STRUCTURAL BEHAVIOUR OF COMPOSITE GIRDERS
USING HIGH STRENGTH FIBRE REINFORCED CONCRETE
AND FIBRE REINFORCED POLYMERS

(BREMEMEIVII—FFRPZRAVEERTO D ZEHHEK)

2016 £ 3 A

BEXZAZREIZHARB(ELRHARE)

BEIFXER(EHREEHE EF BH)

ISURU SANJAYA KUMARA WIJAYAWARDANE



STRUCTURAL BEHAVIOUR OF COMPOSITE GIRDERS
USING HIGH STRENGTH FIBRE REINFORCED
CONCRETE AND FIBRE REINFORCED POLYMERS

(B IR TR = o 7 U — | & FRP Z F\\NT= 8 BT D 1 # I HR)

A dissertation submitted in partial fulfilment of the requirement for the degree of

Doctor of Philosophy in Civil Engineering

by

Isuru Sanjaya Kumara Wijayawardane

Examination committee:

Prof. Hiroshi Mutsuyoshi (Chair)
Prof. Yoshiaki Okui

Prof. Masato Saitoh

Assoc. Prof. Takeshi Maki

Department of Civil and Environmental Engineering
Graduate School of Science and Engineering
Saitama University

Japan

March 2016



ABSTRACT

Fibre reinforced polymer (FRP) materials are being used for construction of the civil
engineering structures because of their outstanding properties compared to the conventional
construction materials. One of the main applications of the FRP is short span bridge
construction. The superior features of the FRP include high tensile strength, high corrosion
resistance, low weight, high fatigue resistance, etc. Furthermore, the use of the FRP reduces the
life-cycle cost of a structure and the amount of carbon dioxide emission as compared to the
prestressed concrete or steel bridges. The high durability of the FRP makes these materials

suitable for short span bridges those are exposed to severe environmental conditions.

In most of the FRP bridges, steel bolts are used to connect the members together. Therefore,
maintenance and repairing of the steel connections need to be carried out time to time. At the
first stage of this study, glass fibre reinforced polymer (GFRP) and ultra-high strength fibre
reinforced concrete (UFC) composite beams were developed to address that shortcoming. Non-
corroding FRP bolts were used instead of the steel bolts and the flexural behaviour of the GFRP
and UFC composite beams was studied. The GFRP and UFC composite beams were made by
connecting precast UFC segments to the GFRP I-beam top flange using the FRP bolts and the
epoxy adhesive. The four-point flexural tests were conducted on the large-scale GFRP and UFC
composite beams by changing the FRP bolt diameter, bolt spacing and FRP bolt type in order
to find out the suitable FRP bolt parameters. The experiment revealed that the FRP bolts can be
used in the GFRP and UFC composite beams, instead of the steel bolts. Both the flexural
capacity and the stiffness of the composite beams containing the steel bolts and the FRP bolts
were similar. There was full composite behaviour until beam failure in the GFRP and UFC

beams having FRP bolts and in the GFRP and UFC composite beams having steel bolts.

As well as the GFRP, the hybrid FRP (HFRP) also can be used for making the FRP and UFC
composite beams. The GFRP consisted of glass fibres whereas the HFRP used in this study
consisted of carbon and glass fibres. In both FRP types, the fibres were bonded together with
the vinylester resin matrix. The polymer resin matrices contained in the GFRP, HFRP, FRP
bolts, and the epoxy adhesive are susceptible to degrade their mechanical properties at glass
transition temperature (Tg). Therefore, the flexural behaviour of the GFRP or HFRP
(GFRP/HFRP) and UFC composite beams can be affected by elevated temperature. The
temperature of the concrete bridge deck can reach 60°C or more when they are exposed to
extremely hot climates or when they are located in hot industrial environments. Therefore, the

second stage of this study was carried out to identify the influence of elevated temperature on



the mechanical properties of the materials used in the GFRP/HFRP and UFC composite beams
and to investigate the flexural behaviour of the GFRP/HFRP and UFC composite beams at

elevated temperature.

Experiments were conducted at temperatures between 20°C and 90°C to check the temperature
dependence of the materials used in the GFRP/HFRP and UFC composite beams. The
experiment results emphasized that the glass transition temperatures of the materials used in the
GFRP/HFRP and UFC composite beams are in between 50°C and 60°C. The compressive
strength of the GFRP, HFRP, and the FRP bolts is significantly affected by the glass transition.
The tensile strength of the GFRP and the HFRP is greatly affected by the Tg of the vinylester
resin whereas in the FRP bolts, the tensile strength is not significantly affected by the Tg. The
compressive strength of the UFC also independent of temperature within 20°C and 90°C. The
coefficients of thermal expansion of all the materials used in the GFRP/HFRP and UFC
composite beams are constant at all temperatures between 20°C and 85°C. There is no influence
on the longitudinal expansion rates of the materials by their glass transition temperatures. Shear
strength of the FRP bolts rapidly reduced at the temperatures beyond 60°C whereas the shear
capacity of the epoxy adhesive reduced with temperature regardless the Tg of the epoxy

adhesive.

The flexural behaviour of the GFRP I-beams, GFRP-UFC composite beams, and the HFRP-
UFC composite beams under room and elevated temperatures (between 20°C and 90°C) was
studied. Prior to loading, all the beams except the beams at 20°C were heated up to the test
temperature and kept constant at the same temperature for one hour. Similar to the material test
results, the beam test results revealed that the flexural behaviour of the GFRP I-beams is
influenced by the glass transition temperature of the vinylester resin. Both the flexural capacity
and the stiffness of the GFRP I-beams are decreased at elevated temperature beyond the Tg of
the vinylester resin. Use of the UFC segments significantly improves the ultimate flexural
capacity and the stiffness of the GFRP I-beams at temperatures ranged from 20°C to 90°C. This
is because the UFC segments can prevent premature delamination and kink failure of the GFRP
I-beam compression flange. As a result, the tensile strength of the GFRP I-beam can be
effectively utilized. It was confirmed that the bi-material bending effect in the GFRP/HFRP and
UFC composite beams is negligible due to the close thermal expansion rates of the GFRP,
HFRP, and the UFC materials. As well as the GFRP I-beams, the GFRP-UFC composite beams
and the HFRP-UFC composite beams are affected by elevated temperature and their flexural

capacities were decreased as the beam temperature increases. However, more than 85% of the
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flexural capacity (compared to the flexural capacity at 20°C) of three beam types can be retained
when the beam temperature is below 60°C. As the beam temperature increases beyond 60°C,
the flexural capacity of these beams severely degraded. Furthermore, in these GFRP/HFRP and
UFC composite beams, the failure mode depends on the shear capacity of the FRP bolts at the

beam temperature.

Flexural behaviour of the GFRP I-beams and the GFRP and UFC composite beams was
analysed using fibre model and the analysis results were verified by the experiment results. The
fibre model can predict the flexural behaviour of the GFRP I-beams at temperatures between
20°C and 90°C. Regarding the GFRP and UFC composite beams, the fibre model results were
be valid up to the slipping of the UFC segments. When there was no slip of the UFC segments,
fibre model analysis results were agreed up to the failure of the composite beams. Under the
actual circumstances, the GFRP and UFC composite beams may experience a large temperature
gradient across beam top to bottom. According to the fibre model analysis, it was found that
the stiffness of the GFRP and UFC composite beams, which is related to the main design
criterion of the FRP bridges, is not significantly affected by the temperature gradient in the real
situations. However, the flexural capacity of the GFRP and UFC composite beams at the

slipping of the UFC segments is greatly influenced by the temperature of the beam top.

The high corrosion resistant GFRP and UFC composite beams were used as bridge girders to
construct a short span pedestrian bridge in Japan. This bridge was constructed in a fishery
harbour where corrosion is a major issue. The overall length and the width of the bridge are
6,000 mm and 960 mm, respectively. The static load tests conducted on the bridge confirmed

the excellent performance of the GFRP and UFC composite beams.
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Chapter 1

Introduction

A large number of bridges constructed using the conventional construction materials are low
serviceable due to aging and deterioration. According to the U.S. department of transportation,
26.7% of the total bridges in the United States have been identified as structurally deficient [1].
Each country expends a huge amount of money on maintenance and renovation of the bridges
annually and this problem can be minimized by implementing new materials and new
technologies in bridge construction. Steel, prestressed, and reinforced concrete are the
conventional construction materials used for bridges and the durability of these materials is
severely affected by the corrosion. Aiming for non-corrosive materials and cost-effective

construction methods can reduce the overall cost of a bridge during its life span.

Because of the excellent properties of the fibre reinforced polymer (FRP) composites, they have
been used in many engineering applications (aerospace engineering, automobile engineering)
as well as manufacturing of sports items, musical instruments etc. Since last few years, they are
receiving attention as a suitable construction material in the civil engineering field. High
corrosion resistance, high tensile strength-to-weight ratio, excellent fatigue resistance, and low
weight are the outstanding features of the FRP. The FRP was first introduced in the civil
engineering as FRP reinforcing bars and as retrofitting sheets for columns and beams. The
superior properties of the FRP composites allow rapid construction of durable structures.
Nowadays the FRP beams are being used as bridge girders in short span bridges. The high
durability of the FRP material over the conventional construction materials reduces the
maintenance cost of the FRP bridges and that results low life cycle cost of the FRP bridges [2].
The FRP composites can be pre-fabricated and transported to the construction site and this will
accelerate and ease the overall construction process of an FRP bridges, and also that reduces
the associated labour costs. Furthermore, the use of the FRP composite materials is environment
friendly compared to the steel and the prestressed concrete, in terms of the low carbon dioxide
emission during the manufacturing process of the materials [3]. Main shortcomings of the FRP
materials are high initial cost, low stiffness, and lack of fire resistance compared to the
conventional construction materials. The low stiffness of the FRP is the main reason for using
them for construction of the short span bridges. However, the stiffness in the FRP composite
beams can be enhanced with the use of the stiffeners and using a concrete slab, which will be

discussed later.



1.1 Types of FRP composites used in civil engineering

CFRP composites

The carbon fibres have the highest stiffness and the tensile strength among the commonly used
FRP materials. They are manufactured by controlled pyrolysis and crystallization of organic
precursors at temperatures above 2000°C. The carbon FRP (CFRP) are durable in hot and moist
environments and they can withstand fatigue loads. Studies carried out on the FRP composites
showed that carbon fibre reinforced polymers have high durability compared to that of aramid
or glass fibre reinforced polymers [4]. However, the CFRP is more expensive than the other

FRP types.

GFRP composites

Glass fibre reinforced polymers (GFRP) are used in a wide range of civil engineering
applications because it is less expensive compared to the other FRP materials. The glass fibres
are processed form of glass, which are composed of a number of oxides. Unlike the carbon
fibres, the glass fibres are particularly sensitive to moisture and need to be protected by the
resin [5]. Glass fibres are susceptible to rupture and because of the creep, they tend to lose their
strength under sustained stresses [6]. Other than the low cost of the GFRP, it has excellent

thermal and electrical insulation properties compared to the CFRP.

AFRP composites

Aramid fibres were used to produce the first generation of FRP prestressing tendons in the
1980s in Europe and Japan [5]. They contain aromatic molecular chains and they are the lightest
among the high-performance fibres. The high moisture absorption, difficulty in processing, low
melting temperatures, and relatively low compressive strength compared to the other FRP

materials made Aramid FRP (AFRP) less attractive in the structural applications.

HFRP composites

The physical and mechanical properties vary in different FRP types. Therefore, the combined
features of the FRP types can be obtained by blending the different types of fibres together and
manufacturing hybrid FRP (HFRP) profiles. Therefore, in the HFRP composites, there are two
or more FRP types and the most commonly available HFRP consists of GFRP and CFRP. Use



of the HFRP profiles are economical because they are inexpensive than the CFRP as well as

they have high tensile, flexural and compressive properties than those of the GFRP [7-11].

1.2 Literature review

1.2.1 Use of FRP and UFC for short span pedestrian bridges

High corrosion resistance of the FRP composites can be utilized to address the corrosion
problem in bridges, so that, the durability of bridges can be increased and the maintenance and
renovation costs can be reduced. There are large numbers of FRP bridges constructed
worldwide and they confirmed the suitability and best performance [12-16]. Because the FRP
composites are very expensive than the conventional construction materials, the initial cost of
the FRP structures is very large. The prefabrication of the FRP structural elements such as
beams and stiffeners can also increase the cost of the FRP systems compared to cheap in-situ
construction methods. However, when the life cycle cost of the bridge is concerned, use of the
FRP can be cheaper than the steel bridges or prestressed concrete bridges. Mostly, the GFRP is
being used for the bridges because it is the cheapest among the FRP composites used in the
civil engineering field. But the GFRP has low mechanical properties compared to the other FRP
types such as the CFRP and the AFRP.

Based on the experiments carried out on the HFRP composite beams by Hai, et al. [17] in the
Saitama University, a short span pedestrian bridge was constructed in Kure, Hiroshima
prefecture, Japan in 2011. Fig. 1.1 shows the Kure pedestrian bridge and it is located in a fishery
harbour where severe corrosion can take place. This is the first pultruded HFRP pedestrian
bridge in Japan and the overall length and width of the bridge are 12 m and 0.896 m,
respectively. This bridge was used to access a pontoon from the deck. Therefore, the bridge
was simply supported at both ends. It was constructed using two I-shaped pultruded HFRP
beams. Pultrusion is the manufacturing process of the FRP composite materials and during the
pultrusion, the resin-coated fibres (glass, carbon, etc.) were pulled through a heated die.
Schematic diagram of the pultrusion process is illustrated in Fig. 1.2. The HFRP I-beams
consisted of CFRP and GFRP in the flanges and GFRP in the web. The main purpose of
installing this HFRP short span bridge was to replace a corroded steel bridge using high

corrosion resistant materials and thereby reduce the maintenance cost.



