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Abstract

Pultruded glass fiber-reinforced polymer (GFRP) bridge decks distribute punctual vehicular loads
to the underlying superstructure and can also act as the upper chord of hybrid main girders. The
deck’s structural performance in both cases is influenced by its transverse behavior. The static
bending behavior in the transverse-to-pultrusion direction of two GFRP bridge deck systems with
trapezoidal (DS) and triangular (AS) cell cross-sectional geometry was experimentally studied.
Different load transfer mechanisms were found in DS (frame-dominated) and AS (truss-governed)
depending on the cell geometry. The DS deck exhibited a lower apparent bending stiffness and
degree of composite action between the face sheets than the AS deck, which was attributed to the
lower transverse in-plane shear stiffness provided by the trapezoidal core than by the triangular
core. The system in-plane shear moduli were estimated from the experimental deflection results.

Keywords: GFRP; pultrusion; bridge deck; transverse behavior; in-plane shear modulus; composite
action; mechanical testing.

pultrusion process and adhesively bonded

1 Introduction together to form the slab. Unit profiles with

Glass fiber-reinforced polymer (GFRP) bridge different cell geometries (e.g. triangular, rectangu-
decks have been increasingly employed during the lar, trapezoidal) and profile-to-profile joint con-
last decades in vehicular and pedestrian bridges, figurations have been proposed.

both for new construction and rehabilitation pur- Pultruded GFRP decks exhibit orthotropic struc-
poses, owing to favorable characteristics com- tural behavior due to material orthotropy and
pared to ’.crad|t|0|‘1al re|nforFed concrete (RF) different load-bearing mechanisms in their longi-
decks, e.g. light weight, corrosion resistance, rapid tudinal (parallel to pultrusion) and transverse
and easy assembly, short field installation times, (perpendicular to pultrusion) directions. In the
anq lower life-cycle costs. Based on the manufac- longitudinal and main working direction, the deck
turing and assembly process, GFRP decks can be system can be considered as a group of contigu-
classified into two categories: sandwich and ous box or I-beams formed by the deck’s webs
pultruded decks. Sandwich bridge deck§ are com- and face sheets. In its transverse direction, the
posed of two GFRP face sheets and a lightweight deck’s load transfer mechanism depends on the
material core (e.g. honeycomb panel, fqam, balsa system’s cross-sectional geometry, on the charac-
wood). Pultruded deck systems consist of an teristics of the web-face sheets junctions and on
assembly of hollow profiles manufactured by the the joints between adjacent profiles.



Pultruded bridge decks distribute and transmit
loads applied to the bridge to the main girders.
The deck’s structural performance as a slab and its
orthotropy ratio are influenced by the contribu-
tion of the transverse-to-pultrusion direction to
carrying applied punctual loads. Additionally, pul-
truded GFRP decks can participate in transferring
loads in the bridge’s longitudinal direction, acting
as the top chord of the main girders when there is
sufficient composite action between the girder
and the deck. The contribution of the GFRP deck
has been proven to be significant in terms of stiff-
ness and strength in GFRP deck-steel/RC beam
hybrid members [1, 2]. Furthermore, the partici-
pation of GFRP decks as the upper chord of main
girders also depends on the shear transmission
within the deck itself in the bridge’s longitudinal
direction, i.e., the deck’s transverse direction. The
level of composite action within the deck depends
on its transverse in-plane shear stiffness and load
transfer mechanisms.

Numerous experimental investigations have been
conducted, for several pultruded deck systems, to
study their global stiffness, strength, failure
modes and fatigue performance under vehicular
loads. Experimental research has also focused on
the characterization of the deck’s longitudinal
behavior. Few experimental studies are available
for the transverse direction however [3, 4].

The aim of this work was to experimentally study
and compare the static transverse behavior of two
pultruded GFRP decks with different cross-
sectional geometry (trapezoidal and triangular).
Symmetric three-point bending experiments up to
failure were conducted on simply supported 200-
mm-wide deck specimens. Stiffness, strength,
failure modes and load transfer mechanisms in
their transverse direction were investigated. The
experimental results were analyzed to obtain the
transverse in-plane shear modulus of both sys-
tems. The transverse performance of the two
systems is compared and discussed.

