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This paper describes the design, construction, and performance testing of the Monash Bridge (MB). The MB is a
pultruded glass fibre-reinforced (pGFRP) footbridge built from individual standard pGFRP sections bonded using
epoxy. The MB is designed to conform to current guidelines for GFRP footbridges in order to evaluate their
performance. The design process of the MB is facilitated with numerical modelling techniques. This paper details
the construction method of the MB, from which lessons that are learned may be relevant to other similar con-
structions. The construction process shows the potential of epoxy-bonding in practical construction of similar
structures. This paper also reports on the performance of the MB, namely the static and dynamic performances.
While the static performance is shown to be good, testing showed high levels of acceleration responses during

walking trials, indicating that current vibration rules are not generally applicable for GFRP footbridges and that
more advanced assessment of vibration serviceability should be conducted for new designs.

1. Introduction
1.1. Background

In the last few decades, glass fibre-reinforced polymer (GFRP)
composites have been increasingly applied in footbridge construction.
This stems from the mechanical and structural advantages of GFRP
composites: its light weight yields benefits such as rapid construction,
minimal disruption as well as low labour costs [1]; while its excellent
durability and corrosion resistance permits lower maintenance cost,
making it particularly well-suited for the replacement of deteriorated
footbridges [2]. Indeed, the application of GFRP footbridges is also
motivated by the pressing need to replace deteriorating bridges with
more durable materials [3]. However, there is still reluctance for using
GFRP in bridge construction due to a lack of structural performance data
[4,5]. For bridge structural forms, the application of GFRP composites
can either be hybrid (combining with conventional steel or concrete
forms) or fully constructed from GFRP. The scope of this paper focuses
on latter of the applications of GFRP.

Pultruded GFRP (pGFRP) is a means of manufacturing regular
structural section shapes from GFRP. It is an efficient manufacturing

* Corresponding author.
E-mail address: colin.caprani@monash.edu (C.C. Caprani).

https://doi.org/10.1016/j.istruc.2023.03.090

process and facilitates much cheaper production and hence construction
than laid-up laminated GFRP. Besides the chopped strand mat surface
veils in pGFRP, the main structural fibres are oriented in one direction
(longitudinal), which makes pGFRP an orthotropic material, and so
more prone to cracking in the other direction (transverse) when sub-
jected to loading [6]. In addition, the limit state design of load-carrying
structural members using pGFRP is often decided by those of service-
ability (e.g., deflection and vibration). This stems from the relatively low
elastic modulus of pGFRP (approximately 12% of steel [7]). A common
way to compensate for the low elastic modulus is to consider structural
forms such as truss or sandwich construction which increase the flexural
rigidity.

To ensure a high stiffness in the longitudinal and transverse di-
rections, a novel, orthotropic pGFRP sandwich assembly was proposed
[6] —see Fig. 1. The modular sandwich panel comprises pGFRP box
profiles incorporated between pGFRP flat panels. A bidirectional fibre
orientation was adopted in the sandwich panel system - the pultrusion
direction of box profile layer is perpendicular to the flat sheet layer —
giving optimized strength in both orthogonal directions. The benefits of
lightweight, strong, and durable footbridges are achievable when
adopting the pGFRP sandwich system for the superstructure of a
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footbridge. In addition, the modular construction method is beneficial
for bridge applications in terms of quality and control as well as offering
quick on-site assembly. To date, the mechanical properties of this
sandwich panel have been investigated by constructing and testing
scaled-down specimens including sandwich beams [8,9], two-way
spanning slabs [10], and pGFRP-steel composite beams [11]. These
studies have demonstrated the competitive potential of the proposed
sandwich panel as structural members.

1.2. Contributions

The concept of full-pGFRP construction for footbridges has been
adopted in many as-built footbridges around the world [12]. For
example, the first reported FRP Bridge was in Miyun, Beijing in 1982
[13]. In the United States, No-Name Creek Bridge is the first all-FRP
honeycomb core sandwich panel bridge [14]. Currently, the Alber-
feldy Bridge in Scotland is the world’s longest GFRP cable-stayed foot-
bridge — with a main span of 63 m [15]. Notably, the majority of pGFRP
footbridges were manufactured by either constructing customized sec-
tions or modular construction - connecting proprietary GFRP sections
[12,16]. However, it appears that a limited number of pGFRP foot-
bridges adopted the combination of: (1) modular construction, and (2)
adhesive bonding connections. The closest examples (the Leri and
Dawlish footbridges) utilize an adhesively-bonded deck combined with
steel bolts in several locations [16]. Consequently, the application of the
proposed pGFRP sandwich panel in footbridges along with these two
aspects can enhance the range of potential GFRP footbridge designs.

One of the obstacles for the widespread application of GFRP com-
posites in civil engineering is the lack of internationally accepted design
standards. In particular, there only four guides for GFRP footbridges (i.
e., [17-20]) and even those often use design approaches developed for
traditional steel and concrete structures [21]. As a pertinent example,
the AASHTO GFRP Bridge Design Guide [19] and Highways England CD
368 [20] specify the 5 Hz ‘rule-of-thumb’ in which vibration problems
are deemed unlikely as long as the fundamental natural frequency of
GFRP footbridges is at least 5 Hz. This rule-of-thumb assumes that the
higher harmonics of human-induced forces will not cause vibration
problems. However, this threshold frequency was determined as
adequate in the past from experience with much heavier concrete and
steel footbridges. But with the different properties of GFRP composi-
tes—the strength of steel, stiffness of concrete, and weight of dense
timber—the solutions from these design rules may not be appropriate for
GFRP footbridges. Specifically, and as will be shown later, GFRP struc-
tures have a higher accelerance (acceleration per unit harmonic force)
[22,23], making them potentially more susceptible to human-induced
vibrations. Therefore, comprehensive performance testing of GFRP
footbridge variations will enable evaluation of design rules and fully-
explore the merits of GFRP composites in bridge construction.

