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EXECUTIVE SUMMARY 

The purpose of th is projec t is to evaluate the performance of an all composite bcidge. An 

extensive experimental study and finite element analysis were carried out to obtain and compare 

properties (stiffness, strength, failure modes) of 76 nun (3 in) square hollow pultruded glass FRP 

lubes and their assemblies. Tube assembl ies were used in the fabrication of a bridge deck 

designed for H·20 truckloads as specified by the American Association of State Higbway and 

Transportalion Officials (AAS HTO). The bridge is 9. 14 m (30 tt) long and is 2.74 m (9 ft) wide. 

All the coupons were tested under three- or four-point bending. Experimental results show 

excellent linear elastic behavior up to failure and are in good agreement with fin ite element 

so lUi ions. A quarter ponion of the full ·size bridge deck was then tested for its structural 

pe rfonnance under design and fatigue loading and also for ultimate load capacity to evaluate the 

bridge response. The characterist ics of the full ·size bridge deck were detennined by analyzing 

the performed tests. The bridge was installed at the UMR campus in July 2000, 

Based on results of the present research , aU-composite bridge decks made of pultruded 

glass and carbon FRP tubes are judged to be a suitable replacement for short span bridges made 

of conventional materi als. 
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I. INTRODUCT ION 

The construction and infrastructure industry has used conventional composite 

materials (e.g. reinforced concrete) for many years because they perform better than the 

constituents themselves and better than competing homogeneous ma terials. Advanced 

composite materials like Fiber Reinforced Polymer (FRP) composites have been 

increasingly gaining the in terest of researchers and engineers as attractive alternatives to 

convelllional materials used in civil engineering due to their unique properties such as 

high strength. to.weight ratio, excellent corrosion and fa tigue resistance, manufacturing 

flexibility, tailoring of the materia l to spec ific applications, modular construction and 

overa ll environmental durabili ty. Several writers (Liskey ( 1991), Aref and Parsons 

(1996), and Karbhari et al. (1997)) have documented the deteriorating condition of 

bridges and other infrastructure facilities all over the United States in recent years. This 

growing concern has prompted civil engineers to consider alternatives for conventional 

materials. In this effon to fi nd a way to extend the life of structures and to make them 

easier to construct and maintain, the use of FRP materia ls has been recommended 

(Zureick et al. (1995». One of the present areas of emphasis is the use of composite 

materials for the fabrication of lightweight bridge decks that can be deployed for 

replacement of deteriorating ones or for the erection of new ones. However, the 

application of composite materials to infrastructure has been limited due to the lack of 

industry-recognized design criteria and standards and standardized test methods 

(Ballinger 0990». The introduction of mass-produced FRP structura l shapes in bridges 

and highway applications dic tates the necessity for a more complete understanding of the 
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SIalic behavior of these shapes for the types of load and strain ranges that are typically 

anticipated so as to optimize the design and evaluation techniques. 

Bank (1989) showed that because of the difference in mechanical properties 

between a full -size Glass Fiber Reinforced Polymer (GFRP) beam and a GFRP coupon, 

the full-size beam flexural modulus of pultruded GFRP beams is different from the 

coupon flexural modulus. and the coupon flexural modulus also differs from the coupon 

longitudinal modulus. Due to these differences, it becomes necessary to conduct tests 

and study the behavior of full-size GFRP beams at component or beam level in addition 

to coupon leve l. Nagaraj and Rae (1993) have characterized the behavior of pultruded 

GFRP box beams under static and fatigue or cyclic bending loads. The tests showed that 

the shear and interfacial slip between adjacent layers had significanl influence on 

deflection and strain measurements. Davalos and Qiao (1997) conducted a combined 

analyt ica l and experimental evaluation of flexural-torsional and lateral-distortional 

buckling of FRP composite wide-flange beams. They also showed that in general 

buckling and deflections limits tend to be the governing design criteri a for cu rrent FRP 

shapes. The structural efficiency of pultrUded FRP components and systems in terms of 

joint efficiency. transverse load distribution, composite act ion between FRP components. 

and maximum deflections and stresses was ana lyzed by Sotiropoulos et al. (1994) by 

conducting experiments at the coupon level. Structural performance of individual FRP 

components was established through three- and four-point bending tests. Barbero et aJ. 

(1991) gave a theoretical detennination of the ultimate bending strength of GFRP beams 

produced by pultrusion process. Several I-beams and box beams were tested under 

bend ing and the failure modes have been described. The simultaneous determination of 

2 
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flexural and shear moduli using an experimental method by three· point bending has been 

done by Fisher et al. (198 1). The behavior of pultruded GFRP wide flange and box 

beams under static loads has been studied by Nagaraj and Rao (1997). They also 

developed theoretical methods for bending and shear stiffness computations and 

compared them with experimental results. 

In the present study, the perfommnce evaluation of pultnlded ho llow tubes! tube 

assembly and an all.composite bridge deck are investigated. The focus of the firs t part of 

the study is to provide structural design information pertaining to mechanical properties 

and failure modes of square ho llow pultruded tubes made of glass fibers in vinyl ester 

resin when used as a primary load bearing member. The study also investigates the 

influence of sh ear, buckJing, initia l crookedness, and manufacturing defects (materia l 

non-uniformity or asymmetry) on the structural behavior of GFRP hollow tubes. Special 

emphas is is given to understanding the modes of fail ure under sta lic loading. Several 

coupons consisting of single, doub le and a four-layered tube assembly were tested under 

static flexural loading. The coupons consisted of 76 mm (3 inJ square hollow pultruded 

GFRP tubes with a thickness of 6.35 mm (0.25 in). The coupons were tested to fai lure 

under flexural loading and data obtained for deflection and strain were eva luated, The 

results obtained were compared with those from the fin ite element analysis (FEA), The 

stress distribution and modes of fa ilure, determined by the tests. were verified 

numerically. The validat ion model allows one to investigate: feasibility of the design and 

to predict the behavior of the bridge. The knowledge and data gained from these tests 

will be used to analyze the response of the GFRP composite materials and of various 

assemblies bui lt out of i i, especially with regard to bridge deck applications. 