2 Experimental investigation

2.1 Specimens and materials

Two pultruded GFRP deck systems with different
transverse cross sections were investigated:

DuraSpan (DS) and Asset (AS). The experimental
program was conducted on three beams from
each deck design. Specimens were labeled DS-m,
and AS-m (m =1-3) for the DS and the AS series,
respectively.

The DS specimens were composed of four unit
module profiles (eight cells). Their global length,
width and height were 1230, 200 and 194,6 mm,
respectively. The DS unit module profile cross-
sectional geometry comprises two trapezoidal
cells formed by vertical and slightly inclined webs
connected to the deck’s face sheets. The adjacent
unit module profiles are bonded along their
vertical webs. A tongue-and-groove connection
between panels is provided by lip extensions and
steps in the face sheets. Detailed dimensions are
shown in Figure 1 (a). The DS deck is composed of
E-glass fibers embedded in an isophthalic
polyester resin. The in-plane material properties
for the face sheets and webs are given in Table 1.
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Figure 1. Unit module geometry of (a) DS and
(b) AS specimens; dimensions in mm

The AS specimens consisted of seven 200-mm-
wide unit profiles (fourteen cells). Their global
length and height were 2315 and 225 mm,
respectively. The cross section of the AS unit
profile consists of a parallelogram with an inner
diagonal which creates two triangular cells. Dual-
cell profiles are bonded to the adjacent ones along
their outer diagonals. Lip extensions are provided
in the face sheets in two of the profile corners and
grooves in the two opposite ones in order to
facilitate the bonded profile-to-profile connection.
The unit shape geometry is depicted in
Figure 1 (b). The AS shapes consist of E-glass fibers



and an isophthalic polyester matrix. The material
properties for the face sheets and diagonal
elements supplied are given in Table 1.

Table 1. Material properties of DS and AS profiles

Deck Elastic Elastic

tvpe Element modulus modulus
P Ex[MPa]  Ey[MPa]
11 790 1

D F h 212401 .
S ace sheets 0 (12 980 )
9650 U

i [1]

Vertical webs 17 380 (14 910 ™)

) 9650 U
Inclined webs 17 380 M (16 350 )

AS Face sheets 27 000 @ 19 000 @
Outer diagonals 20 000 23000 @

Inner diagonals 17 000 @ 26 000 @

X= pultrusion direction, Y= perpendicular to pultrusion direction
) Experimentally obtained for 0-0.20% strain range

2.2 Set-up and experimental program

Both the DS and AS beams were loaded in a three-
point bending configuration. The DS specimens
were simply supported on their edges with the
supports’ axis vertically coinciding with the outer
webs’ middle plane. The clear span length L was
1210 mm, which corresponds to a span-to-depth
ratio of 6,2. The load was punctually applied at
mid-span, on the top of the middle vertical web
(see Figure 2 (a)). The AS specimens were simply
supported with a clear span length L of 1495 mm
(span-to-depth ratio of 6,6). The supports were
placed under the joints between the 1%t/ 2" and
6"/ 7™ specimens’ unit shapes. A concentrated
load was applied to the specimens’ top surface at
mid-span, coinciding with the joint area between
the 3™/ 4™ profiles (see Figure 2 (b)). The load
was applied in both experimental series across the
beams’ whole width.

Specimens were equipped with linear vertical
displacement transducers (LVDTs) and electrical
strain gages to measure vertical deflections and
axial strains along their length (parallel to span),
respectively. The mid-span and quarter-span
deflections were measured for the DS series on
the specimens’ bottom face; vertical displace-

ments for the AS series were measured at mid-
span on both the top and bottom faces. Strain
gages were placed both on face sheets and webs
elements. Pairs of gages were mounted on several
sections — one gage on each side. Deflection and
strain data were automatically registered at
regular intervals by a data acquisition system
connected to a computer.

