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EXECUTIVE SUMMARY

The purpose of this project is to evauate the performance of an dl composte bridge. An
extensve experimentd sudy and finite dement analyss were carried out to obtain and compare
properties (siffness, srength, fallure modes) of 76 mm (3 in) square hollow pultruded glass FRP
tubes and ther assemblies. Tube assamblies were used in the fabrication of a bridge deck
desgned for H-20 truckloads as specified by the American Association of State Highway and
Trangportation Officids (AASHTO). The bridge is 9.14 m (30 ft) long and is 2.74 m (9 ft) wide.
All the coupons were tested under three- or four-point bending. Experimenta results show
excdlent lineer eadic behavior up to falure and ae in good agreement with finite eement
solutions. A quater portion of the full-sze bridge deck was then tested for its structurd
performance under design and fatigue loading and dso for ultimate load capecity to evauate the
bridge response. The characteristics of the full-Sze bridge deck were determined by andyzing
the performed tests. The bridge was ingtaled at the UMR campusin July 2000.

Based on results of the present research, dl-composite bridge decks made of pultruded
glass and carbon FRP tubes are judged to be a suitable replacement for short span bridges made

of conventiond materids.
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1. INTRODUCTION

The condruction and infragtructure industry has used conventional composte
materids (eg. reinforced concrete) for many years because they perform better than the
condituents themsdves and better than competing homogeneous materids. Advanced
composte materids like Fber Renforced Polymer (FRP) compostes have been
increesingly ganing the interest of researchers and engineers as dtractive dternatives to
conventiond materids used in civil engineering due to ther unique properties such as
high drength-to-weight ratio, excdlent corroson and fatigue resstance, manufacturing
flexibility, taloring of the materid to specific applications, modular congruction and
overdl environmenta durability. Severd writers (Liskey (1991), Aref and Parsons
(1996), and Karbhari et a. (1997)) have documented the deteriorating condition of
bridges and other infragtructure facilities al over the United States in recent years. This
growing concern has prompted civil engineers to consder dternaives for conventiond
materids.  In this effort to find a way to extend the life of Sructures and to make them
esser to condruct and maintain, the use of FRP materids has been recommended
(Zureick et d. (1995)). One of the present areas of emphasis is the use of composite
materids for the fabrication of lightweight bridge decks tha can be deployed for
replacement of deteriorating ones or for the erection of new ones. However, the
aoplication of composte materids to infrastructure has been limited due to the lack of
indugtry-recognized desgn criteria and Sandards and dandardized test methods
(Bdlinger (1990)). The introduction of mass-produced FRP sructura shapes in bridges

and highway applications dictates the necessty for a more complete understanding of the
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gatic behavior of these shapes for the types of load and dtrain ranges that are typicaly
anticipated so as to optimize the design and evauation techniques.

Bank (1989) showed that because of the difference in mechanica properties
between a full-sze Glass Fiber Reinforced Polymer (GFRP) beam and a GFRP coupon,
the full-9ze beam flexurd modulus of pultruded GFRP beams is different from the
coupon flexurd modulus, and the coupon flexurd modulus dso differs from the coupon
longitudind modulus. Due to these differences, it becomes necessary to conduct tests
and gudy the behavior of full-sze GFRP beams a component or beam levd in addition
to coupon level. Nagarg and Rao (1993) have characterized the behavior of pultruded
GFRP box beams under dtatic and fatigue or cyclic bending loads. The tests showed that
the shear and intefacid dip between adjacent layers had dgnificant influence on
deflection and srain measurements. Davaos and Qiao (1997) conducted a combined
andyticd and expaimentd evduation of flexurd-torsonal and laterd-distortiond
buckling of FRP composte wide-flange beams. They adso showed tha in generd
buckling and deflections limits tend to be the governing design criteria for current FRP
shapes. The dructurd efficiency of pultruded FRP components and systems in terms of
joint efficiency, transverse load didtribution, composte action between FRP components,
and maximum deflections and dresses was anadyzed by Sotiropoulos et d. (1994) by
conducting experiments a the coupon leve. Structurd performance of individud FRP
components was established through three- and four-point bending tests. Barbero et 4.
(1991) gave a theoretical determination of the ultimate bending strength of GFRP beamns
produced by pultruson process. Severa I-beams and box beams were tested under

bending and the fallure modes have been described. The smultaneous determination of
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flexurd and shear moduli usng an experimental method by three-point bending has been
done by Fisher et d. (1981). The behavior of pultruded GFRP wide flange and box
beams under datic loads has been sudied by Nagarg and Rao (1997). They dso
developed theoreticd methods for bending and shear diffness computations and
compared them with experimenta results.

In the present study, the performance evduation of pultruded hollow tubes, tube
assembly and an dl-composite bridge deck are investigated. The focus of the first part of
the study is to provide Sructurd design information pertaining to mechanica properties
and falure modes of square hollow pultruded tubes made of glass fibers in vinyl ester
resn when used as a primary load bearing member. The sudy dso invedigates the
influence of shear, buckling, initid crookedness, and manufacturing defects (materid
nortuniformity or asymmetry) on the sructura behavior of GFRP hollow tubes. Specid
emphass is given to underganding the modes of fallure under ddic loading. Severd
coupons conggting of single, double and a four-layered tube assembly were tested under
datic flexurd loading. The coupons conssted of 76 mm (3 in) square hollow pultruded
GFRP tubes with a thickness of 6.35 mm (0.25 in). The coupons were tested to failure
under flexurd loading and data obtained for deflection and srain were evduated. The
results obtained were compared with those from the finite dement anadyss (FEA). The
dress didribution and modes of falure, determined by the teds, were verified
numericaly. The vaidaion modd dlows one to invesigate feeshility of the desgn and
to predict the behavior of the bridge. The knowledge and data gained from these tests
will be used to andyze the response of the GFRP compodte materias and of various

