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A. Accomplishments/Significant Findings for the Period
May 2001-June 2001

TASK A - Annotated Bibliography
e This draft chapter is under review by the FHWA Panel Members..
TASK B - Material Acceptance Tests & Statistically-Based Analysis
e This task is now complete. A revised copy of this chapter will be prepared and sent to

COTR. Two technical papers were also prepared and sent to COTR electronically and via
US mail.

TASK C - Acceptance Test Criteria for FRP Bridge Deck/Superstructure
Components
e Acceptance test criteria are finalized. A presentation on the subject was present during the
August 2001 meeting with AASHTO Technical Committee T21 members. In general
positive comments were received and there was no objection to the proposed tests. PI will
also seek additional external reviews if approved by the COTR.
TASK D — Quality Control of Structural System Assembly
A draft chapter addressing the quality control of manufactured composite materials for
bridge deck components was completed.

TASK E - Draft and Final Specifications and Commentary

Draft of the final specifications and commentary is currently under preparation.
TASK F - Draft and Final Report/TRB Presentation

No activities

TASK G — Coordinate with AASHTO Technical Committee T21

¢ One meeting with AASHTO TC-21 members was held on August 3, 2001 in
Madison, Wisconsin. Another review is proposed for the month of December
2001 in Atlanta, Ga.
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CHAPTER 1: BIBLIOGRAPHY

1.1 Introduction

In recent years, highway bridge decks constructed from modular Fiber-Reinforced Poly-
meric (FRP) materials have been the subject of a great deal of research on the part of structural
engineering community. The major advantages of these decks are their low weight (less than
one-third the weight of a comparable concrete bridge deck), corrosion resistance, good fatigue
performance, and potential for rapid field assembly, which greatly reduces the construction cost
and traffic disruption.

The design and development of new bridge deck systems made from FRP materials
requires a careful integration of the following:

1. In-depth structural engineering studies to develop a preliminary prototype design and to effec-
tively integrate attributes of the anisotropic material properties and manufacturing methodolo-
gies with the actual structural and operational requirements for replacing or retrofit upgrading
deficient highway bridge decks.

2. Extensive applied materials and structural testing of elements, modules and full size sections of
FRP bridge decks (including their connections) to develop and validate the final design that
must address every potential aspect of deck behavior over the life of the bridge;

3. Practical considerations pertaining to construction tolerances -- especially straightness of steel
and prestressed concrete stringers, weight of modules for handling by construction workers,
environmental factors at construction sites, safety, and the ability to make field adjustments to
accommodate bridge skews, joints, curbs and the like.

4. The development of a nondestructive evaluation method that must have the degree of accuracy,
reliability, and repeatability necessary not only for the quantitative evaluation of the remaining
strength but also for the detection and prediction of progressive and catastrophic failure of
existing FRP bridge components.

1.2 Objective

The objective of this chapter is to present a comprehensive up-to-date literature review of infor-
mation related to fiber-reinforced polymeric bridge decks and to provide a synopsis of the infor-
mation contained in each published reference. This review will update a previously published
literature survey article on the subject presented by Zureick et al. (1995) and establish the foun-
dations upon which future materials, components, and quality control acceptance test specifica-
tions pertaining to polymeric composite bridge decks will be based. All references surveyed in
this report were placed in in an electronic data base that is easy to access, query, and update as
additional research is completed.



1.3 Electronic data base

References addressed in this report were stored in the Microsoft ACCESS data base man-
agement software running under the Windows environment. This data base program was chosen
for its user-friendliness, its straightforward, intuitive and graphical approach to design, its ability
to generate printed reports and screen forms, and its compatibility with almost all other commer-
cial data base programs.

The information pertaining to a given reference 1s stored in five different fields represent-
ing the title, author(s), publication, year , and a summary of the publication. In addition, to these
five major fields, check-boxes were added to the data base form to act as keywords in this sur-
vey. Additional check boxes can be added at any time to reflect other categories not selected in
the present data base. Figure 1 shows the data base form along with all different fields and check
boxes.
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Figure 1. A view of the electronic databse form



1.4 FRP bridge deck design concepts--A historical perspective

Research concerning polymeric composite bridge concepts commenced in the U.S. in the
early 1980’s under the auspices of both the National Science Foundation and the Federal High-
way Administration. The earliest published documents on the subject were by Plecnik and his
co-workers (Henry, 1985; Ahmad and Plecnik, 1986; Plecnik and Azar, 1991) who examined
analytically the performance of several glass reinforced polymer bridge deck configurations,
shown in figure 2, with the general purpose finite element code, SAP IV. The design philoso-
phy behind all of these configurations was that an FRP deck behaves as a truss member in the
direction perpendicular to the support girders, and as a flexural member in the direction parallel
to the support girders. The analytical investigation relied on modest modeling techniques utiliz-
ing truss and plate elements and on approximate analyses in which anisotropic elastic properties
were ignored and replaced by an average elastic modulus of 20.7 GPa (3000 ksi). Two cases
were initially investigated: 1) a simply supported bridge deck resting on two stringers, 2.13 m (7
ft) apart; and 2) a continuous bridge deck resting on five stringers, 2.13 m (7 ft) apart.

