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Abstract

Despite many advantages over the conventional construction materials, the contemporary
development of FRP composites in bridge engineering is limited due to high initial cost,
low stiffness (in case of glass fibers) and sudden composite failure mode. In order to
reduce the given limitations, mixed (hybrid) solutions connecting the FRP composites and
conventional construction materials, including concrete, have been tested in many
countries for 20 years. Shaping the hybrid structures based on the attributes of particular
materials, aims to increase stiffness and reduce cost without losing the carrying capacity,
lightness and easiness of bridges that includes such hybrid girders, and to avoid the sudden
dangerous failure mode. In the following article, the authors described examples of hybrid
road bridges made of FRP composite and concrete within the time of 20 years and
presented the first Polish hybrid FRP-concrete road bridge. Also, the directions of further
research, necessary to spread these innovative, advanced and sustainable bridge structures
were indicated.
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1. INTRODUCTION

The structural FRP (fibre reinforced polymer) composites used to construct bridge
structures are one of the modern solutions in bridge construction industry. Due to
their excellent attributes, as e.g. high ultimate strength, high overall durability,
corrosion resistance and low weight (lightness), the FRP composites are
considered high-value construction material, just as steel and concrete, and taken
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into account in bridge design and construction industry [1]. However, despite
many advantages of fibre reinforced polymers over the conventional construction
materials, the use of FRP composites in bridge construction industry is limited to
two areas: repair and strengthening the existing structures and redecking of
deteriorated deck slabs. The main reasons of such a limited use are high initial
cost of FRP composites, low stiffness of structural elements made mainly of
fibreglass (GFRP — glass fibre reinforced polymers), and sudden composite
failure mode, which is unacceptable in bridge engineering. Whereas the initial
cost issue may be soon solved due to mass and automated production of FRP
composite elements, the problem of lack of stiffness and safe failure mode may
be overcome only by implementing innovative design solutions [2].

In order to reduce the given limitations, mixed (hybrid) solutions connecting the
FRP composites and conventional construction materials, including concrete,
have been tested in many countries for 20 years. The construction of a hybrid
girder consists of a composite box I-beam (with single- or double-chamber) or
around beam, and concrete slab, which serves as a bridge deck. Rigid
combination of these both elements ensures the safe carrying of loads. The main
aim of creating the hybrid structures is to combine different materials, so that their
best attributes are used optimally. That is why, different construction materials
are applied in the hybrid girders in order to carry tension, compression and shear
generated in a structure exposed to loads.

Initial research and first prototypical applications proved that combining the FRP
composites and concrete is a very effective solution in road bridge construction
industry [3], [4]. Evolution of shaping the ,,FRP composite-concrete” hybrid
bridge girders within the time of 20 years was described in the authors’ previous
paper [5]. Whereas, in this article, the basic rules of shaping the hybrid girders
destined for road bridge construction were laid down together with their chosen
applications in bridge spans. Also, case of a first Polish road bridge with hybrid
girders was described in this paper. The conclusions consist of directions of
further research, which is necessary to spread these innovative, advanced and
sustainable bridge structures.

2. EXAMPLES OF HYBRID ROAD BRIDGES

The construction of a first hybrid road bridge resulted from repair actions taken
after the first FRP composite bridge built in Miyun, China, in 1982, was damaged.
Few years after the bridge had been opened to traffic, a FRP composite sandwich-
structured slab span was reinforced by additional concrete layer placed on the top
of the slab and bonded with the FRP composite to provide synergy of both
materials. On the occasion of the given repair actions, the research was carried
out, showing that the hybrid structure performs well and the idea of combining
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the FRP composite with concrete in bridge spans is promising and development
worthy [4].

One of the first examples of a road bridge, where the hybrid girders made of
rectangular GFRP profiles were used intentionally, is a construction in
Toowoomba, Australia [6]. The bridge was built in 2002 and is the first FRP
composite bridge in Australia. A single-span slab construction with span of 12 m
and width of 5 m consists of 0,35 m and 0,10 m high composite rectangular beams
and 0,10 m thick prefabricated concrete slab. The composite beams and the
concrete slab were glued together with an epoxy adhesive. In order to ensure the
required stiffness and cross synergy of spans, CFRP laminates were glued on the
bottom of the spans crosswise (Fig. 1). The bridge span is made of two identical
2,50 m wide elements that consist of 7 composite beams. Both elements are
bonded together with a longitudinal joint. The whole span weights less than 20
tonnes. A few bridges like this were built in Australia and recently the technology
has been applied in the United States.
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Fig. 1. Cross section of the bridge span in Toowoomba, Australia

