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(ABSTRACT)

Fiber reinforced polymeric (FRP) composite materials are beginning to find usein
construction and infrastructure applications. Composite members may potentially
provide more durable replacements for steel and concrete in primary and secondary
bridge structures, but the experience with composites in these applicationsis minimal.
Recently, however, a number of groupsin the United States have constructed short-span
traffic bridges utilizing FRP members. These demonstration cases will facilitate the
development of degn guidelines and duraliyi daa for FRP materials. The Tom’s
Creek Brigye rehabilitation is one such project that utilizeylarid FRP composite beam
in an actual field application.

This thesis details much of the experimental work conducted in conjunction with
the Tom’s Creek Bridge rehabilitation. All of the composite beams used in the
rehabilitation were first proof tested in four-point bending. A mock-up of the bridge was
then constructed in the laborataisirg the actual FRP beams and timber degkifihe
mock-up was tested ineral static btadingschemes toealuate théridge respose
under HS20 loadig. The lab testg indicated a dééction criterion of nearl\./200; the
actual field struaire was stiffer at./450. This was attributed to the difference in
bounday conditions for the gders and timbepanels.

Finally, the bridge response was verified with anlginzal model that treats the
bridge structure as a wood beam resting upon disdiet@eesprings. The model permits
both bending and torsional stiffness in the composite beams, as well as shear
deformation. A parametr study was conducted utilizing this model and a mechanics of
laminated beam thepto provide recommendations for alterndgédge designs and

modified composite beam dgss.
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Chapter 1: Introduction and Literature Review

1.1 Introduction

Recent interestsin utilizing fiber reinforced plastic (FRP) composites as structural
members in infrastructure applications has brought the issue of composite durability to
the forefront. Besides having high stiffness- and strength-to-weight ratios and excellent
fatigue resistance, composites are often claimed to offer superior resistance to
environmental degradation compared to the traditional engineering metals. However,
little datais available in the literature to substantiate these claims. Long-term data
documenting the effects of environment on the modulus, strength, and life of composites
isscarce. Some short-term laboratory studies have addressed the issue of degradation,
but these studies usually involve very specific constituents and fiber architecture,
environmental conditions, and loading types. Thisvariability in material systems and test
conditions precludes any generalizations about composite durability from the existing
data. Furthermore, few attempts have been made to correlate |aboratory data with long-
term field performance. Comprehensive, accelerated test methods for predicting long-
term performance in infrastructure environments are also not available. Investigations
involving actual field studiesin parallel to laboratory testing are needed to develop
durability data and to more accurately mimic service environments in the lab.

The current database of composite datais derived mainly from the aerospace
industry where cost and durability are often of secondary importance. Carbon fiber and
epoxy resins have been the materials of choice for these high performance applications.
However, the composite materials that are currently most cost competitive for usage in
the construction and infrastructure industries are the lower cost vinyl ester and pol yester
resins and glass fiber. Far less data exist for these resins and composites, and glass fiber
Is known to be highly sensitive to moisture, salt, acidic and alkaline solutions, and stress
corrosion/creep rupture (failure under static loading well below the static strength due to
environmental factors). Any confidence that has been established in using fiberglass

composites has resulted mainly from marine and chemical storage applications.



Unfortunately, the success of composites in these applications has not been well
documented.

Besides the lack of durability data, there exist few standards by which to guide
design and repair with composite materials. Thefield of advanced fiber-reinforced
compositesisrelatively new compared to the concrete and steel industries where well
established practices and standards exist for designing with these materials. A few of the
larger composite structure manufacturers are independently devel oping design guides for
their own products, and efforts are underway on the academic and government sides to
develop test standards and design guides, aswell. Again, however, these efforts are made
more difficult by the wide range of constituent materials and architectures available, and
generalizations about failure modes and durability are difficult to make due to the
orthotropic nature of composites. The situation is further complicated by the fact that
most composite structures are deficient in modulus as compared to steel (although the
stiffness-to-weight ratios are much higher for composites) and connections with
composite members can be considerably more difficult. Theseissues, though, will likely
become less critical asthe cost of carbon fiber becomes more competitive with glass, and
experience with composite connections grows.

In order to facilitate the utilization of FRP compositesin the infrastructure and
construction industries, the composites community must expand the database of
durability information, further devel op testing and design standards, and reduce the cost
of the higher-performance materials. The only way these tasks can be accomplished,
however, is through actua field applications such as demonstration projects and small-
scale, low-risk projects. However, the author likens this situation to the “chicken and
egg” analogy: in order to improve the acceptance of composite materials in the civil
engineering community, design guides and durability data must be developed. Yet, this
information cannot be developed without trial field applications in civil engineering
projects.



1.2 The Tom’s Creek Bridge Rehabilitation Project

The Tom’s Creek Bridge rehabilitation project is one effort that should provide
some useful design and durability information in a safe, controlled application. The
Tom’s Creek Bridge is a small structure owned by the Town of Blacksburg, Virginia
(Figure 1-1). The bridge was built in 1932 and reconstructed in 1964. The original
bridge was 7.32 m (24 ft) wide and spanned 5.33 m (17.5 ft), with twelve 6.10 m (20 ft)
long W10 x 21 steel stringers resting on concrete abutments (see Figure 1-2). The deck
was composed of 10.2 cm x 20.3 cm (4 in x 8 in) transverse wood planking and 5 to 8 cm
(2 to 3in) of asphalt. The original structure was rated at 178 kN (20 tons), but
inspections of the bridge in 1990 identified significant corrosion in a number of the steel
stringers; the bridge was then posted at 89.0 kN (10 tons). The Town of Blacksburg was
looking for a temporary repair solution, as the road is planned for widening in 10-15
years, and they were open to exploring new technologies.

Concurrently, Strongwell Corporation of Bristol, Virginia and Dr. Abdul Zureick
of Georgia Tech developed a new FRP composite structural beam as part of an Advanced
Technology Program through the National Institute of Standards and Technology (NIST)
[1]. The proposed beam would be a pultruded 91.4 cm (36 in) deep hybrid composite
composed of glass and carbon fibers in a vinyl ester matrix that would meet AASHTO
(American Association of State Highway and Transportation Officials) standards for
future bridge construction. The development process involved manufacturing a 20.3 cm
(8 in) deep prototype using both phenolic and vinyl ester resins (see Figure 1-3). Once
the prototypes were completed, the design was then scaled up to 91.4 cm (36 in). Upon
completion of the initial prototype production, Strongwell was looking for small
demonstration projects that would utilize the vinyl ester prototype. Discussions between
Virginia Tech, Strongwell, and the Town of Blacksburg resulted in a proposal for
replacing the corroded steel members in the Tom’s Creek Bridge with the 20.3 cm (8 in)
deep vinyl ester beams. A team of engineers and researchers at Virginia Tech,
Strongwell, the Virginia Transportation Research Council (VTRC), the Virginia
Department of Transportation (VDOT), and the Town of Blacksburg, Virginia
collaborated to complete the rehabilitation. Due to the town’s financial constraints and



the willingness of the composite manufacturer to offer the beam at a discounted cost, the
rehabilitation with composites became a viable alternative.

The team opted to replace all of the twelve steel stringers in the Tom’s Creek
Bridge with 24 composite beams to rehabilitate the bridge to HS20-44 loading. The
transverse and plan views from the design plans are illustrated in Figure 1-4 and Figure
1-5, respectively. The rub rail/guard rail design is shown in Figure 1-6. The two-for-one
replacement was necessary due to the lower bending stiffness of the composites. The
lower stiffness of the composite beams (relative to the steel shapes resident in the existing
structure) is due not only to the lower moduli of the constituent materials, but also to the
shorter geometry of the prototype (8 in versus 10 in). This repair design was certainly
not optimal, and a deeper composite beam could be manufactured to perform a more
efficient rehabilitation, but no other section was available at the time of this project. Still,
a number of organizations have expressed interest in utilizing the 20.3 cm (8 inch)
section for industrial applications, since the completion of the rehabilitation. This project
then serves as a means of demonstrating and evaluating a composite structure that may
soon be commercialized.

Prior to the bridge’s rehabilitation in the summer of 1997, a full-scale replica of
the new bridge was built and tested in the laboratory (detailed in the Chapter 2). The new
bridge was also tested by Virginia Tech and the VTRC after construction. Furthermore,
as this project provides a unigue opportunity to track material behavior of a composite
structural member in service, Virginia Tech is monitoring the bridge response under
traffic loading and environmental conditions over a 10-year period. Non-destructive
evaluation techniques will also be utilized to periodically monitor material condition. In
addition, the VTRC and Virginia Tech will perform periodic field tests to assess changes
in bridge response with time. The Town of Blacksburg anticipates having to widen
Tom’s Creek Road in 10 years due to nearby residential growth. At that time, the bridge
will likely be replaced altogether with a new structure, and the composite beams will be
extracted for testing. This situation then provides a unique opportunity to test the
remaining strength and modulus of composite beams after 10 years of actual service.

Several beams will also be replaced periodically to monitor stiffness and strength



reduction due to loading and environment, as part of a Federal Highway Administration
(FHWA) program.
To summarize, the Tom’s Creek Bridge rehabilitation project entailed a number
of tasks:
1) Testing the composite members to assess basic engineering design
properties and manufacturing consistency
2) Developing an analytical model to predict the performance of the
rehabilitated structure and to guide the design of the new structure
3) Designing the new bridge structure
4) Constructing and testing a mock-up of the bridge in the laboratory to
verify the predictions and to evaluate construction needs and difficulties
5) Constructing the new bridge in the field
6) Testing the bridge in the field after installation
7) Monitoring and testing the bridge through its life for durability purposes.

The current study addresses items 1, 2, and 4, as well as some parametric investigations
intended to provide recommendations for future design with this composite beam in
similar short-span bridges. The results of the field testing are also briefly mentioned, but

the details of that work are outside the scope of this thesis.

1.3 Literature Review

In order to gain some perspective on the condition of the civil infrastructure and
the potential markets for composites, a survey of literature has been conducted. This
review summarizes the first efforts of utilizing composite superstructure systems for
bridge repair or replacement, as well as the state of the art in composite beam technology.
Additionally, this information will provide some insight into the significance of the

Tom's Creek Bridge rehabilitation.



1.3.1 Current Status of U.S. Infrastructure

The poor condition of the United Stategjhway infrastructuresystem is
attractng growing cancern as the turn ohé centuy approaches. But while thevegity
of the problem is common knowledge, the uyeof the situation is perhaps less
apprecated. May of the brdges are lng overdue dr maintenace or repairyet there
are insuffcient financal resources available to maintain the structures. The total number
of bridges in the U.S. is reported to be between 542,000 and 600,000, ang #00ko
of those are considered to be in a state of advanceg deare reqiring immediate
repair [24]. One source indicates that asiyas 200,000 are either "struclly
deficiert” or "functionally obsolete”, and the deercy in 132,000 of those is attributed
to deterioration and/or substandard bgeidiecks [4]. The cost pgear to rehabilitate all
of these bridges is enormous, estimated to be around $50 bilithe year 2000 [1], or
as high as $167 billion for both Hges and ighways by another source [5]. However,
only $5 billion is current} availabe in the budet for infrastructure improvement [1].

The sevety of this problem is detailed in a recent regayrthe Great Lkes
Composites Consortium (&C), the Bagi Industrial Researchaboratoy (BIRL) at
Northwestern Universy, and the Uniersty of Kentudy [3]. According to the report,
thetypical life span of a bdge is arond 7 years, and thevarage buge requires
rehabilitation at mid-life due to deterioration. Most of this damage can be attributed to
corrosion of the decks caused prirhaly deicing salts [3,4]. Considering that the
majority of the bridges in the U.S. were built after 1945, it is estimated that 40% of the
bridges will actudl require repacement in the net decade [3]. Furthermore, the
average cost to a statepartment of transportation (DOT) to replace ddwiis reported
to be $1.56 million per bridge [3]. The alternative to replacement isuose0o
repair/rehabilitation to extend the service life of these structures. Still, inspection alone
costs the average state DOT $1000 pelgerivery two years, mainteance costs
$130,000 per bdge every 8 years, and igbilitation averages the state DOT's $1.05
million per bridge [3]. To compound the problem, the cost of rehabilitation is increasing
at a rate faster than inflation due to new costs associated with environmeritehkind

regulations [3].



1.3.2 Utilizing Composites in Infrastructure: Motivations

The financial constraints associated with immediate repair and replacement, as
well as concerns for future bridge construction, are motivating civil engineersto look for
new technologies in bridge design and materials. While some efforts are being made to
improve existing materials by use of coatings (i.e. epoxy-coated rebar) or binders
(polymer concrete), or by choosing alternative metals (aluminum bridge decks), thereis
growing interest in the utilization of FRP composite materials as substitutes for steel and
concrete. In fact, the BIRL report estimates that the potential market share for
composites in construction and civil engineering could be as high as 50%, amounting to
$14 to 71 million for bridge maintenance and $3 to 15 million for pedestrian bridges[3].

One of the primary motivations for utilizing FRP composites in infrastructure
environments is that composites are generally considered to be more corrosion resistant
than metals [6,7]. The superior durability of compositesis attributed to their relative
chemical stability and resistance to fatigue crack growth. Animprovement in durability
would reduce maintenance costs and lengthen the service lives of bridges. The high
strength to weight ratio of compositesis also attractive and could potentially reduce labor
costs associated with transportation and installation [6]. Furthermore, lighter-weight
materials may allow for "reduced-weight bridge designs” [8]. Other significant
advantages include higher damping and energy absorption, high dielectric strength, and
greater suitability for prefabrication [6]. Although FRP composites are generally more
expensive than concrete or metalic structures, the improved durability of the composites

may also make them more cost-effective in terms of life-cycle costs[9].

1.3.3 Utilizing Composites in Infrastructure: Issues and Concerns

Usage of FRP composite membersin bridge structuresis hindered by a number of
issues. For instance, while superior environmental durability is often cited as an
advantage for composites, long-term aging data to support these claimsis not conclusive.

The bulk of experience with composites has been derived from the aerospace industry



where the service lives are much shorter than those required in infrastructure (25-30 years
vs. 70 years) [3]. Furthermore, the primary materials of choice in aerospace are graphite
fiber and epoxy resin, whereas glass fiber and the lower-cost resin systems are currently
most feasible for civil engineering. While glass fiber composites have found
considerable use in the marine, chemical storage, and automotive industries in the past,
these applications are not well documented, and often, the applications did not utilize
composites as primary or critical load-carrying members[9].

Although glass-fiber composites do not degrade by the same mechanisms as
metals (i.e. rust), glass-fiber composites are prone to a change in state by both physical
aging and chemical aging. Physical aging refers to relaxation of the glassy state of a
polymer network towards its equilibrium state, which results in a densification over time
[10]. Chemical aging can aso occur in infrastructure environments via various
environmental factors including moisture, freeze-thaw cycling, deicing salt solutions,
acidic or alkaline solutions, UV radiation, and fire. Absorbed moisture, for instance, is
known to reduce the strength and/or stiffness of glass-fiber composite members by either
plasticizing or hydrolyzing the matrix [11-13], degrading the glass/fiber interface
[13,14], or degrading the glass fiber itself [13,15]. Freeze-thaw cycling can also induce
damage, cracking the matrix and possibly damaging the fiber [16,17]. Exposureto acidic
or alkaline solutions, especially under load (i.e. stress corrosion or creep rupture), can
lead to premature failure of a composite structure, and repeated exposure to UV radiation
can degrade the surface of a composite [13,15].

Therelatively low stiffness of FRP compositesis also a key obstacle to their
usage in civil engineering applications, as most bridge designs are deflection-controlled
[7,9]. Serviceability requirements are also difficult to meet with a composite design. For
instance, with fiberglass bridge decks or even composite superstructures, the large
deformations may deteriorate the concrete overlay and deck-to-support connections
prematurely [7,8]. Although the introduction of carbon fiber into afiberglass composite
structure can significantly improve the bending stiffness, these hybrid composites are not
yet cost-competitive.

Two additional design issues stand as significant stumbling blocks for widespread
usage of FRP composites in bridge design: connection design and failure mechanisms.



Due to the tendency of a composite laminate to delaminate at its free edges, stress risers
such as holes must be avoided, and care must be taken to insure that the laminates are not
damaged by abrasion or crushing in the out-of-plane direction. Thetypicaly linear

elastic response of a composite laminate up to failure also provides a new challenge to

civil engineers who are accustomed to designing with steel, which yields prior to failure
(i.e. ductility). In acomposite structure, too, structural members can be designed to fail
with some “pseudo-ductility” by utilizing failure modes that absorb large amounts of

energy (i.e. laminate delamination, debonding of adhered members, local buckling, etc.).

1.3.4 Utilizing Composites in Infrastructure: Materials and Applications

The FRP composite members being manufactured for infrastructure applications
are typically glass/polyester or glass/vinyl ester, as these systems are the most
inexpensive. However, carbon fiber and epoxy resins also find limited usage in certain
applications, such as steel or concrete repair or in hybrid structural beams. As
composites are selected for primary load-bearing members, hybrid structures of both
glass and carbon will be necessary to improve the flexural stiffness [3]. Aramid fiber is
also sometimes selected for cables in cable-stay bridges and tendons in pre- or post-
stressed structures.

Currently, the most popular process for manufacturing composite members for
large-scale infrastructure applications is pultrusion. Pultrusion is preferable for civil
engineering applications due to its simplicity, low-cost, and flexibility for utilizing
various resins and fiber architectures. Pultrusion is also suited for large-scale production
of structural shapes. Pultruded components typically utilize a combination of glass
rovings, random fiber mats, and stitched fabrics that provide cross-ply)(@raf: 45°
fiber orientations. Typically, the fiber volume fractions are low in pultruded composites,
between 40 and 55% [6]. Other processes such as resin infusion and Vacuum Assisted
Resin Transfer Molding (VARTM, sometimes referred to as Seeman composite Resin
Infusion Molding Process or SCRIMJare also sometimes utilized for custom

applications, or for developing prototypes for future structural components [8,18,19].