assemblies built out of it, especidly with regard to bridge deck applications.
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The purpose of the second part is to present fatigue and drength experimenta
qudifications performed for an dl-composite bridge deck. This bridge deck, made up of
fiber-reinforced polymer (FRP) was inddled on the campus a Universty of Missouri at
Rolla The materids used for the fabrication of this 9.14 m (30 ft) long by 2.74 m (9 ft)
wide deck were 76 mm (3 in) pultruded square hollow glass and carbon FRP tubes of
vaying lengths. These tubes were bonded using an epoxy adhesve and mechanicaly
fastened together using screws in seven different layers to form the bridge deck with
tubes running both longitudind and transverse to the traffic direction. The cross-section
of the deck was in the form of four identicd I-beams running dong the length of the
bridge. Fatigue and failure tests were conducted on a 9.14 m (30 ft) long by 610 mm (2
ft) wide prototype deck sample, equivdent to a quarter portion of the bridge deck. The
loads for these tests were computed so as to meet American Association of State
Highway and Transportation Officias (AASHTO) H-20 truckload requirements based on
drength and meximum deflection. The sample was fatigued to 2 million cydes under
sarvice loading and a nomina frequency of 4 Hz. Stiffness changes were monitored by
periodicdly interrupting the run to perform a quas-datic tet to service load. Results
from these tests indicated no loss in diffness up to 2 million cycles. Following the
fatigue testing, the test sample was tested to failure and no loss in strength was observed.
The tedting program, specimen detail, experimenta sgtup and indrumentation, testing
procedure, and the results of these tests are discussed in detail. A finite-dlement modd of
the laboratory test was dso developed. The results from the model showed good
corrdation to deflections and longitudind strains messured during the tess.  The design

of the bridge deck has been discussed in detall.



Sequence 3: Experimental Testing and Modeling of a FRP Box Culvert Bridge

2. TESTING AND EVALUATION OF COMPONENTSFOR A COMPOSITE
BRIDGE DECK

2.1 DETAILS OF THE GFRP TUBES USED

The GFRP tubes used for the tests were manufactured using a pultruson process.
This process involves the pulling of reinforcing fibers and resn matrix through a die that
shape and cures the materid. Pultruded composite members are being used extensvely
as beams for dructurd applications. It offers many didinct advantages for mass
production of FRP tubes to be used for the composite bridge deck, such as low operating
costs, high production rate, product reproducibility and dimensiond tolerances. Dry tows
of FRP were pulled through a resin bath, before being drawn into a die. Standard vinyl
eser resn was used for this gpplication.  Aluminum Trihydrate (ATH), a common flame
retardant, was used dong with the resin. In case of fire, ATH releases water and thus
prevents the fire from spreading or damaging the Structure. The cured tubes were pulled
out of the die usng a mechaniam of two intermittent clamps to give a continuous pulling
action. Each of these clamps grips on the forward stroke and releases on the backstroke.
A cut-off saw was used to obtain tubes of gppropriate lengths.

The tubes manufactured for testing had a fiber volume fraction of fifty-five
percent. The fibers consgt of continuous strand fiberglass mat and fiberglass rovings
with fifty percent by volume fiberglass mat and fifty percent fiberglass roving. The ma
was laid down on the outsde, middle and insde of the tube while the rest conssted of
fiberglass rovings  The unidirectiond continuous drand fiberglass rovings, lad down
dong the axis of the tube, were responsble for providing the longitudind mechanica
properties, while the continuous strand fiberglass mat provided the transverse properties

of the tubes (Agarwa and Broutman (1990)). Coupons were cut out from a tube in @,

5
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90° and 45° fiber orientation, were tested in tension and the moduli were determined for
dl the three cases. This heped to determine the materid properties of the GFRP
composte used for manufecturing the tubes and to verify the accuracy of the micro-
mechanics modd used to predict composte properties from the materia properties of the
constituents (fibers and resin). The modulus in the @, 90° and 45° fiber directions were
21.38 GPa (3,100 ksi), 8.2 GPa (1,190 ksi) and 7.05 GPa (1,023 ksi) respectively. The
modulus in 90° fiber direction was higher than that aong the 45° due to the presence of
layers of mat.

The present study was conducted on three different specimens tested under three-
or four-point bending configuration. The essentid component of each of these samples
conssted of pultruded hollow GFRP tubes having a square cross-section of 76 mm (3 in)
and a thickness of 6.35 mm (0.25 in). The specimens and their assembling techniques are
described below.

211 SINGLE GFRP TUBE

The firs specimen condsts of sngle square hollow tubes having a length of 2.44
m (8 ft). The smalest component of the proposed deck is a single FRP tube, severd of
which are bonded together to build the deck, and so it becomes necessary to know their
mechanical properties and fallure modes. Severa such coupons were tested under
identica flexurd loading and boundary conditions, and results of one of them have been

discussed in the following sections.
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2.1.2 DOUBLE TUBE ASSEMBLY

The next st of samples were made by bonding together two 244 m (8 ft) long
GFRP tubes longitudindly aong one of ther surfaces usng an adhesive to form a double
tube assembly. Each of the tubes was of the same dimendions as that of the single tubes
described before.  This test was performed to investigate behavior of the GFRP tubes
when bonded together using an adhesive into one integra piece. Samples were prepared
usng three different types of adhesves. The bonding surface of each tube was scuff
sanded and washed with acetone using a clean rag. A thin layer of adhesive was gpplied
to a surface of one of the tubes. The second tube was c-clamped to the firs. The
squeezed out adhesive was cleaned off. The assembly was dlowed to cure as per the
manufacturer’s directions.  Three different types of adhesves were investigated and it
was observed that Hysol 9460 epoxy gave the best bonding surface between the tubes.
2.1.3 FOUR-LAYERED TUBE ASSEMBLY

