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GFRP�concrete hybrid structural systems. Application to the development of a footbridge prototype

Abstract

Fibre reinforced polymers (FRP), particularly glass �bre reinforced polymer (GFRP) pul-
truded pro�les, have been increasingly used as structural materials over the last few decades
owing to their high strength, low self-weight, ease of installation, corrosion resistance
and electromagnetic transparency. However, the structural application of these materials
presents some di�culties, namely regarding their high deformability, brittle failure, be-
haviour at elevated temperatures and lack of speci�c design codes, which have been hinder-
ing their widespread acceptance.

In order to overcome the aforementioned di�culties, in particular the high deformability,
which often leads to structural designs governed by deformability or instability phenomena,
seldom allowing the full exploitation of the material strength, hybrid structures (in which
GFRP members are combined with concrete elements) have been pointed out as an
alternative solution to all�GFRP structures.

On the other hand, recent developments on cementitious materials have shown the potential
of steel �bre reinforced self�compacting concrete (SFRSCC) for substituting conventional
rebar reinforced concrete on some structural applications, allowing the construction of
thinner elements with good corrosion resistance.

The main objective of this thesis was to study the structural behaviour of GFRP�concrete
hybrid structural systems and, in particular, their feasibility as footbridge structures. The
pursuit of this objective led to the development of three research axes: (i) GFRP�concrete
connection systems; (ii) static, creep and dynamic behaviour of GFRP�concrete structures;
and (iii) development of a full�scale GFRP�SFRSCC footbridge prototype.

The research on GFRP�concrete connection systems comprised an extensive experimental
campaign, which included three shear connection systems: (i) bonded; (ii) bolted (with dif-
ferent connector con�gurations); and (iii) hybrid, combining of both bonded and bolted
connections. The rheological degradation of the mechanical response of the bonded and
hybrid connection systems was also object of experimental investigations, using two acceler-
ated aging processes: (i) thermal; and (ii) wet�dry cycles. Numerical models were developed
to simulate the response of these connections, and were well able to predict the behaviour of
bonded test specimens, including the correspondent degradation due to the aging processes.
Although it was shown that the bonded connection presents better mechanical response than
the bolted connection in the short�term, the degradation of the response of the bonded inter-
face with the aging processes pointed out the advantage of adopting hybrid shear connection
systems for GFRP�concrete structures.

A hybrid structural system comprising GFRP pultruded pro�les and a thin slab of SFRSCC
was proposed. Its behaviour was investigated with experimental studies on a hybrid GFRP�
SFRSCC small(half)�scale prototype, which included: (i) static serviceability tests; (ii) a
static failure test; (iii) creep tests; (iv) modal identi�cation tests; and (v) dynamic tests
under pedestrian loading. The experimental tests demonstrated the appropriate mechanical
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behaviour of the prototype, proving the feasibility of the proposed structural system for
footbridge applications. Additionally, the static serviceability tests have shown that it is
possible to mitigate the de�ections of these structures with a low�cost prestress system.
Analytical and numerical investigations have shown that readily available design tools are
able to predict the static and dynamic responses of hybrid GFRP�concrete structures with
good accuracy. Furthermore, an analytical methodology for the determination of the creep
behaviour was proposed, based on material creep laws and including the e�ects of the
environmental conditions, showing good accuracy with experimental results.

A full�scale hybrid GFRP�SFRSCC footbridge prototype was designed and built, based on
the knowledge obtained from the investigations on the small�scale prototype and the GFRP�
concrete connection systems. The experimental testing of the full�scale prototype proved its
adequate structural response, showing that it ful�ls Eurocode requirements. Moreover, the
analytical and numerical investigations showed that the models proposed were, again, able
to predict the experimental results. Overall, it was shown that the developed prototype,
to be installed in the city of Ovar, is a valid alternative to footbridge structures made of
traditional materials.

Keywords: �bre reinforced polymers (FRP), glass �bre reinforced polymer (GFRP) pul-
truded pro�les, steel �bre reinforced self�compacting concrete (SFRSCC), GFRP�concrete
hybrid structures, GFRP�concrete connection, footbridge, experimental tests, static be-
haviour, dynamic behaviour, creep behaviour.
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O recurso a materiais polímeros reforçados com �bras (FRP) e, em particular, a per�s
pultrudidos em polímeros reforçados com �bras de vidro (GFRP), tem vindo a crescer
nas últimas decadas graças à sua resistência, reduzido peso, facilidade de instalação,
resistência à corrosão e transparência electromagnética. No entanto, a aplicação estrutural
destes materiais apresenta algumas di�culdades, nomeadamente devido à sua elevada
deformabilidade, rotura frágil, comportamento a temperaturas elevadas e falta de normas de
dimensionamento especí�cas, que têm posto em causa a sua aceitação generalizada.

De modo a ultrapassar as di�culdades referidas anteriormente, nomeadamente a elevada
deformabilidade, que conduz ao dimensionamento condicionado por limitações de �echa ou
fenómenos de instabilidade, raramente permitindo explorar toda a resistência do material,
as estruturas mistas (nas quais se combinam elementos em GFRP e em betão) têm sido
apontadas como uma solução alternativa às estruturas somente em GFRP.

Por outro lado, desenvolvimentos recentes na investigação sobre materiais cimentícios
têm demonstrado o potencial do betão auto�compactável reforçado com �bras de aço
(BACFRA) na substituição do tradicional betão reforçado com varões, para algumas
aplicações estruturais, permitindo a construção de elementos mais �nos e com elevada
resistência à corrosão.

O principal objectivo desta tese consistiu no estudo de sistemas estruturais mistos GFRP�
betão e, em particular, na sua aplicabilidade a estruturas de pontes pedonais. Para alcançar
este objectivo, foram desenvolvidos três eixos de investigação: (i) sistemas de ligação GFRP�
betão; (ii) comportamento estático, dinâmico e em �uência de estruturas GFRP�betão; e
(iii) desenvolvimento de um protótipo de ponte pedonal mista GFRP�BACFRA.

A investigação dos sistemas de ligação GFRP�betão incluiu uma extensa campanha expe-
rimental, com o estudo de três sistemas de conexão de corte: (i) colado; (ii) aparafusado
(com diferentes con�gurações); e (iii) misto, combinando os sistemas colado e aparafusado.
A degradação reológica do comportamento mecânico das ligações colada e mista foi tam-
bém objecto de estudos experimentais, através da utilização de dois tipos de envelhecimento
acelerado: (i) ciclos térmicos; e (ii) ciclos de molhagem�secagem. Foram desenvolvidos mod-
elos numéricos para a simulação do procedimento experimental, que se mostraram capazes
de prever a resposta dos provetes colados, incluindo a correspondente degradação provo-
cada pelos processos de envelhecimento. Apesar de se ter demonstrado que a ligação colada
apresenta um melhor comportamento mecânico do que a ligação aparafusada, a degradação
do primeiro tipo de ligação com os processos de envelhecimento levou à recomendação do
sistema de ligação misto para estruturas GFRP�betão.

Foi proposto um sistema estrutural misto com per�s pultrudidos de GFRP e uma laje
�na em BACFRA. O seu comportamento foi estudado através de ensaios experimentais
num protótipo de ponte pedonal mista GFRP�BACFRA à escala escala reduzida (metade
do comprimento), incluindo: (i) ensaios estáticos em serviço; (ii) ensaio estático à rotura;
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(iii) ensaios de �uência; (iv) ensaios de identi�cação modal; e (v) ensaios dinâmicos
sob acções pedonais. Nestes ensaios demonstrou�se uma adequada resposta mecânica da
estrutura, provando�se a aplicabilidade a pontes pedonais do sistema estrutura proposto.
Adicionalmente, os ensaios estáticos em serviço mostraram que é possível diminuir as
�echas destas estruturas recorrendo a um sistema de pré�esforço de baixo custo. Os
estudos analíticos e numéricos mostraram que é possível prever os comportamentos estático
e dinâmico deste tipo de estrutura recorrendo às ferramentas de dimensionamento já
disponíveis. Foi ainda proposta uma metodologia para a previsão do comportamento em
�uência de estruturas GFRP�betão, baseada nas leis de �uência dos materiais e que tem
em conta as condições ambientais, que mostrou uma boa concordância com os resultados
experimentais.

Com base no conhecimento adquirido através da investigação relativa ao protótipo pequeno
e aos sistemas de ligação, foi dimensionado e construído um protótipo de ponte pedonal
GFRP�BACFRA à escala real. Os ensaios experimentais a este protótipo mostraram a sua
adequada resposta estrutural, tendo sido cumpridos os requisitos dos Eurocódigos. Para
além disto, os estudos analíticos e numéricos mostraram que os modelos propostos foram,
mais uma vez, capazes de prever os resultados experimentais. Globalmente, demonstrou�se
que o protótipo desenvolvido, que será instalado na cidade de Ovar, é uma alternativa válida
às pontes pedonais com estruturas em materiais tradicionais.

Keywords: polímeros reforçados com �bras (FRP), per�s pultrudidos em polímeros re-
forçados com �bras de vidro (GFRP), betão auto�compactável reforçado com �bras de
vidro (BACFRA), estruturas mistas GFRP�betão, ligações GFRP�betão, pontes pedonais,
ensaios experimentais, comportamento estático, comportamento dinâmico, �uência.
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1. Introduction

1.1. Context and motivation

The construction industry and structural engineering have known signi�cant evolutions
with the introduction of new building materials. In particular, the use of iron, following
the industrial revolution, allowed erecting taller and longer span buildings and bridges.
The introduction of reinforced concrete, on the other hand, was a key factor for the rapid
reconstruction of Europe after the World War Two [1].

At the turn of the millennium, the construction industry faces important challenges with
regard to maintenance, repair and substitution costs of existing structures owing to their
durability problems [2], in particular regarding the corrosion phenomenon in steel and
reinforced concrete structures. In this regard, ASCE's 2013 Report Card for America's
Infrastructure identi�es the growth of structurally de�cient bridges in the USA, estimating
that the elimination of this backlog by 2028 would require an annual investment of
20.5 billion dollars per year, representing a 60% increase when compared to the current
investment [3].

On the other hand, the boost of urban density and growth of road and railway networks,
particularly in developed countries, has increased the need for structural systems of
easy erection, which avoid the use of large cranes. Moreover, the inherent economic
competitiveness of the construction industry has been stimulating the search for structures
with higher speeds of construction and with improved functionality. Such demands have
been met with the development of innovative structural systems, including new materials,
lighter and with improved durability, while providing high mechanical performance.

In this context, �bre reinforced polymers (FRP) are being increasingly used as an alternative
to traditional structural materials (steel, concrete and timber). FRP materials, often referred
to as advanced composites, are constituted by a polymeric matrix (e.g. polyester, vinylester,
epoxy) reinforced by continuous �bres (most often glass, carbon or aramid). These composite
materials have been used in many commercial applications since the 1940s, in the aerospace,
naval, automotive and petrochemical industries, combining their lightweight and improved
durability with a good mechanical performance. Owing to these characteristics, together
with a progressive cost reduction, FRP materials have been increasingly regarded by the
construction industry as promising structural materials, with growing applications since the
mid�1990's [4].

Within the FRP materials, glass �bre reinforced polymer (GFRP) pultruded pro�les are
one of the types with more potential for structural applications due to (i) the possibility
of producing any cross�section and (ii) their relative low cost. In fact, owing to their high
strength, lightness, ease of installation, electromagnetic transparency, thermal insulation
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and corrosion resistance, GFRP pultruded pro�les have been increasingly used as structural
members both in bridge and building structures (cf. Chapter 2).

However, GFRP pultruded pro�les also present some technical limitations, namely (i) the
brittle failure, (ii) the low elasticity and shear moduli, which make the design often
governed by deformation limits or instability phenomena, and (iii) their �re behaviour,
preventing their use in building structures without speci�c protection systems [5]. The two
last disadvantages, together with the lack of widely accepted design guidelines and codes,
have been hindering the widespread use and acceptance by structural engineers of GFRP
pultruded pro�les.

In order to overcome the aforementioned limitations, several hybrid structural systems
combining GFRP and cementitious materials have been proposed, which have proven to
be e�ective in reducing the overall deformability and proneness to instability phenomena of
the GFRP material (cf. Chapter 2).

The recent developments of cementitious materials, by their turn, and of �bre reinforced
concrete (FRC) in particular, have demonstrated the potential of these materials for
structural applications, including the possibility of completely substituting regular reinforced
concrete in some applications. Moreover, the development of steel �bre reinforced self�
compacting concrete (SFRSCC) has proven the ability to build very thin structural members
while maintaining good corrosion resistance [6].

The present thesis was developed in the framework of the Pontalumis project, funded by
the Portuguese Innovation Agency (ADI) and promoted in partnership between Instituto
Superior Técnico (IST) of the University of Lisbon, University of Minho (UM) and ALTO
Per�s Pultrudidos, Lda. (ALTO). The project aimed at the development of a footbridge
prototype, which could be easily installed over any transportation axes. In this context,
the structural system to be developed should (i) present lightweight and be easy to install,
(ii) be available for pre�fabrication while o�ering ease of transportation, (iii) present low
electromagnetic interference and, more generally, (iv) comply with structural performance
requirements de�ned in the regulation, and (v) o�er improved durability. Taking these
objectives into account, a hybrid GFRP�SFRSCC structural solution was proposed and
thoroughly investigated.

1.2. Objectives and methodology

The study of hybrid GFRP�concrete structural systems was the main objective of this
PhD thesis, particularly regarding their feasibility as footbridge structures. The research
developed may be divided in three main axes of development:

� GFRP�concrete connection systems;

� Static, creep and dynamic behaviour of GFRP�concrete structures;

� Development of a full�scale GFRP�SFRSCC footbridge prototype.

The �rst research axis, GFRP�concrete connection systems, aimed at:

1. Studying several GFRP�concrete connection systems: bonded, bolted and hybrid
(combining bonding and bolting);
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2. Studying the long�term mechanical degradation (durability) of the bonded connection
systems;

3. Proposing a connection system for the footbridge prototype to be developed.

In order to achieve the aforementioned goals, an experimental campaign was conducted
comprising push�out tests on hybrid GFRP�SFRSCC specimens with di�erent connection
systems: (i) bonded; (ii) bolted (with di�erent connector con�gurations); and (iii) hybrid.
Additionally, the degradation of the structural performance of the bonded connection
systems (more susceptible to the deleterious e�ects of environmental agents) was object
of further study by testing specimens previously subjected to accelerated aging processes,
namely (i) thermal, and (ii) wet�dry cycles. Numerical models were developed, simulating
the test procedure, in order to allow for a better understanding of the mechanical behaviour
of the bonded connections, including the degradation of such properties by the accelerated
aging processes. Finally, the research conducted allowed the proposal of a connection system
to be used in GFRP�concrete structures and, in particular, in the prototypes to be developed
within the scope of this PhD thesis and of the Pontalumis project.

The main objectives of the second research axis, static, creep and dynamic behaviour

of GFRP�concrete structures, were the following:

1. To study the short� and long�term responses of GFRP�concrete structures;

2. To study the accuracy of readily available analytical and numerical tools in predicting
the structural behaviour of GFRP�concrete structures;

3. To assess the feasibility of the proposed structural system (including its constructabil-
ity) for footbridge applications.

This research axis was developed by performing a comprehensive experimental study of a
GFRP�SFRSCC small(half)�scale prototype, including: (i) static serviceability tests; (ii) a
static failure test; (iii) creep tests; (iv) modal identi�cation tests; and (v) dynamic tests under
pedestrian loading. The results of the experimental tests were compared with analytical and
numerical simulations, using readily available design tools. Regarding the creep behaviour
of GFRP�concrete structures, a new prediction method was proposed, which accounts for
the environmental conditions on the evolution of the creep deformations of the constituent
materials. The results of these investigations showed the feasibility of the structural concept
for footbridge applications and allowed the design of the full�scale prototype.

Finally, the main objectives of the third research axis, development of a full�scale

GFRP�SFRSCC footbridge prototype, were the following:

1. To design and build a full�scale GFRP�SFRSCC footbridge prototype;

2. To characterize the behaviour of the structure by means of non�destructive test
methods, regarding its static, creep and dynamic responses;

3. To validate the design and general conclusions obtained with reference to the small�
scale prototype.

The full�scale prototype was built by ALTO, in accordance with the design developed in this
PhD thesis, and included a new type of GFRP pultruded pro�les, especially developed for
this purpose (whose height is the double of that of the largest pro�le produced by ALTO until
now). After the construction was completed, the structure was subjected to non�destructive
static, creep and dynamic tests, allowing its thorough characterization. The results of these
tests were compared with the design predictions, in order to further validate the models
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used, and with design requirements in order to guarantee that the novel structure complied
with serviceability and ultimate limit states' safety requirements. Presently, the GFRP�
SFRSCC footbridge structure is being prepared to be installed in real service conditions for
general public use in a prime central area of the city of Ovar.

1.3. Main scienti�c contributions

The research presented in this thesis provided scienti�c contributions regarding GFRP�
concrete structures, relevant for both the scienti�c community and the construction industry.
The main scienti�c contributions are highlighted in this section.

The research on GFRP�concrete connection systems improved the understanding regarding
the behaviour of adhesively bonded, bolted and hybrid (redundant) connections and
provided a signi�cant amount of experimental data. These data included di�erent mechanical
connectors geometries and the in�uence of thermal and humidity cycles on the mechanical
response of adhesively bonded connection systems. The numerical investigations on the
latter connections system have shown that the in�uence of aging can be included in �nite
element (FE) models, which may be relevant for the design of particular cases.

The research on the static behaviour of GFRP�concrete structures has proven the ability
of available analytical and numerical tools in predicting the service and failure behaviour of
such structures. Furthermore, the possibility of introducing a low�cost prestress system for
GFRP�concrete structures was also demonstrated. Additionally, the experimental studies
on the static behaviour of isolated GFRP pultruded beams has allowed the assessment
of existing analytical formulae and numerical tools regarding the analysis of the �exural
behaviour of these members. Furthermore, the response of GFRP beams under concentrated
loads, namely their web�crippling behaviour, specially relevant for support sections, was
studied in collaboration with a MSc thesis [7]. This investigation included experiments on
di�erent pro�les, allowing the assessment of the ability of analytical and numerical tools in
predicting the web�crippling behaviour.

Other main contributions concern the research on the dynamic behaviour of GFRP�concrete
structures. The assessment of the structural response under pedestrian loads, and the ability
of FE models in predicting it, constitutes data of the utmost importance for their application
in footbridge structures. Additionally, the assessment of the accuracy of FE models and
simple analytical formulae in the determination of the modal parameters of GFRP�concrete
structures is a signi�cant step for the acceptance of this structural system by structural
engineers.

The research on the creep behaviour of GFRP�concrete structures has resulted from the
proposal of (adapted) material creep models of the constituent materials in order to
predict the creep deformations of these structures under di�erent environmental conditions.
This contribution is particularly relevant since the design of GFRP�based structures is
often governed by deformability requirements, and the existent GFRP creep laws may not
be suitable to describe the creep behaviour of GFRP�concrete structures. The research
conducted on this thesis has also shown that creep in GFRP�concrete hybrid structures has
much less magnitude compared to equivalent all�GFRP structures.

The construction (and testing) of the full�scale hybrid GFRP�SFRSCC footbridge prototype
constituted the �nal proof of concept of this structural system for footbridge applications.
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Furthermore, the investigations performed with respect to the full�scale prototype have con-
tributed to further validate the conclusions formulated based on the small�scale prototype
investigations and allowed the further development of the proposed creep model.

The following publications resulted from the scienti�c contributions described above:

� J.R. Correia, F.A. Branco, J.A. Gonilha, N. Silva, and D. Camotim. GFRP pultruded
�exure members: assessing of existing design methods. Structural Engineering Inter-
national, 20(4):362�369, 2010 [8];

� J.A. Gonilha, J.R. Correia, and F.A. Branco. Dynamic response under pedestrian load
of a GFRP�SFRSCC hybrid footbridge prototype: Experimental tests and numerical
simulation. Composite Structures, 95:453�463, 2013 [9];

� J.A. Gonilha, J.R. Correia, and F.A. Branco. Creep response of GFRP�concrete hybrid
structures: application to a footbridge prototype. Composites Part B, 53:193�206,
2013 [10];
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1.4. Document organization

The present thesis is organized in eight chapters.

The �rst and current chapter introduces the thesis theme and frames it in the context of
civil engineering, describing the objectives and methodology of the research and its main
scienti�c contributions.

Chapter 2 presents a brief overview of the use of FRP structural solutions in the construction
industry, describing also the general characteristics of these materials, including the typical
properties of their constituents and their main �elds of application in civil engineering
structures. Additionally, this chapter presents the general mechanical and physical properties
of GFRP pultruded pro�les, their shapes, examples of application and a summary of their
main advantages and disadvantages. Similarly, the general properties of SFRSCC materials
are presented in this chapter. A review of previously proposed hybrid GFRP�concrete
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structural systems is also described in this chapter, as well as an overview of the actions
and requirements for footbridge structures.

Chapter 3 describes the details of the Pontalumis project, which framed the development
of this thesis, and presents the hybrid GFRP�SFRSCC structural concept. Subsequently,
the preliminary design of the full�scale prototype, which led to the de�nition of its general
geometry, is described.

The experimental characterization of the main materials used in the construction of the
prototypes is presented in Chapter 4, including the thorough coupon testing of the GFRP
pro�les and SFRSCC. In addition to coupon testing, this chapter also presents experimental
investigations on the isolated structural members, i.e. �exural tests on GFRP beams and
SFRSCC slabs. The results of the GFRP beam tests are compared with the predictions of
analytical and/or numerical models. The �nal part of the chapter describes the remaining
materials used in the construction of the prototypes, including their main mechanical
properties obtained through experimental testing or provided by the manufacturers.

Chapter 5 concerns the research on GFRP�concrete connections. The �rst part of the
chapter presents the experimental campaign, describing the experimental programme, the
tests series and procedures and, �nally, the experimental results and discussion. The second
part of the chapter refers to the numerical investigations developed in order to simulate
the behaviour of the tested adhesively bonded specimens, including the evolution of their
mechanical behaviour when subjected to di�erent aging processes.

Chapter 6 refers to the investigations conducted concerning the small�scale prototype. The
chapter presents the characteristics of the prototype and a step�by�step description of its
construction. Subsequently, the experimental, analytical and/or numerical investigations
regarding the static, dynamic and creep behaviour of the prototype are presented and their
results are discussed.

Chapter 7 introduces the full�scale prototype, presenting its characteristics and formal
design, as well as the description of its construction process. As for the previous chapter,
the experimental, analytical and/or numerical investigations regarding the static, dynamic
and creep behaviour of the full�scale prototype are presented and discussed.

Chapter 8 summarizes the main conclusions of the present research and formulates recom-
mendations for future developments.

Additional experimental data are presented in the appendixes at the end of the docu-
ment.
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2. State�of�the�art

2.1. Preliminary remarks

A composite material results from the combination of two or more materials, combined in
order to create a new material with enhanced characteristics and properties, when compared
to those of its individual components. Concrete, which combines cement, water, coarse and
�ne aggregates, is an example of a composite material that is widely used in the construction
industry.

Fibre reinforced polymer (FRP) materials are modern and advanced composite materials
that combine polymeric resins with �bre reinforcement. These materials have been used in
defense industry applications (namely in naval and aeronautic applications) since the 1930's
and have been introduced in the oil, energy, chemical, paper, water, waste treatment and
automobile industries since the 1950's [5].

More recently, in spite of earlier pioneer applications in the late 1950's and early 1960's [5],
since the mid�1990's there as been an increasing growth of FRP structural applications in
the construction industry [4]. Section 2.2 presents an overview of FRP structural applications
in the construction industry.

The general characteristics of FRP materials are presented in Section 2.3. Section 2.4
addresses the main properties of glass �bre reinforced polymer (GFRP) pultruded pro�les,
the type of FRP materials used in the present thesis. This section also presents some
examples of the application of GFRP pultruded pro�les in bridge structures.

Engineered cementitious composites (ECC) are cement based materials that can be designed
to present tensile strain�hardening behaviour when reinforced with randomly distributed
discrete �bres. In the past few years, the research on these materials, and particularly on �bre
reinforced concrete (FRC), has shown signi�cant progress [6, 16]. Section 2.5 presents the
general characteristics of FRC materials, in particular, steel �bre reinforced self�compacting
concrete (SFRSCC), which constitutes the deck of the hybrid footbridge structural system
proposed herein.

A similar concept to that which led to the development of composite materials may be
applied to the design of hybrid structural systems, i.e., one or more structural materials may
be combined in structures, enhancing the exploitation of each materials' best properties,
while avoiding their potential disadvantages. A small review of hybrid FRP�concrete
structural solutions is presented in Section 2.6.

Section 2.7 presents an overview of the speci�c actions and requirements for footbridge
structures, namely regarding the (i) static and (ii) dynamic behaviours. Finally, Section 2.8
presents the concluding remarks of the chapter.
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2.2. FRP construction

As mentioned earlier, pioneer applications of FRP composites in the construction industry
date back from the late 1950's and 1960's [5], namely with the construction of iconic house
prototypes such as the Monsanto House of the Future (Figure 2.1) and the Futuro House
(Figure 2.2). These projects were, ultimately abandoned due to their lack of economic
competitiveness and the rejection of the architectural community [5]; nevertheless, several
FRP constructions were built between 1956 and 1972 [17].

Figure 2.1.: Monsanto House of the Future [18]. Figure 2.2.: Futuro House [19].

In the last two decades of the past century, the use of FRP as structural materials in
the construction industry has known signi�cant growth [4]. In fact, the growing need of
structural renovation, both due to the durability problems and increasing load demands
on existing infrastructure, together with the cost reduction of FRP materials, owing to
the evolution of the manufacturing processes [5], have increased the attractiveness of these
materials.

The structural applications of FRP materials in the construction industry can be divided in
four �elds [20]: (i) repair and strengthening; (ii) FRP�reinforced concrete; (iii) hybrid new
structures; and (iv) all composite new structures.

The most common structural application of FRPmaterials in the construction industry is the
repair and strengthening of existing structures, in particular the external strengthening of
concrete structures with carbon �bre reinforced polymer (CFRP) materials [21]. Figures 2.3
to 2.5 show, respectively, the strengthening of concrete elements with CFRP materials with
regard to: (i) the �exural strength (Burj al Arab tower in Dubai); (ii) the shear strength
(ADIA tower in Abu Dhabi); and (iii) the axial strength (Corkerhill road bridge in the
UK).

Similar techniques have been used to retro�t masonry structures (Figure 2.6, historic
building in Mantua, Italy) and timber structures (Figure 2.7, private house in Switzerland).
Additionally, another technique for the strengthening of existing structures with FRP
materials is the introduction of external prestress with FRP cable systems, as shown in
Figure 2.8 for the Verdasio road bridge in Switzerland.

Another application of FRP materials is FRP�reinforced concrete, in which the traditional
steel reinforcing bars are substituted by: (i) short�length �bres or textile FRP reinforcement;
and/or (ii) FRP bars or internal prestress cables. The �rst type of FRP�reinforced concrete,
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Figure 2.3.: CFRP �exural strengthening [22]. Figure 2.4.: CFRP shear strengthening [22].

Figure 2.5.: CFRP axial strengthening [22]. Figure 2.6.: CFRP strengthening of masonry
structure [23].

Figure 2.7.: CFRP strengthening of timber struc-
ture [22].

Figure 2.8.: CFRP prestress cables [24].
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in particular glass��bre reinforced concrete (GRC), has been used mostly in non�structural
applications and, more recently, in some structural applications such as telecommunication
towers [25], as shown in Figure 2.9. FRP bars (Figure 2.10) and internal FRP prestress
cables, on the other hand, have been used in direct substitution of traditional steel rebars
in order to enhance the corrosion resistance of such concrete structures [26]. Figure 2.11
presents the application of CFRP reinforcement bars on the concrete deck of a hybrid steel�
concrete road bridge in Vermont, USA.

Figure 2.9.: GRC telecommunication tower prototype [25].

Figure 2.10.: CFRP reinforcement bars with dif-
ferent coating �nish [27].

Figure 2.11.: Application of CFRP reinforcement
bars [28].

More recently, FRP structural elements have also been used in hybrid structural solutions,
where, typically, FRP materials are used in the replacement of some components made of
traditional materials, such as girders, cables or slabs. However, the full exploitation of the
FRP materials is often prevented, since the design concepts are mostly oriented towards the
use of traditional materials [20]. One of the most common applications of FRP elements in
hybrid structures is the use of FRP decks with steel or concrete girders. Figures 2.12 and 2.13
present examples of two road bridge structures in Germany and the U.K., respectively,
comprising steel girders and GFRP decks.

The use of all�FRP structures in building applications has been hindered by the poor
performance of these materials to �re exposure [5], although some all�FRP buildings have
been erected, such as the Eyecatcher building (Figure 2.14), a 5�storey, 15 m tall GFRP
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Figure 2.12.: Steel�GFRP hybrid road bridge [29]. Figure 2.13.: Steel�GFRP
hybrid road bridge [29].

structure in Basel, Switzerland, and the Novartis Campus Entrance Building (Figure 2.15) in
Lausanne, Switzerland, which comprises an all�FRP roof, made of GFRP sandwich panels,
supported by a glass load�carrying façade.

Figure 2.14.: Eye-
catcher building [24].

Figure 2.15.: Novartis Campus Entrance Building [24].

2.3. FRP materials

Fibre reinforced polymers are composite materials comprising two phases: (i) the �bre
reinforcement; and (ii) the polymeric resin. The �rst phase provides most of the strength
and sti�ness, governing the mechanical behaviour. The second phase is responsible for
transferring the internal stresses between the �bre reinforcement, protecting the �bres from
the environmental agents and providing the geometrical stability of the material.

2.3.1. Fibre reinforcement

As mentioned earlier, the �bre reinforcement is responsible for supporting the mechanical
solicitations to which the composite material is subjected to. The most common reinforcing
�bres are aramid, carbon (standard modulus) and glass (E�glass) [4]. Their main mechanical,
physical and thermal properties are summarized in Table 2.1.

Aramid �bres, also known by the trade name Kevlar, were used in the �st generation of
FRP prestressing tendons in the 1980s [4]. Their main advantages are the good tenacity
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Table 2.1.: Typical properties of the most common �bre reinforcements (adapted from [2]).

Property Aramid Carbon E�Glass

Tensile strength (MPa) 2800�3600 2600�3600 3500
Elasticity modulus (GPa) 80�190 200�400 73
Strain at failure (%) 2.0�4.0 0.6�1.5 4.5
Density (g/cm3) 1.4 1.7�1.9 2.6
Fibre diameter (µm) 12 6�7 3�13

Coe�cient of thermal expansion (10−6/K) -3.5 axial: -1.3 to -0.1 5.0�6.0
radial: 18.0

and toughness properties, however, their relatively low compressive strength, reduced long�
term strength and high sensitivity to UV radiation, makes them less attractive for civil
engineering structural applications [5].

Carbon �bres are used in the construction industry mostly in repair and strengthening
applications, such as strengthening sheets and fabrics, strengthening strips and prestressing
tendons [4]. The main advantages of this type of �bre are the high tensile strength and
elasticity modulus, high fatigue and creep resistance and low self�weight, while its main
disadvantage is the relatively high cost [5]. Carbon �bres are produced with di�erent
grades, namely standard modulus (SM), intermediate modulus (IM), high strength (HS)
and ultrahigh modulus (UM) [4].

Glass �bres are the most commonly used �bre reinforcement in the construction industry,
owing to their high strength and relatively low cost [5], being used is several FRP products
such as reinforcing bars, strengthening fabrics and structural pro�les [4]. There are several
grades of glass �bres available, namely: (i) E�glass, known for its high electric resistivity,
which is used in most GFRP structural applications; (ii) S�glass, known for its high
strength, which is used primarily in aerospace applications; (iii) A�glass, window glass;
and (iv) C�glass, corrosion resistant, also known as AR�glass, alkali�resistant, which is used
for specialized products, such as GRC [4]. The main disadvantages of this type of �bre
are their relatively low elasticity modulus, the reduced long�term strength (generally lower
than 60% of the instantaneous strength) and the reduced resistance to moisture and alkaline
environments [4, 5].

Fibre reinforcements can be produced with di�erent geometries, normally combined to create
an FRP material. In particular, �bres can be produced in continuous �laments known as
rovings, which may be (i) unidirectional (Figure 2.16a); (ii) spun (Figure 2.16b); or (iii) mock
(Figure 2.16c), the last two types being also known as yarns.

Figure 2.16.: Fibre reinforcement rovings: a) unidirectional; b) spun; and c) mock (adapted from [30]).

In order to obtain �bre reinforcement in more than one direction, the �bres may be combined
in textile products, such as: (i) continuous mats with random �bre orientation (Figure 2.17a);
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(ii) weaves (0/90o orientation, Figure 2.17b); (iii) complex mats, with 0/90o membrane
and random �bre orientation (Figure 2.17c); and (iv) bidirectional complex mats, with
0/±45/90o membrane and random �bre orientation (Figure 2.17d).

Figure 2.17.: Fibre reinforcement mats: (a) continuous mat with random �bre orientation; (ii) weaves 0/90o;
(iii) complex mat, 0/90o membrane and random �bre orientation; and (iv) bidirectional complex mat,
0/±45/90o membrane and random �bre orientation (adapted from [30]).

Usually, �bres are provided with a chemical super�cial treatment with a substance named
sizing (made of starch, oil or wax), which acts as lubricant and antistatic agent, protecting
the �bres during the processing, enhancing the ability of the bundles of �bres to remain
together as units, promoting the bonding with the polymeric matrix and, for glass �bres,
providing protection against moisture degradation during the service live [5]. Additionally,
for further protection to corrosion and mechanical deterioration, the surface of FRP
materials can be provided with a thin outer layer mat called overlay veil or surface
veil [30].

2.3.2. Polymeric matrix

The main functions of the polymeric matrices are: (i) to guarantee the load trans-
fer/distribution between the �bres; (ii) to hold the �bres in the intended position, thereby
preventing them to buckle under compressive stresses; and (iii) to protect the �bres from
environmental degradation agents, such as moisture. Nevertheless, it should be mentioned
that the matrices also have an important role in the mechanical response to some types of
solicitations, namely shear stresses and compressive stresses (owing to the fact that they
must prevent �bre buckling, as mentioned earlier) [5].

The polymeric resins may be divided into two main groups: (i) thermoplastic; and (ii) ther-
mosetting resins [5].

Thermoplastic resins, owing to their weak molecular connections, allow welding, recycling
and reprocessing. On the other hand, when compared to thermosetting resins, they present
poor �bre impregnation and adhesive properties. Furthermore, their high viscosity does
not allow high processing speed, raising the manufacturing cost of the FRP materials.
Polypropylene, polyamide, polyethylene and polybutylene are examples of this type of
resin [5].

Thermosetting resins show good �bre impregnation and provide very good adhesive
properties. Additionally, owing to their low viscosity, they allow high processing speeds.
These characteristics have made them more attractive for FRP applications, being used
in most commercial FRP products [5]. On the other hand, once cured, these resins are no
longer fusible, owing to the strong molecular structures developed during the polymerization
process, meaning they cannot be welded or reprocessed. Table 2.2 presents the main
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mechanical, physical and thermal properties of polyester, vinylester, epoxy and phenolic
thermosetting resins.

Table 2.2.: Typical properties of the most common thermosetting resins (adapted from [5]).

Property Epoxy Phenolic Polyester Vinylester

Tensile strength (MPa) 60�80 30�50 20�70 68�82
Elasticity modulus (GPa) 2.0�4.0 3.6 2.0�3.0 3.5
Strain at failure (%) 1.0�8.0 1.8�2.5 1.0�5.0 3.0�4.0
Density (g/cm3) 1.20�1.30 1.00�1.25 1.20�1.30 1.12�1.16
Glass transition temperature (oC) 100�270 260 70�120 102�150

Epoxy resins present excellent adhesive properties and very good environmental durabil-
ity [4]. These resins present high viscosity and relatively long curing periods, making them
harder to process, but, on the other hand, they present considerably lower shrinkage than
their polyester counterparts [5]. These resins are generally used in high�performance ap-
plications, in terms of strength, sti�ness, service temperature and durability and, more
commonly, are used together with carbon �bres [30]. Additionally, epoxy resins are often
used on their own as structural adhesives [31].

Phenolic resins maintain their adhesive properties and dimensional stability at relatively
high temperatures, being much less �ammable and producing less smoke when submitted
to intense heat or �re conditions, when compared to their thermosetting counterparts [5].
They are economically competitive but di�cult to reinforce and cure. Furthermore, these
resins present a brownish color that is di�cult to pigment in order to produce a �nal FRP
product in a di�erent color than that of the resin [4].

Polyester resins are the most commonly used in FRP applications owing to the good balance
between their mechanical, chemical, electrical and physical properties and their relatively
low cost. They present a good dimensional stability and reduced viscosity, which makes
them easy to process. Furthermore, it is possible to change the matrix composition during
the polymerisation process [5].

Finally, vinylester resins were developed in order to achieve improved mechanical and
chemical properties, such as those of epoxy resins, with the �uidity and the ease of processing
of polyester resins. As a result, these resins present an intermediate cost between those of the
polyester and epoxy resins [5]. Vinylester resins are used for applications requiring improved
durability, such as reinforcing FRP bars for concrete (owing to the need of protecting the
�bres from the alkaline environment), with most of the commercial FRP bars using these
resins [4].

2.3.2.1. Other components

The polymeric matrices of FRP materials can comprise additional constituents other than
the base resins described earlier. These constituents may be divided into three categories:
(i) polymerisation agents; (ii) �llers; and (iii) additives. They can be added to the matrices
in order to improve the material processing, to reduce its cost, to induce the polymerisation
reactions and/or to tailor speci�c properties of the �nal FRP product [5].

Polymerisation agents induce the initiation of the polymerisation reaction on the base
resin. Polyester and vinylester resins require low quantities of polymerisation agents (0.25%
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to 1.50%, by weight of resin), using, typically, heat activated organic peroxides. Epoxy resins,
on the other hand, require larger quantities of polymerisation agents (25% to 50%, by weight
of resin), normally curing agents (or hardeners) of the amine type [4].

The introduction of �llers in the matrix is performed in order to achieve two separate
results: (i) reducing the cost of the �nal product; and (ii) improving some of the FRP
properties. Fillers may be used in order to reduce the matrix shrinkage (preventing/reducing
cracking), to improve the dimensional stability, the hardness, the fatigue resistance, the creep
behaviour or the chemical resistance. Additionally, �llers may enhance the �re performance
of the FRP material by reducing (i) the organic content of the matrix, and (ii) the
�ammability and smoke production of the �nal composite material (e.g. alumina trihydrate
or calcium sulfate �llers). Other commonly used �llers are calcium carbonate and aluminum
silicate [5]. It should be mentioned that the introduction of �llers may lead to improvements
on some physical and chemical properties of the matrices, but it usually leads to a decrease
of the main mechanical properties and durability of the �nal FRP materials [4]. In this
context, typical pultruded FRP pro�les and bars have 10% to 30%, by weight, of �ller
in the matrix; small pultruded parts with primarily unidirectional reinforcement generally
present less than 5% of �ller content by weight; while the matrix of FRP strips generally
does not include �llers [4].

Additives are added to the matrix of FRP materials in order to ease the processing or to
improve a wide range of characteristics of the �nal FRP product. Typically, these products
are used in reduced quantities (<1% by weight of resin) but may, nevertheless, change the
physical and mechanical properties of the FRP materials signi�cantly [5]. Additives are
usually added in order to obtain: a given colour (pigments or colourants); protection to
UV agents, namely discolouration, gloss loss, cracking and disintegration (UV stabilizers);
reduction of void contents; reduction of shrinkage (low pro�le or shrink additives); inhibition
of polymer oxidation (antioxidants); reduction of �ammability and smoke production (�ame
retardants); increase toughness (elastomeric materials); increase of electrical conductivity
(metal and/or carbon particles); reduction of electrical charge attraction (antistatic agents);
promotion of cellular structure, in order to reduce the density, the costs, the shrinkage and
improving electrical and thermal insulation (foaming agents); and facilitate the removal
from the molds (release agents) [5].

2.4. GFRP pultruded pro�les

As mentioned earlier, GFRP materials are the most common FRP materials in structural
engineering applications [5]. Additionally, GFRP pultruded pro�les are the most common
FRP structural parts for new construction. They are manufactured by a cost�e�ective
method named pultrusion, which was �rst developed in the USA in the 1950s [4], allowing
the production of high�quality FRP pro�les with constant section.

The pultrusion process allows the production of virtually any type of cross�section, including
open cross�sections, such as I� and U�shaped, wide��ange or angle sections; closed cross�
sections (tubular); multi�cellular closed�form panels with internal webs. Additionally, this
manufacturing process has no limitations in terms of length of the pro�les [5].

Figure 2.18 schematizes the pultrusion process assembly line. On the left�hand side, at the
beginning of the assembly line, the �bre reinforcements (rovings and mats) are preformed,
with the aid of a guiding plate, into a resin bath (depicted in Figure 2.18) or a resin injection
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system, in which the resin is only added to the �bres inside the curing die, depending on the
producer/assembly line. After the �bres are duly impregnated in the polymeric matrix, the
composite is pulled through the preformer into the forming and curing die, where it gains its
�nal shape owing to the polymerization of the matrix, which occurs at temperatures ranging
from 90oC to 180oC [4]. It should be mentioned that the surface veil, when provided, is added
before the reinforcement enters the preformer, as shown in Figure 2.18. Finally, the pulling
system pulls the cured pro�les, towards a cut�o� saw, where they are cut to the desired
dimension.

Figure 2.18.: Pultrusion process assembly line [32].

Regarding the productivity of the pultrusion process, it may vary with the type of machine
used, as well as with the shape of the cross�section. Generally, for current pro�le cross�
sections, production occurs at an average rate of 2 m/min. The pultrusion process presents
the best productivity/cost ratio, when compared to other manufacturing processes [5].

As an illustrative example of the pultrusion process, Figure 2.19 shows several steps of the
pultrusion of I400 GFRP pro�les (cf. Section 4.2), produced by ALTO, Per�s Pultrudidos,
Lda.

Figure 2.19.: Pultrusion of an I�shape pro�le: a) pulling of the dry �bres; b) �rst stretch of cured FRP; and
c) general view of the pultrusion line.

The �nal GFRP pultruded pro�les are constituted by laminates/walls combining several
layers with di�erent types of reinforcement, as schematized in Figure 2.20. The �bre rovings
provide the axial reinforcement, while the mats, containing �bres in several directions,
provide reinforcement in the transverse directions, contributing for the mechanical response
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to in�plane shear loading [5]. The surface veil, a protection and optional reinforcement
layer, as mentioned earlier, generally consists of a thin short and randomly orientated
�bre mat. The outer layer is provided with an increased resin content, providing protection
against environmental chemical and mechanical (impact) degradation agents, also providing
a smooth surface �nishing [5].

Figure 2.20.: Typical �bre architecture of pultruded laminates (adapted from [33]).

2.4.1. GFRP pultruded structural shapes

According to Keller [34], pultruded structural shapes can be divided in two categories:
(i) �rst generation pro�les; and (ii) second generation pro�les.

The �rst generation pro�les basically mimic the structural shapes used in the metal-
lic construction, namely thin�walled open and closed cross�sections, as depicted in Fig-
ure 2.21.

Figure 2.21.: Typical �rst generation pultruded pro�les [35].

First generation pro�les have been used in most GFRP structural applications at this
point [5]. However, there are some disadvantages inherent to this type of geometry in as-
sociation with the GFRP material properties, such as the sensitivity to impact loads, the
proneness to instability phenomena, especially under compression, and the high deformabil-
ity, which prevent the full exploitation of the material's potential in most applications. In
order to overcome these problems, two di�erent solutions have been proposed: (i) the use
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of hybrid structural solutions, in which GFRP pro�les are combined with other traditional
materials (further discussed in Section 2.6); and (ii) the development of material�adapted
shapes, which led to the introduction of second generation GFRP pultruded pro�les.

Second generation pultruded pro�les, developed in the last few years, encompass multi�
cellular cross�sections, as depicted in Figure 2.22. These pro�les were designed as slab
elements, spanning between main girders and have been mostly used in bridge applications,
both in new structures and in the replacement of traditional decks [5]. The connection
between the pro�les is generally performed by adhesive bonding, which is sometimes
complemented with a mechanical connection system.

Figure 2.22.: Typical second generation pultruded pro�les [36].

Although the second generation pultruded pro�les have been designed in order to make a
better use of the GFRP material properties, their application �eld is limited to horizontal
elements and to secondary structural parts (typically the transverse spans of bridges). In this
regard, it should be noted that the development of material�adapted structural forms and
shapes can last generations [34], and according to Correia [5], this process has just started
in what concerns GFRP pultruded pro�les for structural engineering applications.

2.4.2. Properties of GFRP pultruded pro�les

The engineering properties of GFRP pultruded pro�les, which depend on the type of �bres
and polymeric matrix used, the �bre content and architecture, and on the �bre�matrix
interaction, are generally given by each manufacturer. Unlike what occurs for traditional
construction materials, such as steel and concrete, the properties of GFRP pultruded
pro�les are not standardized, presenting relatively high variations amoung manufacturers.
Nevertheless, EN 13706 [37] established two material grades for GFRP pro�les, with
minimum requirements, which, on the other hand, appear to be insu�cient to characterize
such a broad spectrum of material properties. Furthermore, according to Bank [4], the
material properties based on coupon testing, often provided by the manufacturers, can be
taken as lower bounds for the material characteristics. However, additional data is required
to perform probability�based design methods [5], such as those included in the Eurocodes.
This lack of information leads to the adoption of overly conservative material safety partial
design factors, such as those proposed by the EuroComp guidelines [38], hindering the
competitiveness and widespread use of these materials.
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Table 2.3 summarizes the typical mechanical properties of GFRP pro�les, while Figure 2.23
compares the mechanical behaviour of these pultruded parts with those of traditional
materials, among which structural steel is pointed out as the main competitor of GFRP
pro�les [5].

Table 2.3.: Typical mechanical properties of GFRP pultruded pro�les (adapted from [5]).

Property
Direction

Longitudinal Transverse

Tensile strength (MPa) 200�400 50�80
Compressive strength (MPa) 200�400 70�140
Shear strength (MPa) 25�30
Elasticity modulus (GPa) 20�40 5�9
Shear modulus (GPa) 3�4
Poisson ratio (�) 0.23�0.35 0.09�0.15

Figure 2.23.: Stress vs. strain relationship of GFRP pultruded pro�les and other materials (adapted from [5]).

Figure 2.23 shows that the GFRP material presents linear�elastic behaviour up to failure,
unlike the ductile behaviour presented by structural steel. Additionally, the comparison
between these materials shows that they present similar tensile strength, while the elasticity
modulus of GFRP is signi�cantly lower than that of steel (10% to 20%). As mentioned
earlier, the relatively low elasticity modulus of the GFRP material associated with the thin�
walled shapes of �rst generation pro�les (cf. Section 2.4.1) contributes to the fact that the
design of GFRP pultruded pro�les is often governed by deformability criteria or instability
phenomena [4].

Regarding the physical and thermal properties of GFRP pro�les, Table 2.4 summarizes
the typical (i) �bre contents, (ii) density (ρ), (iii) thermal expansion coe�cient (α), and
(iv) thermal conductivity (λ). Figure 2.24 compares the three last properties of the GFRP
material to those of PVC, aluminum (AL), steel (ST) and timber (T).
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Table 2.4.: Typical physical and thermal properties of GFRP pultruded pro�les (adapted from [5]).

Property
Direction

Longitudinal Transverse

Fibre content, by weight (%) 50�70
Density (kN/m3) 15�20
Thermal expansion coe�cient (10−6/K) 8�14 16�22
Thermal conductivity (W/(m·K)) 0.20�0.58

Figure 2.24.: Comparison between the physical and mechanical properties of GFRP pultruded pro�les
and other materials (adapted from [5]): density (left); thermal expansion coe�cient (middle); and thermal
conductivity (right).

Again, in comparison to steel, GFRP pro�les present lower self�weight (20% to 25% of
that of steel), similar thermal expansion coe�cient and much lower thermal conductivity
coe�cient.

2.4.3. Structural applications of GFRP pultruded pro�les

GFRP pultruded pro�les have been mostly used in a wide range of non�structural ap-
plications in the construction industry [5]. On the other hand, these materials have been
increasingly used in structural applications, predominantly in bridge structures, while the
application in building structures has been less frequent (e.g. the Eyecatcher building, cf.
Figure 2.14).

The Aberfeldy bridge (Figure 2.25), built in 1992, was the �rst all�composite footbridge
in the UK. This structure, with a length of 131 m, comprises a second generation GFRP
pultruded deck, suspended from GFRP towers by aramid�FRP cables.

In 1994, the Bonds Mill lifting bridge (Figure 2.26) was the �rst all�composite vehicular
bridge built in the UK and, additionally, the �rst all�composite bascule bridge. This
structure was build with second generation GFRP pultruded pro�les, fully exploiting the
materials' lightness with signi�cant savings on the mechanical elevation system.

The Pontresina footbridge, built in 1997 in Switzerland (Figure 2.27), is a two�span all�
GFRP structure, which is used during the winter for ski touring. The structure comprises
�rst generation GFRP pultruded pro�les installed in a truss system for both 12.5 m spans,
one presenting bolted connections, while the other has bonded connections. Owing to its
lightness, the bridge is removed every year in the spring before the water rises, being rein-
stalled in the autumn. These operations are performed with a helicopter (Figure 2.28).

The Kolding footbridge (Figure 2.29) in Denmark, also built in 1997, was the �rst worldwide
composite bridge crossing a railway line. The structure presents two spans, with 13 m and
27 m, supported by cables anchored in a central tower. First generation GFRP pultruded
pro�les were used for all elements of the structure, including the cables, guaranteeing the
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Figure 2.25.: Aberfeldy footbridge [39]. Figure 2.26.: Bonds Mill lifting
bridge [40].

Figure 2.27.: Pontresina footbridge [24]. Figure 2.28.: Pontresina footbridge he-
licopter transportation [24].

electromagnetic transparency of the bridge, not interfering with the railway electri�cation.
Another advantage of using GFRP pultruded pro�les was the ease of erection of the
structure, with the bridge being installed in three 8 hours night sessions, also not interfering
with the normal tra�c of the railway.

In 2001, the construction of the Lleida footbridge (Figure 2.30) in Spain, crossed a
roadway, a regular railway and the (projected) high�speed railway, thereby presenting similar
installation and performance requirements than those of the Kolding footbridge. The 38 m
span arch structure was built exclusively with �rst generation GFRP pultruded pro�les and
was installed in only 3 hours.

The West Mill road bridge (Figure 2.31), built in 2002, was one of the �rst all�composite
road bridges in the UK, presenting a 10 m single span, made of second generation
GFRP pultruded pro�les. In 2005, a similar road bridge was built in Germany, the
Klipphausen bridge (Figure 2.32), becoming the �rst all�GFRP road bridge in the European
continent.
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Figure 2.29.: Kolding footbridge [29]. Figure 2.30.: Lleida footbridge [41].

Figure 2.31.: West Mill road bridge [29]. Figure 2.32.: Klipphausen road bridge [29].

In addition to all�composite structures, GFRP pro�les, mainly second generation pro�les,
have been used as the deck of hybrid bridge structures, in combination with steel or
concrete main girders, in both rehabilitation and new construction. As an example of such
applications, Figures 2.12 and 2.13 (page 11) show steel�GFRP hybrid bridge structures in
Germany and in the UK, respectively.

Complementing the previous examples, it should be mentioned that a hybrid steel�GFRP
footbridge bridge has been constructed very recently (2013) in Viseu, Portugal, as shown in
Figure 2.33. This 13.5 m long footbridge comprises two steel main girders and a 2.5 m wide
deck made of GFRP pultruded second generation pro�les.

Figure 2.33.: Steel�GFRP hybrid footbridge (courtesy of Mário Sá).
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2.4.4. Summary

In summary, GFRP pultruded pro�les are materials with great potential for structural appli-
cations in the construction industry. When compared to traditional materials, namely rein-
forced concrete and structural steel, these materials present the following advantages:

� High strength�to�weight ratio;

� Low self�weight;

� High fatigue strength;

� Thermal insulation;

� Ease of erection and transportation;

� High corrosion resistance;

� Improved durability;

� Low maintenance costs.