To explore the gaps in current practice, a pGFRP footbridge
comprised of: (1) the proposed orthotropic sandwich deck in Fig. 1; (2) a
modular construction method, and (3) adhesive bonding for
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connections, is designed in accordance with current guidelines. In
regards to performance testing, most published works have covered
static performance [24] and dynamic performance of existing GFRP
footbridges [15,25-28]. However, as most of the published work on
GFRP footbridges relates to laminated GFRP [29,30], knowledge of
structural design and performance of pGFRP footbridges remains limited
[23,31,32]. Thus, this work aims to further contribute to:

(1) Relevant manufacturing issues of modular, epoxy-bonded pGFRP
sandwich structures.

(2) The static and dynamic performance of a full-scale orthotropic
sandwich deck epoxy-bonded pGFRP footbridges.

This paper presents a full-scale orthotropic sandwich deck epoxy-
bonded pGFRP footbridge which has been constructed and tested at
Monash University — denoted as the Monash Bridge (MB). The MB’s
design process based on numerical modelling techniques as well as
design checks to guidelines for GFRP footbridge are briefly presented.
Subsequently, the construction concept and processes are described. In
addition, the evaluation of structural performance based on data of
comprehensive experimental testing of the MB are presented in this
paper.

2. Design
2.1. Overview of the MB

The MB is a 9 m long, twin girder footbridge as illustrated in Fig. 2.
The deck of the MB comprises the modular pGFRP sandwich panel,
made from individual pGFRP box profiles and flat panels, which spans
transversely between two pGFRP I-beam girders that are in turn sup-
ported at both ends. As described previously, the fibres directions of
PGFRP sections are aligned in a bidirectional orientation to increase
overall stiffness in orthogonal directions - preventing cracking in the
weaker transverse (box fibre) direction. All structural connections of the
MB use epoxy bonding. The MB has a mass per unit length of 92.56 kg/
m, making it a very lightweight footbridge. A comparable steel-concrete
laboratory footbridge—the Warwick University footbridge [33]—has a
linear mass of 829 kg/m [34]. To reduce extraneous sources of un-
certainties in design and analysis, the MB was built with no external
attachments, such as handrails for example. The bridge span can be
altered by moving the underlying supports.

2.2. Research-driven design requirements

In addition to its conducive structural form, the MB was purpose-
designed for multiple study objectives, including:

e Study 1: Feasibility and manufacture of all-epoxy bonding and
modular construction for pGFRP structures.

Pultrusion direction of flat panels

OO 71T 1T 10 10
y 4

Adhesive

Fig. 1. pGFRP sandwich panel system, showing fibre directions of components (after [10]).
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(©)

Fig. 2. Overview of the MB: (a) photograph view; (b) composite section showing fibre orientations of different components; (c) side view.

e Study 2: Evaluation of human-structure interactions (HSI) in light- An experimental footbridge realized with pGFRP composites fulfils
weight and lightly-damped structures. the requirement for Study 1 and 2. Considerations of both epoxy
e Study 3: Evaluation of design rules for pGFRP footbridges. bonding and modular construction of standard sections (e.g., box pro-

files and flat sheets) in the manufacturing process of the MB fulfils the
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Fig. 3. Relationship of first mode FRFs (accelerance) between different footbridges; typical walking harmonics (shaded grey), and the 5 Hz rule (dashed line). AB —

Aberfeldy Footbridge (GFRP); PB — Podgoricia Bridge (Steel); WB — Warwick Bridge (Steel-Concrete Composite); SB — Sheffield Bridge (Concrete); EB — EMPA Bridge
(GFRP deck); MB — Monash Bridge (pGFRP) (data from [23]).
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requirement of Study 1. The relatively lower mass and damping of
PGFRP composites compared to typical concrete and steel infers an
overall lightweight and lightly-damped bridge structure, making the MB
a suitable benchmark structure for Study 2.

The requirement for Study 3 is achieved by designing the dynamic
behaviour of the MB. In terms of accelerance (acceleration per unit
force), the targeted dynamic behaviour of the MB, compared with
several comparable footbridges reported in Zivanovié [23] is shown in
Fig. 3. The harmonic ranges of common walking frequencies (e.g. first
harmonic from 1.8 Hz to 2.2 Hz [35]) have been shaded, and the com-
mon 5 Hz rule is shown as a dashed line in Fig. 3. It is commonly
assumed that excitations of higher harmonics (more than two) are
negligible when applying the 5 Hz rule. Therefore, the performance of
the 5 Hz rule can be assessed by checking the vibrations levels of the MB
from higher walking harmonics - fulfilling scope of Study 2. To do this,
the MB is designed with a first natural frequency, f; within the third
harmonic range of walking frequencies (between 5.4 Hz and 6.6 Hz).