FRP composites are being considered for a number of bridge applications as
secondary and even primary members. Secondary members include guard rails,
diaphragms, reinforcement and repair of steel truss members and splice plates, concrete
beam reinforcement, column wrapping, stay-in-place forms, and handrails [3].
Composites can also be used for shielding other structural elements from the
environment: expansion joints, bridge bearings, and drainage shielding systems|[3].
Potentially, composites may aso be utilized for primary members such as girders and
bridge decks to improve the durability of abridge in corrosive environments. Currently,
anumber of pedestrian bridges exist, and severa traffic bridges have recently been
constructed or are planned for the near future. These latter structures are mainly
experimental or demonstration bridges that are serving as test cases for design and
durability investigations. The following isareview of some of the more significant
projects utilizing FRP in primary members; post-stressing and bonded repair applications

are beyond the scope of thisreview.

1.3.5 Review of Bridges Utilizing a Composite Superstructure or Deck

Pedestrian Bridges

Pedestrian bridges have been identified as a viable application for introducing
composite materials into the infrastructure markets. In fact, there are already over 60
composite pedestrian bridges in service in the United States [20]. A few of the more
noteworthy onesin the U.S. and elsewhere are presented here.

In the fall of 1995, the Chicago Department of Transportation, Strongwell, the
BIRL at Northwestern University, the GLCC, and the Kentucky Transportation Center
(KTC) at the University of Kentucky renovated the LaSalle Street pedestrian walkway
[21-23]. Thisisalift bridge over the Chicago River that carries pedestrian and
maintenance vehicle traffic only. The walkway was originally comprised of a steel and
wood decking supported by steel 1-beams. In the repair, two 1.22 m x 3.66 m (4 ft x 12
ft) experimental walkway sections were utilized. The deck was constructed by
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sandwiching 5.08 cm (2 in) DURADEK" grating with 1.91 cm (0.75 in) thick EXTREN"
plate. Both products are E-glass/vinyl ester pultrusions manufactured by Strongwell.

Another pedestrian bridge that has attracted significant attention is the Antioch
composite bridge at Antioch Golf Club in Illinois. This structure was built in 1995 by the
Chicago DOT and E.T. Techtonics. The structureis 13.7 m long x 3.05 m wide (45 ft x
10 ft) with a44.5 kN (5 ton) rating for pedestrian and gold cart traffic. The bridgeis
made of four main support girders constructed from back-to-back C-channels with square
spacer tubes in between. Each girder has two segments which are connected with a splice
plate. In addition, there are eight transverse beams underneath the girders that are also
constructed from the C-channels and tubes; the deck is composed of wood planking.

This bridge is being monitored with instrumentation for environmental conditions and
changes in structural response [23,24].

E.T. Techtonics has been involved in the installation of two FRP pedestrian
bridges in the Golden Gate National Recreational Areain San Francisco. FRP designs
were selected for installation on the Point Bonita Lighthouse trail in the Marin Highlands
because of their light weight and durability. The first bridge spans 10.7 m (35.1 ft) and
utilizes an FRP truss system and awood decking. The design consists of a standard
double beam top and bottom chord connected with lateral and horizontal bracing; 15.2
cm (6 in) deep FRP channel is utilized. The second structure utilizes a deeper FRP
channel (20.3 cm or 8 in) and cross bracing. Both structures were designed for an L/360
(live load) serviceahility criterion [25].

The University of Kentucky and Strongwell completed the installation of a
pedestrian bridge in the Daniel Boone National Forest in Bath County, Kentucky in
September 1996. The bridgeis 18.3 mlong x 1.83 m wide (60 ft x 6 ft) and contains two
cable-stayed, 61.0 cm (24 in) deep I-beams. The deck is made of afiberglass grating, has
eight post-tensioning rods made of glass/vinyl ester, and utilizes concrete abutments. The
|-beams are similar to StrongwelI's standard EXTREN" beams, but carbon fiber was
introduced into the flanges during the pultrusion process to increase the bending modulus
to 41.4 GPa (6 Msi). The deflection-to-span ratio is L/180 [26,27].

Frieder Seible at the University of California, San Diego (UCSD) isinvolvedin a

number of innovative projects to develop new design philosophies for composite bridges
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and has several structuresin place or under development on the UCSD campus [28].

Seible’s group investigated several designs for the Scripps Crossing pedestrian bridge,
including one structure utilizing a carbon/glass skin and stiffener structure and foam core
to be manufactured by RTM and another design utilizing a carbon shell/concrete system
with a fiberglass deck. The carbon shell system would be manufactured by filament
winding and the deck could have been constructed using hand lay up, RTM, or
pultrusion. A steel and concrete cable stay design was eventually chosen for the Scripps

Crossing bridge, but the composite designs are being developed for future applications.

Traffic Bridges

The engineering community is reluctant to accept composites for use in traffic
bridges, despite the growing experience with pedestrian bridges. Again, durability and
serviceability are cited as major issues. However, a number of test structures have been
built since the 1980’s, and recently, a new generation of bridges utilizing composites
have been constructed. These newer bridges are still experimental in nature but are
generally intended for normal traffic use.

The Bonds Mill Lift Bridge in Stroud, England is one such structure that has
attracted attention for its unique application of fiberglass composites. This bridge utilizes
pultruded glass/polyester box sections bonded together with epoxy to support traffic over
a small river. The bridge is 8.23 m long and 4.57 m wide (27 ft x 15 ft) and consists of
two sections that can be lifted hydraulically to allow water traffic to pass underneath.

The bridge is reported to have a 391 kN (44 ton) capacity. In this case, composite
materials were favored because a lighter weight structure permitted use of a smaller lift
mechanism [29].

The West Virginia University (WVU)'s Constructed Facilities Center, the West
Virginia DOT, the Construction Engineering Research Lab, and the Composites Institute
completed two projects during the summer of 1997 that utilize 1) an all-composite design
and 2) a composite deck system. The first is the Laurel Lick Bridge in Lewis County,

West Virginia which was completed in May 1997 [7,30]. This project involved replacing
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atimber deck and steel stringer bridge with an all-composite structure consisting of a
deck system and wide flange beams both made of E-glass/vinyl ester. The deck system
(“Superdeckl”) is manufacturedby Creative Pultrusions of Alum Bank, Peghania.
It utilizes both hexgonal and trapezoidal shaped tubesichlrun transverse to the traffic
direction. Thissystem is detailed further in Section 1.3.6. The 6.10 m long x 4.88 m
wide (20 ft x 16 ft) deck is composed of two 2.44 m (8 ft) wide modules and is supported
by six 6.10 m (20 ft) long, wide-flange beams (30.5 cm x 30.5 cm x 1.27 cm thick, or 12
in x 12 in x 0.5 in), and the abutment is constructed from five 3.05 nt)(lth§, wide-
flange columns hawg the sane crosssection as the stmgers but different fiber
architectre. A reinforced cacrete capbeam rests on top of the columns.

The LaurelLick Bridge utilizes a two-part ppurehane atiesive to bond the
deck to the strigers and to splice the deck sectiargether. The deck modules were
also attached to the stringers using 1.27 cm (0.5 in) huck bolt blind fasteners. The
stringer-abutment caection was accomplished ogisteel clip plates. Fe bridge also
utilizes a 1 cm (0.394 in) pgmer concrete ovéay and wrbs madeof FRP square tube
scupper blocks and continuous squabesuconneed to the deck. Thdeflection-to-
span ratio is reported to be L/300 for tleek to stnnger stucture and L/500 for the total
bridge [7,30]. The second West Virginia jct is the Wickwire Run Bridge inaylor
Courty, West Virginia, built in August 1997. This demonstration bridge was built
utilizing the same deck stgsn, but the deck is supported by four steel stringers spaced
1.83 m (6 ft) apart. The bridge dimensions are 9.14 m long x 6.61 m wide (30 ft x 21.7
ft) [7,30].

Two additional trafifc bridges utilizing FRP composite dagis have been built by
a collaboration betweendhdaho National Bgineerng and Environmental Laoatary
(INEEL), FHWA, the U.S. Department oh&rgy, the National Oceanic and Atmospheric
Administration, Martin Marietta Materials,dckwoodJones and Beald.(B) Engineers
and Architects, and thelaho Dgpartment of Transportation [333]. The first
structure, namede INEEL Bridge, wagdesighedby the Lockeed Martin Advanced
Technobgy Center in 1994 andh¢n construted at thdNEEL Transportation Complex
(in-ground) in 1995. The sicture is 9.14 m log x 5.49 m wide (30 %18 ft) and

utilizes a square tube and flat plate deckglethat is laid across a superstructure
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constructed of three U-shaped girders measuring 1.22 m wide x 0.610 m deep (4 ft x 2 ft).
The deck is composed of pultruded E-glass tubes (with a [0/+45/90/-45/mat/]s |ayup)
utilizing vinyl ester resin sandwiched between face sheets of glass/vinyl ester or
glass/polyester laminae, while the girders contain both quasi-isotropic and unidirectional
glass laminae in a polyester-vinyl ester blend resin. Both components were manufactured
by hand layup and cured at room temperature. The deck was actually installed in three
sections, 3.05 m wide x 5.50 m long (10 ft x 18 ft) with the tubes running transverse to
the girders, and the deck was bolted to the U-girders. The overlay consists of 5to 8 cm
(2to 3 in) asphalt, and a separate guard rail system utilizing steel beams was utilized.
The abutments consist of concrete columns which support the U-girders at the joint
between adjacent girders. This structure was designed to meet HS20 loading with a
serviceability ratio of L/800. A similar structure was previously built and tested in 1995,
and results from the testing indicated a strength of 578 kN (130 kips). The bridge is
expected to carry 250 passenger buses per day.
In July 1997, the same group built an all-composite traffic bridge named the
"Tech 21 Bridge" in Butler County, Ohio [31,33,34]. The project involved replacing a
one-lane bridge that carried approximately 1000 vehicles per day with a10.1 m long x
7.32 mwide x 83.8 cm deep (33 ft x 24 ft x 3 in) two-lane structure that is expected to
carry 2000 vehicles per day. The bridge designis similar to the INEEL structure, but the
deck is comprised of trapezoidal tubes (also pultruded). Furthermore, the deck panels
were adhered to the U-girders prior to installation to form three modular sections, and
these sections were then installed and joined using a “compression joint” design. These
field bond lines were both bolted and bonded using an epoxy adhesive. The U-shaped
girder designed was also modified slightly to a flat, box design to improve the interface
between the abutment and girders. In addition, internal frames were located every 3.05 m
(10 ft) along the length of the U-girders to prevent buckling. The Tech 21 bridge utilizes
a 10 to 15 cm (4 to 6 in) crowned asphalt surface and a conventional guardrail design that
is actually connected to the composite structure. The structure contains embedded
sensors for continuous monitoring of response and moisture content, and load tests are

planned four times a year to monitor changes in the bridge response.
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A series of FRP composite vehicular bridges are also under development by a
collaboration between the University of Delaware, Hardcore-DuPont Composites, J.
Muller International, Anholt technologies, FHWA, the Delaware Department of
Transportation, the Delaware River and Bay Authority, the Delaware Transportation
Institute, the Delaware Research Partnership, and the Defense Advanced Research
Projects Agency (DARPA) [35]. The bridges have been selected or designed to
incrementally advance the service requirements and design complexity. Thefirst bridge,
completed in the summer of 1997, spans the Magazine Ditch on a private service road on
the property of DARPA. Thisstructureisa21.3 mlong x 4.88 m wide (70 ft x 16 ft)
single-span bridge that replaces a two-span concrete box beam structure.

The Magazine Ditch Bridge is comprised of two post-tensioned concrete edge
girders, an E-glass/vinyl ester deck, and a4.5 cm (1.77 in) latex modified concrete
overlay. The bridge is designed for HL-44 loading with L/800 deflection at service load
and isintended to carry low volume, heavily-loaded maintenance traffic. The deck was
manufactured using the SCRIMP” process and consists of top and bottom sheets
sandwiched around a honeycomb core. The deck was bonded to the edge girders using
an epoxy adhesive. Prior to installation, a deck section was tested under static and
fatigue (2 million cycles) loading. The team is also planning to perform periodic load

tests, as well as continuous monitoring [35].

1.3.6 Other Composite Structures Being Developed

A number of research groups in the United States are working to develop
composite deck systems for replacement of concrete decks on existing bridges. The
following is a brief overview of several of those systems.

The West Virginia University (WVU) group has published severa papers
detailing their work in the devel opment of fiberglass decks. As part of one effort, they
investigated two different deck systems: one utilizing pultruded channels as the main
support beams and flat cover plates on the top and bottom flanges, and the other utilizing
cellular deck sections connected using wide-flange beams and utilizing diaphragms.
Both of these systems were E-glass/vinyl ester. Testing of these two systems included
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investigations of the transverse load transfer, joint efficiency, effective width of the deck,
and degree of composite action. Results from bending tests were verified using
predictions based on their Mechanics of Laminated Beam (MLB) theory [6].

More recently, the WV U group and Creative Pultrusions have devel oped the H-
deck or Superdeck] system mentioned in Section 1.3.5. This system is made of E-
glass/vinyl ester, utilizing both multi-axial stitched fabrics and continuous strand mat
(CSM). Two 20.3 cm (8 in) deep pultruded members comprise the deck system: a30.5
cm (12 in) wide double trapezoid or truss section and a 10.2 cm (4 in) wide hexagonal
shear key. Thetest prototypes for this system were actually manufactured by VARTM
by HardCore-DuPont. The deck system is designed so that the tubes are oriented
transverse to the traffic direction. The weight of the total deck is reported to be 1.03
kN/m? (22 Ibs/ft?) [36]. Bending tests were conducted on the deck system at different
span lengths using both a patch load and a transverse line load to establish the
longitudinal stiffness under cylindrical bending. The deck met the L/300 AASHTO
requirement, and finite element analysis was also performed to verify the deck response.
Fatigue testing was also performed by the U.S. Army Corp of Engineers[36,37].

The University of Californiaat San Diego (UCSD), the Federal Highway
Administration (FHWA), and the Advanced Research Projects Agency (ARPA) have also
been working to develop aviable deck system for bridge use. This group has
investigated several assemblies utilizing box or triangular truss tube sections. The
various geometries have been manufactured to a 22.9 cm (9 in) depth using hand layup,
resin infusion, or pultrusion, and they utilize E-glass with vinyl ester or polyester; one
hybrid design containing carbon fiber was also tested. Load tests were performed on
various-sized panels utilizing the different constructions. Currently, four panels are
located in afield test site at the UCSD campus with continuous monitoring [38].

Hardcore DuPont Composites recently presented details regarding their progress
in the development of fiberglass bridge deck systems utilizing the SCRIMP-' [19]. They
were investigating severa different configurations for a deck to be utilized in afuture
bridge repair. The Hardcore DuPont group was interested in selecting a core material and
geometry for a sandwich structure that would have the highest shear strength to

manufactured cost ratio. Decks utilizing triangle, trapezoid, and cube elements were
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constructed by wrapping foam elements with fiberglass fabrics. Another deck was
manufactured by using a balsa core with face skins laid up using the fiberglass fabric.
Testing was performed on the decks at the University of California, San Diego and the
University of Delaware. Results from the study indicate that the trapezoidal deck
configuration would offer the best performance to price ratio for applications where
strength in only one direction is required (end-supported), whereas the box structure
would be best suited for a deck supported on al four edges[19].

The U.S. Army, also in collaboration with Hardcore DuPont Composites and the
University of California, San Diego, has been working to develop alightweight short-
span assault bridging system. One of the concepts under consideration is a carbon-epoxy
design consisting of two parallel treadways. Each treadway has a superstructure, deck,
and wear surface composed of composites and a launch mechanism and end caps made of
aluminum. Three sub-scale structures were constructed using the SCRIMP” process to
manufacture the composite members, and they were tested to failure. Thetest results
were also verified using afinite element analysis. Two full-scal e treadways were to be
manufactured during the summer of 1996 and then tested at UCSD and the Army’s
facilities [18].

The author has been involved in project at Virginia Tech to characterize a
fiberglass deck system manufactured by Strongwell [39]. This system utilizes off-the-
shelf pultruded shapes to accomplish L/270 deflection in alimited deck depth
rehabilitation (the Schuyler Heim Bridge in Long Beach, Caifornia). The system
consists of E-glass/polyester (EXTREN") square tubes and cover plates. The tubes and
plates are all bonded together with an epoxy adhesive, and the tubes are additionally
joined using fiberglass bolts spaced every 30.5 cm (1 ft). The deck system is designed
for 1.22 m (4 ft) stringer spacing and would run transverse to the traffic direction. Patch
loading tests were conducted to characterize the deflection and strain response under
service loading (92.4 kN or 20.8 kips), and atest to failure indicated an ultimate load
roughly 3 times the service load. Fatigue cycling (with a maximum load of 111 kN or 25
kips at anominal frequency of 2 Hz) up to 3 million cycles indicated no reduction in
stiffness or strength.
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1.3.7 Characteristics of FRP Structural Beams

Design Considerations

Fiberglass structural beams have been used for many years in industrial
applications involving corrosive environments or weight-driven designs. Wide-flange
beams, channels, and box beams made of glass/polyester or glass/vinyl ester are readily
available as standard, commercial items from pultrusion companies. More recently,
triangular, hexagonal, and trapezoidal beam sections have been developed for usein
bridge decks or superstructures. The basic design methodology for these fiberglass
beamsisfairly universal. Although most of the off-the-shelf products utilize a constant
layup of unidirectional roving and random fiber continuous strand mat (CSM) in the
flanges and web, custom designs concentrate unidirectional fiber in the flanges and
utilize £45° fabric in the webs to improve the bending and shear properties [40]. The use
of woven or stitched fabrics in place of CSM can also improve the transverse tensile
strength of a beam, which can be a dominant failure mode [41].

Laminated Beam Theories for Beam Designh and Model Predictions

Design of laminated composite beams is complicated by the anisotropic nature of
the constituent composite plates. Furthermore, because the bending modulus of a
fiberglass beam is typically 10 to 30 times greater than the shear modulus, shear
deformation becomes significant at relatively short span lengths [40]. The usual
assumptions of Euler beam theory no longer hold for fiberglass beams, and beam
deflection equations must be re-derived using Timoshenko beam theory. Design of
laminated composite beams or predictive modeling requires the use of some type of
laminated beam theory to establish the global stiffnesses of the beam as a function of the
properties of the individual laminated plates which constitute the beam (i.e. flange and
web panels). Various models have been formulated to determine bending and shear
stiffnesses, the degree of warping, hygrothermal or dynamic effects, and different
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assumptions regarding the treatment of stresses in the laminates composing the composite

beam. A review of the development of such theoriesis discussed in References [42,43].

