for East interior lane passes during June 2002 test.  Results 
based on a series of five truck passes at each speed. 
 

June 2002 East Interior Lane  Pass (Deflection Data)
Static Data 15 mph Data 25 mph Data 40 mph Data

Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Defl. GDF GDF GDF Defl. GDF GDF GDF Defl. GDF GDF GDF Defl. GDF GDF GDF

# (in.) (in.) (in.) (in.)
G1 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.004 0.004 0.003 0.004
G2 0.023 0.026 0.022 0.023 0.028 0.029 0.024 0.027 0.027 0.030 0.024 0.026 0.031 0.031 0.028 0.029
G3 0.056 0.061 0.056 0.057 0.065 0.067 0.059 0.063 0.064 0.070 0.059 0.063 0.070 0.069 0.065 0.067
G4 0.131 0.139 0.130 0.133 0.147 0.147 0.135 0.141 0.144 0.152 0.136 0.141 0.156 0.151 0.145 0.148
G5 0.208 0.215 0.208 0.211 0.228 0.224 0.216 0.220 0.222 0.222 0.213 0.218 0.237 0.226 0.223 0.224
G6 0.222 0.227 0.223 0.224 0.232 0.225 0.222 0.224 0.228 0.224 0.220 0.223 0.234 0.224 0.221 0.222
G7 0.213 0.218 0.210 0.215 0.214 0.213 0.200 0.206 0.210 0.212 0.193 0.205 0.206 0.198 0.192 0.195
G8 0.134 0.141 0.128 0.136 0.124 0.129 0.111 0.119 0.126 0.128 0.112 0.123 0.118 0.114 0.108 0.112

Σ = 1.00 Σ = 1.00 Σ = 1.00 Σ = 1.00
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Table 4-12: Girder distribution results based on strain data for West interior lane passes during June 2002 test.  Results based 
on a series of five truck passes at each speed. 
 

June 2002  West Interior Lane  Pass (Strain Data)
Static Data 15 mph Data 25 mph Data 40 mph Data

Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Strain GDF GDF GDF Strain GDF GDF GDF Strain GDF GDF GDF Strain GDF GDF GDF

# (µε) (µε) (µε) (µε)
G1 105 0.140 0.124 0.128 95 0.119 0.102 0.111 105 0.121 0.108 0.116 110 0.108 0.095 0.102
G2 187 0.237 0.226 0.229 183 0.222 0.204 0.215 193 0.220 0.206 0.212 214 0.208 0.189 0.199
G3 210 0.256 0.255 0.256 218 0.258 0.253 0.255 228 0.253 0.250 0.251 271 0.253 0.251 0.253
G4 171 0.211 0.203 0.209 186 0.223 0.213 0.218 197 0.223 0.216 0.218 245 0.233 0.223 0.228
G5 98 0.123 0.112 0.119 111 0.139 0.124 0.130 116 0.133 0.123 0.128 151 0.151 0.133 0.140
G6 38 0.048 0.043 0.047 46 0.057 0.050 0.054 47 0.056 0.049 0.052 62 0.063 0.054 0.058
G7 9 0.011 0.007 0.010 12 0.015 0.012 0.014 16 0.020 0.017 0.018 19 0.020 0.017 0.018
G8 2 0.005 0.001 0.002 3 0.007 0.001 0.003 4 0.006 0.003 0.005 2 0.003 0.001 0.002

Σ = 1.00 Σ = 1.00 Σ = 1.00 Σ = 1.00
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Table 4-13: Girder distribution results based on deflection data for West interior lane passes during June 2002 test.  Results 
based on a series of five truck passes at each speed. 
 

June 2002 West Interior Lane  Pass (Deflection Data)
Static Data 15 mph Data 25 mph Data 40 mph Data

Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Defl. GDF GDF GDF Defl. GDF GDF GDF Defl. GDF GDF GDF Defl. GDF GDF GDF

# (in.) (in.) (in.) (in.)
G1 0.130 0.138 0.123 0.127 0.115 0.117 0.101 0.110 0.128 0.122 0.109 0.116 0.135 0.109 0.095 0.103
G2 0.238 0.239 0.231 0.233 0.228 0.224 0.212 0.219 0.243 0.228 0.215 0.221 0.274 0.216 0.199 0.209
G3 0.240 0.235 0.234 0.235 0.246 0.237 0.235 0.236 0.258 0.236 0.233 0.234 0.309 0.236 0.233 0.235
G4 0.216 0.214 0.205 0.212 0.233 0.228 0.220 0.223 0.242 0.223 0.217 0.219 0.299 0.232 0.224 0.228
G5 0.123 0.122 0.115 0.120 0.136 0.136 0.126 0.130 0.138 0.130 0.121 0.125 0.178 0.144 0.129 0.135
G6 0.057 0.057 0.053 0.056 0.064 0.065 0.058 0.061 0.064 0.061 0.056 0.058 0.085 0.069 0.061 0.064
G7 0.017 0.017 0.015 0.017 0.020 0.021 0.018 0.019 0.023 0.023 0.020 0.021 0.031 0.025 0.022 0.023
G8 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.005 0.005 0.004 0.005 0.003 0.003 0.001 0.002

Σ = 1.00 Σ = 1.00 Σ = 1.00 Σ = 1.00
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Table 4-14: Girder distribution results based on strain and deflection data for West and East exterior lane passes during June 
2002 test.  Results based on a series of five truck passes at each speed. 

June 2002  West Exterior Lane  Pass June 2002  East Exterior Lane  Pass 
Static Strain Data Static Deflection Data Static Strain Data Static Deflection Data

Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Strain GDF GDF GDF Defl. GDF GDF GDF Strain GDF GDF GDF Defl. GDF GDF GDF

# (µε) (in.) (µε) (in.)
G1 229 0.319 0.299 0.311 0.276 0.309 0.281 0.294 5 0.013 0.001 0.007 0.000 0.000 0.000 0.000
G2 201 0.276 0.268 0.272 0.262 0.281 0.277 0.279 4 0.010 0.001 0.005 0.003 0.004 0.002 0.003
G3 174 0.239 0.233 0.236 0.204 0.220 0.213 0.216 7 0.011 0.008 0.009 0.014 0.016 0.013 0.015
G4 88 0.124 0.114 0.119 0.125 0.138 0.126 0.133 29 0.044 0.037 0.040 0.049 0.057 0.051 0.054
G5 34 0.050 0.042 0.046 0.051 0.058 0.050 0.055 80 0.121 0.104 0.109 0.107 0.125 0.113 0.117
G6 8 0.013 0.010 0.011 0.020 0.023 0.018 0.021 164 0.232 0.221 0.224 0.175 0.199 0.189 0.192
G7 1 0.002 0.001 0.002 0.002 0.003 0.002 0.002 202 0.280 0.272 0.276 0.255 0.282 0.279 0.280
G8 2 0.004 0.002 0.003 0.001 0.001 0.000 0.001 240 0.343 0.304 0.329 0.309 0.349 0.322 0.339

Σ = 1.00 Σ = 1.00 Σ = 1.00 Σ = 1.00
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Table 4-15: Girder distribution results based on strain and deflection data for multiple lane passes during June 2002 test.  
Results based on a series of five truck passes at each speed. 
 
 

June 2002  Multiple Lane  Pass Data
Static Strain Data Static Deflection Data

Avg MAX MIN Avg. Avg MAX MIN Avg.
Girder Strain GDF GDF GDF Defl. GDF GDF GDF

# (µε) (in.)
G1 226 0.163 0.147 0.154 0.266 0.150 0.135 0.142
G2 206 0.141 0.139 0.140 0.273 0.147 0.144 0.145
G3 190 0.131 0.126 0.129 0.230 0.124 0.120 0.122
G4 123 0.086 0.080 0.084 0.186 0.101 0.095 0.099
G5 114 0.080 0.074 0.077 0.165 0.090 0.085 0.088
G6 171 0.118 0.115 0.117 0.196 0.106 0.102 0.104
G7 200 0.137 0.135 0.136 0.258 0.138 0.136 0.137
G8 238 0.167 0.158 0.162 0.305 0.167 0.158 0.162

Σ = 1.00 Σ = 1.00
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Table 4-16:  Summary of maximum girder distribution results from the fall 2001 and summer 2002 field tests.  Results shown 
above are based on strain data. 
 