Type 1

T
Type IV /
v ST T

Figure 2. FRP dridge deck cross section types considered by Plecnik and co-workers

Results from these preliminary studies revealed that the design was always controlled by
the deflection limit state rather than the strength limit states, and that the X-shaped bridge deck,
Type II in Figure 2, appeared to have the lowest deflection when compared to the other deck
configurations. Moreover, an X-shaped deck 22.9 cm (9 in) in height and 15.2 cm (6 in) in
panel-width, having 15.9-mm (5/8-in), 12.7-mm (1/2-in) and 9.53-mm (3/8-in) thicknesses of
top, bottom and diagonal plates satisfied a deflection limit, stringer spacing/800, set by the
authors and thus was chosen as the best design in the study.



This X-shaped bridge deck design concept was later fabricated (figure 3) using a combi-
nation of filament winding and hand lay-up processes in order to determine the static and fatigue
behavior experimentally. Filament wound E-glass/Vinylester diamond and triangular shapes
having [27/-27/0/90/27/-27/90/0/27/-27] laminate stacking sequences were first bonded together.
Unidirectional tapes were then added manually. A description of the assembly technique 1s
described in the reference by Plecnik and Azar (1991).

Figure 3. X-Shaped bridge deck by Plecnik and co-workers

Zureick and Shih (1991) conducted finite element analyses on the continuous X-shaped
deck subjected to the same boundary and loading conditions as proposed by Henry (1985) and
Ahmad and Plecnik (1989). In Zureick and Shih’s analyses values of the anisotropic properties
were calculated from the laminate theory. Results have shown that when the cells are oriented
parallel to the support girders (also in the direction of the traffic flow), the maximum deflection
was only 11 percent higher than that reported by Henry (1985) and Ahmad and plecnik (1989).
Values of the stress components were, in general, lower than 29 MPa (4.2 ksi). Furthermore,
analyses were conducted on the FRP deck in which the cells were oriented perpendicularly to the
support girders, the results of which showed a reduction of 30 percent in the deflection and 23
percent in the maximum stress over the case in which cells were oriented parallel to the traffic
flow.

Guided by the work of Plecnik, Zureick (1988) commenced an experimental and analyti-
cal program aimed toward assessing the strength and serviceability of fiber-reinforced poly-
meric composite bridge decks for use in new construction and also in the rehabilitation of aging
bridges. The analytical portion of this study involved the examination of various multi-cell
bridge deck configurations shown Figure 4 and the establishment of general guidelines pertain-
ing not only to the range but also to the optimal values of the cell width as well as the thick-
nesses of different parts of the bridge deck. In virtually all cases examined, it was found, for
example, that as the cell width increases over approximately 8 inches, the weight of the FRP
deck increases at the rate shown in Figure 5. It was also found that the triangular truss configura-
tion (Figure 4¢) was the most structurally efficient shape that can be manufactured economi-
cally. Furthermore it was recommended that



e Neither buckling nor any form of failure in the web (vertical or inclined) of a multicellar deck
occur under a 75 kip patch load distributed over a contact area measuring 10 in. x 20 in.

e The minimum plate thickness of any part of the cross section not be less than 1/4 in.

The optimum practical reinforcing scheme depends in general upon the support condi-
tions and the selected manufacturing method. For one application (Brown and Zureick 1998,
1999), the deck was designed to be constructed from top and bottom plates bonded to the trian-
gulated multi-cell trusses, as shown in Figure 13. Design requirements for bridge loads and
loading configurations were adopted from the AASHTO Standard Specifications for Highway
Bridges (AASHTO 1994 ) in one case and from both the Trilateral Design and Test Code for
Military Bridging (Army 1966) and the Circular of Requirements for New construction Sealift
Ships (Navy 1992) in another case. Two simply supported deck panels each of which measuring
10 ft x 18 ft were fabricated and constructed at a site on Interstate 81 near Roanoke, Virginia.
The site is an exacavated section of pavement adjacent to “weigh-in-motion™ scales. Traffic con-
sists of approximately 15,000 tractor-trailers per day, moving at approximately 60 km/hour. The
deck is instrumented with fiber optic strain measurement devices built -in at critical locations of
the deck structure, Figure 6 shows the Georgia Tech V-shaped bridge deck during the construc-

tion.
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Figure 4. Multi-cell type bridge decks (Zureick, 1988)
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Figure 6. Construction of the V-shaped polymeric bridge deck in Troutville, VA



