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Abstract. Application of GFRP composites in civil engineering is still not large but already noticeable. Advantages of
this material, such as: low volume weight, relatively high stiffness and strength, well fatigue resistance, easiness in
shaping, high material damping and high environmental resistance, make it attractive for bridge and in particular foot-
bridge designers. It is estimated that nowadays in the world there are realized hundreds of bridges, the construction of
which, whole or in part is made of GFRP. Most of them are small span structures. However, it is possible to find some
interesting designs. The paper presents an overview of the most spectacular examples of footbridge structures, in which
the GFRP materials plays a key role. The few examples are: Aberfeldy Footbridge in Scotland, the world's largest
structure of this kind; Lleida Pedestrian Bridge, the longest arch bridge made out standard GFRP pultruded profiles or
EXPO Footbridge in Lisbon, truss bridge of 30 m span length. The last example is the footbridge designed and con-
structed by polish consortium Fobridge. The footbridge, which arose as a result of scientific project was studied in a
great details taking into account, among others: material testing, validation studies and load tests.
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Introduction

The Fibre Reinforced Polymer (FRP) is a composite material, which structure is made of minimum two components
(Bank 2006). The basic ones are a reinforcement and a polymer matrix. The first one is a dispersed phase affecting the
stiffness and strength of a composite. It is made of carbon, glass or aramid fibres, usually in the form of chopped stand
mats or multilayer woven fabrics. The second one is a continuous phase giving a shape (monolithic nature of the
product), an appropriate arrangement of reinforcement and load distribution on a volume of a composite. It is made of
a polymer, which is usually an epoxy, vinylester or polyester. The characteristics of a final product called a laminate
depend on the properties of materials used for each phase and on their content percentage. Composite structures are
often combined in so-called sandwiches, in which the core is used as a light filler to create distance between two
laminates (skins). Thus, a structure has much higher flexural stiffness. The major advantages of this material are: low
volume weight, relatively high stiffness and strength, well fatigue resistance, flexibility in shaping the geometry, high
material damping and high environmental and chemical resistance giving excellent long-term durability.

The development of FRP materials for commercial use started in 1930s. The first applications were processed in
the defence, aviation and automotive industries. Very soon the FRP began to be used also in boats, yachts and space
industry. Until today, these are the main areas of its application. As astonished examples may be given the Boeing 787
Dreamliner (see Fig. 1a), in which the composites volume content in construction material is about 80% and the Vision
of The Fjords ferry (see Fig. 1b) made almost all of carbon reinforced composite materials.

Composites are being increasingly developed for a multitude of tasks. This also affected the civil engineering
community (Meier 2001). Their advantages make them attractive for bridge and in particular footbridge designers
(Tang, Podolny 1998). The initial phase started in 1980s, but for more than one decade materials were too expensive
to compete in the construction industry. The first applications were mostly focused on strengthening and retrofitting
of existing bridge structures using composite sheets and strips (Potyrata, Rius 2011). From 1990s the decrease of FRP
production costs and advances in the research field, resulted in slow increase in composite application interest. Fibre
reinforced composites started to replace traditional materials such as concrete, wood and metals. The composite mate-
rial, which is the most popular in construction industry is the Glass Fibre Reinforced Polymer (GFRP). The reason is
mainly economic.

The first bridge realizations, in which the composite materials were used, were produced using the basic wet
layup process. The example may be the first FRP deck in Miyun Bridge (China) erected in 1982 (Keller 2003). Later
the projects were dominated by the use of pultruded elements. The process involves a continuous pulling of the fiber
rovings and mats through a resin bath and subsequently into a heated die. This technique is very popular until now.
The last decade shows, that manufacturing with the use of the vacuum infusion process becomes to be more and more
popular. This process uses the negative pressure of vacuum to infuse dry fibers with resin, which are placed in a mould
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and sealed in an airtight chamber. Vacuum infusion results in a higher price per unit weight of material than pultrusion.
However, the flexibility in geometry and size is almost unlimited. It also preclude the need of joints use.
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Fig. 1. a) Boeing 787 Dreamliner airplane (Source: www.boeing.com),
b) Vision of The Fjords passenger ferry (Source: www.braa.no)