October 2001 Strain Results June 2002 Strain Results
Truck axle Load Fractions Girder Distribution Load Fractions Girder Distribution
Orientation Speed No. of (per axle) Factors (per wheel) (per axle) Factors (per wheel)

(mph) passes Min Avg Max Min Avg Max Min Avg Max Min Avg Max
Idle 5 0.233 0.236 0.240 S/7.5 S/7.3 S/7.4 0.243 0.244 0.245 S/7.2 S/7.1 S/7.1

Center 15 5 0.247 0.250 0.252 S/7.1 S/7.0 S/6.9
25 5 0.219 0.227 0.237 S/8.0 S/7.7 S/7.4 0.237 0.239 0.243 S/7.4 S/7.3 S/7.2
40 5 0.216 0.227 0.232 S/8.1 S/7.7 S/7.5 0.222 0.236 0.245 S/7.9 S/7.4 S/7.2
Idle 5 0.238 0.240 0.242 S/7.6 S/7.5 S/7.5 0.242 0.244 0.245 S/7.2 S/7.2 S/7.2

East Interior 15 5 0.241 0.244 0.246 S/7.3 S/7.2 S/7.1
25 5 0.219 0.227 0.237 S/8.0 S/7.7 S/7.4 0.238 0.242 0.245 S/7.4 S/7.2 S/7.2
40 5 0.216 0.227 0.232 S/8.1 S/7.7 S/7.5 0.237 0.241 0.243 S/7.4 S/7.2 S/7.2
Idle 5 0.246 0.247 0.248 S/7.2 S/7.1 S/7.1 0.255 0.256 0.256 S/6.9 S/6.8 S/6.8

West Interior 15 5 0.253 0.255 0.258 S/6.9 S/6.9 S/6.9
25 5 0.242 0.244 0.245 S/7.2 S/7.2 S/7.1 0.250 0.251 0.253 S/7.0 S/6.9 S/6.9
40 5 0.218 0.228 0.233 S/8.0 S/7.7 S/7.5 0.251 0.253 0.253 S/7.0 S/7.0 S/6.9

Multiple Idle 4 0.157 0.161 0.165 S/5.6 S/5.4 S/5.3 0.167 0.158 0.162 S/5.5 S/5.4 S/5.2
East Exterior Idle 5 0.304 0.329 0.343 S/5.8 S/5.2 S/5.1
West Exterior Idle 5 0.281 0.294 0.309 S/5.9 S/5.6 S/5.5

test was not performed
Note: multiple lane load fractions based on two axles
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Table 4-17: Summary of maximum girder distribution results from the fall 2001 and summer 2002 field tests.  Results shown 
above are based on deflection data. 
 

October 2001 Deflection Results June 2002 Deflection Results
Truck axle Load Fractions Girder Distribution Load Fractions Girder Distribution
Orientation Speed No. of (per axle) Factors (per wheel) (per axle) Factors (per wheel)

(mph) passes Min Avg Max Min Avg Max Min Avg Max Min Avg Max
Idle 5 0.230 0.232 0.233 S/7.6 S/7.5 S/7.5 0.234 0.236 0.241 S/7.5 S/7.4 S/7.3

Center 15 5 0.232 0.234 0.235 S/7.5 S/7.5 S/7.4
25 5 0.218 0.225 0.231 S/8.0 S/7.8 S/7.6 0.229 0.237 0.242 S/7.7 S/7.4 S/7.2
40 5 0.220 0.222 0.225 S/8.0 S/7.9 S/7.8 0.230 0.235 0.241 S/7.6 S/7.5 S/7.3
Idle 5 0.233 0.233 0.234 S/7.5 S/7.5 S/7.5 0.223 0.224 0.227 S/7.8 S/7.8 S/7.7

East Interior 15 5 0.222 0.224 0.225 S/7.9 S/7.8 S/7.8
25 5 0.231 0.233 0.244 S/7.6 S/7.5 S/7.2 0.220 0.223 0.224 S/8.0 S/7.9 S/7.8
40 5 0.222 0.225 0.229 S/7.9 S/7.8 S/7.7 0.223 0.224 0.226 S/7.9 S/7.7 S/7.7
Idle 5 0.241 0.241 0.242 S/7.3 S/7.3 S/7.2 0.234 0.235 0.239 S/7.5 S/7.4 S/7.3

West Interior 15 5 0.235 0.236 0.237 S/7.5 S/7.4 S/7.4
25 5 0.237 0.238 0.240 S/7.7 S/7.6 S/7.5 0.233 0.234 0.236 S/7.5 S/7.4 S/7.4
40 5 0.227 0.231 0.233 S/8.0 S/7.7 S/7.4 0.233 0.235 0.236 S/7.5 S/7.5 S/7.4

Multiple Idle 4 0.149 0.153 0.155 S/5.9 S/5.7 S/5.6 0.158 0.162 0.167 S/5.5 S/5.4 S/5.2
East Exterior Idle 5 0.322 0.339 0.349 S/5.4 S/5.2 S/5.2
West Exterior Idle 5 0.281 0.294 0.309 S/6.2 S/6.0 S/5.7

test was not performed
Note: multiple lane load fractions based on two axles
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Table 4-18: Sample calculation of dynamic load allowance.  The five static passes to the corresponding load configuration are 
averaged for each girder under the first column.  The maximum responses of the five dynamic runs are placed in the 
numerator of the impact equation, thus producing five individual dynamic load allowances.  The five dynamic load allowances 
are averaged and shown in the last column.  The dynamic load allowance of the bridge girder with the maximum response is 
controls.  In this example, a dynamic load allowance of 29.4 % controls because the maximum response is located under girder 
three. 

Average West Lane Individual West Lane Individual 
Static Dynamic Response Dynamic Load Allowance (IM)

Position Strain Run1 Run2 Run3 Run 4 Run5 Run1 Run2 Run3 Run4 Run5 HI Low Avg
G1 105 102 110 111 110 117 -0.031 0.052 0.057 0.051 0.117 0.117 -0.031 0.049
G2 187 203 215 214 213 225 0.081 0.146 0.144 0.137 0.200 0.200 0.081 0.142
G3 210 271 276 271 266 274 0.290 0.316 0.290 0.267 0.308 0.316 0.267 0.294
G4 171 246 256 241 239 242 0.435 0.492 0.404 0.395 0.410 0.492 0.395 0.427
G5 98 162 155 149 145 144 0.651 0.579 0.520 0.483 0.474 0.651 0.474 0.541
G6 38 67 64 61 60 58 0.763 0.681 0.601 0.571 0.529 0.763 0.529 0.629
G7 9 21 21 18 18 18 1.493 1.436 1.106 1.161 1.117 1.493 1.106 1.263
G8 2 1 2 3 2 3 -0.277 -0.075 0.820 0.105 0.813 0.820 -0.277 0.277

**Note: denotes maximum bridge response
 
 

 88



Table 4-19:  Dynamic Load Allowance Summary.  Results are based on maximum girder strain. 
 

Truck Axle Oct. 2001 strain data June 2002 strain data
Orientation Speed No. of Max Avg Girder Max Avg Girder

(mph) passes IM IM Location IM IM Location
Center 15 5 ----- 0.083 0.068 -----

25 5 0.117 -0.005 5 0.080 0.077 5
40 5 -0.034 -0.076 5 0.357 0.230 5

East Interior 15 5 ----- 0.098 0.078 -----
25 5 0.138 0.101 6 0.041 0.038 6
40 5 0.067 0.043 6 0.071 -0.006 6

West Interior 15 5 ----- 0.066 0.039 -----
25 5 0.135 0.072 3 0.097 0.087 3
40 5 0.018 -0.026 3 0.316 0.294 3

MAX 0.101 MAX 0.294
**Note: test not performed
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Table 4-20: Dynamic Load Allowance Summary.  Results are based on maximum girder deflections. 
 
 

Truck Axle Oct. 2001 defl. data June 2002 defl. data
Orientation Speed No. of Max Avg Girder Max Avg Girder

(mph) passes IM IM Location IM IM Location
Center 15 5 ----- 0.017 -0.005 -----

25 5 0.003 -0.040 5 0.071 0.054 5
40 5 -0.038 -0.066 5 0.271 0.216 5

East Interior 15 5 ----- 0.065 0.046 -----
25 5 0.089 0.065 6 0.032 0.026 6
40 5 0.044 0.006 6 0.128 0.057 6

West Interior 15 5 ----- 0.030 0.023 -----
25 5 0.093 0.060 3 0.082 0.074 3
40 5 0.038 0.015 3 0.304 0.284 3

MAX 0.065 MAX 0.284
**Note: test not performed
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Table 4-21:  Deflection Summary of October 2001 and June 2002 field tests.   The maximum deflection of the bridge was 
experienced in the June 2002 field test with a magnitude of 0.309 in, equivalent to L/1500. 
 