At West Virginia University, extensive work on FRP bridge deck systems began by
studying analytically and experimentally FRP bridge superstructures consisting of bridge decks
and stringers (GangaRao and Sotiropoulos,1991). Two concepts whose cross sections are shown
in Figure 7 and Figure § were examined. The first concept consisted of five parts: two exterior
stringers as channels; an interior [-section stringer made from two back-to-back connected chan-
nels; and two solid composite plates placed on the top and bottom of the box section. The fiber
direction of the solid plates was perpendicular to that of the stringers to provide better transverse
load distribution. The second concept used a cellular section as a substitute for the top plate of
the first specimen in order to improve the bending stiffness. These two concepts were fabricated
and tested with simple supports under various loading conditions.

— /2 in. FRP plate (4'x
_f_ &,}_ =t 8 ft. e
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Figure 7. Cross Section of First Tested Specimen by GangaRao and Sotiropoulos
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Figure 8. Cross Section of Second Tested Specimen by GangaRao and Sotiropoulos

Efforts by researchers at West Virginia University during the 1990’s has resulted in the
development of a fiber-reinforced polymeric bridge deck fabricated by the pultrusion process.
The bridge deck has the cross section shown in Figure 9 and made by bonding hexagonal tubes
with half-depth trapezoidal elements. Composite bridge decks adopting the West Virginia Uni-
versity design concept were fabricated and installed first at two bridge sites in West Virginia; the
Wick Wire Run bridge located off Route 119 in Taylor Conty, West Virginia, and the the 20-ft



span all composite bridge (Laurel Lick Bridge) located on county Road 26/6 in Lewis County
West Virginia (Figure 10). A description of the development that led to the construction of the
aformentioned bridges along with other applications is given by GangaRao et al. (1999).

by =4 in.
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Figure 9. Cross-section of WVU FRP bridge deck (GangaRao et al., 1999)

Figure 10. View of the all-compaosite Laurel Lick Bridge
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Bakeri (1989) and Bakeri and Sunder (1990) used balanced symmetrical lamina having a
stacking sequence of [0/60/-60]; and [0/45/-45/90]; to investigate analytically the feasibility of
a number of FRP bridge decks (Bakri, 1989; Bakri and Sunder 1990). They concluded that the
hybrid concept, shown in figure 11, composed of glass fiber-reinforced polymer, carbon fiber-
reinforced polymer and light weight concrete resulted in a bridge deck system having a deflec-
tion less than s/800, where s represents the stringer spacing. Their concept assumed a perfect
bond between the concrete and the polymer composite, which was not addressed in their work.

Light-weight. concrete

10.25 in. T
1 in. GRP+CFRP plate

112 inch

Figure 11. Hybrid FRP bridge deck studied by Bakeri and Bakeri & Sunder

In addition, an analytical study conducted at the University of Virginia (McGhee, 1990;
McGhee et al., 1991) presented results of the least-weight design of four cross-section types of
FRP bridge decks subjected to 1989 AASHTO loading. These bridge deck concepts were
adopted from the studies of Henry (1985) and Ahmad and Plecnik (1989) and consisted of types
I, 11, and III, as well as a slightly modified version of type IV, of Figure 2. The mathematical
optimization problem was formulated such that the objective function was represented by the
weight of the bridge deck while the behavioral constraints included ultimate strength, local buck-
ling and s/800 deflection limit states. Linear elastic finite element analysis in which orthotropic
plane stress elements combined with space frame members was used to simulate the cellular
deck. The study concluded that the type III cross section could efficiently provide fabrication
savings and result in an FRP deck weighing approximately 20 1b./ft? of deck surface.

During the late 1990’s, several bridge deck concepts were referenced briefly in a limited
number of technical and trade publications. Some of these concepts were clearly guided by the
invistigations reviewed earlier while others differed substantially. It is unfortunate that the tech-
nical backgound to the development of such concepts have not been documented properly in the
literature. Therefore, we only provide a list of these concepts:

e The Martin Marictta Composites, Inc. pultruded bridge deck (DuraSpan' ™), whose cross sec-
tional shape is a slight modification to Type IV and Type V of plecnik’s original concepts.