3 



The purpose of the second part is to present fatigue and strength experimental 

qualifications performed for an all .composite bridge deck. This bridge deck. made up of 

fiber·reinforced polymer (fRP) was installed on the campus at University of Missouri at 

Rolla. The materials used fo r the fabrica tion 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 

vary ing lengths. These tubes were bonded using an epoxy adhesive and mechanically 

fastened together using sc rews in seven different layers to fonn the bridge deck with 

tubes running both longitudinal and transverse to the traffic direction, The cross·section 

of the deck was in the fonn of four identical I-beams running along the length of the 

bridge, Fatigue and faHure tests were conducted on a 9, 14 m (30 fl) long by 610 mOl (2 

ft) wide prototype deck sample, equivalent to a quarter portion of the bridge deck. The 

loads for these tests were computed so as to meet American Association of Slale 

Highway and Transportation Officials (AASHTO) H-20 truckload requirements based on 

strength and maximum deflection, The sample was fatigued to 2 million cycles under 

service loading and a nominal frequency of 4 Hz, Stiffness changes were monitored by 

periodica ll y interrupting the run to perfoml a quasi-static test to service load, Results 

from these tests indicated no loss in stiffness up to 2 million cycles, Following the 

fatigue testing, the test sample was tested to failure and no loss in strength was observed, 

The testing program. specimen detail, experimental setup and instrumentation, testing 

procedure, and the results of these tests are discussed in detaiL A finite-element model of 

the laboratory test was also developed. The results from the model showed good 

correlation to deflections and longitudinal strains measured during the tests , The design 

of the bridge deck has been discussed in detaiL 

4 
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z. TESTING AN D EVA LUATION OF COMPONENTS FO R A COMPOSITE 
BRIDGE DECK 

2.1 DETAILS OF THE GFRP TUBES USED 

The GFRJ) tubes used for the tests were manufactured using a pultrusion process. 

This process involves the pulling of reinforcing fibers and resin matrix through a die that 

shape and cures the material. Pultruded composite members are being used extensively 

as beams for structural app lications. It offers many di stinct advantages for mass 

production of FRP tubes to be used for the composite bridge deck, such as' 'ow operating 

costs. high production rate, product reproducibility and dimensional tolerances. Dry tows 

of FRP were pulled through a resin bath, before being drawn into a die. Standard viny l 

ester resin was used for this application. Aluminum Trihydrate (A TH), a common flame 

retardant, was used along with the resin. In case of fireJ ATH releases water and thus 

prevents the fire from spreading or damaging the structure. The cured tubes were puHcd 

out of the die us ing a mec·haoism of two intennittent damps to give a continuous pulling 

action. Each of these damps grips on the forward stroke and re leases on the backstroke. 

A cut-off saw was used to obtain tubes of appropriate lengths. 

The tubes manufactured for testing had a fiber vo lume fraction of fifty-five 

percent. The fibers consist of continuous strand fiberglass mat and fiberglass rovings 

with fifty percent by volume fiberglass mat and fifty percent fiberglass roving. The mat 

was laid down on the outside, middle and inside of the tube while the rest consisted of 

liberglass ravings. The unidirectional continuous slTand fiberglass rovings, laid down 

along the axis of the tube, were responsible fo r providing the longitudina l mechanical 

properties, while the continuous strand fiberglass mat provided the transverse properties 

of the tubes (Agarwal and Broutman (1990»). Coupons were cut out from a tube in 0°, 
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90U and 45° fiber orientation, were tested in (ension and the moduli were determined for 

all the three cases. This helped to determine the material properties of the GFRP 

composite used for manufacturing the tubes and to verify the accuracy of the micro

mechanics model used 10 predict composite properties from the materi al properties of the 

constituents (fibers and resin). The modulus in the 00
, 900 and 45° fiber directions were 

21.38 GP, (3 , 100 ksi), 8.2 GP, (1 ,190 ksi) and 7.05 GP, (1,023 ksi) respect.ively. The 

modulus in 90° fiber direction was higher than that along the 45° due to the presence of 

layers of mat. 

The present study was conducted on three different specimens tested under three

or four-poin t bending configuration. The essential component of each of these samples 

consisted ofpuJtruded hollow GFRP tllbes having a square cross-section of 76 mIll (3 in) 

and a thickness of 6.35 mm (0.25 in). The specimens and their assembling techniques are 

described below. 

2.1.1 SINGLE GFRP TUBE 

The first specimen consists of single square hollow tubes having a length of 2.44 

m (8 ft). The smallest component of the proposed deck is a single FRP tube, several of 

which are bonded together to build the deck, and so it becomes necessary to know their 

mechanica l properties and fai lure modes. Several such coupons were tested under 

identical flexural loading and boundary conditions, and results of one· of Ihem have been 

discussed in the fo llowing sections. 

6 
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2.1.2 DOUBLE TUBE ASSEMBLY 

The next set of samples were made by bonding together two 2.44 m (8 ft) long 

GFRP tubes longitudinally along one of their surfaces using an adhesive to form a double 

tube assembly. Each of the tubes was of the same dimensions 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 in tegral piece. Samples were prepared 

using three diCfcrent types of adhesives. The bonding surface of each tube was scufr 

sanded and washed with acetone using a clean rag . A thin layer of adhesive was applied 

to a surface of one of the tubes. The second tube was c~clamped to the first. The 

squeezed out adhes ive was cleaned off. The assembly was allowed to cure as per the 

manufacturer's directions. Three different types of adhesives were investigated and it 

was observed [hat Hysol 9460 epoxy gave the best bonding surface between the tubes. 