Typical Failure Mechanisms

While design with fiberglass structural beams is often deflection-controlled and
the factors of safety on strength are often high, consideration of the failure mechanismsis
still important as these mechanisms may occur prematurely or change during the life of
the structure due to environmental degradation or local stresses associated with
connections. There are severa common forms of structural instability in fiberglass
beams that may occur prior to the ultimate strength of the constituent materias: lateral
torsiona buckling, warping, local flange buckling due to compression, or local web
buckling due to shear [44].

Dueto therelatively high elongation of the matrix and glass compared to metals,
the response of alaminate may be nearly linear elastic up to failure. In a beam, however,
local buckling of the compression flange will usually occur prior to ultimate failure of the
flange. The buckling will introduce much larger strains which can then fail the flange
[44,45]. Furthermore, the damage usualy initiates under aloading point [44]. Failure of
the compressive flange has been demonstrated for a number of fiberglass I-beams and
box-beams utilizing different resin systems under both three- and four-point bending
[41,44,46]. Similar behavior was observed in carbon fiber/epoxy |-beams under four-
point bending and a carbon/thermoplastic I-beam under three-point loading. 1n the latter
case, failure in the compressive flange could be suppressed by bonding reinforcement
caps to the flanges. Failure then occurred due to either shear in the web or delamination
of the flange cap [44]. In one study, the shear failure at the web-flange interface was also

reported as a mechanism of failurein fiberglass I-beams [41].

19



1.3.8 Testing of FRP Beams

Monotonic bending/flexure

The general test method for evaluating the bending response of an FRP composite
beam involves testing the beam in either three- or four-point bending using asimply
supported geometry where steel structural beams are used as supports. Load is applied
using a hydraulic actuator to representative wheel patches. Often the tests are run for
various span lengths to determine the shear stiffness, since the percentage of shear
deformation increases with decreasing span length. In the case of three-point bending
with simple boundary conditions, for example, the total midspan deflection is afunction
of both the bending stiffness and the shear deformation:

3
Ymax = i +i (11)
48El A4KGA

where El is the bending stiffness, KGA is the shear stiffness that depends upon the shear
modulus G, the cross-sectional area A, and a shear correction factor K. P isthe applied
load and L is the span length. If yma/PL? is plotted versus 1/L2 for each span length, the
slope of the lineis then related to the bending stiffness, El, and the y-axisintercept is
related to shear stiffness, GA, assuming shear deformation. If the shear correction factor
has been calculated, then the shear stiffness of the section can then be calculated. A
number of researchers have obtained section properties for glass/polyester or glass/vinyl
ester beams through bending tests, utilizing the above method to determine the
contribution of shear deformation to total deflectionsfor I- or wide-flange beams
[45-48] or box sections [45,46,49].

In one study, Bank et a. [41] investigated the effect of the resin type and the
addition of afillet to the web/flange interface on the response of both glass/vinyl ester
and glass/polyester 1-beams manufactured by pultrusion. The beams were tested in
bending and lateral constraints were utilized to prevent lateral-torsional buckling and
local failure of the web. Thefillets were added by hand layup using glass roving and
epoxy, or by bonding fiberglass angles to the interface region. The results indicated that
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failure of the standard vinyl ester beams (no fillet) occurred by flange-web separation,
whereas the polyester beams failed by compressive failure of the top flange. However,
the modified vinyl ester beams (fillet added) exhibited no buckling prior to failure, and
failure occurred at aload that was 1.5 times that of the unmodified vinyl ester beams.
The authors concluded that the buckling capacity of the beams is affected by the torsional
stiffness, which in turn depends upon both the transverse flexura stiffness of the web and
the torsional stiffness of the flange-web junction. Local buckling of the flange promotes
shear failure of web-flange interface, but the addition of afillet increases the strength and
stiffness of the junction and prevents shear failure. It was also noted that an increasein
the thickness of the beam walls could change the failure mode from shear to compressive
failure of the flange.

Gilchrist et al. [44] tested both glass/epoxy and carbon fiber/epoxy |-beams that
were fabricated by hand layup. The beams were tested in four-point bending using
loading pads that were adhesively bonded to web and the inside of the flanges. Beams
that were both notched in the web and flanges and un-notched were tested. They found
that the pads act as stiffneners and increase the buckling load. They also observed anti-
symmetric (across width) buckling of compressive flange. Mottram [50] tested 23 square
tubes made of E-glass/vinyl ester in three-point bending. They also monitored acoustic
emission. Their resultsindicated that for long spans (span-to-depth ratio of 17.7),
compressive failure of the top flange occurred under the load, although for thicker walls,
the failure was sudden. For short spans, progressive punch-through failure occurred.

While the contribution of shear to overall beam response and failure mechanisms
have been investigated, the out-of-plane buckling response is less understood. However,
flexural-torsional stability can bejust asimportant to design as bending stiffness and
failure strength. Many studies have considered local buckling and lateral buckling of
isotropic beams, but few have considered orthotropic (i.e. composite) beams. Mottram
[51], Barbero [52], and others [53,54] are among the few who have investigated the

buckling response of orthotropic, thin-walled beams.
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Bending Fatigue

Reports of fatigue testing are rare in the literature, perhaps due to the time
requirements involved with testing in fatigue, since the large scale test systems are
usually limited to slower frequencies (1-3 Hz). A few fatigue studies have been
published [36-39,55], and the general test procedure involvesloading at a
maximum/minimum load ratio of R = 0.1 with a maximum load near the service value.
Changes in stiffness are most commonly characterized be performing static service load
tests at periodic increments of cycles. Normally, tests are run for no more than 2to 3
million cycles, even though, for many infrastructure applications, this may only represent
afew years of actual service. However, it issimply not feasible to test these structures
for aquantity of cycles equivaent to 50-75 years of service. Sometimes then researchers
will attempt to “accelerate” fegue damagey testing at loads muchdher than the
service load. However, this approach is inadequate as differengelameghanisms ay

dominate under different loadviels.

Creep

Time-depedent defomation under sustained load is, of course, another major
concern for utilizig fiberglass composites in bigé applications due to the dead g
of the deck and asphaliggem. However, little work has been done to characterize the
creep responsaf composite structural elements. Bank andsdlam [56] tested a plane
portal frame consisting of a girder supporgdcolumns with fiberglassngles and FRP
threaded rods and nuts used in theneation details. The gier and columns were
pultruded glass/wyl ester 20.3 cm x 20.3 cm x 9.53 mm (8 in x 8 in x 3/8 in) wide-
flange sections. The frame was 2.74 m wide x 1.83 m tall (9 ft x 6 ft). The frame was
loaded at quaer points with a total load of 7.56 kN (1700 Ibs). This load was
determined to be 25%f the failure load from previous tests to failureheTest was
conducted for 3500 hours (almost 5 months) at room conditions.

The strain data was fit to a Fiegllpower law expression, as recommendiegthe

ASCE Plastics Design Manual [57]. This model has found extensive use in modeling
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linear viscoel astic materials and was shown to fit this particular datafairly well. The
majority of creep was found to occur in the first 2000 hours, at which point the creep rate
leveled off. The total deflection after 3500 hours increased 12.8% from theinitial
deflection. Calculations for the time-dependent axial and shear moduli indicated that the
viscoelastic axial modulus would decrease by 35% over a 10-year time period, whereas
the viscoel astic shear modulus would decrease by 46% [56].

Hoa[58] subjected glass/vinyl ester box beams to a static load for a three-month
period. The beam was manufactured using hand lay-up and contained roving and mat.
The beam was loaded under four-point bending using a pulley device to utilize agravity
load. Deflection and strains were measured, and strains were temperature-compensated.
Three different loading schemes were utilized so that a controlled amount of initial strain
was induced in each loading for approximately one month. At the end of each loading,
the strain was allowed to relax for four days. At the end of the three-month period, the
beam was then tested to failure.

Mottram [59] also conducted creep testing on a fiberglass structural system for
potential usein bridge deck replacement. The structure tested was a small section of this
deck system, consisting of two I-sections sandwiched with flat sheet and bonded
adhesively. The sections were standard Strongwell glass/polyester members containing
both unidirectional roving and continuous strand mat. Two assemblies were loaded in
three-point bending: one aligned so that the roving direction of the flat sheets was parallel
to the I- and channel beams and one with the sheets aligned transverse to the beams.
These sections had a depth of 9 cm (3.54 in) and flange width of 7.60 mm (3in). A
relatively short span length of 70 cm (27.6 in) was utilized, and the sections were loaded
to 22.8 kN (5.13 kip). These values corresponded to anticipated service conditionsin a
lightweight floor design. The tests were only conducted for 24 hours, and the data was
shown to fit Findley’s expression quite well. Shear deflection was reported to account for
40% of theinitial deflection. Predictions using Findley’s model indicate that the section
would deflect to 100% of itsinitial value after 10 years.
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1.3.9 Summary

The potential market for FRP composite structures in the civil engineering
industry is significant. Composites may offer specific economic advantages over steel
and concrete in terms of life-cycle costs due to superior durability and lower installation
costs. The use of FRP composites as primary structural members appears to be one of the
most promising applications for these materials. Experiencein testing FRP beamsis
growing, as anumber of investigators have utilized standard test methods to evaluate
beam stiffnesses and strength, as well as stability issues. Some fatigue and creep data
also exists, athough the time scales for these experiments is usually inadequate to predict
the durability of FRP structures for the long design lives required of civil engineering
structures. Furthermore, the effect of environmental conditions on the durability of these
materials has not been sufficiently examined. Nevertheless, several traffic bridges
utilizing FRP composites for primary load-bearing structures are either under
development or have been recently constructed in the United States. These applications
represent first generation, low-risk projects aimed at demonstrating successful bridge
design with FRP composites.

1.4 Problem Statement

To this date, only a handful of bridge designs have incorporated composite
members as primary components. The Tom'’s Creek Bridge rehabilitation project is the
first application of composite beams in a bridge in the State of Virginia and one of the
first in the United States. This project is unique as it utilizes a hybrid composite beam
manufactured by pultrusion to directly replace steel members in a short-span, traffic
bridge. The design used in the Tom’s Creek Bridge allows for conventional decking and
railing systems to be used in conjunction with the composites; more sophisticated
composite deck and rail systems are not necessarily required.

While the design and testing efforts that were undertaken as part of the ATP
development program established the potentiality of utilizing the beam in such a project,

the durability and fatigue resistance of this beam still remain significant concerns. While
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some work has been done to characterize fiberglass beams and structures, the datais

scarce, and data involving hybrid structures incorporating both glass and carbon fibersis
virtually non-existent. This study attempts to provide such datafor one hybrid composite
beam. Quasi-static four-point bending tests were performed to characterize the low-load
stiffness of all 24 beams utilized in the Tom’s Creek Bridge repair. This information
provided a guide for the bridge design, as well as an indicator of manufacturing
consistency. Short-term creep and fatigue tests were also initiated to provide some
preliminary durability data.

To evaluate the design of the new bridge structure, a full-scale mock-up of the
bridge was constructed in the laboratory using the actual composite beams, wood
decking, and bridge geometry, with simulated abutments. The mock-up was tested in
several static loading schemes to evaluate the bridge response and the amount of
composite action. The effect of connections was also investigated using two different
connection sets. The bridge response was then verified with an analytical model that
treats the bridge structure as a wood beam resting upon discrete elastic springs. The
model permits both bending and torsional stiffness in the composite beams, as well as
shear deformation. A parametric study was conducted utilizing this model and a
mechanics of laminated beam theory to provide recommendations for alternate bridge
designs and modified composite beam designs.
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1.5 Figures and Tables

Figure 1-1. Side view of the old Tom’s Creek Bridge.
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Figure 1-2. Transverse view schematic of the old bridge structure, showing steel stringer

spacing.
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Figure 1-3. Cross-section of the 20.3 cm (8 in) ATP prototype.

Figure 1-4. Transverse view from design plans for rehabilitated bridge structure showing
placement of composite beams[60].
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Figure 1-6. Guard rail/rub rail design [60].
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Chapter 2: Experimental Procedures

2.1 Material System: Composite Beam

The composite beam utilized in the Tom’s Creek Bridge rehabilitation was
manufactured by pultrusion. The beam (Figure 1-3) has a double-web design with sub-
flanges and is composed of glass and carbon fibers in a vinyl ester matrix. The resin
system being utilized is Dow Chemical's Derakane 411-350; the manufacturer typically
adds at least 10% styrene by weight, as well as some additional filler, during the
pultrusion process. Glass roving, 07%hd+45° fabric, and continuous strand mat
(CSM) are utilized throughout the section, while carbon fiber tows are dispersed in the
flanges to provide greater flexural rigidity. The carbon fiber type is either Hercules AS4
36k or AKZO 50k tow, while the glass fiber is E-glass (various manufacturers). The
targeted fiber volume fraction (both carbon and glass) is around 55% by weight. The
fiber architecture (layup) is proprietary, but the web and flange sections are essentially
guasi-isotropic in lay-up with the flanges also containing carbon fiber laminae. The
double-web design and sub-flanges provide increased resistance to buckling, torsion, and
shear deformation. Beams measuring 6.10 m (20 ft) long were provided for this project,
and the manufacturer quoted a weight of 163 N/m (11.2 Ibs/ft) [61]. The beam's
geometric details are summarized in Table 2-1.

The ATP objectives called for production and marketing of a commercially viable
beam manufactured with phenolic resin, rather than vinyl ester, to provide fire retardance.
The vinyl ester beam was simply a first effort at refining the manufacturing process.
Strongwell also provided several of the early phenolic resin beams for testing, although
the manufacturing process had not been finalized. The vinyl ester resin does not provide
the fire retardance desired for many infrastructure or industrial applications, but the cost
Is less than the phenolic resins and the mechanical properties are usually much better as
compared to phenolic resin composites. The vinyl ester beams do not contain any UV

inhibitors like most of Strongwell’s standard structural shapes (EXTREbdducts), but
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the beams do contain carbon black filler which should provide some protection against
UV radiation.

2.2 Beam Testing

2.2.1 Strength Tests

Both avinyl ester and a phenolic resin beam were tested in a four-point bending
geometry to failurein order to determine the failure mode(s) and ultimate strength of
each type of beam for the 5.33 m (17.5 ft) span length to be utilized in the Tom’s Creek
Bridge (Figure 2-1 and Figure 2-2). Four-point loading was chosen to provide a region of
constant moment under the loading. Steel support and test frames were constructed in the
Civil Engineering Structures and Materials Research Laboratory at Virginia Tech. The
composite beam was supported at the ends by rollers (pin-roller boundary conditions)
spaced at a width of 5.33 m (17.5 ft), so that the beams extended 38.1 cm (15.0 in)
beyond the support rollers at each end. A short steel spreader beam was utilized to apply
a load at the mid-span. The spreader beam was supported by the composite beam via two
steel rollers to apply load at two points 30.5 cm (1 ft) off-center. Ball-and-joint
restraining arms were utilized to prevent lateral movement of the composite. The arms
were attached near the quarter-point locations by clamping to the top and bottom flanges;
neoprene pads were placed between the steel and composite to prevent wearing of the
composite. The other ends of the restraining arms were bolted to the rigid load frame.
Identical restraining arms were also used to stabilize the steel spreader beam (see Figure
2-1). These restraints were utilized to prevent out-of-plane buckling and to force local
material failure.

Load was applied at the mid-span using an 890 kN (200 kip) manual hydraulic
actuator, and load data was measured using a 2220 kN (500 kip) load cell. Deflections
were monitored at the center, left quarter, and left and right ends (7.60 cm from the
support rollers) using wire potentiometers, which were attached to the top flange of the
beam. Bending strains on the top and bottom flanges at the mid-span were measured
with a pair of strain gages located 1.90 cm (0.750 in) from the edges of the flanges.

Shear strains in the middle of the web were measured 223 cm (89.0 in) from the left roller
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support just outside the region of constant moment and 17.8 cm (7 in) from the left
support (see Figure 2-2). Shear strains were measured on both sides of the web section
and then averaged’. Datawas collected using an Optim Electronics MEGADAC 3108
AC acquisition system. The vinyl ester beam was loaded to 53.3 kN (12 kips) and
unloaded, and then this was repeated for progressively higher loads: 67.0 kN (15 kips),
116 kN (16 kips), and to failure (130 kN or 29.2 kips). The third loading cycling was
stopped at 116 kN (16 kips) when an unusual AE event was detected. The phenolic beam
was similarly loaded to 53.3 kN (12 kips), 67 kN (15 kips), 71 kN (16 kips), and then to
failure (107 kN or 24 kips).

2.2.2 Low-Load Proof Tests

The 24 beams to be utilized in the bridge repair, plus two additional beams, were
tested to between 22.2 and 31.1 kN (5 and 7 kips) in the elastic region only, in order to
obtain effective bending stiffness values. This information was desired to both evaluate
the quality control of the manufacturing process and to optimize the bridge design (by
strategically placing the stiffest beams at the predicted locations of highest stress). For
these tests, the same four-point bend setup (as used for the strength tests) was utilized,
but lateral restraints on the composite and steel spreader beams were not employed. The
roller supports for the spreader beam were al so replaced with rubber bearing pads. Roller
supports were again used at the ends, and all other geometric dimensions remained the
same. A single strain gage was placed in the middle of the flange on both the top and
bottom sides of the beams. Shear gages were a so placed near one end support, on only
one side of the web. Deflections were monitored at the left end, left quarter, and center
locations. Acoustic emission was not monitored for these tests. The beams were loaded
for two or three cycles only.

! Members of the Non-Destructive Testing Laboratory at Virginia Tech also monitored acoustic emission
(AE) at key locations.
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2.2.3 Fatigue Testing

Traffic monitoring at the Tom’s Creek Bridge indicates that some 1000 vehicles,
95% of which are primarily cars, cross the bridge each day [62]. In the planned 10-year
life of this structure then, the bridge should carry 3 to 4 million vehicles. In order to
evaluate the fatigue resistance of the composite beams for the bridge’s predicted service
life, a dynamic loading test was initiated. Using a four-point bend set-up similar to that
used in the monotonic testing, a beam was cycled between loads of 147 and 14.7 kN
(3300 and 330 Ibs) at slightly over 1 Hz (64 cycles per minute). This is the maximum
mid-span load originally predicted for HS20-44 loading

The beam was supported by a pin-roller configuration with 3.18 mm (0.125 in)
thick neoprene pads between the beam and the roller plates at a span width of 5.33 m
(17.5 ft). Load was applied using an MTS servo-hydraulic actuator and an MTS 458
controller and measured using an in-line 222 kN (50 kip) load cell. The load was applied
to a steel spreader beam resting upon 2.54 cm (1 in) thick rubber pads spaced 61.0 cm (2
ft) apart or 30.5 cm (1 ft) off-center on the top flange. Again, the spreader beam was
prevented from moving laterally using restraining arms and the ends are restrained using
steel angles clamped to the steel support beams. 6.35 mm (0.25 in) thick polyethylene
plates were inserted between the angles and the beam to prevent wearing of the outer
flange edges (see Figure 2-3).