11



e Honeycomb FRP bridge decks manufactured by Hardcore Composites.

e Fiber-reinforced foam core sandwich panels (TYCOR ™) consisting of a foam core reinforced
with 3-dimensional multi-axial performs and glass fiber reinforced skins at the top and bottom
of the panel. This concept is not intended for spans that exceed 3 ft.

¢ Fiber-reinforced polymeric honeycomb sandwich panels manufactured by Kansas Structural
Composites, Inc. (Figure 12)

ool g
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Figure 12. Fiber-reinforced polymeric honeycomb snadwich panel (Courtesy of KSC)

1.5 EXperimental Evaluations of FRP bridge deck concepts

Laboratory and field tests were performed on some but not all of the fiber-reinforced
polymeric bridge deck concepts mentioned earlier in the previous section. Hereafter, a review of
the level of experimental activities associated with the evaluation of the material and structural
properties of FRP deck concepts encountered in the literature is presented. This review is lim-
ited to investigations that were documented in the form of technical reports and papers.

1.5.1. MATERIAL CHARACTERIZATION

The experimental characterization of the properties of the composite materials used for a
bridge deck applications plays a significant role not only in the analysis and design of the struc-
tural system but also in the assessment of the quality control of the manufactured system during
the fabrication process.



There are a limited number of bridge deck studies that have documented data bases asso-
ciated with material characterizations. One of these studies was carried out at the Georgia Insti-
tute of Technology (Zureick and Acosta 1999) in conjuction with the development of a
lightweight modular deck for application to the landing shipquay/causeway and mobile offshore
base. Testing at the coupon level was a continuous process to ensure that there was an accept-
able variation limit in the material properties of the fabricated components. Tests were con-
ducted on coupons excised from the top and bottom plates as well as the triangles, comprising
the FRP deck section, as shown in Figure 13, to determine the relevant physical properties (den-
sity, fiber volume, and glass transition temperature) and the mechanical properties (tension, com-
pression, in-plane shear, and flexure) associated with the x-, y-, and 45° directions shown on the
figure. The top and bottom plates that were fabricated by the semi-automated hand lay-up tech-
nique had an average fiber volume of 35%. The average fiber volume attained during the fabrica-
tion of the pultruded triangles was 47%. An important finding resulted from the coupon testing
program was that the mechanical properties of the pultruded triangles could be improved by post
cure at 140°C. Presumably the matrix was not fully reacted as it left the die and post cure maxi-
mize the resin performance.

Top Plate

Triangular
Tubes

Bottom Plate

Figure 13. Bridge deck elements

In connection with the development of the West Virginia University hexgonal shaped
bridge deck (Vedam 1997), coupon tension and bending tests were conducted to examine the
properties of various plate elements comprising the hexagonal and double-trapezoid components
manufactured by the Vacuum Assisted Resin Transfer Molding (VARTM) process. The rein-
forcement in these components were in the form of rovings, stiched fabrics, choped strand mats,
and continuous filament mats. In a later study (Shekar 2000) coupon tension, flexual, and short-
beam tests were conducted on composite materials reinforced with stitched fabrics and fabri-
cated by both the pultrusion process and the Seeman Composite Resin Infusion Molding Process
(SCRIIMP) to examine the effects of various fiber architecture and fabrication processes on the
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properties and modes of failure. It was found by Shekar (2000) that the stiffness and strength val-
ues of coupons fabricated by the the SCRIMP were approximately 50% of those of the pultruded
coupons. Such a reduction was attributed to the lack of resin obseption, improper wet-out, and
low-curing temperature of the SCRIMP.

1.5.2. COMPONENT TESTING

The objective of component testing is to evaluate various strength and serviceability limit
states that the structure may reach during the actual use conditions. These tests can be static or
dynamic.