2.3. Material characterization

As the design checks precede the construction of the MB, it is
important that the FE model results are accurate. To improve the fidelity
of the numerical results, the material properties of pGFRP in the FE
model were obtained through comprehensive tensile testing of pGFRP
coupons cut from sacrificial sheets and members corresponding to
various components of the footbridge [36]. The coupons were taken for
two thicknesses — 6 mm (flat panel, connecting plates, and I-beams) and
9 mm (box profiles). For each thickness, ten specimens were longitudi-
nal and transverse to the fibre pultrusion direction. The tests were per-
formed using the 100kN Instron Universal Testing Machine in
accordance to ASTM 3039 [37]. In addition, 6 mm-thick pGFRP coupons
of size 250 x 25 mm were extracted on a 10° off-axis angle cut and tested
(similar to [38]) to determine the in-plane shear modulus, Gyr. Pre-
liminary burn-off tests shows the fibre volume fraction (FVF) of the
PGFRP components is 42.1 + 0.3% [36].

Table 2 summarizes the material properties of pGFRP which are
comprised of the longitudinal and transverse elastic modulus in tension,
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longitudinal tensile strength, and the in-plane shear modulus. These
properties were taken from averages of the ten specimens. The co-
efficients of variation (CoV) are also summarized in Table 2 for the 6 mm
thickness. The elastic moduli and Poisson’s ratios for both thicknesses
were found using Hooke’s law [36]. As can be seen, the material prop-
erties are very similar between the two coupon thicknesses. As a result, it
is reasonable to assume the differences in material properties are
negligible between 9 mm and 6 mm coupons. Therefore, the material
properties for the 6 mm coupons are considered for all components
within the FE model since it encompasses in-plane shear modulus.

2.4. Design process and outcomes

Numerical modelling is adopted for the design of the MB. Specif-
ically, a finite element (FE) model of the MB is developed in LUSAS
software [39] to predict the structural behavior for design checks. The
numerical predictions from the FE model are later compared with
experimental measurements of static (deflections and strain) and dy-
namic (mode shapes and natural frequencies) performances.

The FE model of the MB is shown in Fig. 4. All structural components,
including flat panels, box sections, and bottom I-beam girders were
modelled using eight-node quadrilateral shell elements (QTS8). This
shell element has six degrees of freedom at each node: translation in
nodal x ,y, and z directions and rotation about nodal x ,y, and z axes. All
regions with multiple connected pGFRP components (e.g., between
beam flange and flat panel) were modelled as an equivalent shell
element with combined thickness of connected components. The
orthotropic properties of pGFRP were defined for the shell elements
considering the fibre directions of components according to Fig. 2b. The
bonds or interfaces between components (e.g., between bottom deck
panel and I-girder top flange), are not modelled. Instead, a combined
thickness is assumed for the all bonded components — this is reasonable
since full-composite action was observed, see [11]. Horizontal restraints
were implemented at the support nodes to limit the responses (i.e., de-
flections and accelerations) to the vertical direction. Initially, pinned
supports were considered at both ends of the I-beam girders for the
design checks. For the analysis of the footbridge’s dynamic behaviour,

Shell elements

%

Fig. 4. The FE model of the MB used for design and comparison to experimental results.
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vertical spring elements are used to represent the support flexibility in
the footbridge system; the width of each spring support is approximately
107.5 mm. In turn, the span of the entire 9 m long MB is 8.785 m -
considering the center-to-center distance between spring support
regions.

Design for the MB comprised an allowable stress design and deflec-
tion check according to the AASHTO GFRP Bridge Design Guide [19]. A
nominal uniformly-distributed load of 4.07 kN/m? (AASHTO’s [19]
requirement for serviceability) is considered as the design service load
for both design checks. Two span configurations of the MB were
considered in the design check: the original 8.785 m span and a shorter
6 m span. Prior to the development of the detailed FE model, an initial
scheme design was developed using basic hand calculations. A static
load simulation of the nominal uniformly-distributed load on the deck
surface of the FE model is performed to obtain the stress and deflection
responses of structural components. For the stress check, the maximum
allowable stress of sections under checking must not exceed 20% (or 68
MPa) of corresponding strength capacity (which for this pGFRP is a
tensile strength of 340 MPa as specified by the manufacturer, Exel
Composites). The maximum deflection at midspan under the design
service load is limited to 1/500 of the bridge’s span, which corresponds
to 12 mm and 18 mm for the 6 m and 8.785 m span configurations,
respectively.

The outcomes of design checks are summarized in Table 1. As can be
seen, the 6 m span of the MB conforms with the stress check. Although
the deflection requirement was targeted for this span in the initial hand-
calculation scheme design, it was overly stiff, and the evolved final
design exceeds the deflection limit at 17.7 mm. It’s worth noting that
both stress and deflection requirements are met for a span of 5.62 m
(deflection of 11.96 mm). Of course, the deflection limit is also exceeded
for the 8.785 m span (88.8 mm). Nevertheless, the non-conformance of
the deflection criteria is taken as a compromise to achieve the targeted
dynamic behaviour - first natural frequency of about 6.2 Hz. Indeed, the
intention of Study 2 means the first natural frequency should also
remain well within the third harmonic range of walking excitation whist
satisfying vibration serviceability design rule i.e., the 5 Hz requirement.
Consequently, the final geometry of the MB is finalized—albeit with
non-conforming deflection checks for the two spans examined in detail.

3. Construction
3.1. Modular concept

The sandwich deck of the MB adopts a modular construction scheme
using individual pGFRP members. Unlike the Advanced Composites
Component system [40], where pGFRP decks consist of prefabricated
composite building parts, the individual pGFRP members consist of
standard sections i.e. flat panels and box profiles.

Figure 5 (a-c) shows the final dimensions of the MB. The pGFRP flat
panels comes in length of either 1.5 m or 3 m, and width of 0.5 m. In
turn, the flat panels are connected in a staggered configuration to form

Table 1
Summary of design checks for the MB. Limits for deflection criteria are given in
brackets.