2 . 1.3 FOUR-LA YERED T UBE ASSEMBLY 

The third sample in thi s series of tests consisted of an assembly of four layers of 

GFRP tubes. This assembly resembles an element of a full composite bridge deck having 

four layers of fubes . The overall philosophy of this test was to determine the 

charac teristics of a large-scale bridge deck by perfonning tests on smaller components or 

assemblies that go into its fabrication . The first and third layers from the top of the 

sample consisted of thirty-two 304.8 mm (J 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 consisted of four GFRP tubes in each layer, similar in dimensions to the single 

tubes described before. Hysol 9460 epoxy was used as the adhesive. The assembly of the 

7 
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rubes and the overall dimension of the sample is shown in Figure I. The full structure 

was assembled jn two steps. The bottom most layer was assembled first. Four 2.44 m (8 

ft) GFRP tubes were scufTsanded and washed with acetone. A thin layer of adhesive was 

applied to them and they were held together using bar clamps to bond them together. The 

second layer from the bottom, consisting of thirty-two 304.8 mm (1 ft) long tubes was 

added to the lOp o r the first layer. The first tube was c-c lamped to the lower layer and the 

next tube was c-cJamped to this tube. As the tubes were added the c-clamp was moved 10 

the next tube. A piece of plywood was placed on top of this layer of tubes and severnl 

heavy weigh ts were placed over it. Another similar two-layer structure was assembled 

separate ly using the same technique and both the assembl ies were allowed to cure 

overnight. Both the two-layer structures were bonded together usi ng a thi n layer of 

adhesive to Conn a single four-layered structure with dimensions of2.44 m x 304.8 mm x 

304.8 mm (8 ft x I ft x I ft). The whole assembly was cured for 72 hours prior to testing. 

The fi rst and the third layers from the top were mainly responsible fo r distributing the 

load to the second and fourth layers that were the main load-bearing members. 

8 



Figure I: Four-layered GFRP tube assembly 

Note: 1 in = 25.4 nun. 

All dimensions are in inches 
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2.2 EXPERIMENTAL SETUP AND INSTRUMENTATION 

The sing le tubes and the double tube assemblies were tested in four-point bending 

configuration, wh ile the four-layered tube assembly was tested in three-point bending 

configuration. The samples were tested in simply supported boundary condi tions and 

were placed on rollers on both the ends spaced at a distance of 2.13 mm (7 ft) so that the 

sample extended 152.4 mm (6 in) beyond the SU ppOI1 rollers at each end. To aIJeviate the 

effec ts of surface imperfections and assure unifonn reaction forces, a pie\~ ..: of plywood 

was placed between the stee l plates and the bottom surface of the samples . Load was 

applied using a Baldwin Universal Testing machine with the centers of sample and the 

loading machine aligned together. For the four.point bending test, the two points of 

loading were 152.4 rnrn (6 in) on both sides of the center of the sample. A 12.7 mm (0. 5 

in) thick steel 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 tb) load cell 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 ( I ft) square steel plate with 

a plywood pad between the sample top surface and the steel plate. A 222 kN (50,000 Ib) 

load cell was used to measure the load for thi s case. 

The instrumentation of the samples consisted of LVDTs (Linear variable 

differential transfonners) to measure displacement and 6 mm (0.24 in) long 120 ohms 

elec trical resistance strain gages for strain measurement. Three LVDTs were attached to 

each of the samples, two at the points of support and onc at the mid-span, to measure the 

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

10 



strain developed. In case of single tube and double tube assembly, the strain gages were 

mounted at the center on both the tension and compression faces of the tube while in the 

case of tile four-layered tube assembly, both the strain gages were attached to the tension 

face of the structure. The center of the compression 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 of6.68 kN (1,500 Ib). For the 

double tube the loading cycle was increased to 13.35 kN (3,000 lb) 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 so as to evaluate damage accumulation, stability and any residual 

deHection, strain or any energy loss occurring in it due [0 the applied load. Significant 

events such as cracking sounds, distortion of the shape of the tubes and breaking of the 

joints or fibers were observed whenever possible . The load was gradually increased and 

the rate of loading and unloading was kept constant during all the tests. Data sampling 

frequency was sufficiently rugh to capture all the important events in the course of the 

test. 

All the three specimens were tested to fai lure. 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 a load of 182,76 kN (41,070 Ib) before failure. 

II 



2.4 FAILURE MODE 

Static tests were conducted on the samples to determine ultimate static strength 

and fa ilure progression. All the tests conducted were load controlled. Composite 

materials exhib it very complex failure mechanisms under static loading because of their 

anisotropic nature. Failure may involve multip le damage modes that can be observed as 

fiber breakage, matrix cracking. interfacial de-bonding, delamination, or a combination of 

these failures. The ultimate bending strength of pultruded composite beams is limited by 

various failure mechanisms. Local buckling of the thin walls precipitates most failure 

modes. It initiates a failure mode that eventually results in material degradation and total 

failu re of the beam. 

In the case of single tube and doub le tube assembly, the loading was done in 

cycles as previously specified un til the point of failure. The fai lure occurred at one of the 

points of loading and distinct cracks appeared on the top surface and sides of the tubcs. 

The regions of failure 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 

compression flange initiated the failure resulting in the failure of the sample. Cracks 

developed at the web·flange junction due to buckling leading to tbe separation of web 

and flange. This was followed by the bending of the web about its weak axis developing 

cracks at the middle of the web. A delamination crack of the compression flange was 

12 



(a) 

(b) 

Figure 2: A single GFRP tube immediately (a) before and (b) after failure. 
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Figure 3: A double GFRP tube assembly immediately (a) before and (b) after 
failure. 
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(b) 

Figure 4: A four-layered GFRP tube assembly unde r loading (a) experimental 
SCHIP and (b) deflection under loading. 
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observed. The flange cracks then propagated into the web leading to the final failure 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 progressive 

damage accumulation with the inc rease in load, indicated by the cracking sounds 

observed. The first few cracking sounds started at about 89 1u"'\J (20.000 Ib). The origin 

of the sound could not be determined. However, based on the observed ultimate load, the 

most likely cause of the sounds was breaki ng ofihe adhesive bonding between the tubes 

of the assembly. The micro fracture continued to occur with increas ing toads, however, 

they were reduced, or did not continue during cyclic loading, indicating stabil ity. At 

about 111.25 kN (25.000 lb) some defonnations in the shape of the tubes of the first and 

third layers were observed. The tubes in these layers were acted upon by compress ive 

fo rce due to the loading. These tubes, laid down transversely to the direction of traffic, 

started to bend away from the center changing their shape from square to a parallelogram. 