Fig. 1.1 HFRP short span pedestrian bridge in Kure city, Japan
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Fig. 1.2 Manufacturing of FRP by pultrusion

It has been identified that the premature delamination failure of the HFRP I-beam compression
flange can occur when flexural load is applied on the beam [17, 18]. Fig. 1.3 shows the
delamination failure of an HFRP I-beam. The layered structure in the HFRP is weak to
undertake the tensile inter-laminar stresses developed in the compression flange. Consequently,
the tensile capacity of the HFRP I-beam cannot be effectively utilized. To address this
shortcoming of FRP I-beams, the compression flange need to be strengthened. This can be done
using a reinforced concrete slab or fixing a steel section to the [-beam compression flange.
Manalo, et al. [19], Nordin and Tiljsten [20] investigated the flexural behaviour of the HFRP
and concrete composite beams and the results showed that both the flexural capacity and
stiffness of the composite beams were improved with the use of the top concrete slab. Typical
reinforced concrete slabs required to be larger in cross-sectional area, in order to utilize high

tensile capacity of the HFRP I-beams. The larger composite beams cause excess deformation



due to their heaviness and also, there will be difficulties in manufacturing and installation of
these beams. Corrosion is the main problem in steel plates which prevents them using in the
HFRP beams. These issues related with reinforced concrete and steel can be eliminated by using
innovative materials such as ultra-high strength fibre reinforced concrete (UFC). The
effectiveness of the FRP and UFC composite beams in pedestrian bridges has been reported in
the literature [8, 21]. The UFC slab was precast and it was connected to the GFRP I-beams
using steel bolts and epoxy adhesive. Fig. 1.4 illustrates the structure of the GFRP and UFC
composite beam consisting steel bolts. Since the steel bolts are deteriorated by corrosion, the
durability of the composite beam will be affected. Therefore, it is important to avoid this

shortcoming and enhance the durability of the GFRP and UFC composite beams.
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Fig. 1.4 GFRP and UFC composite beam

1.2.2 Influence of elevated temperature on FRP materials

The fibres and polymer resin matrix are the primary components in the FRP materials. In the
FRP composites, most of the mechanical properties depend on the characteristics of the fibres.
However, the polymer resin matrix which contributes to the fibre cohesion in the FRP materials
also has some influence on the material properties of the FRP. This is because of some of the

physical and mechanical properties of the FRP composite are inherited by their resin matrices.



Based on the thermal response of the polymer matrices used for manufacturing the FRP, they

are divided into two categories, 1) thermoset resins, 2) thermoplastic resins.

Thermoset resins

The composite materials contain thermoset resins cannot be re-melted or reformed after curing.
Reason for this is, during the curing, they form three dimensional molecular chains which are
called ‘cross-linking’. The higher the number of cross-linking, the more rigid and thermally
stable the material will be. Thermosets are brittle in nature but sometimes they may soften to
some extent at elevated temperature. This characteristic is sometimes used to create a bend or
curve in tubular structures. Thermosets offer greater thermal and dimensional stability, better
rigidity, and higher electrical, chemical, and solvent resistance. The most common resin
materials used in thermoset composites are epoxy, polyester, bismaleimides, vinylester,

phenolics, cyanate esters, and polyimides.

Thermoplastic resins

Thermoplastics can be melted by heating and solidified by cooling. Therefore, these materials
are capable of repeated reshaping and reforming. This is happened because the thermoplastic
molecules do not cross-link each other [22]. Their lower stiffness and strength values require
the use of fillers and reinforcements for structural applications. Thermoplastics generally
exhibit poor creep resistance at elevated temperature, as compared to thermosets. They are more
susceptible to solvents than thermosets. Polypropylene and polyethylene are the most common
thermoplastic resins used in FRP composites. They have excellent resistance to acids and
alkalies and have good resistance to organic solvents. Their relatively low melting points allow
for rapid processing at lower cost. Nylon and Acetal are also widely used because they are
highly resistant to organic solvents and can obtain better mechanical properties compared to the

other thermoplastic resins.

Behaviour of polymer resins at elevated temperature

The pure crystalline solids such as metals undergo a phase change from solid to liquid at a
transition temperature and that temperature is called the melting temperature. In contrast to pure
crystalline materials, the polymer resins contain non-crystalline amorphous regions. Therefore,

the polymer resins belong to semi-crystalline category and there will be thermal transitions at



lower temperatures than the melting temperature. This temperature of the polymer resin is
called as glass transition temperature (Tg). Sometimes Tg is referred as heat distortion
temperature or heat deflection temperature. When the temperature is close to or above Tg,
physical and mechanical properties of the polymer resin are influenced and they degrade [23-
25]. As a result, the polymer resins in FRPs undergo changes from rigid to rubbery state [5].
Therefore, when the temperature exceeds Tg, the polymer matrix in the FRP which contributes
to fibre cohesion and transfer of forces between the fibres becomes soft. Generally, the Tg of
the vinylester resins used as the polymer matrix in the GFRP reinforcing bars is between 100°C
and 120°C [23, 26]. However, the Tg of some commercially available FRP composite materials
typically varies from 60°C to 82°C [27]. The deterioration of strength and stiffness properties
of conventional pultruded FRP profiles as a function of temperature for various resin systems

is given in Table 1.1 [28].

Table 1.1 Percentage of property retention of conventional pultruded profiles as a function of

temperature
Property retained (%)
Property Temperature  Glass fibre and polyester Glass fibre and vinylester
°O) pultruded material pultruded material
Strength 37.8 85 90
51.7 70 80
65.6 50 80
79.4 do not use 75
933 do not use 50
Elastic modulus 37.8 100 100
51.7 90 95
65.6 85 90
79.4 do not use 88
933 do not use 85

1.2.3 Performance FRP composite structures subjected to elevated temperature

Because of the temperature dependence of the polymer resins contained in the FRP, it is
important to study the performance of the FRP composite beams exposed to extreme
temperature conditions. There are some studies conducted to investigate the influence of

elevated temperature on the FRP composite beams used in short span pedestrian bridges, but



the maximum temperature taken into account was less than 40°C. Farhey [29] and Keller et al.
[30] investigated the long term performance of short span FRP bridges and reported on the
acceptable serviceability and durability of the FRP systems.

It has been proven that the structural design of the FRP bridges depends mostly on the deflection
limit because of the low stiffness of the FRP composites [31]. The American Association of
State Highway and Transportation Officials (AASHTO) and the Japan Society of Civil
Engineers (JSCE) suggest that the deflection limit for pedestrian bridges should be less than
L/500, where L corresponds to the bridge span [32, 33]. Therefore, the stiffness of the FRP
composite bridges becomes a significant parameter. The temperature variation in the FRP
composite bridges has some influence on the flexural behaviour due to low stiffness of the fibre
reinforced composites [34, 35]. According to Dai et.al., the structures consisting of the FRP and
concrete can experience 50°C or higher temperatures when they are located in harsh
environments such as hot climates and industrial environments [36]. A field investigation
carried out on short span GFRP bridge showed that the maximum temperature at the bridge
deck can reach up to 60°C during summer [37]. However, depending on the environmental
conditions and the bridge location, the maximum temperature of the bridge deck can be higher
than 60°C. An experiment was conducted evaluating the performance of the FRP composite
bridge deck prototypes under two extreme temperature conditions by Kwon et.al [38]. In this
study, the FRP composite bridge decks were subjected to simulated traffic loads that induce
repetitive stress cycles under -30°C and 50°C. The fatigue performance of each FRP deck
prototype was compared with the response of the conventional reinforced concrete deck. The
results signified that the progressive degradation in stiftness of the FRP composite bridge decks
under two extreme temperatures by the cyclic loading on all the decks. The stiffness of the FRP
composite bridge decks was more susceptible to elevated temperature compared to low

temperature conditions.

In the GFRP or HFRP (GFRP/HFRP) and UFC composite beams, there are polymer resin
materials contained in the GFRP, HFRP, FRP bolts, and epoxy adhesive. Therefore, these
composite beams may undergo some changes due to deterioration of physical and mechanical
properties of the materials at elevated temperature. Because of that, it’s noteworthy to study the
flexural behaviour of the GFRP/HFRP and UFC composite beams under such temperature

conditions.



1.3 Objectives and scope

The aim of this study is to develop high corrosion resistant GFRP/HFRP and UFC composite

beams for construction of short span pedestrian bridges. So that, such composite beams can be

used in severe corrosive environments with minor maintenance. The scope of the study is given

in Fig. 1.5. There are three main objectives as described below.

Utilize the FRP bolts in the GFRP and UFC composite beams instead of steel bolts and
investigate the flexural behaviour of such beams. In order to find out the most suitable
FRP bolt parameters, large-scale GFRP-UFC beam flexural tests were conducted with
FRP bolts changing diameter, bolt types, and bolt spacing.

Investigate the influence of elevated temperature on the flexural behaviour of the
GFRP/HFRP and UFC composite beams. Large-scale beam flexural tests were carried
out at room and elevated temperatures (less than 90°C). As a secondary objective in the
study, a number of material tests were conducted at room and elevated temperatures
(less than 90°C) to study the influence of elevated temperature on the mechanical
properties of the materials used in the GFRP/HFRP and UFC composite beams.

Study the performance of a short span pedestrian bridge under the static loading, which
was constructed using the GFRP and UFC composite beams. The flexural behaviour of

the bridge was checked under three loading patterns.
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Fig. 1.5 Scope of study
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1.4 Organization of the dissertation

There are four main parts in this dissertation; 1) suitability of FRP bolts for the GFRP and UFC
composite beams, 2) investigate the influence of elevated temperature on the mechanical
properties of the materials used in the GFRP/HFRP and UFC composite beams, 3) investigate
the flexural behaviour of the GFRP/HFRP and UFC composite beams under room and elevated
temperatures, and 4) performance of a short span pedestrian bridge subjected to static service
loading, which was constructed using the GFRP and UFC composite beams. This dissertation

consists of seven chapters and the details of each chapter is given below.

Chapter 1

Introduction including the literature review, motivation, objectives, and the scope of the study.

Chapter 2

Experimental works conducted to clarify the suitability of the FRP bolts in the GFRP and UFC
composite beams is described in this chapter. The FRP bolts were used to connect the UFC slab
to the top flange of the GFRP I-beams. Both the material tests and the composite beam flexural

tests are explained in detail.

Chapter 3

Some researchers reported that the mechanical properties of the FRP composites are severely
influenced by the glass transition temperature. This chapter describes the influence of elevated
temperature on the mechanical properties of the materials used in the GFRP/HFRP and UFC
composite beams. Degradation of the material properties of the FRP composites by glass

transition is explained in this chapter.

Chapter 4

The influence of elevated temperature on the flexural behaviour of the GFRP I-beams, and the
GFRP/HFRP and UFC composite beams is explained in this chapter. Details of the large-scale
beam flexural tests conducted at room and elevated temperatures (in between 20°C and 90°C)

including the specimen preparation, test setup, and heating method are demonstrated.
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Chapter 5

In this chapter, the fibre model analytical method is described. The fibre model was used to
analyse the flexural behaviour of the GFRP I-beams, and the GFRP-UFC (GFRP and UFC)
composite beams. Verification of the analysis results by the experiment results is discussed. In
the experiment, there was a small temperature gradient across the beam cross-section. Therefore,
the fibre model analysis was used to predict the flexural behaviour of the GFRP-UFC composite
beams under actual circumstances, where there is a large temperature gradient across beam

cross-section.

Chapter 6

Details of a short span pedestrian bridge constructed using the GFRP and UFC composite beams
is described in this chapter. Furthermore, the static loading test conducted to investigate the

performance of the short span bridge also explained.

Chapter 7

Summarizes the main conclusions of this study and suggests the recommendations for future

studies.
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Chapter 2

Flexural Behaviour of GFRP and UFC Composite Beams Having
FRP Bolts as Shear Connectors

2.1 Introduction

This chapter describes the development of high corrosive resistant GFRP and UFC composite
beams for construction of short span pedestrian bridges. The previous experiments related to
the GFRP and UFC composite beams, conducted in the Saitama University, used steel bolts and
epoxy adhesive to connect the UFC slab to the GFRP I-beam [18]. However, the steel bolts in
these composite beams are prone to corrosion and hence, the durability of the bridge is affected.
In this study, corrosive resistance of the GFRP and UFC composite beams was improved using
the FRP bolts and the flexural behaviour such beams was investigated. Large-scale beam tests
were carried out by changing the FRP bolt diameter, FRP bolt spacing, FRP bolt type (bolts

having heads and bolts without heads), and the gap between two consecutive UFC segments.

2.2 Materials

The GFRP and UFC composite beams consist of four main materials GFRP, UFC, FRP bolts,
and epoxy adhesive. Details of the materials and the mechanical properties of them are

explained in the following sections.

2.2.1 GFRP I-beams

The GFRP I-beams are manufactured by pultrusion process and they consist of glass fibres
oriented in 0°, 90°, £45° directions, continuous strand mat (CSM), and vinylester resin. The 0°
and +45° fibres in the GFRP mainly contribute to the tensile strength of the GFRP while the
90° fibres contribute to the lateral strength. The CSM consisted of randomly oriented glass
fibres and those fibres help to reduce strong anisotropic properties in the GFRP. There is a
significant contribution for the strength of the GFRP by the vinylester resin, which bonds the
glass fibres together. Fibre layer composition of differently oriented glass fibre layers is given
in Table 2.1 and the fibre lay-up in the GFRP I-beam’s flange and the web is illustrated in Fig.
2.1. According to Table 2.1, fibre compositions in GFRP flange and web are different. This is
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because, the flanges are designed to take the axial and flexural forces whereas the web is
designed to undertake the shear force. Therefore in GFRP I-beams, the flanges are strong in the

longitudinal direction of the beams, whereas the web is strong in the vertical direction.

The GFRP coupon tests were conducted to investigate the tensile strength, the compressive
strength, and the Young’s modulus of the GFRP flange and web. The test coupons were
machined from a GFRP I-beam along the longitudinal direction. Details of the tensile and
compression test specimens and the test methods are described in Section 3.1.3 and the effective
mechanical properties of the GFRP flange and web are given in Table 2.2. According to the
experiment results, the tensile strength, compressive strength, and the Young’s modulus of the
GFRP flange are significantly higher than that of the GFRP web. Main reason for this is the

amount of differently oriented glass fibres in the flange and the web.

Table 2.1 Glass fibre layer composition in GFRP I-beam

GFRP I-beam

Parameters GFRP GFRP GFRP
0°/90° +45° CSM

Volume fraction (%) 53 53 25

Flange 50 41 9

Volume content (%)
Web 43 43 14
CSM
Flange GF 0/ 90°
Web— GF 0%/ £45°
SEIESISESED) FESESEEE GF i450

CSM - Continuous strand mat
GF — Glass fibre

Fig. 2.1 Fibre lay-up in GFRP I-beam
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Table 2.2 Mechanical properties of GFRP flange and web

Property GFRP flange =~ GFRP web
Compressive strength (N/mm?) 230 223
Tensile strength (N/mm?) 448 306
Young’s modulus (kN/mm?) 21.0 17.8
Poisson’s ratio 0.31 0.27

222 UFC

The UFC slab is the key component which is preventing the premature delamination failure of
the compression flange of the GFRP I-beams. The primary advantages of using the UFC are its
high compressive strength, low weight, and high durability compared to the conventional
reinforced concrete. Watanabe et.al. and Mehta conducted experiments on UFC and reported
the high durability of the UFC [39, 40]. In order to ease the manufacturing, transportation, and
the installation processes of the UFC slab, it was designed as precast segments. Therefore,
occurrence of some cracks and/or deflections in a long monolithic slabs due to their high
slenderness ratio can be avoided. The UFC consists of steel fibres, premixed cementitious
powder (ordinary Portland cement, Silica fume, and Ettringite), water, sand, and water reducing
agent. Equal amounts of 0.2 mm diameter high strength steel fibres (tensile strength 2000
N/mm?) having lengths 22 mm and 15 mm were used for making UFC. The volume ratio of the
steel fibres is 1.75%. The mix proportions of the materials are given in Table 2.3. Curing of the
UFC segments was done in two stages, in primary curing the segments were wet cured for 24
hours at 5°C to 40°C and in the secondary curing the segments were steam cured for 24 hours

at 85°C.