Rt. 601 Maximum Deflection Summary
Truck Axle October 2001 Test June 2002 Test
Orientation Speed No. of Max Avg. Girder No. of Max Avg. Girder

(mph) passes defl.(in) defl.(in) Location passes defl.(in) defl.(in) Location
Idle 5 0.213 0.211 4 5 0.249 0.243 4

Center 15 5 5 0.248 0.242 4
25 5 0.212 0.203 4 5 0.269 0.257 4
40 5 0.203 0.197 4 5 0.309 0.296 4
Idle 5 0.195 0.193 6 5 0.225 0.222 6

East Interior 15 5 5 0.237 0.232 6
25 5 0.211 0.205 6 5 0.236 0.228 6
40 5 0.204 0.194 6 5 0.252 0.237 6
Idle 5 0.217 0.214 3 5 0.242 0.240 3

West Interior 15 5 5 0.247 0.246 3
25 5 0.236 0.228 3 5 0.271 0.258 3
40 5 0.224 0.219 3 5 0.314 0.309 3

Multiple Idle 5 0.266 0.261 1 4 0.315 0.305 8
East Exterior Idle 5 5 0.316 0.309 8
West Exterior Idle 5 5 0.293 0.276 1

Max avg. = .261 Max avg. = 0.309
**Note: test was not performed
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4.5 Figures  
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Figure 4-1: Sample Deflection vs. Time plot.  GDF calculations are based on girder 
responses at time of maximum bridge response.   
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East Interior Static Run 5
Mid-span Strain vs. Time
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Figure 4-2: Sample run of East Interior Lane Deflection vs. Time. 
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Figure 4-3: Sample run of East Interior Lane Strain vs. Time.  
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October 2001 Strain Data
 Girder Distribution Factor vs. Truck Orientation
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Figure 4-4: Bar chart of average girder distribution factor (in terms of denominator 
“D” of AASHTO S/D values) versus truck lane based on October 2001 strain data.  
Average value is shown in bold.  Scaled error bars show the maximum and 
minimum distribution factors from a series of five truck passes. 
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Figure 4-5:  Bar chart of average girder distribution factor (in terms of 
denominator “D” of AASHTO S/D values) versus truck lane based on October 2001 
deflection data.  Average value is shown in bold.  Scaled error bars show the 
maximum minimum distribution factors from a series of five truck passes. 
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Figure 4-6: Uniform distribution of load in a slab girder bridge.  Higher relative 
stiffness in the deck causes a more uniform load distribution among the supporting 
girders in a bridge system. 

 

 

Figure 4-7:  An example of a poor load distribution in a slab girder bridge.  Lower 
relative deck to girder stiffness causes a more concentrated load distribution among 
the supporting girders in a bridge system. 
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October 2001 Strain Data 
East Interior Lane GDF vs. Girder Location 
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Figure 4-8:  Rt. 601 Bridge girder response from East Interior Lane Pass under truck loading.  Plot based on strain data 
girder distribution factors averaged from five truck passes at each speed.  The mean value of three speeds is plotted on the 
“X” curve.   
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October 2001 Strain Data 
Center Lane GDF vs. Girder Location 
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Figure 4-9:  Rt. 601 Bridge girder response from Center Lane Pass under truck loading.  Plot based on strain data girder 
distribution factors averaged from five truck passes at each speed.  The mean value of three speeds is plotted on the “X” curve. 
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Figure 4-10: Rt. 601 Bridge girder response from West Lane Pass under truck loading.  Plot based on strain data girder 
distribution factors averaged from five truck passes at each speed.  The mean value of three speeds is plotted on the “X” curve. 
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October 2001 Strain Data 
Multiple Lane GDF vs. Girder Location 
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Figure 4-11: Rt. 601 Bridge girder response from Multiple Lane Pass under truck loading.  Plot based on strain data girder 
distribution factors averaged from five truck passes at each speed.   
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Figure 4-12: Rt. 601 Bridge girder response from East Interior Lane Pass under truck loading.  Plot based on deflection data 
girder distribution factors averaged from five truck passes at each speed.  The mean value of three speeds is plotted on the 
“X” curve. 
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Figure 4-13: Rt. 601 Bridge girder response from Center Lane Pass under truck loading.  Plot based on deflection data girder 
distribution factors averaged from five truck passes at each speed.  The mean value of three speeds is plotted on the “X” curve. 
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Figure 4-14: Rt. 601 Bridge girder response from West Interior Lane Pass under truck loading.  Plot based on deflection data 
girder distribution factors averaged from five truck passes at each speed.  The mean value of three speeds is plotted on the 
“X” curve. 
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October 2001 Strain Data 
Multiple Lane GDF vs. Girder Location 
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Figure 4-15: Rt. 601 Bridge girder response from Multiple Lane Pass under truck loading.  Plot based on deflection data 
girder distribution factors averaged from five truck passes at each speed.   
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June 2002 Deflection Data
 Girder Distribution Factor vs. Truck Orientation
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Figure 4-16: Bar chart of average girder distribution factor (in terms of denominator “D” of AASHTO S/D values) versus 
truck lane based on June 2002 strain data.  Average value is shown in bold.  Error bars (not to scale) show the maximum 
minimum distribution factors from series of five truck passes. 
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June 2002 Strain Data
 Girder Distribution Factor vs. Truck Orientation
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Figure 4-17: Bar chart of average girder distribution factor (in terms of denominator “D” of AASHTO S/D values) versus 
truck lane based on June 2002 deflection data.  Average value is shown in bold.  Scaled error bars show the maximum 
minimum distribution factors from series of five truck passes. 
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Figure 4-18: Lever Rule performed on Route 601 bridge.  AASHTO HS-20 trucks placed transversely across bridge.  A hinge 
is assumed under the first interior girder, and moments to the left of the hinge are summed to solve for reaction Ra.  Because 
the transverse spacing of the wheel load is greater than the girder spacing, Ra equals P/2, the magnitude of one wheel load.  
This results in a girder distribution factor of S/3.5. 
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Wheel Load Distribution Comparison
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Figure 4-19:  Comparison of girder distribution factors (per wheel line basis) of field results and AASHTO specifications 
based on timber deck bridges supported by steel girders.  Bars shown in blue are values for single lane loaded case.  Bars in 
green are for two or more lanes (multiple) loaded case. Bar shown in red is the value for the lever rule.  Field values are based 
on maximum averaged girder distribution factors based on strain and deflection.  Interior lane field value includes west, east, 
and center lane passes. 
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Figure 4-20: Typical Rt. 601 Bridge girder response due to dump truck loads.  Static and dynamic passes are superimposed.  
Dynamic Load Allowance calculation based on mid-span peak strains or deflections. 
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38 mph & Static Center Lane Lane Run 1
Girder 5 Mid Span Strain vs. Time
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Figure 4-21:  Example of Fall 2001 superimposed static and 38 mph run strain vs. time plot.  The static response was slightly 
greater than that of the dynamic response, thus resulting in a negative impact factor. 
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October 2001 25 & 40 mph Tests
Impact Factor vs. Maximum Static Strain
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Figure 4-22:  Plot of impact factor vs. static strain.  Results based on dynamic test runs from October 2001 field test. 
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June 2002 15, 25 & 40 mph Tests
Impact Factor vs. Maximum Static Strain
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Figure 4-23:  Plot of impact factor vs. static strain.  Results based on all dynamic test runs from June 2002 field test. 
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October 2001 25 & 40 Mph Tests
Impact Factor vs. Maximum Static Deflection
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Figure 4-24: Plot of impact factor vs. static deflection.  Results based on all dynamic test runs from October 2001 field test. 
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June 2002 15, 25 & 40 Mph Tests
Impact Factor vs. Maximum Static Deflection
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Figure 4-25: Plot of impact factor vs. static deflection.  Results based on all dynamic test runs from June 2002 field test. 
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Figure 4-26: Drawing of Rt. 601 bridge with approaches as planned 

 

 

 

 

 

Figure 4-27:  Rt. 601 Bridge with actual approach conditions shown.  Settlement due 
to poor soil compaction caused approaches to slope. 
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Figure 4-28: Approach conditions during fall 2001 field test. 

 

 

Figure 4-29:  Improved Approaches during June 2002 field test. 
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Dynamic Load Allowance Comparison
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Figure 4-30:  Dynamic Load Allowance Comparison of AASHTO standards and 
field test results based on mid-span strain data.  Field test values are maximum 
averaged impact factors from a series of five truck passes. 
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Figure 4-31: Dynamic Load Allowance Comparison of AASHTO standards and 
field test results based on mid-span deflection data.  Field test values are maximum 
averaged impact factors from a series of five truck passes. 
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Figure 4-32:  Comparison of maximum average deflections from October 2001 and June 2002 field test results.  Deflections 
shown are values obtained from field tests. 
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Figure 4-33: Comparison of maximum averaged deflections from October 2001 and June 2002 field test results.  Deflections 
shown are normalized deflections; the field test deflections are scaled by the ratio of tandem rear axle weight of VDOT permit 
vehicle to the tandem rear axle weights of the trucks used for each field test.   
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Figure 4-34:  Comparison of field test deflection results to AASHTO Specifications.  Field deflections are based on the 
maximum averaged results determined from testing.  No dynamic load allowance is applied. 
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Figure 4-35: Comparison of normalized maximum field test deflection results to AASHTO Specifications.  Field deflections 
shown are normalized deflections; deflections are scaled by the ratio of tandem rear axle weight of a VDOT permit vehicle to 
the tandem rear axle weights of each truck used in the field.  A dynamic load allownace of 30% is also applied to the field 
deflections. 
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Chapter 5: Secondary Results 
The following results address secondary objectives of this research.  Results in the 

sections covering diaphragm effects and symmetry are based on the June 2002 field test.  

The sections on axial behavior, theoretical model comparisons, and bridge redesign are 

based on both October 2001 and June 2002 field test results. 