Design checks Span configuration

Limit 8.785 m 6 m
Allowable stress Less than 68 9.5 MPa” 20.3 MPa”
design MPa'
Deflection check Less than Span/ 88.8 mm (18 17.7 mm°® (12
500 mm) mm)
Vibration fi>5Hz 6.2 Hz 11.8 Hz

serviceability

! . Based on maximum strength of 340 MPa.
2 : Maximum principal stress among all components in FE model.
8 : Refer to text for explanation of non-conformance.
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Table 2
Input material properties of pGFRP — average from 10 tests (Thickness: 6 mm
and 9 mm).

Property Unit 6 mm CoV (%) 9 mm
Longitudinal elastic modulus, Ej, GPa 23.0 5.2 24.6
Transverse elastic modulus, Er GPa 10.3 2.9 10.0
Major Poisson’s ratio, vir - 0.30 - 0.31
Minor Poisson’s ratio, vy, - 0.15 - 0.14
In-plane shear modulus, G.r GPa 4.45 5.9 -

the 1.5 m wide deck surface of the MB as shown in Fig. 5a. To ensure
strength and stress continuity in the longitudinal direction, the flat
panels are connected to adjacent panels using 6 mm-thick pGFRP con-
necting plates bonded from within the sandwich panel deck. Individual
PGFRP box profiles with dimensions of 76 x 76 x 9.5 mm span in the
transverse direction of the sandwich deck, forming the core layer. The
girders consist of pGFRP I-beam with dimensions of 203 x 203 x 9 mm.
The maximum available length of the individual I-beams is 6 m. In turn,
two segmented I-beams (a 3 m and a 6 m length) were connected by
PGFRP connecting plates along the webs and flanges to form the 9 m
long I-beam.

In addition, five pGFRP T-beam sections were incorporated between
the two girders to add transverse stiffness and stability against distor-
tion. Fig. 6 shows the layout of these T-beam sections at different cross-
sections along the MB. For Study 3, these stiffeners also serve to prevent
unwanted localized vibrational modes pertinent to I-beams that would
pollute the responses from global bending and torsional modes. The T-
beams are attached to the webs of the I-beams using pGFRP equal angles
and the method of connection is by adhesive bonding.

3.2. Bonding sequence

A two-part epoxy (R180 epoxy resin and H180 hardener supplied by
Fibre Glass International) was mixed proportionally to adhesively-bond
all pGFRP components. The lightweight nature of pGFRP components
allows the MB to be constructed in an upside-down sequence — building
the sandwich deck first then bonding the I-beams on top of the deck to
form the underside of the MB. This construction sequence also com-
plements various aspects of construction, such as the handling of epoxy,
precision in aligning pGFRP components, and instrumentation
(described in detail later).

A precise bonding procedure is adopted throughout construction of
the MB to ensure quality of epoxy bonding. Prior to bonding operations,
all bonding interfaces were roughened to improve the adherence of
epoxy to pGFRP components. All bonding surfaces were vacuumed and
cleaned using isopropanol to remove dust and improve adherence.
Furthermore, all bonding operations were conducted on a temporary
levelled super-flat construction platform, made from concrete formwork
plywood, designed specifically for the construction of the MB. After each
bonding operations, clamping pressure is applied onto the bonded sur-
faces — lead weights are used to add compression onto plane surfaces
while G-clamps were applied onto vertical or underside bonding
surfaces.

The bonding sequence of the MB is shown in Fig. 7(a — i). The
lightweight of pGFRP components allows bonding procedures to be done
with minimal use of heavy machinery and tools. The sandwich panel
deck is made from four module segments (one shown in Fig. 7a) which
are bonded together via connecting plates highlighted in Fig. 5a. This
segmented bonding of modules improves time efficiency between
bonding and the hardening period of different modules. The bonded
modules are constructed without flat panels of the underside of the MB
(Fig. 7b) to allow instrumentations of sensors within the deck (later
described). Once the underside flat panels were bonded to form the
completed sandwich deck, the I-beams and by T-sections were subse-
quently bonded onto the sandwich deck (underside of the MB). Wooden
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Fig. 5. Typical dimensions of the MB showing built-up of individual pGFRP components: a) plan view; b) elevation view of MB up to midspan (same disposal from

both ends), and c) closeup of Detail 1 (units: mm).

spacers were used to help align the I-beams during bonding procedures.
The completed MB, weighing about 900 kg, was then rotated using an
overhead crane. Finally, the temporary construction platform was
removed, and the MB was lifted to its final position.

3.3. Instrumentation

Instrumentation was installed in parallel with the construction pro-
cess of the MB since there is easier access to regions such as within or
underside of the beams and deck. A total of 70 strain gauges (FRA-10
supplied by TML, Japan) were installed along the MB. Each strain gauge
has a gauge factor of 2.11 + 1 %, and measures strains to a maximum of
5%. The strain gauges are installed in two configurations, namely as a
single gauge or a strain rosette (Fig. 8b - ¢). The former measures strain
in the strain gauge direction while the latter allow shear and principal
strains to be determined. The strain gauges were positioned such that the
strain distribution along the depth and width of the composite section
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can be captured. Gauges on the top surface were placed in a shallow
groove about 1-2 mm depth, to minimize interference of the flat top
surface. The cables of strain gauges that are mounted on the sandwich
deck (top and bottom flat panel) were drawn from within the sandwich
panels and in turn, directed out to the data acquisition point.