The third sample in this series of tests condsted of an assembly of four layers of
GFRP tubes. This assembly resembles an dement of a full compodte bridge deck having
four layers of tubes. The overdl philosophy of this tes was to determine the
characterigtics of a large-scde bridge deck by performing tests on smdler components or
assemblies tha go into its fabrication. The firg and third layers from the top of the
sample conssted of thirty-two 304.8 mm (1 ft) long GFRP tubes in both layers having the
same cross-section as the single tubes. The second and the fourth layers from the top of
the sample conssted of four GFRP tubes in each layer, amilar in dimendons to the sngle

tubes described before. Hysol 9460 epoxy was used as the adhesive. The assembly of the
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tubes and the overdl dimenson of the sample is shown in Fgure 1. The full dructure
was assembled in two steps.  The bottom most layer was assembled first. Four 2.44 m (8
ft) GFRP tubes were scuff sanded and washed with acetone. A thin layer of adhesve was
gpplied to them and they were held together using bar clamps to bond them together. The
second layer from the bottom, congding of thirty-two 304.8 mm (1 ft) long tubes was
added to the top of the first layer. The firgt tube was ¢clamped to the lower layer and the
next tube was ¢clamped to this tube. As the tubes were added the ¢-clamp was moved to
the next tube. A piece of plywood was placed on top of this layer of tubes and severa
heavy weights were placed over it. Another Smilar two-layer structure was assembled
separaedy usng the same technique and both the assemblies were alowed to cure
overnight. Both the two-layer sructures were bonded together using a thin layer of
adhesive to form a single four-layered sructure with dimensons of 244 m x 304.8 mm x
304.8 mm (8 ft x 1 ft x 1 ft). The whole assembly was cured for 72 hours prior to testing.
The fird and the third layers from the top were mainly responsible for digtributing the

load to the second and fourth layers that were the main load-bearing members.
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layered GFRP tube assembly

Figure 1. Four

=254 mm.

Note 1in

All dmendonsarein inches
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2.2 EXPERIMENTAL SETUP AND INSTRUMENTATION

The gngle tubes and the double tube assemblies were tested in four-point bending
configuration, while the four-layered tube assembly was tested in three-point bending
configuration. The samples were tested in smply supported boundary conditions and
were placed on rollers on both the ends spaced a a distance of 2.13 mm (7 ft) so that the
sample extended 152.4 mm (6 in) beyond the support rollers a each end. To dleviate the
effects of surface imperfections and assure uniform reection forces, a piece of plywood
was placed between the sted plates and the bottom surface of the samples. Load was
aoplied usng a Badwin Universd Teding machine with the centers of sample and the
loading machine digned together. For the four-point bending test, the two points of
loading were 152.4 mm (6 in) on both sides of the center of the sample. A 12.7 mm (0.5
in) thick sted plate was placed under each point of loading so as to distribute the load
over a wider area of the sample. A 89 kN (20,000 Ib) load cdl was used to measure the
load. In the three-point bending test on the four-layered tube assembly, the center load
was imposed through a 20.3 mm (0.8 in) thick by 304.8 mm (1 ft) square sted plate with
a plywood pad between the sample top surface and the sted plate. A 222 kN (50,000 1b)
load cell was used to measure the load for this case.

The indrumentation of the samples condsed of LVDTs (Linear vaiable
differentid transformers) to measure displacement and 6 mm (0.24 in) long 120 ohms
electrica resstance drain gages for strain measurement.  Three LVDTSs were attached to
each of the samples, two at the points of support and one at the mid-span, to measure the

linear deflection. Two strain gages were attached to each of the samples to neasure the

10
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grain developed. In case of single tube and double tube assembly, the strain gages were
mounted at the center on both the tenson and compresson faces of the tube while in the
case of the four-layered tube assembly, both the strain gages were attached to the tension
face of the structure. The center of the compresson face of the four-layered sample was

used for loading and so no strain gage could be mounted on it.

2.3 TEST PROCEDURE

The loading of the single tube was done in cycles of 6.68 kN (1,500 Ib). For the
double tube the loading cycle was increased to 13.35 kN (3,000 Ib) while for the four-
layered tube assembly the loading cycle was 22.25 kN (5,000 Ib). The cyclic loading of
the specimen was done 0 as to evduate damage accumulation, stability and any residud
deflection, strain or any energy loss occurring in it due to the gpplied load. Significant
events such as cracking sounds, distortion of the shape of the tubes and bresking of the
joints or fibers were observed whenever posshble. The load was gradudly increased and
the rate of loading and unloading was kept congtant during dl the tets Data sampling
frequency was aufficiently high to capture dl the important events in the course of the
test.

All the three specimens were tested to fallure. The single tube took a load of
24.12 kN (5,420 Ib), the double tube assembly took 62.30 kN (14,000 Ib) while the four-

layered tube assembly took aload of 182.76 kN (41,070 |b) before failure.

11
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24 FAILURE MODE

Static tests were conducted on the samples to determine ultimate datic strength
and falure progresson. All the tests conducted were load controlled. Composite
materids exhibit very complex falure mechaniams under datic loading because of ther
anisotropic nature.  Falure may involve multiple damage modes that can be observed as
fiber breskege, matrix cracking, interfacia debonding, ddlamination, or a combination of
these falures The ultimate bending strength of pultruded composte beams is limited by
vaious falure mechanisms. Locd buckling of the thin wadls precipitates most falure
modes. It initiates a fallure mode that eventudly results in materid degradation and tota
failure of the beam.

In the case of sngle tube and double tube assembly, the loading was done in
cyces as previoudy specified until the point of fallure. The falure occurred a one of the
points of loading and distinct cracks appeared on the top surface and sides of the tubes.
The regions of falure of a single tube, double tube and four-layered tube assembly are
shown in Figures 2, 3 and 4 respectively. In both the cases, the local buckling of the
compresson flange initiated the falure resulting in the falure of the sample.  Cracks
developed at the web-flange junction due to buckling leading to the separation of web
and flange. This was followed by the bending of the web about its week axis developing

cracks a the middle of theweb. A delamination crack of the compression flange was
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(b)

Figure 2. A sngle GFRP tube immediately (a) before and (b) after failure.
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(b)

Figure 3. A double GFRP tube assembly immediately (a) before and (b) after
falure
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Figure 4: A four-layered GFRP tube assembly under loading (8) experimental
set-up and (b) deflection under loading.
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observed. The flange cracks then propageated into the web leading to the find falure of
the section.