The paper presents the examples of footbridge structures, in which the GFRP material plays a key role. They
were chosen among many to show different static schemes and production techniques. As a main example, the project
executed by the polish consortium of Gdansk University of Technology, Military University of Technology in Warsaw
and ROMA Co. Ltd. is shown. The result of this scientific research is the 14 m span length footbridge. The proposed
structure has many advantages. It is durable, dynamically resistant, incombustible, easy to install and maintain and
resistant to weather conditions. The project was studied in a great details taking into account, among others: material
testing, validation studies and load tests.

Examples of GFRP footbridges

It is estimated that worldwide several hundred (up to thousands) bridges in whole or in a part are made of the GFRP
composite materials. The presented examples creates the overview of the structural solutions, that are often the result
of the used production method (hand lay-up, pultrusion, infusion). The presentation of examples starts with classic
structures based on pultruded elements and finishes with sophisticated footbridges, in which the infusion production
process is used.

——17.240m

31.501m - 25.043m +
Half span

Fig. 2. Footbridge in Aberfeldy, UK: a) view, b) half of the structure elevation; (Source: Harvey 1993)

Footbridge in Aberfeldy, UK

The footbridge in Aberfeldy, UK was opened on 3rd October 1992 (Cadei, Stratford 2002; Harvey 1993). It crosses
the River Tay in Scotland connecting the two halves of the golf course (see Fig. 2a). This cable-stayed structure, with
A-frame towers, is still the longest span footbridge made entirely of composite materials. The total length of the struc-
ture is 113 m, made up of a 63 m main span over the river, a two back spans of 25 m (see Fig. 2b). The deck has an
overall width of 2.12 m and is supported by 4 fans of 5 aramid stay cables anchored to the ground under the back spans.
The bridge self-weight is 14.5 tones. The deck and towers are made of modular components pultruded from E-glass
fibre and isophthalic polyester resin. Elements are connected by a combination of bonding and toggle type mechanical
connectors.
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Pedestrians and cyclists bridge in Kolding, Denmark

The next example of a pultruded structure is the footbridge in Kolding, Denmark (see Fig. 3a). It is the first composite
bridge in Scandinavia, which was opened on 18th June 1997 (Braestrup 1999). The bridge carries pedestrians and
cyclists traffic over a busy railway line. This also cable-stayed structure is 40.3 m long, including main span of 27 m.
The single tower is 18.5 m height. The bridge is constructed of 12 different pultruded standard profiles and is equipped
in 8 stay cables. Its total weight is 12 tones. Installation was realized within 3 nights.

Footbridge in Lleida, Spain

The following example is the footbridge in Lleida, Spain (see Fig. 3b). It was built to cross an already existing roadway,
arailway line and the new projected high-speed rail-way line between Madrid and Barcelona (Sobrino, Pulido, 2002).
This tied-arch footbridge has a span of 38 m, height of 6.2 m and the deck wide of 3 m. The bridge is made out of
GFRP pultruded profiles. All joints are bolted using stainless steel brackets and bolts. The total weight of the bridge is
approximately 19 tons. It was fabricated for only three months and erected by crane in just three hours.

Fig. 3. a) Pedestrians and cyclists bridge in Kolding, Denmark; b) Footbridge in Lleida, Spain (Source: www.fiberline.com)

Truss footbridges

Truss bridges are the examples of typical application of pultruded profiles. Their projects are transferred directly from
the idea of footbridges made of steel hot rolled or cold formed profiles (Gordziej-Zagorowska et al. 2016). There are
many applications of this kind in the world. The examples are EXPO Bridge in Lisbon, Portugal (see Fig. 4a), which
is 30 m long and weights 6.2 tons and harbour bridge in Noordland, Holland (see Fig. 4b), which has 13.5 m span
length (Daniel 2003).