On the other hand, GFRP pultruded pro�les present the following disadvantages or
limitations, when compared to traditional materials:

� High deformability and susceptibility to instability phenomena, owing to the relatively
low elasticity and shear moduli, which may hinder the full exploitation of the material
properties;

� Brittle failure behaviour, in contrast with current design practice, which often aims at
exploiting the ductile failure behaviour of traditional materials;

� Fire behaviour, often requiring protective (onerous) measures, owing to the �amma-
bility and smoke production of the material, especially in building applications;

� Lack of speci�c design codes, preventing a wide acceptance by structural engineers;

� Necessity of further investigations and material adapted structural concepts, namely
concerning some speci�c design aspects, such as connection systems;

� Initial cost competitiveness, which, nevertheless, has been improving in recent years.
In this regard, it should be mentioned that, owing to the low maintenance costs, GFRP
pultruded pro�les may allow signi�cant savings when considering life�cycle costs.

2.5. SFRSCC

As mentioned earlier, the recent developments in �bre reinforced concrete (FRC) research
have shown the potential of these materials for structural applications in the construction
industry [6]. Moreover, the enhanced tensile post�cracking strength exhibited by FRC
materials, when compared to that of traditional concrete, allows replacing traditional rebar
reinforced concrete (RC) in some structural applications, with technical and economical
advantages [6].

FRC materials may be divided into two main categories regarding their tensile behaviour:
(i) tensile hardening; and (ii) tensile softening [6]. According to the Model Code 2010 [42],
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the tensile hardening classi�cation should be attributed to materials that present a tensile
strain higher than 1% at their ultimate tensile stress.

Research on steel �bre reinforced concrete (SFRC), in particular, has shown that the
corrosion resistance of these materials may be signi�cantly increased if the steel �bres are
provided with a minimum cement paste coating, with thicknesses of 0.1 mm to 0.2 mm
for water�to�cement ratios of 0.5 [43]. The use of self�compacting concrete can guarantee
such �bre coating, owing to its high �owable mixtures and high �ne particles and paste
contents [44]. Figure 2.34 presents the typical stress�strain relationship of SFRC materials
recommended by RILEM [45].

Figure 2.34.: Typical stress�strain relationship of SFRC (adapted from [45]).

In this context, the use of steel �bre reinforced self�compacting concrete (SFRSCC), owing
to its high post�cracking tensile strength and small cover thickness requirements, allows the
execution of very thin structural elements, especially when compared to an equivalent RC
element, guaranteing the proper �bre coating. In this regard, it should be mentioned that, for
some structural solutions, such as the hybrid GFRP�concrete footbridge concept proposed
herein (cf. Chapter 3), the total thickness of traditional RC elements may be governed by
rebar cover requirements, leading to heavier structures and, consequently, further loading
of the remaining structural elements, resulting in more onerous structures. Furthermore,
the recent developments on self�compacting concrete have allowed the production of cost�
competitive SFRSCC materials with a �bre content higher than 1%, by volume, which
present tensile hardening behaviour [44].

The main di�culties of SFRC materials, and particularly of SFRSCC materials, concern the
control of the �bre distribution and orientation, which depend on the fresh�state properties
of the mix, the casting method, the dynamic e�ects and the formwork geometry [44]. In
fact, these parameters can greatly in�uence the post�cracking behaviour [46], namely with
regard to the �exure and shear strengths, and to the crack width and spacing [44].

Thereafter, the use of isolated SFRSCC elements in structural applications has been limited
to research projects [44].

2.6. Hybrid GFRP�concrete structural systems

In general, the development of hybrid structural solutions aims at the exploitation of
each materials' best properties and characteristics, while overcoming their main disadvan-
tages.
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As mentioned earlier, GFRP materials are susceptible to instability phenomena when sub-
jected to compressive stresses, owing to their relatively low elasticity modulus (cf. Sec-
tion 2.4), therefore performing better when subjected to tensile stresses. Cementitious ma-
terials, on the other hand, due to their low tensile strength, perform better when subjected
to compressive stresses. In this context, hybrid GFRP�concrete structural solutions have
been developed so that GFRP materials are mainly subjected to tensile stresses, while the
concrete material is mainly under compressive stresses.

Thereafter, several authors have presented GFRP�concrete structural systems aiming at
avoiding the aforementioned disadvantages, while maintaining the attractiveness of GFRP
structural solutions, namely their strength, lightness, ease of erection, and durability.

Deskovic et al. [47] presented one of the �rst FRP�concrete structural systems, which
consisted of a beam element comprising a compressive layer of concrete shuttered by a
GFRP box section with elongated webs, supporting shear stresses, and a CFRP strip on the
bottom plate of the box section, which supported most of the tensile stresses (Figure 2.35).
The authors studied two types of connections between the GFRP and the concrete: (i) epoxy
adhesive bond; and (ii) epoxy adhesive bond and steel connectors. The �rst connection
system proved to be inadequate, since failure occurred prematurely at the bonded interface,
while the latter connection system allowed a progressive failure mode (�rst by tensile rupture
of the CFRP strip and secondly by crushing of the concrete), which was aimed at by the
authors in order to create a pseudo�ductile failure.

Another hybrid beam was proposed by Hall and Mottram [48], which comprised a GFRP
pultruded walkway panel with T�upstands and a concrete layer, cast onto the GFRP
material. In addition to the T�upstands, which acted as shear connectors, some beams were
provided with an epoxy layer between the GFRP and concrete materials. These structural
elements showed a linear behaviour for service conditions and presented shear failure in the
concrete material, with few specimens presenting failure due to the premature debonding of
the concrete�adhesive interface.

Garcia [49] also presented a hybrid beam element, comprising a concrete compressive layer
on top, two GFRP webs, which enclosed part of the concrete layer, and a hybrid G/CFRP
laminate bottom plate (Figure 2.36). Additionally, wooden sti�eners were provided to the
GFRP webs in order to increase the buckling resistance of these laminates. Moreover,
the connection between the GFRP and the concrete elements was guaranteed by an
epoxy adhesive. The tested prototype presented linear behaviour and failed due to web
buckling.

Canning et al. [50] and Hullat et al. [51] studied hybrid beam elements with similar cross�
sections to that proposed by Deskovic et al. [47] (Figure 2.35). In the �rst study, the authors
tried to avoid web shear failure by using GFRP sandwich panels with foam cores as webs,
while in the second study the authors reinforced the webs with additional GFRP laminates,
testing reinforced and un�reinforced beams. In both studies, the in�uence of di�erent
GFRP�concrete connection systems was investigated, namely: (i) mechanical connection
with indents on the vertical faces of the shuttering; (ii) epoxy adhesive bond applied
between the GFRP and the hardened concrete; (iii) mechanical connection materialized by
bolts, displaced horizontally, connecting the concrete and the GFRP shuttering; (iv) epoxy
adhesive bond, with the epoxy being applied with two di�erent injection techniques; and
(v) epoxy adhesive bond materialized with an epoxy adhesive suitable for fresh concrete. The
experiments showed that the best connection system to ensure the shear transfer between
the GFRP and the concrete was the epoxy resin bond, particularly the techniques applied
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Figure 2.35.: Cross�section of the hybrid beam
proposed by Deskovic et al. (adapted from [47]).

Figure 2.36.: Cross�section of the hybrid beam
proposed by Garcia (adapted from [49]).

to the the hardened concrete. Furthermore, the beams tested in these studies presented
three distinct failure modes: (i) GFRP�concrete connection failure; (ii) concrete crushing;
and (iii) local buckling of the webs; all failure modes presented limited ductility.

Ribeiro et al. [52] also reported investigations on GFRP�concrete beams with a cross�section
variation to that proposed by Deskovic et al. [47]. In this study, the beams comprised
di�erent U�shaped GFRP pro�les (combined to form di�erent cross�sections) with a
polymeric concrete compressive layer. Premature failure in the GFRP�concrete interface
was prevented by sandpapering the interface surfaces of the GFRP material and by applying
a layer of silane adhesion promoter before the concrete casting. The cross�sections tested
were idealized to promote crushing failure of the concrete, which was deemed to be a visible
warning sign of failure.

The Asturias road bridge was the �rst vehicular bridge constructed with FRP (CFRP)
materials in Spain [53]. This 46 m long structure, with four spans, presents a hybrid CFRP�
concrete cross�section, with CFRP box girders and a 200 mm thick RC compressive layer.
The CFRP�concrete connection was materialized by GFRP pultruded pro�les displaced
transversely (Figure 2.37). The CFRP box girders were produced by moulding �bre prepregs
around a stay�in�place polyurethane mould [54]. The construction of the bridge required
the total highway closure for three days.

More recently, two similar road brides were built in Spain, on the M111 highway [54]. In order
to enhance the economic competitiveness of the hybrid structural solution, the box girders
were substituted by beams with an open cross�section (Figure 2.38) in order to allow the
reuse of the molds. More importantly, some of the carbon �bres used in the FRP laminates,
particularly in the webs, were substituted by glass �bres, comprising G/CFRP�concrete
hybrid structures.

Two di�erent hybrid structural systems were developed by Seible et al. [56] for bridge
applications: (i) the Carbon Shell system, used in the Kings Stormwater Channel Bridge,
which can be adapted to both column and beam applications; and (ii) the Hybrid Tube
System, used in the I�5/Gilman bridge.

The Carbon Shell System comprises CFRP tubes, �lled with lightweight concrete cast in
situ. In order to enhance the adherence between both materials, the CFRP tubes have an
internal nervurated surface. When used as girders, the hybrid tubes can be associated with
FRP panels decking system or with traditional concrete slabs (Figure 2.39). The hybrid
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Figure 2.37.: Cross�section of the hybrid beams
used in the Asturias bridge (adapted from [55]).

Figure 2.38.: G/CFRP�concrete hybrid bridge
built in Spain (adapted from [54]).

tubes and the deck present a mechanical connection system, provided by shear connectors
embedded in the tubes during the casting of the concrete.

The Hybrid Tube System comprises FRP hollow girders connected with an FRP perma-
nent formwork, which is snap�locked to the girders' top �anges. The deck is made of a
polypropylene �bre reinforced concrete, which, owing to the shape of the FRP formwork,
behaves as an arch structure. The shear connection between the girders and the concrete
deck is materialized by CFRP connectors, which are snap�locked to the girders' top �anges
(Figure 2.40). The bottom �ange of the hollow girders is a G/CFRP laminate, while the
remaining plates are all�GFRP.

Figure 2.39.: Carbon Shell System with GFRP
panel deck (top) and concrete deck (bottom) [56].

Figure 2.40.: Hybrid Tube System [56].

Black [57] reported the construction of three bridges in the USA with hybrid GFRP�concrete
deck structures. The hybrid decks were installed on steel or prestressed RC main girders and
comprised GFRP panels with corrugated pro�les, which acted both as permanent formwork
and bottom reinforcement of the concrete. In order to enhance the bond between the GFRP
panels and the concrete cast in situ, a coating of epoxy adhesive �lled with coarse limestone
aggregates was provided to the panels. Additionally, the concrete of the deck was reinforced
by FRP individual bars and by bidirectional FRP bar grids.
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More recently, Gai et al. [58] presented an experimental study on a similar hybrid system,
which also used a GFRP�concrete mechanical connection materialized by GFRP dowels.
The authors have reinforced the feasibility of such structural systems, proving their ability
to present ductile failure behaviour.

A hybrid GFRP�concrete sandwich panel (Figure 2.41) has been proposed by Keller et
al. [59] for bridge deck applications. The hybrid sandwich comprises: (i) GFRP panels
with T�upstands, acting both as permanent formwork and tensile skin; (ii) a lightweight
concrete core; and (iii) a ultra high performance reinforced concrete compressive skin. The
experimental investigations included the study of the in�uence of the GFRP�lightweight
concrete connection, in particular the e�ect of adding an epoxy adhesive bond, and the
in�uence of two di�erent lightweight concretes. The results showed that the panels with
bonded interfaces presented higher strength (+104%) than their un�bonded counterparts;
however, the former panels presented brittle failure, while the latter presented a ductile
failure. This study showed encouraging results regarding the feasibility of the proposed
structural solution for bridge deck applications.

Figure 2.41.: Cross�section of a hybrid GFRP�concrete sandwich panel [59].

Correia et al. [60�62] have proposed a straightforward GFRP�concrete hybrid structural
system, comprising I�shaped GFRP pro�les and RC slabs, forming hybrid beams. The
experimental investigations included the study on the in�uence of the connection system
between both materials, namely: (i) mechanical connection materialized by steel bolts; and
(ii) bonded connection materialized by an epoxy adhesive. The results have shown that the
bonded connection leads to an overall better performance of the hybrid beams. Furthermore,
these studies have shown the feasibility of the proposed GFRP�concrete hybrid system for
structural applications, highlighting the importance of providing an adequate detailing of
the solution for improved structural responses.

Recently, Zheng et al. [63] have proposed a hybrid GFRP�concrete bridge deck structural
solution, comprising an arch concrete slab supported by hybrid (i) GFRP tubes �lled with
FRP reinforced concrete, or (ii) GFRP�concrete�steel beams (Figure 2.42). The connection
between the hybrid beams and the concrete slab is guaranteed by stainless steel studs.
Additionally, an FRP tying rod is provided to connect the beams transversely, enhancing
the lateral restraints. The authors reported experimental results on 1/3 scale specimens,
showing the feasibility of the proposed solution.
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Figure 2.42.: Cross�section of hybrid GFRP�concrete deck systems [63].

2.7. Actions and requirements for footbridges

This section presents the speci�c design actions and requirements for footbridge structures,
with particular emphasis on the Eurocode regulations [64,65]. The section is divided in two
subsections: (i) static behaviour; and (ii) dynamic behaviour.

2.7.1. Static behaviour

2.7.1.1. Loads

Eurocode 1 [65] presents three straightforward static vertical load models for footbridge
structures, which are mutually exclusive: (i) uniformly distributed load (qfk); (ii) concen-
trated load (Qfwk); and (iii) service vehicles load (QServ).

The uniformly distributed load model should be applied in the deck of the footbridge
structures in order to achieve the most unfavorable combination. The characteristic value
of the uniformly distributed load is,

qfk = 2.0 +
120

L+ 30
, 2.5 ≤ qfk ≤ 5.0 (kN/m2) (2.1)

where L represents the loaded length (typically the span), in meters.

The concentrated load (Qfwk) should be used in the safety veri�cation of local e�ects.
The characteristic value should be taken as 10 kN acting on a square surface with 0.10 m
sides.

The service vehicles load, on the other hand, should only be considered where no permanent
obstacles prevent vehicles to be driven onto the bridge deck. The service vehicle load can
be taken as the load model presented in Figure 2.43, where QSV 1 = 80 kN, QSV 2 = 40 kN
and x is the bridge direction.

Eurocode 1 [65] also provides a horizontal static load model to be used in combination with
the vertical uniformly distributed load or with the service vehicle load. This horizontal load
(Qflk), relevant for the design of piers, abutments and support systems, should be taken
as 10% or 60% of the total vertical load when used, respectively, in combination with the
uniformly distributed load or the service vehicle load.

Additionally, the same document [65] provides accidental load models for footbridges,
namely due to the collision of vehicles with piers or decks and due to the accidental presence
of vehicles on the bridge.
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Figure 2.43.: Service vehicle load model: QSV 1 = 80 kN, QSV 2 = 40 kN and x is the bridge direction [65].

Owing to the fact that footbridge piers and decks are generally more sensitive to collision
forces than those of road bridges, Eurocode 1 [65] recommends the protection of these ele-
ments to collision impacts, where relevant, namely by providing road restraint systems at
appropriate distances before the piers. Nevertheless, for sti� piers, the document recom-
mends a minimum point load of 1000 kN applied in the direction of the vehicle travel, or
500 kN applied perpendicularly to that direction. Both loads should be applied, separately,
at a distance of 1.25 m from the ground surface.

Regarding the loads due to the accidental presence of vehicles on the footbridge, the vehicle
load model presented in Figure 2.43 is recommended.

Table 2.5 presents the recommended variable reduced values (ψ) for footbridges, including
those for the tra�c actions reported earlier, as well as others to be used with general actions
(not speci�c of footbridges), namely wind forces (FWk), thermal actions (Tk), snow loads
(QSn,k) and construction loads (Qc). It should be noted that the Eurocode 0 [64] dismisses
the quasi�permanent load of the tra�c actions, since the corresponding ψ2 are null.

Table 2.5.: Recommend values of ψ for footbridges (adapted from [64]).

Action Symbol ψ0 ψ1 ψ2

Tra�c loads
qfk +Qflk 0.4 0.4 0
Qfwk 0 0 0
QServ +Qflk 0 0 0

Wind forces FWk 0.3 0.2 0
Thermal actions Tk 0.6 0.6 0.5
Snow loads QSn,k 0.8 0 0
Construction loads Qc (during execution) 1.0 0 1.0

2.7.1.2. Requirements

The Eurocode regulations [64, 65] do not provide speci�c requirements for footbridges
regarding their static behaviour (in addition to the general requirements all structures
must comply with). In fact, these documents do not specify de�ection limits for footbridge
structures.
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The AASHTO LFRD Guide speci�cations for the design of pedestrian bridges [66], on the
other hand, speci�es a maximum de�ection of 1/360 of the span length, when subjected to
the unfactored pedestrian live load, which corresponds to a uniformly distributed load of
4.24 kN/m2.

Regarding FRP footbridges, Demitz et al. [67] suggest that the maximum de�ection on such
structures should be limited to 1/400 of the span length, although these authors do not
provide a load combination for which this limit should be veri�ed.

The Italian guidelines for FRP structures [68] recommend that the maximum de�ection
of FRP footbridges should be limited to 1/100 of the span length, when subjected to the
characteristic (rare) load combination.

2.7.2. Dynamic behaviour

2.7.2.1. Loads

One of the main concerns in footbridge design is the dynamic response to pedestrian ac-
tions [69]. In this context, the characterization of pedestrian loads is of the utmost impor-
tance. Bachmann and Ammann [70] presented a thorough study on the characterization of
pedestrian actions for several types of motion, setting the most relevant parameters of such
characterization, namely: (i) the frequency or pacing rate (fs); (ii) the speed (vs); (iii) the
stride length (ls); and (iv) the load�time function. Although these parameters are highly
variable from individual to individual, and even dependent on the footwear and type of
pavement, the authors have proposed some "standard" values, namely those provided in
Table 2.6 for the �rst three parameters.

Table 2.6.: Parameters of pedestrian motion proposed by Bachmann and Ammann [70].

Motion
fs vs ls
(Hz) (m/s) (m)

Slow walk 1.7 1.1 0.60
Normal walk 2.0 1.5 0.75
Fast walk 2.3 2.2 1.00
Jog 2.5 3.3 1.30
Sprint >3.2 5.5 1.75

According to the authors [70], these parameters are mutually dependent, as shown in
Figure 2.44.

Regarding the vertical load�time functions, Bachmann and Ammann [70] proposed a set of
functions for di�erent types of motion, as shown in Figure 2.45.

Regarding the walking motion functions, it should be noted that there is an overlap of time
for which both feet are in contact with the pavement, whereas for the running motions
(jog and sprint) there is a period of time where none of the feet is in contact with the
pavement. The overlap of feet leads to an overlap of loads, exempli�ed in Figure 2.46.
Another important aspect of the load�time curves is that, as the duration of contact between
the foot and the pavement decreases the peak load increases, as shown in Figure 2.47.
Furthermore, the two peak loads observed for the slower motion types, corresponding to
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Figure 2.44.: Correlation between the pacing rate (fs), the speed (vs) and the stride length (ls) [70].

Figure 2.45.: Vertical load�time function for di�erent types of motion [70].

the contact of the heel and ball of the foot, degenerate in a single peak load for the sprint
motion.

Zivanovic et al. [71], in their literature review, presented horizontal load�time functions
for both the transverse and longitudinal directions, shown in Figure 2.48, which were �rst
reported by Andriacchi et al. [72] as an illustrative example taken from tests performed with
seventeen di�erent subjects with an average weight of 75.7 kgf.
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Figure 2.46.: Load�time function overlap [70]. Figure 2.47.: Correlation between the pacing rate
(fs), the peak load/static weight ratio and the
contact duration (tp) [70].

Figure 2.48.: Horizontal load�time functions for a) transverse and b) longitudinal directions (adapted
from [71]).

According to Bachmann and Ammann [70], the walking motions, i.e. motions presenting
foot contact overlapse, can be estimated by,

Fp(t) = G+ ∆G1 · sin(2πfst) + ∆G2 · sin(4πfst− ϕ2) + ∆G3 · sin(6πfst− ϕ3) (2.2)

where, G is the static weight of the pedestrian, ∆Gi is the load amplitude of the ith harmonic
and ϕi is the phase angle of the ith harmonic. For the vertical loads, the authors suggest a
linear variation of ∆G1 from 0.4G at fs = 2.0 Hz to 0.5G at fs = 2.4 Hz, while ∆G2 and
∆G3 may be taken as 0.1G. In order to estimate the horizontal loads, ∆G1 and ∆G3 can be
taken as 0.1G and ∆G2 can be taken as zero. It should also be noted that, when estimating
horizontal loads, the frequency (fs) should be taken as half of the pacing rate due to the the
period inherent to the load�time functions themselves (cf. Figure 2.48). The phase angles
can be estimated as π/2.

In order to estimate the load�time functions of the running motions, the same authors [70]
propose using Eq. (2.3),

Fp(t) =

kp ·G · sin(π × t

tp
), if t ≤ tp

0, if tp < t ≤ Tp
(2.3)
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where Tp is the pace period (f−1
s ) and kp is a dynamic impact factor, varying with the ratio

tp/Tp, which can be determined from Figure 2.49.

Figure 2.49.: Impact factor (kp) vs. relative contact duration (tp/Tp) [70].

Matsumoto et al. [73] presented one of the �rst load models considering the e�ects of several
pedestrians, which was achieved by multiplying the load applied by one pedestrian by the
square root of the number of pedestrians present in the footbridge (

√
N),

Fp(t) =
√
N ·

∑
Gαi sin(2πfpt− ϕi) (2.4)

where αi is the amplitude factor of the ith harmonic. It should be noted, however, that this
model does not account for pedestrian synchronization, a problem which was perceived later,
namely with the excessive vibration of the Solferino and Millennium bridges [69,74].

The latter load model is included in ISO 10137 [75], while an improved version accounting for
pedestrian synchronization is proposed in the British national annex to the Eurocode 2 [76].
These models were initially designed to be used with one degree of freedom equivalent
oscillator, simulating the footbridge. Thereafter, the major di�culty in their use is the
complexity of the analysis required in order to apply them to an actual structural model,
i.e. simulating di�erent concentrated loads at the position of each feet and combining them
in a time�history analysis, which is aggravated when simulating the structural response to
the actions of several pedestrians.

In this context, several pedestrian load models have been proposed with uniformly dis-
tributed loads instead of concentrated loads, namely the models proposed by the British
national annex to the Eurocode 2 [76], the French guide for footbridge design (SÉ-
TRA) [74] and the SYNPEX guidelines [77], all based on the original Matsumoto model
(cf. Eq. (2.4)),

qp(t) = d · λ · ψ · [αi ·G · sin(2π · fpt)] (2.5)
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where d is the tra�c density, i.e. the number of pedestrians over the bridge surface, λ is
a coe�cient accounting for the equivalent number of pedestrians travelling the footbridge
and ψ is a coe�cient accounting for the e�ects of the synchronization of the pedestrians
movement. These coe�cients vary between the di�erent documents, with SÉTRA [74]
and SYNPEX [77] guidelines suggesting di�erent λ coe�cients for (i) sparse to dense
crowds (d<1.0 pedestrians/m2), and for (ii) very dense crowds (d≥1.0 pedestrians/m2).
Additionally, it should be mentioned that the two last documents recommend a null ψ
coe�cient for vibration frequencies (fp) over 5.0 Hz, while the British national annex to
the Eurocode 2 [76] sets that same coe�cient at zero for vibration frequencies (fp) over
8.0 Hz.

2.7.2.2. Requirements

The Eurocode 0 [64] sets two di�erent criteria for veri�cation of pedestrian comfort in
footbridges, (i) an indirect criterion, and (ii) a direct criterion. The indirect criterion
is based on the risk of resonance phenomena due to pedestrian loading, setting the
minimum fundamental frequencies at 5.0 Hz for vertical vibrations and 2.5 Hz for horizontal
(transverse) vibrations.

When the indirect criterion for pedestrian comfort is not met, Eurocode 0 [64] recommends
�at�out structural accelerations limits, when the footbridge is subjected to pedestrian
loading of 0.7 m/s2 for vertical accelerations and 0.2 m/s2 or 0.4 m/s2 for horizontal
accelerations for regular or exceptional tra�c, respectively.

Other regulations suggest a similar approach to that of Eurocode 0 [64], namely by limiting
the maximum structural accelerations. The British Standard BS 5400 [78] and the Ontario
Highway Bridge Design Code (OHBDC) [79] recommend the maximum vertical acceleration
limit to be related with the �rst vertical vibration mode frequency (f0, in Hz), as stated in
Eqs. (2.6) and (2.7), respectively:

av,max = 0.5× f0.5
0 (m/s2) (2.6)

av,max = 0.25× f0.78
0 (m/s2) (2.7)

The SÉTRA [74] and SYNPEX [77] guidelines, on the other hand, suggest that the maximum
acceleration limits should be related with three comfort levels (to be de�ned by the owners):
(i) maximum; (ii) medium; and (iii) minimum. Table 2.7 summarizes the maximum vertical
and horizontal acceleration ranges for each comfort level proposed in these documents.

In addition, the SÉTRA [74] guideline recommends that the horizontal accelerations should
be limited to 0.10 m/s2 in order to avoid the so�called "lock�in" e�ect. This phenomenon is
described as the unconscious synchronization of the movement of the pedestrians in a crowd
with the vibration frequencies of the footbridge. This phenomenon has only been reported
with regard to horizontal vibrations, with the best known cases being the Solferino and the
Millennium bridges, both presenting relatively low horizontal vibration frequencies (0.80 Hz
and 0.80 Hz to 0.95 Hz, respectively [80]).

The di�erent acceleration limits proposed by the aforementioned documents are compared
in Figures 2.50 and 2.51 regarding vertical and horizontal vibrations, respectively.
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Table 2.7.: Acceleration ranges for di�erent comfort levels (adapted from [74,77].

Comfort level
Vertical acceleration Horizontal acceleration
(m/s2) (m/s2)

Maximum < 0.50 < 0.15 (SÉTRA)
< 0.10 (SYNPEX)

Medium 0.50 � 1.00
0.15 � 0.30 (SÉTRA)
0.10 � 0.30 (SYNPEX)

Minimum 1.00 � 2.50 0.30 � 0.80
Unacceptable > 2.50 > 0.80
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Figure 2.50.: Comparison between the vertical ac-
celeration limits proposed in several documents.

Figure 2.51.: Comparison between the horizontal
acceleration limits proposed in several documents.

The above mentioned pedestrian comfort criteria refer to maximum acceleration limits,
which may be quasi instantaneously surpassed without loss of comfort to the users. Thereby,
di�erent comfort criteria have been proposed, namely by British Standards BS 6841 [81]
and BS 6471�1 [82] and by ISO 10137 [75]. BS 6841 [81] provides root mean squared
(RMS) acceleration limits for pedestrian comfort. These RMS accelerations are provided
as base�curves, in the frequency domain (between 1 Hz and 80 Hz), which can be adapted
for several service situations for building structures by multiplying factors. It should be
mentioned that this document does not provide multiplying factors for footbridge structures.
BS 6471�1 [82] introduces the Vibration Dose Value (VDV) concept, which can be explained
as the cumulative measurement of the vibrations received by a human during a certain period
of time.

ISO 10137 [75], on the other hand, presents both RMS base�curves and multiplying
factors, including multiplying factors for footbridges, and the VDV concept. With regard
to footbridge structures, this document considers two distinct situations concerning vertical
vibrations: (i) a pedestrian walking on the footbridge, for which a multiplying factor of 60 is
recommended; and (ii) a pedestrian standing on the footbridge while other pedestrians travel
the deck, where a multiplying factor of 30 is suggested. Concerning horizontal accelerations,

36



GFRP�concrete hybrid structural systems. Application to the development of a footbridge prototype

ISO 10137 [75] suggests adopting a multiplying factor of 60. Figures 2.52 and 2.53 present
the RMS acceleration base limit curves as well as the resulting multiplied limits for both
vertical and horizontal directions, respectively. It should be mentioned that, according to
Zivanovic et al. [71], these multiplying factors are not based on known published research
on vibrations on footbridges.
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Figure 2.52.: ISO 10137 [75] RMS vertical acceler-
ation limits for footbridge structures.

Figure 2.53.: ISO 10137 [75] RMS horizontal ac-
celeration limits for footbridge structures.

2.8. Concluding remarks

In this chapter, several examples of FRP structural applications in the construction indus-
try were presented, with a particular emphasis on applications of GFRP pultruded pro�les.
The general properties of these materials were described, highlighting their advantages and
disadvantages, and showing their high potential for civil engineering structural applica-
tions.

The general properties of SFRSCC materials were also presented, demonstrating the
potential of these cementitious materials in replacing regular reinforced concrete in some
structural applications, namely those requiring small thickness elements.

Several hybrid GFRP�concrete structural solutions were presented, both in �eld studies and
research applications, highlighting the advantages of designing hybrid structures comprising
these materials. This brief review of existing solutions suggests the potential of the
hybrid GFRP�SFRSCC footbridge structural solution proposed herein (cf. Chapter 3).
Nevertheless, it is clear that there are some research �elds, regarding the behaviour of
GFRP�concrete structures, which need to be further developed. In fact, research on the
dynamic behaviour of these structures, which is of the utmost importance for bridge
applications, has not yet been reported, nor on their creep behaviour. Additionally, there
are no reports on experimental tests regarding the static �exural behaviour (up to failure)
of complete full�scale GFRP�concrete structures. All these aspects are addressed in this
thesis, aiming at improving the overall knowledge on GFRP�concrete structures.
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Finally, a summary of the speci�c actions and design requirements for footbridge structures
was presented with regard to the static and dynamic behaviour, the latter being dominated
with concerns due to the dynamic e�ects of pedestrian loading.
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3. Structural concept and description of

the Pontalumis Project

3.1. Preliminary remarks

The present chapter describes the Pontalumis project, which framed the work developed in
the present thesis, providing information regarding its objectives, partners, activities and
tasks. The structural concept of the hybrid GFRP�concrete footbridge proposed herein is
also described and the preliminary design, which led to the de�nition of the geometry of the
full�scale prototype, is presented.

This chapter is divided in �ve sections: (i) preliminaty remarks; (ii) Pontalumis project
� development of a prototype of a pedestrian bridge in GFRP�ECC, which presents the
research project; (iii) structural concept, which describes the structural concept and the
objectives of the hybrid solution; (iv) preliminary design, where the geometry of the full�
scale prototype is de�ned; and (v) concluding remarks.

3.2. Pontalumis project � Development of a prototype of a

pedestrian bridge in GFRP�ECC

The present work was developed in the scope of the Pontalumis project, which aimed at the
development of a footbridge prototype that can be easily installed over any transportation
axis. In this regard, three fundamental requirements were set for the structural system:
(i) lightness and ease of installation; (ii) possibility of pre�fabrication with easy trans-
portation; and (iii) low electromagnetic interference (in order to avoid interference with
the electri�cation of some transport systems, such as trains or trams). In this context, the
structural solution to be developed within this project is a hybrid GFRP�concrete struc-
ture. The GFRP material was chosen owing to its lightness, strength�to�weight ratio and
electromagnetic transparency (cf. Section 2.4), while the concrete was chosen in order to
increase the sti�ness of the structural system and to prevent instability phenomena (cf. Sec-
tion 2.6). However, in order to maintain the lightness of the structure, a steel �bre reinforced
self�compacting concrete (SFRSCC) was chosen allowing the use of very thin concrete el-
ements without bar reinforcement (cf. Section 2.5), instead of an engineering cementitious
composite which had �rst been envisage for this concept (hence the acronym "ECC" used
in the title of the project).

This project was developed in partnership between Instituto Superior Técnico (IST) of
the University of Lisbon, University of Minho (UM) and ALTO Per�s Pultrudidos, Lda.
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(ALTO), the industrial partner, a Portuguese manufacturer of FRP products. The project
was divided in seven main activities: (i) preliminary studies; (ii) acquisition and development
of theoretical and technical know�how for the development of the project; (iii) development;
(iv) construction of prototypes; (v) experimental tests; (vi) technical speci�cations; and
(vii) dissemination of results. Table 3.1 summarizes the tasks attributed to each partner
within each main activity.

Table 3.1.: Summary of activities and tasks of the Pontalumis project.

Activity Task description Partner

I � Preliminary studies
1 � Economical advantadges ALTO

2 � Technical advantadges IST / UM

II � Formation activities

1 � Technics of pre� and post�tension in GFRP pro�les ALTO

2 � State�of�the�art on GFRP�concrete structures IST

3 � Numerical modelling of hybrid structures UM

III � Development

1 � Numerical modelling up to failure UM

2 � Analytical modelling IST

3 � Manufacturing of optimized GFRP pro�les ALTO

4 � Manufacturing and characterization of the SFRSCC UM

5 � Evaluation of the numerical model UM

6 � Evaluation of the analitycal models IST

7 � Parametric studies IST

IV � Prototypes

1 � GFRP pro�les ALTO

2 � GFRP�SFRSCC hybrid specimens for connection tests ALTO / UM

3 � Construction of the footbridge prototypes ALTO / UM

V � Tests

1 � GFRP coupons under di�erent environmental conditions UM

2 � GFRP pro�les under di�erent environmental conditions UM

3 � GFRP�SFRSCC connection tests under cyclic loading UM

4 � GFRP�SFRSCC connection tests under static loading IST

5 � Dynamic tests on the footbridge prototypes IST

VI � Speci�cations 1 � Design recommendations and technical speci�cations IST / UM

VII � Dissemination
of results

1 � Development of a web site ALTO

2 � Reports and papers in scienti�c journals and conferences All

3 � Final seminar All

The Pontalumis project was funded by the Portuguese Innovation Agency (ADI), project
2009/003456, through the Quadro de Referência Estratégica Nacional (QREN). The �nan-
cial support allowed performing all the tasks summarized in Table 3.1, as well as pursuing
additional tasks, such as the development of a small�scale prototype in IST, described in
this work.

3.3. Structural concept

As mentioned earlier (cf. Section 2.6), the main objective of adding di�erent materials to a
structural system, thereby developing a hybrid structure, is to make use and enhance the
best characteristics of the constituent materials, while overcoming their limitations. The
structure to be developed in this work is a simply supported footbridge. Thereafter, the
main solicitations comprise gravity loads, causing transverse forces and positive bending
moments, i.e. compressing the top �bres and tensioning the bottom �bres of the cross�
section. In this regard, the cross�section of the structural system proposed presents a thin
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SFRSCC compression lamina, which acts as the deck of the footbridge, connected to GFRP
pro�les positioned underneath it.

Regarding the overall dimension of the prototypes (width and span length), a survey of the
existent footbridges over the Portuguese railways, based in the National Railway Network
Company (REFER) database, performed within the scope of the Pontalumis project, showed
that the vast majority (76%) of these structures presented a single span [83]. The most
common width was found to lay in the range between 2.0 m and 3.0 m, more speci�cally
30% between 2.0 m and 2.5 m, and 31% between 2.5 m and 3.0 m [83]. In what concerns
the span length, the survey showed that 15% of the existing footbridges have spans between
10.0 m and 15.0 m, while ranges between 15.0 m and 20.0 m, and 20.0 m and 25.0 m were
the most common, corresponding to 28% and 29%, respectively [83]. In this context, the
width of the full�scale prototype was de�ned as 2.0 m with a maximum length of 12.0 m
(11.5 m span). It should be mentioned that the maximum span length chosen is not among
the most common ranges (15.0 m and 25.0 m), since all partners agreed that due to (i) the
economical constraints regarding the development of the GFRP pro�les, (ii) the possibility
of transporting the assembled structure without special transportation requirements, and
(iii) the novelty of the structural solution it would be advisable for the development of the
Pontalumis project to set the maximum length between 10 m and 12 m.

Therefore, the cross�section idealized for this footbridge structure comprised a SFRSCC
deck connected to two GFRP pultruded pro�les acting as main girders, as shown in
Figure 3.1.

Figure 3.1.: Idealized cross�section.

As can be easily perceived from Figure 3.1, for positive bending moments along the
longitudinal direction, compressive stresses will develop in the top �bres of the cross�section,
where the SFRSCC layer is located, while tensile stresses will develop in the bottom �bres,
where the GFRP pro�les are positioned. The positioning of the elements in the cross�
section, associated with this stress distribution, allows each material to contribute to the
overall behaviour of the structure with their best mechanical properties: (i) compressive
properties for the SFRSCC, which, despite of the �bre reinforcement, is a cementitious
material and, (ii) tensile properties for the GFRP material. Furthermore, the thickness of
the SFRSCC slab (hc) and the geometry of the GFRP pro�les should be conjugated in
order to position the neutral axis of the cross�section in the vicinity of the GFRP�concrete
interface, enhancing the full exploitation of each materials' best properties.

Another advantage of the present structural system is avoiding the triggering of local
instability phenomena in the GFRP pro�les' top �anges (which may be compressed if the
neutral axis lays on the webs of the pro�les) owing to the support of the SFRSCC slab,
enhancing the full�exploitation of the FRP material strength. In this context, and in order to
provide a continuous interface, the connection between the GFRP elements and the SFRSCC
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slab should be provided by (i) adhesive bonding, and (ii) a bolted connection system using
stainless steel studs/bolts. The adhesive connection is expected to govern the behaviour
of the interface in terms of sti�ness, while the bolts are expected to provide a redundant
connection system in case of premature deterioration of the adhesive due to vandalism,
environmental and/or rheological phenomena. Notwithstanding, the bolted connection may
also be used, depending on the number of connectors provided, to create a progressive
collapse mechanism for the interface failure (cf. Chapter 5).

Regarding the structural behaviour in the transverse direction, and owing to the high
tensile strength and ductility in tension of the SFRSCC material, when compared to regular
concrete [84], the SFRSCC slab ensures the transmission of the applied loads to the GFRP
pro�les without any bar reinforcement.

Additional elements, namely concrete jackets and secondary girders, are also included in the
proposed hybrid GFRP�concrete structural system. The secondary girders, materialized by
GFRP pultruded pro�les, connecting the main girders, should be used in order to ensure
that the section behaves as a whole when subjected to eccentric loading without excessive
torsion deformations. In fact, due to the relatively low warping constants of the proposed
cross�section, eccentric loading could result in large warping deformations, overloading one
of the main girders and the thin SFRSCC slab in the transverse direction.

In what concerns the concrete jackets, these are de�ned for the support sections in order to
avoid premature failure of the webs, in these sections, due to web crushing or buckling in
the transverse direction (known as web�crippling), which are very relevant phenomena in
FRP thin�walled structures [4, 5, 7, 14, 15].

3.4. Preliminary design

This section presents a summary of the preliminary design stage of the Pontalumis full�
scale prototype, which allowed the de�nition of its geometry, namely (i) the de�nition of
the GFRP pro�les geometry, and (ii) the slab thickness. This early design stage was based
on parametric studies, which were conducted using very simple analytical equations and
approximate material properties.

Regarding the material properties, these were de�ned based on literature references for the
GFRP material [5], considering the elasticity modulus in the longitudinal direction (EL)
as 37.0 GPa, the shear modulus (GLT ) as 3.5 GPa, the axial strength in the longitudinal
direction (σu,L) as 425.5 MPa and the shear strength (τu,LT ) as 30.0 MPa. The properties
of the SFRSCC material were also de�ned based on the literature [84] and preliminary
compression tests on cylinder coupons (cf. Section 4.3.2.2), setting the elasticity modulus
(Ec) as 37.0 GPa and the cracking strength (fcr) as 6.0 MPa. Regarding the partial safety
coe�cients of the materials, the following values were adopted for this early stage of the
design process: (i) 3.2 for the GFRP material (γM,GFRP ); and (ii) 1.5 for the SFRSCC
material (γM,c). The partial safety coe�cient adopted for the GFRP material at this
early stage of the design process was based on the recommendations of the EuroComp
guidelines [38]. Nevertheless, it should be mentioned that the recommendations provided
in that document may lead to overly conservative partial safety coe�cients, namely when
compared to those proposed by the (more recent) Italian Guidelines [68], which recommend
coe�cients of 1.5 (or even slightly lower). For the SFRSCC material the partial safety factor
adopted was that recommended by the Eurocode 2 [85] for regular concrete materials.
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Considering the idealized cross�section of the proposed structural system shown in Fig-
ure 3.1, the transverse spacing between the main girders (sp) was one of the �rst parameters
to be set. Owing to the fact that there is no bar reinforcement in the slab and, therefore,
the SFRSCC material must resist the applied loads by itself, the main criterion used to
de�ne this spacing was to have similar positive and negative transverse bending moments,
so as to optimize the use of the SFRSCC material strength. Thereafter, the optimal spacing
between main girders (sp) may be found as a function of the total width of the deck (lt)
and a non�dimensional parameter (α) accounting for di�erent live load con�gurations, as
expressed in Eq. (3.1),

sp =
α

2 + α
· 2
√

2lt (3.1)

where the parameter α may be given as a function of the live load con�guration and of the
relation between the live load (qLL) and the self�weight of the slab (gSW ), including the
correspondent load safety factors (γQ and γG, respectively). For the present study, three
live load con�gurations were considered, namely: (i) uniform distribution, (ii) live load on
the cantilevers, and (iii) live load on the inner span, as illustrated in Figure 3.2.

Figure 3.2.: Live load con�gurations over the transverse direction, (i) uniform distribution, (ii) live load on
the cantilevers, and (iii) live load on the inner span.

The α parameter may then be calculated, for each of these con�gurations and, additionally,
for the governing bending moment envelope with the expressions provided in Eq. (3.2):

α = 1, for (i) uniform live load

α =

√
gSW · γG + qLL · γQ

gSW · γG
, for (ii) live load on cantilevers

α =

√
gSW · γG

gSW · γG + qLL · γQ
, for (iii) live load on interior span

α =

√
2gSW · γG + qLL · γQ

2(gSW · γG + qLL · γQ)
, for (iv) bending moment envelope

(3.2)

Figure 3.3 presents the evolution of the spacing between main girders (sp) with the self�
weight or thickness of the SFRSCC deck (gSW and hc, respectively). These results were
calculated considering the following parameters: (i) qLL = 5.0 kN/m2; (ii) γQ = 1.50;
(iii) γG = 1.35 (cf. Section 2.7); and (iv) a speci�c weight of the SFRSCC of 24.0 kN/m3

(cf. Section 4.3).

The results shown in Figure 3.3 indicate that as the slab thickness and self weight
increase (i.e., the in�uence of the live load diminishes), all curves converge for the uniform
distribution load con�guration (sp ≈ 1172 mm).
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Figure 3.3.: Optimized spacing as a function of the slab thickness (hc) for di�erent live load con�gurations
and envelope.

From Figure 3.3, it is clear that the optimal spacing between the main girders is directly
linked with the slab thickness (hc) due to the in�uence of the self-weight (gSW ) in Eq. (3.2).
Therefore, in order to set the spacing between the main girders (sp), it is also necessary to
ensure the ability of the slab to safely resist the applied loads in the transverse direction
by de�ning its thickness (hc). The design resistant bending moment of the slab in the
transverse direction (Mrd,cT ) may be found by multiplying its �rst moment of area by its
cracking strength (fcr) as indicated in Eq. (3.3):

Mrd,cT =
h2
c

6

fcr
γM,c

(3.3)

On the other hand, considering the optimal main girder spacing (sp), i.e. the positive and
negative bending moments present the same value, the design value of the bending moment
(Msd,cT ) may be determined with Eq. (3.4):

Msd,cT = (gSW · γG + qLL · γQ)× ct2

2
(3.4)

Figure 3.4 shows the evolution of the design values of the resistant and acting bending
moments (Mrd,cT and Msd,cT , respectively) as a function of the slab thickness (hc).

As expected, the design resistant bending moment increases (Mrd,cT ) with higher slab
thicknesses (hc). The design acting bending moment (Msd,cT ), on the contrary, is almost
constant, showing a decreasing trend with the slab thickness (hc). In fact, in spite of the self-
weight increase, the variation of the optimal spacing between main girders (sp) causes the
design load bending moment (Msd,cT ) to diminish. Finally, comparing the results obtained
from Eqs. (3.3) and (3.4), it can be shown that the safety of the structure regarding bending
in the transverse direction is only ensured (considering the material properties listed above)
with slab thicknesses (hc) higher than 39.29 mm.

In this context, a parametric study regarding the geometry of the pro�le was conducted
considering the minimum thickness of the slab which ensures safety in the transverse
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Figure 3.4.: Design values of resistant and acting bending moments (Mrd,cT and Msd,cT , respectively) as a
function of the slab thickness (hc).

direction (hc = 40 mm) and a longitudinal span (L) of 11.5 m, corresponding to the
maximum length de�ned in the Pontalumis project (12.0 m). Together with ALTO, an
I�shaped cross�section was chosen due to the ease of production and versatility (in terms of
other applications) of such sections, with the generic dimensions shown in Figure 3.5.

Figure 3.5.: General geometry of the GFRP pro�les for the main girders.

Considering the general geometry presented in Figure 3.5, the �rst iteration of the parametric
study consisted of testing a bi�symmetric I-shaped pro�le with a height (h) of 400 mm,
a �ange width (btop = bbot) of 200 mm and a constant thickness (ttop = tbot = tw) of
15 mm. Several iterations were performed with the aim of reducing the area of the pro�les,
thereby reducing the cost of the structure. The cross�sections' dimensions of all iterations
are provided in Table 3.2, which also presents their relative reduction of area when compared
with the �rst iteration.

Regarding the serviceability limit states (SLS) criteria, the parametric study considered
the veri�cation of (i) the long�term maximum de�ections, and (ii) the pedestrian comfort
criteria.
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Table 3.2.: Geometrical properties of the iterations of the parametric study regarding the GFRP pro�les.

Iteration
h btop bbot tw ttop tbot Symmetry

Area
mm mm mm mm mm mm %

1 400 200 200 15 15 15 Bi�symmetric 100
2 435 100 75 17.5 10 10 Mono�symmetric 78
3 400 100 100 20 10 10 Bi�symmetric 83
4 350 100 125 20 10 10 Mono�symmetric 77
5 325 100 150 20 10 10 Mono�symmetric 74
6 400 100 200 15 10 15 Mono�symmetric 83
7 400 100 200 17.5 10 15 Mono�symmetric 92
8 400 100 200 17.5 10 12.5 Mono�symmetric 88
9 400 100 150 17.5 10 15 Mono�symmetric 85
10 350 100 200 15 10 15 Mono�symmetric 77
11 350 100 200 17.5 10 15 Mono�symmetric 84
12 350 100 200 17.5 10 12.5 Mono�symmetric 80
13 350 100 150 17.5 10 15 Mono�symmetric 77

The long�term de�ections were calculated for each iteration based on the following assump-
tions: (i) the creep behaviour of the GFRP material follows the laws proposed by Bank [4]
for creep in �exure (cf. Section 6.6.3); (ii) the creep behaviour of the SFRSCC follows the
creep law proposed by Eurocode 2 [85]; and (iii) the creep de�ections are caused by the
quasi�permanent load combination (qcp) which, for footbridges, can be considered as the
self�weight of the structure (cf. Section 2.7). Thereafter, the long�term mid�span de�ec-
tions (δms(t)) of the footbridge structure may be calculated with Eq. (3.5) [4],

δms(t) =
5 · qcpL4

384EI(t)
+

qcpL
2

GkA(t)
(3.5)

where t represents time, EI(t) is the �exural sti�ness of the hybrid cross�sections over time
and GkA(t) is their shear sti�ness over time. Regarding the last parameter, a common
simpli�cation was assumed [4, 5] that the shear stresses are supported only by the web of
the pro�les, thus considering a constant shear area equal to the area of the webs of the
pro�les (Aw), i.e. GkA(t) = AwGLT (t).

In the absence of speci�c limits regarding the maximum de�ections for composite/hybrid
footbridge structures (cf. Section 2.7), a maximum long�term de�ection of L/400 was
deemed as acceptable at this stage of the design, corresponding to 28.75 mm.

In what concerns the pedestrian comfort, the Eurocode 0 [64] indirect criterion was used,
therefore only iterations with a fundamental vibration frequency higher than 5.0 Hz (cf.
Section 2.7) were considered acceptable. In this earlier stage of the design process, the
fundamental �exural vibration frequency (f , in Hz) was calculated disregarding the shear
deformability of the structure, using the well known expression stated by Eq. (3.6), based
on the Bernoulli beam theory [86],

f=
π

2L2

√
EI

ρA
(3.6)
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where EI is the instantaneous �exural sti�ness of the hybrid cross�sections, while ρA
represents their mass by unit of length in the longitudinal direction.

In what concerns the ultimate limit states (ULS) analysis, two failure modes were considered:
(i) web shear failure, and (ii) �exural failure of the cross�section. It should be noted that
the following equations were devised per unit of width. Assuming the same simpli�cations
considered above regarding the shear stresses, the design resistant shear force (Vrd) was
computed with Eq. (3.7),

Vrd =
τu,LTAw
γM,GFRP

(3.7)

where τu,LT is the in�plane shear strength of the GFRP pro�les' webs. The design value of
the acting shear force (Vsd) was calculated with Eq. (3.8):

Vsd = (gSW · γG + qLL · γQ)
L

2
(3.8)

The design resistant bending moment (Mrd), on the other hand, which was governed by
the tensile failure of the bottom �bres of the GFRP pro�les in all iterations, was computed
using Eq. (3.9),

Mrd = EI ·
σu,L

EL(ht −NA)γM,GFRP
(3.9)

where, ht is the total height of the cross�section, and NA is the neutral axis position with
respect to the top of the cross�section. Finally, the design value of the acting bending
moment (Msd) was calculated with Eq. (3.10):

Msd = (gSW · γG + qLL · γQ)
L2

8
(3.10)

Table 3.3 presents the summary of SLS and ULS veri�cations for each of the 13 iterations
performed. SLS veri�cations include the long�term midpsan de�ections for a loading period
of 50 years (δms(50 yrs)) and the assessment of the fundamental vibration frequency (f).
The veri�cation of the ULS is presented in terms of the ratio between the the design load
(qsd = gSW ·γG+ qLL ·γQ) over the design ultimate load (qrd) and includes the failure mode
(both failure modes considered are brittle).

The results presented in Table 3.3 show that only the geometry used in iteration 10 is
not able to verify the ULS requirements, while �ve geometries are not able to ful�ll the
SLS requirements considered (iterations 4, 5, 10, 12 and 13 do not comply with the long�
term de�ection requirements, i.e. δms(50 yrs) ≤ L/400, while iterations 4, 5 and 13 do
not ful�ll the indirect pedestrian comfort criterion either, i.e. f ≥ 5 Hz). These results
con�rm that FRP based structures are often governed by SLS requirements instead of ULS
requirements, which commonly govern the design of traditional structures, avoiding the full
exploitation of the FRP materials' strength. Another important result is the possibility of
saving up to 22% of GFRP material using iteration 2 without compromising the structural
requirements.

Considering the parametric study presented above, the section chosen for the construction
of the full�scale prototype was that corresponding to the �rst iteration, a bi�symmetric
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Table 3.3.: Summary of the parametric study results regarding the geometry of the GFRP pro�les.

Iteration
Failure δms(50 yrs) f

qrd/qsd mode mm L/ Hz

1 1.02 Web shear 22.7 507 5.85
2 1.28 Flexure 26.2 439 5.36
3 1.31 Flexure 28.1 409 5.14
4 1.14 Flexure 36.0 319 4.52
5 1.09 Flexure 40.1 287 4.01
6 1.03 Web shear 22.0 523 5.93
7 1.19 Web shear 21.1 545 6.02
8 1.19 Web shear 22.5 511 5.81
9 1.20 Web shear 23.7 485 5.66
10 0.90 Flexure 28.9 398 5.13
11 1.05 Flexure 27.8 414 5.20
12 1.05 Flexure 29.8 386 5.01
13 1.05 Flexure 31.5 365 4.87

I�shaped section (I400 � 400×200×(15) mm2) shown in Figure 3.6. It should be mentioned
that although considerable savings could be achieved using a di�erent section for the main
girders, as demonstrated by the results of the parametric study (cf. Table 3.3), the industrial
partner ALTO preferred the I400 bi�symmetric cross�section due to (i) the ease of the
technical manufacturing process, and (ii) to its commercial advantages, being easier to
adapt to di�erent structures.

Figure 3.6.: Geometry of the I400 GFRP pro�les used as main girders of the full�scale prototype (dimensions
in mm).