The hybrid girders in form of the concrete-filled FRP tubes (CFFT) were firstly
used in 2000 while constructing Kings Stormwater Channel Bridge, California,
the USA [7]. Bridge is a double-span, continuous construction with an effective
span of 2x10,05 m. Bridge spans are made of composite CFRP tubes filled with
concrete and integrated with deck slab, which in turn consists of 0,18 m thick
composite panels. Overall width of the deck amounts 13,00 m. There are six CFFT
girders visible in the cross section, each one with the diameter of 0,34 m and cross
span of 2,30 m (Fig. 2). CFFT girders are connected with both abutments and
pillars by means of concrete ties and steel anchors. The other bridge of the same
type, was equipped with the conventional reinforced-concrete slab integrated with
the CFFT girders, instead of the deck slab made of composite panels [3]. The
same technology was used in engineering many arch bridges with span of 10-15
m and consisting of dozen of hybrid girders [8].
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Fig. 2. Cross section of Kings Stormwater Channel Bridge span, USA [cm]

The first beam bridge made of hybrid U-beams was built in 2004 in San Patricio
County, Texas, the USA [9]. The bridge is a double-span construction with span
of 2x9,75 m. Overall width of the deck is 9,10 m. Each span consists of 12 hybrid
girders with an axial span of 0,81 m (Fig. 3). Deck slab is made of regular concrete

reinforced by steel bars.
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Fig. 3. Cross section of the bridge span in San Patricio Country, USA [cm]

The first bridge, in which unconventional hybrid HBC girders were used, is the
Knickerbocker Bridge built in 2010 in Boothbay, Maine, the USA [10]. The
bridge has eight spans with deck length and width amounting accordingly 164 m
and 9,73 m. The first and last span is 18,2 m long, whereas six middle spans are
21,3 m long. In the span cross section, there are 8 hybrid-composite beams with
height of 0,84 m and width of 1,22 m (top flange) (Fig. 4). Each beam is reinforced
by one layer of steel bars with the diameter of 12 mm. On the beams, there is
a conventional concrete slab, reinforced by steel bars and integrated with hybrid-
composite beams by means of bolts. The Knickerbocker Bridge is probably the
longest bridge in the world, which girders were mainly made of FRP composites.
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Fig. 4. Cross section of the Knickerbocker Bridge span, Boothbay, USA [cm]
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In 2004, a first European hybrid bridge was built over the Cantabrico motorway
in Asturias, Spain [11]. The overpass includes 46 m long four-span continuous
beam, each of spans is accordingly 10, 13, 13 and 10 m long. Total width of the
deck amounts 8,00 m. Each span consists of three hybrid closed trapezoidal
girders with an axial span of 2,75 m. Construction height of the span amounts
1,00 m (Fig. 5). The composite box beams are filled with foam and integrated
with 0,15 m thick reinforced-concrete deck slab by means of composite profiles
glued to the top surface of the beams.
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Fig. 5. Cross section of span of the Cantabrico motorway overpass, Span [cm]

Other constructions with the hybrid girders are two identical bridges built over
the M111 motorway in 2007 in Madrid [12]. Each of the overpasses has 34 long
three spans, each of spans is accordingly 10, 14 and 10 m long. Total deck width
amounts 20,40 m. The span consists of four hybrid GFRP/CFRP open box girders
with height of 1,20 m. The composite box girders are integrated with the 0,30 m
thick reinforced-concrete deck slab by means of steel bolts and epoxy glue. The
composite sandwich panels were used as a permanent shuttering placed below the
concrete slab, both inside and outside the girders (Fig. 6).
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Fig. 6. M111 motorway overpass in Madrid, Span [cm]