The failure mode of the four-layered tube assembly was very different than those
of the other two samples. As the load was applied, this structure exhibited progressve
damage accumulation with the increese in load, indicated by the cracking sounds
observed. The first few cracking sounds started at about 89 kN (20,000 Ib). The origin
of the sound could not be determined. However, based on the observed ultimate load, the
mog likely cause of the sounds was bresking of the adhesive bonding between the tubes
of the assembly. The micro fracture continued to occur with increasng loads, however,
they were reduced, or did not continue during cyclic loading, indicating dability. At
about 111.25 kN (25,000 Ib) some deformations in the shape of the tubes of the first and
third layers were observed. The tubes in these layers were acted upon by compressive
force due to the loading. These tubes, laid down transversdly to the direction of traffic,
darted to bend away from the center changing their shape from square to a paralelogram.
As the load was increased to 133.50 kN (30,000 Ib), cracks appeared aong the corners of
few of the tubes in the firg and third layers due to the twisting motion. Bresking of
fibers and ddamination was aso was observed in these layers. The noise coming from
the sample had increased considerably. At aload of 182.76 kN (41,070 |b), a few of the
amal tubes from the first layer popped out of the Structure due to the compressive load on
them. It was observed that severd tubes in the firgt and the third layers had cracked and
had been bent away from the center towards one of the sdes. No damage was observed

in the second and fourth layers, which were the main load bearing members. The mode
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of falure obsarved was transverse shear falure resulting in the ddaminations and
cracking of fibers dong the edges of the GFRP pultruded tubes. Figures 5 and 6 show
the regions of falure for a dngle tube and double tube, respectively. Figure 7 shows the
bending and distortion of the GFRP tubes under bending and dso the sample after falure

due to the popping out of tubes from the top layer.
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Figure 5: The regions of falure of asingle GFRP tube on (a) the top surface and
(b) the sides.
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(b)

Figure 6: Theregions of fallure of the double tube assembly on (a) the top
surface and (b) the sdes
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~ RN, i

(b)

Figure 7: Four-layered tube assembly (a) under bending, showing distortion of
the GFRP tubes, and (b) after failure.
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25TEST RESULTS

The test results are presented separately for deflection and dran. Key
information is presented and discussed in the following sections. In generd, daa for dl
three samples have been presented together for each type of measurements as opposed to
showing dl the data for each one of them in successon.

2.5.1 DEFLECTION
The load-deflection plots for the three specimens show the complete curves, and

indicate gradua diffness degradation with increasing load leves.  In the case of single
tube and double tube assembly, the observed behavior is essentidly linear eagtic up to
falure. In the case of the four-layered tube assembly, it shows a linear dastic behavior
up to a load of about 89 kN (20,000 Ib) beyond which the structure exhibits distinct nor+
linear characterigics. The falure of the single GFRP tube occurred at a load of 24.12 kN
(5,420 1b) and the totd deflection of the tube at this point was 139 mm (5.47 in). Figure
8 (& shows the greph of deflection plotted against the applied load for the single tube
test. The double tube assembly took a load of 62.30 kN (14,000 Ib) and had a maximum
deflection of 63.3 mm (249 in). Figure 9 (a) shows the greph of deflection plotted
agang gpplied load for this specimen. The maximum load taken by the four-layered
tube before falure was 182.45 kN (41,000 |b). The deflection at this load was 81.3 mm
(32 in). Because the assambly can show nontlinear characteristics beyond 89 kN
(20,000 Ib), only the data up to this load is taken into consderation. Figure 10 (@) shows
the graph of deflection plotted againgt the applied load in the eadic region for this
specimen.  The diffness degradation of the three specimens with increasing load appears

to be
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Figure 8. Graphs of (a) deflection and (b) strain in asingle GFRP tube test plotted against
applied load.
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caused by damage accumulation, which is indicated by the smdl load drop in the loading
curves.

252 STRAIN
Two drain gages were attached to each of the specimens to measure the surface

grains developed. In the case of sngle tube and double tube assembly, the strain gages
are connected to the center of the top and bottom surfaces to measure te compressive
and tendle drans.  In the case of four-layered tube assembly both the strain gages were
connected at the bottom of the dtructure as the center of the compressive face was used
for loading. Figures 8 (b), 9 (b) and 10 (b) show the graphs of drain plotted againg the
goplied load in the case of a gngle tube, double tube and four-layered tube assembly
regpectively.  The graph for the four-layered tube assembly is shown only up to the linear
eadic region. In generd the drain results are excelent and indicate good symmetry
about the centerline.

The data obtained from the deflection and drain reading for the single tube and
double tube assembly were used for cdculating the flexurd rigidity or Young's modulus,
E, of the tube. In the case of a dngle tube, the Young's modulus obtained usng
deflection criteria was 24.27 GPa (3,520 kd), usng compressve dran its vaue was
22.96 GPa (3,330 kg), while tensle gtrain gave a vaue of 26.13 GPa (3,790 kd). For the
double tube assembly, the Young's modulus obtained using deflection criteria was 24.13
GPa (3,500 kd), using compressive drain its vaue was 2248 GPa (3,260 kd) and that
obtained using tendle strain was 25.37 GPa (3,680 k). The experimenta results showed
that the composite beams can experience large deformations and drains with the materid
remaning in the linear region. In the case of the double tube assembly it dso showed

that the assembly behaves as a single unit and that the bonding between the two tubes
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was perfect. Invedtigation of the bending behavior of GFRP tubes shows that the bending
diffness is low compared to that of sted sections of the same shape. It dso indicates that
shear deformation effects are ggnificant. This is a consequence of the relativey low
modulus of dadticity of the glass fibers, as compared to sted, and the low shear modulus
of the resn. Mog ggnificantly, due to the large dongation to falure dlowed by both the
fibers (4.0%) and the resn (4.5%), the composite materid remans linearly dadic for
large deflections and strains (Fu et d. (1990). As a consequence of loca buckling, large
drains are induced during post-buckling. These large drains ultimatey lead to the falure

of the materid and subsequent totd failure of the member.
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3. STRUCTURAL PERFORMANCE OF A FRP BRIDGE DECK

3.1 BRIDGE DECK DESIGN

The development of a sound composite bridge deck requires consderation of the
gpecid needs of composte dructurd design, as wel as the gpplication of standard civil
enginesring practice and validation to ensure public safety.  This dictates the requirement
for dggnificant amounts of materid testing and experimentd vdidaion as exiging design
techniques for composite structures are gpplied to bridge applications.

3.1.1 DESIGN PARAMETERS
This bridge deck was designed to AASHTO specifications for a 9.14 m (30 ft)

goan vehicular traffic bridge usng the load configuration shown in Figure 11. AASHTO
bridge desgn specifications limit the deflection of the deck to 1/800 of the span length,
L, of the bridge deck. According to the specifications, the flexurd members of the bridge
dructures should be designed to have adequate giffness to limit deflections or any

deformations that may adversdly affect the Strength or serviceahility of the structure.