Fig. 4. a) EXPO Bridge in Lisbon, Portugal (Source: www.gurit.com);
b) Harbour bridge in Noordland, Holland (Source: Daniel 2003)

Footbridge in Moscow, Russia

The arch footbridge in Moscow at the park “50 years of October” is the first Russian bridge made by vacuum infusion
technology (see Fig. 5a). It consist of central 22.6 m span length arch and two side beams. The width of the footbridge
is 2.8 m and weight about 5 tons. The structure was installed in June 2008. All parts except metal hinges and fence
fasteners are made of composite.
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Bradkirk Bridge in Kirkham, UK

The Bradkirk Bridge in Kirkham, UK is a fully molded composite monocoque structure, which was manufactured
using Gurit’s patented Sprint out-of-autoclave epoxy (Santos, Mohan 2011). The structure comprises of two 12 m
spans and two flights of steps (see Fig. 5b). Each span weighs only 1.6 tones. The bridge located over railway, replaced
an existing metallic bridge that life was expired. The installation took only six hours.

Fig. 5. a) Arch footbridge in Moscow, Russia (Source: www.apatech.ru),
b) Bradkirk Bridge in Kirkham, UK (Source: own image)

Dragon’s Bridge over Rhyl Harbour in North Wales, UK

The lifting bridge over Rhyl Harbour in North Wales serves as an additional crossing for pedestrians and cyclists across
the River Clwyd (see Fig. 6). The footbridge was erected in 2013. Its each deck is 30 m long and weights 8 tons. The
structure is mainly the sandwich type. The laminates reinforcement is a mixture of glass and carbon fabrics.

Fig. 6. Dragon’s Bridge over Rhyl Harbour in North Wales, UK: a) view,
b) production of footbridge deck; (Source: www.plastics.gl)

The Ooypoort pedestrian bridge connecting Nijmegen to Ooijpolder, Denmark

The Ooypoort GFRP composite pedestrian bridge connecting Nijmegen to Ooijpolder was officially opened on 27
February 2014 (see Fig. 7). The structure of 56 m span length is among longest single-span composite bridges in the
world. It was design to accommodate house boats even in case of high water levels. All composite parts of the structure
were produced by vacuum infusion. Its dimensions forced production in three sections that were subsequently joined
together.

Fig. 7. The Ooypoort pedestrian bridge connecting Nijmegen to Ooijpolder, Denmark: a) view,
b) installation of footbridge; (Source: www.compositesworld.com)
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Case study of FOBRIDGE footbridge in Gdansk, Poland

In year 2015 the consortium of Gdansk University of Technology, Military University of Technology in Warsaw and
ROMA Co. Ltd. supported by NCRD (grant No. PBS/B2/6/2013) constructed the 14 m span length single element,
composite footbridge, see Figure 8 (Okraszewska er al. 2014). The structure was constructed as a research object of
the FOBRIDGE project, whose aim was to design pedestrians and cyclists bridge for use over express roads and mo-
torways made of composite materials. The structure was designed from scratch. The project included development of
concept, material selection, identification of material properties, numerical simulations, strength calculations and ser-
viceability analyses.

Fig. 8. Composite footbridge designed within the FOBRIDGE project in Gdansk, Poland

The proposed structure is durable, incombustible and weather conditions resistant, which makes it easy to main-
tain. It is characterized by high structural stiffness and resistance to dynamic excitation. Thanks to its low weight,
which is 3,4 tons, is also easy to install. The entire girder is one consistent element produced in one production cycle
in standard infusion process. This allows to obtain each time high quality final product with a significant reduction of
its price.

Structure description

The footbridge is a GFRP composite, U-shape, simply supported, shell-type sandwich structure. Its dimensions are: 14
m of span length, 2.6 m of deck width and 1.32 m of sides height (handrails). The footbridge is designed to carry the
service load of 5 kN/m2. The structure is made of composite sandwich panels without any mechanical joints or other
conventional material elements. Their outer skins are made of GFRP laminate based on vinylester flame retardant resin
and a core is constructed of polyethylene terephthalate (PET) foam. The support areas are strengthened by GFRP
precast elements. The manufacturing process was executed in vacuum infusion.