3.4. Manufacturing challenges and solution

The major challenge in the construction process was to control the
high fluidity (runny) epoxy. Additionally, the control of bond thickness
was important to manage due to the runny epoxy. Despite the control
measures, excessive epoxy resulted on some bonding interfaces and
insufficient epoxy on other surfaces; both of which could cause problems
for performance.

Fig. 9 shows connections with excess epoxy, with a description
following each image. The epoxy generally requires over 24 h for suf-
ficient hardening at room temperature. In instances of poor epoxy
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Fig. 6. Dimensions of cross-sections along the MB: (a) typical cross-section, and (b) cross-section with T-beams (units: mm).

control during this long hardening period, several connecting plates
were covered in epoxy as shown in Fig. 9a. Additionally, strain gauges
were to be installed on some of these connecting plates, compelling
additional work in removing the hardened epoxy (Fig. 9b-c). Installation
of the strain gauges on the deck was affected similarly, as seen in Fig. 9c.
The control of excess epoxy was especially complicated for some non-
trivial bonding interfaces (e.g. bonding of connecting plates onto un-
derside of beam flange in Fig. 9d) and for bonding regions with multiple
components (e.g. the section between T-section and beam flange in
Fig. 9e). Furthermore, members at regions that lack visibility of bonding
lines (e.g., attaching flat panel onto box profile core layer in Fig. 9f) were
somewhat misaligned due to excess epoxy on some of their bonding
surfaces.

The following aspects of the construction process were found to solve
and alleviate the negative effects of runny epoxy in most bonding
interfaces:

e The levelled construction platform helped eliminate any uneven
surfaces of components (Fig. 10a), improving the control on epoxy
on the bonding surfaces.

Taping along the bonding region facilitates easy removal of excess
(unhardened) epoxy (Fig. 10b).

To ensure a uniform epoxy bond thickness, 5 mm-long wire spacers
of 0.7 mm diameter were superglued at regular intervals along the
bonding surfaces to ensure a uniform thickness of all bond lines
(Fig. 10b). The spacers provide gaps in between bonding compo-
nents, which also reduces undesirable epoxy seepage when the
instance clamping pressures were applied onto bond interfaces.
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With the experience gained and techniques developed, high quality
repeatable bonds between the pGFRP components resulted in the ma-
jority of the bonding interfaces. Overall, the construction process of the
MB demonstrated the potential of solely epoxy-bonding in modular
construction of similar footbridges.

4. Static performance
4.1. Static loading tests

For static performance, the MB is tested under static loading test as
shown in Fig. 11. The MB was loaded up to a uniformly distributed load
level of 4.07 kN/m? (following the AASHTO guideline [15]). Three span
configurations, namely an 8.785 m single-span (Test 1), a 6 m single-
span (Test 2) and a 4.39 m two-span (Test 3), were tested. For Test 3,
the loading was performed on one span to evaluate continuous-span
behaviour of the MB. Fig. 12 shows the experimental setup for the
static loading test. Vertical deflections were measured using Linear
Voltage Displacement Transducers (LVDTs). Four C10 HBM load cells
were placed at the support ends of the pGFRP I-beam girders. The load
cells can measure static and dynamic forces up to 25 kN with accuracy
class of 0.04% (i.e., maximum load cell deviation specified as percent-
age). For Test 3, two additional 50 kN load cells were used at the middle
support.

4.2. Load-deflection responses

Fig. 13 shows the load-deflection responses (Test 1, 2, and 3). The
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Fig. 7. Construction sequence: (a) fabrication of sandwich modules; (b) joining of modules; (c) bonding of flat panel layer; (d) bonding of I-beam girders; (e)
installation of bond plates between I-beam sections (f) installation of under deck strain gauges; (g) attaching of the T-sections; (h) flipping of MB, and (i) lifting of MB

to final position.

MB displayed linear-elastic load-deflection responses up to the
maximum applied load (4.07 kPa). Table 3 presents the comparison of
maximum midspan deflection between measurements and FE model.
For Test 3, additional spring support configurations were incorporated
in the FE model at locations correspond to the load cells at midspan.
Apart from Test 3, the FE model predicted the maximum deflections of
Test 1 and Test 2 with reasonable accuracy, as can be seen.

To evaluate the difference in deflections, the bending stiffness, EI, of

(b)

Fig. 8. Strain gauges: (a) showing recessed properties and through panel wiring, (b) single strain gauge sealed with clear epoxy coating, and (c) strain rosettes.
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the MB cross-section was calculated from the load-displacement curves
using Euler-Bernoulli beam theory. The bending stiffness was found to
be 6.61 x 10" Nmm? for Test 1 and 6.02 x 10'? Nmm? for Test 2 (with a
difference less than 10%). However, the bending stiffness for Test 3 was
2.58 x 10'2 Nmmz, which was about 60% lower than those calculated
for Tests 1 and 2. This significant difference is due to the substantial
shear deformations in the shorter 4.39 m span, which is not accounted
for in Euler-Bernoulli beam theory.
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(d)

(b)
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(f)

Fig. 9. Instances of difficult and/or inadequate control of running epoxy: (a) overflow of running epoxy, (b) removal of additional epoxy to access flange surface, (c)
overflow of epoxy onto deck surface, (d) underside bonding of bond plates with beam flange, (e) multi-component bonding, and (f) misaligned box profiles.