 

5.1 Effects of Diaphragms 
Barr et al (2001) reported the effects of diaphragm removal on girder distribution 

in a finite element model for prestressed I-girder bridges.  The removal of diaphragms in 

the model resulted in slight increases in girder distribution.  A study performed for the 

Alabama Department of Transportation (Stallings et al 1996) of steel girder bridges with 

diaphragms reported field test results of bridges with and without diaphragms.  The goal 

of the study was to investigate the effects of fatigue cracking at diaphragm to girder 

connections, and to eliminate such connections where fatigue cracking was a problem.  

Field tests were conducted before and after all interior diaphragms were removed.  

Interior diaphragms included diaphragms located along the bridge span in between the 

supports, but did not include the diaphragms at the support.  Interior girder stresses 

determined from field tests and a finite element analysis increased approximately 15% 

due to the removal of diaphragms. 

Only three interior diaphragms near mid-span were removed between girders five 

and eight in the east lane during the June 2002 field test.  All end diaphragms near the 

support and the west lane interior diaphragms between girders five and one remained in 

place.  The results were recorded for five passes at static speed over the interior east lane 

and exterior east lane.  In the loaded region of the bridge, where the truck axle would 

encompass a region over three girders, strains and deflections were generally higher with 

the diaphragms removed.  The higher responses along the loaded region resulted in 

increased distribution factors for the adjacent girders.  Consequentially, the load 

distribution concentrating toward the loaded region caused decreased girder distribution 

factors away from the loaded region.  Magnitudes of the increase of girder distribution 

factors for girders under the loaded region ranged up to 12% (Table 5-1 and Table 5-2).   
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The difference between the interior and exterior lanes was in the number of 

girders that had increased load distribution factors.  The interior lane resulted in two of 

the three loaded girders with increased distribution, while the third loaded girder 

decreased slightly.  For the exterior lane, the redistributed load was concentrated more at 

one girder where an increase in GDF resulted (Table 5-3 and Table 5-4).  The results of 

this can be seen from Figure 5-1 through Figure 5-4.  The redistribution of load with 

removed diaphragms did not significantly change the magnitude of the maximum girder 

distribution factor.  The East exterior deflection without diaphragms resulted in a 

distribution factor of S/5.5 (0.32 load fraction), which is less than the S/5.2 when the 

diaphragms were in place.  For bridge design purposes, the effect of considering 

diaphragms on girder distribution factors is negligible. 

Girder distribution factors were not the only measure of diaphragm influence on 

the bridge system.  Strain instrumentation was taken on the underside of the FRP beams 

at three different locations, mid-span, diaphragm (1 ft offset mid-span), and a location 1 

ft offset the diaphragm in the east direction (2 ft offset of mid-span) at girders one, two, 

seven, and eight.  The goal was to observe differences in local girder strain at the location 

of the diaphragm region when the truck axle loaded the region versus when it was 

unloaded.  Comparisons were also made when the diaphragms were removed from the 

east lane to investigate the strain distribution along this region.  

The loaded girders during the truck passes experienced higher strains, with all of 

the three bottom flange gages recording similar strain magnitudes.  For exterior and 

multiple lane runs, the loaded region achieved positive strain results on the order of 200 

µε, with the averaged mid span gage and offset gage values at 240 µε, and the diaphragm 

having the lowest at 220 µε.  The bottom flange gage and the gage located two feet offset 

from mid-span had slightly higher strain readings than the gage at the location of the 

diaphragm, which was about 10-20 µε lower.  Similar behavior occurred for all truck 

passes for interior, exterior, center, where the diaphragm gage was 20-40 µε lower.  

Figure 5-5 and Figure 5-6 show typical plots of this behavior.   

The results of east exterior test with diaphragm removal compared similarly with 

test performed when the diaphragms were in place.  The magnitude and order of girder 

eight strains were similar for the east exterior passes, on the range of 220 to 240 µε, with 
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the mid-span and offset gages producing slightly higher strains than the gage at the 

location of the diaphragm, very similar to behavior shown in Figure 5-5.  For the exterior 

girder eight, only a single interior diaphragm was connected; therefore, the removal of 

the only interior diaphragm at girder eight did not produce a significant strain difference.  

Girder seven strains were higher at the location of the diaphragm, producing an average 

strain from the five passes of 210 µε, compared to an average 200 µε for the tests with 

diaphragms.  Girder seven mid-span gages also increased, as reported earlier.  Signal 

from the girder seven offset gage was lost during the field testing sequence.   

For the interior east lane runs without diaphragms, girder eight strains were 

similar in behavior and magnitude as the corresponding static tests with diaphragms in 

place.  However, girder seven strains resulted in higher bottom flange strains.  With the 

diaphragms in place, the average magnitude of strain for the diaphragm gage 140 µε, 

where as the tests with no diaphragms produced strain readings within the range of 188 

µε, approximately 30% increase in strain.  The mid-span gage also increased in 

magnitude of strain, from an average of 186 µε with diaphragms to approximately 210 µε 

without diaphragms.  Without the diaphragms, the gap in strain closes from an average 

difference of 45 µε to approximately 20 µε difference (Figure 5-7 and Figure 5-8).  The 

increased strain results in girder seven showing that the effect of two diaphragms 

removed is greater than just the one removed for girder eight results.   

Overall, the effect of removing diaphragms on a bridge increases strain.  The 

magnitude of this effect depends on location.  On an exterior girder, the effect is almost 

negligible, while at the first interior girder where two diaphragms were removed, the 

redistributed the wheel loads produced higher strains.  While strain is increased in the 

loaded region, the value of the distribution factor is not as affected as greatly.  For design 

purposes, the effect of diaphragm removal on distribution factors was negligible when 

compared to the proposed field result of S/5.  However, the field test results indicate 

diaphragm effects that are worthy of further investigation.  Only the east lane interior 

diaphragms were removed, while the west lane interior diaphragms and all the end 

diaphragms remained in place.  Future field testing should be continued to investigate the 

effects of removing all interior diaphragms, as well as end diaphragm removal, and how 
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their combination affects girder distribution and local strain behavior on highway bridge 

using FRP members as the load carrying members. 

5.2 Axial and Torsional Effects 
Axial and torsional effects were monitored during the Rt. 601 field test.  Axial 

gages were placed at the girder near the support to measure any end restraint provided by 

the bearing pads.  If significant end bearing restraint was achieved, the stress distribution 

could change along the mid-span with axial forces present thus changing the location of 

the neutral axis and increasing the stiffness of the bridge.  Torsional gages were placed on 

the exterior girders to quantify strain produced by twisting of the girders.  The torsional 

gages also could also approximate neutral axis shift at the mid-span of the girder.     

The axial effects near the support were small for interior lane passes.  The 

magnitude of strain was small for interior passes, in the range of 10 µε  ( ).  

This approximates to a neutral axis shift of one inch, thus the strains recorded by the 

bottom flange gages were the result of flexural response with minimal axial 

contributions.  However, for the exterior girder passes, increased axial behavior was 

exhibited.  For the east lane exterior passes, strains of approximately 20 µε were recorded 

as the wheel load passed over the support area (Figure 5-10).  The exterior passes results 

in a neutral axis of approximately two inches above the center of gravity of the FRP 

girder.  This amount of axial strain could be attributed to bearing restraint as well as some 

partial composite action provided by the deck to girder connections mentioned in section 

4.3.   

Figure 5-9

Torsional effects were small for exterior and interior truck passes.  Figure 5-11 and 

Figure 5-12 show typical plots of the interior flange strain gages for a typical exterior and 

interior lane pass.  The strain gages measured longitudinal flexural strain for the interior 

of the flanges.  Theoretically the magnitude of strain should be equal, with any difference 

in flexural strain of either the top flange gages or the bottom flange gages equating to the 

contribution caused by torsion.  Differences due to torsion averaged less than 10 µε for 

interior passes and 25 µε for exterior passes.  For both interior and exterior passes, the 

strain distribution from the flange gages resulted in a shift of the neutral axis of 

approximately one inch above the center of gravity of the bare FRP girder.  The 5% shift 
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in neutral axis at the mid-span of the girder was a result of partial composite action 

caused by the deck to girder connections.  

 The effect of diaphragm removal on neutral axis shift was negligible for the June 

2002 field test.  Axial strain near the supports at girder eight for the east exterior passes 

was on the order of 20 µε, which results in a neutral axis shift of approximately 2 in., 

identical to the truck pass with the diaphragms in place.  Neutral axis shift measured from 

the torsional flange gages coincided with results when the diaphragms were in place; the 

shift was approximately one in. above the center of gravity of the FRP girder.    

 

5.3 Symmetry Response 
Mid-span results from the single lane exterior runs of the summer 2001 field test 

were used to compare the response of symmetry with the multiple lane runs.  The east 

lane and west lane exterior runs were superimposed as shown in Figure 5-13 to produce a 

response that would be theoretically identical to that of a multiple lane static run Table 

5-5 and  show the comparison of the superimposed single lane results to those 

of the multiple lane results for both strain and deflection data respectively.  The 

superimposed results of all girder distribution factors based on strain and deflection are 

within 6% of the multiple lane results.  The slight differences of response could be 

attributed to the different truck axle weights and dimensions as well as human error noted 

in 3.1.2.     