Fatigue loading was conducted to 3 million cycles, with periodic interruptions for
inspection by an acousto-ultrasonic technique and to perform a low-load, quasi-static test.
This test provided a measure of the remaining stiffness of the beam. Here, the beam was
loaded to 13.3 kN (3 kips) and center and quarter deflections were monitored using
LVDT’s. Bending strains were also monitored at the top and bottom flanges and

shearing strains were monitored in the web just outside one loading point.

2 The analytical model utilized in these predictions is discussed in detail in Chapter 4.
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2.2.4 Creep Test

A distributed load creep test was initiated to determine the rate of deformation
under sustained loading at room conditions. The setup involved aload of 7.87 kN (1770
Ibs) distributed over the length of avinyl ester beam using sandbags; this was near the
estimated dead weight of the deck and asphalt overlay system. The ends of the beam
were supported at a span of 5.33 m (17.5 ft). Deflections at the center and quarter points
and near the ends were measured periodically with dial gages (Figure 2-4). The
laboratory environment was not strictly controlled, so that the temperature and humidity
varied somewhat with the ambient weather; the experiment was conducted from October
to April for atotal of 178 days.

2.3 Bridge Mock-up Testing

A full-scale mock-up of the Tom’s Creek Bridge structure was constructed in the
Civil Engineering Structures and Materials Research Laboratory. A loading frame was
built around the bridge structure to provide a means to simulate axle load and provide a
simulated foundation for the bridjeSteel W27 x 84 beams were used to simulate the
existing concrete abutments. These foundation beams were spaced to provide an
unsupported span length of 5.33 m (17.5 ft) and skewed at an angle“of Bleps were
taken to constrain the foundation beams using the structural floor and the steel load frame
(see Figure 2-5 and Figure 2-6), and a 6.35 mm (0.25 in) thick rubber pad was laid along
the top flange of the foundation beam to prevent abrasion of the composites. The 24
composite beams were then spanned across the foundation beams, spaced according to
Figure 1-4. The outer 7 beams of both sides (14 total) were spaced 26.7 cm (10.5 in)
apart, while the central 10 beams were spaced 30.5 cm (12 in) apart. The beams were
arranged so that the stiffest beams were closest to the outer edges (see Section 3.5). The

bridge structure was designed as such, since the distribution of load over the beams is

3 Dr. Jack Lesko (committee chairperson for the author) and Dr. Thomas Murray of the Department of Civil
Engineering designed the steel load frame, and Dennis Huffman and Brett Farmer, techniciansin the
Department of Civil Engineering, assembled the frame in the lab.

34



smaller when the load is applied near either side edge. (The distribution of load is
essentially truncated near the outer edges of the bridge). The load distribution can be
improved at the edges by decreasing the spacing between the beams (effectively
increasing the number of beams per unit width).

The same glulam deck employed in the rehabilitation was also utilized in the
laboratory test. The seven timber deck sections (7.47 m long x 86.4 cm widex 13 cm
thick, or 240in x 33.3in x 5.13 in) were secured to the composite superstructure at the
skew angle of 12.5°, so that they ran parallel to the foundation beams (Figure 2-7). The
decking was secured to the composite beams using 17.8 or 21.6 cm long (7 or 8.5in,
depending upon the beam spacing) 2 x 4 lumber and lag bolts (1.59 cm diameter x 15.2
cmlong, or 0.625in x 6 in) asshown in Figure 2-8. The actual connectionsin the field
were to be through-bolt connections, so the lag bolts were used in the lab to minimize the
number and depth of holes put in the deck prior to construction. Not all of the deck-to-
beam connections were made in the test, but were varied in two connection sets to assess
the effect of connections on composite action. These connections are positioned
according to Figure 2-9.

The stedl test frame constructed over the bridge mock-up allowed for the
placement of actuatorsto complete various loading scenarios. Five different types of

loading were performed (illustrated in Figure 2-10 and Figure 2-11):

=  HS20-44 loading (42 kipstotal axleload = 32 kips + impact factor of 1.3)
distributed to two wheel loading patches (93.4 kN or 21 kips) positioned 61.0
cm (24 in) from the right edge and centered on the right half of the bridge. A
1.83 m (6 ft) long steel spreader beam was utilized to distribute the load to the
two (50.8 cm long x 30.5 cm wide, or 20in x 12 in) wheel patches (Figure
2-12) and was oriented perpendicular to the underlying composite beams.
(both connection sets)

=  Two tandem HS20-44 |oads (both 42 kips for atotal of 84 kips, or 4 wheel
loads at 21 kips each) with the second loading applied to the left side of the

bridge mock-up in-line with the original load. (connection set 1 only)
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» A single HS20-44 load centered in the middle of the bridge. Again, two
wheel loads of 21 kips were applied. (connection set 2 only)

= Single 21 kip patch load at the center of the bridge (connection set 2 only)

= Single 21 kip patch load located 152 cm (60 in) from the right side of the
bridge (connection set 2 only). Thisload was applied in-line with the
previous load, rather than being centered on the right portion of the bridge.

The last two loading types were performed for verification of the analytical bridge model
(Chapter 4).

Hydraulic actuators with capacities of 445 kN (100 kips) were used to apply the
load and load cells with a 222 kN (50 kips) capacity located at each actuator measured
load. Strain gages were mounted at severa locations to measure bending strains on the

flanges of the composite beams:

*  Mid-span (2.67 m or 8.75 ft) on the bottom flange of all 24 beams (referred to
as center bending strains)

= 86.4 cm (34 in) off-center on the bottom flange of beams 1 through 12 to
measure strains directly under the second/tandem loading (tandem bending
strains)

For the single patch load tests, only center bending strains were recorded.

Strains on the top surface of the middle timber deck section were also monitored
using extensometers rigidly mounted to the wood. These extensometers were oriented
directly above and parallel to composite beams 14, 16, 18, 20, and 24. Another pair of
extensometers was mounted on both the top and bottom surfaces of the deck between
composite beams 20 and 21. The extensometers were attached to aluminum posts that
were anchored to the wood surface (Figure 2-13). The timber deck deflections along the
centerline of the deck (i.e. in-line with the center bending strain gages) were measured
using wire potentiometers positioned as described for each of the cases (see the results).
In addition, for select cases, the deflections at the gap between the two deck panels
nearest the loading were monitored to determine the relative panel deflections. This data
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was recorded to investigate the potential for damage to the overlay caused by large
relative panel deflections. The load, strain, and deflection signals were al input and
balanced in the data acquisition system.

37



2.4 Figures and Tables

Table 2-1. Summary of dimensional information for composite beam.

Sl English
Total depth height 20.3cm 8in
Flange width 15.2cm 6in
Flange thickness 1.57 cm 0.620in
Outer width of web box section 7.62 cm 3in
Web thickness 0.914t0 1.07 cm | 0.360t0 0.420in
Area 88.4 cm’ 13.7in
» = 5350 cm® ~=129in*
Moments of inertia lyy = 1320 cm* lyy =317 in*

m_____.. :

Steel load frame

.d__..

Steel support

Figure 2-1. Four-point bending test on composite beam.

38




composite actuator
beam load cell

\

steel spreader beam
—

\ steel plate &

bearing pad

pin supports: steel plates \
& roller, bearing pad steel supports
el op—
[ \/ hed
_’

‘l3cm 3lcm ‘4—

—>‘380m ‘4—236cm—> <4— 6lcm —» | «—— 236 CM —p

Figure 2-2. Schematic of four-point bend geometry. Strain gages are shown in red and
pink (failure tests only). Note that the pin supports were also used under the spreader

beam for the tests to failure; they are not shown here. The lateral restraints are also not
shown.

39



| Roller support
and latera

Composite
beam

End support /

Figure 2-4. Distributed load creep test set-up.
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Figure 2-6. Overhead view of test set up.
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Figure 2-7. Assembly of bridge mock-up in the laboratory.
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Figure 2-8. Schematic of beam-deck connection.
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Figure 2-9. Two different connection sets utilized in the laboratory bridge testing. The
first (single) connections are designated by dots; the additional connections (forming the
second connection set) are designated by X’s. (Also, refer to Figure 1-5.)
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Figure 2-10. Loading scenarios applied for the HS20 loading tests

Figure 2-11. Loading scenarios for single patch load tests.



Figure 2-13. Arrangement of deck extensometers relative to loading patches.



Chapter 3: Experimental Results and Discussion

3.1 Strength Tests

Both the vinyl ester and phenolic beams exhibited fairly linear behavior up to
failure, although the vinyl ester beam had both a higher stiffness and strength. The
progressive loading cycles up to failure for the vinyl ester composite beam are shown in
Figure 3-1. Theresponseisvery linear with little hysteresis upon unloading. Some
audible noise was detected at 116 kN (26 kips), and upon unloading there was some
dlight hysteresis that was, perhaps, indicative of damage. However, the final loading to
failureindicated no lossin stiffness. Failure of the vinyl ester beam occurred at 130 kN
(29.2 kips). The phenolic beam demonstrated a similar linear response up to failure with
astrength of 107 kN (24.0 kips).

Center/mid-span and quarter-point (1.8 m from support, 1/3 of span) deflections
with load are shown for both beams up to failurein Figure 3-2. Mid-span bending strains
from the top flange and center web shear strains are compared for both beamsin Figure
3-3. Thedataindicate higher stiffness, strength, and strain to failure for the vinyl ester
beam. To calculate an effective bending modulus for each beam, the modulus at each
increment of load was calculated using the mid-span strain data and Euler beam theory

(assuming no shear deformation):

_Me
l&

E (1)

where gisthe strain at the outer surface of the beam due to an applied moment M. Eis
the bending modulus and | is the area moment of inertia. An average bending strain was
calculated using the top and bottom readings and this value was utilized in Equation
(3.1). Itisnoted that the bottom flange strains were consistently (although only slightly)
larger than the top flange strains, possibly indicating some upward shift in the neutral

axis.
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This calculated modulus val ue represents the actual bending modulus due only to
bending deformation, since there is no shear between the loading points in a four-point
geometry with simple boundary conditions. A similar calculation could be performed
using deflection datainstead, but this deflection would include both bending and shear
deformation. The effective modulus versus load for both beamsis plotted in Figure 3-4.
An approximate value for the modulus was cal culated by performing alinear regression
on the data between 22.2 and 111 kN (5 and 25 kips) and then utilizing the fit to
determine the modulus at 66.7 kN (15 kips). The properties of the two beams are
summarized in Table 3-1.

For both beams, failure occurred by a delamination in the top (compressive)
flange underneath one loading point (Figure 3-5 and Figure 3-6). The delamination
occurred not at the interface of the flange and web, asis often observed for pultruded
fiberglass beams, but rather within the flange. The delamination actually occurred at the
interface between the lower, all-glass section of the top flange and the upper section
which contains the carbon fiber; this failure mechanism can be attributed to high
interlaminar stresses between the glass and carbon laminae. The delamination was
followed by web buckling and compression failure of the carbon flange section, similar to
that observed by others for all-glass beams [41,44,46]. The response was linear-elastic
up to failure, and while the failure was sudden, the bottom flange remained intact and the
beam was capable of carrying further load. This behavior may be considered to be
favorable for civil engineering designs, as the failure was not truly catastrophic (i.e.
resulting in total collapse of the beam). However, it isimportant to recall that these tests
were performed using lateral constraints to prevent lateral-torsiona instability; the

buckling load may be lower than this ultimate strength load.

3.2 Proof Tests

The 26 vinyl ester beams that were proof tested were actually manufactured and
shipped to Virginia Tech in two different batches. Beams 1-10 and 26 are referred to as
"Batch 1" and 11-25 arereferred to as "Batch 2". Effective bending moduli were
calculated for each beam using the procedure outlined in the previous section, except that
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the regression was performed between 13 and 22 kN (3 and 5 kips), and the 18 kN (4

kips) value was utilized. The Batch 1 beams were noticeably stiffer than the second

batch. This variation was attributed to a change in the manufacturing process in which
carbon fiber with a dightly lower modulus (purchased from a different vendor) was

utilized to manufacture the beams”’. Weibull statistics for each batch were determined,

and these calculations are summarized in Appendix A. The Weibull modulus values and
other statistics, including A and B allowables, are summarized in Table 3-2. The Weibull
modulus for the two different batches were 48.1 GPa (6.98 Msi) and 44.3 GPa (6.43

Msi), with Batch 1 demonstrating a 9% higher average modulus. The average over the

25 beams s 48.9 GPa (6.65 Msi). The Weibull cumulative probability isin shownin

Figure 3-7 for the two different batches to demonstrate the difference in modulus values.
Results from a student’s two-sample t-test assuming equal variances indicate that the
mean modulus for the two different batches are in fact significantly different: t (8.36),
p<0.05.

3.3 Fatigue Testing

The response of the composite beam subjected to fatigue cycling showed no
appreciable change in stiffness through 3 million cycles. The load-deflection response at
each increment of fatigue cycles is shown in Figure 3-8. A similar plot for strains is
shown in Figure 3-9. As in the previous testing, an effective bending modulus was
calculated for each quasi-static test using bending strains. Here, the regression was
performed between loads of 4.45 and 13.3 kN (1 and 3 kips) and the calculated value at
11.1 kN (2.5 kips) was utilized. These effective bending modulus values are plotted
against the number of fatigue cycles in Figure 3-10. Again, this plot indicates no real loss

in modulus with cycling up to 3 million cycles.

4 AKZO 50k fiber with a modulus of 193 GPa (28 Msi) was substituted for Hercules AS4 36k fiber with a
modulus of 234 GPa (34 Ms).
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3.4 Creep Test

Deflection datafor the distributed load (7.87 kN or 1770 Ibs) creep test was
recorded for 178 days. The near-end beam deflections were subtracted from the mid-
span deflections to exclude the deflection of the end supports from the data. After the
178 days, the beam deflected 0.043 cm (0.170 in) from aninitial deflection of 0.743 cm
(0.293in), and the rate of change of the deflection was nearly zero.

In the absence of strain data, it is difficult to draw any conclusions regarding the
type of response that this particular composite beam demonstrates. Asasimple exercise
in characterizing the shape of the deflection response, a three-parameter viscoel astic solid

type model was utilized to fit the deflection data:
o(t) =5, +bl1-e ) (3.2)

where b and 7 are constant parameters and &, isthe initial deflection upon application of
the load. The parameter 7isreferred to as the relaxation time constant and characterizes
the time at which the deflection has reached 63% of its total/final deflection. Values of
1.08 cm (0.427 in) and 65.1 days were obtained for b and 7, respectively, by fitting the
model to the data. The data and fit are plotted together in Figure 3-11. The sameplot is
shown again in Figure 3-12 using alogarithmic time scale in order to observe the
apparent plateau in the deflection at about 200 days.

3.5 Bridge Mock-Up Testing

As mentioned in Section 2.3, the composite beams were arranged in the bridge design
according to their effective bending modulus values. The stiffest beams (Batch 1), were
positioned as the five outer beams on each side, with the Batch 2 beams positioned
between the Batch 1 beams. The beams were then renumbered according to their

position from the upstream side of the bridge (in the actual design). The upstream side of
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the bridge isreferred to as the left side for the lab mock-up testing (see Figure 1-5). The
positioning and modulus of each beam utilized in the bridge design is summarized in
Table 3-3. Prior to the selection of beams for the bridge design, all of the proof-tested
beams were evaluated using infrared thermography and acoustic emission in order to
detect any manufacturing defects’. Based on this screening, Beams 1 and 16 were
excluded from the bridge design. Beam 16 had an obvious "dry patch" on one flange,
where the resin had not completely wet-out the fibers. Beam 1 was found to have a small
delamination within one flange. Beams 2-15 and 17-26 were thus selected for use in the
bridge. It isnoted that beam 26 was utilized in the creep test (detailed previoudly); this
beam was positioned near the upstream edge of the bridge (beam 2 location) for easy
removal in the future as part of the long-term durability study.

For each particular investigation detailed below (different loading scenarios,
different connection sets, etc.), anumber of tests were conducted in order to obtain
multiple data sets. In addition, the acquisition system was limited to eight input channels
for full Wheatstone bridge transducers (1-2 for load and 6-7 for deflection or deck
extensometers) and 36 channels for quarter-bridge transducers (strain gages). Therefore,
in order to obtain all of the necessary data, multiple runs with different input signals were
required. Datawas recorded continuously for loading up to 187 kN (42 kips) and
unloading, but only data at the peak 187 + 4 kN load is presented below. In cases where
more than 6 or 7 deflection points or 36 strain readings are presented together (e.g. in
order to construct a plot showing data across al 24 composite beams), data from several

tests were combined.

3.5.1 Single Patch Loads

The single patch load tests were actually performed after all of the other tests, but
these results are presented here first for convenience. Note that the triple connection set

was utilized (see Figure 2-9). Center bending strains only (no deflections) were recorded

® Non-destructive screening was performed by Michael Horne, Ph.D. candidate in Engineering Science and
Mechanics, and John Haramis, Ph.D candidate in Civil Engineering, under the direction of Dr. Jack Duke,
Professor in Engineering Science and Mechanics.

50



for these tests. Under the 50.8 cm x 30.5 cm (20.0in x 12.0in) single loading patch in
the center location, the maximum bending strain on a composite beam (average value on
bottom flange) was measured to be 657 microstrain (657 x 10° cm/cm) on beam 13 at the
93.4 kN (21.0 kips) load. Under the side loading, a maximum value of 485 microstrain
on beam 18 was measured. The strains on all of the composite beams for both loads are
plotted in Figure 3-13. Here, the strains are plotted versus the position of the beam across
the width of the bridge (measured from the centerline of Beam 1), along the centerline of
the composite beams and the centerline of deck panel 4. The load patches for the center
and side cases were |ocated at composite beams 12/13 (over both beams) and 18/19, at
336 cm (132 in) and 518 cm (204 in), respectively. It is noted that the position of the
deck beam along the length of each girder is different for the center and side loadings.