The FOBRIDGE footbridge was manufactured by ROMA Co. Ltd. and assembled at Gdansk University of Tech-
nology campus, where it was subjected to a number of static and dynamic load tests.

Design work

The design work started form architectural considerations (see Fig. 9). Subsequently, it was concentrated on material
selection due to mechanical properties, incombustible characteristics and economic reasons. The decision was made
to use stitched and balanced BAT [0/90] and GBX [45/-45] E-glass fabrics as a reinforcement, flame retardant vi-
nylester resin as a laminate matrix and PET foam as a core. What is worth mentioning, the use of PET foam signifi-
cantly improved environment-friendliness of the footbridge. The next step was to perform material testing to identify
its mechanical characteristics and to execute simultaneously numerical and validation analyses (Chroscielewski et al.
2017). The experimental research included tests on laminate coupons (see Fig. 10a), sandwich beams (Pyrzowski et al.
2016) (see Fig. 10b), up to the wide research programme for the 3 m long full-scale footbridge segment (Miskiewicz
et al. 2016a), see Figure 10c. After the selection of a proper numerical tools and their validation, it was possible to
carry out complex calculations. Their results were the base to sizing and creating the final structural design.

Fig. 9. Architectural concept of FOBRIDGE footbridge
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Fig. 10. Validation tests: a) coupons, b) sandwich beams, ¢) 3 m long segment

Manufacturing and installation of the footbridge

The footbridge was produced as one consistent element in single production cycle in standard infusion process (see
Fig. 11a). The assembling of the structure at Gdansk University of Technology campus took place on April 2015 (see
Fig. 11b).

Fig. 11. a. Production of the footbridge; b. Structure assembly at Gdansk University of Technology campus

Footbridge testing

The footbridge has been subjected to different kind of tests for one year (2015.05-2016.05). During that time, three
different groups were distinguished: short-term static and dynamic load tests (see Fig. 12), long-term load test and
ambient (environmental influence) testing. This complex program was created to obtain as many as possible infor-
mation about the structure behaviour: statics, dynamics, creep, thermal deformation and ambient vibration. During
tests many novel measurement techniques were used, e.g terrestrial laser scanning (Bernat et al. 2014) or fibre Bragg
grating strain sensors (Li ef al. 2014). The short-term load tests verified load carrying abilities of the analysed foot-
bridge. The maximum applied ballast aimed to load the structure up to its designed limits, corresponding with ultimate
limit state. The long-term load test verified the sensitivity of the structural material to rheological processes. All re-
searches were finished with very satisfactory effect.

Fig. 12. Footbridge short-term testing: a) static load; b) dynamic load
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In near future the footbridge will carry regular pedestrians and cyclists traffic. After completion of the research
program, the structure was transported back to the manufacturer, where it is under preparation for mounting into the
pedestrian and cyclist path running from Gdarnsk to Pruszcz Gdanski, Poland. It will span to sides of Radunia river.

Conclusions

The use of FRP composite materials in civil engineering is still not a common practice, but already noticeable. The
applications are focused mainly in the bridge dFesign. The FRP composite has many excellent structural qualities that
makes it attractive for designers. The most important are strength-to-weight and stiffness-to-weight ratios. Addition-
ally, the composites may be designed for high performance, durability and extended service life. Their application can
generally be economically justified taking into account that the life-cycle cost of a bridge is reduced over its lifetime.
The disadvantages of FRP application are that design and manufacture require specialists from many engineering and
material science disciplines, and some manufacturing processes do not produce consistent material or structural prop-
erties. It is worth to mention, that modern and sophisticated solutions should be equipped with Structural Monitoring
Systems (SHM) (Mariak et al. 2016; Kaminski et al. 2015; Miskiewicz et al. 2016b; Wilde ef al. 2013). It protects
against unexpected problems.

The paper presents the overview in GFRP footbridge applications. The main example shows the proposal of 14
m length footbridge created by polish consortium within Fotbridge project.
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