The earliest of these tests condcuted on FRP bridge decks were performed by Azar
(1989) who examined the performance of the X-shaped deck developed by plecnik under static
and fatigue loading conditions. Three different types of components, one diamond combined
with two triangular sections, two diamonds combined with four triangular sections, and three
diamonds combined with six triangular sections, were studied. Practically all specimens experi-
enced debonding at the unidirectional tapes/filament wound section interface, due to fatigue
loading. These series of tests were followed by static and fatigue testing of simply supported
deck panels, 2.12 m (7 ft) wide and 0.45 m (1.5 ft) long , constructed from 15 diamonds and 28
triangular sections (Plecnik and Azar, 1991). Acoustic emission sensors, strain gages and deflec-
tion gages were deployed to monitor the deck’s response. Tests indicated that when the deck
specimen was fatigued at a load ranging from 9.45 kN (2.1 kips) to 37.8 kN (8.5 kips) for 2 mil-
lion cycles, a negligible loss of stiffness (approximately 2 percent) was observed. When the
specimen was subjected to an additional 2 million cycles, the loss of stiffness was about 34 per-
cent. In the higher load range, when the deck specimen was fatigued at a load range from 13.9
kN (3.1 kips) to 5$5.6 kN (12.5 kips), the loss in stiffness was approximately 5 percent. In both
cases, the behavior of the deck during the loading and unloading stages was linear and elastic.
From the extensive testing conducted by Plecnik and his co-workers, it was evident that damage
under fatigue loadings consisted primarily of delamination initiation caused by inadequate or
defective interface bonding between laminated panels or between adjacent layers of different
fiber orientations within a laminate. Local buckling of thin delaminated layers under compres-
sive service loads results in a severe opening action along the front of delamination crack and
this may cause catastrophic delamination growth.

Mongi (1991) tested a multicellular deck system having the dimensions 142"x 48.25" x 5.5"
under three different loading conditions; a midspan concentric load, midspan eccentric load,and
midspan line load. The measured deflections compared very well with those computed from
engineering type beam analysis as well as finite element analyses.



Figure 14, Multicellular deck system tested by Mongi (1991)

Lopez-Anido et al. (1998) presented the results of static and fatigue tests conducted on
bridge deck components fabricated by the vacuum assisted resin transfer molding (VARTM)
process. The strength and stiffness properties the deck elements reported to have been obtained
experimentally at two different laboratories were not presented in the paper. Flexural tests con-
ducted on fabricated components having a width of 45 inches and a length of 120 inches were
conducted under two types of loading conditions: 1) a transverse line load of a width of 11.5
inches; and 2) rectangular patch load applied on area measuring 10 in x 20 in, as shown in Fig-
ure 15. The panels were instrumented with strain gauges and linear variable displacement trans-
ducers. The deflections under both the patch load and the line load were reported in a graphical
form in which the span to deflection ratio is presented as a function of span to deck depth val-
ues. Finite element analyses of the experiments in which the deck component was subjected to a
patch load showed that the deflection-load ratios at three different locations were very close to

those measured experimentally. They also reported the results from a 2,000,000 cycle fatigue
testing at a frequency of 3 Hz with the load ranging from 2000 Ibs to 50,000 lbs. It was con-

cluded that stiffness of the deck component did not degrade as a result of the fatigue testing.
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Figure 15. Component Test by Lopez-Anido et al. (1998)

At the Georgia Institute of Technology, structural components during the fabrication and
also during the assembly were tested for quality control purposes and for establishing the
strength and deflection limit states of various elements of the bridge deck. Three and four-point
bending tests were performed on both laid up and pultruded triangular sections. A gravity load
simulator (shown in Figure 16) was used as a loading fixuture so that measurements of vertical,
horizontal, and rotational displacements of the triangles during loading were properly obtained.
Rotation and out-of-plane distortion is an indication of material and dimensional non-unifor-
mity. The braided/pultruded triangles showed significantly less lateral displacement and rotation
than the laid up version.
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Figure 16. Gravity load simulator

A schematic of the three-point flexural test set-up of a triangular beam reinforced with
3D braided fabric is shown in Figure 15. The load-deflection and load-torsional rotation charac-
teristics are shown in Figures 17 and 18, respectively. A five-cell assembly bridge deck compo-
nent spanning 2.87 m was tested to failure. Figure 19 presents the load-deflection curve and
shows the maximum load of 425 kN at which tensile failure of the bottom plate occurred.

Finally, 3 m by 3 m deck panels were tested in flexure under midspan line loading condition and
also under a simulated wheel load whose dimensions were 20 in x 13 in. Under the effect of a
simulated wheel load, the deck panel was able to resist a total load of 143 kips without failure. At
this maximum load, the maximum tensile strain in the bottom plate was less than 0.3% , with a
deflection of less than 17.8 mm.
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Figure 19. Load-deflection curves for a deck component
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Figure 20. Failure of the 5-cell assembly under a single patch load
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Figure 21. Testing of a 3m x 3m deck panel

At the Univesrsity of California San Diego, Karbhari et al. (1997) presented the results of
experiments conducted on the bridge deck components shown in Figure 22. The length of these
components was reported as 14 ft. They were placed on two high-strength concrete abutments
spaced 8 ft. center-to center and tested with a load applied at the middle between the abutments.
The load-deflection curves of each tested component were presented. It was shown that the stiff-
ness of each tested polymer composite component was between two values representing the stiff-
ness of an ucracked and cracked steel-reinforced concrete deck panel having almost the same
dimensions as those made of polymer composites. Details regarding tests set-up, measured
dimensions of each deck components, instrumentation plans, and material properties were not
reported.