27



Sequence 3: Experimental Testing and Modeling of a FRP Box Culvert Bridge

< L
K 140" 16}@ 3. o1p"

Figure 11: H-20 Truck
Note: 1 ft =12in=304.8 mm; 1 kip = 4.45kN
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3.1.2 DESIGN OF BRIDGE DECK AND TEST SAMPLE
The bridge deck was fabricated using varying lengths of pultruded hollow tubes

composed of glass and carbon fibers in vinyl ester matrix. The tubes have a square cross-
section of 76 mm (3 in) and a thickness of 64 mm (0.25 in). Extensve andyss and
tesing of dngle, double and four-layered GFRP tube assemblies were conducted to
evaluae the characteristics of the tubes. The datic behavior of single GFRP tubes were
andyzed under flexure followed by testing of double tube assemblies and a four-layered
tube assembly. The double tube assemblies were prepared using three different epoxy
adhesves and tested to falure under flexure. The results of the tests aded in the
sdection of the adhesve to be used for dmost perfect bonding between the tubes and
aso provided knowledge about the behavior of the tubes in an assembly. Findly, a four-
layered tube assembly was tested to falure under flexure. The deflection, strain and
falure modes of the various test coupons were andyzed. The diffness of the tubes and
ther assamblies demondrated that they could be used in the building of dl composte
bridge decks and for other infrastructure applications.

Anayss of the bridge deck design usng FEA led to an Fbeam structure made up
of eght layers with dternae layers of tubes lad down transversdy and longitudindly to
the direction of the traffic. These tubes were adhered to each other usng an epoxy
adhesve and were further mechanicdly fastened together usng screws.  All mated
surfaces were aboraded before applying the epoxy adhesives, and pressure was applied on
them until curing was complete.  The design of the bridge deck consisted of four identical
I-beams running dong the length of the deck. In the present work the layers of tubes

have been numbered from the top to the bottom of the deck with the topmost layer being
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the firg layer and the bottom layer of tubes being the eighth layer of the deck. The second
and eighth layers condsted of 9.14 m (30 ft) long carbon fiber-reinforced polymer
(CFRP) tubes that were used to impart diffness to the structure.  The remaining six layers
were made up of GFRP tubes. The fird, third and seventh layers were built usng 2.74 m
(9 ft) long tubes. The fourth, fifth and sixth layers of tubes formed the neck or web of the
I-beams. The fourth and sixth layers were assembled using 9.14 m (30 ft) long tubes
while the fifth layer, the center layer in the neck of the Fbeam, was made up of 305 mm
(1 ft) long tubes. The second, fourth, sxth and eghth layers were lad down pardld to
the direction of the traffic and were the main load bearing members of the dructure. The
fird, third, fifth and seventh layers were lad down transverse to the direction of traffic.
These layers had very limited load carrying cgpacity and were used manly to tranamit
load to the lower lying load carrying layers.

The prototype deck sample built for conducting the fatigue and falure tests hed
the same number of layers of tubes laid down in a Smilar pattern as the bridge deck. The
test sample had dimengons of 9.14 m (30 ft) long by 610 mm (2 ft) wide by 610 mm (2
ft) Agh. It was equivdent to a quarter of the bridge deck and had the cross-section of a
gngle I-beam. After results of the tests conducted on the prototype deck sample were
andyzed, it was observed tha the peformance of the sample exceeded the design
specifications. Consequently, one of the layers of GFRP tubes was deemed unnecessary.
It was decided to diminate the topmost layer of GFRP tubes from the origind design
while ill meeting dl the desgn criteria  This leads to reduction of cod, thickness and
weight of the dructure, as compared to the origind design. Thus the find desgn of the

bridge deck conssted of saven layers of tubes with the CFRP tubes forming the first and
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last layers of the deck. The find dimensions of the bridge deck were 9.14 m (30 ft) long
by 2.74 m (9 ft) wide by 533 mm (21 in) high. A thin polymer concrete wearing surface
or overlay was added to the top of the full-sze bridge deck. This polymer concrete
overlay was required to have high tendle eongation due to the flexible response of the
FRP composite deck. It was aso needed to develop good adhesion to the GFRP deck
surface, provide a non-skid surface, absorb energy and should be easy to place on the
deck surface. Upon evaluating the results of studies done ty a few authors (Lopez-Anido
et d. (19983)) in polymer concrete, it was decided to use Trangpo T48, an epoxy based
sysem used on severd FRP bridges, dong with an aggregate of tan Trowlritee. The
aggregate was gpplied by hand after the epoxy layer was $read across the bridge. The
thickness of the wearing surface was roughly 64 mm (0.25 in). However, for the
prototype deck sample, the wearing surface was not included as it was assumed that it
would not ggnificantly affect the sructurd response of the deck pand. The cross
sectiond geometry and overdl dimensons of the bridge deck and the test sample are

shown in Figures 12 and 13 respectively.
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(b) Longitudina cross-section of full-size bridge deck

Figure 12: Diagram showing (&) overal dimensons and (b) actua longituding cross-
section geometry of the full-size bridge deck
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(a) Schematic diagram of the bridge deck test sample showing sSde view and the
dimensons
Note: All dimensgonsareininches, 1 ft = 12in=304.8 mm

(b) Longitudina cross-section of bridge deck test sample

Figure 13: Diagram showing (&) overal dimensons and (b) actua longituding cross-
section geometry of the bridge deck test sample
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3.2 TEST PROGRAM

The overal philosophy of the composite deck test program was to determine
characteridics of the full-Sze bridge deck by andyzing the tests performed on reatively
gndler sections of same design. The desgn and dimensons of the prototype deck
sample usad for testing has been discussed in the previous section. The objectives of
teding the sample were thregfold: (1) to invedtigate feashility of the proposed
configuration and to verify that the composte bridge meets dl the desgn requirements
gpecified by AASHTO for a 9.14 m (30 ft) long bridge deck with an H-20 truckload; (2)
to investigate the local stresses and strains developed at the points of load application and
supports, (3) to provide the ground work for andyzing characteridics of the full-sze
bridge deck. The results of the study on a quarter portion of the bridge deck can
ressonably be extrgpolated to the full-sze bridge deck. Three different tests were
peformed on the deck sample for obtaning dl the useful desgn peformance
information and to dudy its dructurd behavior.  Specificdly, the following teds were
performed: (1) design load test (quas-datic loading up to the design load in the mid-span
of the deck); (2) fatigue or cydic load test (fatigue loading under service loads to 2
million cydes with ques-datic load tests at periodic intervals to assess degradation); (3)
ultimate load test (Satic loading to fallure with load & mid-span of the deck).