To account for shear stiffness, the bending stiffness is instead eval-
uated using Timoshenko beam theory [42] for Test 3. The MB in Test 3
can be considered as a single span propped cantilever continuous beam.
The effective shear area is calculated using Bank’s formula [43],
assuming total shear area is equal to the two I-girders of the MB [41].
This results in a shear coefficient of 0.278. As a verification, Cowper’s
formula [44] for shear coefficient is used and obtained a shear coeffi-
cient of 0.281, which is relatively close to that from Bank’s formula.
With the shear contribution to total deflection, the revised bending
stiffness, EI, for Test 3 becomes 5.5 x 102 Nmm?, which was only 9%
less than that found using Euler-Bernoulli beam theory for Test 2. This
observation is as expected: shear deformation is significant for the
shortest span, contributing around 51% of the overall deflection.
Therefore, Timoshenko beam theory should be considered for service-
ability checks of lower span-to-depth ratio of the MB, which in fact is far
higher for comparable footbridges of traditional materials (e.g., steel
and concrete [45,46]).

4.3. Strain distributions

The strain distributions for sagging over the cross section were
measured in each test and are shown in Fig. 14. According to Fig. 12, the
measurement locations are at cross section CS4-4 for Test 1 and 2, and
CS1-1 for Test 3. It is clear from Fig. 14 that the longitudinal strain
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(b)

Fig. 10. Bond control operations: (a) cleaning and taping, (b) spacer wires along bond lines, and (c) clamping means through weights and G-clamps.

distributions present a linear trend in two ranges: below 200 mm (from
the lower flat panel to lower flange of I-beam), and above this (the
sandwich deck). Further, there are compressive strains above the 200
mm depth (from the lower flat plate to upper flat plate), and tensile
strains below this level. There is continuity in the strain profile at the
interface between the sandwich deck and I-beam indicating that full
composite action was provided by the adhesive bonding. This level of
composite action (full across entire depth of MB) was not observed in
previous small-scale testing [9] and its enhancement may be due to the
higher web thickness of the footbridge sandwich deck, which used 9.5
mm-thick box-profiles compared to the 6 mm thickness used previously
[9]. Overall, it is found that full composite action across the bridge deck
is achieved by combining the use of epoxy bond and thicker box profiles.

5. Dynamic performance
5.1. Tests setup

The dynamic performance includes the evaluation of modal prop-
erties and vibration serviceability performance - particularly to evaluate
the adopted 5 Hz rule. It should be noted that the experimental testing
was conducted as parts of two larger research programmes - i.e., human-
structure interactions and design rules for pGFRP footbridges. In turn,
the full details of the experimental setups can be found in companion
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Fig. 11. Static Tests: (a) Test 1 — 9 m single-span, (b) Test 2 — 6 m single-span, and (c) Test 3 — 4.39 m two-span.

papers ([47,48]) and only a brief overview of each test’s setup is given
herein for brevity.

The experimental setup for dynamic performance testing is shown in
Fig. 15. Experimental modal analysis (EMA) was performed to deter-
mine the modal properties of the MB for the 8.785 m span configuration
(Test 1). The MB is excited using an electrodynamic shaker (denoted as
shaker test). Vertical accelerations were measured using 10 piezoelectric
accelerometers in a measurement grid as shown in Fig. 16a. The position
of the shaker was placed offset the symmetric line of the MB, at quarter
spans, to excite a range of bending and torsional modes.

As an additional verification, a separate hammer test is performed
using three accelerometers as shown in Fig. 16b. The hammer strikes are
roved across the three accelerometer positions during each
measurement.

Following EMA, limited walking trials were performed to evaluate
the vibration serviceability performance of the MB. Notably, vibration
responses from walking trials allow for the evaluation of the design rules
adopted in the MB (i.e., the 5 Hz rule). Three test subjects (TSs)
participated in this walking trial, with properties summarized in Table 4.
Five acceptable (in terms of realized pacing frequencies) walks were
performed for each test subject at pacing frequencies (f,) of 1.95 Hz, 1.8
Hz, and 2.1 Hz, intended to bracket the third harmonic excitation. Since
the target resonant mode is Mode 1 (first bending), the acceleration
responses were measured from two accelerometers placed on both sides
at mid span of the MB - i.e., the anti-nodes of Mode 1.

5.2. Modal properties

Fig. 17 shows the mode shapes of the MB obtained from experimental
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modal analysis. For comparison, the predicted mode shapes from the FE
model of the MB are presented in Fig. 18. The natural frequencies of the
first six vibrational modes (f; to fg) from the tests and the FE model are
summarized in Table 5. The Modal Assurance Criterion (MAC) [49] — a
correlation index between 0 and 1 - is calculated for the mode shapes
between FE model and shaker test in Table 5. The MAC indicates good
correlation for first three modes shapes (MAC values close to 1). The
lower MAC for higher vibrational modes (fourth, fifth and sixth) is most
likely due to the limited measurement points in EMA to capture the
mode shapes. The modal damping for all vibrational modes is generally
low (less than 1%), which is expected for pGFRP composites with
inherent low material damping, and for a structure with no ancillary
attachments. Indeed, the modal damping ratios are lower compared to
other GFRP footbridges reported in the literature (between 2% and 5%
[31,50-53]). This is almost certainly due to the simple geometry of the
MB, having no complicated attachments such as handrails for example.
Interestingly, the damping ratios are found to be amplitude dependent
[54].