As the load was increased to 133.50 kN (30.000 Ib), cracks appeared along the comers of 

few of the tubes in tbe first and third layers due to the twisting motion. Breaking of 

fibers and de lamination was also was observed in these layers. The noise coming from 

the sample had increased considerably. At a load of 182.76 kN (41 ,070 Ib) , a few of the 

small tubes from the first layer popped out of the structure due to the compressive load on 

them. It was observed that several tubes in the first and the third layers had cracked and 

had been bent away from tbe center towards one of the sides. No damage was observed 

in the second and fourth layers. which were the main load bearing members. The mode 
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of failure observed was transverse shear fa ilure resulting in the delaminations and 

cracking of fibers along the edges of the GFRP pultruded tubes. Figures 5 and 6 show 

the regions of failure for a single tube and double tube, respectively. Figure 7 shows the 

bending and distortion of the GFRP tubes under bending and also the sample after failure 

due to the popping out of tubes from the top layer. 
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(a) 

Figure 5: The regions of failure ofa single GFRP tube on (a) the top surface and 
(b) the sides. 
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Figure 6: The regions of failure of the double tube assembly on (a) the top 
surface and (b) the sides 
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(b) 

Figure 7: Four-layered tube asselUbly (a) under bending. showing distortion of 

the GfRP lubes, and (b) after failure. 
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2.5 TEST RESULTS 

The test results are presented separately fo r deflection and strain . Key 

infomlation is presented and discussed in the following sections. 10 general, data for all 

three samples have been presented together for each type of measurements as opposed to 

showing all the data for each one of them in succession. 

2.5 .1 DEFLECTION 

The load 4 deOection plots for the three specimens show the complete curves, and 

indicate gradual stiffness degradation with increasing load levels. In the case of single 

tube and double tube assembly, the observed behavior is essentially linear elastic up to 

failure. in the case of the four-layered tube assembly. it shows a linear elastic behavio r 

up to a load of about 89 kN (20,000 Ib) beyond which the structure exhibits distinct non

linear characteristics. The fai lure of the single GFRP tube occurred at a load of 24.12 kN 

(5.420 Ib) and the total deflection of the tube at this point was 139 nun (5 .47 in). Figure 

8 (a) shows the graph 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 (2.49 in). Figure 9 (a) shows the graph of deflection plotted 

against applied load for this specimen. The maximum load taken by the four-layered 

tube before failure was 182.45 kN (41,000 Ib). The deflection at this load was 81.3 mm 

(3.2 in) , Because the assembly can show non-linear characteristics beyond 89 kN 

(20,000 lb) , on ly the data up to this load is taken into consideration. Figure 10 (a) shows 

the graph of deflection ploued against the applied load in the elastic region for this 

specimen. The stiffness 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 a single GFRP tube test plotted against 
applied load. 
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caused by damage accumulation, which is indicated by the small load drop in the loading 

curves, 

2.5.2 STRAIN 

Two strain gages were attached to each of the specimens to measure the surface 

strains developed. In the case of single tube and double tube assembly, the strain gages 

are connec ted to the cen ter of the top and bOllom surfaces to measure the compressive 

and tcns,ile strains. In the case of four-layered tube assembly bOlh the strain gages were 

connected at the bottom of the structure as the center of the compressive face was used 

for loading. Figures 8 (b), 9 (b) and 10 (b) show the graphs of strain plotted against the 

applied load in the case of a single tube, double rube and four-layered tube assembly 

respectively. The graph [or the four-layered tube assembly is shown on ly up to the linear 

dastic region. In genera l the strain results are excellent and indicate good symmetry 

about the centerline. 

The data obtained from the deflection and strain reading for the single tube and 

double tube assembly were used for calculating the flexural rigidity or Young's modulus. 

E, of the tube. In the case of a single tube. the Young's modulus obtained using 

deflection criteria was 24.27 OPa (3,520 ksi), using compressive strain its value was 

22.96 GPa (3 ,330 ks i), while tensile strain gave a value of26.13 GPa (3,790 ksi). For the 

double tube assembly, the Young' s modulus obtained using deflection criteria was 24.13 

OPa (3,500 ksi) . using compressive strain its value was 22.48 GPa (3 ,260 ksi) and that 

obtained using tensile strain was 25.37 GPa (3,680 ksi). The experimental results showed 

that the composite beams can experience large defonnations and strains wi th the material 

remaining in the linear region. In the case of the double tube assembly it also showed 

that the assembly behaves as a single unit and that the bonding between the two rubes 
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was perfect. Investigation of the bending behavior ofGFRP tubes shows that the bending 

stiffness is low compared to that of steel sections of the same shape. It also indicates that 

shear deformation effects are significan t. This is a consequence of the relatively low 

modulus of elasticity of the glass fibers, as compared to steel, and the low shear modulus 

of the resin. Most significantly, due to the large elongation to failure allowed by both the 

fibers (4.0%) and the resin (4.5%), the composite material remains linearly elastic for 

large deflections and strains (Fu et al. (1990). As a consequence of local buckling, large 

strains are induced during post-buckling. These large strains ultimately lead to the failure 

of the materia l and subsequent total 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 consideration of the 

special needs of composite structural design, as well as the application of standard civil 

engineering practice and validation to ensure public safe ty. This dictates the requirement 

fo r signi fi can t amounts of material testing and experimental validation as existing design 

techniques for composi te structures are applied to bridge applicat ions. 

3.1.1 DESIGN PARAMETERS 

This bridge deck was designed to AASHTO speci fications for a 9. 14 m (30 ft) 

span vehicular traffic bridge using the load configuration shown in Figure 11. AASHTO 

bridge design specifications limit the deflecti on of the deck to 1/800 of the span length, 

L, of the bridge deck. According to the spec ifications, the flexural members of the bridge 

structures should be designed to have adequate stiffness to limit deflections or any 

defomlat ions that may adversely affect the strength or serviceability of the structure. 
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Figure 11 : H-20 Truck 
Note: 1 f\ ~ 12 in ~ 304.8 mm; 1 kip ~ 4.45 kN 

28 



I 

3.1.2 DESIGN OF BRIDGE DECK AND TEST SAMPLE 

The bridge deck was fabricated using varying lengths of puhruded hollow tubes 

composed of glass and carbon fibers in vinyl ester matrix. The tubes have a square cross

sec tion of 76 mm (3 in) and a thickness of 6.4 mm (0.25 in), Extensive analysis and 

testing of single, double and four-layered GFRP tube assemblies were conducted to 

eval uate the characteristics of the tubes. The static behavior of single GFRP tubes were 

ana lyzed 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 

adhesives and tested to failure under flexure, The resu lts of lhe tests aided in the 

selection of the adhesive to be used fo r almost perfect bonding between the tubes and 

also provided knowledge about the behavior of the tubes in an assembly. Finally, a four

layered tube assembly was tested to failure under flexure. The deflection, strain and 

failure modes of the various test coupons were analyzed. The stiffness of the tubes and 

their assemblies demonstrated that they could be used in the building of all composite 

bridge decks and for other infrastructure applications. 