Table 2.3 Mix proportions of materials for UFC

Unit quantity (kg/m?)
Premixed Water reducing Steel Air content (%)
Water Sand .
cement admixture fibre
205 1287 898 322 137.4 2.0

According to the test procedure explained in Section 3.1.4, the compressive strength and the
Young’s modulus of the UFC were obtained by the standard cylinder tests (50 x 100 mm), the

test results are given in Table 2.4. Two sizes of UFC segments were used in this study and their
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lengths were 300 mm and 250 mm. The 250 mm long segments were used only at the two ends
of the GFRP and UFC beam. The cross-sectional dimensions of both segment types were
identical (95 x 35 mm) and they were selected according to a previous study conducted in the
Saitama University [18]. According to the experiment results of that study, the size of the UFC
segments was decided to have a compression failure in the UFC slab and to avoid unsafe
catastrophic tensile-brittle failure in the GFRP and UFC beams. The FRP bolts were embedded
into the UFC segments during the casting of the segments and the embedment length is 30 mm.
Manufacturing of the UFC segments was done in a factory to reduce the production time as

well as the manpower.

Table 2.4 Mechanical properties of UFC

Compressive strength Young’s modulus Ultimate compressive
(N/mm?) (KN/mm?) strain (p)
178 44.8 4930

2.2.3 FRP bolts and epoxy adhesive

Two shear connector types were used in the GFRP and UFC composite beams, 1) FRP bolts,
and 2) ‘Sikadur® — 30 Normal’ epoxy adhesive. Fig. 2.2 and Fig. 2.3 show the FRP bolts and
the epoxy adhesive used in the GFRP and UFC composite beams, respectively. The non-
corrosive FRP bolts were used in the GFRP and UFC composite beams to improve the
durability of the beams. The purpose of using the epoxy adhesive is to have a good bond
between the top flange of the I-beams and the UFC segments and improve the composite
behaviour of the beams. The mixing proportions of compound A and B (Fig. 2.3) of epoxy

adhesive 1s 3:1.

The FRP bolts consist of the glass fibres in the core, oriented at 0° along the bolt axis and the
core is covered with a high strength polymer material to form the threaded part. The FRP nut
consists of high strength polymer only. The tensile, compressive, and shear strength tests were
conducted for 16 mm diameter FRP bolts and the test methods are described in Section 3.1.5.
The experiment results are given in Table 2.5. According to the method depicted in Section
3.1.6, epoxy adhesive shear tests were carried out and the effective shear strength was 9.6

N/mm?,
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10 mm diameter 16 mm diameter Compound A Compound B

Fig. 2.2 FRP bolts and nuts Fig. 2.3 Epoxy adhesive

Table 2.5 Mechanical properties of FRP bolts and epoxy adhesive

Property FRP bolts Epoxy adhesive
Compressive strength (N/mm?) 264 -
Tensile strength (N/mm?) 255 -

Shear strength (N/mm?) 140 9.6

2.3 Test variables and methodology of GFRP and UFC composite beam
flexural test

Pultruded GFRP I-beams having overall length and height of 3,500 mm and 250 mm were used
in this study. The flange is 14 mm in thickness and 95 mm in width. The web thickness is 9
mm. Cross-sectional details of the GFRP I-beam are given in Fig. 2.4. The GFRP and UFC
composite beams were made by connecting the UFC segments to the top flange of the I-beam.
The cross-sectional details of the GFRP and UFC composite beams are shown in Fig. 2.5. The
test variables are FRP bolt diameter, FRP bolt spacing, FRP bolt type and the gap between two
consecutive UFC segments. Five different GFRP and UFC composite beams were tested under

four-point bending tests and the test variables are given in Table 2.6.
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Fig. 2.5 Cross-sectional details of GFRP and UFC composite beams (Units: mm)

In beam G10-F16-B4, only the FRP threaded bars were used so that there were no bolt-heads
inside the UFC segments. The gap between two consecutive UFC segments in beam G5-F16-
BN4 was 5 mm whereas in all the other beams it was 10 mm. In the GFRP and UFC composite
beam containing steel bolts, the bolt diameter and bolt spacing were chosen by push-out tests
and the details of the experiment are available in literature [14]. The same bolt size and bolt
spacing of the steel bolted GFRP-UFC (GFRP and UFC) composite beams were used for the
GFRP-UFC beams having FRP bolts also. In addition to that, the GFRP and UFC composite
beams having 10 mm and 16 mm diameter FRP bolts at 100 mm bolt spacing were tested to
check the influence of different bolt diameters on the flexural behaviour of the composite beams.
In order to study the influence of different bolt spacing (100 mm and 150 mm) on the flexural

behaviour of the GFRP-UFC beams, two types of UFC segments were manufactured, 1) UFC
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segments with four FRP bolts, and 2) UFC segments with six FRP bolts. The details of the UFC
segments are given in Fig. 2.6. The I-beam top flange was drilled and the bolt-holes were
created (at 100 mm or at 150 mm centre-to-centre spacing) to match the bolts which are
embedded in the UFC segments. Before fixing the UFC segments to the I-beam, an epoxy
adhesive layer was uniformly applied on the top flange. A constant torque of 20 Nm was applied

on all the FRP bolts to have uniform tightness in all the UFC segments.

Table 2.6 Experimental variables

. . Bolt . FRP bolt  Bolt-head
Specimen Material . Segment joint . :

spacing . diameter in the

name type (mm) spacing (mm) (mm) UFC
G10-F16-B4 GFRP 150 10 16 No
G10-F10-BN6  GFRP 100 10 10 Yes
G10-F16-BN4  GFRP 150 10 16 Yes
G10-F16-BN6  GFRP 100 10 16 Yes
G5-F16-BN4 GFRP 150 5 16 Yes

Notations of the specimen names:

G: GFRP I-beam

10 or 5: Gap between consecutive UFC segments (filled with cement mortar)
F: FRP bolt

10 or 16: Bolt diameter (in mm)

B: Only threaded bar

BN: Bolts with head

4 or 6: Number of bolts per UFC segment

As shown in Fig. 2.7, GFRP stiffeners were attached at both sides of the I-beam web to avoid
web buckling. The epoxy adhesive was used to attach the stiffeners and the nominal dimension
of these stiffeners are 30 x 60 x 220 mm and their thickness is 4 mm. The gaps between the
UFC segments (5 mm or 10 mm) were filled with cement mortar and the mix proportions of the
materials are given in Table 2.7. The compressive strength and the Young’s modulus of the
filling cement mortar paste were 90.3 N/mm? and 31 kN/mm?, respectively. The cement mortar

filling of all the specimens were wet cured for 7 days before the bending test.
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Fig. 2.6 Details of UFC segments (Units: mm)
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Fig. 2.7 Configuration of stiffeners in the GFRP and UFC composite beam (Units: mm)

Table 2.7 Mix proportions of cement mortar

Unit amount (kg/m?)

Wwi/C Cement Water Fine aggregate High performance
water reducing agent

0.30 970.7 291.2 1026.9 0.01
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The test setup of four-point flexural testing is illustrated in Fig. 2.8. The flexural span and the
shear span of the beams were 700 mm and 1,250 mm, respectively. The load was applied at a
constant rate by a manually operated hydraulic jack. A steel beam was used to equally spread
the load between two loading points. Fig. 2.9 shows the four-point bending test of the GFRP

and UFC composite beam.
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Fig. 2.8 Details of the experiment setup (Units: mm)
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Fig. 2.9 Testing of the GFRP and UFC composite beam under four-point bending setup

As shown in Fig. 2.10a and b, fourteen strain gauges were attached along the midspan cross-
section (C1 to C7) and along a cross-section (M1 to M7) in the shear span near to the loading

point. The strain at the loading point was measured using two additional strain gauges attached
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to the top surface of the UFC segments (Fig. 2.10c). In order to measure the midspan
deformation, two deflection gauges were connected to the two sides of the bottom flange at
midspan. During the beam test, the applied load, midspan deflection, and strain at midspan and

near the loading point were measured until beam failure.
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(b) Beams having 100 mm bolt spacing (elevation)
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Loading point
(c) Strain gauges at loading point (top view)

Fig. 2.10 Strain gauge locations in the GFRP and UFC composite beams (Units: mm)

2.4 Results and discussion

Fig. 2.11 shows the failure patterns of the GFRP and UFC composite beams. All the beams
except G10-F16-B4 and G10-F10-BN6 were failed by crushing of the UFC segments followed
by the crushing of the GFRP top flange and web. In G10-F16-B4 and G10-F10-BN6 beams,
failure occurred by crushing of the UFC segments in the midspan. Results of the flexural beam
test are summarized in Table 2.8. According to the test results, G10-F16-B4, G10-F10-BN6
and G10-F16-BN6 beams showed very high flexural capacity compared to that of G10-F16-
BN4 and G5-F16-BN4 beams.
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Fig. 2.11. Failure patterns of GFRP and UFC composite beams
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Table 2.8 Flexural beam test results

. Failure Midspan Midspan Midspan .
Specimen . . . . Failure
name load deflection at  tensile strain ~ compressive location
(kN) failure (mm) (n) strain ()

G10-F16-B4 199.8 64.1 11,400 3,007 FS
G10-F10-BN6 195.9 68.6 11,077 3,455 FS
G10-F16-BN4 154.9 54.6 9,227 Gauge damaged FS
G10-F16-BN6 193.8 87.4 12,540 Gauge damaged SS
G5-F16-BN4 163.8 60.4 10,079 Gauge damaged FS

FS — Flexural span, SS — Shear span

2.4.1 Comparison of bolt type

Flexural behaviour of the GFRP and UFC composite beams consisting of either FRP bolts or
the steel bolts was compared. The flexural behaviour of the GFRP and UFC composite beams
having steel bolts can be found in literature [41]. Fig. 2.12 shows the load and deflection
relationship of the composite beams having different bolt types. The mechanical properties of
the steel bolts are given in Table 2.9 whereas those of the FRP bolts are given in Table 2.5.
Beam G10-S16-BN4 had significantly high flexural capacity compared to beam G10-F16-BN4
(approximately 30% higher). The reason for this is the strength of the steel bolts are
comparatively higher than that of the FRP bolts. Fig. 2.13 shows the broken FRP bolt-heads in
beam G10-F16-BN4 at the beam failure, whereas in beam G10-S16-BN4, there were no
damages in the steel bolts. In particular, beam G10-F16-B4 specimen containing FRP bolts
without bolt-heads (only the threaded bar) showed similar flexural capacity to the composite
beam having steel bolts (G10-S16-BN4). In beam G10-F16-BN4, because of the FRP bolt-head,
the UFC cross-sectional area in the bending plane is smaller than that of beam G10-F16-B4.
Therefore, the UFC segments with the FRP bolt-heads are weak compared to the UFC segments
without bolt-heads. As a result, beam G10-F16-B4 signified high flexural capacity and stiffness
compared to beam G10-F16-BN4. This concludes that the FRP bolts (without bolt-heads) can
be utilized in the GFRP and UFC composite beams, instead of steel bolts.
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Fig. 2.12 Load and deflection relationship — different bolt types

Table 2.9 Mechanical properties of steel bolts

Property Value
Shear strength (N/mm?) 420
Tensile strength (N/mm?) 700

Broke bolt-head

Fig. 2.13 Broken FRP bolt-heads in G10-F16-BN4 beam

2.4.2 Comparison of UFC segment gap

Fig. 2.14 shows the load-deflection relationship of the GFRP and UFC composite beams having
different segment gap (5 mm or 10 mm). The idea of keeping a gap between the UFC segments
is to make easy the installation of the UFC segments. Both G5-F16-BN4 and G10-F16-BN4
beams have approximately same flexural capacities and stiffness. The difference between the
flexural capacities of the two beams was approximately 4%. Therefore, the influence on the
flexural behaviour of the GFRP and UFC composite beams caused by the gap (less than 10
mm) between the UFC segments is negligible.
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Fig. 2.14 Load and deflection relationship — different UFC segment gap

2.4.3 Comparison of bolt spacing

The influence of bolt spacing on the flexural behaviour of the GFRP and UFC composite beams
was checked and the test results showed the beam with small bolt spacing has high flexural
capacity (Fig. 2.15). The centre-to-centre bolt spacing of beam G10-F16-BN4 was 150 mm and
that of beam G10-F16-BN6 was 100 mm. The difference between the flexural capacities of two
beams was around 25%. High flexural capacity in beam G10-F16-BN6 was due to good
bonding between the UFC slab and the I-beam flange. Beam G10-F16-BN4 showed slightly
high stiffness than beam G10-F16-BN6 and this may be caused by the amount of FRP bolt
content inside the UFC segments. In beam G10-F16-BN6, the high stiff UFC material was
replaced by low stiff FRP bolt material compared to that of beam G10-F16-BN4.
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Fig. 2.15 Load and deflection relationship — different bolt spacing
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2.4.4 Comparison of FRP bolt diameter

Beam G10-F10-BN6 and beam G10-F16-BN6 were tested to check the effect of bolt diameter
on the flexural behaviour of composite beams. Fig. 2.16 shows the load and deflection
behaviour of those beams. Both beams had almost same flexural capacities but in beam G10-
F10-BNG6, the stiffness is higher than beam G10-F16-BN6. The main reason for this was, in
beam G10-F10-BN6, there was low amount of FRP material inside the UFC segments. The
stiffness of the UFC segments increases when the volume of low strength (compared to UFC)
FRP material is smaller in the UFC segments. This was observed in G10-F16-B4 and G10-F16-
BN4 beams also (Fig. 2.12), where the beam G10-F16-B4 (no FRP bolt-heads) had high
stiffness compared to beam G10-F16-BN4 (with FRP bolt-heads).
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Fig. 2.16 Load and deflection relationship — different bolt diameters

2.4.5 Composite behaviour of test specimens

Strain distribution across the midspan cross-section is shown in Fig. 2.17. The values of seven
strain gauges attached to the GFRP and UFC composite beams at the midspan (Fig. 2.10a and
b) were used to obtain the graphs in Fig. 2.17. The ‘section depth’ was measured from the
bottom of the GFRP and UFC composite beam. Due to crushing of the UFC, the strain gauges
attached to the UFC segments were damaged in some of the composite beams at failure. Thus,
the strain distribution of those beams at failure is not shown in Fig. 2.17¢, d, and e. Except the
beam G10-F10-BNG6, all the other beams showed approximately linear strain distribution up to
beam failure (Fig. 2.17). The sudden increase of the strain between G5 and G6 in beam G10-
F10-BN6 was because of the slipping of the UFC segments (Fig. 2.17b).
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Fig. 2.17 Strain distribution across the midspan section of GFRP and UFC composite beam
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As the UFC crushes at beam failure, the neutral axis of the composite beams slightly
lowered.(Fig. 2.17a and b). The midspan strain distribution of the GFRP and UFC composite
beams containing steel bolts is available in literature [ 18] and it was similar to that of FRP bolts.
Therefore, the FRP bolts can be used in the GFRP and UFC composite beams and similar

flexural performance compared to the steel bolts can be obtained.