5.3. Vibration serviceability performance

The walking trials of the test subjects are simulated using a moving
force (MF) model, based on common practice specified in [55]. For this
study, Young’s dynamic load factors (DLFs) [56] up to four harmonics
are considered for the MF model. A typical one-dimensional (1-D) Euler-
Bernoulli beam model of the MB is considered in the MF model simu-
lations. Two bridge frequencies are considered for the 1-D model,
namely from shaker test (5.86 Hz) — to account for potential mass
loading — and from the hammer test (6.10 Hz). The damping ratio used
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Fig. 12. Plan view showing cross-sections and positions of measurement lo-
cations for: (a) 8.785 m simply supported (Test 1); (b) 6 m simply supported
(Test 2); (c) 4.39 m continuous two spans (Test 3). (after [41]).
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Fig. 13. Load vs maximum midspan deflections for Test 1, 2 and 3 of the
static tests.

Table 3
Maximum midspan deflection of the MB between measurements and FE model.

Static tests Measured (mm) FE model(mm) Error (%)

Test 1 (8.785 m) 77.7 88.8 12.5
Test 2 (6 m) 16.5 17.7 5.6
Test 3 (4.39 m)" 4.9 3.7 32.5

! : Readings of midspan deflection from a single span — 4.39 m.
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Fig. 14. Longitudinal strain distributions through specimen depth.

in the simulation is amplitude-dependent, which are obtained for each
cycle of the accelerations from the free vibration portion of the accel-
eration responses.

Fig. 19 shows the vibration responses of the MB from the walking
trials. The maximum mid-span accelerations are given in Table 6
alongside the results from the MF model. As can be seen, the MB attained
high levels of accelerations from the third harmonic of walking fre-
quencies even though the footbridge has a natural frequency of 6.1 Hz (i.
e., it conforms to the 5 Hz rule). The measured responses can be
compared with the limits in the Sétra guideline [57]. as shown in
Table 7. It is clear from Fig. 19 that the acceleration responses from
walking trials reaches the CL4 comfort level (unacceptable discomfort).
Therefore, the traditional 5 Hz rule from AASHTO guideline [19] is not
suited for the design of the MB, and so more generally it shows that
current rules are not applicable for all GFRP footbridges.

Table 6 shows that the MB natural frequency (fp1) of 5.86 Hz presents
the resonant response of the MB (evident by the large responses of all
TS). The predicted vibration responses were overestimated for TS1 and
TS2 but underestimated for TS3, the test subject with the largest mass.
The differences between measurements and simulations are presumably
due to interactions in the human-structure dynamic system that are not
captured by the relatively simple moving force model. It is apparent that
the presence of test subject affects the dynamic response of the MB by
way of contributing additional stiffness and damping [58], which
consequently interacts with the dynamic properties of the MB. The study
of this phenomenon is beyond the scope of this paper and has been
covered elsewhere, see [59].

5.4. Discussions

Based on the results in Table 5, the uniformly lower natural fre-
quencies from the shaker test infers the mass loading of the shaker. In
other words, the shaker mass is significant to the mass of the bridge
(about 5.6%). From the hammer test, the first natural frequency of the
MB, f; is 6.17 Hz, which is closer to the natural frequency from the FE
model (6.2 Hz) since the FE model does not consider the shaker mass.
Nonetheless, the dynamic properties predicted from FE model are
reasonable despite the lack of mass loading representation in the FE
model.

Close inspection on the measured mode shapes in Fig. 17 reveals a
slight asymmetric modal behaviour in the first and third mode. Inter-
estingly this phenomenon is still observed even after repeated tests for
verification in which the shaker test was repeated by moving the shaker
[60]. Since the shaker does not explicitly contribute stiffness to the
overall stiffness of the system, the asymmetric modal behaviour may
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Fig. 15. Experimental modal analysis setup with electrodynamic shaker and accelerometers.
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Fig. 16. Measurement grid for: (a) shaker tests, and (b) impact hammer tests.

Table 4
Properties of participants of walking trials.
Test Subject Weight (N) Height (cm)
TS1 624 170
TS2 706 178
TS3 1060 183

stem from the shaker mass balancing out some anomaly in longitudinal
stiffness. Possible sources leading to deviation of longitudinal stiffness
can be due to: (i) geometric deviations introduced during construction,
or (ii) material properties deviations (further assessed in [60]). Detailed
study on this interesting phenomenon is beyond the scope of this paper

and has been subjected in the research presented in [61].

The mass loading of the electrodynamic shaker in the vibrating
system of the MB as seen in Section 4.3 infer a similar mass loading
phenomenon of test subjects during walking trials. Consequently, ac-
curate simulation of walking trials of test subjects (TS1 to TS3) requires
the consideration of human-structure system in the MB. This means that
the use of an interactive human force model to account for structural
interactions of test subjects should give more faithful results — this was
investigated in [47]. For this work, the simple moving force model is
considered to evaluate the walking forces of the test subjects on the basis
of common practice (current design guidelines [62]).

6. Summary and conclusions

This paper summarizes the relevant aspects of the design, construc-
tion, and performance testing of the Monash pGFRP footbridge (MB).
The MB has a length and width of 9 m and 1.5 m respectively. The MB
presents a novel orthotropic pGFRP sandwich deck configuration which
comprised of standard pGFRP profiles. The orthotropic pGFRP sandwich
panel adopts bidirectional fibre orientation which optimizes strength
capacities in both orthogonal directions. The entire MB is adhesively
bonded throughout, i.e., no mechanical bolts were used.

The MB was purpose-built for a variety of research goals. The design
process of the MB was facilitated using a numerical FE model. The MB
adopted ASHTO’s Guide Specifications for Design of FRP Pedestrian
Bridges for its limit state design, namely allowable stress design and
deflection checks. A compromise in deflection requirement was reached
in the final design of the MB (full span) in order to achieve a desired
dynamic behaviour of the MB for research - having a first natural fre-
quency greater than 5 Hz yet lying within harmonic ranges of human
walking forces.