Analysis of the bridge deck design using FEA led to an I-beam structure made up 

of eight layers with alternate layers of tubes laid down transversely and longitudinally to 

the direction of the traffic . These tubes were adhered to each other using an epoxy 

adhesive and were fu rther mechanically fastened together using screws. All mated 

surfaces were abraded 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 along the length of the deck. [n 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 first layer and the bottom layer of tubes being the eighth layer of the deck. The second 

and eighth layers consisted of 9.14 m (30 fi) long carbon fiber-reinforced polymer 

(CFRP) tubes that were used to impart stiffness to the structure. The remaining six layers 

we re made up ofG FRP tubes . The first, third and seventh layers were buill using 2.74 III 

(9 ft) long tubes. The fourth, fifth and sixth layers of tubes fomled the neck or web of tile 

I- beams. The fourth and sixth layers were assembled using 9.14 m (30 fl) long tubes 

while the fifth layer. the center layer in (he neck or the I-beam, was made up of305 mm 

(1 ft) long tubes. The second, fourth, sixth and eighth layers were laid down parallel to 

the direction of the traffic and were the main load bearing members of the structure. The 

first. third, fi fth and seventh layers were laid down transverse to the direction of traffic . 

These layers had very limited load carrying capacity and were used mainly to transmit 

load to the lower lying load carrying layers. 

The prototype deck sample built fo r conducting the fa tigue and failure tes ts had 

the same number of layers of tubes laid down in a similar pattern as the bridge deck. The 

test sample had dimensions of9. 14 m (30 ft) long by 6 10 mm (2 ft) wide by 610 mm (2 

ft) high. It was equivalent to a quarter of the bridge deck and had the cross-section of a 

single I-beam. After resuhs of the tests conducted on the prototype deck sample were 

analyzed. it was observed that the performance of the sample exceeded the design 

specifications. Consequently, one of the layers ofGFRP tubes was deemed unnecessary. 

It was decided to eliminate the topmost layer of GFRP tubes from the original design 

while still meeting all the design criteria. This leads to reduction of cost, thickness and 

weight of the structure, as compared to the original design. Thus the final des ign of the 

bridge deck consisted of seven layers of tubes with the CFRP tubes forming (be first and 
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last layers oftbe deck. The final dimensions oflhe bridge deck were 9.14 m (30 ft) long 

by 2.74 m (9 ft) wide by 533 mm (2 1 in) high. A thin polymer concrete wearing surface 

or overlay was added to the top of the fu ll ·s ize bridge deck. This polymer cone·rele 

overlay was required to have high tensile elongation due 10 the fl ex ible response of the 

FRP composite deck. It was also 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 by a few authors (Lopez-Anido 

et al. ( 1998a») in polymer concrete, it was decided to use Transpo T48, an epoxy based 

system used on several FRP bridges, along with an aggregate of tan Trowlrite. The 

aggregate was applied by hand after the epoxy layer was spread across the bridge. The 

thickness of the wearing surface was roughl y 6.4 mm (0.25 in). However, for the 

prototype deck sample. the wearing surface was nO{ included as it was assumed that it 

would not significantly affect the structural response of the deck panel. The cross

sectional geometry and overall dimensions of the bridge deck and the test sample are 

shown in Figures 12 and 13 respectively. 
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(3) Schematic diagram of the full-s ize bridge deck showing the s ide view and the 
dimensions 

Note: All dimensions arc in inches; 1 ft = 12 in = 304.8 mm 

(b) Longitudinal cross-sec tion o f full -size bridge deck 

Figure 12: Diagram showing (a) ove ra ll dimensions and (b) actual longitudinal cross
sect ion geometry of the full-size bridge deck 
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(a) Schematic diagram orthe bridge deck test sample showing side view and the 

dimensions 

Note: All dimensions are in inches: ! fl = 12 in = 304.8 mm 

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

Figure 13; Diagram showing (a) overall d imensions and (b) actual longi tudinal cross
section geometry of the bridge deck lest sample 
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3.2 TEST PROG RAM 

The overall philosophy of the compos ite deck test program \Vas to detemline 

cllaraClcristics of the full· size bridge deck by analyzing the tests perfbnncd on relatively 

smaller sections of same design. The design and dimensions of the prototype deck 

sample used for testing has been discussed in the previous sec tion. The objectives of 

testing the sample were threefold: (1) to investiga te feasibility of the proposed 

configura tion and to verify that the composi te bridge meets all the des ign requirements 

specified by AASHTO for a 9.14 m (30 Ii) long bridge deck with <In H-20 truckload: (2) 

to investigate the local stresses and strains developed at the points of load application and 

suppon s; (3) 10 provide- the ground work for analyzing characteristics of the full-size 

bridge deck. The results of the study on a quarter port ion of the bridge deck can 

reasonably be extrapola ted to the full -size bridge deck. Three different tests \Vere 

performed on the deck sample for obtaining all the useful design perfomlancc 

'infomlalion and 10 study ils strucnlral behavior. Specifically, the following tests were 

perfomled: (1) design load lest (quas i-sialic Joading up to the design load in the mid-span 

of the deck): (2) fatigue or cyclic load test (fatigue loading under service loads to 2 

million cycles wi th quas i-static load tests at periodic intervals to assess degradation): (3 ) 

ultimate load test (static loading to failure wilh load at mid-span of the deck) , 