Having set the geometry of the GFRP main girders, the in�uence of the slab thickness (hc)
in the ful�llment of the SLS and ULS was also studied (using Eqs. (3.5) to (3.10)). Figure 3.7
presents the evolution of the long�term midspan de�ections for a loading period of 50 years
(δms(50 yrs)) as a function of the slab thickness (hc), while Figure 3.8 presents the evolution
of the fundamental vibration frequency (f).

Figure 3.7 shows that the de�ection limit state requirements (δms(50 yrs) ≤ L/400)
are only met for thicknesses under 60 mm within the thickness range considered
(0 mm ≤ hc ≤ 250 mm). Concerning the pedestrian limit state comfort, Figure 3.8 shows
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Figure 3.7.: Evolution of the long�term midspan
de�ections (δms(50 yrs)) as a function of the slab
thickness (hc).

Figure 3.8.: Evolution of the fundamental vibra-
tion frequency (f) as a function of the slab thick-
ness (hc).

that the indirect criterion (f ≥ 5 Hz [64]) is only ful�lled (within the studied range) by
thicknesses not higher than 60 mm.

Regarding the ful�lment of the ULS, Figure 3.9 presents the variation of the applied and
resistant shear forces and bending moments (Vsd and Vrd and, Msd and Mrd, respectively)
with the evolution of the slab thickness (hc).
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Figure 3.9.: Resistant and acting design forces as a function of the slab thickness (hc).

Figure 3.9 indicates that the ULS requirements are met for slab thicknesses (hc) up to 40 mm
with failure being governed by the shear strength of the GFRP pro�les (webs).
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The results of the latter parametric study led to the de�nition of the thickness of the slab
(hc) for the full�scale prototype around 40 mm, which corresponds to an optimal spacing
(sp) of 1034 mm, considering the bending moment envelope (cf. Figure 3.3). Taking into
account ease of construction requirements, the spacing between main girders (sp) was set
as 1100 mm, with the length of the cantilevers (ct) being set as 450 mm. This geometry
comprised a negative design bending moment in the transverse direction with an absolute
magnitude -25.7% lower than its positive counterpart.

3.5. Concluding remarks

This chapter presented the hybrid GFRP�concrete structural concept developed within this
work and in the Pontalumis project.

The parametric study conducted has shown the feasibility of the structural system proposed
for footbridges. In addition, it was shown that the preliminary design can be easily performed
using very simple analytical formulae. This early design stage allowed the de�nition of
the basic geometry of the full�scale prototype, namely the geometry of the cross�section,
including the GFRP pro�les to be used as the main girders of that prototype and the
thickness of the deck.
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4. Materials

4.1. Preliminary remarks

This Chapter presents the mechanical characterization of the main constituent materials
of the small� and full�scale footbridge prototypes, which are fully described in Chapters 6
and 7, respectively.

The experimental investigations regarding the GFRP main and secondary girders used in
the construction of the above mentioned prototypes included (i) coupon tests in order to
determine the mechanical properties of the materials, and (ii) full�scale �exural tests on the
isolated beams in order to investigate their bending behaviour. Similarly, the experimental
investigations regarding the concrete (SFRSCC) used in the prototypes' decks included
(i) coupon and (ii) full�scale �exural tests. The experimental results derived from the full�
scale �exural tests on GFRP beams were also compared with analytical and numerical
predictions.

The present Chapter is divided in �ve main sections that address the following issues:
(i) preliminary remarks; (ii) GFRP pro�les, where the experimental, analytical and numer-
ical investigations regarding the GFRP girders are presented; (iii) SFRSCC, which presents
the experimental investigations concerning the SFRSCC slabs; (iv) other materials, present-
ing the characteristics of the remaining materials used in the construction of both proto-
types, derived from testing or reported in the literature; and, �nally, the (v) concluding
remarks.

4.2. GFRP pro�les

4.2.1. Experimental programme

The GFRP pro�les constituting the main and secondary girders are made of E�glass �bre
rovings and mats embedded in an isophthalic polyester resin matrix and were produced by
ALTO, Per�s Pultrudidos, Lda. Their main mechanical properties were derived from small�
scale material characterisation tests, performed in coupons extracted from the �anges and
webs, using a diamond saw blade, as illustrated in Figures 4.1 and 4.2.

The small�scale coupon material characterization tests included: (i) tensile tests; (ii) com-
pressive tests; (iii) o��axis tensile tests; (iv) �exure tests; and (v) interlaminar shear
tests.
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Figure 4.1.: Extracting coupons: separating the
�anges from the web.

Figure 4.2.: Extracting coupons: cutting o��axis
coupons.

The full�scale �exural tests were performed on pultruded pro�les with cross�sections
I200 (200 × 100(×10) mm2) and I400 (400 × 200(×15) mm2) used in the construction
of the small� and full�scale prototypes, respectively. The main objective of these tests was
to experimentally determine (i) the global elasticity and shear moduli (Efull and Gfull,
respectively), and (ii) the failure modes and respective failure loads and stresses.

4.2.2. Material characterization tests

4.2.2.1. Tensile tests

The coupon tensile tests were performed in order to determine the tensile strength (σtu,X),
the elasticity modulus (Et,X) and the Poisson ratio (υXY ), where the subscript t denotes
tension, u denotes ultimate, X the tensile direction and Y the in�plane orthogonal direction
with respect to X.

These tests were performed using a multipurpose universal test machine (from Instron,
model 1343 ) with a load capacity of 250 kN. The tests were performed according to the
speci�cations of EN ISO 527 [87], namely testing, at a speed of 2 mm/min, specimens with
the following dimensions (with an 1% error margin): (i) 250 mm of length; (ii) 150 mm
of free length; and (iii) 25 mm of width. The thickness of the specimens depended on the
pro�les they were extracted from: (i) 10 mm for the I200 pro�le, and (ii) 15 mm for the I400
pro�le. During the tests, data was gathered with a datalogger (from HBM, model Spider8 )
at a rate of 5 Hz and stored in a PC.

Regarding the I200 pro�le, 15 specimens were tested in tension in the longitudinal direction
(X = L), 8 extracted from the web and 7 extracted from the �anges. A longitudinal strain
gauge was installed in 4 specimens of each series (web and �anges) and, additionally, a
transverse strain gauge was added to one of the latter specimens. The strain gauges used
were manufactured by HBM, model HBM-1-LY11-10/120.

Regarding the I400 pro�le, 18 specimens were tested in tension. Of these, 6 web specimens
and 6 �ange specimens were tested in the longitudinal direction, while 6 web specimens were
tested in the transverse direction (X = T ). Three specimens of all series were instrumented
with a longitudinal strain gauge, from TML, model FLK-1-11-3L.
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Figures 4.3 and 4.4 show specimens from I200 and I400 pro�les, respectively, being
tested.

Figure 4.3.: Coupon tensile tests: I200 specimen. Figure 4.4.: Coupon tensile tests: I400 specimen.

All specimens were tested up to failure allowing the determination of the ultimate tensile
strength in each direction. The tensile strength (σtu,X) may be obtained by dividing the
ultimate load (Ftu,X) by the specimens' area (Aspecimen), as described in Eq. 4.1:

σtu,X =
Ftu,X

Aspecimen
(4.1)

The tensile elasticity modulus (Et,X), on the other hand, was obtained from the linear
regression of the stress vs. strain curves, for strains varying from 500 µm to 2500 µm [87].
Finally, the Poisson ratio (υLT ) was derived from the linear regression of strains in the Y
direction vs. strains in theX direction. This regression was performed for the aforementioned
longitudinal strain range. Figures 4.5 and 4.6 present the axial stress (σt,L) vs. strain (εt,L)
curves for the I200 specimens, extracted from the �anges and webs, respectively.

Figures 4.5 and 4.6 show that the behaviour of all specimens was linear, as expected in FRP
materials. It should be noted that, since the strain gauges debonded before the specimens'
failure, it was not possible to determine the ultimate strain (εtu,L) nor to plot the latter
results up to the failure of the specimens. Table 4.1 summarizes the results obtained for the
specimens extracted from the I200 pro�le, both for the web and the �anges. The complete
results for each specimen are detailed in Table A.1 (page 303).

Table 4.1.: Coupon tensile tests: summary of results for I200.

Plate Web Flanges

Property Ftu,L σtu,L Et,L νLT Ftu,L σtu,L Et,L νLT
kN MPa GPa - kN MPa GPa -

Average 94.17 376.69 32.85 0.29 102.67 410.67 35.94 0.30
Std. Dev. 1.86 7.44 1.09 - 4.65 18.60 2.35 -
CoV 2.0% 2.0% 3.3% - 4.5% 4.5% 6.5% -
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Figure 4.5.: Coupon tensile tests: axial stress (σt,L)
vs. strain (εt,L) of I200 web specimens.

Figure 4.6.: Coupon tensile tests: axial stress (σt,L)
vs. strain (εt,L) of I200 �ange specimens.

Figures 4.7 and 4.8 present the regressions performed in order to determine the Poisson ratio
for the web and the �anges, respectively, and the corresponding coe�cient of determination
(R2).
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Figure 4.7.: Coupon tensile tests: axial vs. trans-
verse strain of I200 web specimen.

Figure 4.8.: Coupon tensile tests: axial vs. trans-
verse strain of I200 �ange specimen.

The results of the coupon tensile tests show a good consistency between di�erent specimens
with the coe�cient of variation (CoV) ranging from 2.0 to 6.5% regarding the ultimate
load/stress and the elasticity modulus. It can be observed that the ultimate strength (σtu,L)
of the web is 8.3% lower than that of the �anges, while the elasticity modulus (Et,L) of the
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web is 8.6% lower. In what concerns the Poisson coe�cient, whilst the transverse strains were
only measured in one specimen of the web and in one of the �anges, the regressions performed
presented very high coe�cients of determination (R2, cf. Figures 4.7 and 4.8).

Figure 4.9 illustrates the failure mode of the specimens, which presented �bre failure and
ply separation in the thickness direction, a typical failure mode in FRP tensile tests.

Figure 4.9.: Coupon tensile tests: failure mode of I200 specimens.

In what concerns the specimens extracted from the I400 pro�le, Figures 4.10 to 4.12 present
the axial stress (σt,X) vs. strain (εt,X) curves. The �rst two �gures refer to web specimens
tested in the longitudinal and transverse directions, respectively, while the last corresponds
to the �ange specimens tested in the longitudinal direction.
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Figure 4.10.: Coupon tensile tests: axial stress
(σt,L) vs. strain (εt,L) of I400 web specimens.

Figure 4.11.: Coupon tensile tests: axial stress
(σt,T ) vs. strain (εt,T ) of I400 �ange specimens.

Figures 4.10 and 4.12 show that, similarly to what was observed in the tests with I200
specimens, the behaviour of all specimens extracted from the I400 pro�le and tested in the
longitudinal direction was linear. Regarding the tests in the transverse direction, it may be
depicted from Figure 4.11 that the behaviour of the specimens was linear until the vicinity of
failure, in which a non�linear behaviour was exhibited. The non�linearity of the specimens
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Figure 4.12.: Coupon tensile tests: axial stress (σt,L) vs. strain (εt,L) of I400 �ange specimens.

tested in the transverse direction in the brink of collapse is most likely due to the lower �bre
content in that direction, which increases the role of the polymeric matrix in the material
behaviour. As already stated for the tests with I200 specimens, it should be noted that
some of the strain gauges debonded before the specimens' failure and, therefore, it was not
possible to determine the ultimate strain (εtu,X) nor to plot the strain results up to failure.
Table 4.2 summarizes the results obtained in these tests (for the complete results refer to
Table A.2, page 304).

Table 4.2.: Coupon tensile tests: summary of results for I400.

Plate Web Flanges

Direction Longitudinal Transverse Longitudinal

Property
Ftu,L σtu,L Et,L Ftu,T σtu,T Et,T Ftu,L σtu,L Et,L
kN MPa GPa kN MPa GPa kN MPa GPa

Average 104.59 278.90 23.98 10.54 28.09 7.73 126.35 336.94 35.71
Std. Dev. 8.92 23.78 1.60 1.06 2.84 0.90 14.07 37.51 1.83
CoV 8.5% 8.5% 6.7% 10.1% 10.1% 11.6% 11.1% 11.1% 5.1%

The analysis of Table 4.2 shows that the results are consistent, with CoV ranging from 5.1%
to 11.6%. The web presents a lower longitudinal elasticity modulus (Et,L) when compared to
the �anges (-32.8%) and a lower longitudinal strength (-17.2%). These di�erences are likely
due to the multidirectional architecture of �bres in the webs, where, unlike the �anges, the
great majority of �bres is oriented in the longitudinal direction. Even so, the longitudinal
elasticity modulus (Et,L) of the web is signi�cantly higher than its transverse elasticity
modulus (Et,T , +210.2%), showing that the majority of the �bres are also oriented in the
longitudinal direction.

The I400 specimens presented two distinct failure modes, illustrated in Figures 4.14 and 4.13:
(i) the specimens tested in the longitudinal direction presented evidence of separation of the
�bre plies (delamination) along the thickness, similarly to the failure mode of the I200
specimens; while (ii) the specimens tested in the transverse direction presented a fracture
in one of its sections.
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Figure 4.13.: Coupon tensile tests: failure mode of
I400 specimens tested in the longitudinal direction.

Figure 4.14.: Coupon tensile tests: failure mode of
I400 specimens tested in the transverse direction.

Table 4.3 compares the average longitudinal strength and elasticity modulus in tension
of the GFRP material comprising the I200 and the I400�sections. This comparison shows
that the GFRP material of the I400 pro�le presents a signi�cantly lower strength, both
for the �anges and the webs, when compared to the I200 pro�le (-18.0% and -26.0%). The
pro�les present a similar longitudinal elasticity modulus for the �anges, while the I400 pro�le
presents a signi�cant reduction of this parameter for the webs when comparing with the I200
pro�le (-27.0%, a similar reduction to that observed in strength). These results show that
the increase of thickness (from 10 mm for the I200 pro�le to 15 mm for the I400 pro�le)
occurred together with a decrease of material strength due to the di�erences in the �bre
contents and architecture, a feature of GFRP pro�les structural designers should be aware
of.

Table 4.3.: Coupon tensile tests: I200 vs. I400.

Average I200 I400 di�.

σflangestu,L MPa 410.67 336.94 -18.0%

Eflangest,L GPa 35.94 35.71 -0.7%

σwebtu,L MPa 376.69 278.90 -26.0%

Ewebt,L GPa 32.85 23.98 -27.0%

4.2.2.2. Compressive tests

The coupon compression tests were performed in order to determine the compressive
strength (σcu,X), the ultimate strain in compression (εcu,X) and the elasticity modulus
in compression (Ec,X) for the longitudinal and transverse directions.

These tests were performed using a press tester from Form+Test Seidner with a load capac-
ity of 200 kN. The tests were performed according to the speci�cations of ASTM D 695 [88],
by testing, at a speed of 1.3 mm/min, specimens with the following dimensions (with an 1%
error margin): (i) 40 mm of length; and (ii) 12.7 mm of width, in order to have a slenderness
between 11 and 16. The continuous measurement of the displacements between the upper
and bottom plates of the press was performed with an electric displacement transducer
(from APEK with a 50 mm stroke and 0.01 mm precision), which measured the displace-
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ment between plates. Data was gathered with a datalogger (from HBM, model Spider8 ) at
a rate of 5 Hz and stored in a PC. It should be referred that the test speed was set manually
in each test and a 1.5 mm/min average velocity was in fact obtained. This small di�erence
(+15.4%) compared to the test standard requirements [88] was deemed as acceptable.

In what concerns the I200 pro�le, 15 specimens extracted from the �anges were tested, 8
longitudinally and 7 transversely, while 16 specimens extracted from the web were tested,
8 in each direction. Regarding the I400 pro�le, 12 specimens extracted from the web were
tested, 6 in each direction, while 13 specimens extracted from the �anges were tested, 7 in
the longitudinal direction and 6 in the transverse one. Figures 4.15 and 4.16 show specimens
from the I200 and I400 pro�les, respectively, being tested.

Figure 4.15.: Coupon compressive tests: I200 spec-
imen.

Figure 4.16.: Coupon compressive tests: I400 spec-
imen.

The compressive stress (σc,X) was determined by dividing the compressive load (Fc,X) by
the specimens' minimum area (Aspecimen), similarly to what was done for the tension tests
(cf. Eq. (4.1)), while the compressive strains (εc,X) were estimated by dividing the relative
displacement between plates (δc,X) by the initial length of the specimens (lc,X), as de�ned
in Eq (4.2). Regarding the determination of the elasticity modulus in compression (Ec,X), it
was estimated by performing a linear regression between the compressive stress (σc,X) and
the (estimated) compressive strains (εc,X) within the linear�elastic range of the plot.

εc,X =
δc,X
lc,X

(4.2)

It should be mentioned that this test procedure is known to underestimate the elasticity
modulus in compression [14], owing to the e�ects of the material local crushing on
the extremities of the specimens, which are not accounted for in the previous formulae
(Eq. (4.2)).

Figures 4.17 and 4.18 plot the axial compressive stress (σc,L) vs. the estimated axial
strain (εc,L) curves obtained for the specimens extracted from the web and �anges,
respectively, of the I200 pro�le, when tested in the longitudinal direction. Figures 4.19
and 4.20 plot the equivalent curves for specimens tested in the transverse direction (σc,T vs.
εc,T ).
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Figure 4.17.: Coupon compressive tests: axial
stress (σc,L) vs. strain (εc,L) in the longitudinal
direction of I200 web specimens.

Figure 4.18.: Coupon compressive tests: axial
stress (σc,L) vs. strain (εc,L) in the longitudinal
direction of I200 �ange specimens.
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Figure 4.19.: Coupon compressive tests: axial
stress (σc,T ) vs. strain (εc,T ) in the transverse di-
rection of I200 web specimens.

Figure 4.20.: Coupon compressive tests: axial
stress (σc,T ) vs. strain (εc,T ) in the transverse di-
rection of I200 �ange specimens.

These results show that the specimens tested in the longitudinal direction (cf. Figures 4.17
and 4.18), after an initial adjustment period, presented linear behaviour up to the brink
of collapse, where some specimens presented non-linear behaviour (in a very short period).
Regarding the compressive tests in the transverse direction (cf. Figures 4.19 and 4.20),
for both the �anges and the web, the behaviour varied from linear up to failure (after
an initial adjustment) to remarkably non�linear during the entire test. The compressive
behaviour in the transverse direction is governed by the polymeric matrix properties, while
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in the longitudinal direction the �bres (higher content oriented in this direction) play a
more signi�cant role, hence the higher proneness for non�linear behaviour in the transverse
direction. Tables 4.4 and 4.5 summarize the results obtained in the tests for the specimens
extracted from the I200 pro�le, for both the web and the �anges, respectively (detailed
results are presented in Tables A.3 and A.4, page 304). It should be mentioned that, due
to the lack of an elastic range, as mentioned earlier, it was not possible to determine the
transverse elasticity modulus (Ec,T ) of specimens no. 7 of the web and �anges.

Table 4.4.: Coupon compressive tests: summary of results for I200 web specimens.

Direction Longitudinal Transverse

Property
Fcu,L σcu,L εcu,L Ec,L Fcu,T σcu,T εcu,T Ec,T
(kN) (MPa) (µm/m) (GPa) (kN) (MPa) (µm/m) (GPa)

Average 51.22 434.37 20705 27.06 10.31 88.92 22296 5.74
Std. Dev. 6.02 51.42 1532 1.99 2.22 16.08 5463 0.73
CoV 11.8% 11.8% 7.4% 7.4% 21.5% 18.1% 24.5% 12.7%

Table 4.5.: Coupon compressive tests: summary of results for I200 �ange specimens.

Direction Longitudinal Transverse

Property
Fcu,L σcu,L εcu,L Ec,L Fcu,T σcu,T εcu,T Ec,T
(kN) (MPa) (µm/m) (GPa) (kN) (MPa) (µm/m) (GPa)

Average 47.05 388.55 21748 33.93 8.26 64.31 21507 4.35
Std. Dev. 7.08 59.18 2212 3.35 1.96 17.25 2894 0.93
CoV 15.1% 15.2% 10.2% 9.9% 23.7% 26.8% 13.5% 21.3%

The scatter (CoV) of the experimental results obtained with the di�erent specimens, up
to 27%, is most likely due to small imperfections in the specimens' geometry, namely
the not completely levelled extremity sections due to the lack of precision of the prepa-
ration/extraction (cutting) process of these small specimens. It can be observed, both for
the web and the �anges, that the compressive strength (σcu,X) is signi�cantly higher in
the longitudinal direction than in the transverse one (+388% and +504% for the webs and
�anges, respectively). A similar result is observed when comparing the compressive elas-
ticity modulus (Ec,X) in the longitudinal and transverse directions (+371% and +680%,
respectively). These results attest the importance of the glass �bers � which are mainly
oriented in the longitudinal direction � in the compressive behaviour of the GFRP ma-
terial. Notwithstanding, the fact that the longitudinal compressive strength is higher for
the web than for the �anges, which have more �bres disposed longitudinally, shows the
importance of the con�nement e�ect that transversely and obliquely oriented �bres have
in the compressive behaviour. Regarding the ultimate strains, similar values were observed
for both directions, which indicates that the variation of the elasticity modulus and of the
compressive strength is proportional (cf. Eq. (4.3)):

εcu,X =
σcu,X
Ec,X

(4.3)

Regarding the tests performed in the I400 pro�le specimens, Figures 4.21 and 4.22 plot
the axial compressive stress (σc,L) vs. the estimated axial strain (εc,L) curves obtained
for the specimens extracted from the web and �anges, respectively. The equivalent curves
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for specimens tested in the transverse direction (σc,T vs. εc,T ) are plotted in Figures 4.23
and 4.24.
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Figure 4.21.: Coupon compressive tests: axial
stress (σc,L) vs. strain (εc,L) in the longitudinal
direction of I400 web specimens.

Figure 4.22.: Coupon compressive tests: axial
stress (σc,L) vs. strain (εc,L) in the longitudinal
direction of I400 �ange specimens.

0 1 0 0 0 0 2 0 0 0 0 3 0 0 0 0 4 0 0 0 0 5 0 0 0 0 6 0 0 0 0
0

2 0

4 0

6 0

8 0

1 0 0

 e c , T  [ m m / m ]

S p e c i m e n s :
1  
2  
3  
4  
5  
6  

s c,T
 [M

Pa
]

I 4 0 0  -  W e b

0 5 0 0 0 1 0 0 0 0 1 5 0 0 0 2 0 0 0 0 2 5 0 0 0 3 0 0 0 0
0

1 0

2 0

3 0

4 0

5 0

6 0

 e c , T  [ m m / m ]

S p e c i m e n s :
1  
2  
3  
4  
5  
6  

s c,T
 [M

Pa
]

I 4 0 0  -  F l a n g e s

Figure 4.23.: Coupon compressive tests: axial
stress (σc,T ) vs. strain (εc,T ) in the transverse di-
rection of I400 web specimens.

Figure 4.24.: Coupon compressive tests: axial
stress (σc,T ) vs. strain (εc,T ) in the transverse di-
rection of I400 �ange specimens.

Similarly to what was observed in the I200 specimens, Figures 4.21 and 4.22 show that
the specimens tested in the longitudinal direction presented linear behaviour after an initial
non�linear (adjustment) stage and before the brink of collapse. Additionally, some specimens
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presented minute reduction of the applied load within the linear regime, which may re�ect
the beginning of the (internal) delamination process, without apparent (visual) signs of
damage. In what concerns the compressive tests in the transverse direction (cf. Figures 4.23
and 4.24), the behaviour observed was mostly linear (after the initial adjustment) with
some perturbations (sometimes signi�cant) during this regime, unlike what was observed
for the I200 pro�le specimens. These di�erences may stem from a di�erent �bre architecture,
namely with the I400 pro�le presenting higher content of �bres oriented in the transverse
and/or oblique directions. Tables 4.6 and 4.7 summarize the results obtained for the web
and �ange specimens, respectively. The complete records of all specimens are presented in
Tables A.5 and A.6 (cf. page 305).

Table 4.6.: Coupon compressive tests: summary of results for I400 web specimens.

Direction Longitudinal Transverse

Property
Fcu,L σcu,L εcu,L Ec,L Fcu,T σcu,T εcu,T Ec,T
(kN) (MPa) (µm/m) (GPa) (kN) (MPa) (µm/m) (GPa)

Average 36.91 204.72 26658 12.21 12.93 70.43 23636 4.55
Std. Dev. 8.98 56.15 4090 3.24 0.97 5.60 2076 0.52
CoV 24.3% 27.4% 15.3% 26.6% 7.5% 7.9% 8.8% 11.4%

Table 4.7.: Coupon compressive tests: summary of results for I400 �ange specimens.

Direction Longitudinal Transverse

Property
Fcu,L σcu,L εcu,L Ec,L Fcu,T σcu,T εcu,T Ec,T
(kN) (MPa) (µm/m) (GPa) (kN) (MPa) (µm/m) (GPa)

Average 38.20 197.65 25919 12.26 8.76 46.92 20624 3.57
Std. Dev. 11.88 64.43 4782 2.99 0.79 4.12 2445 0.36
CoV 31.1% 32.6% 18.5% 24.4% 9.0% 8.8% 11.9% 10.2%

The results presented in Tables 4.6 and 4.7 regarding the compressive tests on I400 specimens
show general higher scatter (up to CoV +33%) than their I200 counterparts. Once again,
this relatively high variability is most likely due to small imperfections in the specimens
dimensions, particularly the �atness of their end sections (due to the aforementioned
reasons). The relations between the parameters obtained in these tests are similar to those
observed for the I200 specimens, namely, (i) the compressive strength (σcu,X) is signi�cantly
higher in the longitudinal direction than in the transverse direction (+191% and +321% for
the webs and �anges, respectively), and (ii) the compressive elasticity modulus (Ec,X) in
the longitudinal direction is higher than in the transverse direction (+168% and 243%,
respectively). Although the specimens derived from both the I200 and the I400 pro�les
present a similar pattern regarding their compressive characteristics in the longitudinal and
transverse directions, the di�erences are mitigated for the I400 specimens.

Regarding the failure mode, as depicted in Figures 4.15 and 4.16, all specimens failed due
to the separation of the �bre plies in the thickness direction � delamination.

Table 4.8 compares the average compressive strength, the elasticity modulus and the
ultimate strain in the longitudinal and transverse directions for the GFRP material of the
I200 and the I400 pultruded pro�les. These results show a signi�cant strength decrease
for the I400 specimens when compared to the I200 specimens (-49% and -63% in the
longitudinal direction and -27% and -21% in the transverse direction for the �anges and
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webs, respectively). It can also be observed that the reduction on the elasticity modulus
is, approximately, proportional to the strength reduction between the I400 and the I200
specimens. It should also be referred that the decrease of the longitudinal properties, from
the I400 to the I200 pro�les, is much more pronounced for the compressive properties than
for their tensile counterparts (cf. Section 4.2.2.1).

Table 4.8.: Coupon compressive tests: I200 vs. I400.

Pro�le
σflangescu,L εflangescu,L Eflangesc,L σflangescu,T εflangescu,T Eflangesc,T

MPa 10−4 m/m GPa MPa 10−4 m/m GPa

I200 388.55 21748 33.93 64.31 21507 4.35
I400 197.65 25919 12.26 46.92 20624 3.57

di�. -49.1% 19.2% -63.9% -27.0% -4.1% -18.0%

Pro�le
σwebcu,L εwebcu,L Ewebc,L σwebcu,T εwebcu,T Ewebc,T

MPa 10−4 m/m GPa MPa 10−4 m/m GPa

I200 434.37 20705 27.06 88.92 22296 5.74
I400 204.72 26658 12.21 70.43 23636 4.55

di�. -52.9% 28.7% -54.9% -20.8% 6.0% -20.7%

4.2.2.3. O��axis tensile tests

The coupon o��axis tensile tests were performed in order to determine the in�plane
shear strength (τu,XY ) and the shear modulus (GXY ) of the webs of both I200 and I400
pro�les.

These tests were performed using the same multipurpose universal test machine (from
Instron, model 1343, with a load capacity of 250 kN) used in the tensile tests (cf. Sec-
tion 4.2.2.1). The tests were performed according to the recommendations of Hodgkin-
son [89], namely by tensioning the specimens at an angle of 10o with respect to the lon-
gitudinal direction. Tests were performed at a speed of 1 mm/min in specimens with the
following dimensions (with a 1% error margin): (i) 250 mm of length; (ii) 150 mm of free
length; and (iii) 25 mm of width. The strains of the specimens were measured at their mid�
length by installing strain gauge rosettes comprising: (i) a longitudinal gauge (ε11); (ii) a
transverse gauge (ε22); and (iii) a gauge installed at an angle of 45o with reference to the
main axes of the specimens (ε12). During the tests, data was gathered with a datalogger
(from HBM, model Spider8 ) at a rate of 5 Hz and stored in a PC.

For the I200 pro�le, 12 specimens were tested, 6 of which were instrumented with strain
gauge rosettes. In what concerns the I400 pro�le, 5 specimens were tested, 4 of which with
strain gauge rosettes. For the specimens of the former pro�le the rosettes were made with
strain gauges from HBM, model HBM-1-LY11-10/120, while for the latter pro�le, strain
gauges from TML, model FLK-1-11-3L were used.

Figures 4.25 and 4.26 show specimens of the I200 and I400 pro�les, respectively, being tested
in o��axis tension.

Regarding the relative positioning of strain gauge ε12, some specimens were tested at +10o

o��axis and others at -10o o��axis, as illustrated in Figure 4.27.
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Figure 4.25.: Coupon o��axis tensile tests: I200
specimen.

Figure 4.26.: Coupon o��axis tensile tests: I400
specimen.

Figure 4.27.: Coupon o��axis tensile test: specimen types A and B, respectively, tested at a +10o (top) or
-10o (bottom) o��axis direction.

From the experimental tests, the stress developed in the o��axis direction (σ11) can be
readily determined by dividing the applied load by the area of the specimen, adapting, for
this e�ect, Eq. (4.1). Thereafter, in order to derive the shear properties of the materials, σ11

may be related with the shear stress (τLT ) considering the linear elasticity theory or based
on the Mohr's circle, applying Eq. (4.4),

τLT =
1

2
σ11 sin(2θ) (4.4)

where θ represents the angle between the longitudinal direction (L) and the test direction (1)
(cf. Figure 4.27).
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Considering the main directions of the test (1 and 2), the distortion may be calculated as
follows,

γ12 = 2ε12 + ε11 + ε22, for specimens type A

γ12 = 2ε12 − ε11 − ε22, for specimens type B
(4.5)

where εXY represents the strains in direction XY (cf. Figure 4.27). Finally, the distortion
between the main directions of the pultruded laminates (γLT ) may be calculated with
Eq. (4.6):

γLT = −(ε11 − ε22) sin(2θ) + γ12 sin(2θ), for specimens type A

γLT = (ε11 − ε22) sin(2θ) + γ12 sin(2θ), for specimens type B
(4.6)

The determination of the shear properties, namely of τLT and γLT , allows de�ning the
shear stress vs. distortion curves regarding the main directions of the pultruded laminates
(longitudinal and transverse). Figures 4.28 and 4.29 plot such curves for the I200 and I400
specimens, respectively. Note that due to premature failure/debonding of the strain gauges
these curves are not plotted up to failure.
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Figure 4.28.: Coupon o��axis tensile tests: τLT vs.
γLT � I200 specimens.

Figure 4.29.: Coupon o��axis tensile tests: τLT vs.
γLT � I400 specimens.

Figures 4.28 and 4.29 show that the shear behaviour is non�linear with continuous loss
of sti�ness up to failure for both I200 and I400 pro�les, with the exception of specimen
no. 3 of I400 pro�le, which presented an (apparently anomalous) initial linear behaviour
(up to ≈7.5 MPa), which then changed to non�linear similarly to that presented by the
remaining specimens. This exception, nonetheless, is most likely due to errors in the strain
measurements of this speci�c specimen rather than to a di�erent mechanical behaviour. The
determination of the shear modulus (GLT ) was performed based on the linear regression of
the data presented in Figures 4.28 and 4.29 between distortion values (γLT ) ranging from
500×µ/m to 2500×µ/m [89]. Table 4.9 summarizes the results obtained in these tests for

65



Chapter 4 - Materials

both the I200 and the I400 specimens. The complete records are presented in Table A.7
(page 306).

Table 4.9.: Coupon o��axis tensile tests: summary of results.

Pro�le I200 I400

Property
Fu,11 τu,LT GLT Fu,11 τu,LT GLT
(kN) (MPa) (GPa) (kN) (MPa) (GPa)

Average 38.42 27.47 3.68 44.45 20.43 3.49
Std. Dev. 5.77 3.37 0.19 3.85 1.15 0.43
CoV 15.0% 12.3% 5.2% 8.7% 5.6% 12.4%

Regarding the failure modes, as illustrated in Figures 4.30 and 4.31, specimens presented
an oblique fracture, indicative of shear failure [89].

Figure 4.30.: Coupon o��axis tensile tests: failure
mode of I200 specimen.

Figure 4.31.: Coupon o��axis tensile tests: failure
mode of I400 specimen.

The results presented in Table 4.9 show that for both pro�les the di�erent specimens
presented similar shear strength (τu,LT ) and shear modulus (GLT ), with CoV of 12% and 5%,
respectively, for the I200 specimens, and 6% and 12%, respectively, for the I400 specimens.
Regarding the comparison between the GFRP material of the di�erent pro�les, the I400
specimens presented lower shear strength than that of the I200 specimens (-26%), similarly
to what happened with the properties measured in the previous tests. In what concerns the
shear modulus, the results were similar for both pro�les, with the I400 specimens presenting
a slightly lower modulus (-5%) when compared to the I200 specimens.

4.2.2.4. Flexural tests

The coupon �exural tests were performed in order to determine the �exural strength (σfu,L),
the ultimate strain in �exure (εfu,L) and the elasticity modulus in �exure (Ef,L) in the
longitudinal direction.

These tests were performed using a press tester from Form+Test Seidner with a load
capacity of 10 kN. The simply supported specimens were loaded at their midspan section,
according to the speci�cations of EN ISO 14125 [90]. Load was applied in displacement
control at a speed of 6.0 mm/min in specimens with the following dimensions (with a 1%
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error margin): (i) 300 mm of length; (ii) 15 mm of width; and (iii) 192 mm of span, ensuring
failure in �exure and minimizing the relative contribution of shear to the overall deformation.
The midspan displacements were measured with an electric displacement transducer (from
APEK, with a 50 mm stroke and 0.01 mm precision) mounted on the moving crosshead of
the press and measuring the relative displacement to the support plate. Data was gathered
with a datalogger (from HBM, model Spider8 ) at a rate of 5 Hz and stored in a PC. It
should be referred that the test speed was set manually in each test and a 8.2 mm/min
average velocity was in fact applied.

For this particular material characterization test, due to the limited material available for
the I400 pro�le, only specimens from the I200 pro�le were tested, 8 extracted from the web
and 6 from the �anges. Figures 4.32 and 4.33 show, as an example, one specimen being
tested before and after failure, respectively. With this respect, it should be mentioned that,
for all specimens, failure started due to the tensile rupture of the bottom �bres. Failure
propagation continued with the successive failure of the �bre plies, towards the upper part
of the midspan section of the specimens, until the �nal failure occurred.

Figure 4.32.: Coupon �exure test before specimen
failure.

Figure 4.33.: Coupon �exure test after specimen
failure.

Regarding the analysis of the experimental results, the �exural stress (σf,L) was determined
with Eq. (4.7),

σf,L =
3FfLf,0

2bst2s
(4.7)

where Ff is the load applied by the press, Lf,0 is the span, bs is the specimens' width and
ts is the specimens' thickness (10 mm). The maximum strain (εf,L, in the extremity �bres
of the specimens), on the other hand, may be determined using Eq. (4.8),

εf,L =
6df ts

L2
f,0

(4.8)

where df is the midspan de�ection of the specimen.

Figures 4.34 and 4.35 plot the �exural stress (σf,L) vs. maximum strain (εf,L) curves
obtained in the tests of the specimens extracted, respectively, from the web and �anges
of the I200 pro�le.
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Figure 4.34.: Coupon �exure tests: σf,L vs. εf,L �
web specimens.

Figure 4.35.: Coupon �exure tests: σf,L vs. εf,L �
�ange specimens.

The curves plotted in Figures 4.34 and 4.35 show that the specimens' behaviour was linear
up to the failure of the �rst �bres (at the bottom of the specimens). After this point,
load decreased and increased again, one or several times, while the di�erent layers of �bres
progressively failed (in the upward direction), until the �nal failure of the specimens (cf.
Figure 4.33).

Regarding the determination of the elasticity modulus (Ef,L), it is often performed based
on the linear regression between stresses σf,L and strains εf,L ranging from 500 µm/m
to 2500 µm/m [90]. However, for this particular case, it was considered that the elastic
behaviour was better represented for strains ranging from 500 µm/m to 10000 µm/m.
Tables 4.10 and 4.11 summarize the results derived from the coupon �exure tests, for the web
and �ange specimens, respectively, including the initial �bre failure load (Ffu−i,L) and the
corresponding initial failure strain (εfu−i,L), the ultimate load attained in each test (Ffu,L),
i.e. the maximum load, the corresponding ultimate stress (σfu,L) and, additionally, as a
measure of the reserve strength after the initial failure, the relation between the maximum
load and the initial �bre failure load (Ffu,L/Ffu−i,L). Tables A.8 and A.9 (page 307) present
the complete records for all specimens.

Table 4.10.: Coupon �exural tests: summary of results of the web specimens (I200).

Property
Ffu−i,L Ffu,L Ffu,L/Ffu−i,L σfu,L εfu−i,L Ef,L
(kN) (kN) - (MPa) (µ m/m) (GPa)

Average 2.37 2.62 1.11 543.62 21219 22.25
Std. Dev. 0.25 0.20 0.09 41.36 3166 3.00
CoV 10.7% 7.6% 7.9% 7.6% 14.9% 13.5%

The results obtained show a good agreement between the behaviour of the di�erent
specimens, presenting a maximum CoV of 15%. Regarding the absolute values of the
mechanical properties measured in these tests, it should be mentioned that the results
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Table 4.11.: Coupon �exure tests: summary of results of the �ange specimens (I200).

Property
Ffu−i,L Ffu,L Ffu,L/Ffu−i,L σfu,L εfu−i,L Ef,L
(kN) (kN) - (MPa) (µ m/m) (GPa)

Average 2.44 2.57 1.05 533.46 18848 23.67
Std. Dev. 0.19 0.18 0.03 37.54 1583 2.70
CoV 7.9% 7.0% 3.3% 7.0% 8.4% 11.4%

for the web and the �anges are very similar concerning the strength (σfu,L) and elasticity
modulus (Ef,L), with di�erences of +6% and +3%, respectively. In what concerns the failure
behaviour, the ratio Ffu,L/Ffu−i,L provides a measure of the reserve strength after initial
failure, which varies from 0 to 17% in the web and from 0 to 11% in the �anges (considering
all specimens from those laminates). Although this failure behaviour could be considered
as pseudo�ductile, the consideration of such phenomenon in the design of FRP pultruded
members may not be possible for most cases, since it is di�cult to quantify this pseudo�
ductility especially for the con�dence levels assumed when designing civil engineering
structures. Moreover, the failure mode of these elements is seldom governed by the �exural
failure of the FRP laminates, normally being more susceptible to failure modes involving
the entire section of the element, instability phenomena or localized crushing.

4.2.2.5. Interlaminar shear tests

The coupon interlaminar shear tests were performed in order to determine the ultimate
shear strength between �bre layers across the material thickness (τisu,L) in the longitudinal
direction.

These tests were performed with a very similar test apparatus as that described for the
�exural tests (cf. Section 4.2.2.4), namely using the same press tester (from Form+Test
Seidner with a load capacity of 10 kN) and the same displacement measurement and
data acquisition systems. The specimens were also loaded at the midspan section in a
span of 40 mm, which ensured that failure was due to interlaminar shear. The tests were
performed according to the speci�cations of ASTM D 2344 [91], at a speed of 1.0 mm/min
in specimens with the following dimensions (with a 1% error margin): (i) 60 mm of length;
and (ii) 20 mm of width. Regarding the actual test speed (which was set manually in each
test) a 1.9 mm/min average velocity was in fact applied.

For this particular material characterization test, only specimens from the I200 pro�le were
tested, in the longitudinal direction. Overall, 15 specimens were tested, 7 extracted from
the web and 8 from the �anges. Figures 4.36 and 4.37 show, as an example, one specimen
being tested before and after failure, respectively.

The maximum interlaminar shear stress developed in the specimens during the tests (τis,L)
may be derived from the load applied by the press (Fis,L) calculated with Eq. (4.9),

τis,L =
3

4

Fis,L
bistis

(4.9)

where bis is the width of the specimens and tis is the thickness of the specimens. Given
that for this particular test only I200 specimens were tested, the thickness is 10 mm for all
specimens.
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Figure 4.36.: Coupon interlaminar shear test be-
fore specimen failure.

Figure 4.37.: Coupon interlaminar shear test after
specimen failure.

Figures 4.38 and 4.39 illustrate the behaviour of the specimens extracted both from the web
and �anges, respectively, by plotting the stress (τis,L) vs. midspan de�ections (dis,L) curves
obtained in the tests.
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Figure 4.38.: Coupon interlaminar shear tests:
τis,L vs. dis,L � web specimens.

Figure 4.39.: Coupon interlaminar shear tests:
τis,L vs. dis,L � �ange specimens.

The curves plotted in Figures 4.38 and 4.39 show that the specimens behaved similarly
regardless of the plate they were extracted from (web or �anges). The specimens presented
a linear behaviour until failure, which was due to delamination of the central layers of the
specimens (for which shear stresses are maximum). After the initial failure, the specimens
were still able to sustain load, recovering a fraction of the maximum load until delamination
occurred in another layer. This process repeated until the specimens were no longer able to
sustain any load.
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Table 4.12 summarizes the results obtained in these tests, namely the ultimate load (Fisu,L)
and the ultimate shear strength (σisu,L). Table A.10 (page 308) presents the complete results
for all specimens.

Table 4.12.: Coupon interlaminar shear tests: summary of results (I200).

Plate Web Flange

Property
Fisu,L τisu,L Fisu,L τisu,L
(kN) (MPa) (kN) (MPa)

Average 7.42 29.35 7.85 30.21
Std. Dev. 0.21 1.11 0.38 1.14
CoV 2.9% 3.8% 4.8% 3.8%

As shown in Table 4.12, the results of all specimens were very consistent with maximum CoV
of 5%. Moreover, the specimens extracted from the �anges presented very similar strength
to those extracted from the web (+3%). This result was expected and should be due to the
fact that this particular failure mode is less in�uenced by the �bre orientation or content
being more susceptible to the number of layers of �bres and to the polymer matrix used in
the composite material.

4.2.2.6. Summary of results

Table 4.13 presents the material strengths, elasticity and shear moduli determined by
experimental testing on coupons, described in the previous Sections, and the mechanical
properties provided by the manufacturer (ALTO Per�s Pultrudidos, Lda.), which are given
within an error of 10% [92].

Table 4.13.: Summary of the main mechanical properties of the GFRP material for both I200 and I400
pro�les: experimental data and values declared by the manufacturer [92].

Property Unit
I200 I400

Producer
Web Flange Web Flange

σtu,L MPa 376.69±7.44 410.67±18.60 279.90±23.78 336.94±37.51 450±45
Et,L GPa 32.85±1.09 35.94±2.35 23.98±1.60 35.71±1.83 -

σtu,T MPa - - 29.09±2.84 - -

Et,T GPa - - 7.73±0.90 - -

νLT - 0.29 0.30 - - -

σcu,L MPa 434.37±51.42 388.55±59.18 204.72±56.15 197.65±64.43 350±35
Ec,L GPa 27.06±1.99 33.93±3.35 12.21±3.24 12.26±2.99 23±2.3
σcu,T MPa 88.92±16.08 64.31±17.25 70.43±5.60 46.92±4.12 -

Ec,T GPa 5.74±0.73 4.35±0.93 4.55±0.52 3.57±0.36 -

σf,L MPa 493.05±52.78 506.21±39.81 - - 450±45
Ef,L GPa 22.25±3.00 23.67±2.70 - - -

τis,L MPa 29.35±1.11 30.21±1.44 - - -

τLT MPa 27.47±3.37 - 20.43±1.15 - -

GLT GPa 3.68±0.19 - 3.49±0.43 - -

γ kN/m3 - - - - 18±1.8
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The results summarized in Table 4.13 show that the mechanical properties derived from
the coupon tests presented herein are often outside the margin of error provided by the
manufacturer [92], especially for the I400 pro�le, for which the properties obtained in
the tests are always lower than those provided by the manufacturer (and outside the
error margin indicated). On the other hand, it should be stated that the I400 pro�les
used in the experiments are from the very �rst batch made by the producer and are
not yet commercially available. Nevertheless, this comparison highlights the relevance of
experimental characterization tests in GFRP materials and the importance of safety factors
in structural design.

4.2.3. Full�scale �exural tests

As mentioned earlier (cf. Section 4.2.1), the full�scale �exural tests of the pro�les were
performed in order to determine (i) the full�section elasticity and shear moduli (Efull and
Gfull, respectively), (ii) the local buckling stress (σcr,local) and moment (Mcr,local), and
(iii) the ultimate bending moment (Mu). In this regard, two sets of full�scale �exural tests
were performed: (i) serviceability tests; and (ii) failure tests. These tests were performed for
both the I200 and I400 pro�les.

4.2.3.1. Serviceability tests

For the full�scale serviceability �exural tests, which were performed in order to determine
the full�section elasticity and shear moduli (Efull and Gfull, respectively) of the I200 and
I400 pro�les, one specimen of each pro�le was tested. The tests were performed by loading
the pro�les in a 3�point bending con�guration with the load being applied at the midspan
section, while de�ections were measured at the bottom of the pro�les at that same section.
The pro�les were simply supported with a �xed support on one side and a sliding support
on the other side. Additionally, for the I400 pro�le, lateral bracings were provided near
the extremities of the pro�le in order to avoid global instability phenomena. This process
was repeated for each beam, according to the speci�cations of EN 13706-2 [37] for di�erent
span lengths (4 and 6 span lengths were used for the I200 and I400 pro�les, respectively)
allowing the measurement of load vs. de�ection curves with di�erent ratios of �exure and
shear de�ections (δflex and δshear, respectively).

During the tests the load was applied with a hydraulic jack from Enerpac with a load
capacity of 600 kN, which was installed in a loading steel frame anchored to the laboratory
strong �oor. For the I200 pro�le, an open loading frame was used, whereas for the I400 pro�le
a closed frame was used. The de�ections were measured with TML electric displacement
transducers with strokes of 100 mm for the I200 pro�le and 50 mm for the I400 pro�le,
both with a 0.01 mm precision. For both cases, the load was measured with a load cell from
Novatech with measuring capacity of 10 kN placed between the hydraulic jack and a steel
plate which rested on top of the pro�les. During the tests data was acquired with a data
logger from HBM, model Spider8. Figures 4.40 and 4.41 depict the test setup for pro�les
I200 and I400, respectively.

The specimens tested presented a total length of either 3.80 m or 4.85 m, for the I200
and the I400 pro�les, respectively. As mentioned earlier, specimens were tested for di�erent
span lengths (L), which are indicated in Table 4.14 along with the maximum load (Fmax)
and midspan de�ection (δmax) for each span. In this respect, it should be mentioned that
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Figure 4.40.: Full�scale �exural serviceability
tests: test setup for the I200 pro�le.

Figure 4.41.: Full�scale �exural serviceability
tests: test setup for the I400 pro�le.

although the test standard [37] recommends subjecting the pro�les to a midspan de�ection
of L/200 for each span, these tests were performed until maximum loads of ≈5 kN and
≈30 kN were attained for the I200 and the I400 pro�les, respectively. These restrictions were
set due to concerns regarding the premature failure of the specimens. In fact, preliminary
analytical predictions indicated that the global instability critical load for the I200 specimen
(regarding the largest span) was only ≈14 kN, while the ultimate failure load of the I400
specimen (governed by web shear failure) was around 115 kN.

Table 4.14.: Full�scale �exural serviceability tests: spans tested, maximum loads (Fmax) and midspan
de�ection (δmax) attained.

Property Unit
I200 I400

L1 L2 L3 L4 L1 L2 L3 L4 L5 L6

Span length m 1.40 2.10 2.70 3.50 1.00 1.50 2.00 3.00 4.00 4.70

Fmax kN 5.25 5.08 5.24 5.05 30.85 31.01 30.37 30.99 30.19 30.29

δmax mm 0.74 1.64 3.46 6.07 0.97 1.37 1.68 3.48 5.87 8.31

L/δmax - 1897 1284 780 577 1031 1096 1190 862 682 565

Given the fact that the test method used [37] is very susceptible to small perturbations [93],
such as support settlements, at least two load cycles were performed for each span presented
in Table 4.14. Each load cycle was performed within the time range of 30 s to 90 s, suggested
in EN 13706-2 [37].

Finally, the above mentioned test standard [37] suggests that the full�section elasticity and
shear moduli (Efull and Gfull, respectively) may be determined from the linear regression
of the inverse of the sti�ness presented at each cycle times the length of the span �(
Fmax
δmax

· L
)−1

� by the inverse of the span squared (L−2). Figures 4.42 and 4.43 plot these

curves for the I200 and I400 specimens, respectively, along with the linear regressions, their
equations (y = afullx+ bfull) and coe�cients of determination R2.
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Figure 4.42.: Full�scale �exural serviceability
tests: determination of the full�section moduli
(Efull and Gfull) for the I200 pro�le.

Figure 4.43.: Full�scale �exural serviceability
tests: determination of the full�section moduli
(Efull and Gfull) for the I400 pro�le.

The linear regressions presented in Figures 4.42 and 4.43 may be used to determine the
full�section elasticity and shear moduli using Eqs. (4.10) and (4.11), respectively,

Efull =
1

48× afull × I
(4.10)

Gfull =
1

4× bfull × kA
(4.11)

where, I is the second moment of area of the pro�le around the bending axis and kA is
the shear area in the direction of the applied load. Table 4.15 presents these geometrical
parameters for both pro�les. Regarding the determination of the shear area, it should be
referred that is was considered to be the same as the area of the webs (Aw), a common
assumption for this type of pro�les [60�62].

Table 4.15.: Geometrical properties of the pro�le sections.

Property Unit I200 I400

I ×104 mm4 2352.6 26877.9
kA mm2 1666.7 5775.0

Table 4.16 presents the full�section moduli derived from the full�scale �exural tests for each
pro�le and compares these results with those derived from coupon testing.

The results for the I200 pro�le show a reasonable to good agreement between the elasticity
and shear moduli derived from full�scale �exural test and those derived from coupon testing,
namely when comparing with EFlangest,L and GWeb

LT , which are the governing moduli for the
�exural behaviour, presenting di�erences of +4% and -22%, respectively. Regarding the I400
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Table 4.16.: Full�scale �exural serviceability tests: results and comparison with coupon testing.

Pro�le
Efull Efull/ Efull/ Efull/ Efull/ Gfull Gfull/

GPa EWeb
t,L EFlangest,L EWeb

c,L EFlangesc,L GPa GWeb
LT

I200 37.39 1.14 1.04 1.38 1.10 2.87 0.78
di�. - 13.8% 4.0% 38.2% 10.2% 187.2% -21.9%

I400 50.15 2.09 1.40 4.11 4.09 2.11 0.60
di�. - 109.1% 40.4% 310.7% 309.1% 110.6% -39.6%

pro�le, the results of full�scale serviceability tests presented a poor agreement with those
from coupon testing, with di�erences of +40% and -40%, respectively.

It should be mentioned that the EN 13706�2 [37] standard suggests the use of 5 di�erent
spans: (i) a span with 12% shear deformability (L12%, Eq. (4.12)); (ii) two shorter spans;
and (iii) two longer spans.

L12% =

√
100 · EI
GkA

(4.12)

In the present case, and using the moduli determined with coupon testing (cf. Table 4.13),
L12% is 3.15 m and 5.02 m, for the I200 and I400 pro�les, respectively. These results mean
that, for both pro�les, all spans tested presented an in�uence of the shear deformations
higher than 12%, with the exception of the higher span for the I200 pro�le, which may
hinder the validity of the method and the quality of the results, particularly for the I400
pro�le.

In this regard, it should be mentioned that the unexpected results obtained for the three
lower spans of pro�le I400 (cf. Figure 4.43) could be due to the high in�uence of shear
deformations, ultimately resulting in the determination of an unexpectedly high elasticity
modulus (Efull, cf. Table 4.16), which is considered to be not accurate given the results
obtained in the coupon testing (cf. Table 4.13).