The lightweight and modular concept of the MB render construction
possible with minimal use of heavy machinery or tools. Owing to its
small mass, the MB was constructed upside down and flipped to its final
disposition after completion. The design of the MB demonstrates the
potential of using standard pGFRP profiles in modular construction. The
major issue during construction relates to the control of runny epoxy in

Fig. 17. First three modes of vibration obtained from shaker test: (a) f; = 5.86 Hz, (b) fo = 10.02, (¢) f3 = 18.14 Hz.

981



C.C. Caprani et al.

a)

Structures 51 (2023) 970-984

Fig. 18. First three modes of vibration from FE model: (a) f; = 5.95 Hz; (b) fo = 9.62 Hz; (c) f3 = 20.27 Hz.

Table 5
Comparison between natural frequencies from experiment and FE model.
Damping ratios are from shaker test.

Natural frequency (Hz) Damping, ¢
Mode Shaker test Hammer test FE model Diff (%)" (%) MAC?
1 5.86 6.17 5.95 1.5 0.59  0.98
2 10.02 - 9.62 4.0 096  0.97
3 18.14 19.60 20.27 11.7 0.61 0.98
4 20.60 - 23.87 15.9 1.65  0.64
5 25.60 - 28.85 12.7 1.33  0.66
6 37.54 38.30 39.52 5.3 092 0.85

! : Natural frequency differences between shaker and hammer tests.
2 : Modal assurance criterion.

bonding procedures and the adopted solutions are discussed. Overall,
the construction process of the MB demonstrates the potential of epoxy-
bonding for modular construction of similar footbridges.

The static performance of the MB includes the evaluation of deflec-
tion and strain distributions under design service load. Static tests were
performed by loading the MB up to design service load (4.07 kN/m?) for
multitude of span configurations. The results showed that the deflection
response is linear for various span configurations of the MB. Results from
FE prediction are in good agreement with the measured deflections
except for the shorter span configuration (4.39 m double span). Shear
deformation was found to be significant towards on the bending stiffness
for shorter spans, accounting for 51% of the overall deflection. In
contrast, it is much smaller for the longer span tests (8.785 m single
span). Consequently, this showed that shear deformations in deflection
serviceability checks is more significant for pGFRP structures than for
structures of traditional materials. Finally, the results from the measured

. .
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—— MF model response
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Fig. 19. Measured and simulated vibration response for TS3 and pacing frequency of: (a) 1.8 Hz (b) 1.95 Hz (c) 2.1 Hz. (after [48]).
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Table 6
Maximum mid-span accelerations from measurements and numerical moving force model. Units in m/s2.
TS £, (Hz)
1.80 1.95 2.10
Measured MF Model fy; (Hz) Measured MF Model fy; (Hz) Measured MF Model fy; (Hz)
5.86 6.10 5.86 6.10 5.86 6.10
1 0.38 0.50 0.35 0.74 2.45 1.06 0.66 0.68 1.36
2 0.32 0.57 0.40 0.61 2.64 1.19 0.67 0.77 1.52
3 1.16 0.85 0.60 2.26 3.27 1.71 2.86 1.16 217
bl laboratory staff of the Monash University Structural Laboratory for their
Table 7

Comfort levels from Sétra guidelines [57].

Comfort Level Degree of comfort Vertical acceleration limits (m/s%)

CL1 Maximum < 0.5
CL2 Medium 0.5-1.0
CL3 Minimum 1.0-25
CL 4 Unacceptable > 2.5

strain distributions showed that full-composite action is achieved by
adhesive bonding of connections.

Dynamic performance of the MB includes the evaluation of modal
properties and vibration response under human walking. Experimental
modal analyses were performed to determine the modal properties of the
MB. The FE model was able to predict the mode shapes and natural
frequencies of the MB with reasonable accuracy. The first natural fre-
quency of the footbridge conforms to the 5 Hz rule and yet lies in the
third harmonic range of human walking frequency. The damping ratios
for first six vibrational modes were estimated between 0.6% and 1.65%,
which are relatively lower than comparable GFRP footbridges (between
2% and 5%). This is most likely due to the simple geometry of the MB,
having no complicated attachments such as handrails for example.
Comparison of mode shapes between FE model and measurements re-
veals an asymmetric behaviour in the measured bending modes (Mode 1
and Mode 3). Further shaker tests verified that the mass of the shaker is
somewhat balancing out anomalies in structural stiffness. Finally,
walking trials were performed and the results of acceleration responses
showed that the MB attained high accelerations despite meeting the 5 Hz
design rule. The results also infer the use of interactive human models
for better representation of vibration responses from numerical models.

The experience gained from the design and construction of the MB
indicates the many significant advantages of pGFRP in footbridge ap-
plications. The light weight, modular nature, and constructability makes
it easy to transport and particularly well-suited to common short foot-
bridge spans. Furthermore, the design process of the MB showed that
current numerical and analytical methods can be readily applied for
design of such structures, but with some refinements required. Indeed,
the performance of the MB shows that the current rules for GFRP foot-
bridges do not apply to all GFRP bridges; in particular, the MB exhibits
insufficient vibration serviceability performance despite conforming to
current design rules for vibration. Consequently, there is a need for
further development of design guidelines for pGFRP footbridges, espe-
cially for vibration serviceability, to fully exploit the merits of pGFRP in
bridge construction.
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