The distribution of the center patch load appeared to be concentrated over a small
region (beams 10-15) indicating alow degree of load distribution, while the side load was
distributed more evenly over alarger number of beams. It is aso noted that the strains on
beams 1 and 24 were slightly negative for the center loading indicating uplift of the outer
edges of the bridge structure. This behavior can also be observed on beam 1 for the right
side loading.

3.5.2 HS20 Loading at Side of Bridge

For this test scenario, loading case A (Figure 2-10) with single connections only,
the wheel loads were positioned above composite beams 15/16 and 21/22, at 427 cm (168
in) and 610 cm (240 in) respectively, and the largest deflection and strain values were
observed at beam 22. Deflections and strains for loading case A with the single
connections are shown in Figure 3-14 and Figure 3-15. Notice the positive deflections
and strains between composite beams 1 and 4 (0 to 82.0 cm/32.3 in). Again, thisindicates
uplift at the structure’'s edges. The maximum strain level at the 187 kN (42 kips) axle
load was under 1000 microstrain. Thisvalueisonly 15.9% of the strain to failure
measured for the vinyl ester beam (6300 microstrain) tested to failure. A maximum
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deflection of 2.74 cm (1.08) inches was measured at 187 KN. Thisindicates an L/195
deflection response, L/255 if the impact factor is excluded.

For the purposes of comparison, it is noted that field testing of the rehabilitated
structure conducted in October 1997 indicated a much stiffer response at L/450
(including impact factor) [63]. Deflection data under the HS20 side loading from the
field testing is aso shown in Figure 3-14. The increased stiffness of the actual bridge as
compared to the lab mock-up may be attributed to the use of more deck-girder
connections, aswell as differences in boundary conditions for both the composite beams
and timber deck panels. For instance, the field structure utilizes girder-to-abutment
connections, so that the composite girders are effectively clamped to the abutments,
thereby increasing the effective stiffness of each beam. The curb rails should aso
provide some additional stiffness by tying the individual deck sections together, as
illustrated in Figure 1-6.

While little or no composite action was expected in thisdesign, it is useful to
consider the deck panel strains that were measured on the top of the deck (recall Figure
2-13). These strains are plotted along with the composite bending strainsin Figure 3-15.
Strains of about 200 microstrain were recorded near the left loading patch indicating
some load transfer to the deck. It is also interesting to note that the strains are mainly
tensile; this may be due to twisting of the deck panel, as the loads were applied on aline

skewed compared to the deck panels and the loads were not centered on the deck panels.

3.5.3 Tandem HS20 Loads

Deflections and strains were measured for the tandem loading situation (loading
locations A and B, in Figure 2-10) to evaluate the effect of |oading with two HS20 truck
axles. The wheel loading patches were positioned over composite beams 3/4 (61.2 cm or
24in), 9/10 (244 cm or 96 in), 15/16 (427 cm or 168 in), and 21/22 (610 cm or 240 in).
Under this loading (93.4 kN or 21 kips at each wheel patch, 374 kN or 84 kips total), the
maximum deflection was just under 2.54 cm (1 in) between composite beams 22 and 23
at alocation of about 635 cm (250 in) (see Figure 3-16) . The deflections under the B-
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axle wheel loads were somewhat less (1.91 to 2.16 cm), because the B-axle was |ocated

closer to one end of the composite beams due to the bridge’s skew. The maximum strain
recorded was 923 microstrain on composite beam 22 (Figure 3-17). Again, the center
bending strains are less on beams 1-12 due to the relative location of the loading caused
by the bridge’s skew. The deck strain response was nearly indentical to that observed
with the HS20 side loading with a maximum tensile strain over 200 microstrain

measured.

3.5.4 HS20 Side Loading: Effect of Connections

In order to determine the effect of the connections on the degree of composite
action, additional connections (as illustrated in Figure 2-9) were added. On the right half
of the structure (nearest the loading), two more spanner connections were added at nearly
all of the connection sites for a total of three. Thus, the number of connections on that
half of the structure was nearly the same as what is being utilized in the actual bridge.

The structure was then loaded according to scenario A. The deflections and strains
decreased slightly due to the additional connections (Figure 3-20 and Figure 3-21). For
instance, the deflections decreased as much as 6% and the strains decreased as much as
8% at some locations. These improvements are better demonstrated by plotting the data
in column charts, as in Figure 3-22 and Figure 3-23. The addition of connections appears
to have improved the overall stiffness of the bridge structure, but the distribution of load
did not seem to improve since the reduction in strains and deflections under the load were

not accompanied by increases in these values on the opposite side of the structure.

3.5.5 HS20 Loading in Center of Bridge

Loading in the center of the bridge was next performed using connection set 2.
The two wheel loads were located above beams 9/10 (244 cm) and 15/16 (427 cm), and
the largest deflections at 187 kN (42.0 kips) were 2.01 cm (0.791 in) (see Figure 3-24).
The largest strain value recorded was 760 microstrain on composite beam 15 (Figure
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3-25). Both the deflection and strain profiles were fairly symmetric. Any differences
from one side of the bridge to the other may be attributed to the additional connections on
the right side or dlight differences in the beam properties from one side to the other. The
deflections and center bending strains for all three HS20 loading cases are compared in
Figure 3-26 and Figure 3-27, respectively. These results demonstrate that |oading away
from an edge of the bridge (i.e. center loading) allows for a greater load distribution, and
thus, lower deflections. It isalso interesting to note that the addition of a second side

load in the tandem loading case did not significantly affect the maximum deflection.

3.5.6 Displacement of Foundation Beams and Interpanel Differential Deflection

The relative motion of the deck to the abutments was a concern, as excessive
relative displacement can damage the overlay. The deck panel deflections previously
reported also included deflection associated with the foundation beams. Therefore, the
displacement of one foundation beam on the side nearest the loads in load case A was
monitored using dial gages. The maximum displacement was approximately 0.127 cm
(0.05in) at the edge of the top flange. Uplift at the ends of the beams were also
measured and recorded to be approximately 0.1778 cm (0.07 in). This amount of
deflection can be absorbed by the asphalt design which incorporates a fiber reinforced
rubber membrane placed between the course base and the finish grade as noted by
Howard et a. [64]. Thus, reflective cracking even in the presence of this degree of
deflection should not present a problem for the long-term performance of the bridge. The
reader is reminded that the traffic on this structure is low, and 95% of the traffic is two-
axle commuter traffic.

The interpanel differential deflection (relative displacement between deck panels)
was a so measured between 1) panels 4 and 5 for the side loading (case A, with triple
connections) and 2) panels4 and 5, aswell as 3 and 4, for the center loading (case C,
triple connections). For both loading cases, the spreader beam and wheel patches were
rotated around the axis of the actuator to investigate deflections when the load axle was
both parallel and skewed relative to the deck panels. Of the two HS20 loading situations,
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the side loading was most severe. With the wheel patches (simulated axle) aligned
perpendicular to the composite girders, in the traffic direction, the maximum interpanel
differential deflection was 0.120 cm (0.0472 in). Here, the two load patches were applied
to two different deck panels. The work by Howard et al. indicated that a maximum
interpanel differential deflection of 0.127 cm (0.05 in) could be accommodated with this
particular wearing surface design [64].

For the unlikely case where the axle is aligned with the skew or parallel to the
decking so that both wheel |oads are applied to the center deck panel (#5), the maximum
relative displacement measured was 0.283 cm (0.111 in). Thisagain isfor the HS20 side

loading case. The centerline of the spreader beam was located 22.9 cm (9 in) away from
the edge of panel 5.
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3.6 Figures and Tables
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Figure 3-1. Progressive loading cycles up to failure on the vinyl ester beam.
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Figure 3-2. Comparison of deflection datafor vinyl ester and phenolic beams.
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Figure 3-3. Comparison of shear and bending strains for vinyl ester and phenolic resin
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Figure 3-4. Effective bending modulus for both beams calculated using average bending
strain data.
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Table 3-1. Summary of basic beam properties under four-point bending for the two

different resin types.

Resin type:

Vinyl ester

Phenolic

Effective bending modulus

47.8 GPa (6.93 Ms)

46.1 GPa (6.69 Ms)

Ultimate strength

130 kN (29.2 kips)

107 kN (24.0 kips)

Strain to failure

6210 microstrain (0.621%)

5270 microstrain (0.527%)

Figure 3-5. Failure of vinyl ester beam under four-point bending.
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Figure 3-6. Close-up of failure site on vinyl ester beam showing delamination in flange
and buckling of web.
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Table 3-2. Summary of modulus values for beams 1-26.

Modulus Modulus
Beam # GPa Msi Beam# | GPa Msi
1 48.7 7.07 11 427 6.20
2 484 7.02 12 44.2 6.41
3 45.6 6.62 13 44.0 6.38
4 48.7 7.06 14 440 6.38
5 49.1 7.12 15 44.4 6.45
6 46.5 6.74 16 42.9 6.22
7 48.1 6.97 17 43.6 6.33
8 47.8 6.94 18 45.6 6.62
9 48.2 6.99 19 46.1 6.69
10 49.2 7.14 20 46.7 6.77
26 47.6 6.90 21 44.3 6.43
22 44.3 6.43
23 45.1 6.54
24 43.0 6.23
25 447 6.48
Weibull mean*: | 48.1GPa | 6.98 Msi 443 GPa | 6.43Ms
Weibull standard 1.19 0.173 1.33 0.193
deviation:
A-allowable: 44.1 6.39 39.9 5.79
B-allowable: 46.2 6.70 422 6.12

"Weibull statistics were applied only to Beams 1-10 in batch 1; Beam 26 was not included.
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Figure 3-7. Weibull density function plot comparing modulus values for two different
manufacturing batches.
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Figure 3-12. Creep data and fits plotted on alogarithmic time scale.
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Table 3-3. Location of each composite beam across width of bridge along skewed
centerline of beams and modulus.

numbering location modulus
Bridge# Test#| cm inches| GPa Msi
1 10 0 0 494  7.17
2 26 273 107 | 476 6.90
3 8 546 215 | 486 7.05
4 6 820 323 | 482 6.99
5 5 109 429 | 470 6.81
6 4 137 539 | 46.2 6.70
7 18 164 64.6 45.6 6.62
8 23 195 76.8 | 451 6.54
9 21 226 89.0 | 443 6.43
10 22 258 102 44.3 6.43
11 17 289 114 43.6 6.33
12 24 320 126 429 6.22
13 11 351 138 42.7  6.20
14 13 382 150 440 6.38
15 14 414 163 44.0 6.38
16 12 445 175 442 641
17 15 476 187 44.5 6.45
18 25 507 200 447 6.48
19 19 535 211 46.1 6.69
20 20 562 221 46.7  6.77
21 7 589 232 475  6.89
22 3 617 243 48.1  6.97
23 9 644 253 48.7 7.06
24 2 671 264 49.4 7.16
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Figure 3-13. Center bending strains under single patch loading at center and side
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Figure 3-14. Center deck panel deflections under HS20-44 side loading (single
connections).
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Figure 3-15. Center bending and deck strains under HS20-44 side loading (single
connections). Note that positive strains are tensile, and the center bending strains were
measured on the bottom flanges, while deck strains were measured on the top deck
surface.
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Figure 3-16. Deck panel deflections under tandem HS20 loads (single connections).
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Figure 3-17. Center bending and deck strains under tandem HS20 loads (single
connections).
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Figure 3-18. Deflections under tandem HS20 |oads (single connections).
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Figure 3-19. Center bending strains and off-center bending strains under tandem HS20
loads (single connections).
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Figure 3-20. Deck panel deflections under HS20 side loading with two different
connection sets.
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Figure 3-21. Center bending and deck strains under HS20 side |oading with two different
connection sets.
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Figure 3-22. Deck panel deflections under HS20 side loading for two different
connection sets.
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Figure 3-23. Center bending strains under HS20 side loading for two different
connection sets.
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Figure 3-24. Deck panel deflections under HS20 center loading (triple connections).
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Figure 3-25. Center bending and deck strains under HS20 center loading (triple
connections).
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Figure 3-26. Comparison of deck panel deflections for three HS20 loading cases. Cases
A and C arefor triple connections, while the tandem loading results are for single
connections only.
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Figure 3-27. Comparison of center bending strains under different HS20 loading cases.
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Chapter 4: Analytical Bridge Model

In order to assist in the future design of similar single-span bridges, an analytical
model is developed using a mechanics of materials approach. This model provides an
estimate of deflections and strains along the length of each composite beam under any
given static loading. Timoshenko beam theory is utilized to derive deflection equations
for a shear-deformable beam for use in the model, and shear correction terms are
approximated using the experimental results from the proof testing, as well as a method
developed by Cowper [68] and modified for thin-walled composite beams by Bank [40].
An estimate for the torsional stiffness of the composite beam isaso calculated. The
necessary equations for solving the beam deflection problem are presented and
generaized for the construction of the model. Finally, predictions made utilizing the
model are compared with abasic elasticity solution and data from the laboratory testing.

4.1 Development of the Model

In order to confirm the feasibility of the two-for-one beam replacement in the
initial design for the Tom’s Creek Bridge composite structure, a predictive model was
needed that could estimate the response of the bridge under HS20-44 loading. A
simplified version of the model detailed herein was first developed by Lesko and Moser
[62]. This model provided a rough prediction but was limited by a difficult user
interface, no consideration of shear deformation or torsional stiffness, and restricted
output capabilities. Furthermore, the original code was writtéfethematica” and was
not suited for interfacing with other routines. For these reasons, the model was rewritten

using FORTRAN code and modular subroutines.

4.1.1. Model Formulation

For the purposes of this analysis, the bridge is modeled as a series of (deck)

beams on an elastic foundation (superstructure). In the case of the repaired Tom's Creek
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Bridge, the deck consists of seven wood glue-lam deck beams, which are supported by 24
composite girders (Figure 4-1). Hence, the elastic foundation isreally comprised of N
discrete elastic supports (Figure 4-2). The deck serves only to distribute the load to the
girders and does not significantly contribute to the structure’s stiffness; it is assumed that
there is composite action between the deck and girders. The girders are also assumed to
be of the same length, but the spacing between the centerlines of each girder can be
varied. The bridge may be skewed so that the centerline of the girders is oriented at an
angle, @, to the transverse direction of the girders (see Figure 4-3). Finally, the deck
beams are assumed to run parallel to the centerline of the girders (at the skew angle).

The analysis is performed for a concentrated (single point) load, and the results
for combined loading (e.g. dual loads caused by a truck axle or a distributed load) are
obtained using the principle of superposition. In order to simplify the analysis, only the
deck beam directly under the applied load is considered. (A complete model would
require a two dimensional mesh of nodes to model the connections between the girders
and the other deck beams). The objective is to determine the deflections along the length
of this single deck beam and to consequently determine the loads and resulting strains on
each girder. This problem is statically indeterminate tdNt2edegree, and equilibrium
alone cannot provide a solution. Deformation of the deck beam must be considered to
generate the additional equations. The necessary equations are derived here by
considering global equilibrium, continuity of deflection and slope between nodes, and
equilibrium of moments and forces at each node. A variational approach could also be
utilized to derive the equations.

The connections between the deck beam and the girder beams are represented by
nodes 1 throughl, which are centered at each girder (Figure 4-4). For each girder, a
fourth order governing differential must be satisfied:

dw(¥) _

v (4.2)

A simple polynomial solution is used, and the equations of deflection are constructed
between each node, where the nodes are numbergédhrough\:
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W (x) =a X’ +bx* +cx+d (4.2)

wi(X) isthe deflection of the deck beam across its width measured from x = 0, and the
coefficients &, by, ¢;, and d; are to be determined. For the case when the load is applied
directly at a node, the number of nodesis N, and the number of deflection equationsis N-
1. Thisisreferred to here as at-node loading. However, when the loading is applied
between two girders, that reaction point must be modeled by another node. Then the
number of nodes increases to N+ 1, and the structure becomes indeterminate to the N-1
degree. Thisis called off-node loading, and the node at the location of the external load
isreferred to as the P-node. The number of unknown coefficientsthenis4N - 4 or 4N (4
per deflection equation) for the at-node and off-node cases, respectively. There arean
additional N unknowns due to the undetermined reaction forcesin each beam, F;. The
total number of unknowns and required equations then is 5N - 4 or 5N (at-node or off-
node). To simplify the code necessary to solve these equations, an at-node load (P) is
modeled as two off-node loads (P/2) which are located a distance ox on either side of the
beam node. The remainder of this formulation assumes off-node loading.

To begin the derivation, the P-node is temporarily neglected and each beam is
assigned anodei =1, N. Equilibrium of external forces and moments acting on the deck

beam (Figure 4-5) generates two equations:

(4.3)

where F; is the reaction force in each girder, P isthe external load, x; is the location of the
ith girder/node, X, is the location of the external load, and T; is the reaction moment in
each girder. The F; and T; terms are due to the bending and torsional stiffnesses of each

girder and are calculated by:
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F=kw,

T=k,6 (4.9
where ki and kg; are effective spring constants for the cases of bending and torsion,
respectively. Calculation of these parametersis considered further in Sections 4.1.2 and
4.1.4. TheT; termis considered optional in the model code, so that the connection
between the deck and girders can be modeled as simple, with or without the capacity to
carry amoment. The importance of including torsional rigidity in the model is examined
in Section 4.2.2. Also, because the external force reactions are considered unknowns,
matching the vertical displacements of the deck and the springs at each node is necessary

and generates the following N equations:

=w (x) fori=1,N (4.5)

|

where F; isthe reaction force in each girder and k; is the equivalent spring constant of
each beam.