3.2.1 EXPER.IMENTAL SETUP A 'D INSTRUMENTATION 

The composi te deck te,s! sample was simply supported at the ends using two 

rollers spaced al a dis tance of 8.54 m (28 ft) so Ihat the beam extended 305 mm (1 f{) 

beyond the support rollers at each end. The rollers we·re 610 rnm (2 ft ) long and were 

supported in between rails resting on the floor. tn case of the static load tests, namely the 

design load test and the ultima te load test, a temporary setup was put up on Ihe' floor. 
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Load was applied using a 889.6 kN (200,000 lb) manual hydraulic jack aligned to the 

center of the deck and overhanging from four screws fixed vertically to the floor. A 

manually cOnlrolled hydra ulic pump was u:,ed to load and unload the jack. Figure l-t 

shows the experimental se tup of the bridge deck test sample for the slatic teSls. In the 

fatigue test load was applied using a MTS electro-hydraulic actuator pennanently fixed to 

a framework. The actuator had a loading capacity of97.9 kN (22,000 lb) and a stroke of 

152.4 mm (6 in), This test was con trolled using a MTS 436 controller. Test serup fo r the 

fatigue load test is shown in Figu re 15. A 1.52 m (5 ft) long spreader beam was utilized 

to apply the load atll1 id-span, This spreader beam was supported by the deck sample via 

\wo stacks of 101.6 mm (4 in) thick steel plates used as loading patches. These 

rectangular loading patches of 203 mm (8 in) by 508 mm (20 in), with the larger 

dimension transverse to the direction of traffi c. were used to simulate the action of wheel 

loads oran H-20 truck on top surface of the deck. The loading patches we re at a distance 

of 1.22 m (4 ft) or 610 mm (2 ft) off-center. representative o f the distance between the 

two back a.';:]es of an H-20 truck. This setup leads to a fou r-point bending load 

configuration as shown in the schematic diagram in Figure 16. 
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Figure 14: Experimental setup for the four· point static tests on the bridge deck test 
sample 
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Figure 15: Experimental setup for the fatigue load tests 
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Figure 16: Schematic of four-point bend geometry 
Note: I ft = 12 in = 304.8 mm 
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Variat ions of deflection and strain measuremen ts with number of cycles and mode 

of failure after loading cycles were used to characterize the fatigue and strength 

pt:rformnnce of the bridge deck. L VDTs (Linear ... ·ariable differential tIansfonncrs) were 

installed 3t mid-span and at the two supports to measure deflections of the deck. The 

L YDT at the center had a stroke length of 50.8 mm (2 in) while those at the supports had 

a stroke length of 25.4 mm (l in). Ten 6 mm (0.24 in) long 120 ohms elect rical 

resistance strain g~ugcs were attached to the lubes of the bridge deck at several imporwllt 

locations to obtain the strain readings . Longi tudinal and o'ansversc strains wcre 

measured on the top and bottom deck sur face at the center of the deck. Strain gauges 

were also attached to other pertinent locations on different layers of FRP tubes . The 

locations of L VDTs and one of the strain gauges at the boltom face of the test sample arC'. 

shown in Figure 16. The ven ical load applied on 10 the test sample was measured using a 

222 kN (50,000 lb) load ce ll placed between the hyd raulic jack and the spreader beam. In 

case of the fatigue test, a 97.9 b\J (22.000 lb) load cell was used which was a part of the 

MTS hydraulic actuator loading system. A MTS 436 controller was used to cont rol th~ 

load range. frequency of load ing and the number of cycles of the hydraulic actuator . 

Load, denection, and slrain s igna ls were continuously recorded during testing using a 

high·speed data acquisi tion system. 

3.3 EXPERIMENTAL PROCEDURE AND RESULTS 

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

have been discussed separately. 

39 



I 
I 

3.3.1 DES IGN LOAD TEST 

This was a preliminary test for observing behavior. assessing serv iceability and 

pcrfOlm~mce of the composite bridge deck up to a load of III kN (25,000 Ib). It also 

helped to illvestigate feasibility of the proposed configuration and to verify that the 

composi te bridge meets all AASHTO design requirements for an H-20 truckload. The 

design load for quarter portion of the bridge deck was 94.8 kN (21,320 Ib). The load of 

111 kN (25.000 Ib), being sliglllJy higher than the design load, was chosen as the higher 

limit for this tcst. The deck sample was tested under flexure in fouf-point loading 

configuration at the mid-span. The deflection of the deck was 22 mm (0.86 in) a l the 

highest load limi t and only a very slight bending of the deck could be observed by visible 

inspec tion, As the load was increased beyond 80 k.N (18,000 Ib), a few cracking sounds 

were heard which appeared 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 strain for the 

design load test respectively. The plots show that the deflection and strain behavior w('n~ 

linear elastic throughout the test. The results were, extremely encouraging as the 

deflection of the test sample was only 6.6 111m (0.26 in) upon application of a quarter of 

the design load 35.5 kN (8,000 lb). The deck does not show any premature deterioration 

or damage at thi s load, 
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Figure 17: Load-deflection curve for design load test up to a load of III kN (25,000 Ib) 

Note: 1 in ~ 25.4 mm, 1 Ib ~ 4.45 N 
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Figure 18: Load-strain curve for design load test up to a load of III kN (25.000 Ib) 

Note: I in = 25 .4 mm, 1 Ib = 4.45 N 
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3.3.2 FATIGUE OR CYCLIC LOAD TEST 

The second test perfomled on the deck sample was a fa tigue or cyc lic load le~t, 

the senlp for which has been described in previous sections. Fatigue is an imponant issue 

where the load on a structure is ::dmost entirely transient. Nomlully. tests are nln for no 

more- than 2 {O 3 mi ll ion cycles, even though. for many infrastructure applications. th is 

may represent only a few years of actua l service. Sometimes, an attempt is made by 

researchers 10 "accelerate" the fatigue damage by testing at loads much higher than lhe 

service load, However, this approach is inadequate as differen t damage mechanisms mny 

dominate under different load levels. Taking this into consideration, this deck sample 

was subjected to fa tigue loading tor 2 million cycles at a minimum/maximum load ratio 

of R=0.045 with the maximum load of 48.93 k1 (11 ,000 Ib) and the minimum 0[2.2 k>! 

(SOD lb). The maximum load was slightly higher than the service load of 48.1 k:-': 

(10,800 lb) for the deck sample. The loading cycles simula te passage of the back axles of 

an H·20 truck over the points of application for that many number of cycles. Before 

starting the fatigue test, a quasi·static nexure test up to a load of 88.96 kJ (20.000 lb) 

was perfonned. A similar quasi·s latic test was performed after every 400.000 cycles. 