In this respect, and given the known susceptibility of the method presented by
EN 13706�2 [37] to small perturbations in the test procedure [93], the moduli derived from
coupon testing will be used in the remainder of this work, namely in the analytical and
numerical modelling.

4.2.3.2. Failure tests

The full�scale �exural failure tests were performed by loading the pro�les, monotonically, in
a 4�point bending con�guration. The boundary conditions were similar to those used in the
serviceability tests with the pro�les being simply supported with a �xed support on one side
and a sliding support on the other side. Additionally, lateral bracing systems were provided
for all pro�les, namely, 6 supports along the length for the I200 pro�le and 4 for the I400
pro�les. These lateral bracings were provided in order to avoid failure modes related with
global instability phenomena, in particular, lateral�torsional buckling.
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4.2.3.2.1 Pro�le I200

Regarding the I200 pro�le, one specimen with a total length of 4.39 m was tested in a
4.00 mm span (L). As illustrated in Figure 4.44, the loads were applied symmetrically with
respect to the longitudinal centre of the span, at a distance of the support sections of 1.30 m
(a = 1.30 m and b = 1.40 m).

Figure 4.44.: Full�scale �exural failure tests: 4�point bending load con�guration.

The load was applied with a hydraulic jack from Enerpac with a load capacity of 600 kN,
which was installed in an open steel loading frame anchored to the laboratory strong �oor.
The hydraulic jack was connected to a steel beam, centred with the jack, which, by its
turn, transferred the load along the span b (cf. Figure 4.44) to the loading points of
the GFRP pro�le. The steel beam loaded the GFRP pro�le through steel cylinders that
allowed rotations around the bending axis. Additionally, underneath the steel cylinders,
steel spreading plates (160 mm long, 80 mm wide and 10 mm thick) were provided, in
order to avoid premature failure modes, such as crushing or instability phenomena under
concentrated loads. The supports were materialized by steel cylinders with 200 mm long
and 80 mm wide steel spreading plates on top (thickness of 10 mm). The load was measured
with a load cell from Novatech, with a capacity of 400 kN, which was placed in-between the
steel loading frame and the hydraulic jack. This load cell was installed with a steel cylinder
that allowed the loading system to rotate around the bending axis.

The vertical de�ections were measured underneath the pro�le at the midspan section with
an APEK electric displacement transducer and at two sections distanced of 1000 mm from
the midspan with TML electric displacement transducers, all with a stroke of 100 mm and
0.01 mm precision. Additionally, at a section positioned at 450 mm from the midspan,
the vertical de�ections at the extremities of the top �ange (δs1 and δs2, as illustrated in
Figure 4.45), were measured with string pot electric displacement transducers from TML
with a range of 500 mm and precision of 0.1 mm.

Regarding the measurement of axial strains, the midspan section was instrumented with
nine electric strain gauges (from HBM, model HBM-1-LY11-10/120 ), as schematized in
Figure 4.46, �ve installed in the top �ange and four installed in the bottom one.

Figure 4.47 illustrates the test setup, which, as mentioned earlier, included a lateral bracing
system, provided to avoid the triggering of global instability phenomena. The bracing system
was provided by six supports along the length, each support constituted by a pair of braces
on each side of the pro�le. Two lateral supports were placed near the vertical support, at a
distance of 400 mm from the midpan of the pro�le, and were materialized by triangular steel
frames with a 300 mm width. Near the midspan of the pro�le, the four remaining lateral
supports were displaced symmetrically with respect to the midspan at distances from the
latter section of 260 mm and 840 mm. These supports were materialized by adjustable
steel props, which were locked in�between the laboratory �oor and a steel beam that was
connected to the loading frame. In order to minimize the friction forces between the pro�le
and the lateral supports, the contact areas were thoroughly greased.
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Figure 4.45.: Full�scale �exural failure tests: I200
pro�le � positioning of string pot displacement
transducers.

Figure 4.46.: Full�scale �exural failure tests: I200
pro�le � positioning of the strain gauges at mid-
pan section (dimensions in mm).

Figure 4.47.: Full�scale �exural failure tests: test setup of the I200 specimen.

Test data was acquired with two built�in data loggers, from HBM, model Spider8, at a rate
of 10 Hz, and stored in a PC. In order to avoid the e�ects of the initial settlement of the
test setup on the measurements, an initial load/unload cycle was performed, up to 5 kN,
before the pro�le was �nally loaded up to failure. Loading was performed at an average rate
of 0.1 kN/s.

Figures 4.48 and 4.49 present the applied load as a function of (i) the de�ections and (ii) the
midspan axial strains, respectively. Regarding Figure 4.49, in order to enhance and simplify
the analysis of the experimental results, the axial strains presented are the average of the
strains measured at each level of the pro�le (outer and inner levels of the top and bottom
�anges, cf. Figure 4.46). The results obtained in this test show that the behaviour of the
pro�le was linear up to failure.

The I200 pro�le specimen failed at an ultimate load of 61.3 kN, for which the midspan
de�ection was 85.26 mm (≈ L/46.9). The de�ections measured at quarter�span (d1 and
d3, cf. Figure 4.48) were very similar throughout the test indicating that the test setup
and response were symmetric, as intended. Regarding the axial strains, they developed
almost symmetrically with reference to the geometric centre of the cross�section, implying
that the neutral axis position was coincident with the geometrical centre (there is a small
deviation of 1.3 mm towards the compression �ange). From this result, one may conclude
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Figure 4.48.: Full�scale �exural failure tests: I200
pro�le � load vs. de�ections.

Figure 4.49.: Full�scale �exural failure tests: I200
pro�le � load vs. midspan axial strains.

that the longitudinal elasticity modulus in compression (Ec,L) is very similar to that in
tension (Ec,L), a result con�rmed by the coupon testing for the �anges but not for the
web (cf. Section 4.2.2.6). Nevertheless, it should be mentioned that the in�uence of the web
material in the �exure behaviour is much smaller than that of the �anges. In this regard, the
full�section elasticity modulus (Efull) observed in this test was estimated based on the axial
strain measurements (ε), considering, similarly to what was assumed in the serviceability
test analysis, an homogeneous response of the pro�le, using Eq. (4.13),

Efull =
M

Iχ
(4.13)

where M is the bending moment, I is the second moment of area with regard to the
main direction, and χ is the curvature of the section. The last parameter was obtained
based on the linear regression between the strain gauges position along the cross�section's
depth (cf. Figure 4.46) against the measured strains at each level. The theoretical bending
moment (M), by its turn, may be calculated with reference to the applied load (F ) and the
4�point bending load con�guration (cf. Figure 4.44, for the present case a = 1300 mm and
b = 1400 mm) using Eq. (4.14):

M =
Fa

2
(4.14)

Table 4.17 presents the curvature and elasticity modulus calculated for bending moments
ranging from 5 to 25 kNm.

These results show a good agreement between the di�erent load levels (CoV of 0.6%), while
the average elasticity modulus obtained compares well to that obtained in the serviceability
tests, with a relative di�erence of -4%.
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Table 4.17.: Full�scale �exural failure tests: determination of the elasticity modulus (Efull) with axial strain
measurements (I200).

M χ Efull
(kNm) (10−3/m) (GPa)

5 5.67 35.46
10 11.21 35.91
15 16.73 36.04
20 22.47 35.79
25 28.12 35.73

Average - 35.79
Std. dev. - 0.22
CoV - 0.6%

Failure of the specimen occurred for a bending moment at the midspan (M) section of
39.7 kNm. Failure occurred due to local buckling of the pro�le near one of the loading
sections, as depicted in Figures 4.50 and 4.51. The buckling phenomenon was presumably
triggered by the instability of the compressed �ange, which was accompanied by the web.
It was not clear, however, if the web��ange junction failed prior or after the buckling
occur.

Figure 4.50.: Full�scale �exural failure tests: con-
�guration of the local buckling wave in the I200
pro�le (near one of the loading sections).

Figure 4.51.: Full�scale �exural failure tests: dam-
age detail on the top �ange and web of the I200
pro�le (near one of the loading sections).

Regarding the local buckling of the top �ange, it is possible to estimate the critical load
(Fcr) associated to the instability behaviour of the beam based on the experimental results,
namely, based on the measurements of the vertical de�ections at the extremities of the top
�ange (δs1 and δs2). These are plotted in Figure 4.52 as a function of the applied load (F )
along with the di�erence between those de�ection measurements (∆δs), which provides an
estimate of the rotation of the top �ange. To this end, the modi�ed Southwell method [94]
may be applied by performing a linear regression of the load (F ) vs. di�erential vertical
de�ection of the �ange (∆δs) curve, before and after the buckling phenomenon. Finally,
the critical load (Fcr) may be estimated by the interception of the resulting linearized
curves. Figure 4.53 shows the curve F vs. ∆δs together with the application of the modi�ed
Southwell method. It should be mentioned that due to the relatively low precision of the
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displacement transducers available for this test (0.1 mm), the F vs. ∆δs curve presents high
variation, especially before instability occurred.
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Figure 4.52.: Full�scale �exural failure tests: I200
pro�le � Load vs. upper �ange de�ections.

Figure 4.53.: Full�scale �exural failure tests: I200
pro�le � Upper �ange di�erential vertical de�ec-
tion and application of the modi�ed Southwell
method.

With this analysis, it was possible to estimate the critical load (Fcr) as 55.9 kN, which
corresponds to a critical bending moment (cf. Eq. (4.14)) of 36.4 kNm. Thereafter, the
compressive critical axial stress (σcr) estimated using Eq. (4.15) is 144.2 MPa,

σ =
M

W
(4.15)

where W is the �rst moment of area with respect to the main direction of the pro�le's
cross�section.

4.2.3.2.2 Pro�le I400

In what concerns the I400 pro�le, three specimens were tested, two of which presented a
total length of 4.85 m, while one had a total length of 3.85 m. The specimens were loaded
in a 4�point bending con�guration, the �rst two in a span of 4.00 m (specimens P400�
1 and P400�2) and the other one in a span of 3.00 m (specimen P400�3). The load was
applied symmetrically with reference to the pro�les midpsan with the following geometrical
parameters: (i) a = 1.40 m and b = 1.20 m for the longer specimens; and (ii) a = b = 1.00 m
for the shorter specimen (cf. Figure 4.44).

The load was applied with a hydraulic jack from Enerpac with a load capacity of 600 kN,
which was installed in a closed steel loading frame anchored to the laboratory strong
�oor. The test setup was centred with the the loading frame in order to enable an easier
quanti�cation of the e�ects of the loading frame deformations in the test measurements.
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Similarly to what happened with the I200 specimen, the hydraulic jack was connected to
a steel beam, centred with the jack, which, by its turn, transferred the load along the
loading span b (cf. Figure 4.44) to the GFRP pro�le. The steel beam loaded the GFRP
pro�le trough steel cylinders that allowed rotations around the bending axis. Underneath
these steel cylinders, steel spreading plates were provided in order to distribute the load
evenly to the GFRP pro�le. These spreading plates were 100 mm long and 200 mm wide
with a thickness of 20 mm for specimen P400�1, and were 200 mm long and 200 mm wide
with similar thickness for the remaining specimens (P400�2 and P400�3). Similarly, at the
support sections, steel cylinders were provided with steel spreading plates, 100 mm long
and 200 mm wide with a thickness of 25 mm for the �rst specimen, and 200 mm long and
200 mm wide with a thickness of 25 mm for the remaining specimens. These di�erences in
the boundary conditions of the di�erent specimens were implemented in order to investigate
experimentally the possibility of premature failure of the GFRP pro�les due to web crushing
or web buckling under concentrated loads (web�crippling).

As for the I200 specimen, the load was measured with a load cell from Novatech with a
capacity of 600 kN, which was placed in�between the steel loading frame and the hydraulic
jack. This load cell was installed with a steel cylinder that allowed the loading system
to rotate around the bending axis. The vertical de�ections were measured underneath the
pro�le at the midspan section with two TML electric displacement transducers with a stroke
of 100 mm and 0.01 mm precision. As shown in Figures 4.54 and 4.55, due to lack of free
space between the loading frames and the GFRP pro�les, the pistons of the displacement
transducers were attached to a small steel plate, which was connected to the pro�les with
clamps and separated from them by means of two small plastic spacers in order to provide
free space for the strain gauges installed at the midspan section (in specimen P400�2).
Additionally, the displacements of the loading frame under one of the support sections was
also measured, with an electric displacement transducer from TML with a stroke of 10 mm
and precision of 0.01 mm, in order to measure any potential deformation of the closed
loading frame.

Figure 4.54.: Full�scale �exural failure tests: I400
pro�les � scheme of the vertical displacement
measurement apparatus.

Figure 4.55.: Full�scale �exural failure tests: I400
pro�les � vertical displacement measurement ap-
paratus.

The axial strains were measured in the longer specimens, P400�1 and P400�2, at a section
distanced of 200 mm from the midspan (P400�1) or at the midspan section (P400�2). The
axial strains were measured in the �anges at the utmost exterior �bres of the cross�section
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with two electric strain gauges per �ange, from TML, model FLK-6-11-3L, as shown in
Figure 4.56. Additionally, a strain gauge rosette, made with the same strain gauges, was
installed in the P400�2 specimen at mid�height of the web and at a distance of 700 mm
from one of the supports, as shown in Figure 4.57.

Figure 4.56.: Full�scale �exural failure tests: I400
pro�les � positioning of the strain gauges in the
cross�section (dimensions in mm).

Figure 4.57.: Full�scale �exural failure tests: I400
pro�le � strain gauge rosette used in for specimen
P400-2.

The lateral bracing system used in the I400 specimens tests, in order to avoid the triggering
of global instability phenomena, comprised four pairs of vertical bars along the length. All
lateral supports (bracings) were materialized by a tailor made support system comprising
steel tubes (80 × 20(×4) mm2), which were connected to the loading frame with small
length steel angle pro�les. The connections between all the bracing elements were bolted.
Since the bracing system was connected to the loading frame, the positioning of the lateral
supports was de�ned based on the drills of the loading frame and could not be perfectly
symmetrical with respect to the midspan of the pro�le. Thereafter, the positioning of the
lateral supports, with respect to the distance to the left�hand support, was the following:
(i) 335 mm, (ii) 1460 mm, (iii) 2575 mm, and (iv) 3685 mm, for the longer specimens
(P400�1 and P400�2); and (i) 150 mm, (ii) 1070 mm, (iii) 1875 mm, and (iv) 2685 mm, for
the shorter specimen (P400�3). All the contact areas between the lateral supports and the
pro�les were thoroughly greased in order to minimize friction forces. Figures 4.58 and 4.59
illustrate the test setup for the longer and shorter specimens, respectively.

During the tests, data was acquired with data loggers from HBM, model Spider8, at a rate
of 10 Hz and stored in a PC. In order to avoid the e�ects of the initial settlement of the
test setup on the measurements, an initial load/unload cycle was performed up to 30 kN,
before the pro�le was loaded up to failure. Loading was performed at an average rate of
0.5 kN/s.

Figures 4.60 to 4.62 present the load de�ection curves observed for each test including the
average midspan de�ection (dms) and the individual de�ections d1 and d2 (duly corrected
based on the displacement of the loading frame). Although all specimens presented a linear
load�average midspan displacement behaviour, specimens P400-2 and P400-3 also presented
non�linear behaviour regarding the load�individual displacement curves d1 and d2.

As depicted in Figures 4.60 to 4.62, at a certain point, all specimens presented a di�erence
between the de�ections measured at positions d1 and d2, which indicates that the specimens
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Figure 4.58.: Full�scale �exural failure tests: I400
pro�les � test setup for the longer specimens.

Figure 4.59.: Full�scale �exural failure tests: I400
pro�les � test setup for the shorter specimen.
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Figure 4.60.: Full�scale �exural failure tests:
P400�1 specimen � load vs. midspan de�ection.

Figure 4.61.: Full�scale �exural failure tests:
P400�2 specimen � load vs. midspan de�ection.

exhibited torsional deformations. For specimen P400�1, this di�erence presented a roughly
linear growth with the load until the failure of the specimen, indicating that torsion was
induced most likely by the specimens own geometrical imperfections and by some transverse
eccentricities of the load setup. In this regard it should be mentioned that due to the relative
large geometrical imperfections observed in all specimens it was not possible to fully centre
the load setup with the pro�le in the transverse direction.

Regarding specimens P400�2 and P400�3, they also presented a linear di�erence between
the midspan de�ections d1 and d2 in the earlier stages of the tests, but this di�erence
started to increase non�linearly prior to failure. This indicates that, in both cases, a buckling
phenomenon was triggered before the collapse of the specimens. Furthermore, given that the
displacements were measured in the bottom �ange, which is not susceptible to local buckling
phenomena (since it is in tension), these results indicate that a global buckling phenomenon
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Figure 4.62.: Full�scale �exural failure tests: P400�3 specimen � load vs. midspan de�ection.

occurred despite the lateral bracings installed. Additionally, the fact that the previously
referred di�erence evolved faster (within its linear range) for the longer specimens con�rms
that the torsional deformations were magni�ed by geometrical imperfections of the pro�les,
to which the longer specimens are more susceptible to.

Figures 4.63 and 4.64 plot the load vs. axial strain curves for specimens P400�1 and P400�
2, respectively, showing similar behaviour to that observed for the de�ections. Specimen
P400�1 presented linear load vs. axial strain curves up to failure, although the strains in
the bottom �ange exhibited signi�cant di�erences. These di�erences may stem from the
fact that the pro�le may have also exhibited some torsion, as mentioned earlier. Regarding
specimen P400�2, load vs. axial strain curves were also linear in the earlier stages of the
test and, similarly to the de�ections, even if less prominently, then became non�linear and
diverged before failure. This non�linear behaviour indicates the occurrence of an instability
phenomenon. Furthermore, the evolution of the response of the axial strains from linear to
non�linear indicates that the nature of the instability phenomenon was global.

From Figures 4.63 and 4.64 it may be depicted that the compressive and tensile strains
developed almost symmetrically for both specimens, which indicates that the neutral axis
of the pro�le is near the pro�les' geometrical centre and, thereafter, the compressive and
tensile elasticity moduli in the longitudinal direction are similar. In fact, based on the strain
gauge measurements, the neutral axis presented an average deviation of 3.31 mm from
the geometric centre towards the upper �ange for specimen P400�1, whereas for specimen
P400�2 this deviation was 2.33 mm towards the bottom �ange. Based on these results, the
full�section elasticity modulus (Efull) was estimated using Eqs. (4.13) and (4.14). It should
be noted that since the bending moment remains constant in�between load application
points for the 4�point bending con�guration, Eq. (4.14) is valid for all the sections in�
between these points. Table 4.18 presents the curvature (χ), which was determined based
on the (two�point) linear regression between the depth of the pro�le and the average strains
measured in each �ange, and the elasticity modulus (Efull) calculated for bending moments
ranging from 15 to 60 kNm.
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Figure 4.63.: Full�scale �exural failure tests:
P400�1 specimen � load vs. axial strains.

Figure 4.64.: Full�scale �exural failure tests:
P400�2 specimen � load vs. axial strains.

The results obtained for the two specimens are very consistent, presenting maximum CoV of
1.4%, and similar. Nevertheless, and unlike the results observed for the I200 specimen, the
elasticity modulus obtained with this method presents a high deviation from that obtained
with the serviceability tests of approximately -62%. The fact that these results present such
high di�erences is unexpected and may stem from the geometrical imperfections of the
pro�les mentioned earlier and the lack of accuracy in the procedure implemented for the
serviceability tests. Moreover, due to the lack of con�dence in both results, the elasticity
moduli obtained in the coupon testing will be used henceforth in this document, namely in
the analytical and numerical modelling.

Regarding the measurements of the strain gauge rosettes, Figure 4.65 presents the evolution
of the strains with the load for specimen P400�2. It may be observed that the longitudinal
strain gauge (r1) presents very low deformations, which was expected due to the fact that
it was installed in the vicinity of the neutral axis (which is deviated 2.33 mm from the

Table 4.18.: Full�scale �exural failure tests: determination of the elasticity modulus (Efull) with axial strain
measurements for I400 specimens.

M Specimen P400�1 Specimen P400�2

χ Efull χ Efull
(kNm) (10−3/m) (GPa) (10−3/m) (GPa)

15 2.71 19.38 2.78 18.90
30 5.44 19.28 5.57 18.88
45 8.33 18.90 8.36 18.83
60 11.16 18.82 11.21 18.74

Average - 19.10 - 18.84
Std. dev. - 0.28 - 0.07
CoV - 1.4% - 0.4%
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geometrical centre of the section towards the bottom �ange). In this respect, this strain gauge
measured negative strains in the earlier stages of the test, coherently with the position where
it was installed, and then retrieved positive strains, possibly due to the e�ects of the global
instability phenomenon mentioned earlier. Notwithstanding, the absolute strains measured
at this position were always the lowest within the rosette. In what concerns the transverse
and oblique strain measurements (r2 and r3, respectively) they both measured compressive
strains, which is coherent with the load path between the load application and support
sections. The oblique strain gauge (r3) presented the highest absolute strains.

Using these results it is possible to determine the distortion between the longitudinal and
transverse directions (γLT ) using Eq. (4.16):

γLT = 2 · r3− r1− r2 (4.16)

The shear stress (τLT ), on the other hand, may be derived from Eq. (4.17),

τLT =
V ·W
I · t

(4.17)

where t is the plate thickness. In order to calculate the shear stress (τLT ) in the �bres
corresponding to the rosette (the �bres at the geometrical centre of the section), the �rst
moment of area (W ) to be considered in Eq. (4.17) should correspond to that of half of the
section. Figure 4.66 plots the τLT vs. γLT curve, which re�ects a slightly non�linear behaviour
(similar to that observed in the o��axis tensile coupon tests, cf. Section 4.2.2.3)
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Figure 4.65.: Full�scale �exural failure tests:
P400�2 specimen � load vs. rosette strains.

Figure 4.66.: Full�scale �exural failure tests:
P400�2 specimen � shear stress vs. distortion.

From the linear regression of the curve plotted in Figure 4.66 it is possible to estimate
the shear modulus (GLT ) for this specimen. For the present case, this linear regression was
performed between distortion values of 500 µm/m to 2500 µm/m (similarly to the regressions
performed to the o��axis tensile coupon test results, cf. Section 4.2.2.3) indicating a
1.65 GPa modulus. The modulus obtained corresponds to approximately half of that
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obtained with the coupon testing (-53%, cf. Section 4.2.2.6)), while it is 22% smaller than
that determined in the full�scale �exural serviceability tests (cf. Section 4.2.3.1). These
high relative di�erences are similar to those observed regarding the elasticity modulus, and
should, likewise, be explained by the large geometrical imperfections of the specimen, which
may have contributed to magnify the deformations, resulting in lower (apparent) elasticity
and shear moduli.

In what concerns the failure behaviour, the �rst specimen, P400�1, failed for a load (F ) of
187.7 kN, corresponding to a maximum bending moment (M) of 131.4 kNm and a shear
force (V ) of 93.8 kN, with an average midspan de�ection (dms) of 33.2 mm. Failure occurred
due to web�crippling, which may have been caused by both web�crushing and local web�
buckling in the transverse direction [14], in the vicinity of the sliding support section, as
shown in Figures 4.67 and 4.68, while the remaining areas of the pro�le were apparently
undamaged.

Figure 4.67.: Full�scale �exural tests: failure mode
of specimen P400�1, front side view.

Figure 4.68.: Full�scale �exural tests: failure mode
of specimen P400�1, back side view.

The crushing stress involved in this particular failure mode may be estimated with
Eq. (4.18),

σcrushT =
V

Aeff
(4.18)

where Aeff is the area supporting the stresses that are transmitted to the support. For the
present case (a simply supported beam), following the recommendations of Bank [4], it may
be considered as follows,

Aeff = tw

(
Leff +

dw
2

)
(4.19)

where, tw and dw are the thickness and depth of the web plate, respectively, and Leff is
the length of the support. Thereafter, for this case, where Leff = 150 mm, the transverse
crushing stress (σcrushT ) may be estimated as 37.3 MPa.

The failure of specimen P400�2 occurred for a load (F ) of 134.6 kN with an average midspan
de�ection (dms) of 23.0 mm. This failure load, 28.3% lower than that of specimen P400�1,
corresponds to a bending moment of 94.2 kNm and a maximum compressive stress (σc,L)
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of 66.7 MPa. Failure occurred following an instability phenomenon. Although it is not
possible to completely disregard the hypothesis of a mixed local�global buckling mode,
the phenomenon observed was apparently global lateral�torsional buckling. Since the pro�le
was clearly not properly laterally supported and this phenomenon was not observed in
the P400�1 specimen (which failed for a higher load), the main reason for the inability
of the bracing system to avoid the global buckling phenomenon may be the particularly
large geometrical imperfections of this specimen. In fact, the lateral forces to which the
bracing bars were subjected to were high enough to cause the yielding of the steel. After the
instability phenomenon occurred, the pro�le failed in the web��ange junction due to the
large rotation of the upper �anges under one of the load application points, possibly due
to eccentric loading after the global buckling. Figures 4.69 and 4.70 illustrate the failure of
this specimen.

Figure 4.69.: Full�scale �exural tests: failure mode
of specimen P400�2, global view.

Figure 4.70.: Full�scale �exural tests: failure mode
of specimen P400�2, damage on the web��ange
junction.

Finally, specimen P400�3 failed in the web��ange junction near one of the loading sections.
Failure occurred for a load of 207.9 kN, corresponding to a maximum bending moment
(M) of 103.9 kNm and a shear force (V ) of 103.9 kN, with an average midspan de�ection
(dms) of 26.0 mm. The maximum compressive axial stress (σc,L), considering the neutral
axis coincident with the geometrical centre, was estimated as 101.8 MPa. The failure load
was 11% higher than that of specimen P400�1. Failure is likely to have been caused by
the combination of shear and axial longitudinal and transverse stresses, a point that was
clari�ed with the development of numerical models (cf. Section 4.2.3.4). After the web�
�ange junction failed, local buckling of the top �ange and of the web was observed, with
extensive rotation of the upper �ange in the areas where the junction had failed. The failure
mode of specimen P400�3 is illustrated in Figures 4.71 and 4.72.

Table 4.19 summarizes the main results of the failure tests on the di�erent I400 pro�le
specimens.

The comparison between the transverse crushing stresses (σcrushT ) of specimens P400�1 and
P400�2 (-4% for the latter) shows that the failure of specimen P400�2 may have been deeply
in�uenced by the crushing of the web underneath the load section. It should be noted that
given the lack of transverse force in�between loaded sections for the 4�point bending load
con�guration, the e�ective area (Aeff ) under the loading sections may also be given by
Eq. 4.19. Furthermore, in the present case, given that the steel spreading plates used in the
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Figure 4.71.: Full�scale �exural tests: failure mode
of specimen P400�3, global view.

Figure 4.72.: Full�scale �exural tests: failure mode
of specimen P400�3, damage on the web��ange
junction.

support and load sections had similar lengths, the transverse crushing stress (σcrushT ) is the
same for both sections.

4.2.3.3. Analytical simulation

Analytical models were used to simulate the full�scale �exural tests on GFRP pro�les
in order to assess the accuracy of these design tools, namely regarding the serviceability
behaviour, i.e. the ability to predict the de�ections, the failure modes and loads observed
in the tests.

Given the orthotropic behaviour of FRP materials (as attested by the results presented in
Section 4.2.2.6), the �exural behaviour of these materials should not be predicted using
standard Euler�Bernoulli beam theory, since it does not account for shear de�ections [4].
In this context, in order to predict the de�ections in bending of FRP materials, the
Timoshenko beam theory, which accounts for shear deformations, should be used, according
to Eqs. (4.20) and (4.21) [86],

dφ

dx
=
My

EI
(4.20)

dz

dx
− φ =

Vz
kAG

(4.21)

Table 4.19.: Full�scale �exural failure tests: summary of main results for the I400 specimens.

Specimen
Fu M V dms σc,L σcrush

T Failure mode
(kN) (kNm) (kN) (mm) (MPa) (MPa)

P400�1 187.7 131.4 93.8 33.2 90.3 37.3 Web�crippling at
support section

P400�2 134.6 94.2 67.3 23.0 66.7 23.3 Global buckling

P400�3 207.9 103.9 103.9 26.0 72.7 35.8 In�plane shear (web)
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where x is the longitudinal development of the beam, y is the direction perpendicular to
the loading plane, z is the direction of loading, φ is the slope of the de�ection, My is the
bending moment about y, EI represents the �exural sti�ness around y, Vz is the shear force
in the z direction and kAG represents the shear sti�ness in the z�x plane.

Applying the boundary conditions of a particular case to Eqs. (4.20) and (4.21) it is possible
do determine the de�ections along the beam span. Namely, considering a simply supported
beam loaded in a 3�point or 4�point bending con�guration, the de�ections along the span
may be determined with Eqs. (4.22) and (4.23), respectively,

δ(x) =
F

4× EI
×
[
L2x

4
− x3

3

]
+

F

2× kAG
× x, 0 ≤ x < L

2

δ(x) =
F

4× EI
×
(
x3

3
− Lx2 +

3L2x

4
− L3

12

)
+
F × (L− x)

2× kAG
, L/2 ≤ x ≤ L

(4.22)

δ(x) =
F

4EI

[
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3

]
+

F

kAG
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δ(x) =
F

4EI

(
Lx− x2 − a3

3

)
+

Fa

2× kAG
, a ≤ x < b

δ(x) =
F

4EI

[
x

(
x2

3
+ L(a− x) + (a+ b)2

)]
+

F

4EI

[
L

(
2L2

3
− La− (a+ b)2

)]
+
F (L− x)

2× kAG
, a+ b ≤ x ≤ L

(4.23)

where F is the total applied load, a and b are geometrical parameters (cf. Figure 4.44), EI
represents the �exural sti�ness and kAG is the shear sti�ness. Note that Eq. (4.22) is a
particular solution of Eq. (4.23) when a = L/2 and b = 0.

In order to apply the above mentioned equations in the simulation of the experimental tests,
the shear area (kA) may be taken as the area of the web (Aw), a common assumption for
I�shaped pro�les [4]. In this context, Table 4.20 presents the mechanical properties of the
I200 and I400 cross�sections, including the neutral axis position with respect to the utmost
upper �bre of the sections (NA), when considering the elasticity and shear moduli obtained
by (i) coupon testing and (ii) the full�scale �exural serviceability tests.

Table 4.20.: Cross�section properties of the pro�les with the mechanical properties derived from coupon and
full�scale testing.

Pro�le Properties
NA EI kAG

(mm) (kNm2) (kN)

I200 Coupon 99.86 788.4 6992.0
Full�scale 100.00 873.2 5457.6

I400 Coupon 229.97 5772.0 20154.8
Full�scale 200.00 14532.1 12164.2

In order to compare the analytical predictions regarding the deformability of the pro�les
with the experimental results, the sti�ness (K) of the beams in terms of midspan de�ections
when subjected to a 3�point load con�guration (Eq. (4.22)) was determined considering the
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section properties presented in Table 4.20. Figures 4.73 and 4.74 plot these analytical curves
and compare them to the experimental results for the I200 and I400 pro�les, respectively,
while Table 4.21 summarizes those same results.
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Figure 4.73.: Midspan de�ection sti�ness vs. span:
analytical and numerical results for the I200 pro-
�le.

Figure 4.74.: Midspan de�ection sti�ness vs. span:
analytical and numerical results for the I400 pro-
�le.

The experimental results compare very well with the analytical curves considering the full�
section properties for both pro�les, especially for the I200 pro�le (di�erences up to 1.1%
and 14% for the I200 and the I400 pro�les, respectively), which was expected since these
properties were derived from the same experimental results based on the Timoshenko beam
theory, namely Eq. (4.22). Regarding the analytical curves based on coupon properties, for
the I200 pro�le the comparison with the experimental results is very good, with a maximum
di�erence of 16%; in fact, this curve diverges from that obtained with the global properties
only for short length spans (less than 1.50 m). For the I400 pro�les the di�erence between
the curves is much higher, up to 57%. Nevertheless, the comparison of the experimental
results with coupon properties based predictions shows that the analytical model is still
able to reproduce the overall behaviour of the sti�ness decay vs. span curve. The fact that
the analytical model is able to predict the experimental behaviour with coupon properties
which are independent of the structural con�guration and may be considered as intrinsic
characteristics of the FRP material is of the utmost importance as it allows structural
designers to predict the structural behaviour of FRP structures based on the material
properties (i.e. independently of the structural system), and these can be more easily
provided by manufacturers.

Regarding the failure simulation with the analytical models, as mentioned earlier,
specimen I200 failed in the web��ange junction, following the local buckling of the top
�ange. The critical local buckling stress of the top �ange may be estimated, conservatively,
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Table 4.21.: GFRP pro�les serviceability behaviour: sti�ness (K) derived from experimental and analytical
results.

Pro�le
L Test Analytical model

Coupon properties Global properties

(mm) kN/mm kN/mm di�. kN/mm di�.

I200

1400 7.06 8.16 15.5% 7.10 0.6%
2100 3.03 3.13 3.4% 3.06 1.1%
2800 1.51 1.47 -2.9% 1.52 0.3%
3500 0.83 0.79 -4.6% 0.83 -0.1%

I400

1000 39.78 62.45 57.0% 45.48 14.3%
1500 27.65 32.48 17.5% 28.04 1.4%
2000 21.89 18.63 -14.9% 19.02 -13.1%
3000 10.37 7.43 -28.4% 9.96 -3.9%
4000 5.48 3.56 -35.0% 5.75 4.8%
4700 3.81 2.31 -39.4% 4.07 6.8%

considering a wall simply supported on one edge and free in the other, under uniform
compressive stress, as expressed in Eq. (4.24) [95],

σssfree =
π2

tf (bf/2)2

DL

(
bf/2

assfree

)2

+
12

π2
DS


=

π2EL
12(1− υLυT )

(
tf
assfree

)2

+GLT

(
2tf
b

)2
(4.24)

where, tf and bf are, respectively, the thickness and the (entire) width of the �ange, DL and
DS are the longitudinal �exural and torsional plate sti�nesses (cf. Eqs. (4.25) and (4.26)),
respectively, and assfree is the length of the buckle half-wave, which, according to Bank [4],
may be taken as two to three times the free width of the wall (in this case, bf/2).

DL =
ELt

3

12(1− υLυT )
(4.25)

DS =
GLT t

3

12
(4.26)

For long plates, where the ratio t/assfree is small, the �rst term of Eq. (4.24) may be
conservatively neglected, which means that the length of the buckle half�wave assfree does
not need to be estimated [4].

Since, in reality, the local buckling phenomenon involves all the plates of a section, in
the experimental tests it is not possible to determine if the buckling was triggered by the
instability of the top �ange or by the instability of the web. Therefore, it is necessary to
estimate the critical stress of the web in order to analytically predict the behaviour of the
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pro�les, which may be performed considering the web as a wall simply supported in both
edges subjected to linearly varying compressive stress [95],

σssss,var.lin. =
π2

twd2
w

(
13.9

√
DLDT + 11.1DLT + 22.2DS

)
=

(
13.9

√
ET
EL

+ 11.1υT

)
π2EL

12(1− υLυT )

(
tw
dw

)2

+
22.2GLT

12

(
tw
dw

)2 (4.27)

where, tw and dw, respectively, are the thickness and the depth of the web (with respect to
the centreline of the walls), and DT and DLT are the transverse �exure and longitudinal to
transverse �exure sti�nesses:

DL =
ET t

3

12(1− υLυT )
(4.28)

DLT =
υLET t

3

12(1− υLυT )
=

υTELt
3

12(1− υLυT )
(4.29)

For this buckling mode, the buckle half�wave length (assss,var.lin.) may be determined with
Eq. (4.30):

assss,var.lin. =

√
2

2
dw

4

√
EL
ET

(4.30)

As mentioned earlier, the local buckling phenomenon involves all the walls of the section,
whereas the above presented formulae respect to individual/isolated plates only. The fact
that the plates are not isolated but are part of a more complex cross�section implies that
they are not simply supported in the other walls, as assumed in Eqs. (4.24) and (4.27), but
are in fact rotationally restrained by the remaining plates. The in�uence of this restraint
may be determined with Eq. (4.31) [4],

ζrest. =
DT

kθLT
(4.31)

where DT and LT are the �exural sti�ness and the width of the plate being re-
strained in the transverse direction, and kθ is the rotational spring of the junc-
tion under consideration. Thereafter, for the present case, which regards the �exu-
ral behaviour of I-shaped pro�les about their major axis, there are two hypotheses:
(i) the �ange buckles before the web, in which case the web restrains the �ange
((σssfree)flange/E

Flanges
c,L < (σssss,var.lin.)web/E

Web
c,L ); or (ii) the web buckles before the �ange

and is restrained by the latter ((σssfree)flange/E
Flanges
c,L > (σssss,var.lin.)web/E

Web
c,L ). Table 4.22

presents such parameters for the present I200 pro�le considering the material mechanical
properties derived from the coupon testing (cf. Section 4.2.2.6).

With respect to these results, it should be mentioned that the determination of the critical
stress of the top �ange considering the complete Eq. (4.24) was performed assuming a buckle
half�wavelength (assfree) of three times the free width of the plate (bf/2). Considering the
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Table 4.22.: Critical stresses of the several walls of the I200 cross�section.

Property Unit
Flange Web

Eq. (4.24) 2nd term of Eq. (4.24) Eq. (4.27)

σcr MPa 178.6 147.2 630.8
Ec,L GPa 33.9 27.1
σcr/Ec,L 103 5.3 4.3 23.3

ratios σcr/Ec,L presented in Table 4.22 it is clear that the local buckling is triggered by
the instability of the top �ange and, therefore, the web acts as a restraining plate. In this
context, the rotational spring of the junction may be determined from Eq. (4.32),

kflangeθ =
2Dweb

T

dw

[
1−

σss,flangefree EWeb
c,L

σss,webss,var.lin.E
Flanges
c,L

]
(4.32)

and the coe�cient of restraint is:

ζflangerest. =
Dflange
T

kflangeθ bf/2
(4.33)

The buckle half�wavelength comes:

aflange = 1.675
bf
2

4

√√√√Dflange
L

Dflange
T

(1 + 4.12ζflangerest. ) (4.34)

Substituting Eq. (4.34) in Eq. (4.24), the critical stress may be expressed as follows:

σlocalflange =
π2

tf (bf/2)2

[
1.675−2

√
DLDT

1 + 4.12ζflangerest.

+
12

π2
DS

]
(4.35)

Table 4.23 compares the local buckling stresses, considering both the isolated plates and the
web��ange interaction, with that derived from the experimental tests.

Table 4.23.: Critical stress of the I200 cross�section: experimental results vs. analytical predictions.

Critical stress MPa di�. (%)

Experimental 144.2 -
Isolated �ange � Eq. (4.24) 178.6 +23.9%
Isolated �ange � 2nd term of Eq. (4.24) 147.2 +2.1%
Section (with web��ange interaction) � Eq. (4.35) 196.8 +36.5%

These results show that, unlike what was expected, the simplest and most conservative
analytical estimate of the critical stress is the most accurate when comparing with the
experimental results. Regarding the di�erence between using the complete expression given
by Eq. (4.24) or only the second term of that expression, as suggested earlier, it should
be noticed that this di�erence is highly dependent on the buckle half�wavelength (assfree)
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assumed � in this case, three times the free width of the plate (bf/2) � a parameter
that, a priori, can only be estimated. On the other hand, the higher di�erence obtained
when considering the web��ange interaction (Eq. (4.35)) was not expected since the latter
method should be more accurate than the previous simpli�cations. Nevertheless, for the
present case, the poorer agreement of the more sophisticated Eq. (4.35) may be due to the
fabrication process of the pro�les (pultrusion), which is known to create "weaker" areas
at the web��ange junctions [4], mainly due to a lower �bre content than the �ange and
web plates. This "weaker" area can drastically reduce the sti�ness of the rotational spring
restraining the �ange kflangeθ , which could mean that the consideration of such restraint is,
in fact, unrealistic. These results suggest that designers should use the more conservative
analytical formulae in order to determine the local critical stress of GFRP pro�les in �exure
and, consequently, their local critical bending moment.

In what concerns the failure modes of specimens I400, three di�erent failure mechanisms
were involved, although it was not always clear which exact failure mechanism governed the
failure of each specimen: (i) web crushing / buckling under concentrated loads; (ii) in�plane
shear failure of the web; and (iii) global lateral torsion��exure buckling.

In order to determine the ultimate load due to web crushing/buckling (web�crippling)
under concentrated loads, the governing ultimate stress was determined, i.e. the minimum
value between the material compressive strength in the transverse direction (σWeb

c,T , cf.

Section 4.2.2.6) and the critical transverse stress (σWeb
cr,T ). The latter was determined

considering that the web is a plate, simply supported on its unloaded edges, under constant
compressive stresses [4] as expressed by Eq. (4.36),

σWeb
cr,T =

2π2

twb2eff

(√
DLDT +DLT + 2DS

)
(4.36)

where beff is the e�ective width in which the stress is distributed and, according to
Bank [4], it may be considered as (i) dw for interior supports/load application points,
or (ii) Leff + dw/2 for extremity supports, such as those of simply supported beams.
Thereafter, the ultimate concentrated transverse force Vu,T may be determined with
Eq. (4.37),

Vu,T = Aeff ·min
(
σWeb
c,T ;σWeb

cr,T

)
(4.37)

where Aeff is the e�ective area, which may be determined by Eq. (4.38):

Aeff = twbeff (4.38)

Similarly, the second failure mode, in�plane shear failure of the web, may be governed by
the local buckling of the walls (τ localcr ) or by the material strength (τWeb

LT , cf. Section 4.2.2.6),
depending on which of those stresses is higher. The critical shear stress of the web (τ localcr )
may be calculated with Eq. (4.39), considering that all borders are simply supported,
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4kLT
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where kLT is the shear buckling coe�cient that may be taken as [95],

kLT = 8.125 + 5.045K (4.40)

which is valid for K ≤ 1 and K is given by:

K =
2DS +DLT√

DLDT
(4.41)

Thereafter, the ultimate shear load due to in�plane shear may be calculated with
Eq. (4.42):

V in−plane
u =

I · t
W

min
(
τWeb
LT ; τ localcr

)
(4.42)

With the expressions above, for each local failure mode, it is possible to compare the material
strengths to the (buckling) critical stresses, determining the governing ultimate stresses, as
summarized in Table 4.24.

Table 4.24.: Material strength and critical stress for each local failure mode.

Pro�le Failure mode
Stress (MPa)

Governing mechanism
Material Buckling

I200
Bending (σc,L) 388.6±59.2 147.2 Buckling
In�plane shear (τLT ) 27.5±3.4 93.2 Material
Concentrated loads (σc,T ) 88.9±16.1 99.1 Material

I400
Bending (σc,L) 197.7±64.4 78.5 Buckling
In�plane shear (τLT ) 20.4±1.2 41.4 Material
Concentrated loads (σc,T ) 70.4±5.6 40.0 Buckling

Regarding the local failure modes, Table 4.24 shows that buckling phenomena govern the
bending failure over the material strength for both pro�les and the local failure under
concentrated loads for the I400 pro�le, which has a slender web (namely when compared to
that of the I200 pro�le).

Finally, regarding the determination of the critical lateral�torsional bending moment of the
pro�les (Mglobal

cr ), it is generally accepted that the same equation used for isotropic materials
may be used given that the orthotropic moduli are provided [4]. In this context, the well�
known formulae presented in Eurocode 3 [96] may be adapted in order to be used with
orthotropic materials, namely, the following expression for doubly symmetric cross�sections
(as is the case of I�shaped pro�les),

Mglobal
cr = C1

π2ELIz
(kL)2

√( k

kw

)2 Iw
Iz

+
(kL)2GLT It
π2ELIz

+ (C2zg)2 − C2zg

 (4.43)

where L is the free length between lateral restraints, Iz is the second moment of area about
the minor axis of the cross�section, k and kw are factors accounting for boundary conditions,
namely the end rotation on plan and the end warping �xity, respectively, C1 and C2 are
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factors which account for the in�uence of the bending moment diagram over the length L
and for k and kw, It is the torsional constant, Iw is the warping constant of the cross�section,
and zg is the distance between the shear centre and the load application point.

When applying Eq. (4.43) to the pro�les under study, and in order to simplify the
analysis, the following simpli�cations were assumed: (i) a constant elasticity modulus in
the longitudinal direction EL was considered (that of the �anges in compression EFlangesc,L ,
cf. Section 4.2.2.6), and (ii) the shear modulus of the �anges GLT was considered to be the
same as that of the webs (GWeb

LT , cf. Section 4.2.2.6).

Table 4.25 presents, for all specimens, the ultimate load (Fu) considering each of the
previous mentioned failure modes, comparing them to the experimental results, along with
the corresponding maximum shear force and bending moment (V and M). The results
presented in Table 4.25 correspond to each of the individual failure modes, i.e. no interaction
is considered (failure interaction will be discussed later in this Section). Furthermore, it
should be noticed that in the preparation of this table the following assumptions were
considered: (i) the failure due to local buckling in bending was calculated based on the
most conservative critical stress, which compared better with the experimental results of
specimen I200 (cf. Table 4.23); (ii) since in the test of specimen P400�2 it was observed that
the lateral bracings were not able to support the beam laterally, the failure due to global
lateral-torsional buckling of this specimen was calculated considering that the two central
bracings did not exist.

Regarding specimen I200, the results show that the analytical models were able to determine
the failure mode correctly (local buckling in bending, as observed experimentally) and
with excellent accuracy in what concerns the ultimate load (-6.1% when compared to the
experimental result).

For specimen P400�1, however, the analytical models were not able to successfully predict
the failure mode observed experimentally. In fact, these models suggest that the failure
mode of the specimen should comprise local buckling in bending, while failure due to
concentrated loads at the supports was observed in the tests; furthermore, the predicted
failure load was -23.0% lower than that achieved in the test. This is an unexpected result,
since the analytical formulae predicted the failure behaviour of the I200 specimen with high
accuracy. It is worth mentioning two factors regarding the calculation of the failure load for
local buckling in bending: (i) as mentioned earlier, the critical stress is being conservatively
calculated, considering the �ange as being an isolated plate and disregarding the �rst term
of Eq. (4.24); and (ii) the coupon testing elasticity modulus in compression (Ec,L) is being
used in these calculations and for the I400 pro�le, unlike what happened for the I200 pro�le,
these moduli were much lower than their tensile counterparts (di�erence of -5.6% for the I200
pro�le and -65.7% for the I400 pro�le, concerning the �anges, cf. Table 4.13). In this context,
it is reasonable to assume that (i) for the I400 pro�le, in opposition to the I200 pro�le,
Eq. (4.35) is more accurate than Eq. (4.24) and (ii) the elasticity modulus in compression
was underestimated and is closer to its tensile counterpart. Thereafter, using Eq. (4.35) with
the tensile elasticity modulus (Et,L), a local buckling critical stress of 129.2 MPa is obtained,
corresponding to a failure load (Fu) of 263.7 kN, a critical local bending moment (M local

cr )
of 184.6 kNm and a shear force (V ) of 131.8 kN. The latter failure load is 82.5% higher than
that predicted with Eq. (4.24) and 40.5% higher than experimental failure load. Thereafter,
the in�plane shear failure mode presents the best comparison with the experimental result,
in terms of failure load � 20.9% higher than the test. Nevertheless, the experimental failure
mode does not correspond to either of the previous modes. In fact, the failure mode due
to concentrated loads at the supports, which corresponds to the experimental observation,
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Table 4.25.: Failure load and forces for each specimen considering each failure mode.

Specimen Failure mode
Fu V M

kN % kN kNm

I200

Experimental 55.9 - 28.0 36.4

Bending
Local 52.5 -6.07% 26.3 34.1
Global 168.7 +201.6% 84.3 109.6

In�plane shear 98.9 +76.8% 49.4 64.3

Conc. Loads at supports 453.5 +711.0% 226.7 294.8
at load points 337.9 +504.2% 168.9 219.6

P400�1

Experimental 187.7 - 93.8 131.4

Bending
Local 144.5 -23.0% 72.2 101.1
Global 549.2 +192.7% 274.6 384.4

In�plane shear 226.8 +20.8% 113.4 113.4

Conc. Loads at supports 351.4 +87.3% 175.7 246.0
at load points 462.5 +146.5% 231.3 231.3

P400�2

Experimental 134.6 - 67.3 94.2

Bending
Local 144.5 +7.32% 72.2 101.1
Global 50.7 -62.4% 25.3 35.5

In�plane shear 226.8 +68.5% 113.4 158.7

Conc. Loads at supports 351.4 +161.0% 175.7 246.0
at load points 462.5 +243.6% 231.3 323.8

P400�3

Experimental 207.9 - 103.9 103.9

Bending
Local 202.3 -2.70% 101.1 101.1
Global 995.3 +378.8% 497.6 497.6

In�plane shear 226.8 +9.09% 113.4 113.4

Conc. Loads at supports 351.4 +69.0% 175.7 175.7
at load points 462.5 +122.5% 231.3 231.3

was predicted for a failure load almost two times higher than the experimental failure load
(+87.3%). This particular result suggests that the experimental failure mode may have been
in�uenced by local buckling of the web in the transverse direction, an important phenomenon
in GFRP pro�les (e.g. [7, 14]).

Regarding specimen P400�2, the global lateral�torsional buckling failure load disregarding
the interior bracings is predicted for a load level -62.4% lower than the experimental failure
load. This result indicates that the interior bracings, although unable to fully support
the pro�le laterally, were able to provide some lateral sti�ness to the pro�le, momentarily
avoiding the triggering of global buckling.

Finally, for specimen P400�3, similarly to what happened with specimen P400�1, the
analytical formulae predicts bending failure due to local buckling for a load 2.7% lower
than the experimental one. However, if the critical local buckling stress is recalculated
following the same assumptions made for specimen P400�1, the failure load for this failure
mode increases 155.5% to almost twice that of the experimental test (+96.7%). Thereafter,
the governing failure mode becomes the in�plane shear failure of the web, with a failure
load +9.1% higher than its experimental counterpart, which is consistent with the failure
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mode observed experimentally. In this regard, the position of the failure initiation may be
estimated considering the shear � bending interaction, using Eq. (4.44):

(
τ(x, z)

τu,LT (z)

)2

+

(
σ(x, z)

σu,L(z)

)2

≤ 1 (4.44)

Figure 4.75 shows the shear force and bending moment diagrams as a function of the applied
load and of the geometrical parameters (cf. Figure 4.44), while Figure 4.76 shows the shear
and axial stress distributions along the depth of the web as a function of the shear force and
bending moment, respectively. The stress distributions were determined for the I400 pro�le
following the assumptions made in the previous calculations, namely the consideration of
the tensile elasticity moduli (i.e. desregarding the compressive elasticity moduli).
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Figure 4.75.: Bending moment and shear force
diagrams along the length of the beam.

Figure 4.76.: Axial and shear stress distributions
along the depth of the web of the I400 pro�le.

Considering the force and stress distributions presented in Figures 4.75 and 4.76, respec-
tively, and introducing such stresses in Eq. (4.44) an ultimate load of 212.5 kN is predicted
for the P400�3 specimen. This failure load prediction compares very well with the expe-
rimental failure load (+2.2%). Furthermore, failure is predicted in the sections under the
applied loads, which is consistent with the experimental observations. Regarding the failure
initiation point within the cross�section, Eq. (4.44) predicts that failure is initiated slightly
over the geometrical centre of the pro�le (which, given the assumptions made, is also the
sti�ness and shear centres), where the shear stresses are maximum (cf. Figure 4.75), with a
99.9% contribution of the shear stress and only 0.1% contribution of the axial stress. This
result is not consistent with the experimental observations given that failure was observed
near the web�top �ange junction. This di�erence may be due to the already mentioned
material properties variation over the section, namely the lower strength in the web��ange
junction regions due to a lower �bre content.
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4.2.3.4. Numerical simulation

All full�scale �exural tests in beams were simulated using tri�dimensional �nite element
(FE) models developed with the commercial package ABAQUS. The models comprised
two di�erent shell quadrilateral elements: (i) 4�node general purpose shell elements with
reduced integration (S4R), simulating the geometry of the pro�les; and (ii) 4�node tri�
dimensional bilinear rigid shell elements, simulating the connection between the pro�les
and the support/load contact areas [97]. Both pro�le sections were simulated with the same
number of nodes (27) and with the same element length (10 mm).

The pro�les were simulated considering di�erent material properties for the web and �anges,
according to the coupon tests results (cf. Section 4.2.2.6). In this regard, and accounting for
the poorer accuracy of the analytical models when using the compressive elasticity moduli1

(cf. Section 4.2.3.3), the tension elasticity moduli were used.