Now, the P-nodeisincluded so that the total number of nodesis N+1, and all
remaining calculations include the P-node. The slope, moment, and shear in the deck
beam along its length are computed using the first, second, and third derivatives of the

displacement, respectively:

6,(%) = El jou W (%) = Eldeck(3a1‘xz +2bx+c)
M, (%) = El W' (%) = El ;o (62X + 2D) (4.6)
V(%) = El o Wi"(%) = El o (68)

where El 4eck 1S the bending stiffness of the deck beam. Continuity of displacement and
slope across each interior node including the P-node (kinematic conditions) resultsin the

following 2N - 2 equations:
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w; (%) =wi,, (%) and @7)
3ax°+2hx +c —(3a,,%° +2b,.% +G,) =0 fori=2,N
Continuity of moment and shear across each interior node requires consideration
of externally applied moments or forces in addition to those internal to the deck beam
(see Figure 4-6). For instance, the reaction forces in each girder aswell as the external
load at the P-node constitute external shearing forces. In addition, the (optional) reaction
moments in each girder constitute external moments. The moment and shear continuity

equations (N-1 each) are:

Bl (68X +28) = El oy (68, % +20,,)+ T, =0

4.8
El,.(6a)-El,,(6a,)+F =0 at the spring nodes, and (4.8)
El . (6a)- El . (6a,,) — P =0 at the P- node.
Finally, at the first and last nodes, the net moment is set to zero (boundary
conditions):
M1 = Bl (6ax +2b)+T, =0 @9

Mg Nt = Bl eu (6ay Xy, +20y)+T, =0

Thus, the net moments at each end consists of the internal moment in the deck beam and
the torque caused by the reaction of the beam at that node. The total number of equations
now is 5N for the off-node loading case, and the problem can be solved.

The deflections across the width of the deck panel (x-direction) are then
calculated from Equation (4.1). Furthermore, since F; are known, the deflections along
the length of each composite girder can also be calculated using beam deflection theory.
Thus, the deflections across the entire bridge can be determined. Sample plots showing
predictions for deflections and strains are shown in Figure 4-7 and Figure 4-8,

respectively. A sample surface plot showing the deflection response across the entire
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bridge is shown in Figure 4-9 and Figure 4-10 for right side loading and center loading,
respectively.

4.1.2. Calculation of Effective Bending Spring Constant: Euler or Timoshenko

Beams

Solution of the above equations requires that effective spring constants be
inputted for the cases of bending and torsion. These constants are dependent both on the
material properties of the girder and the geometry of the loading. For instance, the bridge
geometry might be set so that the deck beam intersects the girders at different locations
along their lengths. Asthe load on a girder is moved towards one end of the girder, the
apparent or effective stiffness of the girder will increase. The same holds for the
effective torsional stiffness, as the angle of twist (and therefore the effective stiffness)
depends upon the length of the beam between applied torques.

The effective spring constant for the case of bending, ki, can be found from
straight forward use of the generalized Euler beam deflection equation for three-point
bending with the preferred boundary conditions. For thisanalysis, the girders are
assumed to be simply supported -- that is, the supports are “pinned-roller”. This
assumption should provide a conservative estimate of bridge response (over prediction of
deflections) as compared to the clamped boundary conditions. The deflection at a
distancex under a single loaR applied ai = a for a beam of length (see Figure 4-11)

can be determined using [65,66]:

o(x,a) = %:;[%(x—a)3 X3+ (L7 - bz)x] forx>a
o (4.10)
——[-x*+(L” - b?)x] forx<a
6LEl

The effective stiffness is then defined as the ratio of the applied force to the resulting

deflection at the loading point:
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R
5 (4.12)

K o =

The Euler theory assumes no shear deformation (i.e. planes originally normal to
the centerline remain plane and normal to the centerline during bending), but it has been
demonstrated that shear deformation may be significant in fiberglass beams where the
shear modulus of the web is significantly lower than the bending modulus. Derivation of
anew beam deflection equation for the case of general three-point bending follows
Timoshenko's shear deformable theory [67]. The basic derivation is presented here.

First, the slope of the beam centerline resulting from both bending and shear
deformation is defined as

= 00+ A (412
X

where ¢AX) is the rotation due to bending alone and S(x) is the rotation due to shear alone.
The contribution of each rotation is demonstrated schematically in Figure 4-12. To
facilitate the derivation, the shear strain istemporarily assumed to be the same over the
entire beam cross-section. The displacement in the x-direction (paralel to the beam) is
due only to bending and is defined so that it varies with position both in the z-direction

(paralld to loading) and the x-direction:

u(x,z) = -zg(x) = - d—W—,B(x)}

dx (4.13)
w=wW(X)
The resulting axial and shear strains are
e =723 o 1 (4.14)
dx 2
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A rectangular cross section is assumed, and using the approximation that 7, = E&, the

resultant moment and shear are then

M = [ 7, Zodz = ~El a
dx (4.15)
V= J rbdz= TXZI bdz=r1,A=GAB

where b is the width of the cross-section, GA is the shear stiffness, and the integrals are
taken over the height of the section. Now, the (invalid) assumption of a uniform shear

strain distribution over the cross-section yields the following shear stress:
V
V=7 = GA(x) (4.16)

In order to account for the non-uniform shear stress distribution, a correction factor, K, is

introduced:
V(x) = KGAL(X) (4.17)

The constant K depends on geometry/shape, material properties, and a so the frequency
of vibration in dynamic problems [40,67,68].

Following the method of minimum total potential energy, the total potential
energy of the beam is defined in terms of bending strains, shearing strains, and the
external load. These terms are integrated over the length of the beam, and separate
integrals must be written for the sections of the beam on either side of theload. Thefirst
variation of the total potential energy istaken and set equal to zero; this requires using

integration by parts. What results are the Euler-Lagrange equations:

d(gde w_ -
dx(a dX}+KGA(dX w)=0

She(-o]
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Again, both equations must be constructed separately on either side of the loading point.
The boundary conditions that apply for a pinned-pinned beam are as follows:

w(0)=0, 8181 —g
dX x=0
w)=0 81 g
dX x=L
dy ay
Xm = dX2 (4.19)

=p

X=a

GA(dWl - Lul)
dx dx

w(a) =w,(a), W, (a) = W,(a)

- GA(dWZ - Luz)

Solution of equations (4.17) and (4.18) yields the following solution for asingle
load P applied at x = a:

Px(a~ L)(~6El + a’KGA - 2KGALa + KGAX?)

W, (X, a) = forx<a
6EIKGAL (4.20)
(x.2) aP(x - L)(-6El + a’KGA - 2KGALX + KGAX?) for x>
w,(X,a) = orxza
’ BEIKGAL

If al of the material constants are known, Equation (4.19) can then be utilized to solve

for the effective bending spring constant for each girder.

4.1.3. Calculation of the Shear Stiffness

Analytical Techniques

Computation of the shear stiffness KGA is difficult since G is difficult to obtain

experimentally and cannot easily be estimated for a composite section. Furthermore, K is
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difficult to determine for a composite section. KGA must either be obtained
experimentally using a method such as the one described in Section 1.3.8, or by
estimating the shear modulus of the beam and calculating K. One method of calculating
the shear correction factor isthat of Cowper [68], which is based upon derivation of
Timoshenko beam theory from three-dimensional elasticity. This approach and its
application to thin-walled composite beamsis discussed in Bank 1987 [40]. The
approach is briefly summarized here.

In Cowper’s approach, the mean deflection of the cross-se@jadhe mean

rotation, @, and the mean axial displacemdntare defined as

1
w :KJ’Iuydydz
:%J’J' yu, dydz (4.21)

U :%Ifuxdydz

Residual displacements are then introduced into the definition of the mean variables to
account for the warping of the cross-section that accompanies shear deformation. The
residual displacement in tlxedirection is solved for by equating the shear stress
distribution in the cross-section obtained from equilibrium (assuming that the shear flow
follows the cross section and is uniform throughout the thickness of the section) and the
distribution found using a known, exact solution for a special case of beam flexure. The

Cowper derivation yields the following form for the second Timoshenko equation:

W, o= Q (4.22)
dx K’ AE

X

whereE is the in-plane elastic modulus of the beam w@lls the resultant shear force,

andA is the area of the cross-section.
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K" isa"modified shear coefficient" that allows the different in-plane moduli of
the laminated walls to be accounted for. K~ can be found from the shear stress

distribution by a closed integration around the contour of the section:

_ 1
;§ivsxsztds+ f‘ﬁ yytds

K’ (4.23)

where the contour integral istaken around the path s, and the £ sign depends upon

whether integration isin the transverse or z-direction (positive sign) or the vertical or y-
direction (negative sign). V« isPoisson’sratio of the panels, t isthe panel thickness, and

A and | arethe area and moment of inertia of the cross-section about the centerline,
respectively. If the beam contains panels having different properties, atransformed

moment of inertia must be calculated before using Equation (4.23). is a “modified
flexure function” which is used to relate shear stresses and axial displacement in the
beam.

Bank's approach differs slightly from Cowper's method for isotropic materials by
assuming that the Poisson's ratio through the thickness of the walls is zero, in order to
simplify the integration. Furthermore, the cross-section is assumed to be composed of
only vertical and horizontal elements. This uncouples the material constants in each wall
and allows the individual laminate properties to be utilized. If a beam is constructed of
walls having the same properties (i.e. all walls are made of identical laminated panels),

then the standard shear correction faktean be calculated using

K=K = (4.24)

whereGg is the in-plane shear modulus of the beam walls. For a beam made of panels
having different properties, however, a transformed section must be constructed before
using Equation (4.23). This applies to most FRP composite beams.
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Bank has derived the modified shear correction factor for several geometries
using transformed sections, and his results are shown here. For arectangular box beam
with width b and height h,

K" =20(a +3m)° /[%(GOmznz +60amn?)

+65(180m3 +300am? +144a°m+ 24a°) (4.25)

2

+0,(~30m*n? ~50amn*) + v, (30m* + 6am- 4a?)]

where n = b/h, m= t;b/toh, a = Eu/E;, and the subscripts 1 and 2 identify properties of
the horizontal and vertical wall elements, respectively. An estimate for K for each beam
using the box section solution is summarized in Table 4-1, using the measured E, for
each beam and an estimated G of 6.89 GPa (1 Msi). In order to use the solution, the

flange "wing" sections of the box I-beam are neglected in the calculation.

Experimental Techniques

While the analytical tools presented in the previous section may prove useful for
design purposes, the primary objective here isto verify the bridge model with the lab
testing data in this study, so that the properties (including shear stiffness) for every beam
should preferably be known. In Section 1.3.8, atest method was introduced in which a
beam is tested at various span lengths in either three- or four-point bending. Using this
technique, the shear product term KGA can then be extrapolated from the data. While
conducting tests at various span lengths increases the number of data points on this curve
and therefore minimizes the error in the calculations, this method is time-consuming and
impractical for proof testing alarge number of beams. The following method employing
data from a single four-point bending test at one span length should also yield an
adequate estimate of KGA.

Bending strains measured within the shear-free region between the loading points

of afour-point bending test are due only to bending deformation. Thus, an effective
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modulus (such as those obtained in the proof testing in Section 3.2) calculated using these
strains will not reflect shear deformation, and EI will represent the actual bending
stiffness of the beam. On the other hand, the mid-span deflection is aresult of the total
beam response, including shear deformation in the other regions of the beam. If the
Timoshenko beam Equations (4.19) are utilized with the E calculated using strain data,
then the shear product KGA can be solved for directly. This method was employed in
this study to obtain KGA for each beam that was proof tested (Table 4-1). The average
measured value for KGA was 3.5 Msi-in>. For the four-point bending geometry used in
this study, the low shear stiffness resultsin shear deformation that accounts for about 5%
of the total deflection (assuming a bending modulus of 44.8 GPaor 6.5 Msi).

4.1.4. Calculation of Effective Torsional Spring Constant

The effective torsional spring constant of a beam also depends on both the
torsiona stiffness and the geometry (i.e. the location of the applied torque relative to the
end constraints). For abeam of length L constrained by a moment at each end (T, and Ty)

and acted upon by an external torque Teg at X = a, therotation at x = ais

alL-a)T,,
LGI,

(4.26)

where Gl is the effective torsional stiffness (e.g. GJet = GJ for acircular shaft). The

effective torsional spring constant then is

ky; = (4.27)

However, without performing atorsion test on a structural member, the torsional
stiffness Gl is difficult to obtain. For members with non-circular cross-sections, linear
distributions of stress and strain across the section cannot be assumed; the lack of

axisymmetry of anon-circular section will cause the section to warp out of plane.
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However, afairly simple solution can be obtained for alinear elastic, isotropic thin-
walled hollow member using the Prandt Elastic-Membrane Analogy [68] or an energy
approach [67]. The solution yields the following expression relating the angle of rotation
of the torsion member, ¢ to the applied torque, T:

. TL ds
an’c? t

(4.28)

wheret isthe wall thickness and the integral istaken around the mean perimeter of the
cross-section, s. A isthe area enclosed by the mean perimeter, and G is the shear
modulus of the wall material (assumed to be constant for all walls). This solution
assumes that, while the wall thickness may vary, it isvery small compared to the other
dimensions of the member. This condition insures that the shear stress is constant

through the thickness. Once the relationship between gand T is known, an effective

torsiona stiffness can be obtained using
T
Gl = E’ (4.29)

where Gl is analogous to the GJ term in the solution for a circular member.

Equations (4.28) and (4.29) may be utilized to obtain a rough estimate of the
torsiona stiffness of the composite box I-beam utilized in this project, if severa
assumptions are made. First of all, only the box section of the beam is considered -- that
is, the 3.81 cm (1.5 in) flange sections off either side of the large interior box are
neglected. Secondly, a constant shear modulus, G, must be assumed for both the side
walls (web sections) and the top and bottom walls (flange sections). In thisanalysis, the
shear modulus G; of the web sectionsis assigned to all walls. Thisis probably a good
assumption considering the similarity of the layup between the web and an interior

section of the flanges®. The outer layer of the flange has alower shear modulus Gi», SO

® Although the layup of Strongwell’s hybrid box I-beam is proprietary, it is appropriate to note that the
flange can be modeled as a sandwich of two different laminates, the inner layer of which is similar to the
web.
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an "apparent thickness" for that part of the flange is assumed and the web shear modulus
isthen assigned to all walls.

Based on these assumptions, the following box geometry is utilized: the mean
perimeter is50.8 cm (20.0 in) and the enclosed areais 125 cm (19.3in?). Using Classical
Laminate Theory (CLT) analysis, a shear modulus of approximately 1.1 Msi is obtained
for the web laminate. Using Equations (4.28) and (4.29), the effective torsional stiffness
is estimated to be 9150 GPa-cm* (31.9 Msi-in®). This value can then be entered into
Equation (4.27) to obtain an effective torsional spring constant for each girder based upon
its location relative to the loaded deck beam. It is assumed that the composite beams are
prevented from rotating at their ends -- that is, they are fixed and capable of supporting a

moment.

4.2 Model Predictions and Comparison with Laboratory Test Data

4.2.1 Comparison with Elasticity Solution for Semi-Infinite Beam on an Elastic

Foundation

In order to verify the model solution, an elasticity approximation is computed.
The elasticity problem is solved for N number of elastic springs (all having the same
spring constant) and equal spring spacing, and then the results are compared with the
bridge model using identical inputs. For this analysis, the deck beam is considered to be
semi-infinite, so that the deflection at the ends of the beam go to zero. Furthermore, the
torsiona stiffness of the girdersis neglected. If the deflections are relatively small, then
the Winkler foundation solution can be utilized. This solution assumes that the restoring
force of the foundation actsin alinear elastic manner upon the beam. Thissolutionis
taken fromin Boresi et al. [69].

To model equally-spaced, discrete elastic supports, an effective spring constant
for the foundation, k, is calculated by dividing the spring constant of each girder, K, by

the spacing between girders, I:
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k=2 (4.30)

Since the foundation is modeled as elements of width | centered about each spring, the
width of the deck beam is extended to

L =NI (4.31)

The deflection under a concentrated (single-point) load, P, then can be computed from
_Pb g
y(2) = Ee (sinfz+cospz), z=20 (4.32)
where zis measured along the length of the deck beam, and Sis defined as

3 / k
LB=a = (4.33)

The approximation improves as the spacing decreases, and it has been shown that the

error in the solution issmall if

T
l<— 4.34
1 (439
and
L xS0 (4.35)
2B

Comparisons of the elasticity and the bridge model predictions are shown in
Figure 4-13. These predictions utilize Egeg = 11.0 GPa (1.6 Msi), lgek = 15.6 x 10° cm?
(374 in”), and afixed bridge width of 673 cm (265 in). The spring constant K is
calculated to be 7580 N/cm (4330 Ib/in) using composite beam properties of Econp = 44.8
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GPa (6.5 Msi), lomp = 5.35 x 10° cm* (128.55 in*), and Leomp = 533 cm (210in), and
assuming no shear deformation. These parameters roughly approximate the actual
composite beam properties and geometry of the Tom’s Creek Bridge, athough the skew
angleis assumed to be zero. The number of girdersis varied between 12 and 48 in order
to explore the effect of increasing girder density (i.e. number of springs per length of
deck beam).

The results indicate that as the number of girders increases, the two model
predictions converge. Even for arelatively less number of girders, the maximum
predicted deflections are still very close; however, the discrepancy in values at the ends
of the deck beam begins to become significant at 12 girders (0.426 cm or 0.168 in). For
24 girders, the discrepancy between the two modelsis less significant (0.248 cm or
0.0976 in), but the response predicted by the bridge model at the sides of the bridge is
dightly different than the elasticity solution. The difference can, of course, be attributed

to the difference in boundary conditions at x = 0 and 626 cm (247 in) for the two models.

4.2.2 Bridge Model Predictions: Comparison with Lab Testing Data

In order to verify data from the laboratory testing of the bridge mock-up, several

moded simulations were run:

l. Shear deformation and torsional resistance not permitted (single-point loads).
Il Shear-deformable theory utilized with KGA values obtained experimentally
(single-point loads).

. Shear deformation and torsional resistance permitted (single-point [oads).

For each case, the appropriate skew angles, beam material properties, and geometry were

held constant. Each simulation was run for four loading cases.

a. Single point loading in the middle of the bridge,
b. Single point loading at one side of the bridge,
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c. Single axleloading (2 loads spaced 1.83 m or 6 ft apart) in the middle of the
bridge, and
d. Single axleloading at one side of the bridge (design case: HS20-44)

The results of the model predictions are summarized in Figure 4-14 through
Figure 4-17. Thethree different predictions (I-111) for loading case (a) are compared with
the lab test datain Figure 4-14. For the single-patch tests, only center bending strains
were monitored, so strains are predicted using Equation (3.1). This equation is applicable
to both the Euler and Timoshenko predictions. Thefirst prediction (utilizing Euler beam
theory and neglecting the torsional stiffness of the girders) predicts the maximum
bending strain very closely (within 3% at the maximum data point), but the predicted
load distribution is broader. All of the models, in fact, predict awider distribution of
load. The experimental data, on the other hand, indicates that the load is highly
concentrated near the load patch. The predicted response near the ends of the deck beams
Isin error by 100 microstrain (compared to the maximum strain of 657 microstrain). The
effect of shear deformation in the first loading case isinsignificant, asit lowers the
maximum strain only dlightly and has little effect on the response far away from the load.
Inclusion of both shear deformation and torsional stiffness for the composite girders
improved the prediction near the sides of the bridge, but under-predict the maximum
strain.