Table 5-6

Magnitudes of strain and deflection were also in close agreement with each other, 

with each individual girder’s strains and deflections within 6% of each other.  Figure 

5-16 and Figure 5-17 compare the values of the superimposed results for strains and 

deflections versus those of the multiple lane results. 

 

5.4 Comparison to Theoretical Models 
In section 2.2.1, it was mentioned that an analytical finite difference model based 

on mechanics of materials was developed for the preliminary design of the Rt. 601 

Bridge.  The model provides deflections and strains at the mid-span under each of the 

FRP girders under a given static loading.  The Route 601 Bridge consisted of ten glue-

laminated deck panels and eight FRP girders.  The one-dimensional model is based on a 
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series of beams supported by an elastic foundation, with the glue-laminated timber deck 

panels modeled as beams and the FRP girders modeled as an elastic foundation with an 

effective spring constant.  Composite action between the deck and girder is neglected in 

the model.  A detailed description of the model may be found in Hayes 1998.  The model 

allowed for input of the individual material properties of the FRP girders, span length, 

deck material properties, spacing, skew, and loading.  The geometry and magnitude of 

the wheel loads for both the Fall 2001 and June 2002 field tests were entered in the 

model.  Mid-span deflections and girder distribution results from the model were 

compared to the results of the field tests. 

David Haeberle of the Virginia Tech ESM department developed a finite element 

model using modified Bernoulli-Euler beam theory to account for effects of stiffening 

due to the deck to girder connections and the guardrails.  The model uses a two 

dimensional mesh of nodes that uses element equations that relate slope, deflection, and 

rotation to moment, shear, and torsion respectively at each node for a particular element.   

A hyperbolic cosine function incorporates the effects of curb stiffening and non-rigid 

connections by setting the edge stiffness at 100% and decreasing toward the center of the 

bridge.  The non-rigid connections only act to transfer load and do not create composite 

action (Haeberle 1998).       

An example of longitudinal truck wheel load placement to produce maximum 

response is shown in Figure 5-18.  Static loads without dynamic amplification factors 

were used in the bridge models, so only the results from the static truck pass were used in 

the field test and model comparisons.  Deflection and girder distribution factor results of 

the Hayes and Haeberle models are compared to field test values averaged from five 

truck passes. 

5.4.1 October 2001 Comparisons 
For the October 2001center lane comparison, the load fraction that was determined 

from the Hayes model strain results was 0.27 at girders four and five, which resulted in a 

girder distribution factor of S/6.4.  From the field test results, the maximum girder 

distribution factor was S/7.5 (0.23 load fraction) for center lane run, which was 

approximately 16% less than the model.   The Haeberle model resulted in a maximum 

distribution factor of S/7.4 (0.24 load fraction) at girders four and five, within 6% of the 
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controlling field test value.  Like the Hayes model, the distribution is overestimated along 

the loaded region from girders three through six while underestimated at the girders near 

the edges.  However, the Haeberle model distribution factors across the width of the 

bridge resulted in more accuracy than the Hayes model as shown in Figure 5-19.  

Deflection magnitudes for the center lane truck pass were overestimated in the 

Hayes model.  The maximum deflection that the model produced occurred at girder four 

was 0.31 in (L/1500), which was greater than the field deflection of 0.21 in (L/2200).    

From the figure, the model overestimates the deflections across the loaded region, while 

predicting small amounts of uplift in under the regions of the non-loaded girders.  The 

Haeberle model better predicts deflection behavior across the transverse bridge width.  

The maximum deflection was 0.213 in., identical to the maximum field test average value 

at girder four.  Figure 5-20 shows the comparison of the deflection across the transverse 

width of the bridge for the center lane pass. 

For the east interior lane, the Hayes model overestimates girder distribution factors 

more than the center lane case.  From the deflection results, the controlling distribution 

factor was S/4.8, or a load fraction of 38% of the truckload.  The field results were S/7.5 

(0.23 load fraction), which is 50% less than that of the Hayes model results.  The 

Haeberle modeled a more accurate distribution, with the controlling distribution factor of 

S/6.9 (0.25 load fraction) approximately 10% greater than the field values.  Figure 5-21 

shows the girder distribution factor comparison across the bridge width.  

 The Hayes model resulted in maximum deflections of 0.42 in (L/1100) under the 

wheel load points at girders five and seven, which overestimated the field tests results of 

0.15 in (L/3000) and 0.18 in (L/2700) respectively.  At girder six where the wheel loads 

straddled over, the magnitude of deflection in the Hayes model (0.18 in) was similar to 

the field (0.19 in.).  However, the model deflection in girder six was lower than girders 

five and seven, where as the field test resulted in girder six experiencing a slightly larger 

deflection than girders five and seven.  The Haeberle model predicts the east interior 

deflections with more accuracy, with a maximum deflection of 0.22 in. (L/2150), which 

is 10% of the field deflections.    Figure 5-22 shows the east interior lane deflection 

comparison. 
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The west interior lane pass comparison had results symmetrically similar to the east 

interior lane.  Girder distribution factor comparisons of the Hayes model to field values 

were S/4.7 (0.38 load fraction) versus S/7.0 (0.25 load fraction).  Maximum deflections 

were 0.43 in. (L/1100) and 0.41 in. over girders two and four, while the maximum field 

deflection was 0.24 in. (L/1900) over girder three.  The Haeberle model value for 

maximum girder distribution factor was S/6.9 (load fraction 0.25), and maximum 

deflection was 0.21 in. (L/2200).  Figure 5-23 and Figure 5-24 shows the girder 

distribution and deflection comparisons between the model and the field. 

 In the Hayes model for the multiple lane pass comparison, girder distribution 

results were more accurate than the single lane runs over the first interior girder.  For 

strain, the GDF for the Hayes model was S/3.9 (0.23 load fraction), compared to S/5.4 

(0.16) in the field.  For deflection, the GDF for model versus field was S/3.9 (0.23) to 

S/5.7 (0.15).  Multiple lane distribution results are 30% of the field values, versus 40% 

difference for the east and west runs over the first interior girder.  Deflection comparisons 

are similar to the single lane runs.  The deflections were overestimated in the model at the 

loaded girders (girder one, two, five and seven) by approximately 50%.  The maximum 

deflection for the model was 0.51 in. (L/900), compared to 0.26 in. (L/1800) in the field.  

At girders four and five, the model underestimated the field deflections, with the field 

values at 0.10 in. compared to 0.05 in. results from the model.  The Haeberle model 

results in girder distribution factor of S/5.7 (0.15), identical to the field.  The deflections 

across the width of the bridge are underestimated.  The maximum deflection occurs at 

girder one with a value of 0.24 in. (L/2000), approximately 10% lower than the field 

value of .26 in. (L/1800).  Figure 5-25 and Figure 5-26 show the results of girder 

distribution factor and deflection comparisons. 

5.4.2 June 2002 Comparison 
For the interior and multiple lane truck passes, the June 2002 field test to model 

comparisons showed very similar behavior to the corresponding October 2001 results.  

Girder distribution factors and deflection magnitudes were overestimated at the girders 

below the wheel loads, while strains and girder distribution factors in non-loaded girders 

were underestimated.  The results for the center lane, east interior lane, west interior lane, 

and multiple lane comparisons are shown in Figure 5-27 through Figure 5-34. 
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Comparisons were performed for the single lane exterior runs in the east and west 

directions.  For the west exterior case, the maximum girder distribution factor occurred 

on the girder one, the exterior girder under the wheel load, for both field and model 

results.  The Hayes model value of S/3.9 was approximately 30% greater than the S/6.0 

for the field.  Magnitudes of deflections were overestimated, with the model result at 0.53 

in. (L/900) versus 0.28 in. (L/1700) in the field.  At girder three, the location of the 

second wheel load, the Hayes model overestimated deflection, with 0.44 in. compared to 

only 0.21 in. result from the field.  At girder two, the model underestimated the deflection 

at girder two at 0.17 in., 35% less 0.26 in experienced in the field.  The non-loaded 

regions from girder five to girder eight compared well with little deflection for both the 

model and field test results.  In the Haeberle model, the maximum girder distribution 

factor was S/5.9 (load fraction of 0.29) at girder one, similar to the S/6.0 in the field.  

Max deflection was 0.25 in. (L/1900), which was slightly underestimating the average 

static field deflection of .29 in. (L/1600).  The Haeberle model also underestimated 

deflections along the loaded region, but the difference in magnitude was less than 1/16 in.  

The comparisons of deflection and girder distribution factor results are shown in Figure 

5-35 and Figure 5-36. 

The comparisons of the east exterior lane runs were similar to the west exterior.  