3.2.1 EXPERIMENTAL SETUP AND INSTRUMENTATION
The composite deck test sample was smply supported a the ends using two

rollers spaced at a distance of 854 m (28 ft) so that the beam extended 305 mm (1 ft)
beyond the support rollers & each end. The rollers were 610 mm (2 ft) long and were
supported in between rails resting on the floor. In case of the dtatic load tests, ramdy the

design load test and the ultimate load test, a temporary setup was put up on the floor.
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Load was applied usng a 839.6 kN (200,000 Ib) manua hydraulic jack digned to the
center of the deck and overhanging from four screws fixed verticdly to the floor. A
manualy controlled hydraulic pump was used to load and unload the jack. Figure 14
shows the experimenta setup of the bridge deck test sample for the datic tests. In the
fatigue test load was gpplied usng a MTS dectro-hydraulic actuator permanently fixed to
a framework. The actuator had a loading capacity of 97.9 kN (22,000 Ib) and a stroke of
1524 mm (6 in). This test was controlled usng a MTS 436 controller. Test setup for the
fatigue load test is shown in Figure 15. A 1.52 m (5 f) long soreader beam was utilized
to goply the load a mid-gpan. This spreader beam was supported by the deck sample via
two dacks of 101.6 mm (4 in) thick sted plates used as loading paiches. These
rectangular loading patches of 203 mm (8 in) by 508 mm (20 in), with the larger
dimenson transverse to the direction of traffic, were used to smulate the action of whed
loads of an H20 truck on top surface of the deck. The loading patches were at a distance
of 1.22 m (4 ft) or 610 mm (2 ft) off-center, representative of the distance between the
two back axles of an H-20 truck. This setup leads to a four-point bending load

configuration as shown in the schematic diagram in Figure 16.
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Figure 14: Experimenta setup for the four- point static tests on the bridge deck test
sample
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Figure 15: Experimenta setup for the fatigue load tests
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Vaiations of deflection and strain measurements with number of cycles and mode
of falure after loading cycles were used to characterize the faligue and drength
performance of the bridge deck. LVDTs (Linear variable differential transformers) were
inddled & mid-span and at the two supports to measure deflections of the deck. The
LVDT at the center had a stroke length of 50.8 mm (2 in) while those at the supports had
a droke length of 254 mm (1 in). Ten 6 mm (0.24 in) long 120 ohms eectricd
resstance strain gauges were attached to the tubes of the bridge deck at severa important
locations to obtan the dran readings.  Longitudind and transverse drans were
measured on the top and bottom deck surface at the center of the deck. Strain gauges
were aso attached to other pertinent locations on different layers of FRP tubes. The
locations of LVDTs and one of the strain gauges a the bottom face of the test sample are
shown in Figure 16. The vertical load gpplied on to the test sample was measured using a
222 kN (50,000 Ib) load cell placed between the hydraulic jack and the spreader beam. In
case of the fatigue test, a 97.9 kN (22,000 Ib) load cell was used which was a part of the
MTS hydraulic actuator loading sysem. A MTS 436 controller was used to control the
load range, frequency of loading and the number of cycles of the hydraulic actuator.

Load, deflection, and dran sgnds were continuoudy recorded during testing usng a

high- speed data acquisition system.

3.3 EXPERIMENTAL PROCEDURE AND RESULTS

Three different tests were conducted on the prototype deck sample. Each of these

have been discussed separately.
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3.3.1 DESIGN LOAD TEST
This was a preiminary test for obsarving behavior, assessing servicesbility and

performance of the composite bridge deck up to a load of 111 kN (25,000 Ib). It dso
helped to invedtigate feadbility of the proposed configuraion and to verify that the
composite bridge meets dl AASHTO design requirements for an H-20 truckload. The
design load for quarter portion of the bridge deck was 94.8 kN (21,320 1b). The load of
111 kN (25,000 Ib), being dightly higher than the design load, was chosen as the higher
limit for this tet. The deck sample was tested under flexure in four-point loading
configuretion a the mid-span. The deflection of the deck was 22 mm (0.86 in) & the
highest load limit and only a very dight bending of the deck could be observed by vishle
ingpection. As the load was increased beyond 80 kN (18,000 Ib), a few cracking sounds
were heard which gppeared to be cracking of the adhesive layer in between a few of the
tubes. Figures 17 and 18 show the plots for load versus deflection and drain for the
design load test respectively. The plots show that the deflection and strain behavior were
liner dadic throughout the test. The results were extremdy encouraging as the
deflection of the test sample was only 6.6 mm (0.26 in) upon gpplication of a quarter of
the design load 35.5 kN (8,000 Ib). The deck does not show any premature deterioration

or damage at thisload.
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Figure 17: Load-deflection curve for design load test up to aload of 111 kN (25,000 Ib)

Note 1in=254mm, 11b=445N
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Figure 18: Load-gtrain curve for design load test up to aload of 111 kN (25,000 Ib)

Note 1in=254mm, 11b=445N
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3.3.2 FATIGUEOR CYCLICLOAD TEST
The second test performed on the deck sample was a fatigue or cyclic load test,

the setup for which has been described in previous sections. Fatigue is an important issue
where the load on a dructure is dmost entirdly tranget.  Normadly, tests are run for no
more than 2 to 3 million cycdes, even though, for many infrastructure applications, this
may represent only a few years of actuad servicee Sometimes, an attempt is made by
rescarchers to “accderate’ the fatigue damage by testing a loads much higher than the
sarvice load. However, this gpproach is inadequate as different damage mechanisms may
dominate under different load levels. Taking this into consderation, this deck sample
was subjected to fatigue loading for 2 million cydes @& a minimum/maximum load ratio
of R=0.045 with the maximum load of 48.93 kN (11,000 Ib) and the minimum of 2.2 kN
(500 Ib). The maximum load was dightly higher than the sarvice load of 48.1 kN
(10,800 Ib) for the deck sample. The loading cycles smulate passage of the back axles of
an H-20 truck over the points of application for that many number of cycles Before
garting the faigue test, a quas-datic flexure test up to a load of 88.96 kN (20,000 Ib)
was peformed. A gmilar quas-static test was performed after every 400,000 cycles.
The datic load tests served as a periodic measure of potentid changes in the diffness of
the dSructure due to the live load induced degradetion. It aso helped to periodicaly
inspect Sgns of deterioration, if any, of the deck sample caused by the fatigue loading.