2.5 Concluding remarks

This chapter describes the use of the FRP bolts in the GFRP and UFC composite beams as the
shear connectors. Reason for using the FRP bolts was to enhance the durability of the GFRP
and UFC composite beams, so that the maintenance and renovation costs of these beams can be

reduced. The conclusions of the experiment are given below.

e The FRP bolts can be used instead of steel bolts in the GFRP and UFC composite beams and
can have flexural capacity and stiffness similar to the GFRP and UFC composite beams with
steel bolts. Because of the FRP bolts, the corrosion resistance of these composite beams will
be increased and hence, they can be used for construction of short span pedestrian bridges
in severe corrosive environments.

e The influence of the gap between the UFC segments on the flexural behaviour of the GFRP
and UFC composite beams is very small where the gap is less than 10 mm. Provision of gaps
between the UFC segments allows ease of fixing the UFC segments to the GFRP I-beams.

e The volume of the FRP material inside the UFC segment affects the stiffness of the
composite beams. Therefore, the FRP bolts without bolt-heads are recommended to use as

the shear connectors.
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Chapter 3

Influence of Elevated Temperature on the Mechanical Properties
of Materials Used in FRP and UFC Composite Beams

In Chapter 1, it was mentioned that the FRP materials containing a resin matrix (vinylester,
epoxy, etc.) will lose their mechanical properties beyond the glass transition temperatures. Thus,
the mechanical properties of the GFRP, HFRP, FRP bolts, and epoxy adhesive materials used
for making the GFRP or HFRP (GFRP/HFRP) and UFC composite beam can also degrade at
elevated temperature. This chapter describes the influence of elevated temperature on the
physical and mechanical properties of the GFRP, HFRP, FRP bolts, and epoxy adhesive.
Number of tests were conducted to check the influence of elevated temperature on the material
properties and the test parameters are given in Table 3.1. The maximum temperature of the
material tests was 90°C, which was determined based on the glass transition temperature of the

materials.

3.1 Details of test specimens and methodology

The details of the GFRP I-beams are described in Section 2.2.1. The HFRP I-beams were
manufactured by pultrusion process and their FRP layer composition is shown in Table 3.2.
The fibre lay-up in the HFRP I-beam is illustrated in Fig. 3.1. In order to increase the flexural
strength and the stiffness of the I-beam, the top and bottom flanges are made of CFRP and
GFRP. Because the I-beam web undertakes comparatively lower stresses than the flanges, to
reduce the manufacturing cost of the HFRP I-beam, its web is made of GFRP only (Fig. 3.1).
All carbon fibres in the flanges are aligned in the longitudinal direction (oriented at 0°) while
the glass fibres is oriented at 0°, 90°, and +45° to provide integrity across the flange width and
avoid strong anisotropic behaviour. The details of the FRP bolts and the epoxy adhesive are

described in Section 2.2.3.
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Table 3.1 Material tests and parameters

Test Materials tested Temperatures tested

Vinylester resin

Glass transition (GFRP/HFRP)
temperature FRP bolt resin -
Epoxy adhesive -
GFRP I-beam (part) Heated from 30°C to 85°C
fficient of
Coefficien O. HFRP I-beam (part) Heated from 30°C to 85°C
thermal expansion
UFC cuboid Heated from 30°C to 85°C
GFRP flange coupons 20°C, 50°C, 70°C, 90°C
HFRP flange coupons 20°C, 50°C, 70°C, 90°C
Tensile strength
GFRP web coupons 20°C, 50°C, 70°C, 90°C
FRP bolts 20°C, 50°C, 70°C, 90°C
GFRP flange coupons 20°C, 60°C, 90°C
HFRP flange coupons 20°C, 60°C, 90°C
Compressive GFRP web coupons 20°C, 60°C, 90°C
strength
FRP bolts 20°C, 50°C, 70°C, 90°C
UFC cylinders 30°C, 50°C, 70°C, 90°C
FRP bolts 20°C, 60°C, 90°C
Shear strength
Epoxy adhesive 20°C, 60°C, 90°C

Table 3.2 Layer composition of HFRP I-beam

HFRP [-beam
Parameters HFRP GFRP GFRP GFRP
0° 0°/90° +45° CSM
Volume fraction (%) 55 53 53 25
Flange 33 17 41 9
Volume content (%)
Web 0 43 43 14
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Fig. 3.1 Fibre layup in HFRP I-beam

3.1.1 Glass transition temperature test on GFRP, HFRP, FRP bolts and epoxy adhesive

The GFRP I-beams and the HFRP I-beams were consisted of vinylester resin. Therefore, the
test for Tg of vinylester resin was conducted using the GFRP material. In addition to that, tests
for the glass transition temperatures of the FRP bolts and the epoxy adhesive also carried out.
Tests were conducted according to the differential scanning calorimetry (DSC) method
described in the Japanese Industrial Standard K-7121 [42]. The specimens of the GFRP and the
FRP bolts were prepared by chopping the materials whereas, the epoxy adhesive specimens
were prepared by crushing of hardened (after curing for one week) adhesive. During the test,
heat flow and temperature values of each material were measured separately using a differential
scanning calorimeter. The Tg of the materials were determined from the graphs between the

heat flow and temperature.

3.1.2 Coefficient of thermal expansion test on GFRP, HFRP and UFC

Thermal expansion rates of the HFRP I-beam flange, GFRP I-beam flange and web, and UFC
material were measured in the longitudinal direction by slow heating tests. The temperature of
the specimens was gradually increased from 30°C to 85°C over a period of 20.5 hours. Heating
of the specimens was done inside an oven. The specimens used for measuring the coefficient
of thermal expansion of the GFRP and the HFRP were obtained by cutting a 100 mm long
section from a complete GFRP I-beam and an HFRP I-beam, respectively. As illustrated in Fig.
3.2a, five strain gauges were attached to both the GFRP and HFRP specimen at the mid-section
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(one each at the top and bottom flanges and three in the web). A 20 x 20 x 100 mm cuboid
specimen was used to obtain the coefficient of thermal expansion of the UFC in the longitudinal
direction. As shown in Fig. 3.2b, expansion at the centre of the UFC specimen was measured

using a strain gauge attached in the longitudinal direction.
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250 »—G3 /Strain gauge
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=G5 20
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v
— 100
93 20N < 5
100
(a) GFRP/HFRP I-beam (b) UFC cuboid

Fig. 3.2 Strain gauge locations in coefficient of thermal expansion test specimens (Units: mm)

3.1.3 Tensile and compression tests on GFRP and HFRP coupons

In order to examine the influence of elevated temperature on the mechanical properties of the
GFRP flange, GFRP web, and HFRP flange, tensile and compression coupon tests were carried
out. The GFRP flange, HFRP flange, and GFRP web coupons were cut from the [-beam flange
and web in the longitudinal direction. This is because, the longitudinal mechanical properties
of GFRP and HFRP have major influence on the flexural behaviour of the GFRP/HFRP and
UFC composite beams. Fig. 3.3 shows the cutting details of the flange and web coupons from

a GFRP/HFRP I-beam.

The length of the GFRP flange, GFRP web, and the HFRP flange coupons was 800 mm. The
two ends of each coupon were inserted into 34 mm diameter (outside) steel pipes and the space
between coupon and pipe was filled with epoxy resin adhesive (Sho-bond™ Grout-W). The
inside of the pipes was grooved to create a firm bond between the epoxy resin adhesive and the
steel pipe, ensuring that slippage of the coupons through the pipe during tensile testing was
avoided. All the specimens were cured for one week until the epoxy resin adhesive is fully

hardened. Three specimens were tested at each temperature. In both tensile and compression
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tests, the cross-sectional dimensions of the GFRP and HFRP flange coupons were 14 x 10 mm
and the GFRP web coupons were 10 x 9 mm. Prior to application of loading in the tensile and
compression coupon tests, the specimens were gradually heated up to the test temperature using
an electric heater and held at that temperature for 90 minutes. All the specimens were wrapped
with a heat insulating material in order to reduce heat loss and to ensure that the specimen
remained at the test temperature. Specimen temperatures were monitored using a thermocouple
fixed near the longitudinal strain gauge (Fig. 3.4 and Fig. 3.5) and an electric temperature
controller was used to control temperature. Temperature deviations in the case of both tensile

and compression specimens were within + 3°C of the test temperature.

The tensile tests were carried out at 20°C, 50°C, 70°C, and 90°C and Fig. 3.4 shows the details
of tensile test specimens. The effective length (/.) of each GFRP or HFRP tensile test specimen
was 200 mm and six strain gauges were attached to the specimen. The experimental setup of

tensile testing is given in Fig. 3.6.

The compression tests were carried out at 20°C, 60°C, and 90°C and Fig. 3.5 shows the details
of the compression test specimens. Their effective length (/) and the length of the steel pipe (/s)

were 45 mm and 50 mm, respectively.

Web coupon
]

Flange coupon
\

Fig. 3.3 Cutting details of flange and web coupons from a GFRP/HFRP I-beam
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3.1.4 Compression test on UFC

The UFC segments used in this study were 300 mm in length, 95 mm in width, and 35 mm in
height. The manufacturing process and other details of the ultra-high strength fibre reinforced
concrete can be found in Section 2.2.2. Compression tests were conducted on standard cylinders
(50 x 100 mm) cast during the manufacturing of the UFC segments. Test specimen details are
shown in Fig. 3.7. The compression tests were carried out at 30°C, 50°C, 70°C, and 90°C. The
heating method was similar to that used in the GFRP and HFRP coupon tests, in which the UFC
specimens were gradually heated up to the required temperature and held there for 90 minutes

prior to loading.
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Fig. 3.7 Details of UFC compression test specimen (Units: mm)

3.1.5 Tensile, compression and shear tests on FRP bolts

In the GFRP/HFRP and UFC composite beams, 16 mm diameter FRP bolts (without bolt-head)
were used to connect the UFC segments to the GFRP I-beam flange. The FRP bolts contain
glass fibres and these bolts can improve the corrosion resistance of the GFRP/HFRP and UFC
composite beams. Chapter 2 describes the reason for choosing 16 mm diameter FRP threaded
bars for the GFRP and UFC composite beams. As illustrated in Fig. 3.8 and Fig. 3.9, the ends
of FRP bolt tensile and compression test specimens were embedded into steel pipes using
similar preparation method as used for the coupon tensile and compression test specimens. Fig.
3.8 and Fig. 3.9 show the details of the FRP bolt tensile and compression test specimens,
respectively. The threaded part at the mid-area of the FRP bolts was removed and smoothened
in order to form a flat surface to attach strain gauges. Special precautions were taken to avoid
damaging the glass fibres in the core of the FRP bolt while removing the threaded part. In FRP
bolt tensile test specimens, three strain gauges were attached (Fig. 3.8) whereas in FRP bolt
compression specimens, only G1 strain gauge was attached (Fig. 3.9). The effective length (/)
and steel pipe length (/s) in the FRP bolt tensile test specimen were 200 mm, whereas in the
compression test specimens, these lengths were 40 mm and 50 mm, respectively. The heating
and heat controlling methods were similar to those used in the GFRP/HFRP coupon tensile and
compression tests. The FRP bolt tensile and compression tests were carried out at temperatures

of 20°C, 50°C, 70°C, and 90°C.

The FRP bolts provide the main shear connection between the GFRP/HFRP I-beam flange and
the UFC segments. Shear strength of the FRP bolts was determined by lap-shear tests conducted
at 20°C, 60°C, and 90°C. Fig. 3.10 shows the details of the FRP bolt lap-shear test specimen.
The lap-shear test specimens were made using three steel plates of 5 mm in thickness, which

were fabricated with 18 mm diameter holes. The steel plates were fastened together using a pair
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of 80 mm long FRP bolts. Two thermocouples were attached to the specimen, one inside the

steel plate (near the shear failure plane) and the other one outside (on the FRP nut). Before

applying the load, the specimen was gradually heated inside a heat insulated steel box until the

test temperature was achieved and held constant under that temperature for 90 minutes. The test

setup is illustrated in Fig. 3.11.
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3.1.6 Shear test on epoxy adhesive
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Fig. 3.11 Test setup of FRP bolt/epoxy
adhesive lap-shear test

The epoxy adhesive provides a good bonding between the UFC segments and the GFRP/HFRP

I-beam flange. The lap-shear tests were conducted on the epoxy adhesive at 20°C, 60°C, and



90°C and the cross-sectional details of the epoxy adhesive shear test specimen are given in Fig.
3.12. In order to replicate the actual epoxy bonding conditions, specimens were made by cutting
the GFRP plates and the UFC parts from an actual GFRP I-beam flange and from UFC segments,
respectively. The UFC parts were attached to each side of the GFRP plate using the epoxy
adhesive. The bottom of the specimen was given a level base using the cement mortar (Fig.
3.12). All the specimens were cured for 7 days until the epoxy adhesive become fully hardened.
The effective shear area of the test specimen was 10,000 mm? (100 x 50 mm x 2 sides). Prior
to the shear test, the specimens were heated up to the required temperature inside a heat
insulated steel box using the same method as in the FRP bolt shear test (Fig. 3.11). The
temperature of the UFC parts and the GFRP plate was measured using three thermocouples

(Fig. 3.12).

20

<>

/Epoxy adhesive

TTTO

130 b Thermocouple

[
1
4

Cement

I}Ortar
& »
< »

\ A
w
S

A_

Fig. 3.12 Cross-sectional details of epoxy adhesive lap-shear test specimen (Units: mm)

3.2 Material test results and discussion

3.2.1 Results of glass transition temperature tests

The measured glass transition temperatures of vinylester resin used in the GFRP and HFRP, the
resin inside the FRP bolts, and the epoxy adhesive are given in Table 3.3. The glass transition
temperature in the vinylester resin, FRP bolt resin, and epoxy adhesive was in between 50°C
and 60°C. Therefore, deterioration of mechanical properties of these materials can be
anticipated beyond 60°C. Based on the glass transition temperature values of materials and the
maximum surface temperature on actual FRP bridges, 20°C to 90°C was selected as the

temperature range for the other material tests.
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Table 3.3 Glass transition temperatures of materials

GFRP/HFRP

(vinylester resin) Resin of FRP bolt  Epoxy adhesive

Glass transition

temperature (Tg) (°C) >8 >3 >6

3.2.2 Results of coefficient of thermal expansion tests

The longitudinal coefficients of thermal expansion (o) of the GFRP flange, HFRP flange, GFRP
web, and UFC were obtained from a slow heating tests and are given in Table 3.4. The
coefficient of thermal expansion of the GFRP flange, HFRP flange, GFRP web, and UFC were
constant with temperature. The a of the GFRP flange, HFRP flange, and UFC are not
significantly different to each other. So that, the bi-material bending effect (the bending
occurred in composite beams at elevated temperature due to the mismatch of the a values in the
constituent materials) resulted by the temperature variations would be very small in the
GFRP/HFRP and UFC composite beams. Details of a values of concrete, GFRP, and CFRP are
available in literature. The coefficients of thermal expansion of an FRP composite depends
upon both the fibre type used and fibre layup in the matrix [43]. The o of GFRP is similar to
that of concrete. The axial coefficients of thermal expansion of ordinary concrete, GFRP, and
CFRP bars are 10 x 10%/°C, 9 to 10 x 10°%/°C, and 0.6 to 1.0 x 10%/°C, respectively [44]. The
HFRP used in this study contains both GFRP and CFRP and hence, the coefficient of thermal
expansion should be in between those of GFRP and CFRP. This was confirmed by the
experiment results and the o of HFRP was lower than that of the GFRP (Table 3.4).