The girder distribution factor for strain was S/4.0 for the Hayes model, approximately 

25% greater than the field value of greater than S/5.3.  The deflection comparison was 

also 25% greater in the model  (S/3.9 model versus S/5.2 field).  Similar to the west lane, 

the model predicted larger deflections for girder six, the location of the second wheel 

load, than the field deflections (0.42 in versus 0.18 in).  Girder seven, the location 

approximately between the wheel loads, experienced a larger deflection in the field (0.26 

in.) than the model prediction of 0.15 in.  The girder distribution factor in the Haeberle 

model at girder eight was S/6.0 (0.29), which underestimated the field value of S/5.2.  

Deflection at this location was also underestimated.  The Haeberle model deflection was 

0.24 in. (L/1900), approximately 20% less than the average field value of 0.31 in. 

(L/1500).  Figure 5-37 and Figure 5-38 plots the results of the east exterior pass. 

In summary, the one-dimensional Hayes finite difference model over predicts 

maximum mid span deflections by 25% to 50%, depending on the location of the load.  
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The model does not accurately predict girder distribution over the transverse width of the 

bridge.  For all truck configurations, the deflections of girders that are located directly 

under a wheel load, whether a single truck or two trucks are used, are significantly 

overestimated.  Deflections are underestimated at girders that are straddled or adjacent to 

the girder under a wheel load.  The model behavior does not correspond to the field 

behavior, where the model predicts 70% of the load distribution concentrated at the 

girders directly under the wheel loads, while field results indicate that approximately 

70% of the load distribution is shared among the three girders below the truck load.  The 

model predicts girder distribution more accurately for the center lane truck configuration, 

where the truck wheel loads are aligned in between girders.  The distribution factors for 

this case are 17% off, where the factors are 30%-40% off for the truck configurations 

where the wheel load is aligned over the centerline of a girder.     

The two dimensional Haeberle finite element model predicted girder distributions 

and girder deflections more accurately than the Hayes model.  Maximum girder 

distribution factors were within 10% for each of the load cases while deflections for 

interior passes truck runs were also within 10% for the associated girders across the 

loaded region.  The model tends to overestimate the stiffness the guardrails provide for 

truck runs over the exterior girder; deflections for the single lane exterior passes were 

underestimated by 20%.  However, the magnitude of difference was within 1/16 in. 

The Hayes finite difference model only provides flexural stiffness along the 

longitudinal axis along the timber deck panels (transverse direction of traffic).  The 

analysis is performed for a single point load.  In the case of combined loading, such as 

the dual load case of a truck axle, results are obtained using principles of superposition.  

The model only considers the deck beam under the applied load to simplify the analysis 

(Hayes, 1998).  The deck only serves to distribute load to the girders, where a reaction 

force is used for deflection calculation along the length of the composite beam; however, 

the deck does not significantly contribute to the stiffness of the structure.  Because the 

deck panels treat each wheel load individually, without any contribution from adjacent 

deck members in the transverse direction of the deck, deflections are overestimated at the 

wheel loads.  The Haeberle finite element model incorporates biaxial bending along the 

longitudinal and transverse direction of the timber deck panels.  By including stiffness 
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parameters due to the guardrails and deck to girder connections, the Haeberle model 

accurately depicts plate behavior of the bridge deck, where a stiff deck will distribute 

wheel loads more evenly among the supporting girders, thus resulting in more distributed 

deflections along the loaded region of the bridge.   

 

5.5 Bridge Redesign and Optimization 
The strain and deflection results obtained from the Rt. 601 Bridge field tests 

suggest a conservative design.  A standard FRP bridge design code has not yet been 

developed, and because few FRP bridges exist to monitoring field behavior, the 

development of one is still a work in progress.  There are many unknowns when dealing 

with FRP bridge behavior; because of this the design of the Rt. 601 Bridge undertook a 

conservative deflection based approach.   

From Waldron 2001, each of the 36 in FRP girders placed in the field was able to 

resist an equivalent moment of 5.5 times the service load moment of an AASHTO HS-20 

truck.  Assumptions were made on the wheel load distribution factors and dynamic load 

allowance during the preliminary design of the bridge based on previous experience with 

the Tom’s Creek Bridge and AASHTO guidelines of timber deck bridges supported by 

steel girders.  From these assumptions, the spacing was selected from the L/800 

deflection curve at 3.5 ft (Figure 2-10), thus accommodating eight girders across the 

transverse width of the bridge. 

From results of the field tests, the maximum deflection of the bridge was L/1410, 

almost twice the value of the L/800 criteria.  Reasons for the discrepancy have been 

discussed in section 4.3.  Strain levels from the field test were significantly lower than 

strain levels experienced during the failure test, thus suggesting that strength is not an 

issue for optimizing the Rt. 601 Bridge design.  However, deflection serviceability 

criteria governed the design. 

As noted in both the AASHTO 1996 Standard Specification and the AASHTO 

1998 LRFD Specification, deflection control is optional at the discretion of the engineer.  

Deflection standards have not been developed for a glue-laminated timber deck supported 

by FRP girders.  By strictly adhering to the deflection criteria, it will be difficult to 

economically design bridges using FRP.  Smaller deflection criteria should be allowed, as 
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in the case for timber bridges in the AASHTO specifications.  In addition, it was found 

that stiffness provided by secondary elements of the Rt. 601 Bridge, which included extra 

stiffness of the guardrails, partial composite action of the deck, and rigidity at the 

supports provided by bearing restraint provided the extra stiffness in load cases.  The 

reserve stiffness by secondary bridge elements should be taken into consideration when 

designing with composites with a deflection based approach.  Prior research performed 

by Stallings (1993) and Nowak (1997) on steel and prestressed concrete highway bridges 

indicate that deflections determined from field testing are lower than the target design 

deflection.   

The performance of the Rt. 601 Bridge during field testing resulted in a maximum 

deflection 40% less than the target deflection of L/800.  If the bridge were redesigned by 

removing three of the eight girders, it would still have sufficient capacity to satisfy the 

L/800 deflection criteria.  However, as noted in section 2.3.3, deflection design criteria 

has been established to prevent damage to nonstructural components such as cracking in 

the wearing surface and for limiting vibrations to provide rider comfort.  Although the 

actual deflection in the field was L/1500, the L/800 design criteria has been established to 

ensure prevention of the issues noted in section 2.3.3.  Further investigation on the issues 

of rider comfort and damage to nonstructural components and how they relate to 

deflection control needs to be performed.  Conservative deflection criteria to 

accommodate for these issues prevent economical design for FRP bridges as evidenced 

from the field results of the Rt. 601 Bridge.     
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5.6  Tables 

 

 

Table 5-1: East interior pass comparison showing effect of diaphragm removal on 
girder distribution factors based on averaged strain data. 

East Interior Lane Pass -Strain Data
Girder w/o diaphragms w/ diaphragms strain % change GDF % change

position strain GDF strain GDF difference strain difference GDF
G1 5 0.006 3 0.004 1 34.0 0.001 34.0
G2 6 0.007 9 0.011 -3 -37.5 -0.004 -37.6
G3 35 0.042 41 0.050 -7 -15.8 -0.008 -15.9
G4 84 0.102 94 0.114 -10 -10.6 -0.012 -10.7
G5 183 0.222 187 0.227 -4 -2.1 -0.005 -2.2
G6 206 0.250 200 0.244 5 2.7 0.006 2.6
G7 209 0.255 186 0.227 23 12.5 0.028 12.3
G8 96 0.116 101 0.122 -5 -5.0 -0.006 -5.1

 
 
 

Table 5-2: East interior pass comparison showing effect of diaphragm removal on 
girder distribution factors based on averaged deflection data. 

East Interior Lane Pass -Deflection Data
Girder w/o diaphragms w/ diaphragms deflection % change GDF % change

position defl(in.) GDF defl(in.) GDF difference deflection difference GDF
G1 0.000 0.000 0.000 0.000 0.000 -25.7 0.000 -27.8
G2 0.020 0.020 0.023 0.023 -0.003 -14.1 -0.004 -16.4
G3 0.052 0.051 0.056 0.057 -0.004 -7.9 -0.006 -10.3
G4 0.128 0.126 0.131 0.133 -0.004 -2.9 -0.007 -5.5
G5 0.217 0.213 0.208 0.211 0.008 3.9 0.002 1.1
G6 0.237 0.233 0.222 0.224 0.015 6.8 0.009 4.0
G7 0.230 0.226 0.213 0.215 0.017 8.1 0.011 5.2
G8 0.132 0.130 0.134 0.136 -0.002 -1.4 -0.005 -4.0
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Table 5-3: East exterior pass comparison showing effect of diaphragm removal on 
girder distribution factors based on averaged strain data. 

East Exterior Lane Pass -Strain Data
Girder w/o diaphragms w/ diaphragms strain % change GDF % change

position strain GDF strain GDF difference strain difference GDF
G1 4 0.005 5 0.007 -1 -24.2 -0.002 -28.4
G2 2 0.003 4 0.005 -1 -31.6 -0.002 -35.3
G3 7 0.009 7 0.009 0 -1.0 -0.001 -6.8
G4 28 0.036 29 0.040 -1 -3.6 -0.004 -9.4
G5 89 0.115 80 0.109 9 11.4 0.005 4.7
G6 179 0.230 164 0.224 15 9.3 0.006 2.6
G7 226 0.291 202 0.276 24 12.1 0.015 5.3
G8 243 0.312 240 0.329 2 0.9 -0.017 -5.3

 
 
 
 

Table 5-4: East exterior pass comparison showing effect of diaphragm removal on 
girder distribution factors.  Values based on averaged deflection data. 