The faigue tet was conducted under load control condition with the maximum
and minimum load kept constant a a frequency of 4 Hz. A totd of Sx ques-ddtic
flexure tests were conducted on the sample during the course of this test after 0, 0.4, 0.8,

12, 1.6 and 2 million cycles. Figures 19 and 20 show comparison of the results from
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deflection and srain measurements againg the load gpplied during the ddtic tests
respectively. The pots show that the deck deflection and strain responses remained fairly
congtant for al the dtatic load tests and no gpparent loss in fiffness was demonstrated up
to the maximum applied load of 88.96 kN (20,000 Ib). A thorough visud inspection of
the test sample was done at the time of each Satic load test and no sgn of fracture or
debonding between the FRP tubes in any of the eght layers, due to the fatigue loading,
was observed. The fasteners holding on to the tubes, in addition to the adhesive, were
aso ingpected and were found to be in perfect condition. The height of the test sample
from the floor was recorded before dtarting a new set of 400,000 cycles and after its
completion. On comparison it reveded that no permanent bending of the deck sample
had taken place. No other form of damage was observed ether during or after the

conclusion of the fatigue load test.



Sequence 3: Experimental Testing and Modeling of a FRP Box Culvert Bridge

25000

20000 ﬂ
-

15000 Z
//

10000 /
5000 /—

0 0.2 0.4 0.6 0.8
Deflection (in)

Figure 19: Load- deflection curves for progressive increments of fatigue cyclesup to 2
million cydes

Note 1in=254mm, 11b=4.45N
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Figure 20: Load-drain curves for progressive increments of fatigue cycles up to 2 million
cycles

Note 1in=254mm, 11b=445N
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3.33ULTIMATE LOAD TEST
The ultimate load capecity of the FRP bridge deck was performed to evauate the

overdl margin of safety, the mode of failure and to provide conclusve evidence as to the
grength of the bridge deck. It was tested to falure by the gpplication of concentrated
datic load in cycles under four point bending configuration a the mid-span of the deck.
The magnitude of the maximum load used in esch successve load cycle was incremented
until fallure of the deck was achieved. Based on the experience of tests performed
previoudy on a four-layered FRP tube assembly, it was expected that a few tubes of the
top-most layer might pop out due to the high compressive force on them. As a precaution
agang any damage caused by such a type of falure, two long wooden pieces were
placed on the top surface of the deck and were chained to it. The test setup has been
described in detall in previous sections.

The test congsed of three loading cycles with the firsd two cydes resulting in
some damage to the deck and fallure of the sample being attained n the last cycdle. The
loading cycles were approximately from 0 to 88.96 kN (20,000 Ib), 88.96 kN (20,000 Ib)
to 133.45 kN (30,000 Ib) and the final cycle was from 111 kN (25,000 Ib) to 155.69 kN
(35,000 Ib). The load versus center deflection and drain for the three cycles has been
shown in Figures 21 and 22 respectively. During the fatigue test, the sample had aready
been tested six times under static loading up to a load of 88.96 kN (20,000 |b). So the
fird cyde did not result in any dgnificant measurable, visble, or audible damage to the
deck pand. The graphs clearly demondrate that the deck had a fairly good linear eastic
behavior during this cycle. It shows a consstent response on the reverse cycle with

amog no lossin diffness of the deck. The data show that the deflection of the sample at
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Figure 21: Load-deflection curve from ultimate load test at center

Note 1in=254mm, 11b=4.45N
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Figure 22: Load-drain curve from ultimate load test at center

Note 1in=254mm, 11b=4.45N
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the design load of 35.5 kN (8,000 Ib) was 7.9 mm (0.31 in) which was dightly more than
that recorded for the desgn load test, but was sill much below the maximum dlowable
deflection of 11.4 mm (045 in). The next two load cycles were the ones during which
damage to the deck sample was observed. During the second cycle, the deflection of the
test sample became prominent and could be eeslly perceived by visble observation. As
loading was done beyond 111 kN (25,000 Ib), dight twisting of tubes of the fifth layer
was observed. These tubes, laid down transversdy to the direction of traffic and forming
a pat of neck of the bridge | section, were digned adong the neutral axis of the deck
gructure. These tubes were acted upon by compressive loading on its top surface and by
tendle loading on its bottom surface. This resulted in a twisting motion of the tubes in
this layer. The shape of the tubes changed from sguare to a paraldogram. The tubes at
the two ends of the deck sample were mogt affected by the twisting motion. Considerable
noise was heard as the load reached around 133.45 kN (30,000 Ib) and the load was
promptly reduced. Upon reloading, the deck demondrated a loss in giffness. As the load
was increased beyond 133.45 kN (30,000 Ib), significant damages were observed. In the
fifth layer, the tubes at the ends of the test sample showed consderable twisting. Due to
this twisting motion, bresking and cracking of the fibers at the corners of the tubes was
noticed. This is clearly shown in Figure 23, which is an exploded view of a few tubes in
the fifth layer. The noise coming from the sample had increased condderably. It was
observed that beyond the load of 169 kN (38,000 Ib), the deflection was increasng
without any increase in the load on the sample. The loading had severely damaged the
FRP tubes in the fifth layer of the deck leading to a subgtantid reduction in the load

carrying cgpacity of the whole structure. At this point the load on top of the sample was
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Cracking of the edges

Figure 23: Exploded view of afew tubesin thefifth layer of the deck
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again reduced to about 111 kN (25,000 Ib). On rdoading, the sample demonsgtrated
subgtantid reduction in the stiffness. On reaching a load of 155.69 kN (35,000 Ib) upon
reloading it was noticed that the deflection and dtrain on the sample was increasing while
the load on it remained condant. At this point it was decided tha falure of the sample
had been achieved and the test was stopped. On releasing the load from on top of the
deck, it went back to dmog its initid height. Other than the cracks and broken fibers
adong the corners of the tubes in the fifth layer, there was no other permanent distortion
of the deck.