Finally, following concepts examined analytically and experimentally by Zureick (1989)
and Mongi (1991), Hayes et al. (2000) evaluated the static and fatigue performance of an E-
glass/polyester pultruded deck made by bonding square tubes with top and bottom plates under a
simulated wheel load measuring 20 in x 12 in. The assembled component, 4-ft-wide, 14-ft-long,
and 4.75-in-deep, was placed on W16x40 steel beam supports spaced 4 ft apart. Three different
tests were conducted. In the first test, when the middle section was loaded to a maximum value
of 25 kips, the deflection reached 0.15 in., which was equivalent to the unsupported span divided
by 270. In the second test, one of the end deck panel was first subjected to a number of static
load cycles prior to loading to failure at approximately 83 kips. In the third and final test, the
other end panel was subjected to 3,000,000 cycles of loading between 2.5 kips and 25 kips at a
frequency of 2 to 3 Hz. This fatigued panel was then tested to failure and showed a strength
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almost equal to that of the unfatigued section. It was noted, however, that at the service load of
20.8 kips the defelction of the fatigued panel was approximately 14% higher than that of the
unfatigued panel.
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Figure 22. Bridge deck components tested by Karbhari et al. (1997)

1.5.3. CONNECTION TESTING

An analytical and experimental investigation related to connecting the bridge deck to sup-
porting girders was conducted by Sampaga (1991), who showed that a promising approach to
this type of connection was to place solid core inserts at the bottom of the diamond shape sec-
tion and then bolt the deck to the supporting girders. He warned, however, that the use of access
holes from the deck top could be detrimental as a result of fatigue loads in adverse environ-
ments, and proposed three designs, all of which eliminated the need to drill holes in the top deck
surface. This deck-to-girder connection study was complemented by another analytical and
experimental investigation aimed at developing the connection of deck-to-deck panels using 610
mm (24 in) long filament wound diamond-shaped wood inserts (Ali-kahn, 1991). It should be
pointed out that the analytical results obtained from the above investigations underestimated the
stress and deflection values measured experimentally.
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1.5.4. FIELD TESTING

A limited number of field tests on polymeric composite bridge decks have been con-
ducted and showed that there was very little composite action between the bridge decks and the
support girders. Details of these investigations will be published in a separate report by Ganga-
Rao (200x) However, presented briefly herein are only published field studies concerning the
computation of the impact as well as the load distribution factors to the supporting girders.

Load distribition factors: GangaRao et al. (1999) reported that the load distribution factors
determined experimentally on Wickwire Run bridge ranged from 0.15 to 0.35. These distrubu-
tion factors were found to be close to those computed from a simplified orthotropic plate theory
using an assumption that the degree of composite action between the deck and the supporting
girders was 50%. Reising et al. (2001) described the field tests conducted on three types of pre-
fabricated fiber-reinforced polymeric bridge decks and one type of concrete bridge deck rein-
forced with polymer composite bars. These bridge decks were installed on bridges located on
route 49 in Dayton, Ohio. Computed load distribution factors from experiemental data obtained
from the Ohio bridge resulted in values ranging from approximately 0.2 to 0.75. Such values
were lower than those computed from the current AASHTO Standard Specifications for High-
way Bridges. All of the above conclusions were in line with the results of the anlytical study pre-
conducted by Zureick and Shih (1994) who showed that the wheel load distribution factors of
cellular FRP bridge decks supported by steel or Type II prestressed concrete girders were less
than those computed by the AASHTO Standard Specifications for Highway Bridges.

Impact factor: In the study reported by Reising et al. (2001) it was concluded that for bridges
having FRP decks, the values of the impact factor did not exceed the limit of 0.3 specified in the
AASHTO Standard Specifications for Highway Bridges.

1.6 Summary

Based on the references reviewed in this chapter, the following conclusions are made:

1- Despite the limited number of available bridge deck composite materials data bases, there
exists information sufficient to recommend guidelines pertaining acceptable consistent material
property test methods and a uniform data reporting procedure to be followed by composite
bridge deck manufacturers.

2- The majority of the bridge deck material property data found in the literature were concerned
with the determination of physical (density, fiber volume fraction, glass transition temperature)
and mechanical (tension, compression, shear) properties. Very little attention has been given to
both thermal (thermal expansions and conductivities) and hygral (moisture expansion).