East Exerior Lane Pass -Deflection Data
Girder w/o diaphragms w/ diaphragms deflection % change GDF % change

position defl(in.) GDF defl(in.) GDF difference deflection difference GDF
G1 0.000 0.000 0.000 0.000 0.000 79.9 0.000 72.0
G2 0.003 0.003 0.003 0.003 0.000 12.7 0.000 8.2
G3 0.014 0.015 0.014 0.015 0.000 1.7 0.000 -2.4
G4 0.049 0.052 0.049 0.054 0.000 0.0 -0.002 -4.0
G5 0.119 0.125 0.107 0.117 0.012 10.8 0.007 6.3
G6 0.197 0.207 0.175 0.192 0.022 12.3 0.015 7.8
G7 0.262 0.276 0.255 0.280 0.007 2.8 -0.004 -1.4
G8 0.307 0.322 0.309 0.339 -0.002 -0.8 -0.016 -4.8
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Table 5-5:  Superimposed vs. multiple lane results based on strain data averaged  from five passes for each truck 
configuration. 
 

 

East Exterior Lane West Exterior Lane Superimposed Multiple lane % difference
strain GDF strain GDF Strain GDF strain GDF strain GDF

G1 5 0.007 229 0.311 234 0.160 226 0.154 3.6 3.6
G2 4 0.005 201 0.272 204 0.139 206 0.140 -0.6 -0.6
G3 7 0.009 174 0.236 181 0.123 190 0.129 -4.6 -4.6
G4 29 0.040 88 0.119 117 0.080 123 0.084 -5.3 -5.3
G5 80 0.109 34 0.046 114 0.078 114 0.077 0.4 0.4
G6 164 0.224 8 0.011 172 0.117 171 0.117 0.6 0.6
G7 202 0.276 1 0.002 203 0.138 200 0.136 1.3 1.2
G8 240 0.329 2 0.003 243 0.165 238 0.162 1.9 1.9

Σ = 1.000 Σ = 1.000 Σ = 1.000 Σ = 1.000
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Table 5-6:  Superimposed vs. multiple lane results based on deflection data averaged  from five passes for each truck 
configuration. 

 

East exterior lane West exterior lane Superimposed Multiple lane % difference
defl.(in) GDF defl.(in) GDF defl.(in) GDF defl.(in) GDF defl. GDF

G1 0.000 0.000 0.276 0.294 0.276 0.149 0.266 0.142 3.9 5.4
G2 0.003 0.003 0.262 0.279 0.265 0.143 0.273 0.145 -3.2 -1.8
G3 0.014 0.015 0.204 0.216 0.217 0.117 0.230 0.122 -5.6 -4.3
G4 0.049 0.054 0.125 0.133 0.174 0.094 0.186 0.099 -6.4 -5.0
G5 0.107 0.117 0.051 0.055 0.159 0.086 0.165 0.088 -4.1 -2.7
G6 0.175 0.192 0.020 0.021 0.195 0.105 0.196 0.104 -0.3 1.1
G7 0.255 0.280 0.002 0.002 0.257 0.139 0.258 0.137 -0.2 1.2
G8 0.309 0.339 0.001 0.001 0.310 0.167 0.305 0.162 1.6 3.0

Σ = 1.000 Σ = 1.000 Σ = 1.000 Σ = 1.000
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5.7 Figures 
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Figure 5-1:  Bar Chart showing effect of diaphragm removal on girder distribution 
Factor.  Based on averaged strain data from static east interior truck passes of June 
2002 field test. 
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Figure 5-2: Bar chart showing effect of diaphragm removal on girder distribution 
factor.  Based on averaged deflection data from static east interior truck passes of 
June 2002 field test 
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Figure 5-3:  Bar Chart showing effect of diaphragm removal on girder distribution 
factors.  Based on averaged strain data from static east exterior truck passes of June 
2002 field test. 
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Figure 5-4: Bar Chart showing effect of diaphragm removal on girder distribution 
factors.  Based on averaged deflection data from static east exterior truck passes of 
June 2002 field test. 
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East Exterior Static Run 2
Girder 8 Strain vs. Time
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East Exterior Static Run 2
Girder 8 Strain vs. Time
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Figure 5-5: Bottom flange gage behavior over a girder in the loaded region of the 
bridge.  An east exterior static run over girder eight is shown in this case. 
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West Interior  Static Run 1
Girder 2 Strain vs. Time
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Figure 5-6:  Bottom flange gage behavior over girder in the loaded region of the 
bridge.  Girder two of a west interior pass is shown in this case. 
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with diaphragms in place
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Figure 5-7: Typical plot of girder seven strain vs. time for east interior lane pass 
with diaphragms in place.  The average difference in strain from the mid-span gage 
and the gage under the location of the diaphragms was 45 µε (based on five passes). 
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with diaphragms removed
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Figure 5-8: Typical plot of girder seven strain vs. time for east interior lane pass 
with diaphragms removed.  The average difference in strain from the mid-span gage 
and the gage under the location of the diaphragms was 21 µε (based on five passes). 
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East Interior Static Run 1
Axial Strain vs. Time
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East Interior Static Run 1
Axial Strain vs. Time
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Figure 5-9: Typical strain vs. time plot of the axial gages for an interior truck pass.  
In this case, an east interior pass is shown. 
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East Exterior Static Run 2
Axial Strain vs. Time
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Figure 5-10:  Typical strain vs. time plot of the axial gages for an exterior pass.   In 
this case, an east exterior pass is shown. 
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West Interior  Static Run 1
Girder 1 Torsional Strain vs. Time

-150

-100

-50

0

50

100

150

200

250

300

0 5 10 15 20 25 30 35

Time(sec.)

St
ra

in
( µ

ε)
T1TFN     ue
T1TFS     ue
T1BFN     ue
T1BFS     ue

Max ε @ T1BFN = 98 µε

Min ε @ T1BFN = -85 µε

West Interior  Static Run 1
Girder 1 Torsional Strain vs. Time
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Figure 5-11:  Typical plot of strain vs. time behavior of interior flange gages.  
Measured torsional effects were small for interior truck passes.  In this case a west 
interior pass is shown. 
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West Exterior Static Run 2
Girder 1 Torsional Strain vs. Time
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Figure 5-12: Typical plot of strain vs. time behavior of interior flange gages.  
Measured torsional effects were small for exterior truck passes as well.  In this case 
a west exterior pass is shown. 
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Figure 5-13:  Superposition of single exterior lane passes from the June 2002 test.  
The girder responses from the east exterior pass (a) are added to those of the west 
lane exterior pass (b).  The sum of the responses gives the superimposed result (c), 
which is compared to the multiple lane pass results from June 2002 test.  

 

 143



Strain Girder Distribution Factor vs. Girder Location
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Figure 5-14: Comparison of superimposed and multiple lane pass girder 
distribution factors.  Factors based on averaged strain data from the five static 
passes for each configuration. 

Deflection Girder Distribution Factor vs. Girder Location
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Figure 5-15: Comparison of superimposed and multiple lane pass girder 
distribution factors.  Factors based on averaged deflection data from the five static 
passes for each configuration. 
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Single Lane Superimposed Strain vs. Multiple Lane Strain 
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Figure 5-16: Bar Chart showing comparison between strain magnitudes of the 
superimposed versus the multiple lane results.  Values are based on an average of 
five static passes per truck configuration. 

 

Single Lane Superimposed Deflection vs. Multiple Lane Deflection 
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Figure 5-17: Bar Chart showing comparison between deflection magnitudes of the 
superimposed versus the multiple lane results.  Values are based on an average of 
five static passes per truck configuration. 
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Figure 5-18: Wheel load placement on Rt. 601 Bridge models.   Longitudinal 
placement was kept constant to produce maximum response.  Transverse truck 
placement varied to mimic field conditions. 
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Center Lane Girder Distribution Factors (Deflection Data)
Theoretical Models vs. Oct. 2001 Field Test Data
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Figure 5-19: Comparison of center lane pass girder distribution factors across 

Figure 5-20: Comparison of center lane pass deflection results across transvers

transverse width of bridge for model versus field test results for October 2001 test. 

e 

Center Lane Mid-span Deflection
Theoretical Models vs. Oct. 2001 Field Test Data
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width of bridge for model versus field test results for October 2001 test. 