Table 3.4 Coefficients of thermal expansion of materials

GFRP flange GFRP web HFRP flange UFC

Coefficient of
thermal expansion 9.6 13.7 4.1 11.6
(o) (x107¢ °C 1y

3.2.3 Results of tensile tests

Fig. 3.13 shows the relationship between temperature and tensile strength of the GFRP flange,
HFRP flange, GFRP web, and FRP bolts. The tensile strength of the GFRP flange and the GFRP
web coupons fell significantly (more than 20%) at temperatures beyond 70°C and 50°C,
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respectively. The degradation in tensile strength of the GFRP may be resulted by the glass
transition of the vinylester resin. However, both flange and web coupons lost their tensile
strength significantly when the temperature increases from 20°C to 50°C due to softening of

the vinylester resin.

In contrast to the GFRP flange and GFRP web coupons, the tensile strength of the HFRP flange
coupons retained beyond the glass transition temperature of the vinylester resin. Between 50°C
and 90°C, the tensile strength of the HFRP coupons reduced only by 6.7%. In general, the
tensile strength of the HFRP is not significantly influenced by temperatures less than 90°C and
this can be explained by the orientation of the glass fibres. The HFRP consists of high amount
of carbon fibres oriented at 0° to the longitudinal direction, whereas the GFRP flange and GFRP
web contain less number of glass fibre layers oriented at 0° direction. Therefore, the tensile
strength is not significantly affected in the FRP materials having a large number of fibres
oriented in the longitudinal direction. In addition to 0° oriented fibres, to enhance the isotropic
properties in the GFRP and HFRP, there are glass fibre layers oriented at 90°, +45° and
randomly oriented continuous strand mat (CSM) in these FRP types. Fibre lay-up in the GFRP
I-beam and the HFRP I-beam is illustrated in Fig. 2.1 and Fig. 3.1, respectively.

Similar to HFRP coupons, the FRP bolts also did not exhibit a significant reduction in tensile
strength with temperature (Fig. 3.13). The reason for this is, in the FRP bolts all glass fibres are

oriented at 0° to the longitudinal direction.
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Fig. 3.13 Tensile strength of GFRP flange, HFRP flange, GFRP web, and FRP bolt
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Regardless of temperature, brittle tensile failure was observed in the GFRP flange, GFRP web,
and HFRP flange tensile test specimens (Fig. 3.14a and b). On the other hand, there were two
failure patterns observed in the FRP bolt specimens (Fig. 3.14c¢), 1) slippage of FRP part within
the bolt and 2) brittle failure. Figures of failure patterns of all tensile test specimens are given

in Appendix 1.

The relationships between temperature and Young’s modulus of the GFRP flange, HFRP flange,
and the GFRP web are shown in Fig. 3.15. In all FRP types, Young’s modulus declines as
temperature increases. However, at temperatures beyond 50°C, this declination became steeper
due to the deterioration of the vinylester resin in the GFRP and HFRP coupons by glass
transition. The relationship of the Young’s modulus of the UFC with temperature will be

discussed in the next section.

(a) GFRP flange/GFRP web (b) HFRP flange

Failure pattern 2
Brittle failure
at 70°C and 90°C

Failure pattern 1

Slippage within FRP bolt
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(c) FRP bolt

Fig. 3.14 Failure patterns of tensile test specimens

o—

S S

10 20 30 40 50 60 70 80 90 100
Temperature (°C )

—_ [\
W [}
T T

55
50
o 45 .\.\:\‘—t
: .
S 40
2 35 —&— GFRP flange
2 30 —o— GFRP web
=
= ’s —&— HFRP flange
E —e—UFC
=N
g
3
o
>~

—_
(=]

Fig. 3.15 Young’s modulus of GFRP flange, HFRP flange, GFRP web, and UFC
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3.2.4 Results of compression tests

Relationships of the compressive strengths of the GFRP flange, HFRP flange, GFRP web, FRP
bolts, and UFC with temperature are shown in Fig. 3.16. The GFRP flange, HFRP flange, GFRP
web, and FRP bolts lose their compressive strength as the temperature increases. The
compressive strength of the GFRP flange was fallen rapidly beyond 60°C, while in FRP bolts,
the compressive strength was suddenly reduced at temperatures above 50°C. However, the
compressive strength of the HFRP flange and GFRP web coupons reduced continuously from
20°C to 90°C (Fig. 3.16). It was found that the Tg of the GFRP, HFRP, and FRP bolt materials
is between 50°C and 60°C. Therefore, the main reason for the deterioration of the compressive

strength of those materials beyond 50°C can be the glass transition of their resin matrix.

According to the compressive test results, the UFC material was characterized by high
compressive strength at all temperatures. The UFC contains no material that are affected by the
glass transition and hence its compressive strength remains constant with temperature (Fig.
3.16). Furthermore, the Young’s modulus of UFC also does not depend on temperature (Fig.
3.15).

The failure patterns of the GFRP flange, HFRP flange, and GFRP web compression test
specimens were almost the same, shown in Fig. 3.17a and b. At failure, crushing and
delamination were observed in the GFRP and HFRP specimens at 20°C and 60°C, but the
specimens at 90°C failed by kinking and crushing. The kinking of the GFRP and HFRP
laminates in the coupons at 90°C is a sign of softening of the vinylester resin due to the glass
transition. The FRP bolts failed by crushing at all temperatures and the typical failure pattern is
shown in Fig. 3.17c. Images of failure patterns of compressive test specimens at all

temperatures are given in Appendix 1.
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Fig. 3.17 Failure patterns of GFRP coupons, HFRP coupons, and FRP bolt compression test
specimens
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3.2.5 Results of shear tests

As shown in Fig. 3.18, the shear capacity of both FRP bolts and epoxy adhesive deteriorates
significantly at elevated temperature. The sudden fall in the shear capacity of the FRP bolts
after 60°C may be caused by the glass transition of the bolt resin at 53°C. The effect of
temperature on the shear strength of the epoxy adhesive is very severe. The shear capacity of
epoxy adhesive dropped by approximately 82% between 20°C and 90°C. Fig. 3.19 shows the
typical failure patterns of the FRP bolt and epoxy adhesive lap-shear test specimens. Failure

patterns of all the FRP bolt and epoxy adhesive shear test specimens are given in Appendix 1.
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Fig. 3.18 Shear strength of FRP bolt and epoxy adhesive
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Fig. 3.19 Typical failure patterns of lap-shear test specimens
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3.3 Concluding remarks

This chapter demonstrates the temperature dependence of material properties of the GFRP
flange, GFRP web, HFRP flange, FRP bolts, UFC, and epoxy adhesive. Number of tests were
carried out within the temperatures 20°C and 90°C. The main conclusions of the study are as

follows.

e The glass transition temperatures of the materials used in the GFRP/HFRP and UFC
composite beams are in between 50°C and 60°C. Therefore, the flexural capacity and the
stiffness of the GFRP/HFRP and UFC composite beams can be significantly reduced at
temperatures beyond 60°C.

e The coefficients of thermal expansion (in the longitudinal direction of the composite beam)
of GFRP flange, HFRP flange, GFRP web, and UFC are constant at all temperatures between
20°C and 85°C. There is no significant influence on the longitudinal thermal expansion rates
of these materials by their glass transition temperatures.

e Tensile strength of the GFRP flange and GFRP web is greatly affected by the glass transition
of the vinylester resin whereas in the HFRP flange and in the FRP bolts, the tensile strength
is not significantly affected by glass transition of polymer resin matrix.

e In contrast to the tensile strength, the compressive strength of the GFRP flange, GFRP web,
HFRP flange, and the FRP bolts is significantly affected by the glass transition of their
polymer resin matrices. The UFC doesn’t contain temperature dependent materials and
hence, its compressive strength remained almost constant with the temperature.

e Shear strength of the FRP bolts is rapidly reduced at the temperatures beyond 60°C, caused
by the glass transition of the resin inside the FRP bolts. On the other hand, the shear capacity
of the epoxy adhesive significantly reduced with temperature regardless its glass transition

temperature.
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Chapter 4

Flexural Behaviour of FRP I-beams and FRP-UFC Composite
Beams Subjected to Elevated Temperature

4.1 Introduction

In Chapter 3 the influence of the elevated temperature on some of the material properties of the
GFRP, HFRP, UFC, FRP bolt, and epoxy adhesive were investigated. According to that, the
glass transition temperature of materials is in between 50°C and 60°C. And also the American
concrete institute (ACI) states that the Ty of some commercially available FRP systems
typically varies from 60°C to 82°C [27]. It has been found that some mechanical properties of
the composite materials containing resin components (epoxy, vinylester, etc.) deteriorate
beyond Tg [28]. Dai et.al and Sirimanna et.al conducted exposure tests of outdoor FRP
structures [36, 37]. They found that the maximum surface temperature of those FRP structures
can reach 60°C during extreme climate conditions or when they are located in hot industrial
environments. Therefore, the flexural behaviour of the GFRP/HFRP and UFC composite beams
can be influenced by elevated temperature if they are constructed in such heated environments.
In this study, large-scale flexural beam tests were carried out on FRP composite beams at

elevated temperature and the flexural behaviour of those beams is demonstrated.

4.2 Test variables and methodology

Three FRP beam types were used in this study, 1) GFRP I-beams, 2) GFRP and UFC composite
beams, and 3) HFRP and UFC composite beams. The GFRP I-shaped beam specimens were
manufactured by the pultrusion process using glass fibres and vinylester resin. In the HFRP I-
beams, flange consisted of both GFRP and CFRP and the web consisted of GFRP only. The
overall length, width, and height of the GFRP/HFRP I-beams are 3,500 mm, 95 mm, and 250
mm, respectively. In both beam types, the flange thickness is 14 mm and that of the web is 9
mm. Cross-sectional dimensions of the GFRP I-beams are shown in Fig. 4.1a and those were

identical for the HFRP I-beams also.

The cross-sectional details of the GFRP-UFC (GFRP and UFC) composite beams and the
HFRP-UFC (HFRP and UFC) composite beams are shown in Fig. 4.1b and c, respectively. The
GFRP/HFRP and UFC composite beams were fabricated by fixing UFC segments to the
GFRP/HFRP I-beam top flange using 16 mm diameter FRP bolts and epoxy adhesive. The
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centre-to-centre spacing of the FRP bolts along the GFRP/HFRP and UFC beams is 150 mm
and the bolts were tightened to a torque of 20 Nm. Elevation details of the GFRP/HFRP and
UFC composite beams are given in Fig. 4.2. All the beams were fitted with nine GFRP stiffeners
on each side of the web using epoxy adhesive to prevent web buckling (Fig. 4.2). The nominal
dimension of these stiffeners are 30 x 60 x 220 mm and their thickness is 4 mm. The spacing
between the stiffeners is illustrated in Fig. 2.7. In GFRP/HFRP and UFC composite beams a 10
mm spacing was kept between two consecutive UFC segments. Providing these gaps make easy
the installation of the UFC segments and those gaps were filled with cement mortar. The
material mix proportions of the filling mortar is given in Table 2.7. The compressive strength
and the Young’s modulus of the filling cement mortar paste were 90.3 N/mm? and 31 kN/mm?,

respectively. The cement mortar filling of all the specimens were wet cured for 7 days before

the bending test.
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Fig. 4.1 Cross-sectional details of beams (Units: mm)

In total, eight beams (two GFRP I-beams, three GFRP-UFC composite beams, and three HFRP-
UFC composite beams) were tested. The experimental variables of the bending test are given
in Table 4.1. All the beams were tested under four-point bending test and a schematic diagram
of the four-point bending test setup is shown in Fig. 4.2. The flexural and shear spans of the
beams were 700 mm and 1,250 mm, respectively. The reason for testing the GFRP I[-beams was
to compare the flexural behaviour of the GFRP I-beams and the GFRP and UFC composite

beams at elevated temperature. Therefore, the impact of the UFC segments on the flexural
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behaviour of the GFRP and UFC composite beams subjected to elevated temperature can be

determined.
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Fig. 4.2 Elevation of the GFRP/HFRP and UFC composite beams (Units: mm)

Table 4.1 Experiment variables

Specimen Beam type Test temperature Presence of UFC
name (°O) segments
G-60 GFRP I-beam 60 No
G-90 GFRP I-beam 90 No

GC-20 GFRP-UFC beam 20 Yes
GC-60 GFRP-UFC beam 60 Yes
GC-90 GFRP-UFC beam 90 Yes
HC-20 HFRP-UFC beam 20 Yes
HC-60 HFRP-UFC beam 60 Yes
HC-90 HFRP-UFC beam 90 Yes

Before applying the load, the beams except GC-20 and HC-20 were gradually heated up to the
required temperature and held there for 60 minutes. GC-20 and HC-20 were tested under room
temperature conditions. The beams were heated inside a heat insulated steel box fitted with ten
electric heaters. The electric heaters were fixed at the outside of the steel box. The locations of

the heater are shown in Fig. 4.3.
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Fig. 4.3 Electric heater locations in the steel box

The temperature at the flexural and shear spans of the beams was measured using the
thermocouples attached to the UFC (in GC-60, GC-90, HC-60, and HC-90 only), the
GFRP/HFRP top flange, the GFRP web, and GFRP/HFRP bottom flange. In order to monitor
the temperature throughout the beam, thermocouples were attached to the beams at both shear
spans and the flexural span (Fig. 4.4). Heating of a beam prior to a bending test is illustrated in
Fig. 4.5. The load was applied using a manually operated hydraulic jack and the load was
transferred to the loading points equally by a levelled steel beam (Fig. 4.5). Changes in strain
at the midspan of the GFRP/HFRP and UFC composite beams were measured using seven high
temperature strain gauges (G1 to G7 in Fig. 4.4), while in the case of GFRP I-beams there were
only five strain gauges (G3 to G7). Maximum midspan deflection was recorded throughout the
experiment using two displacement transducers, one fixed to each side of the bottom flange

(Fig. 4.5).
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Fig. 4.4 Thermocouple and strain gauge locations in the GFRP/HFRP and UFC composite
beams
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Fig. 4.5 Heating of a beam prior to four-point bending test

4.3 Results and discussion

Fig. 4.6 shows the temperature distribution in the GFRP I-beams and the GFRP/HFRP and UFC
composite beams in the shear spans and the flexural span. It can be observed that the
temperature distribution in the beam cross-sections (in flexural and shear spans) is
approximately similar to each other. Generally, the bottom flange (BF) temperature was low
compared to the other parts of the beams and this was caused by the upward movement of heat

through convection.