All experiments were performed under displace-
ment control up to failure. The loading rate was
0,05 mm/s for the DS specimens and ranged from
0,005 to 0,010 mm/s for the AS specimens.
Loading-unloading cycles were conducted in both
series prior to failure. The cracks’ appearance was
sketched on the specimens’ front surface.

3 Experimental results

3.1 DS beams response

The load-deflection responses at mid-span (61/2)
and quarter-span (614) measured for the DS
beams are shown in Figure 2 (c). The three beams
exhibited linear elastic behavior up to a ca. 7-kN
load, when the first audible cracks were heard. No
changes in stiffness were observed in the cycles
performed prior to reaching that load. The initially
linear response turned to nonlinear and the
stiffness decreased. Progressive delamination
cracking was meanwhile detected in the web-face
sheet junctions without causing the specimens’
final failure. The sequence of observed cracks in
specimens DS-2 and DS-3, their location and the
associated load levels are indicated in Figures 2 (a)
and 2 (c), on the right side.

Failure, defined as the inability of the specimen to
bear any further load increase, occurred at
12,9/12,4/13,1kN in specimens DS-1/DS-2
/ DS-3, respectively. Noticeable load drops and the
development of large displacements were
subsequently registered, see Figure 2 (c). The DS
beams’ failure was governed by local failures in
the web-face sheet junctions. Failure occurred
due to the propagation of previously formed
cracks and subsequent local failure in the top
junction of the inclined 8™ web, see Figure 3 (a).
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Figure 2. (a) Crack sequence in DS-2 and DS-3; (b) failure location in AS beams; (c) load-deflection behavior
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of DS beams; (d) load-deflection behavior of AS beams

3.2 AS beams response

The load-deflection responses at mid-span
registered for the AS beams in their top and
bottom faces are shown in Figure 2 (d). The three
beams exhibited almost linear elastic behavior
until  first  failure occurred abruptly at
23,5/20,0/18,8-kN loads for AS-1/AS-2/AS-3,
respectively. The opening of the adhesive joint in
the bottom face sheet between the 4t /5t
profiles (see Figure2 (b)) and a crack
perpendicular to the 8" web in its bottom part
(see Figure 3 (b)) were observed at that point for
all specimens. Load decreases of 67/61/52%
were registered for AS-1/AS-2/AS-3 after the
first failure.

Subsequently, all specimens were able to bear an
increasing load, however with initial stiffness
reductions of between 80 and 85%. Subsequent
peaks of 20,8/18,6/19,7-kN loads for AS-1/
AS-2 / AS-3 were reached. The appearance and
development of other cracks had meanwhile been
observed before final failure took place abruptly.
All the beams showed a similar failure pattern
with delamination propagating parallel to the
adhesive joint between the 4™ /5™ profiles, see
Figures 2 (b) and 3 (b).

Figure 3. (a) Local failure of specimen DS-1
(8t web-top face sheet junction); (b) failure

pattern of specimen AS-2



4 Comparison of experimental
results and discussion

4.1 Load transfer mechanisms

Figure 4 (a) shows the normalized values (strain
per unit load) of measured strains in both series
during their initial linear behavior. In the DS
beams, positive and negative strain values
appeared in both the top and bottom face sheets
(fs) and in the two instrumented webs. Significant
differences in strain data from gages mounted on
the same section but opposite surfaces (g, &)
were found. This showed that, in addition to
compression (top face sheet, 2"* web) and tension
(bottom face sheet, 4™ web) axial forces related to
truss action, local bending moments and shear
forces appeared in the elements. Strains due to
local flexural effects, €pending, related to the
difference between the (g, ¢g) values, were
significantly higher than strains due to axial forces,
Eaxial, linked to the (g, ) average value, in the face
sheets as well as in the webs. This indicated that
the transfer of forces in the DS beams is governed
by the frame mechanism (Vierendeel action), with
the load transmitted from mid-span to the
supports by local bending moment and shear
forces in the elements. The calculated
Evending | Eaxia  ratios are given in Figure 4 (b).
Ebending | Eaxiat Tanged from 1,8 to 39,4 in the face
sheets and from 4,2 to 30,3 in the webs for the
measured locations in the DS beams.