 147



East Interior Lane Girder Distribution Factors (Deflection Data)
Theoretical Models vs. Oct. 2001 Field Test Data
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Figure 5-21: Comparison of east interior lane pass girder distribution factors across 
transverse width of bridge for model versus field test results for October 2001 test. 
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Figure 5-22: Comparison of east interior lane pass deflection results across the 
transverse width of bridge for model versus field test results for October 2001 test. 
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West Interior Lane Girder Distribution Factors (Deflection Data)
Theoretical Models vs. Oct. 2001 Field Test Data
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Figure 5-23: Comparison of west interior pass girder distribution factors across 
transverse width of bridge for model versus field test results for October 2001 test. 

width of bridge for model versus field test results for October 2001 test. 
Figure 5-24: Comparison of west interior pass deflection results across transverse 

West Interior Lane Mid Span Deflection 
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Multiple Lane Girder Distribution Factors (Deflection Data)
Theoretical Models vs. Oct. 2001 Field Test Data
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Figure 5-25: Comparison of multiple lane pass girder distribution factors across 
transverse width of bridge for model versus field test results for October 2001 test. 

Multiple Lane Mid Span Deflection 
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Figure 5-26: Comparison of multiple lane pass deflection results across transverse 
width of bridge for model versus field test results for October 2001 test. 
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Center Lane Girder Distribution Factors (Deflection Data)
Theoretical Models vs. Oct. 2001 Field Test Data
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Figure 5-27: Comparison of center lane girder distribution factors across transverse 
width of bridge for model versus field test results for June 2002 test. 

Center Lane Mid Span Deflection
Theoretical Models vs. Oct. 2001 Field Test Data

Figure 5-28: Comparison of center lane deflection results across transverse width of 
bridge for model versus field test results for June 2002 test. 
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East Interior Lane Girder Distribution Factors (Deflection Data)
Theoretical Models vs. Oct. 2001 Field Test Data
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Figure 5-29: Comparison of east interior lane girder distribution factors across 
transverse width of bridge for model versus field test results for June 2002 test. 
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Figure 5-30: Comparison of east interior lane deflection results across transverse 
width of bridge for model versus field test results for June 2002 test. 
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West Interior Lane Girder Distribution Factors (Deflection Data)
Theoretical Models vs. Oct. 2001 Field Test Data
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Figure 5-31: Comparison of west interior lane girder distribution factors across 
transverse width of bridge for model versus field test results for June 2002 test. 

Figure 5-32: Comparison of west interior lane deflection results across transverse 
width of bridge for model versus field test results for June 2002 test. 
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Multiple Lane Girder Distribution Factors (Deflection Data)
Theoretical Models vs. Oct. 2001 Field Test Data
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Figure 5-33: Comparison of multiple lane girder distribution factors across 
transverse width of bridge for model versus field test results for June 2002 test. 
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Figure 5-34: Comparison of multiple lane deflection results 

Bridge Girder

across transverse width 
of bridge for model versus field test results for June 2002 test. 
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West Exterior Lane Girder Distribution Factors (Deflection Data)
Theoretical Models vs. Oct. 2001 Field Test Data
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Figure 5-35: Comparison of west exterior lane girder distribution factors across 
transverse width of bridge for model versus field test results for June 2002 test. 

West Exterior Lane Mid Span Deflection 
Theoretical Models vs. Oct. 2001 Field Test Data
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Figure 5-36: Comparison of west exterior lane deflection results across transverse 
width of bridge for model versus field test results for June 2002 test. 
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East Exterior Lane Girder Distribution Factors (Deflection Data)
Theoretical Models vs. Oct. 2001 Field Test Data
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Figure 5-37: Comparison of east exterior lane girder distribution factors across 
transverse width of bridge for model versus field test results for June 2002 test. 

East Exterior Lane Mid Span Deflection 
Theoretical Models vs. Oct. 2001 Field Test Data
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Figure 5-38: Comparison of east exterior lane deflection results across transverse 
width of bridge for model versus field test results for June 2002 test. 
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Chapter 6: Conclusions and Recommendations 
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As a result of the research conducted on the Rt. 601 Bridge, the following 

conclusions and recommendations are made. 

 

6.1 Conclusions 
• The transverse wheel load distribution factor, g, has been determined.  The results 

of the field testing lead to the conclusion that the transverse wheel load 

distribution factor is not a function of speed, but rather a function of vehicle 

position.  Wheel load distribution factors were calculated for six different vehicle 

positions, where truck passes over interior girders and the center lane resulted in 

smaller girder distributions than exterior lane passes.  For the Rt. 601 bridge, a 

controlling load fraction of approximately 0.70, or 70 % of a truck load has been 

calculated, which translates into a wheel load distribution factor S/5.0.  The 

calculated distribution factor is slightly less conservative than the AASHTO 

Standard Specification value of S/4.5 for a timber deck supported by steel 

stringers. 

 

• From the October 2001 test results, the dynamic load allowance was affected by 

settlement at the approaches.  Improved approaches enhanced the dynamic effects 

of the Rt. 601 Bridge, thus suggesting that the dynamic load allowance factor may 

be dependant on the in-situ conditions of the approaches. 

 
• The dynamic load allowance has been determined to be 30% from the field test 

results, which coincides with the AASHTO Standard Specification value.  The 

dynamic load allowance is a function of speed, where the dynamic test under 

improved field conditions show that dynamic effects are amplified with increasing 

speed.   
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• Diaphragm removal resulted in an increase of local strain by as much as 30µε out 

of 200 µε recorded at the bottom flange of the FRP girder. However, local strain 

in the FRP beam underneath the diaphragm was often less than the mid-span 

strain. 

 

• The Rt. 601 Bridge behavior under superimposed symmetric loading was 

consistent with the mid-span strain and deflection responses.   Results were within 

6% when the multiple lane responses were compared with the superimposed 

single lane responses.    

 

• Neutral axis shift in the Rt. 601 Bridge was minimal.  Neutral axis shift in the Rt. 

601 Bridge was 2 in. along the support and 1 in. at mid-span for maximum 

loading conditions of the exterior truck passes.  Bearing restraint and partial 

The maximum deflection determined in the Rt. 601 Bridge was calculated at 

approximately L/1500, which is conservative compared to the AASHTO 

Specification and AASHTO LRFD value of L/800. 

The reasons for the discrepancy of the field deflection versus the AASHTO L/800 

criteria include stiffness contributions of secondary elements on the bridge.  They 

are as follows: 1) bearing restraint at the supports 2) partial composite action of 

the connections, and 3) stiffness provided by the guardrails.  The theoretical lo

effect from the dump truck was also approximately 10% less than theore

effect from an AASHTO HS-20 truck, which also contributed to the defl

discrepancy. 

Individual girder distribution factors increased as much as 14% during tests of 

diaphragms removal.  However, the effect of diaphragm removal on maxim

wheel load distribution factor of the bridge system is negligible for bridge design 

purposes. 
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composite action of the deck-to-girder connections were responsible for the extra 

stiffness. 
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• The inclusions of curb stiffening in the Haeberle model improves the accuracy of 

modeling the Rt. 601 Bridge behavior to actual field conditions.   

 

• The Hayes model used in the preliminary design of the Rt. 601 Bridge does not 

accurately predict bridge behavior.  Deflections and girder distribution factors are 

overestimated at the loading points. 

 

• The Haeberle model predicts the Rt. 601 Bridge behavior with reasonable 

accuracy and is beneficial as a research tool.  However, it does not warrant being 

used as a bridge design toll instead of the AASHTO girder distribution factor 

method. 

 

• Although the actual field deflection is 40% less than the L/800 value, the Rt. 601 

designs with the idea that they may be field tested.  Results from future field tests 

of different FRP bridges can further enhance the current database. 

Bridge cannot be optimized based on a deflection ratio of actual field to design 

conditions.  The L/800 ratio is a serviceability criteria used to account for rider 

comfort and prevention of cracking in the wearing surface. 

 

6.2   Recommendations for future research 

• Future field testing of the Rt. 601 bridge should be done on 6 month to one year 

intervals to monitor any change of performance of the bridge with regards to 

girder distribution, dynamic load allowance, and deflection control. 

 

• Girder distribution factors are affected by a number of bridge characteristics such 

as span length, material properties, bridge skew, and secondary elements.  Efforts 

should be made to incorporate some variety to future FRP composite bridge 
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• Further efforts should be made monitor stiffness contributions from secondary 

elements, especially along the guardrails.  The design of the Rt. 601 Bridge 

neglected guardrail stiffness.  In the design of concrete bridges, guardrail stiffness 

is taken into account by incorporating parapet section properties into girder 

distribution factor equations.  Similar procedures should be made to incorporate 

glue-laminated timber guardrail stiffness in the design of a glue-laminated timber 

deck supported by FRP girder bridge.     

Long term monitoring of the bridge should be undertaken to m

environmental and fatigue effects of 36 in. DWB. when subject to in-serv

conditions. 

Diaphragm behavior should be looked at more closely in future field tests. 

Studies of end diaphragm removal and its effect on girder distribution and local 

strain effects should be performed, as well as instrumentation provided directly on 

the diaphragm. 

AASHTO serviceability deflection criteria should be further investigat

regards to rider comfort and damage to nonstructural elements such as the 

wearing surface.  The deflection criteria limits economy on bridge de

general.   
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