Unlike severa other dtructures made out of conventiond meaterids, the falure of
the deck did not result in its total collgpse and it exhibited limited but safe podt-falure
reserve drength.  This behavior may be considered to be favorable for avil engineering
designs, as the falure was not truly catastrophic. On releasing the load from on top of
the deck, it went back dmog to its initid height showing the flexibility or ductility of the
composite materid. The mode of falure observed was transverse shear failure resulting
in the ddaminations and cracking of fibers aong the edges of the FRP pultruded tubes. It
may be noted that fallure was accompanied by little or no vishle sgn of falure of the
bolts or adhesve failure between the adjacent tubes. The graphs of deflection and strain
agang the goplied load for the falure tesx clearly shows the liner and nontlinear
behaviors of the deck at different stages of the loading. The sample demondrated fairly
good linear dadtic behavior up to a load of 133.45 kN (30,000 |b). Beyond this load the
deck behavior became nontlinear and it darted losing its iffness  The largest overdl
longitudind drain recorded during this test was 1071 microdrain, located at the center of

bottom suface of the deck. Figure 24 shows the plot of the longitudind strain recorded
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on the tubes of the second layer, directly under the loading patch. The tubes in this layer
were under compresson with the maximum of —736 microdrain. The extensve area

under the load-deflection curve in Figure 21 indicates that the FRP deck has excedlent

energy absorption capability.
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Figure 24: Plot of longitudind strain recorded on the tubes of second layer directly below
the loading patch

Notee 1in=254mm, 11b=4.45N
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34 EVALUATION OF DECK PERFORMANCE

The reaults of the three different tests performed on the prototype deck sample
were used to determine characterigtics of the full-gze bridge deck. The test sample failed
at about 155.69 kN (35,000 Ib), which is of the order of four times the desgn whed load
for a quarter portion of the deck. This indicates extremely good performance of the deck
as fa as drength is concerned. The mid-span deflections of the deck sample at the
design whed load were 6.6 mm (0.26 in) and 7.9 mm (0.31 in) for the static test before
faigue loading and the pod-fatigue ultimate load test respectivdy. These mid-span
deflections of the deck sample were wel within the 11.4 mm (045 in) range, which is the
maximum deflection based on length/800 desgn criteria specified by AASHTO
guiddines. From observations made during the test and on analyzing the fallure mode, it
can be concluded that the load carrying capacity of the deck can be increased by
preventing the twiding of tubes in the fifth layer from the top of the deck. The
peformance of the tet sample with regards to AASHTO drength and deflection
requirements was much better then anticipated. Taking the test results into consderation,
it was decided to remove the topmost layer of GFRP tubes from the full-size bridge deck,
leading to reduction in the materid, thickness, weight, and cost of the deck while ill
mesting the AASHTO requirements.

3.5 BRIDGE INSTALLATION

The bridge was inddled a UMR campus on July 29, 2000 (See Figure 25 and
Figure 26). The bridge is equipped with integral fiber optic sensors and the response of

the bridge will be remotely monitored.
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Figure26: Ingdlation of bridge deck
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4. CONCLUSIONS

Testing of the prototype quarter portion of the bridge deck indicates that the
desgn of bridge deck usng readily avalable, off-the-shelf pultruded glass and carbon
FRP tubes can meset the necessary strength and deflection design criteria as defined in the
AASHTO specifications.

The deflection and drain histories show linear eagtic bending and shear behavior
with a dightly non-linear envelope close to the falure load. The deflections and drains
are very symmetric up to the point of fallure. The net centra deflection ranged within the
dlowable limits of length/800.

The fatigue test served as smple basdine indicaior of the long-term durability of
the compodite deck. The sample showed amost no reduction in stiffness or strength after
2 million cydles of fatigue loading in excess of the design whed load.

The fallure load of 133.45 kN (30,000 Ib) was dmost four times the design whed
load of 355 kN (8,000 Ib) for the quarter section of the bridge deck. The falure was
caused due to the twisting of tubes in the fifth layer from top of the deck while a the
same time dmost no other form of digtortion or falure was observed in any other layer of
tubes. Damage accumulated gradudly a higher load levels, which is reflected in the
deflection and drain  hidories. Ultimate fallure was noncatastrophic  which is
advantageous from a civil engineering point of view.

The testing of quartter portion of the bridge deck in the laboratory provided
vauable information to resolve cetain manufacturing and desgn issues such as bonding

between the tubes and number of layers of tubes to be used. Furthermore, the data
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measured during the testing provided basdine information by which to judge the bridge
design and to compare later test data from the actud ingtaled full-size bridge deck.

Based on results of the present research and of extensve laboratory tests on FRP
tubes and ther assemblies, al-composite bridge decks made of pultruded glass and
carbon tubes are judged to be a suitable replacement for short span bridges made of
conventiond materids.  Although this is not the mog efficent design for an dl-
composite bridge deck, it does represent a unique opportunity to implement composites

inavehicular bridge.
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5. RECOMMENDATIONS

A number of issues dill need to be investigated for optimizing the present bridge
desgn. The following are the recommendations based on the investigations conducted
within the scope of this project:
The reason for falure of the test sample was due to the twisting of tubes in the
fifth layer of the deck sample. This twisting motion caused the tubes to lose their
shape and dso lead to cracking of the fibers dong the edges of the tubes. To
prevent this twiging motion and hence the cracking, pultruded tubes with
improved transverse properties are required.
The ultimate load capacity of the deck can be incressed by replacing the fifth
layer of GFRP tubes, lad down transversdly to the direction of the traffic, with
GFRP tubes running lengthwise adong the deck. This will result in providing
more strength and siffness to the deck as the longitudind tubes in the fifth layer
will then be one of the main load bearing members.
In order for the dl-FRP bridge deck to behave monolithicadly, adequate bonding
between the FRP tubes is necessary. To ensure this, further investigation into the
long term performance is required with regard to the adhesive used for bonding
the tubes.
Durability results and sensor data from tests with live loads should be used to
provide information required for determining the cod-effective measures to be
usd in life-cycle planning, determining a mantenance drategy, and establishing

guidelines for composite bridges for use in the trangportation infrastructure.
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