The static load tests served as a periodic measure of potential changes in the stiffness of 

the structure due to the live load induced degradation. It also helped to periodically 

inspect signs of deter lor at ion, if any, of the deck sample caused by the fa tigue toading. 

The fatigue test was conducted under load control condit ion wi th the maximum 

and minimum load kepI constant at a frequency of 4 Hz. A total of six quasi-static 

flexure tests were conducted on the sample during the course of this test after O. 004, D.S, 

1.2. 1.6 and 2 million cycles. Figures 19 and 20 shoW' comparison of the results from 
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deflection and strain measurements against the load applied during the static tests 

respectively , The plots show that the deck deflection and strain responses remained fairly 

CQnstalH for all the static load tests and no apparen t loss in st iffness was demonstra ted up 

to the maximum app lied load of 88.96 kJ\1 (20,000 lb), A thorough vi'sual inspection of 

the test sample was done at the time of each sta tic load lest and no sign of fracture or 

debonding between the FRP tubes in any of the eight layers. due to the fatigue loading, 

was observed. The fas teners holding on to the lubes, in add it ion to the adhesive, were 

also inspected and were found to be in perfect condition, The height of It ~. test sample 

from the floor was recorded before s taning a new set of 400,000 cycles and after its 

completion, On comparison it revealed that no pemmnent bend ing of the deck sample 

had taken place. No other foml of damage was observed either during or after the 

concillsion of the fatigue load test. 



25000 

20000 

-=0 15000 -
" '" .3 1 0000 

5000 

a 
a 0.2 0.4 

Deflection (in) 
0.6 0.8 

Figure 19: Load-de flection curves for progressive increments of fatigue cycles up to 2 
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Note: 1 in = 25.4 nun, 1 Ib = 4.45 N 
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3.3.3 UL TlMATE LOAD TEST 

The ultimate load capacity of the FRP bridge deck was performed \0 evaluate the 

overall margin of safety. the mode of failure and to provide conclusive evidence as to the 

s trength of the bridge deck. It was tested to failure by the application of concentrated 

sta tic load in cycles under four point bendi ng configura tion at the mid*span of the deck. 

The magnitude orthe maximum load used in each successive load cycle was incremented 

unlil failure of the deck was ac hieved. Based on the experience of tests performed 

previously on a four. laye red FRP tube assembly, it was expected that a few tubes of the 

top-most layer might pop ou t due to the high compressive. force on them. As a precaution 

against any damage caused by such a type of failure. two long wooden pieces were 

placed on the top surface of the deck and were chained to it. The test SChlP has been 

described in detail in previous sec tions. 

The lest consisted of three loading cycles with the first two cycles resulting in 

some damage to the deck and fai"lure of the sample being atta ined in the last cycle. The 

loading cycles were approximately from 0 to 88.96 kN (20.000 Ib), 88.96 kN (20 ,000 Ibl 

to 133.45 kN (lO.OOO Ib) and the final cyc le was from III kN (25,000 Ib) to 155.69 kN 

(35 ,000 lb). The load versus center deflection and s train for the three cycles has been 

shown in Figures 21 and 22 respec tive ly. During the fatigue test. the sample had already 

been tested six times unde r static load ing up to a load of 88.96 kN (20,000 lb). So the 

first cycle did not result in any significant measurable, visible, or audible damage to the 

deck panel. The graphs clearly demonstrate tha t the deck had a fa irly good linear elastic 

behavior during thi s cyc le. It shows a consistent response on the reverse cyell: with 

a lmost no loss in st iffness 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 a l center 

Note: 1 in = 25.4 mm. 1 Ib =4.45 N 
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Figure 22: load-strain curve from uhimate load test at center 

Nole: I in ~ 25.4 mm, I Ib ~ 4.45 N 
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the design load of 35 .5 kN (8.000 Ib) was 7,9 rum (0.3 1 in) which was sligh tly morc than 

that recorded for {he design load test, but was sti ll much below the maximum allowable 

deflection of 11A mm (OA5 in). The next two load cycles were Ihe ones during which 

damage to the deck sample was observed. During the second cycte. the deflection of the 

lest sample became prominent and could be easily perceived by visible observation. A-:, 

loading was done beyond III kN (25.000 lb). slight twisting of tubes of the fifth layer 

was observed. These lubes. laid down trnl1sversely to the direction of traffic and forming 

a part of neck of tbe bridge I section, \vcre aligned along the neu tral axis of the deck 

s tructure. These lubes were acted upon by compressive loading on its top surface and by 

tensile loading on its bottom surface. This resulted in a twisting motion of the tubes in 

thi s layer. The s hape of the tubes changed from square to a parallelogram. The tubes at 

the two ends of the deck sample were most affected by the twisting molion, Considerable 

noise was heard as the load reached around 133.45 kN (30,000 Ib) and the load \va5 

promptly reduced. Upon reloading, the deck demonstrated 3 loss in sti ffness. As the load 

was increased beyond 133.45 kN (30,000 Ib), significan t damages were observed. In the 

fifth layer. the tubes at the ends of the test sample showed considerable twisting. Due \0 

this twisting motion, breaking and cracking of the fibers at the comers 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 conside rably. It was 

observed that beyond the load of 169 kN (38,000 lb), the deflection was increasing 

withollt any increase in the load on the sample. The loading had severely damaged the 

FRP lubes in the fifth layer of the deck leading to a substan tial reduction in the load 

c.arrying capaci ty of the 'whole structure. At thi s point the load on top of the sample was 
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Figure 23: Exp!oded view ofa few tubes in the fifth layer of the deck 
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again reduced to about III kN (25,000 lb). On reloading, the sample demonstrated 

substantial reduction in the stiffness. On reaching a load of 155 .69 kl,{ (35,000 Ib) upon 

reloading it was noticed that the deflection and strain on the sample was increasing while 

the load on it remained constant. At this point it was decided that failure of the sample 

had been achieved and the tes t was stopped. On releas ing the load from on top of the 

deck, it went back to almost its initial height. Other {han the cracks and broken fibers 

along the comers of the tubes in the fifth layer, there was no other pennanent distortion 

of the deck. 