In order to simulate the vertical supports and the load application points, the contact areas
were modelled with rigid shell elements connecting to a reference point, whose alignment was
centred with the respective centre of the support/load area and 25 mm apart of the utmost
extreme �bres of the cross�sections in the vertical direction. These elements were constrained
to a rigid body and the boundary conditions/load application was performed in the reference
alignment only. Regarding the lateral bracings, in order to avoid the restriction of vertical
displacements due to non�linear geometrical e�ects, they were simulated by restricting the
web��ange junction points instead of the extreme points of the �anges.

Additionally, the torsional rotations of the upper �anges in the load application areas were
also restrained since this e�ect was visible in the experimental tests owing to the use of
cylinders between the loading beam and the pro�les (cf. Section 4.2.3.2).

Figures 4.77 and 4.78 show the overall aspect of the FE models for the I200 and the
P400-1 (as an example of the I400 specimens) pro�les, respectively, including the boundary
restrictions and applied loads.

Two sets of analyses were performed with these models: (i) buckling analyses, performed
in order to estimate the buckling modes and critical loads for each con�guration; and
(ii) failure initiation analyses performed in order to determine the ultimate load of each
specimen. Regarding the former type of analysis, a small geometrical imperfection was
considered, with maximum amplitude of 0.02 mm and the shape of the �rst positive buckling
mode (i.e., the �rst buckling mode that occurs for a critical load applied in the same
direction as that of the experimental load), which should avoid numerical problems near
the bifurcation point and should not in�uence the postbuckled shape [98]. For the latter
type of analysis, the failure criterion chosen was the Tsai�Hill failure criterion developed for
FRP composite materials. This criterion, although being usually conservative (e.g. [99]), has
proven to provide reasonable agreement with experimental data when using GFRP coupon
strength data [100]. For plane stress states, the Tsai�Hill failure criterion may be expressed
by Eq. (4.45),

σ2
1

X2
− σ1σ2

X2
+
σ2

2

Y 2
+
τ2

12

S2
≤ 1 (4.45)

1It should be noted that the coupon compressive tests may have provided unreliable data regarding the
compressive strains, since the procedure does not account for the e�ects of (potential) local crushing of
the extremities of the specimens, thereby providing less reliable elasticity moduli than the tensile tests.
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Figure 4.77.: Overall perspective of the I200 specimen FE model.

Figure 4.78.: Overall perspective of the I400 specimens FE models (P400�1 specimen).

where σ1 and σ2 are the axial stresses in the principal directions 1 and 2, respectively,
τ12 is the shear stress in the plane de�ned by those same directions, X and Y are the
strengths in the principal directions, 1 and 2, respectively, while S is the shear strength in
such plane (obtained from coupon testing). Applying Eq. (4.45) to the present case study,
the principal directions 1 and 2 may be taken as the longitudinal and transverse directions,
replacing σ1, σ2 and τ12 by σL, σT and τLT , respectively, and X, Y and S by ftu,L, fcu,T
and τu,LT , respectively. It should be mentioned that for the longitudinal direction (the main
direction) the material tensile properties were used given the higher accuracy of the coupon
test methods, while for the transverse direction the compressive properties were used since,
due to geometrical limitations, coupon tensile tests in the transverse direction were only
performed on the web of the I400 pro�le.
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Regarding the I200 pro�le model, the buckling analysis indicated that the �rst buckling
mode corresponded to the local instability of the top �ange between the load application
points, as shown in Figure 4.79. The critical load (Fcr) predicted by the FE model is 113.2 kN
which corresponds to a critical bending moment (Mcr) and compressive critical stress (σcr)
of respectively 73.6 kNm and 317.1 MPa. This critical load is considerably higher than that
observed experimentally (+120.0%) and those predicted by the analytical formulae (+61.2%
to +115.4%).

Figure 4.79.: FE analysis: �rst buckling mode con�guration for the I200 specimen.

The failure initiation analysis, by its turn, indicates that the initial failure starts for a
load (Fu) of 34.0 kN under the load application points, at the web��ange junction. The
distribution of the Tsai-Hill failure index at failure may be depicted from Figure 4.80.

According to the FE model, the failure initiation occurs in the web��ange junction of the
compressed �ange at the centre of each buckle half�wave, due to local concentration of
transverse and shear stresses. This fact, together with the prediction of a lower failure
initiation load, when compared to that observed experimentally (-44.6%) and a predicted
critical load higher than that observed in the experimental tests, as stated earlier, indicates
that the instability phenomenon observed in the experimental tests might have happened
after an initial local failure of the web��ange junction (undetected in the tests) allowing
the upper �ange to buckle unrestrained (hence, the better approximation of the analytical
formulae that do not account for support restriction in determining the critical stress, cf.
Table 4.23).

The FE model developed for simulating the test of specimen P400�1 predicts the
�rst positive buckling mode (i.e., with the critical load applied in the same direction as
the experimental load) as a local instability phenomenon, with buckling of the �anges
(triggering) and web between the load application points, presenting two buckle halfwaves
as may be depicted from Figure 4.81. The critical load (Fcr) for this buckling mode is
predicted as 360.0 kN, corresponding to a critical bending moment (Mcr) of 252.0 kNm and
a compressive critical stress (σcr) of 176.4 MPa. The critical load predicted by the FE model
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Figure 4.80.: FE analysis: Tsai�Hill failure index distribution of the I200 specimen for F = 34.9 kN (half�
model).

is, once again, higher than its analytical counterparts (cf. Section 4.2.3.3), namely +36.6%
than the higher analytical estimate.

Figure 4.81.: FE analysis: �rst buckling mode con�guration for the P400�1 specimen.

Regarding the failure initiation, the model predicts a failure initiation load (Fu) of 97.8 kN
(-47.9% than the experimental failure load) with failure occurring in the web��ange junction
underneath the load application points, as shown in Figure 4.82, unlike the experimental
tests where failure occurred in the web at a support section. It should be noted that the
loading areas and the support areas present similar transverse compressive stresses, but the
shear stresses are much higher in the loading areas, which could be due to local e�ects.

103



Chapter 4 - Materials

In this context, disregarding the failure under the support sections (i.e., considering that
failure initiation began in that region but did not propagate, having a reduced in�uence
in the overall behaviour of the structure), the next failure load (Fu) is 143.6 kN (-23.5%
than the ultimate load observed experimentally), corresponding to failure in the web�
�ange junction at the support sections, being governed by transverse compressive and shear
stresses, similarly to what was observed in the experimental tests.

(Avg: 75%)
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TSAIH
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+7.279e−02
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+4.361e−01
+5.087e−01
+5.814e−01
+6.541e−01
+7.267e−01
+7.994e−01
+8.721e−01

Figure 4.82.: FE analysis: Tsai�Hill failure index distribution of the P400�1 specimen for F = 91.1 kN
(half�model).

In what concerns specimen P400�2, the results obtained from the FE model are identical
to those regarding specimen P400�1 when considering all the lateral bracings (the small
di�erences stem from the fact that the support and load plates are larger for specimen
P400�2). Nevertheless, in the experimental test it was clear that the central bracings were
not able to support laterally this particular specimen. With this regard, an additional FE
model was developed in which the central lateral bracings were removed. Figure 4.83 presents
the shape of the �rst buckling mode obtained with the latter model, which corresponds to
the global buckling of the pro�le and occurs for a critical load (Fcr) of 187.9 kN.

Concerning the failure analyses, however, and even without the central lateral bracings,
failure initiation occurs in the same fashion as for specimen P400�2 with a very similar
failure initiation load (Fu) of 102.5 kN (+4.8%, possibly owing to the larger load application
area). Figure 4.84 presents the distribution of the Tsai-Hill failure index at failure for this
specimen. The failure load predicted by the FE model is -23.9% lower than that observed
experimentally, which occurred following global buckling phenomena. Once again, these
results seem to indicate that an initial failure of the web��ange junction may have occurred,
unnoticed in the experimental tests, triggering the instability phenomenon, which, for the
present specimen and due to the lack of e�ective bracing, was global buckling.

Finally, for specimen P400�3, the FE model predicts the shape of the �rst positive
buckling mode as a local instability phenomenon, with buckling of the �anges (triggering)
and web between the load application points, presenting two buckle halfwaves, similarly to
P400�1, as may be depicted from Figure 4.85. The critical load (Fcr) for this buckling mode
is predicted as 533.5 kN, corresponding to a critical bending moment (Mcr) of 266.7 kNm
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Figure 4.83.: FE analysis: �rst buckling mode con�guration for the P400�2 specimen.
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Figure 4.84.: FE analysis: Tsai�Hill failure index distribution of the P400�2 specimen for F = 91.1 kN
(half�model).

and a compressive critical stress (σcr) of 186.7 MPa. Once more, the numerical critical load
is higher than its analytical counterparts (cf. Section 4.2.3.3), namely +44.52% than the
highest analytical estimate.

For this specimen the FE model predicts failure in the web��ange junction under the load
sections, as can be depicted from Figure 4.86. The failure initiation load (Fu) predicted by
the numerical model is 113.1 kN, which is -45.6% lower than its experimental counterpart.
Following the results obtained for the previous specimens, these results reinforce the
hypothesis of early and unnoticed failure of the web��ange junction on the experimental
tests, which enhanced the proneness of the pro�les to instability phenomena and explain
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Figure 4.85.: FE analysis: �rst buckling mode con�guration for the P400�3 specimen.

the better accuracy of the simpler analytical formulae regarding the local buckling of the
upper �ange (cf. Section 4.2.3.3). This hypothesis could be duly con�rmed with FE models
which consider material damage. The development of such models, however, falls out of
the scope of the present thesis. Furthermore, the Tsai�Hill criterion, which, as mentioned
earlier, provides a measure of the failure initiation (not of damage), has been known to
underestimate the experimental failure loads of GFRP pro�les, e.g. [7, 98,99].
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Figure 4.86.: FE analysis: Tsai�Hill failure index distribution of the P400�3 specimen for F = 141.7 kN
(half�model).
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4.3. SFRSCC

4.3.1. Experimental programme

The steel �bre reinforced self�compacting concrete (SFRSCC) used in the deck of the
footbridge prototypes was developed by CiviTest, Pesquisa para Novos Materiais para a
Engenharia Civil, Lda., which also provided the material for the small�scale prototype,
while Tecnipor provided the SFRSCC for the full�scale prototype. The SFRSCC used in
the small� and full�scale prototypes have slightly di�erent compositions, which are given in
Table 4.26.

Table 4.26.: Component mix proportions for the SFRSCC used in the small� and full�scale prototypes.

Component
Proportion (kg/m3)

Small�scale Full�scale

Cement 380.5 413.0
Limestone �ller 326.2 353.0
Water 126.8 140.0
Superplasticizer 6.09 7.83
Fine sand 362.6 237.0
River sand 574.6 710.0
Crushed stone 510.1 590.0
Steel �bres 45.0 60.0

W/C ratio 0.33 0.34

The steel �bres used were hooked�end �bres with 35 mm of length and 0.55 mm of diameter
and presented a 1100 MPa characteristic tensile strength.

For the SFRSCC used in the small�scale prototype, two sets of material characterization
tests were performed: (i) coupon tests, and (ii) full�scale transverse bending tests. The �rst
set included tests on SFRSCC cubes and cylinders and were performed at 28 days of age
and at 905 days of age, which was the same age as the small�scale prototype's SFRSCC
deck when it was tested up to failure (cf. Chapter 6). The full�scale tests were performed
by testing precast slab specimens with dimensions of 2000 × 1000 × 40 mm3 in a 4�point
bending con�guration.

The characterization of the SFRSCC used in the full�scale prototype was performed by
CiviTest and included coupon (i) compressive tests on cubes, and (ii) �exural tests on
small�scale slabs.

4.3.2. Material characterization tests

4.3.2.1. Tests on cubes

Compressive tests were performed on 150 mm cubes made of the SFRSCC used in the
small�scale prototype in order to determine the compressive strength (fc) of the material.
The tests were performed using a press tester from Tonipact, model 3000, with a control
unit from Form+Test Seidner, model CSRG5500. The tests were performed according to
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the speci�cations of EN 12390�3 [101]. Figure 4.87 shows the test apparatus with one of the
specimens being tested.

Figure 4.87.: Compressive tests on SFRSCC cube specimens.

Based on the ultimate load achieved in these tests (Fcu), it was possible to determine the
compressive strength fc of each specimen using Eq. (4.46),

fc =
Fcu

Aspecimen
(4.46)

where Aspecimen is the area of the specimen. Regarding the SFRSCC material used in the
small�scale prototype, three specimens were tested at 28 days of age and four specimens
were tested at 905 days of age. Table 4.27 summarizes the results obtained in these tests,
while Table A.11 (page 308) presents the results for all specimens.

Table 4.27.: Summary of the compressive tests on small�scale prototype SFRSCC cube specimens

Property fc (MPa)

Age 28 days 905 days

Average 80.65 93.01
Std. Dev. 2.07 7.42
CoV 2.6% 8.0%

As expected, the compressive strength of the SFRSCC material increased over time as the
concrete hardened.

For the SFRSCC material used in the full�scale prototype, similar tests were performed
by CiviTest on four cube specimens, at 28 days of age, following the same test standard.
These tests indicated an average compressive strength (fc) of 60.76 MPa, with a standard
deviation of 6.95 MPa (CoV of 11.4%).
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4.3.2.2. Tests on cylinders

Two sets of tests were performed in cylinders of the SFRSCC material used in the small�
scale prototype: (i) compressive tests in the slender direction in order to determine the
elasticity modulus (Ec) and the Poisson ratio (υc), following the recommendations of
LNEC E 397 [102]; and (ii) compressive tests in the transverse direction in order to determine
the splitting tensile strength fcr, following the recommendations of EN 12390�6 [103]. For
both tests, the cylinders had standard dimensions of 150 mm of diameter and 300 mm of
height.

The �rst set of tests was performed using a multipurpose universal test machine from Instron,
model 1343, with a load capacity of 250 kN. Longitudinal and transverse strains were
monitored with a mechanical strain gauge comprised by steel bracings and three electric
displacement transducers from TML with a stroke of 5 mm and precision of 0.01 mm.
During the tests, data was gathered with a datalogger (from HBM, model Spider8 ) at a
rate of 5 Hz and stored in a PC. Figure 4.88 shows the test apparatus with one of the
specimens being tested. These tests were performed by �rst loading the specimens up to
a compressive stress of 1 MPa (σ1) and registering the longitudinal strain (ε1). After this
initial stage, the standard [102] recommends that the specimens are loaded at a rate of
9 kN/s, until a third of their ultimate compressive stress (σ2), registering the corresponding
longitudinal strain (ε2). For the present case, however, due to the load limit of the test
machine used, it was only possible to load the specimens up to ≈22% and ≈19% of their
ultimate compressive strength (fc, cf. Section 4.3.2.1), for 28 and 905 days, respectively. As
mentioned earlier, these tests were performed in cylinders of the SFRSCC material used
in the small�scale prototype, namely, three at 28 days of age and four at 905 days of age.
The elasticity modulus in compression of the SFRSCC (Ec) was then determined using
Eq. (4.47):

Ec =
σ2 − σ1

ε2 − ε1
(4.47)

The Poisson ratio (υc), on the other hand, was determined by dividing the transverse strains
by the longitudinal strains as expressed in Eq. (4.48),

υc =
εT,2 − εT,1
ε2 − ε1

(4.48)

where εT,1 and εT,2 are the transverse strains for the initial and �nal stress levels (σ1 and
σ2), respectively.

The splitting tensile strength tests were performed with a press tester from Tonipact, model
3000, with a control unit from Form+Test Seidner, model CSRG5500. In order to ensure
that the load was applied to the generatrix of the specimens, a steel positioning system
was provided between the press plates and the specimens. Specimens made of the SFRSCC
used in the small�scale prototype were tested, namely, three at 28 days of age and eight
at 905 days of age, Figure 4.89 shows the test apparatus with one of the specimens being
tested.
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Figure 4.88.: Compressive tests on SFRSCC cylin-
der specimens.

Figure 4.89.: Splitting tensile strength tests on
SFRSCC cylinder specimens.

Based on the ultimate load attained in these tests (Fcr), it was possible to determine the
splitting tensile strength, fcr, using Eq. (4.49),

fcr =
2 · Fcr

π · Lcy · dcy
(4.49)

where Lcy and dcy are the cylinders length and diameter, respectively.

Table 4.28 summarizes the experimental results, with the complete results for all specimens
being presented in Table A.13 (page A.13).

Table 4.28.: Summary of the test results on small�scale prototype SFRSCC material cylinder specimens.

Age 28 days 905 days

Property Ec υc fcr Ec υc fcr
(GPa) - (MPa) (GPa) - (MPa)

Average 36.97 0.33 9.42 40.88 0.29 11.19
Std. Dev. 1.94 0.03 1.63 1.53 0.12 1.08
CoV 5.3% 10.5% 17.3% 3.7% 42.6% 9.6%

Again, these results show that, as expected, as the concrete hardens with time its mechanical
properties increase.

4.3.2.3. Tests on small�scale beams

As mentioned earlier, the �exural properties of the SFRSCC used in the full�scale prototype
were determined experimentally by the manufacturer (CiviTest). By testing small�scale
SFRSCC beams, in accordance with the recommendations of RILEM TC 162 TDF [104],
it was possible to determine the cracking strength in �exure (fcr), the equivalent �exural
tensile strengths (feq,2 and feq,3), and the residual �exural tensile strengths (fR,1 to fR,4),
as summarized in Table 4.29.

These results show that the SFRSCC used in the full�scale prototype presents strain�
hardening behaviour (cf. Section 2.5) after cracking, with a relatively low decrease on the
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Table 4.29.: Summary of the �exural test results on full�scale prototype SFRSCC material coupons.

Property fcr feq,2 feq,3 fR,1 fR,2 fR,3 fR,4
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

Average 6.21 10.42 10.56 10.17 10.27 9.71 9.01
Std. dev. 1.25 2.42 2.4 2.16 2.34 2.26 2.15
CoV 20.1% 23.2% 22.7% 21.2% 22.8% 23.3% 23.9%

residual �exural tensile strength (from fR,1 to fR,4) as the tensile strain increases, resulting
in a ductile failure behaviour.

4.3.2.4. Summary

Table 4.30 summarizes the main results of the SFRSCC material characterization tests,
presenting the average properties and standard deviations.

Table 4.30.: Summary of the SFRSCC main mechanical properties derived from coupon testing.

Material
Age Ec υc fc fcr
(days) (GPa) - (MPa) (MPa)

Small�scale prototype
28 37.0±1.9 0.33±0.03 80.7±2.1 9.42±1.63
905 40.9±1.5 0.29±0.12 93.0±7.4 11.19±1.08

Full�scale prototype 28 37.8±1.31 n.a. 60.8±7.0 6.21±1.252

1 estimated.
2 obtained from �exural tests.

Regarding the elasticity modulus in compression (Ec) of the SFRSCC used in the full�scale
prototype, since it was not determined experimentally, it was estimated using Eq (4.50),
provided by Eurocode 2 [85]:

Ec = 22

[
0.8 · fc

10

]0.3

(4.50)

Using Eq (4.50), the elasticity modulus in compression of the SFRSCC used in the full�
scale prototype was estimated as 37.75 GPa with a standard deviation of 1.31 GPa (CoV of
3.5%). It should be mentioned that the latter equation was able to estimate the elasticity
modulus of the SFRSCC used in the small�scale prototype with relatively low error when
compared to the experimental results, namely 10.8% and 5.1% for ages of 28 and 905 days,
respectively.

Regarding the mechanical properties of the SFRSCC used in the small�scale prototype,
as expected, all increased with time. Concerning the comparison between the small� and
full�scale prototypes SFRSCC materials, the composition of the small�scale material, which
has less steel �bre content (cf. Table 4.26 and 4.26), presents better mechanical properties.
However, the bene�ts of adding more steel �bres in the concrete composition can only be
evaluated in the post�cracking behaviour, which was not tested for the small�scale prototype
material, preventing the comparison of both materials. Additionally, it should be added that
both materials present similar speci�c weight (γ) of 24 kN/m3.
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4.3.3. Full�scale �exural tests

Precast slabs made of the SFRSCC used in the small�scale prototype, with dimensions of
2000×1000×40 mm3, were tested in a 4�point bending load con�guration with a 1100 mm
span (a = 300 mm and b = 500 mm, cf. Figure 4.44), corresponding to the transverse span of
the footbridge prototypes (cf. Chapters 6 and 7). The slabs were tested when the concrete's
age was 905 days.

Figure 4.91 presents the test setup. These tests were performed in a closed steel loading
frame anchored to the laboratory strong �oor. Load was applied with a hydraulic jack from
Enerpac with a load capacity of 50 kN, which was installed on the loading frame. The
load was distributed to the loading sections with a steel beam. A steel sphere was installed
between the hydraulic jack and the distribution beam in order to allow for rotations in both
directions, together with a Novatech load cell, with 100 kN capacity, in order to measure
the applied load. Steel circular tubes were positioned (i) in the load sections, in order to
distribute the load in the transverse direction while allowing for rotation in the bending
direction, and (ii) in the support sections, to act like pinned supports, one of which was
restrained from sliding in the longitudinal direction. During the tests, the vertical de�ections
were measured at the midspan sections, in two di�erent transverse positions, with electric
displacement transducers from TML with a stroke of 50 mm and precision of 0.01 mm. The
axial strains were also measured in the midspan section with electric strain gauges, from
HBM, model HBM-1-LY41-50/120. Figure 4.90 shows the positioning of all gauges in the
midpspan section. During the tests, data was gathered with a datalogger from HBM, model
Spider8, at a rate of 5 Hz and stored in a PC. The load was applied at an average rate of
0.25 kN/s.

Figure 4.90.: Positioning of the strain gauges and
displacement transducers in the midpsan section.

Figure 4.91.: Flexural tests on SFRSCC slabs: test
setup.

Figure 4.92 presents the load�de�ection curves for both specimens tested (the average
midpsan de�ection is considered), while Figure 4.93 shows the evolution of the average
axial strains at the top and bottom �bres of the cross�section with the applied load. Both
specimens presented a similar behaviour with linear load�de�ection curves almost up to the
maximum load. At the maximum load, specimens presented transverse cracking, starting in
the bottom �bres, at the midspan section. After the maximum load was attained, a ductile
plateau was observed where the deformations grew with little change of the applied load.
This post�cracking behaviour was accompanied with the progressive opening of the midspan
crack while the individual failure of the steel �bres could be heard. Finally, the specimens
collapsed with the crack reaching the top �bres of the cross�section. Figure 4.94 shows the
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initial cracking in one of the specimens, while Figure 4.95 depicts the crack opening in the
vicinity of failure of that same specimen.
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Figure 4.92.: Flexural tests on SFRSCC slabs: load
vs. average de�ection curves.

Figure 4.93.: Flexural tests on SFRSCC slabs: load
vs. average strain curves.

Figure 4.94.: Flexural tests on SFRSCC slabs:
initial crack opening.

Figure 4.95.: Flexural tests on SFRSCC slabs:
crack opening in the brink of failure (overall and
detail views).

The structural behaviour of the specimens described earlier may be depicted from Fig-
ures 4.92 and 4.93. Additionally, it can be seen that the de�ection curves are very similar to
those of the bottom axial strains where the cracking occurs. Another important conclusion
to be drawn from Figure 4.93 is that, for both specimens, the bottom and top strains are
symmetrical up until cracking occurs, showing that the neutral axis of the cross�section is
roughly located at its geometrical centre.

Table 4.31 summarizes the results of the �exural tests on SFRSCC slabs, including the
elastic sti�ness (K), the cracking load (Fcr) and corresponding bending moment (Mcr), the
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cracking stress (fcr) and the average midspan de�ection (dcr). Additionally, the maximum
post�cracking load (Fpost−cr) is also presented with its corresponding bending moment
(Mpost−cr), strength (fpost−cr) and average midspan de�ection (dpost−cr). As a measure of
the structural ductility of the slabs, the ratio between dpost−cr and dcr is also provided.

Table 4.31.: Flexural tests on SFRSCC slabs: summary of results.

Specimen
K Fcr Mcr fcr dcr
kN/mm kN kNm MPa mm

1 6.62 10.55 1.58 5.93 1.76

2 7.85 12.45 1.87 7.00 1.71

Average 7.24 11.50 1.72 6.47 1.74

Specimen
Fpost−cr Mpost−cr fpost−cr dpost−cr dpost−cr

dcrkN kNm MPa mm

1 10.02 1.50 5.64 4.95 2.81

2 12.01 1.80 6.76 5.34 3.12

Average 11.02 1.65 6.20 5.15 2.96

These results indicate an average cracking stress of 6.47 MPa, which is signi�cantly lower
(-42.2%) than that determined by the splitting tensile strength tests on SFRSCC cylinders
with the same age (cf. Section 4.3.2.4). This di�erence is more likely due to the nature
of the test (�exure vs. transverse compression) than to di�erences in the material itself.
More importantly, the tests of both specimens presented signi�cant maximum post-cracking
strength (fpost−cr) when compared to the cracking strength (fcr, -5.0% and -3.5% for
specimens 1 and 2, respectively). Moreover, the de�ection at this point (dpost−cr) was
considerably higher than the de�ection at cracking (dcr), +181% and 212% for specimens
1 and 2, respectively, presenting a clear ductile plateau. In summary, these tests con�rmed
that, unlike conventional concrete, the SFRSCC presents a ductile �exural failure, owing to
the steel �bres embedded in the concrete.

4.4. Other materials

This section describes the additional materials used in the construction of the footbridge pro-
totypes, indicating their mechanical properties of such materials, whenever available.

4.4.1. GFRP angle pro�les

The footbridge prototypes developed in the context of the present thesis included secondary
girders. For the small�scale prototype, the connection between main and secondary girders
was materialized with the aid of small length angle section GFRP pro�les (cf. Figures 6.2
and 6.3 (page 170), Chapter 6). These angle sections were extracted from square tubular
sections produced by Fiberline Composites A/S. The square sections present 100 mm of
length/width and an 8 mm thickness, being made of type�E glass �bres embedded in a
polyester resin matrix. The mechanical characterization of the GFRP material constituting
these pro�les was performed at IST by Nunes et al. [105]. The summary of the results derived
from coupon tests is presented in Table 4.32.
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Table 4.32.: Summary of the mechanical properties of the square tubular GFRP pro�les [105].

σtu,L Et,L σcu,L Ec,L
MPa GPa MPa GPa

336.5±87.7 39.9±2.7 416.4±22.2 25.3±2.5

σcu,T Ec,T σf,L Ef,L τis,L
MPa GPa MPa GPa MPa

93.1±14.9 8.3±1.8 352.7±76.1 28.0±6.1 37.0±2.9

Regarding the connection between main and secondary girders of the full�scale prototype,
similar small angle section GFRP pro�les were used (cf. Section 7.2). In this case, however,
they were produced by ALTO Per�s Pultrudidos, Lda., the same producer of the main
and secondary girders used in both prototypes, and are also constituted by E-glass �bres
embedded in an isophthalic polyester resin matrix. The angle section presents equal sides
with 60 mm of length and an 8 mm thickness. The general mechanical properties of the
GFRP pultruded products produced by ALTO are listed in Table 4.33 [92]:

Table 4.33.: Mechanical properties of the L60×8 GFRP section provided by the manufacturer [92].

σtu,L σcu,L Ec,L σf,L
MPa MPa GPa MPa

450±45 350±35 23±2.3 450±45

4.4.2. Stainless steel

The connection between main and secondary girders of the footbridge prototypes was
materialized by stainless steel bolts, rods, washers and nuts, aided by small length angle
GFRP pro�les, as mentioned in the previous section (cf. Figures 6.2 and 6.3 (page 170),
Chapter 6). Additionally, stainless steel bolts, washers and nuts were also provided as a
means of connection between the SFRSCC slab and the GFRP main girders (cf. Figures 6.12
and 6.14 (page 173) Chapter 6). All stainless steel elements used were provided by INTEC
� Sociedade Técnica de Equipamentos Indústriais, S.A., and are grade A2�70 [106], which
presents a characteristic yielding stress (fyk) of 700 MPa.

Regarding the dimensions and type of elements used, the bolts and rods presented a 10 mm
diameter. The length of the bolts was 55 mm (M10×55) and they ful�lled the ISO 4017
standard [107].

It should be referred that the materials described in this section, namely the bolts, nuts
and washers, used in the construction of the footbridge prototypes, as stated earlier, were
identical to those used in the GFRP�concrete shear connection tests (cf. Chapter 5).

4.4.3. Epoxy adhesive

The connection between main and secondary girders of the footbridge prototypes comprised
(i) a bolted connection provided by stainless steel bolts (as mentioned in the last section),
and (ii) an adhesively bonded connection. The epoxy adhesive chosen was S&P Resin 220,
produced by S&P, Clever Reinforcement Iberica, due to its known e�cacy in bonding FRP
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laminates to concrete surfaces [31, 108]. The manufacturer establishes minimum strengths
for this product, namely (i) 90 MPa in compression, (ii) 30 MPa in bending, and (iii) 3 MPa
in shear [31]. Regarding the tensile mechanical characteristics, this adhesive was subjected
to coupon testing at IST by Firmo et al. [108], who determined the following mechanical
properties in tension: (i) elasticity modulus (Ea = 8.76 ± 0.54 GPa); (ii) tensile strength
(fau = 17.33± 1.30 MPa); and (iii) ultimate tensile strain (εau = 2482± 302 µm/m).

Additionally, Firmo et al. [108, 109] evaluated experimentally the glass transition temper-
ature (Tg) of this adhesive with two di�erent methods, estimating this parameter between
47oC and 55oC.

4.4.4. Epoxy mortar

The small�scale prototype was built with precast SFRSCC slabs which had negatives in
order to create sockets for the bolts (cf. Chapter 6). After the precast slabs were bonded to
the girders, these sockets needed to be sealed. To this end, an epoxy mortar was selected due
to two main reasons: (i) this product has a similar base as the adhesive (epoxy); and (ii) the
high �uidity of this material does not require vibration inside the small sockets. The product
chosen was SIKA Icosit KC 220 N [110] commercialized in Portugal by SIKA Portugal �
Produtos, Construção e Indústria, S.A.. A very similar product is commercialized in other
countries under the name SIKA Icosit 220/60 TX [111].

The epoxy mortar was mixed with mineral �ller (SIKA Carga 2, from the same producer) in
a proportion of 1:1 in weight. For this mixture, the manufacturer indicates elasticity moduli
of (i) 9.9±1.0 GPa in compression (Em,c), and (ii) 7.0±0.9 GPa in bending (Em,f ), and
strengths of (i) 100±5 MPa in compression (fm,c), (ii) 40±5 MPa in bending (fm,f ), and
(iii) 19±5 MPa in shear (τm) [110].

4.4.5. Conventional concrete

The concrete jackets were provided at the support sections of the small�scale prototype (cf.
Figures 6.2 and 6.3 (page 170), Chapter 6), and were materialized by conventional concrete,
unlike those of the full�scale prototype, which were made of SFRSCC. The composition of
this conventional concrete is given in Table 4.34.

Table 4.34.: Conventional concrete, used in the concrete jackets of the small�scale prototype, component
mix proportion.

Component Cement Coarse sand Fine sand Gravel Water Superplasticizer

Proportion (kg/m3) 450 614 269 642 158 9

Compressive tests were performed on three cubes of this concrete at the time of the
failure �exural tests on the small�scale prototype, when the material had 842 days. An
average compressive strength of 63.63±10.23 MPa (CoV of 16.1%) was obtained. The results
obtained in each specimen are presented in Table A.12 (page 309).
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4.4.6. Regular steel

In order to test the feasibility of a simple external prestress system in hybrid GFRP�concrete
structures (cf. Section 6.4.6.2), two additional steel elements were used: (i) A500 NR steel
rebars with an 8 mm diameter, provided by Chagas, S.A., and (ii) 8 mm diameter threaded
rod, according to DIN 976 standard [112], made of steel grade 8.8 [113] provided by INTEC
� Sociedade Técnica de Equipamentos Indústriais, S.A.. According to their classes, the
rebars present yielding strength (fyk) of 500 MPa and an elasticity modulus (Es) of 200 GPa,
while the rod presents yielding strength (fyk) of 640 MPa and an elasticity modulus (Es)
of 200 GPa.

4.5. Concluding remarks

This chapter presented all the materials used in the experimental tests and in the construc-
tion of the prototypes, including their most relevant properties, derived from experimental
testing for the main materials (GFRP and SFRSCC) or taken from the literature for the
secondary materials.

Regarding the full�scale �exural tests on the GFRP pro�les, these proved to be di�cult to
perform and analyse due to the large geometrical imperfections of the pro�les, especially
for the I400 specimens. Moreover, the experimental results regarding failure were di�cult
to predict both by analytical and experimental models. The deviations between the expe-
rimental results and the models' predictions are likely to be due to premature failure of
the web�top �ange junction (a weaker region of the cross�section), which is unnoticeable in
the sti�ness of the specimens but may lead to the early triggering of instability phenomena.
Thereafter, in the design of GFRP pultruded pro�les the simpler analytical formulae regard-
ing the local buckling of the compressed �ange is recommended, i.e. without considering the
restriction by the web, at least until further research is reported on this theme. On the other
hand, GFRP�concrete hybrid structural systems such as that proposed in this thesis are not
susceptible to local buckling of the top �ange, making their design more reliable.

In what concerns the �exural tests on SFRSCC slabs, the material characterization tests
performed con�rm that, unlike conventional concrete, these materials are able to present
ductile failure modes in �exure. Moreover, it was shown that the SFRSCC used in the
full�scale prototypes presents tensile hardening behaviour.
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5. GFRP�concrete shear connection

5.1. Preliminary remarks

The current chapter presents the experimental and numerical investigations concerning the
shear connection between the GFRP and the SFRSCC materials. As mentioned earlier (cf.
Chapter 3), the hybrid GFRP�concrete structural system proposed in this thesis comprises
a connection system materialized by both (i) adhesive bonding and (ii) bolts.

A priori, the adhesive bonding should govern the sti�ness behaviour of the interface GFRP�
SFRSCC interface, while the bolts are expected to provide a redundant connection system
in case of premature deterioration of the adhesive resin due to vandalism, environmental
and/or rheological phenomena. Additionally, the bolted connection may be designed in order
to promote a progressive collapse mechanism for the interface failure, i.e. where the ultimate
strength of the bolted connection shall be higher than that of the adhesive connection.

Within the scope of the Pontalumis project (cf. Chapter 3), an experimental campaign on
the GFRP�SFRSCC connection system was performed at Minho University [114], in order
to investigate the short�term and fatigue behaviour of adhesively bonded GFRP�SFRSCC
specimens subjected to push�out tests. Additionally, the e�ects of accelerated aging by
means of thermal and humidity (with salt) cycles on the performance of the GFRP�SFRSCC
interface was also investigated.

Also in the scope of the Pontalumis project and within the present thesis, complementary
experimental investigations were developed at IST in order to determine the sti�ness and
strength of di�erent GFRP�SFRSCC connection systems, namely (i) adhesive bonding,
(ii) bolting, and (iii) hybrid, combining adhesive bonding and bolting. For the last two
connection systems, the in�uence of the number of connectors on the short�term behaviour
was investigated, while the e�ects of aging were studied for both systems comprising
adhesive bonding. Additionally, �nite element (FE) models were developed in order to
simulate the mechanical behaviour observed in the experimental tests with adhesive bonded
specimens.

Regarding the materials used in the experimental programme, as described in Chapter 4,
the adhesive bonding was provided by an epoxy resin (S&P Resin 220 [31]) chosen due to
its known ability to bond FRP laminates to concrete elements [31, 108] (cf. Section 4.4.3).
The bolted connection, on the other hand, was materialized by stainless steel bolts, washers
and nuts (cf. Section 4.4.2) embedded in negative sockets of the SFRSCC slabs, which were
sealed with an epoxy mortar (SIKA Icosit KC 220 N [110], cf. Section 4.4.4). The I200
GFRP pro�le (200× 100(×10) mm2, cf. Chapter 4) was used in these tests.
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It should be noted that a direct comparison between the results presented in [114] (tests
performed at Minho University) and those presented in this thesis is not possible, due to
the (slightly) di�erent geometries of the specimens used.

This Chapter is divided in four sections. After these (i) preliminary remarks, the (ii) ex-
perimental tests are presented, followed by the (iii) numerical investigations and, �nally,
(iv) the concluding remarks.

5.2. Experimental tests

5.2.1. Experimental programme and test series

The experimental tests performed in order to investigate the mechanical behaviour of the
GFRP�SFRSCC connection systems consisted of push�out tests. The test procedure was
adapted from the recommendations provided by Eurocode 4 � Annex B [115], for steel�
concrete mechanical connections. The tests consisted of loading a GFRP pro�le connected to
two concrete SFRSCC slabs, while measuring the slip between the materials, as illustrated
in Figure 5.1.

Figure 5.1.: Scheme of the push�out tests: frontal view (left) and setion view A-A (right).

The test series are divided in three main categories: (i) preliminary tests; (ii) un�aged
specimens; and (iii) aged specimens. The following sections present each test series, detailing
its objectives, as well as the geometry and the materials used in the specimens.

5.2.1.1. Preliminary tests

In order to better understand the behaviour of the proposed GFRP�SFRSCC connection,
three test series were studied in the preliminary tests (P), namely specimens connected
with: (i) adhesive bonding (series P�A); (ii) bolts (series P�M), and (iii) a hybrid connection
(series P�AM). The P�M series was further divided into four subseries, comprising a di�erent
numbers of bolts per �ange, namely, (a) one pair (P�M1), (b) two pairs (P�M2), (c) three
pairs (P�M3). and (iv) four pairs (P�M4). Figure 5.2 shows the dimensions of the specimens
of series P�A, P�M1 and P�AM used in the preliminary tests. In the �rst and third series a
2 mm thick epoxy adhesive layer was applied over all the interface areas, while the specimens
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of second and third series were provided with steel bolts (one pair for series P�AM), in each
�ange of the GFRP pro�le, at mid�height of the SFRSCC slabs.

Figure 5.2.: Preliminary test specimens: adhesive provided for specimens P�A and P�AM only; and bolts
and negatives provided for specimens P�M1 and P�AM only.

Figure 5.3 shows the dimensional details of the specimens provided with more than one pair
of bolts per �ange, series P�M2 to P�M4. It should be mentioned that these specimens are
shorter than the specimens used in the remaining tests (cf. Sections 5.2.1.2 and 5.2.1.3),
because the GFRP pro�le segments and the SFRSCC slabs of series P�A, P�M1 and P�AM
provided by the manufacturers presented a length of 400 mm instead of the 500 mm that
had been ordered. The di�erent geometries of the specimens, however, do not hinder the
quality/relevance of the results obtained in the preliminary tests, but prevent their direct
comparison with those obtained for the remaining specimens, particularly those with an
adhesive connection (which have di�erent bonding areas).

Figure 5.3.: Preliminary test specimens: (a) P�M2; (b) P�M3; (b) P�M4.

5.2.1.2. Un�aged specimens

After performing the preliminary tests, another campaign of shear connection tests was
developed in order to determine the un�aged behaviour of the GFRP�SFRSCC interface.
Three test series were built at this stage, (i) series A, with an adhesive connection at the
interface, (ii) series AM, with both adhesive bonding and four pairs of bolts acting as
mechanical connectors in each �ange, and (iii) series M, with four pairs of bolts.

The main objective of the �rst series (A) was to set an un�aged reference for the mechanical
behaviour of the adhesive bonding with the same geometrical properties of the aged
specimens described in the following section (cf. Section 5.2.1.3), since the specimens used
in the preliminary tests presented a slightly di�erent geometry (cf. Section 5.2.1.1). Series
AM was built in order to (i) test the mechanical behaviour of the hybrid interface, using four
pairs of bolts per �ange (which was the con�guration adopted in the small�scale footbridge
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prototype, cf. Section 6.2), and (ii) to set the un�aged reference for this connection system.
Finally, since the testing of the preliminary series P�M showed that the epoxy mortar used
to seal the negatives of the bolts might be acting as an adhesive itself (cf. Section 5.2.4),
series M was developed in order to characterize the behaviour of the bolted connection, using
four pairs of bolts per �ange, without GFRP�epoxy mortar bonding. In order to achieve
this e�ect, a thin cellophane �lm was installed between the GFRP pro�le and the epoxy
mortar.

Figure 5.4 shows the dimensional properties of the specimens used in the un�aged tests. It
should be noted that the epoxy adhesive was used in series A and AM, while the cellophane
�lm was used in series M. The bolts were only used in series AM and M. Regarding series
A, two specimens of this series were instrumented with eight electrical strain gauges, from
TML, model FLK-1-11-3L, installed on one of the �anges of the GFRP pro�le, thus allowing
to monitor the longitudinal strains at the GFRP�SFRSCC interface, as schematized in
Figure 5.4.

Figure 5.4.: Un�aged test specimens: adhesive provided for specimens A and AM while the cellophane �lm
was provided for specimens M only; bolts and negatives provided for specimens AM and M; and strain
gauges used in 2 specimens of series A.

5.2.1.3. Aged specimens

As mentioned earlier (cf. Section 5.1), one of the objectives of the present experimental
campaign was to characterize the long�term behaviour of the GFRP�SFRSCC connection.
In this context, shear connection specimens were subjected to two accelerated aging
processes: (i) thermal cycles; and (ii) wet�dry cycles.

The thermal cycles performed were devised based on EN 13687�3 [116] standard, which
refers to products for protecting and repairing concrete structures. For each 24 hour cycle,
temperatures ranged from -15oC to 60oC, as illustrated in Figure 5.5, while the relative
humidity (RH) was planned to vary between 0% to 95% as shown in Figure 5.6. This
aging process was conducted in a climate chamber, from Aralab, model Fitoclima 6400, at
Minho University. Although the temperature protocol was fairly well reproduced, the climate
chamber was not able to follow the target RH curve, as shown in Figure 5.6. Figure 5.7
shows the test specimens inside the climate chamber.

Since there are no standardized protocols for thermal�cycle accelerated aging of GFRP�
concrete connection systems, there were no requirements in the literature for the number
of cycles to be performed. For other construction materials, on the other hand, there are
readily available standards that de�ne a number of thermal cycles ranging from 5 to 50,
namely: (i) 5 thermal cycles for adhesives (ASTM D7149 [117]); (ii) 20 thermal cycles
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Figure 5.5.: Thermal cycle aging: objective and
real (measured) temperature curves.

Figure 5.6.: Thermal cycle aging: objective and
real (measured) RH curves.

for FRP strengthening systems for concrete and masonry structures (ICBO�AC125 [118]);
(iii) 30 thermal cycles for cured coatings (ASTM D6944 [119]); and 50 thermal cycles for
(iv) ceramic tiles (EN 539�2 [120]); (v) surface protection systems for concrete (EN 1504�
2 [121]); (vi) products and systems for non�structural repair of concrete (EN 1504�3 [122]);
and (vii) structural bonding materials for concrete structures (EN 1504�4 [123]). Given that
the structural concept proposed herein is for new structures (not retro�tting of existing
structures) and that GFRP based structures are generally designed for long service life
periods (between 50 and 100 years), the maximum number of thermal cycles was set around
200.

Regarding the wet�dry cycles, these were performed using a large scale wet�dry chamber,
which permanently maintained the RH over 95%. Each cycle lasted two weeks, with
specimens remaining inside the wet�dry chamber (set at 20oC) during one week and outside
the chamber (in the laboratory indoor environment) for the remaining week (the temperature
in the laboratory environment was not controlled). Figure 5.8 shows the test specimens inside
the wet�dry chamber.

The de�nition of the maximum number of wet�dry cycles presents the same uncertainty
issues as that of the thermal cycles. Therefore, in order to better compare the e�ects of the
wet�dry and thermal cycles accelerated aging, it was decided that the maximum number of
wet�dry cycles should correspond to the same aging period as that of the maximum number
of thermal cycles.

In total, 16 adhesively bonded specimens, with identical geometry to that of specimens of
the un�aged A series (cf. Figure 5.4) were subjected to thermal cycles aging. For the wet�dry
cycles, 15 specimens were used: 12 of which were adhesively bonded (similar to those of A
series), while the remaining three presented hybrid connection, with the same geometry as
the un�aged AM series specimens, cf. Figure 5.4. Table 5.1 summarizes the aging process of
each subseries.
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Figure 5.7.: Thermal cycle aging: specimens inside
the climate chamber.

Figure 5.8.: Wet�dry cycle aging: specimens inside
the wet�dry chamber.

5.2.2. Specimen preparation

The preparation of the specimens was very similar regardless of the test series, i.e.
preliminary, un�aged or aged series. Regarding the preparation of the specimens comprising
an adhesive connection, the �rst step was to prepare the SFRSCC slabs' surface in order
to enhance the bond. This operation was performed by roughening the surface with an air
needle scaler, until the aggregates were visible, as shown in Figures 5.9 and 5.10 for a slab
without and with negative, respectively.

After the slab surface was prepared and all dust eliminated with compressed air, the epoxy
resin used in the GFRP�SFRSCC connection (S&P Resin 220 ), was prepared according
to the recommendations of the manufacturer [31] and applied to the slabs, as shown in
Figure 5.11. The GFRP pro�le segments were then positioned on top of the slabs, a weight
was placed over the pro�le in order to guarantee the quality of the bonding, and the squeezed
adhesive was cleaned. The thickness of the adhesive layer was guaranteed by means of 2 mm
thick plastic spacers previously bonded to the pro�les' �anges. After a period of 24 hours,
given for the resin to set, this process was repeated in order to connect the second slab to
the specimens, as depicted in Figure 5.12.

Table 5.1.: Accelerated aging: series, number of specimens and number of cycles.

Aging process Series
Aging time Nr. of cycles Nr. of specimens
(weeks) (-) (-)

Thermal cycles
A-Th-T1 16 112 4
A-Th-T2 24 168 4
A-Th-T3 32 224 8

Wet�dry cycles

A-H-T1 16 8 4
A-H-T2 24 12 4
A-H-T3 32 16 4

AM-H-T3 32 16 3
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Figure 5.9.: Surface preparation of a SFRSCC slab
for the adhesive bonding.

Figure 5.10.: Surface preparation of a SFRSCC
slab (with negative) for the adhesive bonding.

Figure 5.11.: Preparation of the adhesively bonded
specimens: application of the resin.

Figure 5.12.: Preparation of the adhesively bonded
specimens: application of the weight.

Additionally, in the specimens with only adhesive connection, strain gauges were used at
one of the interfaces (specimens A�3 and A�4, cf. Section 5.2.1.2), as shown in Figures 5.13
and 5.14.

The preparation of the bolted specimens began with the drilling of the pro�les, as shown in
Figure 5.15. In order to �t the M10×55 stainless steel bolts used as connectors, the diameter
of the holes was φ11 mm. The stainless steel bolts, nuts and washers were then prepared to
be embedded in the slab with a 25 mm length, as shown in Figure 5.16.

The bolts were installed on one side of slab and screwed tight, as shown in Figure 5.17.
Regarding the un�aged specimens with bolted connection only (series M, cf. Section 5.2.1.2),
they were provided with a cellophane �lm separating the GFRP �ange from the SFRSCC
slab and the epoxy mortar, in order to avoid any bonding between the pro�le and the mortar
(cf. Figure 5.18).

The specimens with hybrid connection (series P�AM, AM and AM-H-T3) were �rst bonded,
following the preparation steps described earlier for the adhesive connections, and were
subsequently subjected to the procedures (described earlier) to provide them with a bolted
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Figure 5.13.: Preparation of the adhesively bonded
specimens: installation of strain gauges.

Figure 5.14.: Preparation of the adhesively bonded
specimens: specimens instrumented with strain
gauges.

Figure 5.15.: Preparation of the bolted specimens:
drilling of the pro�les.

Figure 5.16.: Preparation of the bolted specimens:
embedded length of the connectors.

connection. These procedures included (i) the sealing of the SFRSCC�GFRP internal joints
around the negative with common silicone adhesive in order to avoid �lling material losses,
as depicted in Figure 5.19, a procedure not performed for the latter specimens; and (ii) the
�lling of the negative with epoxy mortar, as shown in Figure 5.20. After a period of 24 hours,
given for the initial setting of the mortar, the process was repeated for the other �ange of
the pro�le.

5.2.3. Test setup, instrumentation and procedure

The experimental series were tested at di�erent periods and using di�erent, but equivalent,
test setups, illustrated in Figures 5.21 to 5.23. For the preliminary tests and un-aged
specimens, the test setup comprised open loading steel frames, anchored to the laboratory
strong �oor. A hydraulic jack, from Enerpac with a capacity of 600 kN, was installed in the
beam of the loading frames. The test specimens rested on the laboratory �oor, or on top
of a concrete block in the case of specimens P�M2, P�M3 and P�M4. In either case a thin
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Figure 5.17.: Preparation of the bolted specimens:
aspect after installation of the bolts.

Figure 5.18.: Preparation of the bolted specimens:
series M specimens provided with cellophane �lm.

Figure 5.19.: Preparation of the bolted specimens:
sealing of the GFRP�SFRSCC joints (M series
only).

Figure 5.20.: Preparation of the bolted specimens:
�lling of the negatives with epoxy mortar.

plaster embedment was executed to guarantee the full contact with the �oor and to avoid
the e�ects of geometric irregularities. A 10 mm thick steel spreading plate (200×200 mm2)
was positioned over the specimens' top surface, to ensure an uniform stress distribution
throughout the top of the GFRP pro�le. A steel sphere was placed over the spreading plate
in order to avoid applying transverse loads due to geometrical deviations. Finally, a load
cell from Novatech with a capacity of 800 kN (400 kN for series P�A, P�M1 and P�AM)
was placed in�between the hydraulic jack and the steel sphere, to measure the applied
load. The relative displacements were measured with four displacement transducers, with a
stroke of 25 mm and precision of 0.01 mm, positioned at the four corners of the spreading
plate. Additionally, for some specimens, lateral steel plates connected by dywidag bars were
installed in order to avoid potential damages on the transducers in case of explosive failure.
It should be stressed that these plates were not screwed tight against the specimens and did
not in�uence their behaviour.

The aged specimens were tested with a hydraulic press from Enerpac, with a capacity of
3000 kN, depicted in Figure 5.24. Specimens were placed in the bottom (moving) plate of the
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Figure 5.21.: Test setup: specimens P�A, P�M1
and P�AM.

Figure 5.22.: Test setup: specimens P�M2, P�M3
and P�M4.

press, on top of a thin plaster embedment. The top plate was provided with a steel sphere
and a load cell, from Microtest, with a load capacity of 3000 kN. The relative displacements
were measured with four displacement gauges, with a stroke of 25 mm and precision of
0.01 mm, one of which positioned at the bottom plate of the press (the moving plate), while
the remaining three were placed on the corners of the top plate of the press, which could
rotate owing to the presence of the steel sphere.

Figure 5.23.: Test setup: specimens A, M and AM. Figure 5.24.: Test setup: specimens A�Th, A�H
and AM�H.

During the tests data was gathered with a datalogger from HBM, model Spider8, at a rate
of 5 Hz and stored in a PC, with the exception of specimens A1 and A2, for which, in order
to collect data from the strain gauge measurements at the interface (cf. Section 5.2.1.2), two
similar built-in dataloggers were used.

The tests started with a loading/unloading cycle, up to about 10% of the expected failure
load. After this �rst cycle, the specimens were tested monotonically under load control, at
a rate of approximately 1 kN/s, set manually. Specimens were loaded until failure, which
was typically characterized by a sudden load reduction without further recovery.
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5.2.4. Results and discussion � preliminary tests

5.2.4.1. Series P�A

Figure 5.25 presents the load�relative displacement curves for all P�A specimens. It can be
seen that, after an initial accommodation, the load presented fairly linear growth until a
peak load was achieved, which corresponded to the failure initiation at the GFRP�SFRSCC
interface, due to the debonding of the epoxy resin. After this peak load was attained,
specimens were able to maintain most of the load, in some cases even sustaining higher loads,
accommodating higher relative displacements, indicating a non�linear behaviour, until the
specimens collapsed due to the failure of the GFRP web��ange junction at the opposite side
of the specimen. This failure mechanism was observed for all specimens, with the exception of
P�A�6, which failed simultaneously at the web��ange junction and at the GFRP�SFRSCC
interface. After the collapse of the specimens, it was possible to observe that the failure of
the interface occurred within the SFRSCC material.
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Figure 5.25.: Shear connection tests: load vs. relative displacement curves for P�A specimens.

Figure 5.26 shows, as an example, several stages of the test of specimen P�A�6. An average
ultimate load (Fu) of 362.8 kN (CoV of 12%) and sti�ness (K, computed according to
the de�nition given by Johnson and May [124]) of 277.1 kN/mm (CoV of 20%) were
obtained in these tests. The complete results of all specimens are presented in Table B.1
(page 311).