3. FIRST POLISH ROAD BRIDGE MADE OF FRP COMPOSITE
AND CONCRETE

First Polish hybrid bridge made of FRP composite and concrete was built in
Btazowa near Rzesz6w by the Ryjak river along the district road No 1411R. The
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construction replaced a former steel truss bridge with wooden deck slab, which
low carrying capacity, narrow carriageway and bad technical condition had
caused considerable traffic limits. The new bridge is a statically determinate
single-span construction with a longitudinal gradient amounting 1%. The main
technical-geometric parameters are as follows:
* carrying capacity: B-class according to PN-85/S-10030, that is 40 tonnes;
» effective span: 21,00 m;
* total bridge length: 22,30 m;
* total bridge width: 10,54 m;
* deck width: carriageway 7,00 m (2x3,50 m), hard strips 2x0,50 m, one-side
pavement 1,50 m, railing with ledge 2x0,52 m.
Hybrid bridge span is made of four FRP composite box girders integrated with
lightweight concrete deck slab (Fig. 7). The FRP girders are braced by two
reinforced-concrete cross beams, situated at the bridge ends, that are monolithic
with the deck slab. The slab with constant thickness of 0,18 m is made of a LC
35/38 class lightweight concrete reinforced by two sets of netted GFRP composite
bars with diameter of 12 mm. The slab is integrated with the composite girders
by means of bolts, placed in the top flanges of composite girders, and epoxy glue.
In the same way, the composite and concrete were integrated in support section
of the span. The span is equipped with conventional asphalt road pavement and
insulation, elements of drainage, expansion joints and bridge barriers. Bridge
supports consist of reinforced concrete integral abutments, placed on deep
foundation. In view of bedded subgrade, the deep foundation was designed in
form of bored piles with diameter of 0,60 m and length of 8,00 m, moulded in the
ground. Each abutment is placed on 10 piles.
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Fig. 7. Cross section of the hybrid bridge in Btazowa, Poland [cm]

Figure 8 shows the bridge opened to traffic, whereas detailed description of bridge
construction and used technology is available in the paper [13].
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Fig. 8. Hybrid bridge made of FRP composite and concrete in Btazowa opened
to traffic, Poland

4. CONCLUSIONS

Hybrid bridges, in which the advantages of FRP composite and concrete were

intentionally combined, are currently one of the fastest developing bridge

construction types. The reason is that the well-known attributes of FRP

composites, such as overall durability, ultimate strength and lightness together

with characteristics of concrete, e.g. stiffness, low cost and quasi-plastic failure

mode, were successfully combined. This clever combination applied in hybrid

bridge engineering may soon result in the use of hybrid bridge spans as a part of

public roads being more and more popular in high-developed countries. However,

in order to fully convince the public authorities of its use legitimacy, it is

necessary to continue the research on particular types of hybrid girders and

performance of bridges that include such girders after opening to traffic. In further

research, the following issues should be explained:

* carrying capacity, overall durability and failure mechanism of connection
between the composite and concrete (mechanical, glue joint);

» performance of the hybrid girders over time (fatigue, creep, environment
influence);

* performance of the hybrid girders under load or accidental actions (hitting,
fire);

» effective non-destructive testing (NDT) and structural health monitoring
(SHM) of the hybrid bridges;

* designing guidelines and maintenance regulations,

» werification and walidation FEM model.
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MOSTOWE KONSTRUKCIE ZESPOLONE TYPU “KOMPOZYT FRP — BETON”

Streszczenie

Pomimo wielu przewag w stosunku do konwencjonalnych materiatéw budowlanych,
wspolczesny rozwdj zastosowan kompozytdw FRP w budownictwie mostowym jest
ograniczony ze wzgledu na wysoki koszt poczatkowy, zbyt mata sztywno$¢ oraz nagla
posta¢ zniszczenia elementéw konstrukcyjnych. W celu redukcji tych ograniczeh od
blisko 20 lat w wielu krajach testuje si¢ rozwigzania mieszane (hybrydowe - zespolone),
faczace kompozyty FRP z konwencjonalnymi materiatami budowlanymi, w tym gidwnie
z betonem. Ksztattowanie konstrukcji hybrydowej, bazujagce na wilasciwosciach
poszczegblnych materiatéw sktadowych, ma na celu zwigkszenie sztywnosci i redukcje
kosztéw, bez utraty nosnosci, lekkosci i tatwoéci budowy mostoéw z takich dzwigaréw
oraz unikni¢cie naglej, niebezpiecznej postaci zniszczenia. W artykule przedstawiono
przyktady mostéw drogowych o konstrukcji hybrydowej z kompozytéw FRP i betonu na
przestrzeni ponad 20 lat oraz pierwszy polski most drogowy o konstrukcji hybrydowe;j
,.kompozyt FRP — beton”. Wskazano takze kierunki dalszych badan, niezbednych w celu
upowszechnienia tych innowacyjnych konstrukcji mostowych.

Stowa kluczowe: ~ kompozyt FRP, beton, konstrukcja zespolona, most, ksztattowanie
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