In the AS beams, mainly positive strain values
were recorded in the bottom face sheet and in the
single (inner) /bonded (outer) diagonals of the
beams’ left / right sides, while predominantly
negative strain values were registered in the top
face sheet and the bonded / single diagonals of
the beams’ left/right side, see Figure4 (a).
Absolute normalized strains in the face sheets
increased from the supports towards mid-span; on
the other hand, comparable values were
measured in the bonded or single diagonals in the
left and right sides of the beams, independently of
their location along the span. Figure 4 (a) shows
that the truss mechanism — with increasing
tension / compression axial forces in the face
sheets towards mid-span and alternatively
tensioned / compressed diagonals, with constant

axial force — dominated the AS beams’ transverse
behavior. However, strain measurements showed
that local bending moments and shear forces
appeared both in the face sheets and the
diagonals. Before first failure occurred,
Ebending/ €axiat fOr the instrumented locations
ranged from 0,0 to 2,0, from 0,4 to 1,2 and from
2,0 to 3,0 in the face sheets, single diagonals and
bonded diagonals, respectively (see Figure 4 (b)).
Slip through the adhesive layer between pairs of
gages could however influence this decoupling of
strains in the bonded diagonals. The load transfer
mechanism did not seem to change significantly
after first failure.
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Figure 4. (a) Measured normalized strains;
(b) measured ratios of local bending strain to local
axial strain; (c) location of strain gages
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Table 2. Calculated apparent bending stiffness

DS Deck system AS Deck system
. Reference Elapp Elapp / Elnom,sun . Reference Elgpp Elapp / Elnom,un

Specimen deflection  [-10° Nmm?] [%] Specimen deflection [-10° Nmm?] [%]
612 2,7 3,6

DS-1 B4 3.0 4,0 AS-1 81/2_bottom 75,2 57,8

612 2,7 3,6 81/2_top 77,3 59,4

Ds-2 (51/4 3,0 4,0 AS2 61/2_bottom 7713 59:4

812 2,7 3,6 61/2_top 80,8 62,1

Ds-3 b1/ 3,0 4,0 AS3 81/2 bottom 73,8 56,7

4.2 Apparent transverse bending stiffness
and failure load

The initial apparent bending stiffness (Elqpp), which
includes shear deformation and adhesive joint
effects, was derived from the experimental
deflection data throughout the specimens’ linear
behavior range. Linear regression analysis on the
measured load-deflection responses  and
deflection equations of the beam axis from the
classical beam theory were used. The calculated
initial Elapp values were significantly higher (24 to
30 times) for the AS deck system than for the DS
system, see Table 2. The higher El,p in the AS
series than in the DS series was mainly attributed
to the influence of the core geometry — triangular
vs. trapezoidal. A 19% higher lever arm between
the face sheets (see Figure 1) and a 46—61% higher
transverse elastic modulus in the face sheet
laminates (see Table 1) in the AS beams than in
the DS beams also contributed.

The Elgpp to Elnomsun ratio isolates the effect of the
core geometry in the apparent transverse stiffness
of the deck systems. Elpomgsu represents the
nominal bending stiffness of the 200-mm-wide
beams, considering the face sheets as beam
flanges and assuming full composite action
between them. The Elnomsui values obtained were
74,9-10° Nmm? and 130,2-10*° Nmm? for the DS
and AS beams, respectively. The calculated Elgpp to
Elnomsun ratios are shown in Table 2 and confirm
the effect of the webs’ arrangement on the
apparent transverse stiffness of the deck. The DS
beams showed a negligible degree (less than 4%)
of composite action between both face sheets
while the Elapp /Elnom,fun Values obtained for the AS

beams were approximately 60%. The triangular
core geometry (AS) provided a significantly higher
degree of composite action between the face
sheets than the trapezoidal core geometry (DS).