In loading case (b) (single load patch at side), the model prediction isimproved
by the inclusion of shear deformation (Figure 4-15). Notice the feature in the data just to
the left of the 600 cm (236 in) location indicating alocalized increase in strain. This
feature cannot be predicted using the simple model (1), but by including shear
deformation, this feature becomes apparent in the model aswell. A review of the
measured KGA values (Table 4-1) reveals that beam 20 had arelatively low value for the
shear product (65.3 GPa-cm?). Evidently, this beam’s low shear modulus is significant
enough to affect, at least locally, the response of the deck panel. Inclusion of both shear
deformation and torsional stiffness improves the model prediction away from the load but

again tends to under-predict the strain at the loading point.
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The model predictions for deflections under HS20 loading (c) in the center
location are compared with the laboratory test datain Figure 4-16. In this case, the
inclusion of shear deformation over-predicts the maximum deflections by about 12%.
The addition of torsiona stiffness again tightens the response near the loading point, and
dlightly improves the prediction near the ends of the deck beams. The error at maximum
strain is then reduced to 6-7%. However, the error remains large at the sides: nearly a0.5
cm (25%) difference.

Finally, the predictions for loading case (d) are compared with the laboratory data
in Figure 4-17. The data from the field testing is also shown here. Compared to the lab
data, the models under-predict the actual deflections at the location of the load by about
0.5 cm (50%); the maximum measured deflection was 2.62 cm. The prediction matches
the lab datawell near the left load patch and also near the left end of the deck panel. A
combination of both shear deformation and torsional stiffness appears to be most
adequate for the HS20 side loading case. It is aso interesting to note that the model over
predicts deflections in the center loading case while under predicting deflections for the
side loading case. In general, the models more accurately predict the response of the lab

structure, while the deflections of the field structure are over-estimated.

4.3 Summary

An analytical, finite-difference model has been constructed to predict bridge
deflections for asingle, short-span bridge. The model represents the girders by linear and
torsiona springs, which act in alinear fashion on the deck. The deck is modeled by a
single deck panel, which acts primarily to distribute load to the supporting girders. The
deformation of the deck panel along its length is considered to solve this indeterminate
statics problem. Euler or Timoshenko beam theory is utilized to construct beam
deflection equations for the composite beams. The Timoshenko shear correction
coefficient is estimated using Bank’s adaptation of Cowper’s method to beams composed

of orthotropic plates. The total shear prodd@A is determined experimentally for input
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into the model. An estimate of the torsional stiffness of the composite beams is made
using amodel for an isotropic box section.

The effects of shear deformation and torsional stiffness have been explored by
comparing the model predictions with the experimental datafor the bridge mock-up tests.
The predictions demonstrate reasonable agreement with the lab data, but the model
appears to be deficient in predicting deflection and strain response at the sides of the
bridge. Thismay be due to the fact that the assumed boundary conditions for the
composite girders are inappropriate. The beam deflection equations (both Euler and
Timoshenko) were derived for a simple beam; the boundary conditions are 1) net the
moment is zero and 2) the vertical displacement is prescribed. In fact, the second
condition prevents any vertical displacement at the ends of the deck beam.

However, if the net load on a girder is negative, the girder will deflect up (i.e. in
the positivey direction). In the case of the lab test set up, the composite beams were
simply laid on the foundation beams and were not constrained so as to prevent upward
displacement. Thus, the boundary conditions on the girdersin the laboratory were not
actually “simple”. Furthermore, the field structure utilizes girder-to-abutment
connections, which may tend to provide some clamping action, further stiffening in the
structure. Finally, the inclusion of shear deformation and torsional stiffness in the

composite beams tends to improve the model predictions, although only slightly.
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4.4 Figures and Tables
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Figure4-1. Model of bridge as single deck beam on underlying girders (only eight
girders are shown).

Figure 4-2. Representation of composite girders (top) as linear and torsional springs
(bottom). (Torsional springs not shown).
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Figure 4-3. Top view schematic of bridge showing superposition of multiple loads. The
X' scaleruns parallel to the deck panels. Deflections are computed along the length of
this axis.
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Figure 4-4. Free body diagram of deck beam (top). The girders provide both areaction
force F; and areaction moment T; at the ith node (bottom).
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Figure 4-5. Representation of deck beam as 1-D array of nodes with external loads and
reaction forces and moments shown.
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Figure 4-6. Free body diagram of segment of beam centered about the ith node.
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Figure 4-7. Sample model predictions for center and right side loading: deflections
across width of bridge, measured along skewed centerline.
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Figure 4-8. Sample model predictions for center and right side loading: maximum
bending strains across width of bridge, measured along skewed centerline.
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Figure 4-9. Sample model prediction for right side loading: deflections across entire
bridge.
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Figure 4-10. Sample model prediction for center loading: deflections across entire
bridge.
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Table 4-1. Calculated K values utilizing an estimated G, of 6.89 GPa (1 Msi) and KGA
values which were obtained experimentally.

E K KGA
beam #| GPa Msi (box) |10° GPa-cm? 10° Msi-in?
1 49.4 7.17 1.106 156 3.50
2 47.6 6.90 1.064 191 4.29
3 48.6 7.05 1.087 153 3.44
4 48.2 6.99 1.078 152 3.41
5 47.0 6.81 1.050 181 4.07
6 46.2 6.70 1.033 146 3.27
7 45.6 6.62 1.021 128 2.89
8 45.1 6.54 1.008 136 3.05
9 44.3 6.43 0.991 175 3.94
10 44.3 6.43 0.991 137 3.08
11 43.6 6.33 0.976 130 2.92
12 42.9 6.22 0.959 154 3.47
13 42.7 6.20 0.956 125 2.80
14 44.0 6.38 0.984 136 3.06
15 44.0 6.38 0.984 164 3.69
16 44.2 6.41 0.988 289 6.49
17 44.5 6.45 0.995 185 4.15
18 44.7 6.48 0.999 138 3.11
19 46.1 6.69 1.032 121 2.72
20 46.7 6.77 1.044 65 1.47
21 47.5 6.89 1.062 149 3.36
22 48.1 6.97 1.075 161 3.62
23 48.7 7.06 1.089 153 3.45
24 49.4 7.16 1.104 209 4,71

* These values are based on average K* for al other beams; the test data for these beams
was insufficient to estimate KGA.

Table 4-2. Input parameters for model and elasticity solution comparisons with the
bridge width held constant at 6.72 m (265 in).

angle | beams

13.8GPa | 1780cm* | 89.6 GPa | 5350cm® | 0° 12 | 6L1cm(24.0in)
(2.0Msi) | (42.7in% | (13.0Ms) | (128.6in% 24 | 29.2cm(11.5in)
48 14.3cm (5.631in)
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Figure 4-11. Three-point bending geometry.
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Figure 4-12. Shear-deformable beam: schematic showing rotation of abeam segment due
to both bending and shear deformation.
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Figure 4-13. Comparison of model prediction and elasticity solution for different number
of composite beams and fixed bridge width.
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Figure 4-14. Comparison of model predictions and lab test data for single patch load at
center of bridge (strains).
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Figure 4-15. Comparison of model predictions and lab test datafor single patch load on
side of bridge (strains).
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Figure 4-16. Comparison of model predictions and lab test datafor single axle loading in
center of bridge (deflections).

103



0.0
-0.5
€
L
. -1.0
i)
3 -15
©
©
-2.0
— model w/ out shear def.
— model w/ shear def.
25 — model w/ s.d. and t.s.
- |lab test data
30 -&-field test (data scaled up)

position across width of bridge (cm)

Figure 4-17. Comparison of model predictions and lab test data for single axle loading at
side of bridge (deflections).
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Chapter 5: Parametric Investigations

In order to evaluate the sensitivity of the model developed in Chapter 4 to the
various input parameters (beam properties, bridge geometry, etc.), several basic
parametric investigations have been conducted. The influence of changesin afew
particular parameters are discussed and recommended input for suitable predictions are
suggested. Next, amechanics of laminated beam (MLB) model is constructed for the
20.3 cm (8 in) deep composite beam. Recommendations for modifying the beam design
are made by first determining the beam bending stiffness required to meet various
serviceability deflection criteria using the bridge model and then using MLB to determine
ageometric scaling factor for the beam cross section that would be necessary to meet the

stiffness requirements.

5.1 Influence of Material Properties

The influence of the various material parameters on the global bridge responseis
investigated. These parameters include the bending stiffnesses of the deck beams and the
composite girders, as well as the shear deformation product, KGA. For these model
predictions, the moment of inertia of the deck beam, I, is assumed to be a constant 15.6
x 10°cm* (374 in®). The unsupported length of the girdersis set at 533 cm (210 in), and
the bridge is oriented with no skew angle (0°). All girders are assigned the same bending
and shear stiffnesses. The girders are not allowed any torsional stiffness, and shear

deformation is permitted only in specific cases.

5.1.1 Deck Beam Stiffness

The composite girders were assigned a modulus of 44.8 GPa (6.5 Msi) and a
moment of inertia of 5370 cm® (129in%). The actual girder spacing of the Tom’s Creek
Bridge was also utilized. Shear deformation of the composite girders was not permitted.

The deck beam modulus was varied between 6.89 and 13.8 GPa (1 and 2 Msi), where
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11.0 GPa (1.6 Msi) was the value utilized for the model verification in Chapter 4. The
results of these predictions for HS20 center loading are shown in Figure 5-1. As assumed
in the development of the model, the deck beam stiffness has little effect on the total
bridge response for this (relatively low) modulus of wood. The maximum deflection

varies less than 3% for avariation in the modulus of 6.89-13.8 GPa.

5.1.2 Girder Bending Stiffness

The influence of the girder bending stiffness and shear stiffnhess on the global
bridge response is of utmost interest, since some reduction in these properties with timeis
likely due to environmental degradation. The same parameters of Section 5.1.1 were
utilized here again, with the exception that the modulus of the deck beam was assigned a
value of 11.0 GPa (1.6 Msi), and the girder modulus was varied between 37.9 and 44.8
GPa (5.5 and 6.5 Msi). In addition, shear deformation was permitted with the KGA
product equal to 1000 GPa-cm” (3.5 Msi-in®) and was held constant for all values of El.
The results of these model runs are shown in Figure 5-2. The maximum deflection scales
nearly linearly with changesin girder modulus. For an amost 8% drop in girder modulus
(from 44.8 to 41.3 GPa), the maximum deflection increases almost 8%. For a 15% drop

in the modulus, the maximum deflection increases by 16%.

5.1.3 Girder Shear Stiffness

In order to determine the influence of shear deformation in the composite girders
on the global bridge response, predictions were made with the bridge model using
Timoshenko beam theory for the composite girders. Using the input parameters of
Section 5.1.1 with amodulus of 44.8 GPa (6.5 Msi) for the composite girders and a shear
stiffness term KGA of 1000 GPa-cm? (3.5 Msi-in?), the total deflection under HS20 side
loading increases by 7% according to the model predictions. Next, the shear stiffness
was varied to investigate the influence of a reduction in the shear stiffness that might

accompany environmental and mechanical degradation. KGA was varied between 1000
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and 714 GPa-cm? (3.5 and 2.5 Msi-in?), where the values measured in the beam testing
ranged from 65.0 to 289 GPa-cm? (1.47 to 6.49 Msi-in®). The higher valueisthe average
value measured experimentally during the beam proof tests (see Section 4.1.3). The
results of these predictions for HS20 center loading are shown in Figure 5-3. For a 14%
reduction in KGA, the maximum deflection increases by less than 1%. A 29% reduction
in KGA only causes about a 2% increase in deflection. Within this range of shear

stiffness values, the effect of shear deformation on global bridge response is minimal.

5.1.4 Determination of an Upper Bound for Degree of Composite Action

In order to determine an upper bound for the amount of composite action (an upward
shift in the neutral axis caused by a contribution of the deck to the bending stiffness of
the girders) in the Tom’s Creek Bridge, model predictions were performed utilizing a
composite area moment of inertia. The moment of inertia of the 13 cm (5.13 in) thick
wood deck was lumped into the moment of inertia of the composite girders by first
modeling the deck beam under each load as 24 discrete sections centered over each
girder. The moment of inertia of each deck section was then transformed by decreasing

the effective width of the deck by a ratipdetermined by:

E oo
n=—% 51
E 1)

composite

The composite moment of inertia was then calculated at the centroid of the girders and
shifted to the centroid of the composite area using the parallel-axis theorem. The shift in
the neutral axis by inclusion of the deck section was 8.33 cm (3.28 in). This approach
assumes that there is no plate action of the deck beam assembly.

New girder stiffnessegl, were next determined for each composite girder using
the experimentally measured modulus values, and a model prediction was performed.
Neither shear deformation nor torsional stiffnesses were permitted. The resulting
increase in the girder stiffnesses was around 250%, and this caused a decrease in the

maximum deflection of 66%. The deflections across the width of the bridge for both
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cases are shown in Figure 5-4. The deflection-to-span ratio increased from L/237 to

L/715 with the inclusion of the deck moment of inertia. These results indicate that the

girth of the wood deck beams in the Tom’s Creek Bridge could potentially provide
significant additional stiffness to the bridge structure, if composite action could be
achieved. The degree of composite action will, however, depend upon the efficiency of

the connections to transmit stress from the girders to the deck.

5.1.5 Effect of the Wood Rub Rails Modeled as Stiff Girders

The rub rails as designed for the Tom'’s Creek Bridge consist of two 15.2 cm X
20.3 cm (6 in x 8 in) timber beams that are bolted to the wood deck (Figure 1-6). These
beams were included in a model simulation by adding a much stiffer girder on each side
of the bridge model for a total of 26 girders. These two girders were assigned a bending
modulus of 11.0 GPa (1.6 Msi) for wood and a moment of inertia determined by
transferring the value of the combined 30.5 cm (12.0 in) deep rails and 13.0 cm (5.13 in)
deep deck at its centroid to the neutral axis of the composite girders. The resulting
bending stiffnesgzl, was 44 times larger than that of the composite girders. The
composite beam properties and bridge geometry of the Tom’s Creek Bridge was utilized,
and again, shear deformation and torsional stiffness was not permitted for any of the
girders.

The resulting deflection response under HS20 center loading is shown in Figure
5-5. This modification had little effect, decreasing the maximum deflection by less than
3%. There were, however, local reductions in uplift at the outer edges due to the
presence of the rub rails. For HS20 side loading, the effect of the right outer beam is
more pronounced. The shape of the response is considerably different as the deflections
near the edge of the bridge are greatly reduced. The maximum deflection is reduced by
9%, and in the model prediction performed using stiffer outer beams, the maximum
deflection occurs at the left wheel patch rather than the right patch, as in the case of the

standard model prediction (Figure 5-6).
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5.1.6 Effect of Wheel Loading Positions

The position of the wheel patch loads can be important in determining the shape
of the deflection response, especially when aload is applied near the side of the bridge.
In order to investigate the sensitivity of the model to the location of the loads, the model
was run for the geometry and properties of the Tom’s Creek Bridge without shear
deformation or torsional stiffnesses included. HS20 side loading was simulated with both
wheel patches moved laterally in 12.7 cm (5 in) increments to either side. The results
indicate that for the side loading, small variations in loading position can have fairly
significant effects on the maximum deflections observed. For instance, when the wheel
loads are moved 25.4 cm (10 in) to either side, the maximum deflection varies by nearly
50% of the value obtained for the HS20 case where the right wheel patch is located 61.0
cm (24 in) from the right edge (see Figure 5-7). These results emphasize the importance

of the loading position in the lab and field testing of the bridge.

5.2 Design considerations

The bridge model is utilized to determine the bending stiffnesses required in the
composite girders to achieve various serviceability criteria for both 24 and 12 beam
bridge designs. Recommendations for new beam designs are made by suggesting
changes in geometry only. These recommendations are made using a mechanics of
laminated beams model. The model is first verified by predicting the properties of the

20.3 cm (8 in) composite beam and comparing the results with the test data.

5.2.1 Mechanics of Laminated Beams

The design of a composite beam constructed from laminated panels is
complicated due to the orthotropy of the material, and the constituent panels (i.e. web and
flange) are generally composed of laminates with different lay-ups. The difficulty of
controlling the manufacturing process to construct specific laminate geometries adds

109



further constraints on beam design. In addition, the theory of laminated beamsis not as
well established as the mechanics of laminated plates. A summary of the progress in this
areais given by Barbero et a. [42] of West Virginia University (WVU) and they present
their own approach to the mechanics of laminated beams (MLB) [42,49]. That approach
is summarized in the following.

The WVU group’s approach considers a beam to be composed of laminated
panels in either an open or closed section geometry (see Figure 5-8). The middle surface
of the beam section is represented by a contour line that is referenced to the cross
section’s principal axes( along the contour, argl along the axis of the beam) and the
angle of orientation of each platg, Transverse loads are assumed to be applied through
the shear center within a plane normal to the principal axes, so that bending is decoupled
from torsion. Following Timoshenko beam theory, the contour is assumed not to deform
in its own plane. Furthermore, plane sections which were originally normal to the beam
axis remain plane, but may skew relative to the beam axis. Residual displacements in the
z-direction due to warping are not considered.

According to Classical Laminate Theory (CLT), the constitutive relations for each

laminated plate are constructed:

(&)
H{ﬁ}} ©2)

where the laminate resultant forces and moments are

M

NZ z
{N} =N, + and {M}=1 M, (5.3)
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and the laminate strains and curvatures are
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If the [ABD] stiffness matrix of Equation (5.2) isinverted, then

PRl pl

where the [ @8d] matrix istermed the compliance matrix.