5.2.4.2. Series P�M1

The load�relative displacement curves of all P�M1 specimens are presented in Figure 5.27.
After the initial stage of the test, all specimens behaved very similarly, with load increasing
linearly up to a �rst load peak, and then presenting a second load peak, after which the
behaviour of all specimens followed a markedly non�linear behaviour.

The initial linear behaviour presented by all specimens was not expected a priori. In fact,
this type of behaviour is typical of adhesively bonded specimens, whereas the second stage
of the behaviour, the non�linear stage, is typical of bolted connection specimens. This mixed
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Figure 5.26.: Specimen P�A�6: a) beginning of the test; b) failure of the specimen; c) detail of the web��ange
junction failure � complete separation; and d) detail of the failure at the interface � complete separation.
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Figure 5.27.: Shear connection tests: load vs. relative displacement curves for P�M1 specimens.

behaviour suggests that the epoxy mortar used to seal the negative in the SFRSCC slabs
acted as an adhesive, governing the early stages of the load�relative displacement behaviour
of the specimens. An average ultimate load (Fu) of 135.13 kN (CoV of 3.4%) and sti�ness
(K) of 91.12 kN/mm (CoV of 4.8%) were obtained in these tests. The complete results of
all specimens are presented in Table B.2, page 312.

Figure 5.28 presents, as an example, the several stages of the test of specimen P�M1�2. All
specimens presented similar failure modes. Initially, when the load peaks were achieved after
the linear stages (cf. Figure 5.27), loud cracks were heard followed by load losses. Although
no external damage was visible at this stage, this behaviour was attributed to the debonding
between the GFRP �anges and the epoxy mortar. After this stage, the specimens' behaviour
was non�linear, with the GFRP �anges being crushed against the bolts, which also deformed
visibly, until the specimens could not sustain any load.
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Figure 5.28.: Specimen P�M1�2: a) beginning of the test; b) beginning of the crushing, and of bolts'
deformation; c) failure due to crushing of the �ange; and d) detail of the interaction between the bolts
and the pro�le.

5.2.4.3. Series P�M2

The load�relative displacement curves of specimens P�M2 are plotted in Figure 5.29.
Similarly to what was observed for series P�M1, the behaviour was linear up to one or
more peak loads, after which the behaviour was non�linear. The average ultimate load (Fu)
was of 222.9 kN (CoV of 6%) and the sti�ness (K) of 140.7 kN/mm (CoV of 14%). The
complete results of all specimens are presented in Table B.3 (page 312).
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Figure 5.29.: Shear connection tests: load vs. relative displacement curves for P�M2 specimens.

Figure 5.30 presents, as an example, several stages of the test of specimen P�M2�1. As
mentioned earlier, most specimens presented a linear regimen up to a peak load, which
corresponded to the debonding of the epoxy mortar�GFRP interface. After this stage, the
behaviour was markedly non�linear, with the GFRP �anges being crushed against the bolts,
with visible bolt deformation, specially for the top pair. Specimen P�M2�2 behaved slightly
di�erently, exhibiting two linear branches in the load vs. displacement curve, before starting
to present a non�linear behaviour.
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Figure 5.30.: Specimen P�M2�1: a) beginning of the test; b) deformation on the bolts/beginning of GFRP
�ange crushing on the GFRP �ange; c) collapsed specimen; d) detail of the GFRP �ange crushing.

5.2.4.4. Series P�M3

Specimens P�M3 presented linear behaviour up to a load peak, after which they exhibited
a non�linear behaviour, as depicted in Figure 5.31.
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Figure 5.31.: Shear connection tests: load vs. relative displacement curves for P�M3 specimens.

Unlike what was observed for the previous series (P�M1 and P�M2), the maximum load was
achieved at the non�linear stage of the behaviour, showing that the three pairs of bolts on
each �ange have higher strength than the adhesive connection provided by the epoxy mortar.
An average ultimate load (Fu) of 286.3 kN (CoV of 4%) and sti�ness (K) of 140.0 kN/mm
(CoV of 7%) were obtained. The complete results of all specimens are presented in Table B.4
(page 313).

Figure 5.32 depicts several stages of the test of specimen P�M3�4, as an example. As in the
previous M series, the �rst load peak is attributed to the debonding of the epoxy mortar�
GFRP interface, after which the GFRP �anges started to be crushed by the bolts, with
visible deformations on the latter, particularly in the top pairs.
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Figure 5.32.: Specimen P�M3�4: a) linear stage; b) non�linear stage (deformation of the bolts on the left
side only); c) crushing of the GFRP �ange; d) crushing of the GFRP �ange � detail.

5.2.4.5. Series P�M4

Figure 5.33 plots the load�relative displacement curves for all P�M4 specimens. Again,
specimens presented linear load�relative displacement behaviour up to a peak load, after
which the behaviour was non�linear. The maximum load was observed in the non�linear
stage for all specimens, with the exception of specimen P�M4�3. An average ultimate load
(Fu) of 363.7 kN (CoV of 3%) and sti�ness (K) of 221.8 kN/mm (CoV of 19%) were
obtained in these tests. The complete results of all specimens are presented in Table B.5
(page 313).

0 5 1 0 1 5 2 0 2 5
0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

3 5 0

4 0 0

 R e l a t i v e  d i s p l a c e m e n t  [ m m ]

S p e c i m e n s :
 P - M 4 - 1
 P - M 4 - 2
 P - M 4 - 3
 P - M 4 - 4

Lo
ad

 [k
N]

Figure 5.33.: Shear connection tests: load vs. relative displacement curves for P�M4 specimens.

The failure mode of these specimens was identical to the one described earlier for all P�
M test series. Figure 5.34 shows, as an example, several stages of the test of specimen
P�M4�4.
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Figure 5.34.: Specimens P�M4�4: a) linear stage; b) non�linear stage � deformation of the bolts; c) collapsed
specimen; and d) detail of the GFRP �ange crushing.

5.2.4.6. Series P�AM

Figure 5.35 plots the load�relative displacement curves obtained in the P�AM series. The
specimens presented very similar behaviour to that observed for series P�A, showing that
the behaviour was governed by the epoxy adhesive, both regarding the sti�ness and the
ultimate load. In these tests, an average ultimate load (Fu) of 398.6 kN (CoV of 11%) and
sti�ness (K) of 300.6 kN/mm (CoV of 24%) were obtained. The complete records for all
specimens are presented in Table B.6 (page 314).
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Figure 5.35.: Shear connection tests: load vs. relative displacement curves for P�AM specimens.

It should be noted that specimen P�AM�3 was not tested up to failure due to concerns of
damaging the load cell (capacity of 400 kN, cf. Section 5.2.3). Figure 5.36 depicts several
stages of the test of specimen P�AM�2, as an example. The failure mode of the remaining
specimens was identical to that observed for the P�A series, with debonding of the GFRP�
SFRSCC connection at one side of the specimen, followed by web��ange junction failure
on the opposite side. The bolts failed immediately with the collapse of the specimens, not
being able to sustain the applied load.
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Figure 5.36.: Specimen P�AM�2: a) beginning of the test; b) failure of the web��ange junction; c) failure
of the SFRSCC�adhesive interface; d) failure of both bolts of the same �ange.

5.2.4.7. Comparative analysis

The results obtained in the shear connection tests of all preliminary series, described
above, are compared in Figure 5.37, which plots the load�relative displacement curves for a
representative specimen of each series. Table 5.2 summarizes those same results.
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Figure 5.37.: Shear connection tests: load vs. relative displacement curves for all preliminary series.

These results show that the redundant connection with epoxy adhesive and one pair of bolts
per �ange (series P�AM) does not constitute any short�term improvement when compared to
the adhesive connection alone (series P�A). However, as mentioned earlier (cf. Section 5.1),
the redundant bolted connection was provided as a mean of ensuring the connection between
both materials in case of premature deterioration of the adhesive. Nonetheless, the fact that
the bolted connection with four pairs of bolts per �ange (series P�M4) presents similar
failure loads to those of the series using epoxy adhesive (P�A and P�AM) shows that the
redundant bolted connection may create a ductile/progressive failure system, a hypothesis
to be tested with series AM of the un�aged specimens (cf. Section 5.2.1.2).
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Table 5.2.: Shear connection tests: summary of all preliminary series results.

Series
Fu du K

Typical failure mode
(kN) (MPa) (kN/mm)

P�A 362.8 ± 44.8 2.25 ± 0.73 277.1 ± 54.3 1st web��ange junction; 2nd debonding

P�AM 398.6 ± 42.1 3.38 ± 1.29 300.6 ± 71.8
1st web-�ange junction;

2nd debonding & bolts' failure

P�M1 135.1 ± 4.6 5.81 ± 2.73 91.1 ± 4.4 1st debonding; 2nd crushing of the �anges

P�M2 222.9 ± 14.1 2.87 ± 2.55 140.8 ± 19.3 1st debonding; 2nd crushing of the �anges

P�M3 286.3 ± 12.1 4.94 ± 1.57 140.0 ± 9.6 1st debonding; 2nd crushing of the �anges

P�M4 363.7 ± 11.9 4.12 ± 1.79 221.8 ± 42.7 1st debonding; 2nd crushing of the �anges

Regarding all series comprising only bolted connection (series P�M), a two�staged behaviour
was observed consistently for most specimens, the �rst stage corresponding to a linear
behaviour up to a peak load, governed by the adhesive properties of the epoxy mortar
sealing the slabs negatives, and the second stage re�ecting a non�linear behaviour governed
by the bolted connection. In this context, it is important to separate the failure load of
the adhesive (Fu,lin.) and the failure load of the bolted connection (Fu,non−lin.). Table 5.3
presents this data along with the negative area (Aneg) and number of bolts (Nr), as well as
ratios (Fu,lin./Aneg) and (Fu,non−lin./Nr) for each P�M series.

Table 5.3.: Shear connection tests: comparison of the results for all P�M series.

Series
Fu,lin Aneg. Fu,lin/Aneg. Fu,non−lin Nr Fu,non−lin/Nr

(kN) (cm2) (kN/cm2) (kN) (-) (kN/bolt)

P�M1 121.5 ± 4.7 80 1.52 132.8 ± 8.4 4 33.21
P�M2 216.4 ± 21.1 160 1.35 215.6 ± 11.8 8 26.95
P�M3 261.9 ± 13.3 240 1.09 274.6 ± 14.4 12 22.88
P�M4 326.8 ± 33.0 320 1.02 362.3 ± 10.4 16 22.64

Table 5.3 shows that both the �rst peak load (Fu,lin.) and the non�linear maximum load
(Fu,non−lin.) seem to grow in an approximately direct proportion with the bonding area
(Aneg) and the number of bolts (Nr), respectively. However, the average stress in the bonding
area (Fu,lin./Aneg), as well as the strength per bolt (Fu,non−lin./Nr) seem to decrease with
the bonding area (Aneg) and the number of bolts (Nr), respectively, towards an asymptote,
as shown in Figures 5.38 and 5.39.

5.2.5. Results and discussion � un�aged specimens

5.2.5.1. Series A

All specimens of series A presented very similar behaviour between each other and to those
of preliminary series P�A. Figure 5.40 shows that the load�relative displacement curves
presented an initial linear behaviour up to a peak load, which corresponded to the failure
initiation of the GFRP�SFRSCC interface. After this stage, specimens were able to maintain
most of the load for a brief period until the GFRP pro�le web��ange junction failed at the
other side of the specimen, leading to collapse. For all specimens, it was observed that the
failure of the interface occurred in the SFRSCC material. Figure 5.41 shows, as an example,
several stages of the test of specimen A�1. An average ultimate load (Fu) of 393.1 kN (CoV
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Figure 5.38.: Shear connection tests: Fu,lin./Aneg

vs. Aneg for all P�M specimens.
Figure 5.39.: Shear connection tests:
Fu,non−lin./Nr vs. Nr for all P�M specimens.

of 9%) and sti�ness (K) of 249.7 kN/mm (CoV of 12%) were obtained in these tests, whose
complete results are presented in Table B.7 (page 314).
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Figure 5.40.: Shear connection tests: load vs. relative displacement curves for series A.

Regarding the axial strains measured in the GFRP-SFSRCC interface, the measurements of
all strain gauges used in specimen A�3, as well as the strain gauge ε1 of specimen A�4 (cf.
Figure 5.4, page 122) were inconsistent, possibly due to a de�cient installation. Thereafter,
it was only possible to measure the strains for specimen A�4, at positions ε2 to ε8, as shown
in Figure 5.42, for several load levels.
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Figure 5.41.: Specimen A�1: a) beginning of the test; b) detail of the web�junction damage; c) detail of the
GFRP�SFRSCC debonding; d) debonding in the SFRSCC.
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Figure 5.42.: Shear connection tests: strain measurements at the interface for specimen A�4.

These results show that the strains in the interface decrease with the depth, i.e. are higher
near the load section, and increase with the applied load, as expected. These results will be
further discussed in Section 5.3.3.1, together with the results of numerical models.

5.2.5.2. Series M

In spite of the cellophane �lm installed between the GFRP and the SFRSCC in this series,
which ensured that the epoxy mortar (sealing the negatives) did not bond the pro�les
and the SFRSCC, the load�relative displacement curves obtained in these tests showed an
initial linear behaviour, as depicted in Figure 5.43. Near the maximum load levels, specimens
started to present a non�linear behaviour, with limited ductility. For this series, an average
ultimate load (Fu) of 360.3 kN (CoV of 4%) and sti�ness (K) of 90.9 kN/mm (CoV of
7%) were obtained. The complete results for all specimens are presented in Table B.8
(page 315).

Several stages of the test of specimen M�2 (as an example) are presented in Figure 5.44.
All specimens failed due to the progressive crushing of the �anges by the bolts, which
occurred with considerable bolt deformation, most visible for the top pairs. Additionally,

138



GFRP�concrete hybrid structural systems. Application to the development of a footbridge prototype

0 1 2 3 4 5 6 7 8 9 1 0
0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

3 5 0

4 0 0

 R e l a t i v e  d i s p l a c e m e n t  [ m m ]

S p e c i m e n s :
 M - 1
 M - 2
 M - 3
 M - 4

Lo
ad

 [k
N]

Figure 5.43.: Shear connection tests: load vs. relative displacement curves for series M.

specimens presented extensive damage on the SFRSCC slabs, which occurred, however, after
failure.

Figure 5.44.: Specimen M�2: a) beginning of the test; b) deformation of the bolts; c) crushing of the GFRP
�anges; d) damage on the SFRSCC (after failure).

Regarding the strength of the bolted connection for steel�concrete shear connection tests,
Eurocode 4 [115] suggests that the characteristic strength provided by each bolt (Rbk) is
taken as 90% of the ultimate load divided by the number of bolts (Fu/Nr). Applying
such principle to the present case, a characteristic strength per bolt of 20.3 kN is deter-
mined.

5.2.5.3. Series AM

Figure 5.45 plots the load�relative displacement curves for specimens of series AM, showing
that all specimens presented a linear behaviour up to approximately 250 kN, after which
load continued to increase irregularly and with lower sti�ness. This �rst transition point
corresponded to the beginning of the interface debonding process. For all specimens, the
maximum load was attained in this second stage, after which a load decrease was registered
accompanied by large increases of relative displacement. These large displacements were
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due to the necessary accommodation of the GFRP pro�le to the bolts in order to mobilize
the bolted connection. Finally, load started to increase again, owing to the presence of the
bolted connection, until the specimens' collapse. An average ultimate load (Fu) of 508.7 kN
(CoV of 16%) and sti�ness (K) of 297.0 kN/mm (CoV of 11%) were obtained in these tests.
The complete results for all specimens are presented in Table B.9 (page 315).
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Figure 5.45.: Shear connection tests: load vs. relative displacement curves for series AM.

Figure 5.46 presents, as an example, several stages of the test of specimen AM�2. Regarding
the failure modes, the adhesive interface failed initially within the SFRSCC, transferring
the load to the bolted connection, which then started to crush the GFRP �anges. However,
specimens collapse was due to the failure of the web��ange junction on the other side of
the pro�le, except for specimen AM�3, which actually failed due to the crushing of the
GFRP �ange by the bolts. In this regard, it is worth mentioning that, with the exception
of specimen AM�3, the strength of the bolted connection was not fully exploited.

Figure 5.46.: Specimen AM�2: a) beginning of the test; b) collapsed specimen; c) debonding and crushing
of the �ange; d) web��ange junction failure.
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5.2.5.4. Comparative analysis

The results obtained in the shear connection tests of the un�aged series are compared in
Figure 5.47, which plots the load�relative displacement curves for a representative specimen
of each series, and in Table 5.4, which summarizes the results of each series.
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Figure 5.47.: Shear connection tests: load vs. relative displacement curves for all un�aged series.

Table 5.4.: Shear connection tests: summary of all un�aged series results.

Series
Fu du K

Typical failure mode
(kN) (mm) (kN/mm)

A 393.1 ± 34.7 2.14 ± 0.24 249.7 ± 30.0 1st web��ange junction;
2nd debonding

M 360.3 ± 12.9 4.93 ± 0.39 90.9 ± 6.5 Crushing of the �anges

AM 508.7 ± 81.6 2.24 ± 0.16 297.0 ± 32.5 1st debonding;
2nd web-�ange junction

The results obtained show that specimens of series A and AM behaved similarly prior
to failure, with the behaviour being governed at this stage by the epoxy adhesive, which
provided identical sti�ness. For series A, after the �rst initial damage (debonding of the
interface), the failure of the web��ange junction occurred almost simultaneously on the
other side of the specimens, leading to collapse. For series AM, the initial damage was also
due to the debonding of the GFRP�SFRSCC interface, which occurred gradually and started
at lower load levels than for series A. In this respect, it is interesting to observe that the
smaller area of epoxy resin provided in specimens of series AM does not seem to in�uence the
sti�ness but has major in�uence in the failure load of the adhesive connection. This result
suggests that the epoxy mortar is able to provide similar sti�ness to that provided by the
epoxy resin, but lower strength. Furthermore, the presence of the bolts seems to delay the
failure of the adhesive connection, signi�catively increasing its strength, possibly due to the
fact that the bolts are able to sustain the peeling stresses developed at the interface.

More importantly, the comparison between the results of series A and AM show that adding a
bolted connection may not only provide a redundant connection system in case of premature
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deterioration of the adhesive bond, but it may also provide a pseudo�ductile/progessive
failure.

Regarding the comparison between series A and series P�A, the former series, which has
a higher bonding area (+29%), provided by the longer length of the bond (cf. Figures 5.4
and 5.2, pages 122 and 120, respectively), presented higher strength and sti�ness (+8% and
+6%, respectively) than the latter. These di�erences, however, are well within the coe�cient
of variation (CoV) observed in the tests, indicating that the strength and sti�ness did not
depend signi�cantly on the bond length (for these geometries).

Concerning the bolted connection, the comparison between series M and series P�M4,
plotted in Figure 5.48, shows that the sti�ness of the former series was much smaller than
that of the latter (-59.1%). This particular result con�rms the doubts about the mechanical
behaviour of specimens P�M, showing that, in fact, up to the �rst load peak, it was governed
by the bond between the epoxy mortar and the GFRP. The strength of the bolted connection
(Fu,non−lin, for the preliminary series, cf. Table 5.3) presented identical magnitudes for both
series (-0.6% for series M) and failure occurred for similar relative displacement ranges,
again con�rming that the non�linear behaviour of the P�M series was governed by the
bolted connection.
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Figure 5.48.: Shear connection tests: load vs. relative displacement curves of series P�M4 and M.

The main di�erence between series M and P�M is the fact that the latter allowed for
much higher post�failure relative displacement, while being able to sustain some load. This
di�erence stems from the fact that the bond between the GFRP �anges and the epoxy
mortar reinforced the �anges in the transverse direction, delaying the tearing of the �anges,
which occurred after crushing.
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5.2.6. Results and discussion � aged specimens

5.2.6.1. Thermal cycles

5.2.6.1.1 Series A�Th�T1

Adhesively bonded specimens aged with thermal cycles during a period of 4 months, series
A�Th�T1, presented little external (visible) signs of the accelerated aging process. All
specimens presented linear behaviour almost up to failure, which occurred with a sudden loss
of load, as depicted in the load�relative displacement curves plotted in Figure 5.49. It should
be noted that the relative displacement for specimen A�Th�T1�2 could not be accurately
measured for loads higher than approximately 270 kN due to the accidental movement of
one of the displacement transducers.
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Figure 5.49.: Shear connection tests: load vs. relative displacement curves for series A�Th�T1.

For the present series, an average ultimate load (Fu) of 445.9 kN (CoV of 5%) and sti�ness
(K) of 241.4 kN/mm (CoV of 37%) were obtained. The complete results for all specimens
are presented in Table B.10 (page 316). Unlike what was observed for their un�aged
counterparts (cf. Section 5.2.5.1), the specimens of this series presented high scatter in
terms of sti�ness.

Figure 5.50 depicts several stages of the test of specimen A�Th�T1�2, as an example. All
specimens failed due to debonding at the GFRP�SFRSCC interface, with no visible damage
in the GFRP pro�le, namely at the web��ange junction, similarly to what was observed
for the un�aged A series (cf. Section 5.2.5.1). The debonding damage occurred within the
SFRSCC material, with a considerable thickness of the material being pulled out during the
failure process.

5.2.6.1.2 Series A�Th�T2

Specimens of series A�Th�T2, which also did not present external visible signs of aging,
behaved similarly to those of the previous series. Figure 5.51 plots the load�displacement
curves for all specimens. It should be noted that relative displacements of specimen
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Figure 5.50.: Specimen A�Th�T1�2: a) beginning of the test; b) collapsed specimen; c) debonding failure
in the SFRSCC; d) debonded surfaces.

A�Th�T2�1 could not be accurately determined for a load higher than approximately
320 kN, again due to the accidental movement of one of the displacement transducers.
Additionally, specimen A�Th�T2�4 could not be tested up to failure due to an oil leakage
in the hydraulic press system.
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Figure 5.51.: Shear connection tests: load vs. relative displacement curves for series A�Th�T2.

An average ultimate load (Fu) of 433.5 kN (CoV of 9%) and sti�ness (K) of 224.0 kN/mm
(CoV of 16%) were obtained in these tests. The complete results for all specimens are
presented in Table B.11 (page 316).

Specimens A�Th�T2�1 and A�Th�T2�3 failed due to the debonding of the interface, within
the SFRSCCmaterial. Specimen A�Th�T2�2, on the other hand, failed due to the debonding
in one side of the specimen, presenting web��ange junction failure on the other side. During
the test, it was possible to observe that the debonding process started before the web�
�ange junction failure. As an example of the typical failure mode, Figure 5.52 presents
several stages of the test of specimen A�Th�T2�3.
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Figure 5.52.: Specimen A�Th�T2�3: a) beginning of the test; b) collapsed specimen; c) SFRSCC failure
surface; d) GFRP failure surface.

5.2.6.1.3 Series A�Th�T3

Specimens subjected to 8 months of thermal cycles accelerated aging showed external
signs of the aging process, namely, corrosion of super�cial steel �bres, as depicted in
Figure 5.53.

Figure 5.53.: External signs of �bre corrosion in A�Th-T3 series, specimens: a) A�Th�T3�1; b) A�Th�T3�2;
c) A�Th�T3�4; d) A�Th�T3�7.

The specimens of this series behaved similarly to the specimens of the remaining adhesively
bonded series in terms of load�relative displacement curves, presenting linear behaviour
almost up to failure, as shown in Figure 5.54.

For this series, an average ultimate load (Fu) of 469.3 kN (CoV of 9%) and sti�ness (K)
of 113.3 kN/mm (CoV of 23%) were obtained. The complete results for all specimens are
presented in Table B.12 (page 317).

Figure 5.55 shows, as an example, several stages of the test of specimen A�Th�T3�2. All
specimens failed due to the debonding of the GFRP�SFRSCC interface. Specimens presented
visible debonding at both interfaces with failure occurring due to the complete debonding of
one of the interfaces, with the exception of specimen A�Th�T3�5, which su�ered complete
debonding at both interfaces. The failure of the interfaces occurred mainly in the SFRSCC
material, but with localized debonding patches in the epoxy adhesive itself, a phenomenon
that had not been observed in the previous adhesively bonded series.
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Figure 5.54.: Shear connection tests: load vs. relative displacement curves for series A�Th�T3.

Figure 5.55.: Specimen A�Th�T3�2: a) beginning of the test; b) collapsed specimen; c) incomplete
debonding; d) failure surfaces.

5.2.6.1.4 Comparative analysis

Figure 5.3.3.2 compares representative load�displacement curves of the adhesively bonded
series (A) exposed to di�erent periods of thermal cycles aging, while Table 5.5 summarizes
the results for each test series. Figures 5.57 and 5.58 plot the evolution of the ultimate load
(Fu) and sti�ness (K), respectively, with the aging period.

These results indicate that the strength of the GFRP�SFRSCC adhesive connection in-
creases with the number of thermal cycles, up to 19% after 32 weeks (or 224 cycles).

Although the scatter of the results obtained was relatively high (cf. Figure 5.57), preventing
drawing de�nitive conclusions, the above mentioned increase may be due to the bene�cial
e�ect of the thermal cycles, namely of the elevated temperature on the strength of some of
the constituent materials, as well as on the adhesive bonding itself.

Regarding the epoxy resin and the GFRP material, it is likely that further curing of the
polymeric resins (of the adhesive itself and of the GFRP polymeric matrix) may have
taken place during the thermal cycles [125�127]. Moussa et al. [126] have shown that
heating epoxy adhesives (similar to that used in the present experiments) to temperatures
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Figure 5.56.: Shear connection tests: comparison of load vs. relative displacement curves for di�erent
durations of thermal cycles aging (A series).

slightly exceeding their glass transition temperature (Tg) and then cooling them to ambient
temperature improves their strength and sti�ness. Regarding the GFRP material, previous
studies have shown that this type of thermal cycles has (very) limited deleterious e�ects or
may even lead to improvements in material properties. As an example, Sousa et al. [125] have
shown that GFRP pro�les, made with a similar polyester matrix to those used in these test,
subjected to dry thermal cycles between -5oC and 40oC, up to 16 weeks, present relatively
low mechanical properties variations, namely, ranging from -6.0% to -13.1% regarding the
axial tensile strength (σtu,L), and from -2.2% to -14.7% concerning the axial elasticity
modulus in tension (Et,L).

The strength of the SFRSCC material, on the other hand, is not expected to su�er signi�cant
variations with this aging process, given the relatively low RH measured during the thermal
cycles (cf. Figure 5.6) and the low porosity of the self�compacting concrete [127].

Regarding the e�ects of the thermal cycles in the sti�ness of the connection, although
the scatter was also relatively high, results show that this type of accelerated aging had
remarkable e�ects, reducing the average sti�ness down to half of that of the un�aged
specimens (-54.6%) after 32 weeks (or 224 cycles). The unexpected drastic reduction of the
sti�ness of the connection from 24 to 32 weeks of aging (in particular, given the continuous
strength increase), to magnitudes similar to those observed for the bolted connection

Table 5.5.: Shear connection test: summary of the results of series aged with thermal cycles.

Series
Fu K

Typical failure mode
(kN) di�. (%) (kN/mm) di�. (%)

A 393.1±34.7 - 249.7±30.0 - 1st web��ange junction;
2nd debonding

A-Th-T1 445.9±22.4 13.4% 241.4±89.8 -3.4% Debonding
A-Th-T2 433.5±37.2 10.3% 224.0±36.6 -10.3% Debonding
A-Th-T3 469.3±41.6 19.4% 113.3±25.8 -54.6% Debonding
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Figure 5.57.: Ultimate load vs. number of thermal
cycles.

Figure 5.58.: Sti�ness vs. number of thermal cy-
cles.

(M series, K = 90.9 ± 6.5 kN/mm), indicates that the cumulative e�ect of the thermal
cycles may have contributed to debond patches of the interface, possibly due to thermal
fatigue e�ects in response to the internal stresses developed owing to di�erent coe�cients of
thermal expansion of the materials. This hypothesis seems to agree with the slight change
on the failure mode observed in series A�Th�T3, where failure did not occur exclusively
on the SFRSCC, with failure patches being easily identi�ed on the epoxy adhesive (cf.
Figure 5.55d). It should be mentioned that the interface failure is generally governed by
peak shear and peeling stresses, which usually develop in the extremities of the connection,
with the bonding interface being able to present stress redistribution. This may explain why
those failure patches in the adhesive did not cause a reduction in strength.

Overall, the results obtained attest the possibility of premature deterioration of the interface
(even if the strength of the epoxy adhesive and of the interface increased) due to thermal
e�ects, most likely caused by restrictions to free expansion and contraction of the constituent
materials. This justi�es the adoption of a redundant connection system.

5.2.6.2. Wet�dry cycles

5.2.6.2.1 Series A�H�T1

Unlike the specimens aged with thermal cycles during the same period of time (series
A�Th�T1), the specimens of the present series exhibited visible exterior signs of deteri-
oration, namely, corrosion of the external steel �bres, as exempli�ed in Figure 5.59.

As shown in Figure 5.60, specimens of this series presented linear load�relative displacement
behaviour almost up to failure, with the exception of specimen A�H�T1�2. In this specimen,
the top of the GFRP pro�le, where the load was applied, presented an irregular surface,
which caused the behaviour to be governed by the crushing of the GFRP top section instead
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Figure 5.59.: External signs of �bre corrosion in A�H-T1 series, specimens: a) A�H�T1�2; b) A�H�T1�3;
c)A�H�T1�4; d) A�H�T1�4.

of being governed by the GFRP�SFRSCC interface. Thereafter, the results obtained from
this specimen were not considered in the determination of the average and standard deviation
of the series; an average ultimate load (Fu) of 375.5 kN (CoV of 16%) and sti�ness (K) of
119.3 kN/mm (CoV of 22%) were obtained. The complete results for all specimens are
presented in Table B.13 (page 317).
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Figure 5.60.: Shear connection tests: load vs. relative displacement curves for series A�H�T1.

Figure 5.61 shows several stages of the test of specimen A�H�T1�3 (as an example). With
the exception of specimen A�H�T1�2, which behaved irregularly as described earlier, all
specimens failed due to the complete debonding at one of the GFRP�SFRSCC interfaces,
with visible signs of debonding at the top of the interface on the opposite side of the
specimen. The debonding surfaces show that failure was mixed with damage both on the
SFRSCC and on the epoxy adhesive itself.

5.2.6.2.2 Series A�H�T2

The specimens of this series also presented external signs of the e�ects of the aging process,
namely corrosion of the steel �bres, as depicted in Figure 5.62.
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Figure 5.61.: Specimen A�H�T1�3: a) beginning of the test; b) collapsed specimen; c) uncomplete debonding;
d) failure surfaces.

Figure 5.62.: External signs of �bre corrosion in A�H-T2 series, specimens: a) A�H�T2�1; b) A�H�T2�2;
c)A�H�T2�3; d) A�H�T2�4.

All specimens presented similar load�relative displacement behaviour, with the exception
of specimen A�H�T2�4. The remaining specimens presented linear behaviour almost up to
failure, as shown in Figure 5.63. The behaviour of specimen A�H�T2�4 was governed by
the crushing of the top of the GFRP pro�le, due to the irregularity of its loading surface.
The results obtained with this specimen were not considered in the average and standard
deviation results computed for the series. Regarding the apparent slip in the load�relative
displacement curve of specimen A�H�T2�2, it was due to an adjustment made on the test
setup during the test, and is not representative of the mechanical response of the specimen.
Thus, the sti�ness of this specimen was computed for loads over 105 kN only. Thereafter, an
average ultimate load (Fu) of 388.3 kN (CoV of 7%) and sti�ness (K) of 132.1 kN/mm (CoV
of 25%) were obtained. The complete results for all specimens are presented in Table B.14
(page 318).

All specimens of this series presented di�erent failure modes. Specimen A�H�T2�1 failed
at both web��ange junctions, although it presented signs of debonding at the top of one
of the interfaces. Specimen A�H�T2�2 presented web��ange junction failure at one of the
sides of the specimen, which was followed by the complete debonding of the interface on
the other side of the pro�le. Specimen A�H�T2�3 failed due to the complete debonding of
one of the GFRP�SFRSCC interfaces. In both specimens, the debonding occurred mainly
in the epoxy adhesive itself, unlike what was observed in the previous series. Finally, as
mentioned earlier, specimen A�H�T2�4 failed due to the crushing of the GFRP pro�le top
surface, not providing consistent information regarding the GFRP�SFRSCC connection.
Figure 5.64 depicts several stages of the test of specimen A�H�T2�3.
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Figure 5.63.: Shear connection tests: load vs. relative displacement curves for series A�H�T2.

Figure 5.64.: Specimen A�H�T2�3: a) beginning of the test; b) collapsed specimen; c) failure surfaces;
d) debonding in the epoxy resin.

5.2.6.2.3 Series A�H�T3

Once again, specimens of series A�H�T3 presented external signs of �bre corrosion, due to
the accelerated aging process to which they were subjected to, as shown in Figure 5.65.

Figure 5.65.: External signs of �bre corrosion in A�H�T3 series, specimens: a) A�H�T3�3; b) A�H�T3�3;
c) A�H�T3�4; d) A�H�T3�4.
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All specimens presented linear behaviour almost up to failure, with the exception of specimen
A�H�T3�4, as depicted in Figure 5.66. The behaviour of specimen A�H�T3�4 was, for the
most part, non�linear owing to the crushing of the top of the GFRP pro�le, due to the
irregularity of the GFRP top surface. An average ultimate load (Fu) of 387.6 kN (CoV
of 12%) and sti�ness (K) of 99.3 kN/mm (CoV of 4%) were obtained for this series. The
complete results for all specimens are presented in Table B.15 (page 318). In this case, the
failure load of specimen A�H�T3�4 was accounted for in the calculations of the average and
standard deviation values because, albeit the initial crushing of the GFRP, the �nal failure
of the specimen was consistent with a typical shear connection failure (according to the
previous results).
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Figure 5.66.: Shear connection tests: load vs. relative displacement curves for series A�H�T3.

Figure 5.67 presents several stages of the test of specimen A�H�T3�1. Specimens A�H�T3�1
and A�H�T3�3 presented a similar failure mode, with the �rst damage appearing at the
GFRP�SFRSCC interface, followed by the rupture of the web��ange junction on the other
side of the specimens, which ultimately collapsed due to the complete debonding of the
damaged interface. Specimen A�H�T3�2, on the other hand, failed due to the complete
debonding of one of the interfaces without apparent signs of damage on the other side of
the specimen. Finally, specimen A�H�T3�4 presented extensive crushing damage since the
beginning of the test, but ultimately collapsed due the separation of one of the web��ange
junctions.

5.2.6.2.4 Series AM�H�T3

The specimens of series AM�H�T3 also presented signi�cant external signs of �bre corrosion,
as documented in Figure 5.68.

The three specimens tested in this series presented linear behaviour almost up to failure,
as shown in Figure 5.69. The relative displacement of specimen AM�H�T3�3 could only be
measured up to the �rst peak load, after which some of the displacement transducers moved.
An average ultimate load (Fu) of 498.4 kN (CoV of 4%) and sti�ness (K) of 127.0 kN/mm
(CoV of 35%) were obtained in these tests.
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Figure 5.67.: Specimen A�H�T3�1: a) beginning of the test; b) collapsed specimen; c) web��ange junction
failure; d) failure surfaces.

Figure 5.68.: External signs of �bre corrosion in AM�H�T3 series, specimens: a) AM�H�T3�1; b) AM�H�
T3�2; c) AM�H�T3�3; d) AM�H�T3�3.
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Figure 5.69.: Shear connection tests: load vs. relative displacement curves for series AM�H�T3.

The failure initiation of the �rst specimen (AM�H�T3�1) was due to the debonding of one of
the GFRP�SFRSCC interfaces, after which the bolts began to crush the GFRP �ange, with
visible deformations on that same side of the specimens. Finally, the web��ange junction
on the opposite side of the specimen failed, leading to its collapse. The failure of specimen
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AM�H�T3�2 also began with the debonding of one of the GFRP�SFRSCC interfaces. In this
case, however, instead of GFRP �anges' crushing by the bolts, the interface opening began
to grow with the epoxy mortar sliding out of its slab negative. The collapse of the specimen
occurred when the web��ange junction on the opposite side failed. Finally, the failure of
specimen AM�H�T3�3 began with the debonding of the GFRP�SFRSCC interface at one
side of the specimen, followed by the debonding on the opposite side. After the debonding
of both adhesive connections, bolts began to deform visibly, while crushing both GFRP
�anges until the specimen collapsed, due to the failure of one of the web��ange junctions.
Figure 5.70 presents several stages of the test of the latter specimen as an example.

Figure 5.70.: Specimen AM�H�T3�3: a) beginning of the test; b) collapsed specimen; c) crushing of the
�ange; d) web��ange junction failure.

5.2.6.2.5 Comparative analysis

Figures 5.71 and 5.72 plot representative load�relative displacement curves for the series
subjected to di�erent periods of aging under wet�dry cycles, regarding series A and AM,
respectively.

Table 5.6 summarizes the results of the test series aged with wet�dry cycles and compares
the results obtained to those obtained with their un�aged counterparts (series A or AM).
Figures 5.73 and 5.74 plot those same results with respect to the failure load (Fu) and the
sti�ness (K).

Table 5.6.: Shear connection tests: summary of the results of series aged with wet�dry cycles.

Series
Fu K

Typical failure mode
(kN) di�. (%) (kN/mm) di�. (%)

A 393.1±34.7 - 249.7±30.0 - 1st web��ange junction;

2nd debonding

A-H-T1 375.5±59.3 -4.5% 119.3±26.5 -52.2% Debonding

A-H-T2 388.3±26.1 -1.2% 132.1±33.1 -47.1% Various

A-H-T3 387.8±45.3 -1.4% 99.3±4.2 -60.3% 1st web��ange junction;

2nd debonding

AM 508.7±81.6 - 297.0±32.5 - 1st debonding;

2nd web��ange junction

AM-H-T3 498.4±18.5 -2.0% 127.0±44.5 -57.3% 1st debonding; 2nd crushing;

3rd web��ange junction
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Figure 5.71.: Shear connection tests: comparison of
load vs. relative displacement curves for di�erent
durations of wet�dry cycles aging (A series).

Figure 5.72.: Shear connection tests: comparison of
load vs. relative displacement curves for di�erent
durations of wet�dry cycles aging (AM series).
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Figure 5.73.: Ultimate load vs. number of wet�dry
cycles.

Figure 5.74.: Sti�ness vs. number of wet�dry cy-
cles.

The results indicate that the wet�dry cycles do not in�uence the strength of the GFRP�
SFRSCC connection, with results presenting small variations (maximum of 5%) with the
time of aging, well within the experimental scatter, for both A and AM series.

The sti�ness of the connection, on the other hand, appears to be strongly in�uenced by
the wet�dry cycles, with a reduction, when compared to series A, of -52% after 16 weeks of
aging, and up to -60% after 32 weeks of aging. Although the specimens were not subjected
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to high temperatures during the wet�dry cycles, the water saturation of the thermosetting
resins (polyester of the GFRP pro�les and epoxy adhesive), which seems to have occurred
after 16 weeks of aging (given the low additional deterioration that followed) causes a
phenomenon known as plasticization that involves considerable reduction of both sti�ness
and strength [128,129]. When subjected to wet�dry cycles aging, the mechanical behaviour of
thermosetting resins is also known to degrade, owing to chemical reactions at the molecular
level, which include chain scission [129]; this phenomenon, known as hydrolysis, must also
have contributed to the sti�ness reduction observed in these tests.

As an example, Borges [130] has shown that the tensile properties of a GFRP pultruded
material (with a similar polyester matrix to that used here) present small variations when
subjected to water immersion at 20oC up to 24 weeks, namely ranging from -7.3% to -7.5%
regarding the tensile strength (σtu,L), and from +1.1% to -4.5% concerning the elasticity
modulus in tension (Et,L) in the longitudinal direction. Cabral�Fonseca et al. [128], adopting
a similar aging process but testing the GFRP material in a saturated condition, reported
considerably higher reductions on those material properties.

In summary, the faster degradation of the sti�ness of specimens subjected to wet�dry cycles,
when compared to those subjected to thermal cycles, is likely to be due to a combination
of both degradation phenomena: plasticization and hydrolysis.

Regarding the fact that the AM series presented a similar reduction of sti�ness (-57% after
32 weeks of aging) to that observed for the A series, con�rms that the sti�ness of the former
specimens is governed by the adhesive bond.

5.2.6.3. Summary

The results presented in the previous sections show that the accelerated aging of GFRP�
SFRSCC shear connection test specimens, both with thermal and wet�dry cycles, has a
strong in�uence in the behaviour of the specimens, namely concerning the sti�ness of the
adhesive connection. On the other hand, the aging processes seem to have little in�uence on
the strength of the connections. In fact, the thermal cycle aging even appears to have caused
a post�curing e�ect on the interface, increasing its strength (up to +19%). Figures 5.75
and 5.76 illustrate the evolution of the ultimate load and sti�ness of adhesively bonded
specimens (A series), respectively, with the aging time, comparing the in�uence of the
thermal cycles with that of the wet�dry cycles.

Figure 5.75 shows that the specimens aged with wet�dry cycles maintain the same magnitude
of strength independently of the aging time, while specimens aged with thermal cycles show
a slight increase of the ultimate load with the increase of the aging time. Regarding the
sti�ness of the adhesive connection, both aging processes led to similar decreases after
32 weeks of aging (-55% and -60% for the thermal and wet�dry cycles, respectively).
Nevertheless, Figure 5.76 shows that the trends of the reduction were very di�erent. The
specimens subjected to wet�dry cycles presented a large reduction from 16 weeks of aging
(-52%) and the results suggest that the performance reduction stabilized from that point on.
Specimens aged with thermal cycles, on the other hand, presented a relatively low sti�ness
decrease at 24 weeks of aging (-10%), which was followed by a sharp drop at 32 weeks of
aging, raising concerns about the sti�ness variation for longer aging periods. This result,
which must be con�rm by more (and longer) experimental campaigns, further attests the
importance of providing a redundant shear connection system, such as the hybrid system
proposed herein.
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Figure 5.75.: Ultimate load vs. duration of aging. Figure 5.76.: Sti�ness vs. duration of aging.

5.3. Numerical simulations

5.3.1. Objectives

In order to improve the understanding of the mechanical behaviour of the GFRP�SFRSCC
adhesively bonded connections, numerical models were developed to simulate the shear
connection tests described earlier. The development of these models aimed at assessing the
feasibility of using simple bi�linear bond�slip laws to simulate the behaviour of GFRP�
concrete adhesive connections, in order to integrate these laws in the modelling of full�scale
hybrid GFRP�concrete structures.

The numerical models developed aimed at simulating the load�relative displacement be-
haviour observed both for the un�aged specimens (series A) and for the specimens aged
with thermal (series A�Th) and wet�dry (series A�H) cycles. Furthermore, these models
aimed at predicting the failure load and typical failure mode observed for each series, help-
ing to further explain the evolution of these parameters with the aging time.

In order to achieve those objectives, the relevant parameters governing the GFRP�SFRSCC
interface behaviour were calibrated to provide a good agreement between experimental and
numerical results.

5.3.2. Description of the FE models

5.3.2.1. Geometry, elements and boundary conditions

The tri�dimensional FE models used in these analyses were developed with the commercial
package ABAQUS [97]. In order to reduce the computational costs, only a quarter of the
shear connection specimens was modelled using symmetry boundary conditions.
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The models comprise 8�node brick elements (C3D8 ), with three degrees of freedom (trans-
lation) per node, simulating the GFRP and SFRSCC materials. The epoxy adhesive was
not explicitly modelled, with no gap being considered between the GFRP and SFRSCC
materials. As an alternative, the properties of the interface were directly considered in the
model, as will be further explained, including its 2 mm thickness.

In addition to the symmetry boundary conditions mentioned earlier, all degrees of freedom
were fully restrained at the bottom nodes of the SFRSCC slab, simulating the contact of the
specimen with the �oor/bottom plate of the hydraulic press. Figure 5.77 shows an overview
of the model.

Figure 5.77.: Overview of the FE model.

5.3.2.2. Material properties

The GFRP pultruded pro�les were modelled considering two di�erent materials for the
�ange and the web. Both materials were modelled as orthotropic, considering the material
properties obtained in the coupon tests (cf. Table 4.13, page 71). With this respect, it should
be mentioned that the shear properties were considered to be the same in every direction,
and that the properties in the direction normal to the plates were considered to be the
same as those in the transverse direction. With respect to the latter assumption, it should
be mentioned that, although the mechanical properties of the �ange plates in the normal
direction may have some in�uence in the interface behaviour (namely in the response to
peeling stresses), since the interface failure modes observed in the experiments were due to
the cohesive failure inside the concrete substrate or, for some cases, in the adhesive itself
(and never in the GFRP pro�le), the relative importance of these properties is deemed to
be low. The GFRP materials were considered to be linear�elastic.

The SFRSCC material was modelled as isotropic, considering the material properties derived
from coupon testing at 28 days of age (cf. Table 4.30, page 111). The models allowed
for concrete damage, namely in compression and in tension, using standard damage and
plasticity models of the FE commercial package [97]. Nevertheless, all simulations performed
were well within the elastic range considered for the SFRSCC and, therefore, concrete
damage was not actually used.
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The e�ects of the aging processes on the mechanical properties of the materials were not
considered in the FE models because, since the primary failure mode of adhesively bonded
specimens was on the interface, relatively small variations on these properties are deemed
to have little in�uence on the behaviour of the specimens, which is governed by the GFRP�
SFRSCC interface, modeled with constitutive laws.

5.3.2.3. GFRP�concrete interface constitutive laws

The GFRP�concrete interface constitutive laws adopted in the present study were de�ned
based on bi�linear bond�slip curves, as depicted in Figure 5.78. This type of constitutive
law was chosen owing to its simplicity and due to the fact that it was successfully used
to describe the mechanical behaviour of FRP�concrete interfaces, namely carbon �bre
reinforced polymer (CFRP)�concrete interfaces [21].

Figure 5.78.: Bi�linear shear bond�slip law adopted.

In the FE software package used [97], the calibration of the bi�linear bond�slip law is
performed by adjusting three parameters: (i) the maximum stress (σmax and τmax, for normal
and shear stresses, respectively); (ii) the sti�ness of the interface (k); and (iii) the softening
slip (dsoft), which is de�ned by the di�erence between the ultimate slip (du) and the critical
slip (dcr = σmax (or τmax)/k, cf. Figure 5.78). The �rst parameter governs the interface
failure initiation, while the third parameter governs the behaviour of the softening stage.
Together, these parameters can be used to de�ne the strength and failure behaviour of the
modelled specimens. The second parameter, on the other hand, governs the sti�ness.

The constitutive law can be de�ned independently for normal stresses and shear stresses
in both directions. In this particular case, since the specimens' response is governed by the
shear behaviour in the longitudinal direction, the behaviour of the interface was modelled
as isotropic. The calibration of the above mentioned parameters was performed considering
a 2 mm thick interface, which corresponds to the thickness of the epoxy adhesive layer used
in the experimental tests (cf. Section 5.2.2).

Since the strength predicted by the FE models can be calibrated with two di�erent
parameters, τmax and dsoft, the �rst parameter was adjusted in order for the FE models'
�rst sti�ness loss (which corresponds to the beginning of the interface slip) to occur
for load levels of the same magnitude as those observed in the experimental tests' �rst
discontinuity/sti�ness loss. It should be mentioned that, for some cases, these sti�ness
reductions were minor and, therefore, not evident from the load vs. relative displacement
curves. Thereafter, the second parameter (dsoft) was calibrated in order for the ultimate load
(Fu) of the FE models to match such average value for each series. The sti�ness parameter
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(k) was calibrated in order for the sti�ness (K) of the FE models to match the average
sti�ness observed for each series.

5.3.2.4. Type of analyses

In order to simulate the behaviour of the specimens, namely their load vs. relative displace-
ment curves up to the post�failure softening regime, the numerical analyses were performed
by applying an imposed displacement to the top of the GFRP pro�le, rather than apply-
ing a load. This method allows the control of the post�peak responses, which occur in the
softening stage of the bond�slip law used [131]. Owing to the low load application rate used
in the experimental test, it was possible to perform static non�linear analyses. The anal-
yses were performed for the complete range of imposed displacement, except for the cases
in which the �nal iteration diverged in the post�peak stage, indicating the collapse of the
specimen.

5.3.3. Results and discussion

5.3.3.1. Un�aged specimens

The bi�linear bond�slip law (cf. Figure 5.78) calibrated according to the experimental results
comprised the following parameters: (i) σmax = τmax = 6 MPa; (ii) k = 6 MPa/mm; and
(iii) dsoft = 0.5 mm. Figure 5.79 compares the load vs. relative displacement curves observed
in the experimental tests (the initial accommodation was eliminated in order to enable the
comparison) to those obtained with the FE model.

Figure 5.80 presents the evolution of the axial strains in the GFRP side of the interface,
comparing the experimental results obtained for specimen A�4 to those obtained with the
FE model. The results show that the FE model was able to simulate the overall evolution
of the axial strains, presenting larger di�erences from the experimental results at depths
between 200 mm and 300 mm. It should be referred that the in�ection measured in the
experimental tests in the latter depth range was not expected and could be due to a faulty
installation of the strain gauges, as mentioned earlier. Furthermore, most likely owing to the
smaller accuracy of the gauges in measuring relatively low strains, the comparison between
experimental and numerical results improves with the load increase.

Overall, the results predicted with the FE model show an excellent agreement with those
measured in the tests, namely regarding the ultimate load (Fu) and the sti�ness (K), with
relative di�erences of +5% and +3%, respectively. Additionally, the FE model was able to
predict the overall strain distribution throughout the depth of the interface.

Regarding the failure mode, the FE model correctly predicted the initial failure in the
GFRP�SFRSCC interface, as observed experimentally. Figure 5.81 plots the load vs. relative
displacement curve obtained with the FE model together with the evolution of the Tsai�Hill
index (cf. Eq. (4.45), Section 4.2.3.4) on the web��ange junction of the GFRP, which is the
area with higher stresses. Regarding this issue, it should be mentioned that the SFRSCC
material remained in the elastic regime throughout the simulation. These results show that
the failure is triggered well before the failure initiation in the GFRP material.
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Figure 5.79.: Shear connection tests: load vs. rel-
ative displacement curves for series A � experi-
ments and FE model.

Figure 5.80.: Shear connection tests: strain mea-
surements at the interface for specimen A�4 � ex-
perimental and numerical results.
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Figure 5.81.: Shear connection tests: load and Tsai�Hill index vs. relative displacement curves obtained with
the FE model.

5.3.3.2. Specimens aged with thermal cycles

Regarding the specimens aged with thermal cycles, the bi�linear bond�slip law (cf. Fig-
ure 5.78) was calibrated for each aging period according to the corresponding experimental
results. The calibrated parameters are listed in Table 5.7, which also summarizes the results
obtained with the FE models showing the relative di�erences compared to the experimental
results.
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Table 5.7.: Shear connection FE model, thermal cycles: calibration parameters, numerical results and
comparison with experimental results.

Series
Calibration parameters Results

τmax k dsoft Fu K Failure on
MPa MPa/mm mm kN di�. kN/mm di�.

A 6 6 0.5 411.4 +4.7% 257.6 +3.2% Interface
A-Th-T1 6 6 0.75 429.1 -3.8% 257.6 +6.7% Interface
A-Th-T2 6 5 0.75 438.7 +1.2% 234.6 +4.8% Interface
A-Th-T3 6 1.5 1 490.6 +4.5% 105.4 -7.0% Interface

The value of τmax was calibrated in order for the FE model to present similar failure initiation
load to that obtained in the experimental tests (for some cases, it was hard to detect by
analysing the load�relative displacement curves). In this regard, since the failure initiation
occurred at sensibly the same load regardless of the aging period, the latter parameter was
equal for all specimens. Accordingly, the dsoft parameter was then calibrated with regard to
the ultimate load, resulting in larger softening branches for specimens subjected to larger
aging periods. This evolution is in accordance with the e�ects of the thermal cycles aging
process, previously discussed in Section 5.2.6.1.4. Additionally, it should be noticed that
the k parameter has a minor in�uence on the ultimate load, as attested by the di�erent
ultimate loads obtained for specimens A�Th�T1 and A�Th�T2, which have the same τmax
and dsoft.