Fig. 4.7, Fig. 4.8, and Fig. 4.9 show the failure patterns of the GFRP I-beams, GFRP-UFC
composite beams, and HFRP-UFC composite beams, respectively. For comparison, the failure
pattern of the GFRP I-beam at 20°C (G-20) from previous experiment was included in Fig. 4.7
[18]. Delamination and crushing failure similar to that exhibited by the GFRP compression test
coupons were seen in the GFRP I-beams when the temperature was below 60°C (G-20 and G-
60 beams). In both cases, the failure location was at the loading point in the shear span (Fig.
4.7a, b). In contrast to G-20 and G-60 beams, in G-90 beam, failure was due to kinking of the
compression flange and web at midspan. This was caused by the glass transition of the
vinylester resin in the GFRP I-beam at 90°C. A kink failure similar to this was observed in
compressive tests on both the GFRP flange and GFRP web coupons at 90°C (Fig. 3.17a). The

details of the compression test of the GFRP coupons are demonstrated in Section 3.2.4.
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Fig. 4.7 Failure patterns of GFRP I-beams
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Fig. 4.8 shows the failure patterns of the GFRP and UFC composite beams, which were all
different. Beams GC-20 and GC-60 failed due to crushing of the UFC segments in the flexural
span. In GC-60 beam, a very small movement of all the UFC segments in the shear span was
observed (Fig. 4.8b). The slip of the UFC segments occurred because of the failure of the epoxy
adhesive. The failure pattern of the GC-90 beam was completely different to GC-20 and GC-
60 beams. It was failed through shearing of both the epoxy adhesive and the FRP bolts followed
by kinking and crushing of the GFRP top flange and web in the shear span (Fig. 4.8c). There
was no damage to the UFC segments and four UFC segments became completely detached

from the GFRP top flange.

As shown in Fig. 4.9, the HFRP and UFC composite beams failed in the shear span at all
temperatures considered in this study. In all the HFRP and UFC composite beams, the UFC
segments fixed to the shear span have been completely detached from the HFRP I-beam and
there were no damages observed in the UFC segments (Fig. 4.9). This type of failure pattern
was observed in GC-90 also (Fig. 4.8). The cause for this failure is the shear failure of the FRP
bolts and the epoxy adhesive. As the UFC segments detach from the HFRP I-beam at failure,
crushing of the HFRP flange and the GFRP web was observed in HC-20 and HC-60 beams
while in beam HC-90, kinking of the HFRP I-beam flange and web was observed.

Practically, the bi-material bending effect (the bending occurred in a composite beam at
elevated temperature due to the mismatch of the a values in the constituent materials) must be
largest in the GFRP/HFRP and UFC composite beams subjected to the highest temperature.
Therefore, the bi-material bending effect should be maximum in beams GC-90 and HC-90.
According to the experiment results, the maximum midspan deflection of the GC-90 beam
before loading was approximately 1 mm (downward direction), or around 1.5% of the
deflection at failure. In case of HC-90 beam, the maximum midspan deflection prior to loading
was also approximately 1 mm (upward direction), or around 2% of the deflection at failure.
This concludes that the bi-material bending effect in the GFRP/HFRP and UFC composite
beams at elevated temperature (less than 90°C) due to different thermal expansion rates of the
materials is negligible. This result was expected because of close coefficients of thermal
expansion rates of the GFRP flange, HFRP flange, and UFC (Table 3.4). The upward
deflections in beam HC-90 is because the UFC is having larger coefficient of thermal expansion

compared to that of the HFRP.
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Fig. 4.8 Failure patterns of GFRP and UFC composite beams

Failure details of all beams are summarized in Table 4.2. Experimental results show that the
ultimate load carrying capacity of the GFRP I-beams, GFRP-UFC composite beams, and
HFRP-UFC composite beams falls when the temperature increases. In the case of the GFRP I-
beams, the reduction in flexural capacity is 11% as the temperature increases from 20°C to
60°C and it is 57% when the temperature increases from 60°C to 90°C. In the case of GFRP
and UFC composite beams, the reduction in ultimate flexural capacity is 14% as the temperature
increases from 20°C to 60°C and that is 40% when the temperature increases from 60°C to
90°C. On the other hand, the GFRP and UFC composite beams exhibited 83%, 75%, and 147%
flexural capacity higher than those of the GFRP I-beams at 20°C, 60°C, and 90°C, respectively.
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Therefore, the UFC segments have utilized the tensile properties of the GFRP effectively and
hence the flexural capacity of the GFRP I-beams have been improved significantly. In the
HFRP and UFC composite beams, the ultimate flexural capacity reduced by 14% when the
temperature increases from 20°C to 60°C and it was reduced by 32% when the temperature

increases from 60°C to 90°C.
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Fig. 4.9 Failure patterns of HFRP and UFC composite beams

Fig. 4.10 shows the relationship between the normalized flexural capacity and temperature of
the GFRP I-beams, GFRP-UFC beams, and HFRP-UFC beams. In all beam types, more than

85% of their flexural capacity was retained up to 60°C. However at 90°C, the retained flexural
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capacity of the GFRP I-beam, GFRP-UFC beam, and HFRP-UFC beam dropped to 38%, 50%,
and 58%, respectively. This is attributed to the degradation of material properties of the
GFRP/HFRP I-beams and the shear connectors (FRP bolts and epoxy adhesive) beyond their

glass transition temperatures.

Table 4.2 Failure details of test specimens

Beam Ultimate  Deflection Midspan compressive  Midspan tensile

load (kN) (mm) strain () strain (L)
G-20 108.9 67.4 6980 7492
G-60 96.9 64.4 6858 6386
G-90 41.1 29.7 2667 3020
GC-20 199.8 64.1 3007 11400
GC-60 169.9 72.8 2403 Gauge damaged
GC-90 101.9 66.2 1794 6785
HC-20 245.8 45.4 2555 6374
HC-60 210.8 49.4 1980 6330
HC-90 142.9 46.2 1517 4954
1.2

ot
o0 f—
T T

Normalized flexural capacity
(=]
(@)}

04 |
—8— GFRP I-beam
0.2 —6— GFRP and UFC beam
—A— HFRP and UFC beam
O 1 1 1 1
0 20 40 60 80 100
Temperature (°C)

Fig. 4.10 Normalized flexural capacity of GFRP I-beams, GFRP-UFC beams, and HFRP-
UFC beams
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Fig. 4.11, Fig. 4.12, and Fig. 4.13 show the load and deflection relationships of the GFRP I-
beams, GFRP-UFC composite beams, and HFRP-UFC composite beams, respectively.
According to Fig. 4.11, all the GFRP I-beams exhibited linear load-deflection relationship until
failure. The greatly reduced ultimate flexural capacity of beam G-90 compared to that of beam
G-60 may be due to the deterioration of the GFRP material properties resulting from the glass
transition. Similar to the flexural capacity, the stiffness of the GFRP I-beams and the GFRP and
UFC beams decreased as the temperature increases (Fig. 4.11 and Fig. 4.12). The reason for the
reduction of the stiffness of these beams is due to softening of vinylester resin by glass transition.
However, with the installation of the UFC segments at the compression flange, the stiffness of

the GFRP I-beams was significantly improved.

In the HFRP and UFC composite beams, large size (cross-sectional area) UFC segments were
used because the tensile capacity of HFRP is greater than that of the HFRP. Because of the high
tensile strength of the HFRP and larger UFC segments, the flexural capacity of the HFRP and
UFC composite beams were larger than that of the GFRP and UFC composite beams under the
same temperature. According to the Fig. 4.13, the stiftness of the HFRP and UFC composite

beams was not significantly changed until the occurrence of slipping of UFC segments.

The decrease in the flexural capacity of the GFRP/HFRP and UFC composite beams at elevated
temperature is mainly caused by the degradation of the material properties due to the glass
transition of the vinylester resin, FRP bolt resin, and epoxy adhesive. The sudden deflection
changes in beams GC-60 and GC-90 at 144 kN and 89 kN were due to slipping of the UFC
segments in the shear span (Fig. 4.12). In GC-20 beam, there was no noticeable slipping was
observed. As shown in Fig. 4.13, there was a slipping of the UFC segments in HC-60 and HC-
90 beams at 180 kN and 71 kN, respectively. Furthermore, it was noted that in beam HC-20
there was a sudden increase in deflection at 220 kN. However, as observed in HC-60 and HC-
90 beams, there was no reduction in the load when the deflection increases. Therefore, the cause
of increase of deflection in beam HC-20 is different from that of HC-60 and HC-90 beams and
it may be due to crushing of the cement mortar filling or due to a small slip of the FRP bolts

inside the bolt-holes.
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Fig. 4.13 Load-deflection relationship of HFRP and UFC composite beams
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The strain distribution at midspan cross-section of the GFRP and UFC composite beams is
shown in Fig. 4.14. The locations of the strain gauges on the beam are illustrated in Fig. 4.14a
and the height to each strain gauge (cross-section depth) was measured from the beam bottom.
According to Fig. 4.14b, there was a very small slip between the UFC segments and the I-beam
top flange in beam GC-20 and therefore, the strain distribution remained almost linear up to
beam failure. In the case of GC-60 beam, there was a linear strain variation at the midspan even
after slipping of the UFC segments and this may be due to the residual shear capacity of the
epoxy adhesive at 60°C (Fig. 4.14c). It should be noted that there is a slight downward
movement of the neutral axis in GC-60 after slipping of the UFC segments. In contrast to the
other GFRP and UFC beams, the strain distribution at midspan of beam GC-90 was non-linear
after slipping of the UFC segments and the distribution is characterized by the partial shear
interaction (Fig. 4.14d).

Fig. 4.15 shows the strain distribution across midspan cross-section of the HFRP and UFC
composite beams. The strain gauge locations in the midspan section of the beams are as
illustrated in Fig. 4.15a. Similar to beam GC-20, in beam HC-20, there was a very small slip
between the UFC and the HFRP I-beam. Therefore in beam HC-20, the midspan strain variation
until beam failure was linear (Fig. 4.15b). This confirms that the sudden increase in beam HC-
20 at 220 kN was not due to the failure of epoxy adhesive. In contrast to beam HC-20, the
midspan strain distribution of HC-60 and HC-90 beams was non-linear until the beam failure.
This is very similar to the midspan strain distribution in beam GC-90 and the partial shear
interaction can be seen in HC-60 and HC-90 beams (Fig. 4.15c and d) after the occurrence of
UFC slip. Furthermore, after the occurrence of the UFC slippage in HC-60 and HC-90 beams,

downward movement of the neutral axis was observed from Fig. 4.15¢ and d.
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Fig. 4.14 Longitudinal strain distribution across midspan cross-section of GFRP and UFC
composite beams
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Fig. 4.15 Longitudinal strain distribution across midspan cross-section of HFRP and UFC
composite beams

4.4 Concluding remarks

This section demonstrates the influence of temperature on the flexural behaviour of the GFRP
I-beams, GFRP-UFC composite beams, and HFRP-UFC composite beams. According to the

large-scale beam bending tests, the following conclusions were made.

e The flexural capacity and the stiffness of the GFRP I-beams, GFRP-UFC composite beams,
and HFRP-UFC composite beams are degraded by elevated temperature due to glass
transition of the vinylester resin. However, more than 85% of the flexural capacity

(compared to the flexural capacity at 20°C) of three beam types can be retained when the
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beam temperature is below 60°C. As the beam temperature increases beyond 60°C, the
flexural capacity of these beams was severely degraded.

The use of the UFC segments significantly improves the ultimate flexural capacity and the
stiffness of the GFRP I-beams at temperatures in between 20°C to 90°C. This is because the
UFC segments can prevent the premature delamination and kink failure of the GFRP I-beam
compression flange. As a result, the tensile strength of the GFRP I-beam can be effectively
utilized. Similarly, the UFC segments will improve the flexural capacity and the stiffness of
the HFRP I-beams.

The bi-material bending effect in the GFRP/HFRP and UFC composite beams is negligible
due to approximately close thermal expansion rates of the GFRP, HFRP, and UFC materials.
The slippage of the UFC segments observed in the GFRP/HFRP and UFC composite beams
above 60°C was due to the failure of the epoxy adhesive caused by elevated temperature. It
was found that the full composite behaviour of the GFRP/HFRP and UFC beams lose after
the slippage of the UFC segments and there will be partial interaction between the UFC
segments and the GFRP/HFRP I-beams.

Both the GFRP-UFC composite beams and the HFRP-UFC composite beams are affected
by elevated temperature and their flexural capacities are reduced when the beam temperature
increases. The failure mechanism (flexural failure or shear failure) of these composite beams

was governed by the shear capacity of the FRP bolts at the beam temperature.
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Chapter 5

Fibre Model Analysis

In this chapter, the flexural behaviour of the GFRP I-beams and the GFRP-UFC composite
beams was predicted using a simple fibre model analysis (FMA) and the analysis results were
verified by the experimental results described in Chapter 4. Fibre model is a one dimensional
model and it has been used successfully by researchers to analyse the flexural behaviour of the
reinforced concrete beams, FRP beams, and FRP-concrete composite beams [41, 45-49]. In this
method, the theoretical moment-curvature relationship of the GFRP and UFC composite beam
sections can be determined based on the strain compatibility and internal force equilibrium
principles. An important feature of the FMA is that it can account for the different behaviour
of constituent materials of the GFRP and UFC composite beams. In addition, the FMA is
comparatively less time-consuming and cost-effective compared to the commercial finite

element software packages.