Unlike several other structures made out of conventional materials, the failure of 

the deck did not resu lt in its total collapse and it exhibited limited but safe post-failure 

reserve strength. This behavior may be considered to be favorable fo r civil engineering 

designs, as the failure was not truly catastrophic. On releasing the load from on top of 

the deck, it went back almost to its initial height showing the flexibi lity or ductil.ity of the 

composite material. The mode of fa ilure observed was transverse shear fai lure res ult ing 

in the delaminations and cracking of fi bers along the edges of the FRP pultruded tubes. It 

may be noted that fa ilure was accompanied by li ttle or no visible sign of failure of the 

bolts or adhesive failure between the adjacent rubes . The graphs of deflection and strain 

aga inst the app lied load fo r the fa ilure test clearly sbows the li near and non-linear 

behaviors of the deck at different stages of the loading. The sample demonstrated fai rly 

good linear elastic behavior up to a load of 133.45 kN (30,000 Ib). Beyond thi s load the 

deck behavior became non-linear and it started los ing its stiffness. The largest overall 

longitudinal strain recorded during this test was 107 1 microstrain , located at the center of 

bottom surface of the deck. Figure 24 shows the plot of the longitudinal 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 compression with the max imum of -736 microstrain . The extensive area 

under the load-detlection curve in Figure 21 indicates that the FRP deck has excellent 

energy absorption capability. 

35000 . 

30000 

- 25000 
a -"C 20000 .. 
0 
-' 15000 -

-750 ·550 -350 -150 
Microstrain (in/in) 

Figure 24: Plot of longitudina i strain recorded on the tubes of second layer d irectly below 
the loading patch 

Note: I in ~ 25.4 mm, I Ib ~ 4.45 N 
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3.4 EVALUATION OF DECK PERFORMANCE 

The resu lts of the three different tests performed on the prototype deck sample 

were used to determine characterist ics of the full-size bri'dge deck. The test sample fai led 

at abou t 155.69 kN (35,000 Ib). which is orthe order of four limes the des ign wheel load 

for a quarter portion of the deck. This indicates extremely good performance of the deck 

as far as strength is concerned. The mid-span deflections of the deck sample at the 

design wheel load were 6.6 mm (0.26 in) and 7.9 mm (0.31 in) fo r the static test before 

fatigue loading and the post- fatigue ultimate load test respectively. These mid-span 

deflections of the deck sample were well within the 11.4 mm (0.45 in) range, wh ich is the 

maximum deflection based on length/SO~ design criteria specified by AASHTO 

guidelines. From observations made during the test and on analyzing the failure mode, it 

can be concluded that the load carrying capacity of the deck can be increased by 

preventing the twisting of tubes in the fifth layer from the top of the deck. The 

performance of the test sample with regards to AASHTO strength and deflection 

requirements was much better then anticipated. Taking the test results into consideration, 

it was decided to remove the topmost layer ofGFRP tubes from the full-size bridge deck, 

leading to reduction in the material , thickness, weight, and cost of the deck white sti ll 

meeting the AASHTO requirements. 

3.5 BRIDGE INSTALLATION 

The bridge was installed at 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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Figure 25: Assembled composite bridge 

Figure 26: Installation of bridge deck 
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4. CONCLUSIONS 

Testing of the prototype quarter portion of the bridge deck indicates that Ihe 

design of bridge deck using readily avai lable, off· the-shelf pultruded glass and carbon 

FRP tubes can meet the necessary strength and deflection design criteria as defined in the 

AASHTO speci fications. 

The deflection and strain histories show linear e lastic bending and shear behavior 

with a slighdy non-linear envelope close to the fa ilure load. The deflections and strains 

are very symmetric up to the point of failure. The net central deflection ranged within the 

allowable limits of length/800. 

The fatigue test served as simple baseline indicator of the long-tenn durabili ty of 

the composite deck The sample showed almost no reduction in stiffness or strength after 

2 million cycles of fatigue loading in excess of the design wheel load. 

The failure load of 133.45 kN (30,000 Ib) was almost four times the design wheel 

load of 35.5 kN (8,000 Ib) for the quarter section of the bridge deck. The failure was 

caused due to the twisting of tubes in the fifth layer from top of the deck while at the 

same time almost no other form of distortion or failure was observed in any other layer of 

tubes. Damage accumulated gradually at higher load levels~ which is reflected in the 

deflection and strain histories. Ultimate fa ilure was non-catastrophic which is 

advantageous from a civil engineering point of view. 

The testing of quarter portion of the bridge deck m the laboratory provided 

valuable in formation to resolve certain manufacturing and design 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 base line information by which to judge the bridge 

design and to compare later test data from the actual installed fu ll-size bridge deck. 

Based on results of the present research and of extensive laboratory tests on FRP 

tubes and their assemblies, all-composite bridge decks made of pultruded glass and 

carbon tubes are judged to be a suitable replacement fo r short span bridges made of 

conventional materials. Although this is not the most efficient design fo r an all

composi te bridge deck. it does represent a unique opportunity to implement composites 

'in a vehicu lar bridge. 
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S. RECOMMENDATIONS 

A number of issues stili need to be invest igated for optimizing the present bridge 

design. The following are the recommendations based on the investigations conducted 

with in the scope of Ihis project: 

• The reason for fa il ure 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 also lead to cracking of the fibers along lhe edges of the tubes. To 

prevent thi s twisting motion and hence the cracking, pultruded tubes with 

improved transverse properties are required. 

• The ultimate load capacity of the deck can be increased by replacing the fifth 

layer of GFRP tubes, laid down tmnsverseiy to the direction of the traffic, with 

GFRP tubes running lengthwise along the deck. This will result in providing 

more strength and stiffness to the deck as the longitudinal tubes in the fift h layer 

will then be one of the main load bearing members. 

• In order fo r the all-FRP bridge deck to behave monolithically, adequate bonding 

• 

between the FRP tubes is necessary . To ensure this, fu rther investigation into the 

long tenn perfomlance is required with regard to the adhesive used for bonding 

the tubes. 

Durability results and sensor data from tests wi th li ve loads should be used to 

provide in rormation required for determining the cost-effective measures to be 

used in life-cycle planning, determining a maintenance strategy, and establishing 

guidelines for composite bridges for use in the Iransport'ation infrastructure. 
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