Figure 5.82 compares the load vs. relative displacement curves predicted with the FE models
with those obtained in the experimental tests, showing a good agreement. As for the previous
series, the initial non�linear behaviour of the experimental curves (cf. Figure ), due to
the accommodation of the experimental setup, was eliminated in order to facilitate the
comparison with the numerical results.
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Figure 5.82.: Shear connection tests: load vs. relative displacement curves for series A specimens aged with
thermal cycles � experiments and FE model.
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Figures 5.83 and 5.84 compare the experimental and numerical results regarding the
evolution of the ultimate load (Fu) and the sti�ness (K), respectively, with the aging time.
These results show that the FE models were able to determine the experimental results well
within the maximum and minimum values obtained for each series.
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Figure 5.83.: Ultimate load vs. duration of thermal
cycles aging: experimental and numerical results.

Figure 5.84.: Sti�ness vs. duration of thermal cy-
cles aging: experimental and numerical results.

All the modelled specimens failed due to the debonding of the interface, as shown in
Figure 5.85, which plots both the load vs. relative displacement and the Tsai�Hill index
(for the GFRP) vs. relative displacement curves obtained with the FE model, for all periods
of aging. However, Figure 5.85 shows that, for series A�Th�T3, the Tsai�Hill index is higher
than 1.0 before the ultimate load (Fu) is achieved. This result indicates that at this point,
which is after the beggining of the debonding process, failure initiation at the GFRP web�
�ange junction should occur, a phenomenon that was not observed experimentally. This
apparent contradiction with the experimental results may be due to several reasons: (i) after
failure initiation, the FE model, unlike the specimens used in the experimental tests, is not
able to redistribute stresses between the two GFRP�SFRSCC interfaces; (ii) the GFRP
material strength is known to increase when subjected to thermal cycles aging [125]; and
(iii) the Tsai-Hill failure criterion estimates, conservatively, the failure initiation, which may
occur in the GFRP material without visible signs of damage.

5.3.3.3. Specimens aged with wet�dry cycles

Similarly to what was performed for the specimens aged with thermal cycles, the bi�linear
bond�slip law (cf. Figure 5.78) of the specimens aged with wet�dry cycles was calibrated, for
each aging period, according to the experimental results. Table 5.8 presents the calibrated
parameters and summarizes the results obtained with the FE models, showing the relative
di�erence when compared to the corresponding experimental results.

For the wet�dry cycles aged specimens, unlike what occurred for the specimens aged with
thermal cycles, the failure initiation occurred for a lower load than that of the un�aged
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Figure 5.85.: Shear connection tests: load and Tsai�Hill index vs. relative displacement curves obtained with
the FE model considering thermal cycles aging.

specimens, resulting in the adoption of a lower τmax parameter. On the other hand, the
ultimate load variations with the aging period were almost null, allowing the adoption
of the same dsoft parameter for all specimens. Regarding the sti�ness variations, since
series A�H�T1 and series A�H�T2 presented very similar experimental results, the same
k parameter was adopted in both simulations, resulting in the adoption of the same exact
GFRP�concrete interface constitutive law. Once again, comparing the failure loads obtained
for specimens A�H�T1/T2 and A�H�T3, it is possible to attest the minor in�uence of the
k parameter in the failure of the modelled specimens. It should also be mentioned that the
evolution of the k parameter with the aging period is in accordance with the e�ects of the
plasticization and hydrolysis phenomena discussed earlier in Section 5.2.6.2.5.

Figure 5.86 plots the load vs. relative displacement curves predicted with the FE models
and compares them to those observed experimentally, showing once again a good agreement
(the initial non�linear behaviour of the experimental curves was eliminated in this �gure in
order to facilitate the comparison with the numerical results).

The evolution of the ultimate load (Fu) and the sti�ness (K) with the aging time is plotted
in Figures 5.87 and 5.88, respectively. These results con�rm the accuracy of the FE models,
which were able to predict the experimental results within the scatter of each series, with

Table 5.8.: Shear connection FE model, wet�dry cycles: calibration parameters, numerical results and
comparison with experimental data.

Series
Calibration parameters Results

τmax k dsoft Fu K Failure on
MPa MPa/mm mm kN di�. kN/mm di�.

A 6 6 0.5 411.4 +4.7% 257.6 +3.2% Interface
A-H-T1 5 2 0.5 395.1 +5.2% 131.0 +9.9% Interface
A-H-T2 5 2 0.5 395.1 +1.8% 131.0 -0.8% Interface
A-H-T3 5 1.5 0.5 398.8 +2.9% 105.4 +6.2% Interface
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Figure 5.86.: Shear connection tests: load vs. relative displacement curves for A specimens aged with wet�dry
cycles � experiments and FE model.

the exception of the sti�ness for series A�H�T3, which presented the smallest scatter within
the experimental campaign (CoV of 4.3%, cf. Table 5.6).
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Figure 5.87.: Ultimate load vs. duration of wet�dry
cycles aging: experimental and numerical results.

Figure 5.88.: Sti�ness vs. duration of wet�dry cy-
cles aging: experimental and numerical results.

The FE models indicate that failure is due to the debonding at the interface, which occurs,
in all cases, for relatively low values of the Tsai�Hill index (approx. 0.7), as shown in
Figure 5.89. These results are in agreement with the failure modes observed experimentally
(cf. Table 5.6), except for series A�H�T2, for which it was not possible to determine a typical
failure mode.
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Figure 5.89.: Shear connection tests: load and Tsai�Hill index vs. relative displacement curves obtained with
the FE model considering wet�dry cycles aging.

5.4. Final remarks

The experiments presented in this chapter have shown that the GRFP�SFRSCC connection
can be e�ectively performed with both (i) an epoxy adhesive, and (ii) a bolted connec-
tion.

The bolted connection was tested with several arrangements of connectors, showing that it
is possible to group connectors in relatively small sockets, increasing the overall strength
with relatively low reductions of strength per bolt.

The adhesive connection proved to be much sti�er than the bolted connection (+175%), but
presented similar strength when four pairs of bolts were used (+9%). The hybrid (redundant)
connection system, with both adhesive and bolts, presented higher sti�ness than that of the
adhesive connection alone (+19%), although due to the high scatter of the test series (CoV
of 11% and 12%) this di�erence may not be signi�cant. Regarding strength, the redundant
connection presented higher ultimate load than the adhesive connection alone (+29%). This
result may be due to the fact that the bolts delay the opening of the interface by withstanding
the peeling stresses developed during the test. Another important di�erence between the
redundant and the simply bonded connection is the fact that the failure of the former is
pseudo�ductile, while the failure of the latter is brittle.

The results obtained indicate that a hybrid connection system, provided by both adhesive
bonding and bolts, may increase the strength of the interface and lead to a pseudo�ductile
failure instead of the brittle failure achieved with a simply bonded connection.

Regarding the possible deterioration of the connection system with time, the results of the
specimens aged with thermal cycles showed that the strength of the interface could in fact
increase up to 19% after 32 weeks of aging. For the same aging process the sti�ness presented
signi�cative reductions, up to -55% after 32 weeks. Specimens aged with wet�dry cycles, on
the other hand, presented almost constant strength, with a maximum di�erence of -5%,
while the sti�ness presented a sharp drop, even for the early period of aging, reaching -60%
after 32 weeks.

166



GFRP�concrete hybrid structural systems. Application to the development of a footbridge prototype

Although the strength of the connection does not seem to be a�ected with the aging processes
(in fact, for the thermal cycles, it even increases), the high sti�ness reduction clearly shows
that the GFRP�SFRSCC interface undergoes deterioration processes. These processes are
likely to be related with premature debonding of interface patches due to fatigue to thermal
contraction/expansion internal stresses. For the wet�dry cycles it is likely that deterioration
of the mechanical behaviour stems from plasticization and hydrolysis phenomena that a�ect
the thermosetting resins used (polyester in the GFRP matrix and epoxy adhesive). In this
context, and given that it is not possible to relate the accelerated aging periods with the
natural aging, which occurs throughout the service life, the use of a hybrid (adhesive and
bolts) connection is recommended.

In this respect, specimens with hybrid connection aged with wet�dry cycles presented similar
results to those obtained with the adhesive connection, with a small (-2%) reduction of
strength and a -57% decrease of sti�ness after 32 weeks. Nevertheless, given that the sti�ness
was still higher than that obtained with the simply bolted specimens, which means that the
behaviour was still governed by the adhesive bond.

The FE models developed, using a bi�linear bond�slip constitutive law for the GFRP�
SFRSCC interface, were well able to reproduce the behaviour of the simply adhesively
bonded specimens, including those subjected to accelerated aging processes. Furthermore,
these models were able to predict the failure mode of the specimens, proving to be a valid tool
for simulating GFRP�SFRSCC interface problems. In this regard, it should be mentioned
that, when simulating GFRP�concrete full�scale structures, the parameters calibrated herein
could be used if a similar adhesive connection is used (similar materials and thickness). As
an alternative, the bi�linear bond�slip law parameters could be calibrated using new shear
connection tests and their respective FE modeling.

167





GFRP�concrete hybrid structural systems. Application to the development of a footbridge prototype

6. Small�scale prototype

6.1. Preliminary remarks

The present Chapter presents the investigations performed on the small�scale hybrid GFRP�
SFRSCC footbridge prototype. These investigations included (i) experimental tests and the
development of (ii) analytical and (iii) numerical models.

The small�scale prototype built in the context of this thesis was not formally designed in
order to comply with Ultimate or Serviceability Limit States. In fact, the objectives behind
the construction and testing of the small�scale prototype were (i) to test the feasibility
of the hybrid GFRP�concrete structural system proposed and (ii) to assess the ability of
current design tools in predicting its behaviour, rather than using it as a footbridge in a
real environment.

This Chapter is divided in seven main sections: (i) preliminary remarks, (ii) characteristics of
the prototype, in which the structural details of the prototype are presented; (iii) construc-
tion of the prototype, where the step�to�step construction process is described; (iv) static
behaviour; (v) dynamic behaviour; and (vi) creep behaviour, which present the investigations
conducted in the small�scale prototype regarding its static, dynamic and creep behaviour,
respectively. In each of the last three sections, experimental investigations are presented and
the results obtained are compared to those obtained with analytical and/or numerical mod-
els. Finally, the last section presents the (vii) �nal remarks that conclude this chapter.

6.2. Characteristics of the prototype

The small-scale footbridge prototype was built with two 6000 mm long GFRP pultruded
pro�les as main girders connected to a thin SFRSCC slab, constituted by 6 precast slabs with
plan dimensions of 2000×1000 mm2, positioned at the top of the girders and serving as the
deck of the footbridge. The GFRP pro�les have a I�shaped section 200 × 100 × (10) mm2

while the SFRSCC slab presents a 40 mm thickness. The connection between the main
girders and the SFRSCC slab is materialized by a 2 mm thick epoxy adhesive layer and
stainless steel bolts. Figure 6.1 illustrates the small-scale prototype cross-section.

The structure was tested in a simply supported con�guration with a 5500 mm span.
Vertical displacements were prevented in all supports, which also allowed rotations over
the transverse axis of the structure, whereas longitudinal sliding was prevented only on
one side of the structure. In order to avoid the premature collapse due to web�crippling
failure over the support sections [4, 5, 7, 14, 15], concrete jackets were provided between the
�anges on both sides of the web. Additionally, accounting for the possibility of using external
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Figure 6.1.: Cross�section of the small�scale prototype.

prestress, φ9 mm negatives were provided in the concrete jackets, positioned at a distance of
50 mm from the bottom �bre of the cross-section, in order to accommodate φ8 mm straight
rebars.

Secondary girders, connecting the two main girders, were provided at the support and
midspan sections with two main purposes: (i) to avoid the distortion of the cross�section
when loads are applied eccentrically; and (ii) to diminish the large initial imperfections of
the GFRP pultruded pro�les (cf. Section 6.3). The secondary girders were materialized by
the same GFRP I�pro�les that constitute the main girders and were connected to the latter
with stainless steel bolts and small angle (80×8 mm2) GFRP pro�les. Figure 6.2 shows the
positioning of the supports, of the concrete jackets and of the secondary girders. Figure 6.3
shows the details of the connection between main and secondary girders and illustrates
the details of the concrete jackets including the positioning of the aforementioned external
prestress bars used in serviceability tests.

Figure 6.2.: Side� and bottom�view of the small�scale prototype.

Figure 6.3.: Details of the concrete jackets and connections between main and secondary girders.

As mentioned earlier, the shear connection between the main girders and the SFRSCC
deck was provided by a 2 mm thick epoxy adhesive layer and stainless steel bolts. The
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adhesive layer thickness was de�ned based on standard recommendations for bonding
CFRP laminates to concrete substrates [31]. The results of shear connection tests, reported
in Section 5, show that the mechanical behaviour of the connection is governed by the
epoxy adhesive layer, in terms of both strength and sti�ness. Notwithstanding, the stainless
steel bolts provide a redundant connection system, for the case of premature failure of
the adhesive connection due to possible rheological deterioration of the epoxy adhesive
properties, vandalism or accidental loads (e.g. �re). In this regard, the bolted connection
was conservatively designed to fully withstand the shear loads between the GFRP pro�les
and the SFRSCC slab when the SFRSCC is crushed, considering a uniform distribution of
shear load along the span, i.e., the shear force (Fcm) may be computed with Eq. (6.1) while
the number of mechanical connectors needed (Nr) may be derived from Eq. (6.2),

Fcm = 0.80×Ac × fc (6.1)

where, Ac is the cross�section area of the concrete deck and fc is the average compressive
strength of the concrete.

Nr = 2× Fcm
Rb

(6.2)

Using the particular characteristics at 28 days of age of the SFRSCC used in the small�scale
prototype (cf. Section 4.3.2.4) and the strength per bolt (Rb) derived from experimental
testing (results of preliminary series P�M4, cf. Section 5.2.4.7) in Eq. (6.2), a total of
228 mechanical connectors is obtained. Given that the SFRSCC deck is constituted by
6 precast slabs, as mentioned earlier, the connectors (materialized by stainless steel bolts,
washers and nuts) were grouped in 6 sockets per precast slab each containing 8 connectors �
summing a total of 288 connectors. Figure 6.4 shows the dimensional details of the precast
slabs containing negatives for the connectors.

Figure 6.4.: Dimensions of the precast SFRSCC slabs.

6.3. Construction of the prototype

The construction of the small�scale prototype began with the preparation of the individual
components. The surface of the SFRSCC precast slabs that would be in contact with the
GFRP main girders (cf. Figure 6.1) was roughened with a needle scaler, thus enhancing the
adhesive bond, as shown in Figures 6.5 and 6.6.
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Figure 6.5.: Roughening of the slab. Figure 6.6.: Roughening of the slab (detail).

The GFRP pro�les were marked�up in order to be drilled (to accommodate the stainless steel
bolts acting as mechanical connectors, cf. Section 6.2), in previously determined positions
compatible with the negatives of the precast slabs (cf. Figure 6.4). Figures 6.7 and 6.8 show
the mark�up of these positions for the bolted connections between the slab and the girder,
and between the main and secondary girders (at the support sections), respectively.

Figure 6.7.: Mark�up for drilling of the bolts posi-
tion.

Figure 6.8.: Mark�up for drilling for the
main/secondary girders connection.

The pro�les were drilled with an φ11 mm drill in order to accommodate φ10 mm bolts and
rods (for the webs in the support sections). Figures 6.9 to 6.11 show the drilling process
undergoing for the �anges and the webs.

After the pro�les were drilled, the stainless steel bolts, connecting the main girders and the
SFRSCC slabs, and the threaded rods, connecting the main girders to the concrete jackets
casted in the support sections (cf. Figure 6.3), were installed. The bolts were installed with
an embedment length (inside the deck) of 25 mm, as illustrated in Figure 6.12, while the
threaded rods were installed with a minimum embedded length (inside the concrete jackets)
of 35 mm, as shown in Figure 6.13. Figures 6.14 and 6.15 show a group of bolts and a group
of threaded rods, respectively, after being installed.

In order to cast the concrete jackets in the support sections, plywood formworks were tailored
to the space in-between �anges of the pro�le section and installed with an adhesive (liquid
nail), as shown in Figures 6.16 and 6.17.
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Figure 6.9.: Drilling of the
�anges.

Figure 6.10.: Drilling of the �anges
(detail).

Figure 6.11.: Drilling of the
webs.

Figure 6.12.: Embedded length of the bolts. Figure 6.13.: Embedded length of the threaded
rods.

Figure 6.14.: Group of bolts installed. Figure 6.15.: Group of threaded rods installed.

Before casting the concrete jackets, PVC tubes with an inner diameter of φ9 mm were
provided inside the formwork in order to allow the installation of prestress straight rebars,
as mentioned in the previous section (cf. Section 6.2). Figures 6.18 and 6.19 show the �nal
aspect of the formwork after installation.
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Figure 6.16.: Tailoring of the formwork. Figure 6.17.: Installation of the formwork.

Figure 6.18.: Final aspect of the formwork. Figure 6.19.: Final aspect of the formwork (side
view).

After the adhesive used to install the formwork was hardened, the concrete of the jackets
was prepared (cf. 4.4.5), casted and duly vibrated, as shown in Figures 6.20 and 6.21,
respectively. After a waiting period of 48 hours, given for the concrete to dry, the pro�les
were turned on the other side and this process was repeated.

Figure 6.20.: Casting of the concrete. Figure 6.21.: Vibration of the concrete.
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When the concrete of the jackets was dry and the girders could be moved, the process
of assembling the main and secondary girders was performed. This process started with
the transformation of the GFRP squared�section pro�les (100 × 8 mm2 manufactured by
Fiberline Composites A/S, cf. Section 4.4.1) in angle�section pro�les used to connect main
and secondary girders (cf. Section 6.2 and Figure 6.3). This was performed by cutting two
corners of small�length (160 mm) squared pro�les, as shown in Figure 6.22, and later drilling
φ11 mm holes, on the resulting angle�section pro�les, to �t the φ10 mm stainless steel bolts
used in the connections, as illustrated in Figure 6.23.

Figure 6.22.: Cutting of the square�section pro-
�les.

Figure 6.23.: Drilling of the angle�section pro�les.

After the angle sections were prepared, the secondary girders were cut to �t from a long
pro�le with the same shape as the main girders. The secondary girders in the support
section were cut to a length of 980 mm, in order to ensure a 10 mm gap to the main girder
on each side, while the secondary girder of the midspan section, which connected to the web
of the main girders (cf. Figure 6.3) presented a total length of 1070 mm, as illustrated in
Figure 6.24, also ensuring a 10 mm gap to the main girder on each side. Figure 6.25 shows
the �nal aspect of the midspan secondary girder, while Figures 6.26 and 6.27 show the
assembly process of the main and secondary girders and the �nal aspect of the assembled
girders, respectively.

Figure 6.24.: Dimensions of the midspan secondary
girder (mm).

Figure 6.25.: Final aspect of the midspan sec-
ondary girder.
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Figure 6.26.: Assembly of the main and secondary
girders.

Figure 6.27.: Final aspect of the assembled girders.

Before connecting the main and secondary girders, 2 mm thick plastic spacers were bonded
onto the top of the main girders in order to guarantee a 2 mm thick layer of epoxy adhesive
in the GFRP�SFRSCC interface, as shown in Figure 6.28a. Additionally, after performing
a �nal inspection of each element in order to �nd any geometrical incompatibility, it was
necessary (i) to trim the outer edge of some of the precast slabs (Figure 6.28b) due to the
fact that some unembedded steel �bres prevented the full contact in the interface area, and
(ii) to trim an inner edge of a precast slab (Figure 6.28c), whose negative had been cast
with an incorrect geometry (Figure 6.28d).

Figure 6.28.: Construction details: a) installation of plastic spacers; b) trimming of slabs' outer edges;
c) trimming of a slab's inner edge; and d) geometrical incompatibility.

Prior to the installation of the SFRSCC slabs, and in order to assess the possibility of
introducing a precamber in GFRP�concrete hybrid structures, two props were installed at
the midspan section underneath each of the main girders, applying an upwards midspan
de�ection of 5 mm, as shown in Figure 6.29a. After these props were installed, the surface
of the GFRP main girders' top �anges was dusted with compressed air in order to enhance
the adhesive bonding between the GFRP material and the SFRSCC (Figure 6.29b). The
epoxy adhesive was prepared according to the recommendations of the manufacturer (cf.
Section 4.4.3, [31]) and applied on the main girders' top �anges (Figure 6.29c) and on the
precast slabs' vertical surfaces (Figure 6.29d).
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Figure 6.29.: Bonding of the elements: a) precamber props; b) dusting of the surface; application of the
adhesive on the c) main girders; and d) on the SFRSCC slabs.

The precast slabs (6 in total) were bonded in pairs from the centre of the structure to the
supports. After each pair of slabs was put in place, they were pressed against each other
with a manual fastening system shown in Figure 6.30a and the bonded joints were cleaned
from the excessive squeezed adhesive, both in the GFRP�SFRSCC interfaces and in the
SFRSCC�SFRSCC interfaces.

An important note must be mentioned regarding the ease of erection of the structural system
proposed herein: although the SFRSCC precast slabs were moved within the laboratory
with the aid of a moving crane, as shown in Figure 6.30b, the �nal placing of the slabs was
performed by manual labor of four men, as may be depicted from Figure 6.30c.

Figure 6.30.: Assembly of the prototype: a) fastening of the central pair of slabs; b) moving a slab with the
aid of a moving crane; and c) �nal placing of the slabs by manual labor.

Figure 6.31 shows the overall aspect of the prototype after the SFRSCC precast slabs were
bonded and during the initial drying period of the epoxy adhesive.

Figure 6.31.: Aspect of the small�scale prototype after the bonding of the slabs.

After a waiting period of 4 days, given for the epoxy adhesive to dry, the negatives for the
bolts were ready to be sealed with an epoxy mortar (cf. Section 4.4.4, [110]). This process
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was started by sealing the SFRSCC�GFRP junctions with silicone adhesive, as shown in
Figures 6.32a and 6.32b, in order to minimize the leakage of the �lling material. Afterwards,
the epoxy mortar was prepared in a small container by mixing its two components with
�ne sand, as may be depicted from Figures 6.32c and 6.32d. The process was completed by
pouring the epoxy mortar directly into the negatives, which was possible owing to its high
�uidity as shown in Figure 6.33a. Figure 6.33b shows one of the negatives after being sealed,
while Figure 6.33c shows the �nal aspect of the prototype.

Figure 6.32.: Preparation for sealing the negatives: a) and b) sealing of the SFRSCC�GFRP junctions;
c) components of the epoxy mortar; and d) mixing of the epoxy mortar.

Figure 6.33.: Sealing the negatives: a) pouring the epoxy mortar; b) sealed negative; and c) �nal aspect of
the prototype.

After the epoxy mortar sealing the holes hardened, permanent instrumentation � namely
electric strain gauges � were installed in the midspan section in order to monitor the
structural behaviour during the experimental tests. In the SFRSCC material the strain
gauges installed were HBM-1-LY41-50/120 whereas in the GFRP material the strain gauges
were HBM-1-LY11-10/120, both models from HBM. Figure 6.34 shows the positioning of the
strain gauges in the midspan section (please note that the strain gauges in the bottom �anges
of the GFRP pro�les were only installed after the precamber props were removed).

Figure 6.34.: Permanent instrumentation of the small�scale prototype: position of electric strain gauges at
the midspan section.
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6.4. Static behaviour of the prototype

6.4.1. Context

This section presents the experimental investigations regarding the static �exural behaviour
of the hybrid GFRP�SFRSCC small�scale footbridge prototype, as well as the analytical and
numerical modeling of those experiments. The need to fully understand the static behaviour
of this type of GFRP�concrete hybrid structure is of the utmost importance because some of
the main safety requirements, namely Serviceability and Ultimate Limit States requirements,
are based on static behaviour criteria.

In this context, the experimental investigations presented herein comprised (i) the monitor-
ing of the removal of the precamber polls, and static �exural tests, namely, (ii) serviceability
tests; (iii) serviceability tests with prestress; and (iv) a failure test. The �rst set of static
�exural tests allowed to assess the structural response to vertical loading and unloading;
the second set allowed to verify the feasibility of a cost e�ective prestress solution; and the
failure tests allowed the assessment of the structural response of the prototype up to failure,
as well as the failure modes involved in the collapse of the structure.

The analytical and numerical modeling of these tests and the comparison between the
predictions and the actual structural behaviour observed experimentally, aimed at assessing
the quality/accuracy of the design tools for GFRP�concrete structures available to structural
designers.

6.4.2. Monitoring of precamber e�ects

Eight days after the �lling of the slab negatives, given for the epoxy mortar to dry and cure,
the props applying the precamber were removed. During this process, strains were measured
in the midspan section in positions εc1 to εc3 and εw1 to εw6 (cf. Figure 6.34), while
de�ections were measured also at the midspan section with two electric displacement gauges,
from TML with a stroke of 10 mm and precision of 0.01 mm, placed beneath the SFRSCC
transverse cantilevers, one in each extremity of the cross-section. Data was gathered with
two built-in dataloggers, from HBM, model Spider 8, at a rate of 5 Hz and registered in a
PC.

After the precamber props were removed, an instantaneous average midspan de�ection (δms)
of 6.63 mm was measured, while the average axial strains measured along the cross�section
height were those depicted in Figure 6.35.

These results show that the precamber system used was e�ective since upon removal of
the props, the structure deformed and the slab was compressed achieving both goals of
the precamber system: (i) obtaining smaller de�ections; and (ii) introducing compressive
stresses in the slab.

6.4.3. Serviceability tests (without prestress)

As mentioned earlier, serviceability tests were performed in the small�scale prototype in
order to assess the static �exural response of this structure. These tests were performed
with two di�erent load con�gurations: (i) a 3�point bending con�guration materialized by
two concrete blocks, 1000×500×500 mm3, weighing 522 kgf and 524 kgf, which were placed
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Figure 6.35.: Axial strains measured upon the removal of the precamber props (position 0 mm corresponds
to εc1 to εc3, i.e. the top of the deck).

(using a moving crane) on top of the prototype's deck at the midspan section, in a symmetric
position, each block being aligned with one of the main girders (cf. Figure 6.36); and (ii) a
4�point bending load con�guration comprising two concrete blocks, 1200× 400× 200 mm3,
weighing 640 kgf each, which were placed at a distance of a = 1.90 m from each support
and spaced between each other by b = 1.70 m (cf. Figure 6.37).

The total load used in the �rst con�guration corresponds approximately to 1/6 of the
characteristic load for footbridges (5 kN/m2, according to Eurocode 1 [65]), causing a
bending moment at midspan of approximately 1/3 of that caused by such characteristic load
applied uniformly over the span. This load con�guration allowed testing the �exural and
torsional static behaviour of the footbridge structure by applying the concrete blocks in the
following three sequential stages: (a) �rst block loaded over the left girder (stage 1); (b) both
blocks loaded over both girders (stage 2); and (c) right block loaded over the right girder
(stage 3). During this test, vertical de�ections were measured at �ve di�erent positions across
midspan section with displacement transducers from Mitutoyo (with a stroke of 50 mm and
precision of 0.01 mm). Two displacement transducers were positioned underneath the GFRP
girders and three were positioned below the SFRSCC slab, one at the transverse midspan
and two at a distance of 10 mm from the edges of the cantilevers. Figure 6.36 shows the
de�ections measured at midspan for each stage. These results show that the GFRP�concrete
hybrid structure presented a symmetrical behaviour, as expected, for load stages 1 and 3,
showing the same response to torsional moments regardless of the direction of those same
moments. For load con�guration 2, the slight slope of the de�ections over the cross�section,
which may be disregarded, is most likely due to the e�ects of small deviations on the
positioning of concrete blocks. The average midspan de�ection (δms) attained, 6.41 mm,
corresponds to L/858.

Regarding the second load con�guration, the total load used, F = 12.56 kN (cf. Figure 6.37),
corresponds to approximately 1/5 of the characteristic load de�ned in Eurocode 1 [65] for
footbridge structures � 5 kN/m2 � when applied to the entire deck. The concrete blocks
were lifted with the laboratory crane and smoothly positioned (and removed) over the deck
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Figure 6.36.: Small�scale prototype serviceability tests: midspan de�ections for load con�guration (i): a) load
stage 1; b) load stage 2; and c) load stage 3.

in the prede�ned positions so as to avoid any dynamic e�ects. De�ections were measured at
midspan section underneath both main girders with TML electric displacement transducers
with a stroke of 25 mm and precision of 0.01 mm. Strains were also measured at di�erent
positions of midspan cross-section with strain gauges εc1, εf1 and εf2 (cf. Figure 6.34).
Data was gathered with a data logger (model QuantumX from HBM ) at a rate of 10 Hz
and registered in a PC. Figure 6.38 shows the structure loaded for this test.

Figure 6.37.: Small�scale prototype serviceability tests: load con�guration 2.

In this test, the structure exhibited linear�elastic load�de�ection behaviour, as expected,
which was possible to observe due to the (time) continuous measurement of the displace-
ments and strains with the datalogger. These tests allowed determining the average midspan
de�ections (δms = 6.79 mm) � L/810 � and sti�ness (K = 1.85 kN/mm) of the structure
for the load con�guration used. Based on the strain gauge measurements, the curvature
(χ = 19.29× 10−4 m−1) and the neutral axis position (NA = 24.55 mm, with reference to
the top of the cross-section) at the midspan cross-section were estimated.

6.4.4. Serviceability tests with prestress

As mentioned earlier (cf. Section 6.2), the feasibility of a cost�e�ective external prestress
system for GFRP�concrete structures was one of the objectives of the present investigation.
With this aim, �exural serviceability tests were conducted for the small�scale prototype
with the application of a prestress system materialized by two steel straight rebars with
small length threaded steel rods welded in both extremities. The prestress force was applied
by tensioning the rebars, which were positioned in the negatives of the concrete jackets (cf.
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Figure 6.38.: Small�scale prototype serviceability tests: structure loaded in load con�guration 2.

Section 6.2) and tightened with the help of 10 mm thick steel plates (in order to distribute
the stresses evenly to the concrete jackets), washers and nuts (cf. Figure 6.39a). Figure 6.39b
shows the prestress being applied by tightening the rebar, while Figures 6.39c and 6.39d
show a prestress rebar before and after being tightened.

Figure 6.39.: Small�scale prototype serviceability tests with prestress: a) positioning of the prestress rebars;
b) applying prestress; prestress rebar c) without and d) with applied force.

In this test, the load con�guration 2 of the serviceability tests was used with the same load
level (cf. Section 6.4.3). The test procedure was the following: (i) a force of 10 kN was applied
in each rebar; (ii) the static load was applied; and (iii) the rebars were further tighten until a
force of 20 kN was attained in each one. The maximum prestress force installed in each rebar
(20 kN/rebar), which corresponds to approximately 80% of its characteristic yield strength
(≈ 25 kN, cf. Section 4.4.5), was evaluated with electric strain gauges (model FLK-6-11-3L
from TML) installed on the rebars.

Figure 6.40 shows the evolution of the midspan average de�ection (δms) with the prestress
force per cable (P ). As expected, the structure de�ected upwards when the rebars were
�rst tightened, showing that this simple external prestress system is capable of uplifting
this type of hybrid structure. When the structure was loaded with the concrete blocks,
it presented a downwards de�ection, which was �nally reduced when the prestress rebars
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were further tightened. These results attest the possibility of using simple external prestress
systems in GFRP�concrete hybrid structures, which may provide a cost e�ective and durable
(if using FRP non�corrodible rebars) solution for limiting deformation restrictions. In this
particular case of a hybrid footbridge, the prestress system can be used to mitigate part
of the permanent load de�ections, namely those caused by pavements, parapets, guardrails
and other secondary elements. In this respect, the concrete blocks used in the tests can
be regarded as those other permanent loads. Table 6.1 summarises the main results of this
test, presenting separately the e�ects of the load application and the e�ects of the (total)
prestress. The average midspan de�ection (δms) caused by the static loads was lower than
that measured in the serviceability tests without prestress for load con�guration 2 (cf.
Section 6.4.3). This comparison shows that although the prestress rebars are external to the
structure, they provide a slight sti�ness increase (+3.9%) as the rotation of the supports
may cause the elongation of the rebars.
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Figure 6.40.: Small�scale prototype serviceability tests with prestress: midspan average de�ection vs.
prestress force per rebar.

Table 6.1.: Small�scale prototype serviceability tests with prestress: midspan average de�ection (δms) and
sti�ness (K) for applied loads and prestress.

Loads Prestress

δms (mm) K (kN/mm) δms (mm) K (kN/mm)

6.53 1.92 3.41 5.30

6.4.5. Failure test

The static �exural test up to failure of the small�scale prototype was performed with a
4�point bending load con�guration � similar to load con�guration 2 of the serviceability
tests (cf. Section 6.4.3) � with geometrical parameters a = 1.85 m and b = 1.80 m (cf.
Figure 6.37). No prestress system was used in this test.

Load was applied with a hydraulic jack (from Enerpac) with a load capacity of 600 kN,
installed on a loading frame, comprising two steel columns and a beam, which was anchored
to the laboratory strong �oor. Load was measured with a Novatech load cell, with a capacity
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Table 6.2.: Small�scale prototype failure test: failure load (Fu), average midspan de�ection at failure (δms−u),
sti�ness (K) and neutral axis position (NA) with reference to the top of the cross-section.

Fu (kN) δms−u (mm) K (kN/mm) NA (mm)

232.4 126.29 1.95 27.39

of 800 kN, installed between the hydraulic jack and the footbridge prototype. Load was
distributed to the structure with three steel beams, one oriented longitudinally, transferring
the load from the jack within the central load span (b, cf. Figure 6.37), and two oriented
transversely in order to apply the load along the entire width of the deck. A metal sphere
was positioned between the load cell and the longitudinal distribution steel beam, while
steel cylinders were installed between the longitudinal and transversal steel beams allowing
for rotation in the longitudinal direction. The de�ections of the structure were measured
at the midspan section, over the deck and centered with both main girders � δms1 and
δms2, with TML electric displacement transducers with a stroke of 100 mm and precision
of 0.01 mm. Strains were measured in all positions shown in Figure 6.34. The load was
applied monotonically under load control at an approximate rate of 0.6 kN/s. Data was
gathered with two built�in data loggers (from HBM, model QuantumX ) at a rate of 5 Hz
and registered in a PC. Figure 6.41 shows the test con�guration.

Figure 6.41.: Small�scale prototype failure test: test con�guration.

The structural behaviour of the hybrid structure was linear�elastic up to failure, as may
be depicted from Figures 6.42 and 6.43, which show, respectively, the applied load as a
function of the midspan de�ections and the average strains as a function of the applied
load. Moreover, strain gauge measurements (Figure 6.43) con�rm that no slip occurred in the
GFRP�adhesive�concrete interfaces, in accordance with the results of the shear connection
tests presented in Chapter 5. Table 6.2 summarises the most relevant results obtained in
this test, including the failure load (Fu), the average midspan de�ection at failure (δms−u),
the sti�ness (K) for this load con�guration and the neutral axis position (NA) derived from
the measured strains.

The collapse of the structure was brittle and triggered by the shear failure of the web�
�ange junction of one of the GFRP main girders. This shear failure was apparently followed
by �exural buckling of the web, whose upper edge was no longer supported, at a distance
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Figure 6.42.: Small�scale prototype failure test:
load vs. midspan average de�ections up to failure.

Figure 6.43.: Small�scale prototype failure test:
load vs. midspan average strains up to failure.

of about 0.50 m from the midspan section. The other main girder remained apparently
undamaged. The SFRSCC deck, which had not exhibited any signs of damage (cracking,
crushing) prior to failure, su�ered extensive damage after the GFRP girder failed. However,
although the footbridge structure did collapse, the deck was able to support its own weight
after failure. Figure 6.44 shows several details of the structure after collapse. Failure occurred
for a total load (F , cf. Figure 6.37) of 232.4 kN, which corresponds to approximately 4.2 times
the characteristic load for footbridge structures [65] when applied to the entire deck. This
failure load corresponds to a maximum bending moment (Mmax) of ≈215.0 kNm and an
ultimate shear force (Vu) of ≈116.2 kN.

Figure 6.44.: Small�scale prototype failure test: (a) prototype after failure; (b) GFRP main girder web�
�ange junction failure; (c) complete separation of web and �ange followed by web buckling; and (d) detail
of web��ange separation.

The failure of the structure occurred when the mid-span average de�ection was 126.3 mm
(cf. Table 6.2), which corresponds to approximately L/43.5 (L being the longitudinal
span) � about 6�12 times higher than the de�ection limits de�ned for building �oors in
Eurocode 2 [85] and in the Italian guidelines for FRP structures [68] (both for the quasi�
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permanent load combination), and more than 2.25 times higher than the de�ection limit for
pedestrian footbridges de�ned in the Italian guidelines [68] (for the rare load combination).
In this regard, and although the structure did not present any obvious loss of sti�ness prior
to failure (cf. Figures 6.41 and 6.42), such high deformations constitute a clear warning for
a possible structural malfunction as may be depicted from Figure 6.45, which shows the
deformed con�guration of the structure prior to failure. Therefore, even without pseudo�
ductility and featuring a brittle type of failure, this hybrid structure did not collapse without
visible signs of malfunction, providing clear warning of imminent failure for both users and
infrastructure management authorities.

Figure 6.45.: Small�scale prototype failure test: deformed con�guration immediately prior to failure.

6.4.6. Analytical simulation

6.4.6.1. Serviceability behaviour without prestress

As mentioned earlier, the shear de�ections should not be neglected in the design of FRP
based structural solutions. In this context, in order to predict the instantaneous de�ections
of the hybrid GFRP�concrete structure under study, Eqs. (4.22) and (4.23) (cf. page 90)
were developed, based on the Timoshenko beam theory [86], to determine the vertical
de�ections along the span for (i) 3�point and (ii) 4�point bending load con�gurations,
respectively.

Regarding the determination of the shear sti�ness for this type of hybrid structure,
comprising GFRP I�shaped pro�les, an assumption is generally made that it is provided
only by the webs of the pro�les [60�62], therefore the general shear area (kA) may be
substituted by the area of the webs of the pro�les (Aw), while the general shear modulus (G)
should be substituted by the in�plane shear modulus (GLT ) of the web plates. Additionally,
considering that the slip at the GFRP�SFRSCC interface is negligible, in accordance with
the experimental data of shear connection tests (cf. Chapter 5), the position of the cross�
section neutral axis (NA) may be determined with Eq. (6.3),

NA =

∑n
i EiAizi∑n
i EiAi

(6.3)

where Ei is the elasticity modulus of element i, Ai is the area of element i and zgi is
the distance between the sti�ness centroid of element i and a chosen �xed point (in the
present case the neutral axis position is always determined with reference to the top of the
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cross�section). Furthermore, accounting for the orthotropic nature of the GFRP material,
the elasticity moduli in the longitudinal direction (EL,i) of the GFRP plates should be
used. For the cross�section under study, 4 types of elemental areas were considered: (i) the
SFRSCC slab; (ii) the 2 mm epoxy adhesive layer; (iii) the GFRP �anges; and (iv) the
GFRP webs. The �exural sti�ness (EI) may then be calculated with the Lagrange�Steiner
theorem as shown in Eq. (6.4),

EI =
n∑
i

EiIi + EiIi × (NA− zgi)2 (6.4)

where Ii is the second moment of area of each element i around its own sti�ness centroid
(zgi). In Eq. (6.4) the elasticity moduli in the longitudinal direction (EL,i) of the GFRP
plates should also be used, in order to account for their orthotropic behaviour.

Additionally, for the present case, the full width of the SFRSCC slab was considered in the
determination of the �exural sti�ness, according to the method presented in Eurocode 4 [115]
to de�ne the e�ective width of concrete slabs in steel�concrete composite structures. These
formulae allowed the determination of the shear and �exural sti�ness of the cross�section,
G× kA = 12636 kN and EI = 5793 kNm2, respectively.

Table 6.3 shows that the midspan de�ections and sti�ness predicted by the analytical
formulae presented compare well with the results observed experimentally � for load
con�guration 2 � with relative errors around 10%. The predicted curvature (χ) was also
correctly estimated (≈ 7% relative error), while the predicted neutral axis presented a
deviation of 4.51 mm (in a 242 mm section) from the measured neutral axis. These results
show that the analytical formula presented herein are well able to predict the �exural
behaviour of hybrid GFRP�concrete structures for service conditions.

Table 6.3.: Small�scale prototype serviceability behaviour � load con�guration 2: experimental and
analytical estimates of average midspan de�ection (δms), sti�ness (K), curvature (χ) and neutral axis
position (NA) with reference to the top of the cross�section.

Source δms K χ NA

(mm) di�. (%) (kN/mm) di�. (%) 10−4/m di�. (%) (mm)

Experimental 6.79 - 1.85 - 19.29 - 24.55
Analytical 7.50 10.44 1.67 -9.45 20.61 6.82 29.06

6.4.6.2. Serviceability behaviour with prestress

Regarding the prediction of the e�ects of the application of external prestress to the
structure, two additional e�ects must be considered in the analytical formulae: (i) the
de�ections caused by the bending moment introduced by the prestress rebars; and (ii) the
additional sti�ness that these rebars may provide to the structure. The external prestress
rebars are straight and are anchored in the concrete jackets at the support sections (cf.
Section 6.2), therefore, the prestress forces (P ) induce a constant bending moment along
the entire span of the structure (negative bending moments as the rebars are tensioned).
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The upwards de�ection caused by the prestress rebars (δP ) may then be computed with
Eq. (6.5),

δP (x) =
P · e
2EI

(x2 − Lx) (6.5)

where e is the eccentricity of the prestress rebars, measured with respect to the neutral axis
of the cross section.

Additionally, the elongation of the rebars, caused by the rotation of the supports when the
structure is loaded, must be taken into consideration when calculating the de�ections of the
prestressed structure. In order to do so, the rotation of the supports must be calculated
with reference to the theoretical supports of the Timoshenko's beam theory (located in the
neutral axis) depicted in Figure 6.46.

Figure 6.46.: Prestress: rotation around the theoretical support.

The total rotation of the support (θT ) may then be computed by adding the rotation
caused by the loads (θL) to the rotation due to the prestress (θP ) previously installed
in the structure, as de�ned by Eq. (6.6):

θT = θL + θP =

(
Fa

4EI
(L− a) +

F

2GkA

)
− P · e

2EI
L (6.6)

For this particular case, the �exural deformations account for 88.1% of the rotation caused
by the loads (θL � �rst two terms of Eq. (6.6)), whereas the remaining 11.9% are due
to the shear deformations. The elongation of the rebars (∆s) may then be expressed as
follows,

∆s = 2d · sin(θT ) (6.7)

where d is the distance between the theoretical support and the rotation point of the rebars
(≈ 191 mm), just outside the concrete jackets (cf. Figure 6.46). Finally, the additional force
on the rebars caused by the vertical loads (∆P ) may be written as,

∆P =
∆s

l
EsAs (6.8)

where l is the free length of the rebars (5250 mm), Es is the elasticity modulus of the rebars
and As is the area of the rebars (cf. Section 4.4.6). The de�ections caused by the vertical
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loads after prestress installation may then be calculated by re-writing Eq. (4.23) (page 90)
into the following form:

δ(x) =
F

4EI

[
a(L− a)x− x3

3

]
+

F

2AwG
x− ∆P · e

2EI
(x2 − Lx), 0 ≤ x < a

δ(x) =
F

4EI

(
Lx− x2 − a3

3

)
+

Fa

2AwG
− ∆P · e

2EI
(x2 − Lx), a ≤ x < b

δ(x) =
F

4EI

[
x

(
x2

3
+ L(a− x) + (a+ b)2

)]
+

F

4EI

[
L

(
2L2

3
− La− (a+ b)2

)]
+
F (L− x)

2AwG
−

∆P · e
2EI

(x2 − Lx), a+ b ≤ x ≤ L

(6.9)

The comparison between the results obtained with these analytical formulae and those
observed experimentally, shown in Figure 6.47 and Table 6.4, prove that these straightfor-
ward analytical expressions are able to predict with good accuracy the experimental results
obtained in the �exural test with prestress application. Predicted midspan de�ections are
similar to those observed in the tests, with relative errors of ≈12.9% for the prestress de�ec-
tions and ≈8.6% for the vertical load de�ections after prestress installation. These results
show that simple analytical beam models are well able to predict the behaviour of this type
of prestressed hybrid structures, constituting reliable design tools especially for the early
stages of the design process.
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Figure 6.47.: Small�scale prototype serviceability behaviour with prestress: experimental test vs. analytical
simulation
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Table 6.4.: Small�scale prototype serviceability behaviour with prestress: midspan average de�ection (δms)
and sti�ness (K) for loads and prestress. Experimental test vs. analytical simulation.

Source
Load Prestress

δms K δms K

(mm) di�. (%) (kN/mm) di�. (%) (mm) di�. (%) (kN/mm) di�. (%)

Test 6.53 - 1.92 - 3.41 - 5.30 -

Analytical 7.09 8.58 1.77 -7.90 3.85 12.92 4.70 -11.40

6.4.6.3. Failure behaviour

Concerning the analytical simulation of the �exural failure behaviour of the structure, it is
necessary to determine the ultimate bending moment and shear force that the structure is
able to sustain. In this particular case, due to the hybrid nature of the structure and the use
of secondary bracing girders, no instability phenomena play part in the failure mode of the
structure; therefore, the resistance is only limited by the cross�section strength, allowing a
full exploitation of the materials' capacity.

Regarding the ultimate shear force (Vu), a common (conservative) assumption is made
for this type of hybrid structures that the strength is provided only by the webs of the
pro�les [60�62] (i.e. neglecting the contribution of the concrete member), which, thus, can
be calculated with Eq. (6.10),

Vu ≈ τu,LT ·Aw (6.10)

where τu,LT is the in�plane shear strength of the GFRP webs.

The ultimate bending moment (Mu), on the other hand, is computed considering the
contribution of the di�erent materials that constitute the hybrid structure and assuming
full interaction at the interface. In this particular case, due to the geometry and mechanical
properties of the materials involved, the ultimate bending moment is achieved within the
linear-elastic range of the materials, due to tensile failure of the GFRP, and thus can be
computed with Eq. (6.11),

Mu = EI ·min

(
fFlangestu,L

EFlangesL,t · (ht −NA)
;

fWebs
tu,L

EWebs
L,t · (ht −NA− tf )

)
(6.11)

where fFlangestu,L and fWebs
tu,L are the tensile strengths of the GFRP material for the longitudinal

direction of the �anges and webs, respectively, EFlangesL,t and EWebs
L,t represent the elasticity

modulus in tension of the GFRP material for the longitudinal direction of the �anges and
webs, respectively, ht is the total height of the cross�section, and tf is the thickness of
the GFRP pro�les' �anges. Applying Eqs. (6.10) and (6.11) to the present structure, the
ultimate shear force and bending moment are 104.4 kN and 309.1 kNm, respectively.

In order to simulate the experimental �exural failure test (cf. Section 6.4.5), the two loads
that acted on the structure must be considered: (i) the self�weight (2.14 kN/m); and
(ii) the force applied by the hydraulic jack (cf. Figure 6.37). Using the ultimate forces
in order to determine the failure load, one can use either (i) a simple failure criterion
(Eqs. (6.10) and (6.11)), or (ii) the following second�order shear��exure failure interaction
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equation (suggested by Bank [4] and by the Italian design guidelines for FRP pultruded
members [68]),

(
VSW (x) + VF (x)

Vu

)2

+

(
MSW (x) +MF (x)

Mu

)2

≤ 1 (6.12)

where VSW andMSW are, respectively, the shear force and bending moment due to the self�
weight, whereas VF and MF are the shear force and bending moment due to the applied
load.

Eq. (6.12) was used to predict the failure load (Fu) and the correspondent failure cross�
section, while Eq. (4.23) (page 90) was used to predict the de�ections up to failure. Table 6.5
and Figure 6.48 summarise the results obtained and compare them with the experimental
data.

Table 6.5.: Small�scale prototype failure behaviour: failure load (Fu), midspan average de�ection at failure
(δms−u), sti�ness (K) and neutral axis position (NA). Experimental test and analytical simulations.

Source Fu δms−u K NA

(kN) di�. (mm) di�. (kN/mm) di�. (mm)

Experimental 232.4 � 126.29 � 1.95 � 27.39

Analytical � Eq. (6.12) 172.4 -25.82% 101.08 -19.97% 1.71 -12.71% 29.06
Analytical � Eq. (6.13) 207.0 -10.93% 121.37 -3.90%
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Figure 6.48.: Small�scale prototype failure behaviour: midspan de�ections. Experimental tests and analytical
predictions.

The analytical formulae presented predicted a similar behaviour to that observed experi-
mentally with similar sti�ness (-12.7%) and neutral axis position (di�erence of 1.67 mm).
However, Eq. (6.12) underestimated the ultimate load (Fu) and, consequently, the corre-
sponding ultimate midspan de�ection (δms−u) was also underestimated (relative di�erences
of -25.8% and -20.0%, respectively). The contribution of the shear force to the predicted
failure load was 71.3%, whereas that of the bending moment was 28.7%. According to this
failure criterion, failure should occur in the sections underneath the loading points.
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Regarding the high relative di�erence in predicting the failure load with Eq. (6.12), one
should note that the maximum shear stresses do not occur in the same �bres where
maximum axial stresses develop. As an example, at the web��ange junction, where failure
was triggered, the axial stresses are almost null. Conversely, at the bottom �ange, where
axial stresses are maximum, the shear stresses are minimum. Thereafter, for FRP structures
in general (that do not yield), and for FRP�concrete hybrid structures in particular (where
maximum shear stresses develop in �bres with low axial stresses, cf. Figure 6.49), failure load
predictions using Eq. (6.12) may be overly conservative. Another quadratic failure criterion,
also suggested by Bank [4], compares the maximum shear and axial stresses as follows,

(
τSW (x, z) + τF (x, z)

τu,LT (z)

)2

+

(
σSW (x, z) + σF (x, z)

ftu,L(z)

)2

≤ 1 (6.13)

where τSW and σSW are, respectively, the shear and axial stresses due to the self-weight, τF
and σF are the shear and axial stresses due to the applied load and z represents the vertical
development of the cross�section. In order to use this criterion, a shear stress distribution
was calculated for a simpli�ed thin�walled cross�section where the GFRP pro�les' upper
�anges were disregarded and the web was extended until the SFRSCC slabs' mid�line.
This simpli�ed cross�section presents a very similar �exural sti�ness to that of the original
cross-section (relative di�erence of -0.2%). It is also worth mentioning that, unlike the
simple failure criterion expressed by Eq. (6.10) (which only considers the contribution of
the GFRP webs), the shear stress distribution used to compute Eq. (6.13) takes into account
the contribution of the concrete slab to the shear strength.

Figure 6.49 shows the analytical distribution of shear and axial stresses in the GFRP pro�les'
webs, as a function of the applied load (F ) for longitudinal position x = 1.025 m (in which
both bending moments and shear forces develop), calculated with Eqs. (6.14) and (6.15),
respectively,

τ(x, z) = bpzNA
EFlangesL,t

EI
V (x) + (zNA − z)(zNA + z)

EWebs
L,t

2EI
V (x) (6.14)

σ(x, z) =
M(x) · z
EI

EWebs
L,t (6.15)

where zNA represents the neutral axis height with reference to the mid�line of the bottom
�anges of the GFRP pro�les and z is the vertical distance to zNA.

Using Eq. (6.13) with stresses computed by Eqs. (6.14) and (6.15) a failure load (Fu) of
207.0 kN is determined, which is much closer to the experimental failure load when compared
with the previous prediction (-10.9% vs. -25.8%, respectively). Accordingly, the prediction of
the midspan de�ection at failure (δms−u) is also signi�cantly improved (−3.9% vs. −20.0%,
respectively), as summarized in Table 6.5 and illustrated in Figure 6.48. According to
Eq. (6.13), failure is predicted to occur at the support sections, where the shear force
(V (x = 0)) is maximum and the bending moment (M(x = 0)) is null and at the web��ange
junction where the vertical shear stresses are maximum (cf. Figure 6.49 and Eq. (6.14)) �
this was precisely the part of the cross�section where failure was observed in the tests (cf.
Section 6.4.5). These results indicate that, according to the failure criterion expressed by
Eq. (6.13) and for the present case, failure would be caused only by the shear stresses.
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Figure 6.49.: Analytical prediction of the axial (σ) and shear (τ) stress distributions along the depth of the
web for x = 1.025 m.

6.4.7. Numerical simulation

The numerical simulations of the �exural tests described in Sections 6.4.3 to 6.4.5 were
performed with a three-dimensional �nite element (FE) model, illustrated in Figure 6.50,
developed with the commercial package SAP2000.

Figure 6.50.: Tri�dimensional illustration of the FE model.