3- properties. wepolymer composite bridge deck for use by engineers and public agencies d
establish recommendations pertaining the appropriate material property test methods and to
examine such information statistically allow the defenitions of test methodsthe development of a
methodology recommendations pertaining the determination of the probability distribution and
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the characteristic design values of the properties. These databases have been assembled from
tested coupons associated with accumulatedOne of the databases was generated under an FHWA
study related to development of a lightweight modular deck for application to the landing
shipquay/causeway and mobile offshore base.

used to propose examine Composite material property databases related to composite materials
used for bridge deck applications are very limited.

Most research and development programs associated with polymeric composite bridge decks For
virtually all cases in which polymeric composite bridge decks were investigated experimentally,
flexural tests were among the most
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CHAPTER 1: TEST METHOD
AND DATA ANALYSIS

1.1 INTRODUCTION

The increased use of composite materials in bridge deck applications has focused the
attention on the need for establishing an experimental data base for composite design engineers.
In order to establish such a data base, standard test methods, failure criteria, and a data base of
material properties need be identified, developed, and agreed upon by the bridge engineering
community.

At present there is a scarcity of information concerning not only the material properties of
composites but also the test methods that need to be adopted for reliable characterization of such
properties. There is not a consistent basis for testing and reporting test data for use by structural
engineers. Manufacturers report their data in many different forms, often without sufficient
information to know exactly how the data were obtained. In addition, different test methods may
be employed. For composites to be used in bridge applications, consistent test methods, analysis
techniques, and reporting formats are needed to evaluate their reliability.

This chapter reviews various test methods available for characterizing composite materi-
als and recommends the most suitable test method for each desired property. In addition, pro-
posed is a specific explicit method for conducting consistent, statistically-valid analysis for
reporting composite mechanical property data. Such a method accounts for the uncertainties aris-
ing from the parameters being determined from a finite population.

1.2 PROPERTY CHARACTERIZATION TEST METHODS

The analysis, design, or material qualification methods pértaining to polymeric compos-
ite bridge structures require an understanding of the response of the mechanical, thermal and
hygral properties of the material under a variety of mechanical loading and environmental con-
ditions. These properties can be classified into four categories:

1) Physical Properties: density, fiber volume fraction, and the glass transition temperature,
2) Mechanical Properties: tension, compression, and shear,

3) Thermal Properties: thermal expansion, and

4) Hygral Properties: diffusivity and moisture expansion coefficients.

Standard test methods to properly characterize the aformentioned properties have been devel-
oped in the past within the context of aerospace structures with most emphasis being placed on
the mechanical properties. Descriptions of these test methods with commentaries on their appli-
cabilities to composite materials having thicknesses and fiber architecture similar to those
intended for bridge structures are hereafter described.
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1.2.1. PHYSICAL PROPERTY TESTS

1.2.1.1. Density

The density of composite materials can be determined according to ASTM D792 Standard Test
Methods for Density and Specific Gravity (Relative Density) of Plastics by Displacement. In
such a standard, small samples representative of the element for which the data are required are

cut to any size and shape of a volume not less than ] c;:13(0.065;13) . The density measurement is

determined by evaluating the difference between the weight of a sample in air and in air-free,
distilled, or demineralized water as follows:

Pe =56y, (1)

where

SG = —-i~— (2)

in the above equations

p.= Density of the composite

SG = Specific gravity of the water at the water measured temperature during the experiment.
W, = Weight of the sample in air.

W,, = Weight of the sample in water

1.2.1.2. Fiber Yolume Fraction

The fiber contents of fiber-reinforced polymeric composites are determined according to
either the ASTM D3171 Standard Test Method for Fiber Content of Resin-Matrix Composites by
Matrix Digestion or the ASTM D2584 Standard Test Method for Ignition Loss of Cured Rein-
forced Resins. In the ASTM D3171 standard, weighed samples of the composite are immersed in
a hot digestion medium to dissolve the resin portion. The digested samples are then filtered,
washed, dried, and weighed again. The fiber content by weight can then be computed and con-
verted to a volume percent provided that the densities of both the composite and the fibers are
known. In the ASTM D2584 standard a weighed composite sample placed in a crucible is ignited
and allowed to burn until ash and carbon remain. The residue is reduced further to an ash by