Consistent with a plane stress assumption, the resultant forces and moments due
to transverse normal stresses are then considered to be negligible so that

N.= M. =0 (5.6)

and for the case of bending without torsion,

<
I
(e}

(5.7)

Furthermore, in order to simplify the variational solution, the |laminates composing the

beam are all assumed to be balanced, symmetric so that

Q15 =P =0 (5.8)

These assumptions simplify Equation (5.5) to the following form:

£, a, By O Nz
K,=|By 90, 0 M, (5.9)
VSZ 0 0 a66 st

If Equation (5.9) isinverted back,
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where the extensional stiffnesses for each ith laminate are:
A= at —, extensional stiffness
011511 ﬁ
B = —Pu >, bending - extension coupling stiffness
011511_1311
(5.11)
D, :a— bending stiffness
crlldll ﬁ
F=—1 shea siffness
cr66

Thetotal beam stiffnesses then are defined in terms of summations of the above laminate

stiffnesses:
A=3 Ay
=Y [A(Y.-v,)*+B cos@)h
- 2 (5.12)
D=2 R((Y/ﬁ —yn)2+%sinz¢f)+28(y Yo)cod@)+ D COSZ(/’}J
F, = S Fhsn’g
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where b are the lengths of each panel (in the s-direction), y; are the locations of the
centroids of each panel, and y; is the location of the beam’s neutral axi3y is the

bending stiffness of the beam, normally dendgedF, is the shear stiffness of the beam,
usually represented §yA. A shear correction factdky, can also be determined using

this approach; the equations are not presented here but can be found in Reference [42].
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5.2.2 MLB Predictions: Comparison with Test Data

In order to verify the accuracy of this MLB approach, the bending and shear
stiffnesses of the 20.3 cm (8 in) deep composite box I-beam utilized in the Tom’s Creek
Bridge rehabilitation were calculated. The beam geometry was resolved into its
constituent panels (Figure 5-9), and the lay up of each panel was determined from the
thread-up information [70]. A FORTRAN code was utilized to determine the stiffness
matrix of Equation (5.2) by CLT using typical properties for carbon (Hercules AS4) and
E-glass fibers and vinyl ester resin. The properties of these materials utilized are
summarized in Table 5-1. The calculations of Equations (5.11) and (5.12) were also

performed using a FORTRAN subroutine. The following results were obtained:

D, = El = 247 x 18 GPa-cr (891 Msi-ir)
F, = GA = 281x 1§ GPa-cm (6.31 Msi-irf)

Using the moment of inertia, = 5350 cnd (129 irf), the effective bending modulisis

47.8 GPa (6.93 Msi). This correlates very well with the experimental data; the average
measured modulus for the Batch 1 beams which utilized the higher-modulus Hercules
AS4 carbon fiber was 48.1 GPa (6.98 Msi). If it is assumed that the flanges do not
contribute to the shear stiffnesss (for a cross-sectional shear area of 18r65c36 irf),

then the effective shear modul@scan be approximated as 7.38 GPa (1.07 Msi). Using
Bank’s calculations for the shear correction factor in Equation (4.25) with aine G
determined heré is determined to be 1.07. The shear term KGA is then calculated to
be 300 x 18 GPa-cn (6.75 Msi-irf); this value is almost twice the averaged measured
value of 157 GPa-cfif3.5 Msi-irf). The discrepancy may possibly be attributed to errors

in the calculation oK or theFy value predicted using MLB.

Bridge Design Recommendations

The bridge model was utilized to determine the composite beam bending stiffness

necessary for certain serviceability criteria, so that recommendations for different beam
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designs can be made. First, the bending stiffness values (EI) required to improve the
stiffness of the 24-beam Tom’s Creek Bridge design to L/300, L/600, and L/900 were
determined. All composite girders were assigned the same bending and shear stiffness
values El andKGA), and these values were incrementally increased until the desired
deflection criterion was met. Model predictions were run for the cases of 1) no shear
deformation or torsional stiffness, 2) shear deformation only, 3) torsional stiffness
permitted, but not shear deformation, and 4) both shear deformation and torsional
stiffnesses permitted. As a first approximation, the shear stifk@8svas scaled
linearly with E according to a ratio determined from the experimental beam data. The
validity of this assumption is discussed further below.

The results of the model calculations for a 5.33 m (17.5 ft) span bridge utilizing
24 girders at a 29.2 cm (11.5 in) spacing (no skew) are presented in Figure 5-10. Here,
the bending stiffness that is required for each different deflection criteria is determined
for the four model types. The second model type utilizing only shear deformation is of
course the most conservative of the four models as the predicted deflections are greatest,
so results from this model would be most appropriate for design. However, the combined
effect of shear deformation and torsional stiffness is fairly insignificant, at least for the
current 20.3 cm (8 in) deep section. Still, the assumptiorEtH&@GA is a constant is not
necessarily correct. For instance, if the geometry of the beam is scaled up without
affecting the individual panel properties (as is assumed in the next section)Eoctmat
be increased by only increasing the moment of indrtthgn the span-to-depth ratio will
decrease. Shear deformation will then become more significant, and tHel #aG#
will increase. Given the uncertainty of how to scale up the shear stiffness, shear
deformation (and torsional stiffness) is neglected in the following design
recommendations. Thus, the bridge stiffness is a function of only the composite beam
bending stiffnes<l.

The results for the model indicate that in order to improve the stiffness of a
structure like the Tom’s Creek Bridge from L/256 L/300, the averagel of each beam
would have to be increased to 310 X BPa-cni (1080 Msi-iff), an increase of 29%

(see Figure 5-11). Itis noted, however, that the arrangement of the stiffer composite

" This is the serviceability rating for the Tom’s Creek Bridge determined in the lab testing.
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beams at the outer edges of the bridge and the variable spacing should stiffen the
structure; these factors are neglected in these calculations. To improve the stiffness of
the same bridge configuration to L/600 or L/900, the model predicts required stiffnesses
of 626 x 10° and 959 x 10° GPa-cm* (2180 and 3340 Msi-in”), respectively, for the
composite beam. These are increases of 161 and 300%, respectively.

If the number of composite girdersis reduced to 12 and a spacing of 61.0 cm (24
in) is utilized, as in the original Tom’s Creek Bridge structure with steel I-beams, then the
beam stiffness requirements essentially double (Figure 5-12). For instance, using the
standard bridge model, the predictedhecessary to achieve an L/300 deflection
criterion is 588 x 1dGPa-c (2050 Msi-irf). This is an increase of 145% over the
bending stiffness of the current 20.3 cm (8 in) box I-beam.

Composite Beam Design Recommendations

As a first attempt at recommending a new beam design for the various deflection
criteria, only the beam geometry is adjusted. As a further simplification, all beam cross-
sectional dimensions are scaled linearly by the same factor. This assumption requires
that the scaling of individual panels will not affect the lay up and fiber volume fractions,
although in actuality, the number of laminae will increase. This increase in scale will
increase the moment of inertia, but will also affect the plate stiffnesses and, therefore,
beam stiffnesses as well.

Using the scale-up method, a scaling factor was determined for the three
deflection-to-span ratios L/300, L/600, and L/900 for the 12 beams and 61.0 cm (24.0 in)
spacing design previously examined. The scaling factor was iteratively increased in the
MLB code until the desired bending stiffness was obtained. To simplify the calculations,
shear deformation was not considered. The results of these calculations are shown in
Table 5-2. For the L/300 criterion, a geometric scaling of 1.23 is required, while the
L/600 and L/900 criteria require scaling factors of 1.48 and 1.65, respectively. The
resulting properties and dimensions of the scaled beams are also shown in the table.
Using the scaling assumptions mentioned above, the bending and shear Evaaddd,

remain constant. However, the ratioEdfKGA increases with scaling, so that the effects
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of shear deformation will become more significant. The variation in thisratio with
scaling factor is shown in Figure 5-13.

Because shear deformation becomes more significant with scaling, the bridge
model code was rewritten to include the MLB calculations. Thus, as the scaling factor is
increased, both El and KGA can be determined for the new dimensions and both
quantities can be included in the bridge model predictions. This approach will be more
conservative as the inclusion of shear deformation will necessitate somewhat greater
scaling factors to meet the same serviceability ratios. The results from this modified
bridge/MLB model are summarized in Table 5-3 for the same 12-beam bridge model
previously investigated. The results indicate that the increase in scaling factors necessary
due to the inclusion of shear deformation in the model islessthan 3%. Therefore, the
simplified approach that neglects shear deformation provides a very good method for
designing alternate beam sections for the particular bridge design investigated here.
Changesin girder span, number of girders, and spacing may cause shear deformation to
play a more important role.

Finally, it is noted that alternate approaches to modifying the beam design would
be to alter the beam lay up, fiber volume fractions, percentage of carbon fiber in the
flanges, etc. In fact, acombination of changesin both geometry and lay up may provide
the most feasible designs, but would complicate design optimization. Such design

changes are outside the scope of this study.
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5.3 Figures and Tables

deflection (cm)

—Ew =6.89 GPa
—Ew=11.0 GPa
Ew =13.8 GPa

position across width of bridge (cm)

Figure 5-1. Influence of deck beam stiffness on bridge model response. (Ecomp = 44.8
GPa, KGA = )

1

deflection (cm)

—E =44.8 GPa
2 —E=41.4GPa
—E=37.9GPa

position across width of bridge (cm)

Figure 5-2. Effect of girder modulus on bridge response with shear deformation
permitted. (E, = 11.0 GPa, KGA = 157 GPa-cm?)
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deflection (cm)
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— KGA =156 GPa-cm”2
— KGA =133 GPa-cm”2
—KGA =111 GPa-cm”2

position across width of bridge (cm)

Figure 5-3. Effect of reductionsin shear stiffnessterm, KGA, on total deflection
response of bridge at HS20 center loading. (Ew = 11.0 GPa, Ecomp = 44.8 GPa)

deflection (cm)

— no composite action
— complete composite action

position across width of bridge (cm)

Figure 5-4. Effect of composite action caused by complete contribution of wood deck
beam to girder stiffness by an increase in the moment of inertia.
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deflection (cm)

— standard model
— rub rails modeled

position across width of bridge (cm)

Figure 5-5. Effect of stiff exterior beams to simulate wood rub rails. (Ey = 11.0 GPa,
Ecomp = 44.8 GPa)

0.5

deflection (cm)
|_\

15 — standard model
— rub rails modeled

-2.5

position across width of bridge (cm)

Figure 5-6. Effect of stiff exterior rub rails on deflections under HS20 side loading.
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deflection (cm)

— standard
— 25 cm to right
— 25 cm to left

position across width of bridge (cm)

Figure 5-7. Effect of loading position on bridge response for HS20 side loading.

>0

Figure 5-8. MLB beam model showing coordinate system and definition of contour.
(After Davloset a. [49]).
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Figure 5-9. The 20.3 cm (8 in) deep composite beam modeled as a construction of
laminated panels.

Table 5-1. Materia Properties Utilized in CLT Analysis of Beam Laminates.

Congtituent Material

Property E-glassfiber | A carbon fiber | Vinyl ester resin
Eq, GPa 72.4 234 3.38
(Msi) (10.5) (34.0) (0.490)

E., GPa 72.4 224 3.38
(Msi) (10.5) (3.25) (0.490)
Gi2, GPa 30.2 22.1 1.37
(Msi) (4.38) (3.20) (0.198)

V1o 0.200 0.300 0.240
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4000

E model
3500 Omodel w/ shear def. only (ratio)
< 3000 O model w/ torsional stiff. only
E Emodel w/ s.d. and t.s. (ratio)
» 2500
3
g 2000
& 1500
o
W 1000
500
0

300 600 900
Deflection criteria: L / xxx

Figure 5-10. Calculated bending stiffnesss, El, for three different deflection criteria and
various model types for 24 beams, 29.2 cm spacing.

% increase from current El

model model w/ shear def. model w/ torsional model w/ s.d. and
only (ratio) stiff. only t.s. (ratio)
model type

Figure5-11. Percent increase in girder stiffness to achieve L/300 deflection, compared to
current average beam stiffness for 24 beams, 29.2 cm spacing.
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Figure 5-12. Required bending stiffnesses for 12 beams, 61.0 cm spacing.

Table 5-2. Geometric scaling factors required to meet the specified deflection-to-span
criteria (shear deformation not considered).

L /xxx

300 600 900

Required El 588 1210 1880
10° GPa-cm® (Msi-in®) | (2050)  (4220) (6540)
Scaling factor 1.23 1.48 1.65
Fy = GA 426 609 761
GPa-cm? (Msi-in%) (958)  (13.7) (17.1)
El / KGA 1380 1990 2460
cm? (in) (214)  (308) (382)

™ 12.3 25.3 39.3

10° cm* (in*) (296)  (609) (943)
Area 134 192 239

cm? (in) (20.8)  (29.8) (37.1)
New beam depth 25.0 30.1 334
cm (in) (9.86)  (11.8) (13.2)

New flange width 18.8 22.5 25.1
cm (in) (7.39)  (8.85) (9.89)
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7000 - y = 941.33x” - 99.453x + 33.85

+ MLB predictions
— polynomial fit

0 I I I I I I
0 0.5 1 15 2 2.5 3 3.5

scaling factor

Figure5-13. Variation in El / KGA with geometric scaling.

Table 5-3. Geometric scaling factors required to meet the specified deflection-to-span
criteriaand resulting beam properties (shear deformation included).

L /xxx

300 600 900

Scaling factor 1.25 1.50 1.69
D, = El 620 1310 2070
10° GPa-cm”’ (Msi-in*) | (2160) (4560)  (7200)

F,=GA 437 635 796
GPa-cm? (Msi-in®) (9.83)  (14.3) (17.9)
El / KGA 1420 2060 2590
cm? (in) (220) (319 (402)

L 13.0 27.4 433
10° cm* (in*) (312)  (658) (1040)

Area 138 200 252

cm? (in) (21.4)  (31.0) (39.0)
New beam depth 25.4 30.6 34.3
cm (in) (9.98)  (12.0) (13.5)

New flange width 19.0 22.9 25.7
cm (in) (7.49)  (9.02) (10.1)
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Chapter 6: Conclusions and Recommendations

Based on the investigations conducted within the scope of thisthesis, the

following conclusions and recommendations are made:

The individual beam testing provided a measure of the manufacturing consistency, as
well as specific beam properties for this particular bridge rehabilitation project. The
proof testing revealed a noticeable difference in the flexural stiffness between two
different batches of beams; the difference was attributed to the use of two different
types of carbon fiber in the pultrusion process. The proof testing information also
proved useful in assisting the Engineer of Record on the project in developing a more

optimal design (given the constraints of beam properties and bridge geometry).

The fatigue and creep tests serve as ssimple baseline indicators of the long-term
durability of the composite beam. However, additional tests are required to determine
creep deflections and stiffness reductions under fatigue for various stress levels and
environmental factors before serious bridge design using these composite members
can be conducted.

The testing of the full-scal e bridge mock-up in the laboratory provided valuable
information to both the research group and the construction crew that was employed
in the bridge rehabilitation. The lab evaluation helped resolve certain construction
issues such as girder-to-deck connections and protecting the composites against wear
at the abutment supports. Furthermore, the data measured during the testing provided
baseline information by which to judge the bridge design and to compare later test
data from the actual installed bridge.

The deflection data from the lab testing indicates a serviceability ratio of L/195 with
the impact factor (1.3) included, or L/255 without the impact factor. Data from the
field testing was briefly presented, and that data indicated a response of L/450 (with

impact factor). It isnoted that the value of the impact factor has not yet been
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determined for this structure; 1.3 is derived from the traditional bridge design
guidelines. Still, the bridge structure is relatively flexible compared to steel and
concrete designs, and amore optimal design utilizing a different composite beam

geometry or lay up would be more appropriate.

The simple 1-D finite-difference model developed herein was shown to predict the
response of the lab test structure fairly well, with a difference in maximum deflection
of only 6 to 12% for the HS20 center loading. However, the predicted maximum
deflection under the design case of HS20 side loading is less accurate; the difference
was nearly 20%. Thisinability of the model to accurately predict deflections near the
edges of the bridge is also evident in the center loading case, where edge deflections
(away from the loads) differ by around 25%. Thisweakness may possibly be
attributed to improper boundary conditions. Uplift of the outer composite beams
changed the boundary conditions from the simple beam case (pin-roller) used in the
model to a case where upward vertical displacements are possible. It may be more
accurate to attempt to derive the Euler and Timoshenko equations for boundary
equations that allow limited vertical displacement only in the positive z-direction
(upward). However, relative to the response of the actual field structure, the model

provides very conservative predictions.

Although the model demonstrates only limited success, its usefulnessliesinits
simplicity. The computer code required to solve the 1-D problem is minimal, and the
execution time small. The codeiswell suited for integration with other subroutines,
such as the mechanics of laminated beam program utilized in this study. An
additional merit of the bridge model isin exploring the influence of various
parameters such as composite beam properties, girder spacing, and loading type. The
author recommends that the model be used as afirst approximation for design
purposes. Consideration of loading away from the edges of the structure may yield
more accurate predictions. A full three-dimensional finite element model may
ultimately be necessary to guide serious bridge design utilizing this type of composite

member.
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A first attempt at utilizing mechanics of laminated beam (MLB) theory to predict the
response of the composite box I-beam was found to provide a very good estimate of

the beam’s flexural stiffness. The accuracy of the estimate for the shear stiffness
KGA is still uncertain. The approach developed by the West Virginia University
group may also prove useful as a simple design tool for customizing the composite
section to meet different bridge designs. Further verification of this approach and the
resulting shear properties is needed. Still, the MLB calculations indicate that the
manufacturer should consider alternate designs (i.e. beam depth) for small, HS20

class bridges such as the Tom’s Creek Bridge.

The reader is also asked to consider a number of other factors while interpreting the
results of this research: environmental effects, creep under dead load, long-term
fatigue, etc. Further study of the shear and torsional properties, as well as lateral-
torsional stability and local buckling, of this particular composite beam are also

necessary.

Finally, it was briefly noted the actual field structure acted much stiffer than the
laboratory mock-up. The difference is likely due to the substantial rub rail/guard rail
design and girder-abutment connections used in the field. The rail may act to tie the
seven deck beams together and promote plate action. Although the investigation of
Section 5.1.5 indicated that the addition of stiff outer beams (to simulate the rub rails)
had little effect on the bridge response, those results are questionable considering the
deficiency of the model in predicting deflections near the outer edges of the structure.
Again, though, this deficiency may be related to the boundary conditions of the
composite beams. The use of the girder-abutment connections in the field structure
may increase the bending spring constant of each composite girder by enforcing

“tighter” boundary conditions (i.e. clamped-clamped compared to pinned-pinned).
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Appendices

Appendix A: Weibull Statistics Calculations
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where x isthe allowable design value
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