5.1 Calculation procedure in the fibre model analysis

The fibre model is a finite element analytical program which was written using Microsoft Visual
Basic™ computer language. Therefore, it has the advantage of working compatibility with
Microsoft Excel™ software. The sequence diagram of the fibre model analysis is shown in Fig.
5.1. As illustrated in Fig. 5.2, in the fibre model, the composite beam is divided into ‘m’
longitudinal segments along the span (with ‘a’ divisions in the flexural span and ‘b’ divisions
in each shear span, so m = a + 2b). And also the midspan cross-section is divided into ‘n’
discrete horizontal elements as shown in Fig. 5.3a. The basic assumptions in the analysis are as
follows. 1) the GFRP and UFC composite beam behaves under Euler-Bernoulli beam theory,
2) there is full interaction between the UFC segments and the GFRP I-beam top flange until
beam failure and hence, there is no slip at the UFC-GFRP interface, 3) temperature within each
part of the GFRP and UFC composite beam (UFC slab, GFRP top flange, GFRP web, and
GFRP bottom flange) remains constant, and 4) the bending effect due to the mismatch of the
coefficient of thermal expansion values of the materials is negligible. Fig. 5.4 shows the
material models (UFC model and GFRP model) used for the FMA at T°C temperature. To
model the UFC slab, a bi-linear stress-strain relationship (for high strength concrete) proposed
by Japan Society of Civil Engineering (JSCE) [50] was used (Fig. 5.4a). The GFRP I-beam was
modelled using the GFRP model shown in Fig. 5.4b. The GFRP model was developed using
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the material properties of GFRP, described in Chapter 3. In the analysis of the GFRP I-beams,

the cross-sectional dimensions of the UFC slab was considered as zero.

Read input data: Material properties (from the experiments), dimensional
properties of the beam, and calculation criteria.

v

Create section elements by dividing the beam cross-section into ‘»’ number of
horizontal elements and the beam span into ‘m’ number of longitudinal elements.

v

Assumption of the first strain increment of UFC. ¢ = ¢ _+ 4e (4e = 0.00003)

v

Assumption of the bottom strain of GFRP flange.

v

Calculate the distance to centroid from the top fibre and calculate the strain and
stress of each element.

v

Check the equilibrium of internal forces. 2C + 2T = 0 (allowable error = 0.005)

V True

Calculate moment and curvature of longitudinal elements along the span length.
Calculate the shear force in the shear span.

v

Calculate the vertical load and midspan deflection.

v

Check the failure criterion of the composite beam. &, > &

V True

Write output data.

\ 4

A

False

False

UFC ultimate

Fig. 5.1 Sequence diagram of fibre model analysis
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As shown in Fig. 5.3a, the distance to the i horizontal element from the beam top is i x h/n,
where / is the overall beam height. In the fibre model, the initial compressive and tensile strains
(ec and &) at the midspan section are assumed to be 30u. Based on the linear strain distribution
in the cross-section (Fig. 5.3b), the strain at the centre of i element (&) is determined by

equation (1), where d; is the distance to the centroid of the i’ element from the beam top

(Equation 2).
di(gc+
g =g, — ) (1)
h(i—0.5
d; = % )

The stress in each element of the GFRP and UFC beam cross-section is calculated (Fig. 5.3¢)
from the element strain and the stress-strain models (Fig. 5.4a & b) corresponding to the beam
temperature being considered. Internal forces in each element are calculated considering the
element stress and the cross-sectional area of the element, and the force equilibrium is checked
using equation (3) where 2F. and 2F} are the resultant compressive and tensile forces acting on

the GFRP and UFC beam cross-section, respectively.
YF-XF =0 3)

If equation (3) is not satisfied by the assumed ec and & strains, an iterative method is used in the
fibre model to achieve force equilibrium. However, it is very difficult and time consuming to
obtain the exact force equilibrium so that a 0.005 allowable error is considered in the FMA.
Once the force equilibrium is obtained, the resultant moment (M) and the curvature (¢) are

calculated using equations (4) and (5).

M = Y Fd; 4)
Where, F; is the element force of the i element.

¢ = (ec +e)/h (5)

Thereafter, the curvature of each section of the longitudinal segments (¢) is calculated by the
fibre model and then the maximum deflection at the midspan (Jdmax) is calculated according to

equation (6), where /; is the length of the longitudinal segment.
Omax = Z?E{Hb ¢jlj (6)

The total shear force developed at the UFC-GFRP interface is calculated using the element

strain values in the shear span (Equation 7), where D; is the number of horizontal divisions in
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the UFC slab cross-section, 44 is the cross-sectional area of a UFC element and E. is the

Young’s modulus of concrete.
— V'0.5a+b yD
Fshear - Zi:o?;a jil Ec(gi,j - Ei+1,j)AA (7)

In this method, loop calculations are carried out by increasing the & and & (at 30 steps) until
the ultimate compressive strain (ecx) of the UFC (in the GFRP I-beams e is the compressive
strain of the compression flange) is reached or until the total shear force at the UFC-GFRP
interface exceeds the shear capacity of the FRP bolts (only in GFRP-UFC beams). The total
shear capacity of the FRP bolts and the epoxy adhesive at the beam temperature was determined

from the lap-shear test data described in Chapter 3.

5.2 Fibre Model Analysis of GFRP I-beams and GFRP-UFC Beams with a

Small Temperature Gradient

Fibre model analysis was carried out for the GFRP I-beams (G-60 and G-90) and for the GFRP-
UFC composite beams (GC-20, GC-60, and GC-90) with a small temperature gradient across
the beam cross-section. The reason for considering a small temperature gradient across beam
cross-section is to simulate the beam experiment and thereby compare the experiment and
analysis results. The relationships between load and midspan deflection of the GFRP I-beams,
obtained from experiment and analysis are shown in Fig. 5.5. According to the analysis results,
the fibre model can well predict the flexural behaviour of the GFRP I-beams where there is a
small temperature gradient across the beam cross-section. The load and deflection relationship
in the GFRP I-beams at elevated temperature is linear up to beam failure because there are no
UFC segments. The difference in the failure load of the experiment and analysis was 1% in G-
60 beam and 8% in G-90 beam. However, the flexural capacity of the G-90 beam was
overestimated by fibre model and this may be due to the occurrence of web kink failure in the

experiment whereas in the analysis, that effect was not taken into consideration.
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Fig. 5.5 Analytical and experimental load-deflection relationships of GFRP I-beams

Fig. 5.6 shows the relationships between load and midspan deflection of the GFRP and UFC
composite beams, obtained from the experiment and analysis. Fig. 5.6a shows a relatively good
agreement between the experiment and the FMA results in beam GC-20. In beams GC-60 and
GC-90, the load-deflection relationships were agreed up to the occurrence of slipping of the
UFC segments (Fig. 5.6b and c). This is because, in the FMA, full interaction between the UFC
segments and the GFRP flange was assumed. The vertical load corresponding to the ultimate
shear capacity of the epoxy adhesive in beams GC-60 and GC-90 was obtained by the FMA
(see lines @ and @ in Fig. 5.6b and c, respectively). Similarly, the vertical load corresponding
to the ultimate shear capacity of the FRP bolts in GC-60 and GC-90 beams was determined by
the fibre model (see lines @ and @ in Fig. 5.6b and c, respectively). According to the FMA
results it was confirmed that the slipping of the UFC segments occurred in both GC-60 and GC-
90 beams when the vertical load is approximately equal to the load corresponding to the shear
capacity of the epoxy adhesive. The difference in the vertical load corresponding to the slipping
of the UFC segments between the experiment and the FMA was about 5.5% and 7.5% in beam
GC-60 and in beam GC-90, respectively.
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Fig. 5.6 Analytical and experimental load-deflection relationships of GFRP and UFC beams

In both GC-20 and GC-60 beams, the ultimate compressive strain () of the UFC slab was
reached at midspan before the FRP bolt shear capacity was attained. Therefore, those beams
failed by crushing of the UFC slab at the midspan. The FMA results of beam GC-90 showed
that the total FRP bolt shear capacity at the UFC-GFRP interface was exceeded at the beam
failure and that was confirmed by the experiment results (Fig. 5.6c). The reason for the different

failure mode observed in beam GC-90 was the significant degradation of the shear capacity of
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the FRP bolts between 60°C and 90°C temperatures.
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5.3 Fibre Model Analysis of GFRP and UFC Beams with a Large

Temperature Gradient

These GFRP and UFC composite beams were developed for outdoor constructions, where the
main source of heat is solar radiation. In contrast to the experiment described in Chapter 4, in
actual circumstances, the GFRP and UFC composite beams may experience a large temperature
gradient across the beam cross-section. Therefore, as shown in Fig. 5.7, the beam top
temperature will be the highest and the beam bottom temperature will be almost the same as
the ambient temperature. The flexural performance of the GFRP and UFC composite beams
under this condition was analysed by the FMA. Three temperature cases were analysed and
Table 5.1 shows the temperatures of different parts of the GFRP and UFC composite beams for
each case. Temperatures for CASE 1 were determined based on the field investigation
conducted by Sirimanna, et al. [37] and those for CASE 2 and CASE 3 were assumed by the

authors. The fibre model analysis was processed until the shear failure of epoxy adhesive occurs.
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Fig. 5.7 Typical temperature distribution across GFRP and UFC bridge cross-section

The FMA results of the GFRP and UFC composite beams with a large temperature gradient are
shown in Fig. 5.8a. For comparison purpose, the FMA results of beam GC-60 (small
temperature gradient) also included in Fig. 5.8a. CASE 1 beam failed by crushing of the UFC
segments and there was no slip of the UFC segments up to beam failure (Fig. 5.8b). On the
other hand, there was a slipping of the UFC segments in the GC-60 beam even though the
maximum temperature at the GC-60 beam top was identical to CASE 1 beam. As a result of the
shear failure of the epoxy adhesive, CASE 2 and CASE 3 beams exhibited slipping of the UFC
segments at the load of 151 kN and 127 kN, respectively (Fig. 5.8b). This result confirms that
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the full composite behaviour of the GFRP and UFC beam is lost at relatively low vertical loads

when the UFC slab of the composite beam is subjected to elevated temperature.

As shown in Fig. 5.8a, the stiffness of CASE 1, CASE 2, and CASE 3 beams was not
significantly affected by the temperature gradient. On the other hand, the stiffness of beams
GC-60 and GC-90 which had a small temperature gradient across beam cross-section degraded
significantly (Fig. 4.12). Therefore, the GFRP and UFC composite beam’s stiffness may not be
significantly affected by the actual warm temperature conditions, where there is a large
temperature gradient across the beam cross-section. This is attributed to the fact that the
temperature increment in the GFRP bottom flange and the GFRP web is comparatively lower

than that of the top parts of the composite beam in the actual warm temperature environments.

Table 5.1 Temperatures of the parts of the GFRP and UFC beams in FMA

Temperature (°C)

UFC Epoxy Top Bottom

Case slab adhesive flange Web flange
CASE 1 60 50 40 30 30
CASE 2 70 60 50 40 30
CASE 3 80 70 60 40 40
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5.4 Concluding remarks

Fibre model analysis of the GFRP I-beams and the GFRP-UFC composite beams under room
and elevated temperatures is demonstrated in this chapter. The analysis results were verified by
the experiment results and the FMA was used to predict the flexural behaviour of the GFRP
and UFC composite beams where there is a large temperature gradient across the beam cross-

section. The main conclusions of the study are as follows.

e The fibre model analysis can be used to analyse the flexural behaviour of the GFRP I-beams

at temperatures between 20°C and 90°C.
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e The proposed fibre model analysis method can be used to predict the flexural behaviour of
the GFRP and UFC composite beams until the slip of the UFC segments occurs.

e The difference between the beam failure loads in the analysis and the experiment is less than
8% in the GFRP I-beams and that is less than 1% in the GFRP and UFC composite beams
with full interaction.

e Under the actual circumstances, the GFRP and UFC composite beams may experience a
large temperature gradient across beam top to bottom. According to the analysis, it was
found that the stiffness of the GFRP and UFC composite beams, which is related to the main
design criterion of the FRP bridges, is not significantly affected by the temperature gradient
in the real situations. However, the flexural capacity of the GFRP and UFC composite beams

at the slipping of the UFC segments is greatly influenced by the temperature of the beam top.

72



Chapter 6

Flexural Performance of Short span Pedestrian Bridge Consisting
of GFRP and UFC Composite Beams

6.1 Introduction

The GFRP and UFC composite beams described in this document are used for construction of
short span pedestrian bridges. These beams can be used as the bridge girders in such bridges.
As demonstrated in Chapter 2, the GFRP and UFC composite beams consisting of FRP bolts
showed flexural performance similar to the GFRP-UFC beams having steel bolts. In Chapter 4,
the temperature dependence of the GFRP-UFC composite beams (having FRP bolts) subjected
to temperatures between 20°C and 90°C is described. Even though an actual pedestrian bridge
would never reach 90°C, the bridge deck temperature can reach up to 50°C to 60°C [36, 37].
Warm temperatures in the bridges will exist when they are located in very hot climates and in
the industrial environments. In general, the structural design of the FRP bridges depends mostly
on the deflection limitation due to the low stiffness of the FRP [31]. Therefore, the FRP
composite beams are suitable for constructions of short span bridges. The American
Association of State Highway and Transportation Officials (AASHTO) and the Japan Society
of Civil Engineers (JSCE) suggest that the deflection limit for pedestrian bridges should be less
than L/500, where L corresponds to the bridge span [32, 33]. According to that limitation, the
overall flexural capacity of the GFRP-UFC composite beams cannot be utilized. In this chapter,
the details of a short span bridge constructed using the GFRP and UFC composite beams and

the details of the static loading tests conducted on that bridge are described.

The short span pedestrian bridge was constructed at a fishery harbour in Onagawa city, Miyagi
prefecture, Japan. It was constructed in 2012 by a group of universities, local governments, and
companies. As shown in Fig. 6.1, it is located in a harbour, where corrosion severely affects the
durability of the structures. This pedestrian bridge is used to access a pontoon from the pier

(Fig. 6.1).
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Fig. 6.1 GFRP and UFC pedestrian bridge in Miyagi prefecture, Japan

In order to improve corrosion resistance, non-corroding materials were used for the other main
parts of the bridge such as handrails and bracings. Two GFRP and UFC composite beams were
used in the pedestrian bridge and the overall length and width of the bridge are 6,000 mm and
960 mm, respectively. The GFRP I-beams, UFC slab segments and all the other members
(handrails and bracings, etc.) can be pre-fabricated in a factory and can be easily transported to
the construction site. The UFC segments avoid unwarranted cracks during transportation and
during installation compared to a full length monolithic UFC slab. Thus, the GFRP and UFC
composite beams are attractive in accelerated short span bridge construction. The Precast UFC
segments were used as the decking of the bridge and they were connected to the GFRP I-beam
top flange by 16 mm diameter FRP bolts and epoxy adhesive. Technical details of this high
corrosion resistant short span bridge are given in Fig. 6.2a, b, and c. The bridge was designed
according to the guidelines for short span bridges by the Japan Highway Association [51]. As
suggested in the guidelines, a 3.5 kN/m? design live load on each GFRP and UFC composite
beam and a 5.0 kN/m? design live load on the floor area of the short span bridge were taken
into account. The total design load on the bridge is 25.86 kN and the allowable deflection limit
for this bridge is 12 mm (L/500) [33].
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Fig. 6.2 Details of the GFRP and UFC short span pedestrian bridge in Miyagi, Japan (Units:

mm)
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6.2 Experiment details of the static loading tests on the short span bridge

The flexural performance of the GFRP and UFC bridge was investigated through static loading
tests. A maximum load of 8.02 kN was applied by 12 people standing on the bridge in three
different loading patterns. The applied loading patterns are 1) concentrated load, 2) distributed
load along the centreline, and 3) eccentric distributed load. The details of the applied load and
the details of the loading patterns are given in Table 6.1 and Table 6.2, respectively. At each
loading pattern, load was increased as steps. At each loading step, two people get on to the
bridge. The loading pattern 3 was applied on each GFRP and UFC beams, separately. To check
the strain distribution at the midspan, four strain gauges were attached at the midspan cross-
section of each GFRP and UFC composite beam. Strain gauge locations were top of the UFC
slab, bottom of the UFC slab, middle of the GFRP web, and GFRP bottom flange. There were
two deflection gauges connected to the bottom flange of each beam at the midspan and the

deflection of the beams were recorded at each loading step.