heating in furnace at 565° C, cooled in a desicator, and weighed again so that fiber content by
weiegt can be computed and converted to a volume percent. It should also be noted that the
ASTM D2584 is most suitable for composites reinforced with glass fibers only. In addition, nei-
ther the ASTM D2584 nor ASTM D3171 standard accounts for the presence of fillers in the resin
matrix, which is very common in commercially available polymeric composite bridge decks.
This issue was addressed by Ye et al. (1995) who proposed a simple approach to supplement the
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ASTM D2584 Standard. Such a proposal has not yet been adopted in the ASTM D2585 Stan-
dard. Since most commercially available composite bridge decks are manufactured with resin
matrices containing fillers in the form of Kaolin clay, calcium carbonate, or alumina trihydrate
with reinforcements in the form of unidirectional roving and randomly oriented short or long
fiber mats, it is recommended that the approach of Ye et al. for separating the fillers be fol-
lowed. Prior experience associated with the development of a triangulated polymer composite
bridge deck (Zureick and Acosta 1998) showed that sulfiric acid- hydrogene poroxide mixture
(Procedure B of ASTM D3171) was found unsuccessful in breaking up vinylester/E-glass based
composite samples. Digestion in nitric acid was found to work after a very long digestion time.
Because dilution of the concentrated nitric acid caused precipitation of vinylester particles, an

acetone rinse worked much better. After several drying cycles in an oven at 110 °C, a constant
weight was attained from which the fiber content could be estimated.

When the weight of the composite constitents are determined experimentally by any
appropriate method, the following equations are hereafter developed for the determination of the
fiber, resin, fillers, and void content of a composite sample consisting of both roving and mats or
fabric as shown in Figure 1.

Mat layer

O O O OO Roving layer

Mat layer

Mat layer

OO O OO Roving layer

Mat layer

Figure 1. A composite sample reinforced with roving and mats

For such a case, the total weight of a composite sample, W, can be expressed mathematically in
the form:

Wc = Wf+ Wm (3)

Where Wyand W, are the weight of fibers and the matrix, respectively.

For the case of reinforcing fibers in the form of roving and randomly oriented filament mats, the
above equations can be expressed further in the form:
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Wf = I4/_11"/rw:)w'ug+ PVf/mai (4)
w =W W

m msroving F m/ mat (5)

where Wy, and Wy, are the weight of roving fibers and the weight of mat fibers, respec-

/roving and H/;

layers, respectively.

tively. W, are the weights of the matrices in the roving layers and the mat

n/ mat

Since the matrix of the composites consists of resin, filler and voids, the total weight of
the matrix is expressed as

Wm = Wr + Il'/'Vf'lllm‘ (6)
where W, and Wy, are the weight of the resin and fillers, respectively.

Computation of Weight Fractions:The weight fractions of the fibers, wy and matrix, w,,, satisfy
the equation:

wf+ W = 1 (7)
where
W
= a2 (8)
W
S W,
W!H
W =emm (9)
1 W,:-

The fiber weight fraction wycan now be written in the form

(10)

wf = 1'Vf/r‘ow'ng+ Wf/mar
where
W{/rm’mg
= (11)

w ; =
f/roving ch

mea
Wf/mar = );fV I (12)

c
The weight fraction of the matrix can also be expressed in terms of two parts:

Wi = W +wﬂ|]er (13)

and
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W,
W
(14)

. Willer
Miller - -fiT
where w; and Wyj]e are the weight fractions of theresin and the filler, respectively.

It is noted that when the method of ignition loss is used, apercent of the amount of filler
will be lost after burning-out. Thus, the estimated weight of fillers in terms of that after the burn-
out procedure can be obtained as follows from:

» W = Ailler * (1+8) (15)

where Winot isthe weight of filler after burn-out process and 5 is the percentage of weight loss
of fillers (5=14% for kaolin clay; 5=34.6% for duminatrihydrate, Ye et a., 1995).

Computation of Volume Fractions: The total volume of the composite sample, V., can be
expressed as follows:

K = "F\"Koiilp 06)

where Vr, Vi, and Vyvoxas aetotal volumes of fibers, matrix and voids resulted from the pultru-
sion process. Krcan be obtained using the weight and the density of the fibers. Similarly, 1ad
V, can be divided as follows:

! -  flroving Vi/mat
m m/roving m/mal

where Vryoi  and Vi arevolumes of fibers in the roving layers and in the mat (CSM) lay-
ers, respectively. Vivrovi @d Vivmatr ae volumes of the matrix in the roving layers and in the
mat layers, respectively.

The volume of the matrix can also be expressed as follows:

v,n =V, + Ailler * Fvoid/,, <18

where V,, Vi\]\¢ and V,,o”m are the volumes of resin, filler and voids contained in the matrix
(resintfiller mixture). The total void content in the pultruded composites, K,qq can be written as
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