The AS series exhibited 43 to 89% higher failure
loads than the DS series in spite of the 19%
shorter DS-span. Failure occurred in an abrupt
manner in the AS beams, whereas it was preceded
by a large displacement development in the DS
beams. This was attributed to a higher system
redundancy in the DS deck (trapezoidal cross
section), which exhibited progressive failure in the
web-face sheet junctions.

4.3 Systems’ transverse in-plane shear
moduli

In their transverse direction, GFRP pultruded
bridge decks can be modeled as two-component
(face sheets) composite beams with a flexible
shear connection (core). Several design methods
exist for composite girders comprising two or
more components connected with flexible or
partial shear connections. The method developed
by Natterer and Hoeft [5] for single-span timber-
concrete composite beams was employed in this
study. It allows the obtaining of the deflections of
the beam, the differential displacement of the two
partial cross sections and their internal forces
under different loading conditions, based on the
cross-sectional geometry, the elastic modulus of
the components, the in-plane shear stiffness of
the connection and the loading configuration.

The inverse procedure was followed in this study.
Experimental load-deflection data, material and
geometrical properties were conjointly used with



the deflection equations to back calculate the in-
plane shear stiffness — hence G,, — of both deck
systems. The bottom face deflections at mid-span
(61/2) and quarter-span (614) were used separately
in the calculations for the DS series. The average
mid-span deflection (612 bottom and 812 top) Was
used for the AS series. The calculated G, results
for DS, before any crack was noticed, and for AS,
before first failure occurred, are shown in
Figures 5 (a) and 5 (b), respectively. Decreasing Gy,
values with increasing load in the DS series were
attributed to the limitations of the procedure used
to register the damage onset based on visual
observation. The effect of the face sheets’ shear
deformation, which is not considered in the
aforementioned method, has not been eliminated
from the deflection data. The given Gy, values
therefore constitute a lower bound of the actual
in-plane shear moduli.
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Figure 5. Calculated transverse system in-plane
shear modulus for (a) DS series and (b) AS series

The system in-plane shear modulus of the DS
beams (approximately 5,5 to 6 MPa) represented

2-3% of the modulus of the AS beams (ca. 250-
280 MPa), which is in accordance with the results
discussed in Section 4.2. The AS triangular cell
cross-sectional geometry provided a significant
degree of composite action between the bottom
and top face sheets, while the degree of
composite action in the DS beams, with
trapezoidal-cell cross section, was considerably
lower.

5 Conclusions

The static transverse behavior of two GFRP
pultruded bridge deck systems with different
cross-sectional geometry (trapezoidal DS and
triangular AS) was experimentally studied. Three
beams from each series were investigated under
symmetric three-point bending to evaluate their
stiffness, strength, failure modes and load transfer
mechanisms. The following conclusions may be
drawn from this work:

- The DS deck system exhibited initial linear elastic
behavior up to ca. 55% of the failure load followed
by nonlinear behavior. The latter was caused by
progressive cracking in the web-flange junctions
prior to final failure. The AS deck system exhibited
linear elastic behavior up to first failure, which
occurred abruptly. Subsequently, comparable
peak loads were achieved with decreased
stiffness.

- Load transfer mechanisms in the transverse
direction differed in the DS and AS specimens and
depended on their cross-sectional geometry.
Frame behavior was more dominant in the DS
system (trapezoidal cells) than in the AS system
(triangular cells), which was truss-governed.

- The DS deck system exhibited a significantly
lower apparent bending stiffness in its transverse
direction than the AS deck system (24 to 30 times
less) due to the considerably lower in-plane shear
stiffness provided by the trapezoidal (DS)
compared to the triangular (AS) core geometry.

- The low bound values for the DS and AS decks’
system in-plane shear moduli in their transverse
direction were estimated from the experimental
deflection results using existing equations for
timber-concrete composite beams with flexible
shear connections. The DS deck system showed



substantially lower values than the AS deck
system (the thus calculated system in-plane shear
modulus of DS represented ca. 2-3% of the
modulus of AS).
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