Table 6.1 Details of the applied load on the bridge

Number of people 1 2 3 4 5 6 7 8 9 10 11 12

Load (kg) 71 66 60 87 70 61 50 54 63 79 64 93
Cumulative
applied load (KN) 070 134 193 279 347 407 456 509 571 648 7.11 8.02

Table 6.2 Details of loading patterns

Name Loading pattern Method of loading
Pattern 1 Concentrated load People are standing in two rows at the centre of the bridge
(Fig. 6.3a).
Pattern 2 Distributed load (along People are standing in a row, along the centreline of the bridge
centreline) (Fig. 6.3b).
Pattern 3 Distributed load People are standing in a row, towards one of the GFRP and
(eccentric) UFC composite beam (Fig. 6.3b).
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(a) Concentrated load

Fig. 6.3 Loading patterns

6.3 Results and discussion

At the deflection limit suggested by the design guidelines (L/500), the effective flexural
capacity of the GFRP and UFC composite beams (beam length 6,000 mm) which can be utilized
under different temperatures is shown in Fig. 6.4. According to the experiment results
demonstrated in Chapter 4, at the deflection limit of the GFRP and UFC composite beams, only
11.5%, 13%, and 17.6% of the ultimate flexural capacity can be utilized at 20°C, 60°C, and
90°C, respectively. Therefore, further developments are required to improve the stiffness of

these composite beams.
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Fig. 6.4 Flexural capacity utilized in GFRP and UFC composite beams at different
temperatures

The load and deflection relationship of the GFRP and UFC composite beams under different

loading patterns are given in Fig. 6.5. The maximum deflection of beam 1 and beam 2 was less
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than 4 mm in all loading patterns, which is less than the deflection limit (12 mm) of the bridge.
When the distributed load was applied on the bridge, the increment of the deflection was
reduced as the load increases (Fig. 6.5b, ¢, and d). This is due to non-uniformly distribution of
the load because of the different weights of the humans (Table 6.1). The eccentric distributed
load showed the maximum deformation at midspan compared to the other loading patterns. The
maximum deflection of the pedestrian bridge, subjected to eccentric distributed load, at the
design load (25.86 kN) was predicted and shown in Fig. 6.6. According to Fig. 6.6, the
deflection of the pedestrian bridge at the design load is less than 12 mm (the deflection limit of
the bridge). Therefore, performance of the GFRP and UFC composite beams in the Miyagi

pedestrian bridge is satisfactory.
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Fig. 6.5 Load and deflection relationships of the bridge under different loading patterns
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As shown in Fig. 6.5, the maximum deflection of the beam was obtained from the concentrated
load (Pattern 1) and eccentric distributed load (Pattern 3). The maximum deflection of the
composite beam subjected to eccentric distributed load was nearly 21% higher than that of the
beam subjected to distributed load along the centreline of the bridge. Because of that, loading
pattern 1 and pattern 3 need to be considered when checking the deflection limitation of the
bridges consisting of the GFRP-UFC composite beams. The midspan strain distribution of each
GFRP and UFC composite beam under loading pattern 1 is shown in Fig. 6.7. The section depth
was measured from the bottom flange of the GFRP I-beam. There is a linear strain distribution
along the midspan cross-section throughout the loading test and that implies the full composite
behaviour of the GFRP and UFP composite beams. This strain distribution is similar to the

strain distribution observed in the GFRP and UFC composite beam test at 20°C (Fig. 4.14).
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Fig. 6.6 Deflection of the pedestrian bridge at the design load
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Fig. 6.7 Strain distribution at midspan cross-section of GFRP and UFC composite beams —
Loading pattern 1

6.4 Concluding remarks

Application of the GFRP and UFC composite beams for construction of short span pedestrian
bridges is described in this chapter. The GFRP and UFC composite beams are used for the
girders of the bridges. The static loading tests were conducted under actual working loads on

the bridge and its flexural performance was checked. The conclusions of the study are as follows.

e High corrosion resistant composite beams consisting of the GFRP I-beam and UFC segments
can be used for accelerated construction of short span pedestrian bridges in severe corrosive
environments.

e The short span pedestrian bridge satisfied the deflection limitation suggested in the Japan
Society of Civil Engineers (JSCE) guidelines and the American Association of State
Highway and Transportation Officials (AASHTO) guidelines under the design loads and
working loads.

e Because of the low stiffness of the GFRP and UFC composite beams, they exceed the design
deflection limit at low loads. Therefore, the ultimate flexural capacity of the composite
beams cannot be utilized. To overcome this, the stiffness of the GFRP and UFC composite

beams need to be further improved.
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Chapter 7

Conclusions and recommendations for future studies

7.1 Flexural Behaviour of GFRP and UFC Composite Beams Having FRP
Bolts as Shear Connectors

Large-scale beam flexural tests were carried out to check the performance of the FRP bolts in
the GFRP and UFC composite beams. The FRP bolts were used instead of the steel bolts to
improve the corrosion resistance of the composite beams so that they can be used in severe
corrosive environments. The experiment results were used for construction of a short span
pedestrian bridge in a fishery harbour in Japan (Chapter 6). The following conclusions were

drawn from the study.

e The FRP bolts can be used instead of steel bolts in the GFRP and UFC composite beams and
can have flexural capacity and stiffness similar to the GFRP and UFC composite beams with
steel bolts. Because of the FRP bolts, the corrosion resistance of these composite beams will
be increased and hence, they can be used for construction of short span pedestrian bridges
in severe corrosive environments.

e The influence of the gap between the UFC segments on the flexural behaviour of the GFRP
and UFC composite beams is very small where the gap is less than 10 mm. Provision of gaps
between the UFC segments allows ease of fixing the UFC segments to the GFRP I[-beams.

e The volume of the FRP material inside the UFC segment affects the stiffness of the
composite beams. Therefore, the FRP bolts without bolt-heads are recommended to use as

the shear connectors.

7.2 Influence of Elevated Temperature on the Mechanical Properties of
Materials Used in FRP and UFC Composite Beams

The temperature dependence of the mechanical properties of the materials used in the
GFRP/HFRP and UFC composite beams were investigated through laboratory tests. The main

conclusions of the study are given below.

e The glass transition temperatures of the materials used in the GFRP/HFRP and UFC

composite beams are in between 50°C and 60°C. Therefore, the flexural capacity and the
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stiffness of the GFRP/HFRP and UFC composite beams can be significantly reduced at
temperatures beyond 60°C.

e The coefficients of thermal expansion (in the longitudinal direction of the composite beam)
of GFRP flange, HFRP flange, GFRP web, and UFC are constant at all temperatures between
20°C and 85°C. There is no significant influence on the longitudinal thermal expansion rates
of these materials by their glass transition temperatures.

e Tensile strength of the GFRP flange and GFRP web is greatly affected by the glass transition
of the vinylester resin whereas in the HFRP flange and in the FRP bolts, the tensile strength
is not significantly affected by glass transition of polymer resin matrix.

¢ In contrast to the tensile strength, the compressive strength of the GFRP flange, GFRP web,
HFRP flange, and the FRP bolts is significantly affected by the glass transition of their
polymer resin matrices. The UFC doesn’t contain temperature dependent materials and
hence, its compressive strength remained almost constant with the temperature.

e Shear strength of the FRP bolts is rapidly reduced at the temperatures beyond 60°C, caused
by the glass transition of the resin inside the FRP bolts. On the other hand, the shear capacity
of the epoxy adhesive significantly reduced with temperature regardless its glass transition

temperature.

7.3 Flexural Behaviour of FRP I-beams and FRP-UFC Composite Beams
Subjected to Elevated Temperature

Large-scale beam flexural tests were conducted at room and elevated temperatures to study the
influence of elevated temperature on the flexural behaviour of the GFRP I-beams, GFRP-UFC

composite beams, and HFRP-UFC composite beams. The following conclusions can be drawn.

e The flexural capacity and the stiffness of the GFRP I-beams, GFRP-UFC composite beams,
and HFRP-UFC composite beams are degraded by elevated temperature due to glass
transition of the vinylester resin. However, more than 85% of the flexural capacity
(compared to the flexural capacity at 20°C) of three beam types can be retained when the
beam temperature is below 60°C. As the beam temperature increases beyond 60°C, the
flexural capacity of these beams was severely degraded.

e The use of the UFC segments significantly improves the ultimate flexural capacity and the
stiffness of the GFRP I-beams at temperatures in between 20°C to 90°C. This is because the

UFC segments can prevent the premature delamination and kink failure of the GFRP I-beam
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compression flange. As a result, the tensile strength of the GFRP I-beam can be effectively
utilized. Similarly, the UFC segments will improve the flexural capacity and the stiffness of
the HFRP I-beams.

e The bi-material bending effect in the GFRP/HFRP and UFC composite beams is negligible
due to approximately close thermal expansion rates of the GFRP, HFRP, and UFC materials.

e The slippage of the UFC segments observed in the GFRP/HFRP and UFC composite beams
above 60°C was due to the failure of the epoxy adhesive caused by elevated temperature. It
was found that the full composite behaviour of the GFRP/HFRP and UFC beams lose after
the slippage of the UFC segments and there will be partial interaction between the UFC
segments and the GFRP/HFRP I-beams.

¢ Both the GFRP-UFC composite beams and the HFRP-UFC composite beams are affected
by elevated temperature and their flexural capacities are reduced when the beam temperature
increases. The failure mechanism (flexural failure or shear failure) of these composite beams

was governed by the shear capacity of the FRP bolts at the beam temperature.

7.4 Fibre Model Analysis

Fibre model analysis was carried out for the GFRP I-beams and the GFRP-UFC composite
beams under room and elevated temperatures. A small temperature gradient across the GFRP-
UFC beam cross-section was assumed to simulate the bending test conditions described in
Chapter 4. The analysis results were compared with the experiment results. In actual
circumstances, when the GFRP-UFC composite beams are exposed to direct solar radiation,
there will be a large temperature gradient across the beam cross-section. The flexural behaviour
of the GFRP-UFC composite beams under this criterion was studied using the fibre model

analysis. The main conclusions of the study are as follows.

e The fibre model analysis can be used to analyse the flexural behaviour of the GFRP I-beams
at temperatures between 20°C and 90°C.

e The proposed fibre model analysis method can be used to predict the flexural behaviour of
the GFRP and UFC composite beams until the slip of the UFC segments occurs.

e The difference between the beam failure loads in the analysis and the experiment is less than
8% in the GFRP I-beams and that is less than 1% in the GFRP and UFC composite beams

with full interaction.
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Under the actual circumstances, the GFRP and UFC composite beams may experience a
large temperature gradient across beam top to bottom. According to the analysis, it was
found that the stiffness of the GFRP and UFC composite beams, which is related to the main
design criterion of the FRP bridges, is not significantly affected by the temperature gradient
in the real situations. However, the flexural capacity of the GFRP and UFC composite beams

at the slipping of the UFC segments is greatly influenced by the temperature of the beam top.

7.5 Flexural Performance of Short span Pedestrian Bridge Consisting of
GFRP and UFC Composite Beams

The GFRP and UFC composite beams describe in this study are developed to use as bridge

girders in short span pedestrian bridges. Because of the high corrosion resistance, they can be

used in severe corrosive environments. Static loading tests were conducted under actual

working loads and the performance of the bridge was checked with the design guidelines. The

conclusions of the study are as follows.

High corrosion resistant composite beams consisting of the GFRP I-beam and UFC segments
can be used for accelerated construction of short span pedestrian bridges in severe corrosive
environments.

The short span pedestrian bridge satisfied the deflection limitation suggested in the Japan
Society of Civil Engineers (JSCE) guidelines and the American Association of State
Highway and Transportation Officials (AASHTO) guidelines under the design loads and
working loads.

Because of the low stiffness of the GFRP and UFC composite beams, they exceed the design
deflection limit at low loads. Therefore, the ultimate flexural capacity of the composite
beams cannot be utilized. To overcome this, the stiffness of the GFRP and UFC composite

beams need to be further improved.

7.6 Recommendations for future studies

Because of the low stiffness of the FRP materials, the design criterion of the short span
pedestrian bridges is governed by the deflection limit. Therefore, the ultimate flexural

capacity of the GFRP/HFRP and UFC composite beams cannot be utilized. Therefore, it is
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recommended to carry out further researche to improve the stiffness of the GFRP-UFC
composite beams and the HFRP-UFC composite beams.

The glass transition temperature of the materials used in the GFRP/HFRP and UFC
composite beams is generally in between 50°C and 60°C. Therefore, it is recommended to
carry out further material tests and composite beam flexural tests at temperatures between
50°C and 80°C for better understanding of the influence of T on the flexural behaviour of
the composite beams.

In order to predict the flexural behaviour of the GFRP and UFC composite beams after
slipping the UFC segments, partial interaction at the UFC-GFRP interface need to be

considered in the future analysis.
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Annexure: A

Failure patterns of the test specimens

GFRP or HFRP coupon tensile test

GFRP flange 90°C GFRP web 90°C
Fig. Al Tensile failure patterns of GFRP flange and GFRP web coupons

HFRP flange 30°C HFRP flange 50°C

HFRP flange 70°C HFRP flange 90°C
Fig. A2 Tensile failure patterns of HFRP flange coupons
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GFRP and HFRP coupon compression test

GFRP flange 20°C GFRP web 20°C HFRP flange 20°C

HFRP flange 60°C

GFRP flange 90°C GFRP web 90°C HFRP flange 90°C
Fig. A3 Compression failure patterns of GFRP/HFRP flange and GFRP web coupons

UFC compression test

Fig. A4 Typical compression failure pattern of UFC cylinders (at all temperatures)
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FRP bolt tensile test

20°C 50°C

70°C 90°C
Fig. A5 Failure patterns of FRP bolt tensile test specimens

FRP bolt compression test

20°C 50°C

70°C 90°C
Fig. A6 Failure patterns of FRP bolt compression test specimens
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FRP bolt lap-shear test

Fig. A7 Typical failure pattern of FRP bolt lap-shear test specimens (at 20°C, 60°C, and
90°C)

Epoxy adhesive lap-shear test

30°C 60°C 90°C
Fig. A8 Failure patterns of epoxy adhesive lap-shear test specimens
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