Three types of �nite elements were used: (i) 8�node solid brick elements; (ii) two�joint rigid
links; and (iii) frame elements. The �rst elements were used to simulate the geometry of
the prototype, namely the GFRP pro�les' (i) webs and (ii) �anges, (iii) the SFRSCC slab,
(iv) the epoxy adhesive layer, (v) the concrete jackets, (vi) the GFRP angle sections (cf.
Figure 6.3), and (vii) the steel support plates. The two�joint rigid link elements were used
to simulate the bolts connecting the main and secondary girders (cf. Figure 6.3) and to
connect the steel support plates to the rotation centre of the supports. The frame elements
were used only to simulate the prestress rebars.

The material properties used were those described in Section 4, derived from coupon testing.
The GFRP material was modelled as orthotropic while all other materials were considered
isotropic. Only linear�elastic numerical analyses were performed (similarly to the analytical
simulations performed, cf. Section 6.4.6), according to the structural behaviour observed in
the experiments (cf. Sections 6.4.3 to 6.4.5). The connection between the main girders and
the slab (modelled explicitly by considering the 2 mm thick epoxy adhesive layer as solid
brick elements), was also taken as fully linear�elastic in accordance with the results of the
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shear connection tests performed (cf. Section 5) and with the experimental results of the
static �exural tests reported earlier.

The vertical forces, simulating the loads used in the serviceability and failure tests, were
applied as surface pressures at the top of the SFRSCC slab, considering the actual geometry
of the loads used and the setup of each test (cf. Figures 6.36, 6.37, 6.38 and 6.41). The
prestress applied in the serviceability tests was considered by applying horizontal point loads
on the rebar frame elements, which were anchored to the concrete jackets (cf. Figures 6.39
and 6.46).

6.4.7.1. Serviceability behaviour without presress

The FE model developed was able to simulate the behaviour of the hybrid GFRP�
concrete structure exhibited in the serviceability test with very high accuracy for both
load con�gurations. Regarding load con�guration 1, the FE model predicted the midspan
de�ections with a very good agreement when compared to the experimental results, with a
maximum relative error (at the centre of the cross�section) of 6.7%. More importantly, the
FE model was not only able to predict the �exural response but also the torsional response,
which is depicted in Figure 6.51 that compares the experimental and numerical midspan
vertical de�ections for each load stage.

Figure 6.51.: Small�scale prototype serviceability behaviour without prestress for load con�guration 1:
a) load stage 1; b) load stage 2; and c) load stage 3. Experimental test vs. FE model prediction.

Regarding load con�guration 2, the FE model predicted very similar midspan de�ections
and sti�ness (relative di�erences of +3.6% and -3.5%, respectively). The predicted curvature
and neutral axis position were also similar to those observed experimentally. Table 6.6
summarizes the results obtained with the numerical model and compares them with their
experimental and analytical counterparts.

Moreover, Table 6.6 shows that the serviceability behaviour predicted by the FE model was
much closer to the behaviour observed in the tests, compared with that simulated with the
analytical model (cf. Section 6.4.3).
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Table 6.6.: Small�scale prototype serviceability behaviour without prestress for load con�guration 2: average
midspan de�ection (δms), sti�ness (K), curvature (χ) and neutral axis position (NA) with reference to the
top of the cross�section. Experimental results, analytical and numerical predictions.

Source δms K χ NA

(mm) di�. (%) (kN/mm) di�. (%) 10−4/m di�. (%) (mm)

Experimental 6.79 - 1.85 - 19.29 - 24.55
Analytical 7.50 10.44 1.67 -9.45 20.61 6.82 29.06
Numerical 7.03 3.58 1.79 -3.46 20.43 5.89 29.51

6.4.7.2. Serviceability behaviour with prestress

Regarding the simulation of the e�ects of external prestress, Figure 6.52 and Table 6.7
show that the FE model was also very accurate in predicting the experimental behaviour,
namely regarding the de�ections due to the vertical loads and the prestress action (relative
di�erences of -4.4% and 0.3%, respectively). Once more, the numerical predictions were
more accurate than those provided by the simpler analytical models.
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Figure 6.52.: Small�scale prototype serviceability behaviour with prestress: experimental results vs. analyt-
ical and numerical predictions.

6.4.7.3. Failure behaviour

In what concerns the simulation of the �exural test up to failure, Figures 6.53 and 6.54
compare the experimental, analytical and numerical midspan de�ections and axial strains,
respectively, both as a function of the applied load. Once more, the FE model was able
to simulate the �exural response in terms of sti�ness, midspan de�ections and neutral axis
with very good accuracy, as summarized in Table 6.9.

The failure load was predicted (i) using the shear and axial stresses computed with the
FE model and (ii) applying a failure criterion developed for FRP composite materials, the
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Table 6.7.: Small�scale prototype serviceability behaviour with prestress: midspan average de�ection (δms)
and sti�ness (K) for loads and prestress. Experimental test vs. analytical simulation.

Source
Load Prestress

δms K δms K

(mm) di�. (%) (kN/mm) di�. (%) (mm) di�. (%) (kN/mm) di�. (%)

Experimental 6.53 - 1.92 - 3.41 - 5.30 -

Analytical 7.09 8.58 1.77 -7.90 3.85 12.92 4.70 -11.40

Numerical 6.24 -4.41 2.01 4.61 3.42 0.30 5.26 -0.78
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Figure 6.53.: Small�scale prototype �exural behaviour up to failure: midspan de�ections. Experimental tests,
analytical and numerical predictions.

Tsai�Hill failure criterion (cf. Section 4.2.3.4). This criterion is expressed by Eq. (4.45)
(page 100).

The Tsai�Hill failure criterion provided a failure (initiation) load (Fu) of 201.6 kN and
predicted failure to start at the web��ange junction, at a distance of 1.025 m from the
support sections. Table 6.9 shows, for the failure load, the Tsai�Hill index for the webs and
�anges (this index was calculated for the �anges considering the same value of the in�plane
shear strength τu,LT as that of the webs) of the GFRP main girders and the maximum and
minimum stresses in the SFRSCC slab. It can be seen that the failure criterion indicates
that failure occurs in the webs, being largely governed by the shear strength (contribution of
99.4% for the Tsai�Hill failure index), which is corroborated by experimental observations.
Regarding the SFRSCC deck, the results presented in Table 6.9 show that it is subjected to
relatively low stresses, when compared to its ultimate strengths (cf. Table 4.30, page 111),
con�rming that in the brink of collapse the material was still in its linear�elastic range,
thereby validating the linear analysis performed. Figure 6.55 plots the numerical variation
of axial and shear stresses across the depth of the GFRP webs as a function of the applied
load F (cf. Figure 6.37) in the failure section (x = 1.025 m) and compares them with their
analytical counterparts. It can be seen that the FE model predicts very similar distributions
to those determined from the analytical formulae presented earlier, with the maximum shear
stresses occurring in the top of the web where the axial stresses are minimum. However,
unlike the quadratic criterion based on stresses (cf. Eq. (6.13)), the Tsai�Hill criterion does
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Figure 6.54.: Small�scale prototype �exural behaviour up to failure: midspan average strains results for
a) experimental tests, b) analytical and c) numerical predictions.

not predict failure to occur in the support sections, indicating that axial and transverse
stresses had a small contribution to failure (≤0.6%).

6.4.8. Conclusions

This Section presented the study about the static �exural behaviour of the small�scale
prototype, namely in what concerns the (i) serviceability and failure responses of this
particular GFRP�concrete hybrid structure, and (ii) the ability of current analytical and
numerical tools in predicting such behaviour.

The experimental tests showed that the �exural behaviour of the footbridge prototype is
linear�elastic up to failure. Collapse was brittle and triggered by shear failure at the web�
�ange junction of one of the GFRP pro�les. Although no loss of sti�ness was observed
prior to failure, the high de�ections in the brink of collapse (≈ L/43.5) should provide a
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Table 6.8.: Small�scale prototype failure behaviour: failure load (Fu), midspan average de�ection at
failure (δms−u), sti�ness (K) and neutral axis position (NA). Experimental test, analytical and numerical
simulations.

Source
Fu δms K NA

(kN) di�. (mm) di�. (kN/mm) di�. (mm)

Experimental 232.4 � 126.29 � 1.95 � 27.39
Analytical � Eq. (6.12) 172.4 -25.82% 101.08 -19.97%

1.71 -12.71% 29.06
Analytical � Eq. (6.13) 207.0 -10.93% 121.37 -3.90%
Numerical 201.6 -13.24% 116.24 -7.96% 1.74 -11.22% 24.88
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Figure 6.55.: Small�scale prototype failure behaviour: analytical and numerical axial (σ) and shear (τ) stress
distributions along the depth of the web for x = 1.025 m.

clear warning of structural malfunction. It was also shown that the introduction of external
prestress is an e�ective way to mitigate the instantaneous de�ections of GFRP�concrete
hybrid structures. Further studies are required to investigate (i) the use of FRP rebars
instead of steel to increase durability; (ii) the use of deviators in order to achieve a pseudo�
ductile failure (in which the FRP prestress rebars fail prior to the remaining structural
components); and (iii) the long�term behaviour of the prestress solution, including the
e�ects of creep and relaxation.

The analytical and numerical models developed in this study were able to predict the
serviceability and failure structural static responses of the footbridge prototype with good
accuracy, proving to be reliable tools for the design of GFRP�concrete hybrid structures.
In fact, both types of models were able to predict (i) the linear elastic behaviour of the
structure up to failure, (ii) the e�ects of the external prestress, (iii) the failure mode and
location (shear failure in the web��ange junction), and (iv) the strength. In what concerns
the analytical models, because maximum shear and axial stresses do not concomitantly
develop in the same �bres (particularly for this type of hybrid cross�section), in order
to avoid overly conservative strength predictions, the failure criterion should be based on
stresses and not on applied forces.
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Table 6.9.: Numerical failure analysis for the small�scale prototype � maximum Tsai�Hill index for GFRP
laminates and maximum stresses in the SFRSCC.

Fu Tsai�Hill index (-) SFRSCC stress (MPa)

(kN) Webs Top �anges Bottom �anges Tension Compression

201.61 1.00 0.29 0.53 3.2 41.1

6.5. Dynamic behaviour of the prototype

The present Section presents the study of the dynamic behaviour of the small�scale GFRP�
SFRSCC footbridge prototype. This study includes experimental investigations regarding
the modal identi�cation of the footbridge structure and its response under pedestrian loads.
Additionally, the results of the experimental investigations are compared with analytical
and numerical predictions.

6.5.1. Modal identi�cation

6.5.1.1. Context

The design of structures made of traditional materials (reinforced concrete, prestressed
concrete, steel), unlike that of FRP structures, is generally governed by the material
strength, leading to structures with higher sti�ness and weight than comparable FRP
structures. Although sti�ness and weight have contrary e�ects in the vibration frequencies,
structures made of traditional materials, especially concrete structures, tend to exhibit
higher structural vibration frequencies than their FRP counterparts. On the other hand,
the lower self�weight of FRP structures, in principle an inherent advantage, raises concerns
about their dynamic behaviour under human�induced loads, namely in footbridges. The
relatively low material damping of FRP [132] also contributes to those concerns. When
compared to all�FRP structures, GFRP�concrete hybrid structural solutions present higher
sti�ness and damping (due to the addition of concrete), thus mitigating the previous
concerns and increasing their potential in footbridge structural solutions.

Modal identi�cation tests have been an important tool in determining the dynamic char-
acteristics of civil engineering structures, namely of the following modal parameters: (i) vi-
bration frequencies, (ii) mode shapes, and (iii) damping ratios. The determination of these
parameters is particularly important to validate the design models of structures that are
particularly complex and/or involve non�traditional materials and structural systems, which
is the case of GFRP�concrete hybrid solutions.

There are several examples in the literature of modal identi�cation tests performed on
civil engineering structures in general and bridge structures in particular (e.g. [133�137]).
In order to determine the modal parameters by means of experimental tests, there are
several methods of analysis available, namely input�output methods and output�only
methods [138].

There are only a few studies reported in the literature regarding modal identi�cation tests
on FRP bridges. Bai and Keller [132] tested a two span all�GFRP truss footbridge, one
of the spans presenting bolted connections and the other bonded connections. In this
study, two di�erent output only methods were used, namely (i) the peak peaking (PP)
method, and (ii) stochastic subspace identi�cation based on the state space model (SSI), to
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estimate mode shapes, frequencies and damping ratios (only SSI). The two methods provided
similar results. The experimental results were compared with analytical predictions based
on the Euler�Bernoulli beam theory; a good agreement was obtained regarding mode shapes
and frequencies. The authors showed that the connection between the pultruded elements
considerably in�uences the dynamic behaviour, namely in what concerns the mode frequency
and damping. Burgueño et al. [139] tested a bridge structural system constituted by carbon
�bre reinforced polymer (CFRP) concrete �lled tubular girders and a GFRP deck. This
study con�rmed the possibility of detecting and measuring damage in this type of structural
system by means of modal identi�cation tests. Experimental results were predicted with a
good accuracy using �nite element models.

The study presented in this Section concerns the modal parameter identi�cation of the
GFRP�concrete hybrid footbridge small�scale prototype. The experimental data is analysed
in order to retrieve the modal parameters of the �rst four vibration modes with (i) an input�
output identi�cation algorithm based on the Rational Fraction Polynomial method [140] and
with (ii) a simpler output�only method directly based on the Fast Fourier Transform (FFT)
of the structural response. The former method allowed the determination of the mode shapes,
frequencies and damping ratios, while the latter method was used to provide only the mode
frequencies and shapes. The experimental results were then compared with predictions from
analytical and numerical models, in order to assess the quality of these simulation tools for
GFRP�concrete hybrid structures.

6.5.1.2. Experimental tests

The preliminary numerical analysis of the footbridge pointed to a frequency range of interest
of 10 � 40 Hz. This aspect, combined with the reduced mass, suggested the interest of
performing input�output testing based on the excitation by an adequate impact hammer
and the measurement of both the applied excitation and the structural response, in order
to apply conventional input�output modal identi�cation techniques. To that end an impact
load was applied on the top surface of the deck at two prede�ned positions and the structural
response was measured in terms of vertical accelerations at 18 pre�determined positions.
Figure 6.56 shows the positions over the deck of the impact load points (S#) and of the
acceleration measurement points (A#).

Figure 6.56.: Small�scale prototype modal identi�cation tests: top plan view and instrumentation (S# load
points and A# acceleration measurement points).
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The loads were applied by means of an impact hammer with a rubber tip containing a built�
in load cell (from PCB, model 086D50 ). Accelerations were measured with two equivalent
accelerometers (one from Endevco and the other from Brüel&Kjær) both connected to signal
ampli�ers (from Brüel&Kjær). Data was sampled at a rate of 400 Hz with a datalogger
(from HBM, model Spider8 ) and stored in a PC. Figure 6.57 shows one of the modal
identi�cation tests being performed.

Figure 6.57.: Small�scale prototype modal identi�cation tests: example of impact load being applied.

Considering the two excitation locations and the 18 response measurement positions
depicted in Figure 6.56, as well as the available instrumentation, 15 s records were stored,
each containing the time series of one impact hammer excitation applied at one location
and the acceleration recorded simultaneously at two of the measurement points. Figure 6.58
shows, as an example, one of the time records collected simultaneously when exciting the
structure at S1 and recording the acceleration at positions A1 and A5 (cf. Figure 6.56). In
order to reduce the measurement noise, �ve impacts were applied for each con�guration of
the instrumentation; therefore, the total number of stored records was 90.
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Figure 6.58.: Small�scale prototype modal identi�cation tests: impact at point S1 and corresponding deck
acceleration recorded at points A1 and A5.
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In order to con�rm the preliminary numerical results which, as mentioned earlier, set
the frequency range of interest between 10 Hz and 40 Hz, a preliminary analysis of the
experimental results was performed with a simple output�only method. This method
consisted of applying the Fast Fourier Transform (FFT) algorithm to the acceleration
measurements, identifying the frequencies for which the FFT presents its peak values.
In order to identify these frequencies for both �exural and torsional modes, this method
was performed to the half�sum and half�di�erence of the accelerations measured at points
A6 and A10 when the impact load was applied in position S2. Figure 6.59 shows an
example of the FFT obtained with one of these tests. This process allowed to determine
the vibration frequencies presented in Table 6.10. These results are in accordance with the
frequency range of interest predetermined earlier. The �rst and third vibration frequencies
correspond to �exural modes (FFT of the half�sum of accelerations), while the second
and fourth frequencies are concerned with torsional modes (FFT of the half�di�erence of
accelerations). One should also note that the third and fourth mode frequencies are quite
similar. Furthermore, from the analysis of Figure 6.59, it is clear that the �rst two vibration
frequencies are very well de�ned, whereas the FFT shows a higher dispersion around the
third and fourth vibration frequencies.
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Figure 6.59.: Small�scale prototype modal identi�cation tests, output�only method: example of the FFT of
the half�sum and half�di�erence of accelerations at A6 and A10 for an impact load at S2.

Table 6.10.: Small�scale prototype modal identi�cation tests: vibration frequencies and nature of identi�ed
modes (output�only method).

Mode no.
Vibration frequency (Hz)

Nature of mode
(Avg.) (Std. dev.)

1 8.320 0.0837 1st bending
2 12.520 0.1304 1st torsion
3 28.576 0.1290 2nd bending
4 29.962 0.1601 2nd torsion

Regarding the full identi�cation of the vibration modes, power spectra density estimates
of force and accelerations were obtained, on the basis of the collected time records, as well
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as cross�power estimates of the simultaneously collected force and accelerations records.
These estimates were averaged considering the 5 sets of records collected for each setup.
Finally, Frequency Response Functions (FRFs) were determined, relating the excitation at
one location with the response measured at each of the 18 points by means of the ratio
between the average power spectral densities of the response and excitation. Coherence
function estimates were also obtained. Figure 6.60 shows an example of one FRF amplitude
curve and the corresponding coherence function relating the excitation applied at point S2
with the acceleration measured at point A6 (cf. Figure 6.56).
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Figure 6.60.: Small�scale prototype modal identi�cation tests: example of FRF amplitude relating excitation
at point S2 with acceleration measured at point A6. Measured and synthesized in range 0�40 Hz, and
coherence.

The identi�cation of modal parameters was then made by individual �tting of sets of FRF
estimates. This was achieved on the basis of an algorithm based on the rational fraction
polynomial method [140]. Table 6.11 summarizes the identi�ed natural frequencies and
damping ratios, and characterises the modal con�gurations represented in Figure 6.61. The
vibration frequencies obtained with the input�output method compare relatively well with
the frequencies determined by the simpler output�only method used earlier for the �rst
two vibration modes. For the third and fourth vibration modes, the frequencies obtained
di�er from those determined by the output�only method. This comparison indicates that
the simpler output�only method is able to determine the frequency range of interest, but
may not be able to determine the higher frequencies with accuracy, especially when two
modes have similar frequencies, as is the case.

These results have shown that the �rst two vibration modes respect to symmetric �exure and
torsion, respectively, while the third and fourth vibration modes respect to anti�symmetric
�exure and torsion deformations, respectively. The deformations measured on position A1
were not in accordance with the global shape de�ned by the deformations on the other
positions for all modes and were, therefore, disregarded in the construction of Figure 6.61.
Additionally, for the third vibration mode (anti�symmetric bending) the deformation at
position A8 was unexpectedly low. These (very rare) errors may be due to a poor calibration
of the accelerometer in these positions, not detected during the test procedure. The vibration
frequencies were successfully measured with low standard deviations (less than 1.08%, cf.
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Table 6.11.: Small�scale prototype modal identi�cation tests: vibration frequencies, damping ratios and
nature of identi�ed modes (input�output method).

Mode no.
Vibration frequency (Hz) Damping ration (%)

Nature of mode
(Avg.) (Std. dev.) (Avg.) (Std. dev.)

1 8.18 0.04 1.32 0.16 Symmetric bending
2 12.44 0.03 0.77 0.97 Symmetric torsion
3 28.21 0.24 1.54 0.46 Anti�symmetric bending
4 29.81 0.37 1.43 1.24 Anti�symmetric

Figure 6.61.: Small�scale prototype modal identi�cation tests: mode shapes attained (normalized to
maximum deformation).

Table 6.11) providing further validation to the experimental results. Regarding the damping
ratios, the experimental results indicate that the damping is slightly higher for the �exural
vibration modes (1.32% and 1.54% respectively for the �rst and third modes) than for the
torsional vibration modes (0.77% and 1.43%, respectively for the second and fourth modes),
albeit the standard deviations obtained were relatively high (especially for the torsion
modes) preventing de�nitive conclusions to be drawn on this subject. Nevertheless, these
parameters, which are di�cult to predict, requiring very complex analytical or numerical
models [141], are very important for the prediction of forced vibration structural response,
which is particularly relevant for footbridge structures. It is interesting to compare the
damping ratios obtained here with those from other studies, namely the ones presented
by Bai and Keller [132] and Burgueño et al. [139]. For the comparable mode shapes, Bai
and Keller [132] obtained damping rations higher than 5% for an all�GFRP footbridge.
Albeit the addition of concrete elements is expected to lead to higher damping ratios, the
footbridge tested by these authors is comprised of a truss structural system (with several
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joints), whereas the structure studied herein is a simply supported beam element. Thus,
the higher damping ratios of the all�GFRP structure should stem from the truss structural
system and not from the materials used. Regarding the results presented by Burgueño et
al. [139] for a hybrid CFRP�GFRP�concrete structural system, the comparable damping
ratios were also higher (over 1.95%) than those presented herein, which can be explained
from (i) the higher relative volume of concrete in the solution studied by those authors, and
(ii) the fact that, unlike the structure presented herein, the connection between the deck
and the girders may not be very sti�.

6.5.1.3. Analytical simulation

6.5.1.3.1 Flexure: Euler�Bernoulli beam theory

Based on the equilibrium of an in�nitesimal element of a vibrating beam, it is possible to
obtain analytical predictions of its mode frequencies and shapes. The dynamic equilibrium
of a uniform and straight beam may be expressed by Eqs. (6.16) and (6.17) in terms of
transverse forces and bending moments, respectively [86], where M is the bending moment,
V is the shear force, A is the cross�section area, I is its second moment of area, dx is
the in�nitesimal length, z is the transverse displacement, θ is the rotation angle of the
in�nitesimal, t is the time and ρ is the volumetric weight.

∑
V = 0⇒ V − V − ∂V

∂x
dx− ρA∂

2z

∂t2
dx = 0⇒ ρA

∂2z

∂t2
dx+
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dx = 0 (6.16)
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+
ρA

2

∂2z

∂t2
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(6.17)

Furthermore, the slope of the transverse deformation (z) may be expressed by
Eq. (6.18),

∂z

∂x
= θ + β (6.18)

where β represents the distortional angle of the in�nitesimal. Consequently, the shear
force (V ) and bending moment (M) may be expressed by Eqs. (6.19) and (6.20), respec-
tively:

V = −kβAG = −kAG
(
∂z

∂x
− θ
)

(6.19)

M = −EI ∂θ
∂x

(6.20)

The Euler�Bernoulli beam theory does not consider the contribution of the shear deforma-
tions to the global de�ections and, therefore, the distortional angle (β) may be disregarded
in Eq. (6.18) and the shear force (V ) is simply given by the �rst derivative of the bending
moment (M) with respect to the longitudinal development of the beam (x). Thereafter, and
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neglecting the contribution of the mass force (a simpli�cation commonly made [86]) � the
second order in�nitesimal in Eq. (6.17) � it can be shown that for each vibration mode n
the equilibrium of the in�nitesimal is given by Eq. (6.21),

d4zn(x)

dx4
− zn(x) · p2

n

ρA

EI
= 0 (6.21)

where zn(x) represents the nth�mode shape and pn is the nth�mode vibrating frequency.
The general solution of this equation is given by Eq. (6.22),

zn(x) = An cosh

(
4

√
p2
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m

EI
x

)
+Bn sinh

(
4

√
p2
n

m

EI
x

)
+

Cn cos

(
4

√
p2
n

m

EI
x

)
+Dn sinh

(
4

√
p2
n

m

EI
x

) (6.22)

where An, Bn, Cn and Dn give the relative magnitude of each arch (cosh, sinh, cos or
sin, respectively) and are dependent of the boundary conditions. Applying the boundary
restraints of a simply supported beam (expressed in Eq. (6.23)) to Eq. (6.22), the particular
solution is found in the well�known forms of Eqs. (6.24) and (6.25) for the nth mode shape
and frequency (pn in rad/s and fn in Hz), respectively,

zn(0) = 0; zn(L) = 0; M(0) = 0 ≈ d2zn
dx2

(0) = 0; M(L) = 0 ≈ d2zn
dx2

(L) = 0 (6.23)

zn(x) = sin
(nπ
L
x
)

(6.24)

pn =
(nπ
L

)2
√
EI

ρA
or fn =

π

2

(n
L

)2
√
EI

ρA
(6.25)

6.5.1.3.2 Flexure: Timoshenko beam theory

In the Timoshenko beam theory, unlike the Euler�Bernoulli beam theory, shear de�ections
are not neglected, being considered in the computation of vibration frequencies and mode
shapes. Thereafter, Eqs. (6.16) to (6.20) regarding the in�nitesimal equilibrium are still valid,
but the distortion angle (β) is not disregarded. Once again, neglecting the contribution of
the mass force, the in�nitesimal equilibrium may be expressed by Eq. (6.26),

d4zn(x)

dx4
+ r2

g

(
1 +

E

kG

)
K4d

2zn(x)

dx2
+

(
r2
g

ρA

kAG
p2
n − 1

)
K4 · zn(x) = 0 (6.26)

where

r2
g =

I

A
; K4 =

p2
n

e2
e2 =

EI

ρA
(6.27)
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The general solution of the equilibrium expressed by Eq. (6.26) may be written as
Eq. (6.28),

zn(x) = An cos(ζx) +Bn sin(ζx) + Cn cosh(ξx) +Dn sinh(ξx) (6.28)

where

ζ =

√
2

2

√
(k2 − 4w)0.5 + b; ξ =

√
2

2

√
(k2 − 4w)0.5 − b (6.29)

and

k = r2
g

(
1 +

E

kG

)
K4; w =

(
r2
g

ρA

kAG
p2
n − 1

)
K4 (6.30)

As an approximation, the same boundary conditions of the simply supported beam presented
in Eq. (6.23) may be applied to Eq. (6.28) [86] providing an approximate solution for the
vibration frequency (the mode shape achieved is the same than that for Euler�Bernoulli
beam theory, cf. Eq. (6.24)) in which the shear deformation is taken into account. These
frequencies are expressed by Eq. (6.31),

pn = ±

(√
(v2 − 4rj)0.5 − v

2r

)
∨ ±

(√
(v2 − 4rj)0.5 + v

2r

)
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2π

(6.31)

where

r = r2
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(nπ
L

)2
r2
g

(
1 +

E

kG
− 1

)
; j = e2

(nπ
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)4
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6.5.1.3.3 Torsion

Regarding the torsion vibrations, the equilibrium on an in�nitesimal may be expressed by
Eq. (6.33) [86], similarly to the �exure equilibrium (cf. Eqs. (6.16) and (6.17)),

T +
∂T

∂x
dx− T − ρIp

∂2φ

∂t2
dx = 0⇒ ∂T

∂x
− ρIp

∂2φ

∂t2
= 0 (6.33)

where T is the torque, Ip is the polar moment of inertia and φ is the torsion rotation
angle.

Considering the open wall geometry of the cross�section (cf. Figure 6.1), both uniform and
warping torsion should be duly considered. Therefore, the torque (T ) may be expressed by
Eq. (6.34),

T = GJ
∂φ

∂x
− EIw

∂3φ

∂x3
(6.34)
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where J is the torsion constant and Iw is the warping constant. Substituting Eq. (6.34) in
Eq. (6.33), the equilibrium may be rewritten as in Eq. (6.35),

−EIw
∂4φn(x)

∂x4
+GJ

∂2φn(x)

∂x2
+ p2

nIpφn(x) = 0 (6.35)

where φn(x) represents the nth�torsion mode shape. The general solution of Eq. (6.35) is
identical to the one expressed in Eq. (6.28) with:

k = − GJ

EIw
; w = −p2

n

ρIp
EIw

(6.36)

Applying the boundary conditions of the present case � a simply supported beam with
�xed torque and free warping at both ends � one obtains:

φn(0) = φn(L) =
∂2φn(0)

dx2
=
∂2φn(L)

dx2
= 0 (6.37)

The particular solution of Eq. (6.28), with k and w as expressed in Eq. (6.36), is found and
may be expressed by Eqs. (6.38) and (6.39) with respect to the mode shape and vibration
frequency (pn in rad/s and fn in Hz),

φn(x) = sin
(nπ
L
x
)
−

sin
(nπ
L
L
)

sinh(ξL)
sinh(ξx) (6.38)
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√(nπ
L

)4 EIw
ρIp

+
(nπ
L

)2 GJ

ρIp
or fn =

pn
2π

(6.39)

6.5.1.3.4 Application to the present case study

In the present calculations the same principles and assumptions regarding the �exural
and shear sti�ness of the hybrid GFRP�concrete structure reported in Section 6.4 were
taken into account. Regarding the torsional characteristics of the structure, the warping
sti�ness of the section was calculated considering an homogenized section with respect to the
elasticity modulus of the GFRP �anges (EL,t) using the CUFSM [142] open�source software.
The main torsion properties of the cross�section are the following: (i) GJ = 594 kNm2;
(ii) EIw = 1684 kNm4; and (iii) ρIp = 68.6 kgm.

Figure 6.62 compares the experimental mode shapes to those obtained with the analytical
models (cf. Eqs. (6.24) and (6.38)). Table 6.12 compares the analytically predicted mode
frequencies for �exure, with both Euler�Bernoulli and Timoshenko beam theories, and
torsion using the models discussed earlier.

The vibration frequencies predicted by the analytical models were able to correctly sort
the vibration modes order. Regarding the �exural vibration modes, both Euler�Bernoulli
and Timoshenko beam models provided very accurate predictions of the symmetric �exural
mode vibration frequency, with relative errors of only 4.64% and -2.22%, respectively. For
the anti�symmetric �exural mode, the frequency predicted by the Timoshenko beam model
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Figure 6.62.: Small�scale prototype modal identi�cation: mode shapes (normalized to maximum deforma-
tion). Experimental results vs. analytical predictions.

was much closer to the one measured experimentally than the prediction obtained from
Euler�Bernoulli's model (relative errors of -6.75% and 17.21%, respectively). These results,
for both the symmetric and anti�symmetric �exural vibration mode frequencies, con�rm
the importance of the shear deformability in the dynamic �exural behaviour of this type
of structures, pointing out the need of using the model presented in Section 6.5.1.3.2 for
all�GFRP and GFRP�concrete hybrid structures. Regarding the torsional vibration modes,
the model proposed was able to predict the vibration frequencies measured experimentally
with excellent accuracy � relative errors of -5.66% and 8.48% for the symmetric and
antisymmetric torsional vibration modes. These results point out the importance of both
uniform and warping torsion in the behaviour of these structures and show that the concrete
jackets and secondary girders provided at the support sections provide very limited, if any,
warping �xity. The mode shapes predicted by the analytical models also compared very
well with the experimental results, as shown in Figure 6.62, indicating that these analytical
models may be used to predict the dynamic response of the hybrid structure for both free
and forced vibrations.

6.5.1.4. Numerical simulation

The FE model used to simulate the dynamic behaviour of the small�scale prototype was
identic to that used to simulate its static behaviour (cf. Section 6.4.7). The only di�erence
between these models consisted of substituting the �xed supports by very sti� springs
(3.5 × 106 kN/m) in order to perform the dynamic analyses. On one side of the structure,
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these support springs were provided in all directions, while on the opposite side no restraints
were adopted in the longitudinal direction, simulating the sliding supports used in the
experiments (cf. Figure 6.2).

The vibration mode frequencies obtained with the FE model are presented in Table 6.12,
while Figure 6.63 plots the mode shapes obtained from the modal analyses.

Table 6.12.: Small�scale prototype mode frequencies: experimental results vs. analytical and numerical (FE)
predictions.

Mode no.
Experimental

Analytical models
FE model

Euler�Bernoulli Timoshenko Torsion

Hz Hz di�. Hz di�. Hz di�. Hz di�.

1a 8.18±0.04 8.56 +4.64% 8.00 -2.22% - - 7.89 -3.50%

2b 12.44±0.03 - - - - 11.74 5.66% 13.98 12.37%

3a 29.21±0.24 34.24 +17.21% 27.27 -6.75% - - 27.01 -7.52%

4b 33.81±0.37 - - - - 33.19 8.48% 33.19 -1.84%
a Flexure b Torsion

Figure 6.63.: Small�scale prototype modal identi�cation: mode shapes (normalized to maximum deforma-
tion). Experimental results vs. analytical and numerical predictions.

It can be seen that the FE model was able to correctly predict the order of the vibration
modes. In addition, the mode shapes compare very well with the experimental results (cf.
Figure 6.63). Regarding the predictions of the vibration frequencies, the FE model was also
able to predict the experimental results with good accuracy. The highest deviation from
the experimental results was obtained for the symmetric torsional mode (+12.37%) and
it may stem from the higher complexity of the torsional behaviour of this structure (the
analytical model for torsion also presented poorer results than the models for �exure) and
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its dependency on connection details and boundary conditions. In this regard, it is worth
mentioning that the use of rigid links to simulate the bolted connections between main
and secondary girders (cf. Section 6.4.7) might have increased the warping �xity at the
support sections. Nevertheless, it seems fair to claim that in general the FE model was
able to predict with good accuracy the dynamic modal behaviour of the GFRP�SFRSCC
footbridge observed experimentally, proving to be an adequate tool in the simulation and
design of hybrid GFRP�concrete structures.

6.5.1.5. Conclusions

The results and analyses presented is this Section have shown that the experimental modal
identi�cation of the structure was successfully performed with resource to an input�output
method, relating the excitation and the structural response with Frequency Response
Functions (FRFs). The modal parameters were then identi�ed by individually �tting the
FRFs estimates with an algorithm based on the rational fraction polynomial method [140].
This process allowed the identi�cation of the vibration mode frequencies, shapes and
damping ratios for the �rst 4 modes. It was also shown that a simpler output�only method,
based directly on the Fast Fourier Transform (FFT) of the structural response, could be
used to determine the frequency range of interest. However, the latter method showed lower
accuracy, especially for the higher vibration frequencies.

The analytical models presented were able to predict the vibration mode frequencies and
shapes observed experimentally with an excellent accuracy for both �exural and torsional
modes. Regarding the �exural modes, as expected, the Timoshenko beam model was more
precise in predicting the vibration frequencies than the Euler�Bernoulli beam model. In fact,
the former model takes into account the e�ects of shear deformability, which are generally
non�negligible in this type of GFRP�concrete hybrid structures. Analytical results also
showed the importance of both uniform and warping torsion in the overall behaviour of the
footbridge prototype.

The FE model of the footbridge prototype developed was also able to predict the vibration
mode frequencies and shapes with good accuracy. With the exception of the �rst torsional
mode frequency, relative errors between experimental data and numerical predictions were
very low.

The results presented show that it is possible to predict the modal behaviour of GFRP�
concrete hybrid structures with common design tools, often used with conventional solutions
made with traditional materials, provided that simple adaptations are performed, namely
(i) the consideration of shear deformation for the �exural analytical models, (ii) the
consideration of both uniform and warping torsion in analytical simulations (at least for open
thin�walled sections), and (iii) the consideration of the material orthotropic properties in the
numerical models. Moreover, the good comparison of the analytical predictions with both
experimental results and numerical predictions proves that these models are an excellent tool
for the earlier stages of design, providing excellent results with simple expressions, namely
Eqs. (6.31) and (6.39).
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6.5.2. Behaviour under pedestrian loads

6.5.2.1. Context

In the previous Section (cf. Section 6.5.1) experimental investigations regarding the intrinsic
dynamic characteristics of the small�scale GFRP�concrete hybrid footbridge prototype were
presented and the ability of current design tools in predicting those same characteristics was
attested. The full understanding of these dynamic characteristics is of the utmost importance
in footbridge structures given that the design of these structures is often governed by
their serviceability behaviour, namely in what concerns the ful�lment of pedestrian comfort
criteria [69, 74] (cf. Section 2.7). Potential problems regarding the serviceability behaviour
of footbridges rise with the slenderness of the structural solutions [69] and, therefore,
with the use of more deformable materials, such as GFRP. Thereafter, it is particularly
important to correctly assess and predict the structural behaviour of GFRP�concrete hybrid
structures under pedestrian loading with readily available design tools, namely commercial
�nite element (FE) packages.

In this context, experimental investigations regarding the dynamic response of the small�
scale prototype under pedestrian loads were performed, namely (i) tests with one pedestrian,
and (ii) crowd tests comprising several pedestrians travelling the footbridge. In order to
assess the ability of current numerical design tools in predicting the structural response
under pedestrian loads, the tests with one pedestrian are replicated with a FE model. To
this end, the pedestrian induced load was measured experimentally and used as an input in
the aforementioned FE model.

6.5.2.2. Experimental tests

6.5.2.2.1 De�nition of the pedestrian loads

Pedestrian loads depend considerably on a large number of variables that include the
type of footwear, the type of pavement and the type of human induced load, which
naturally varies from individual to individual [70]. Therefore, in order to ensure a proper
comparison between the results of experimental dynamic tests under pedestrian actions and
corresponding numerical simulations, the pedestrian loads induced by the speci�c individuals
who performed the experimental tests should be properly characterised, namely with respect
to the following parameters: (i) frequency between steps; (ii) velocity; (iii) step size; and
(iv) load-time function. In the present study, the following three types of human motion
were analysed: (i) walk slow; (ii) walk normal; and (iii) walk fast.

The �rst three parameters referred above were measured for each type of human motion
using a chronograph and a ruler. In order to measure the fourth parameter, the load�time
function, the pedestrian who performed the one�pedestrian test stepped over an SFRSCC
slab (2.00 × 1.00 × 0.04 m3) that was simply supported by four load cells from Novatech,
with a load capacity of 10 kN, as shown in Figure 6.64. The load on each cell was measured
at a rate of 50 Hz using a data logger from HBM (model Spider8 ) and registered in a PC.
The load induced by the pedestrian (weighing 98 kgf) was calculated from the sum of the
values measured by each load cell.

Figure 6.65 shows the load�time functions obtained for each type of motion and compares
them with the functions proposed by Bachmann and Ammann [70] for the same motion
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Figure 6.64.: Pedestrian induced actions: experimental evaluation of load�time functions.

types. Table 6.13 compares the remaining parameters, which de�ned the pedestrian loads,
obtained in these tests with the values proposed by those authors [70].

Figure 6.65.: Load�time functions for pedestrian action (slow, normal and fast walk): tests vs. Bachmann
and Ammann [70].

The comparison between the results measured in the present study and those reported
by Bachmann and Ammann [70] clearly shows that human induced actions can be highly
variable for di�erent individuals. In this particular case, Figure 6.65 shows that although the
load-time curves have similar peak values and general shapes, the period of contact of the
foot is much longer for the pedestrian who conducted the experiments than that considered
by Bachmann and Ammann [70]. Table 6.13 also shows that the present pedestrian walks
much more slowly (for every motion type) than what is proposed by those authors. In this
regard, one should note that general load�time functions may be suitable for serviceability
limit states design, but are not recommended for direct comparison with experimental
results, as intended in the present Section.

6.5.2.3. One pedestrian tests

As already mentioned, the test regarding the dynamic response under pedestrian loads
were performed above all to assess the quality of the numerical simulation. In addition,
experimental tests were expected to provide a measure of the dynamic performance of
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Table 6.13.: Main characteristics of pedestrian motion: experimental tests vs. Bachmann and Ammann [70].

Motion
Frequency (Hz) Velocity (m/s) Step size (m)

Test Literature Test Literature Test Literature

Walk slow 1.36±0.10 ∼1.70 0.78±0.06 1.10 ∼0.55 0.60
Walk normal 1.76±0.16 ∼2.00 1.20±0.07 1.50 ∼0.67 0.75
Walk fast 1.81±0.13 ∼2.30 1.81±0.18 2.20 ∼0.86 1.00

the hybrid system proposed; although being a small�scale model, one did not expect the
footbridge prototype to necessarily comply with standard limits.

The dynamic tests on the small�scale footbridge prototype were carried out for the same
kinematic conditions adopted in the static �exural and modal identi�cation tests (cf.
Sections 6.4 and 6.5.1), i.e. it was tested in a simply supported span of 5.50 m.

The tests with one pedestrian consisted of subjecting the structure to the e�ect of a
pedestrian (weighing 98 kgf) travelling along the deck, with vertical accelerations (on the
top of the deck) being measured at the prede�ned positions (A#) shown in Figure 6.66. As
mentioned earlier, three types of human motion were considered in this study: slow walk,
normal walk and fast walk. Due to the reduced length of the prototype, jogging and running
were not considered to be suitable for this study. Additionally, two transversal motion paths
were considered, as depicted in Figure 6.66, one along the longitudinal axis of the prototype
(centred path) and the other along the centre of one of the cantilevers (eccentric path).

Figure 6.66.: Small�scale prototype behaviour under pedestrian loads tests: instrumentation and motion
positioning (dimensions in meters).

Figure 6.67 shows a one pedestrian test undergoing for slow walk travelling in the eccentric
path.

Accelerations were measured with two equivalent accelerometers (one from Endevco and the
other from Brüel&Kjær), connected to two ampli�ers (from Brüel&Kjær) with precision of
0.01 m/s2, in paired positions. The data acquisition was performed using data loggers from
HBM (models Spider8 and QuantumX ) at rates of 400 Hz and 200 Hz, respectively, and
stored in a PC.

As an illustrative example, Figure 6.68 shows the vertical accelerations at location A3 for
slow walk eccentric travelling. The full collection of the experimental records of vertical
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Figure 6.67.: Small�scale prototype one pedestrian test.

acceleration for both paths and all motion types may be consulted in Appendix C. Table 6.14
presents a summary of the maximum accelerations (average ± standard deviation) obtained
in the dynamic tests with one pedestrian.
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Figure 6.68.: Small�scale prototype one pedestrian tests: accelerations attained at A3 for slow walk at the
cantilever.

These results show that the structural accelerations vary with the location within the
structure, the motion type and the travelling position (centred or eccentric). While the
structural accelerations rise with the walking pace, the results show that eccentric motion
increases the accelerations in eccentric positions (even if those positions are in the opposite
side of the pedestrian, e.g. A5 and A18). This e�ect clearly indicates that the eccentric
motion excites the torsional vibration modes more than the centred motion, as expected.
Regarding the magnitudes of the accelerations attained in these dynamic tests featuring one
pedestrian, the results obtained show that in some cases the limit proposed in Eurocode 0 [64]
for maximum vertical accelerations (0.70 m/s2) is not ful�lled by this particular structure,
although its �rst �exural frequency (8.18 Hz, cf. Section 6.5.1.2) is higher than the minimum
limit (5.0 Hz) established by Eurocode 0 [64], for which the direct assessment of the
structural accelerations is not required to be performed in order to automatically ful�l
with pedestrian comfort criteria (cf. Section 2.7).

These limits to the maximum accelerations, however, do not consider important parameters
regarding pedestrian comfort such as human sensitivity and time of exposure to the
vibrations or the frequency of those same vibrations. Furthermore, one should note that these
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Table 6.14.: Small�scale prototype one pedestrian tests: maximum accelerations (mean ± standard devia-
tion).

Location Path Walk slow (m/s2) Walk normal (m/s2) Walk fast (m/s2)

A1 Centred 0.43±0.04 0.70±0.10 1.07±0.25
Eccentric 0.55±0.08 1.23±0.14 1.43±0.14

A2 Centred 0.40±0.08 0.70±0.12 0.69±0.12
Eccentric 0.42±0.07 0.77±0.16 1.02±0.11

A3 Centred 0.33±0.09 0.75±0.10 0.70±0.22
Eccentric 0.30±0.09 0.57±0.14 0.71±0.05

A4 Centred 0.39±0.07 0.63±0.15 0.72±0.10
Eccentric 0.37±0.06 0.76±0.13 1.21±0.13

A5 Centred 0.44±0.08 0.61±0.10 1.08±0.30
Eccentric 0.51±0.04 1.03±0.17 1.48±0.15

A16 Centred 0.22±0.04 0.52±0.05 0.59±0.14
Eccentric 0.45±0.06 0.84±0.23 0.92±0.23

A17 Centred 0.24±0.07 0.48±0.08 0.49±0.15
Eccentric 0.19±0.06 0.37±0.07 0.50±0.04

A18 Centred 0.19±0.03 0.48±0.04 0.63±0.11
Eccentric 0.39±0.07 0.76±0.14 0.95±0.26

A19 Centred 0.28±0.03 0.45±0.10 0.58±0.17
Eccentric 0.28±0.04 0.55±0.13 0.84±0.10

A20 Centred 0.26±0.02 0.46±0.07 0.56±0.13
Eccentric 0.26±0.03 0.56±0.09 0.93±0.19

accelerations should be reduced (assuming a linear�elastic behaviour) by approximately
30% before comparison with regulation limits, since it is recommended that these limits are
veri�ed for a pedestrian weighing 70 kgf [70] and the tests were performed by a pedestrian
weighing 98 kgf.

6.5.2.4. Crowd tests

In addition to the one pedestrian tests described in the former Section, the small�scale
prototype was also subjected to dynamic tests under pedestrian crowd actions. These crowd
tests were performed by requesting eight pedestrians (0.67 persons/m2, corresponding to
a density classi�cation between sparse and dense crowd, according to [74]) with weights
ranging from 52.6 to 102.7 kgf to cross the small�scale footbridge prototype deck randomly
for a period of over 5 minutes. During that period vertical accelerations were measured
at positions A1 and A5 and transverse (lateral, horizontal) accelerations of the deck were
measured at positions L1 and L2 (cf. Figure 6.66) with the same test apparatus used in the
one pedestrian tests described earlier, but gathering the data at a rate of 50 Hz. Figure 6.69
shows a crowd test undergoing with multiple pedestrians circulating along the footbridge
deck.

Figures 6.70 and 6.71 illustrate, respectively, the vertical and horizontal accelerations
measured in these tests and compare them with the requirements set by Eurocode 0 [64]
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Figure 6.69.: Small�scale prototype crowd test.

showing that the limits set by this document were surpassed several times, for both vertical
and horizontal accelerations.
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Figure 6.70.: Small�scale prototype crowd tests:
vertical accelerations.

Figure 6.71.: Small�scale prototype crowd tests:
horizontal accelerations.

Nevertheless, and given the above mentioned limitations of the Eurocode 0 [64] pedestrian
comfort criteria, the accelerations observed in the crowd tests may be compared with more
comprehensive pedestrian comfort criteria, namely those of ISO 10137 [75]. In order to do
so, the acceleration�time records registered during the tests (cf. Figures 6.70 and 6.71)
were transformed to root mean squared (RMS) accelerations in the frequency domain.
Figures 6.72 and 6.73 compare the RMS vertical and horizontal accelerations, respectively,
attained during the tests to the requirements of ISO 10137 [75]. For the veri�cation of vertical
accelerations, two comfort levels are compared, one for people traveling the footbridge and
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other for people standing still on top of the footbridge while others travel along it (more
severe situation); therefore, according to ISO 10137 [75], for the latter scenario, the base
curve multiplying factor was reduced to half (from 60 to 30).
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Figure 6.72.: Small�scale prototype crowd tests:
expected vertical accelerations (RMS). Experi-
mental tests vs. ISO 10137 [75].

Figure 6.73.: Small�scale prototype crowd tests:
expected horizontal accelerations (RMS). Experi-
mental tests vs. ISO 10137 [75].

The results obtained show that, according to [75], there are low probabilities of complaints
due to discomfort of pedestrians travelling the footbridge. Regarding pedestrians standing
on the footbridge, the limit acceleration is slightly surpassed near the fundamental frequency
of the structure which should not, therefore, cause discomfort.

6.5.2.5. Numerical simulation

One of the main objectives of the experimental tests under pedestrian loads, namely the
tests with one pedestrian, was to assess the ability of current design tools in predicting the
structural response for this type of loads in GFRP�concrete structures. To that end, the one
pedestrian tests described in Section 6.5.2.3 were modelled with the FE model, developed
with the commercial package SAP2000, described earlier (cf. Sections 6.4.7 and 6.5.1.4).
With this regard, two pairs of frame elements, with no mass, weight or sti�ness, were added
to the model and placed at the top of the deck, aligned with the longitudinal axis of the
footbridge. One pair of frames was positioned centred with the longitudinal axis of the
footbridge, while the other pair was positioned along the centre of one of the cantilevers,
simulating the centred and eccentric motion paths (cf. Figure 6.66), respectively. For each
pair, the frames were placed 30 cm apart from each other in the transverse direction, each
frame simulating the pathway of one foot. For each type of motion (walk slow, walk normal
and walk fast) and for each motion position (centred or eccentric), a point load of 98 kgf
was assigned to the respective frame according to the motion characteristics presented in
Table 6.13 simulating each footstep. The load cases were then combined in time history
analysis with the respective load�time function (cf. Figure 6.65).

As an example, Figures 6.74 to 6.76 show the comparison between vertical accelerations
measured in the dynamic tests and those determined from FE simulation at position A3,
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for a pedestrian walking slowly along the eccentric path and at positions A1 and A3 for the
pedestrian walking fast in the centred path, respectively. The complete records of accelera-
tions (including experimental and numerical results) are presented in Appendix C.
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Figure 6.74.: Small�scale prototype one pedestrian
tests: accelerations attained at A3 for slow walk at
the cantilever. Experimental and numerical results.

Figure 6.75.: Small�scale prototype one pedestrian
tests: accelerations attained at A1 for fast walk at
the centre. Experimental and numerical results.
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Figure 6.76.: Small�scale prototype one pedestrian tests: accelerations attained at A3 for fast walk at the
centre. Experimental and numerical results.

Table 6.15 presents a detailed summary of the results obtained in the simulation of the
dynamic response under pedestrian actions, comparing experimental and numerical values
of maximum accelerations for all tests carried out.

The same comparison is illustrated in Figures 6.77 to 6.79 for each type of motion (walk
slow, walk normal and walk fast), with the pedestrian traveling along the centred path and
in Figures 6.80 to 6.82 with the pedestrian traveling along the eccentric path.

The comparison shown in Figures 6.74 to 6.76 reveals a very good agreement between the
numerical predictions and the corresponding experimental data. Although the peak values
may present some di�erences, the curves observed in the tests are generally well simulated
by the model, proving the ability of the latter to predict the real dynamic behaviour of
the structure. Such ability is attested by the comparison of peak accelerations for the three
di�erent types of motions presented in Figures 6.77 to 6.82. In addition, these �gures show
that the maximum accelerations obtained from FE simulation are generally very similar to
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Table 6.15.: Small�scale prototype one pedestrian tests: experimental maximum accelerations (average ±
standard deviation) vs. numerical predictions.

Location Walk slow (m/s2) Walk normal (m/s2) Walk fast (m/s2)

Path Test FE di�.(%) Test FE di�.(%) Test FE di�.(%)

A1 Centred 0.43±0.04 0.49 14.0 0.70±0.10 0.66 -5.7 1.07±0.25 1.00 -6.5

Eccentric 0.55±0.08 0.66 20.0 1.23±0.14 0.88 -28.5 1.43±0.14 1.90 -32.9

A2 Centred 0.40±0.08 0.47 17.5 0.70±0.12 0.57 -18.6 0.69±0.12 0.80 15.9

Eccentric 0.42±0.07 0.52 23.8 0.77±0.16 0.67 -13.0 1.02±0.11 1.15 12.7

A3 Centred 0.33±0.09 0.47 42.4 0.75±0.10 0.55 -26.7 0.70±0.22 0.98 40.0

Eccentric 0.30±0.09 0.46 53.3 0.57±0.14 0.57 0.0 0.71±0.05 0.90 26.8

A4 Centred 0.39±0.07 0.44 12.8 0.63±0.15 0.56 -11.1 0.72±0.10 0.77 6.9

Eccentric 0.37±0.06 0.48 29.7 0.76±0.13 0.56 -26.3 1.21±0.13 1.27 5.0

A5 Centred 0.44±0.08 0.50 13.6 0.61±0.10 0.62 1.6 1.08±0.30 1.02 -5.6

Eccentric 0.51±0.04 0.59 15.7 1.03±0.17 0.71 -31.1 1.48±0.15 1.81 22.3

A16 Centred 0.22±0.04 0.36 63.6 0.52±0.05 0.41 -21.2 0.59±0.14 0.77 30.5

Eccentric 0.45±0.06 0.41 -8.9 0.84±0.23 0.52 -38.1 0.92±0.23 1.12 21.7

A17 Centred 0.24±0.07 0.30 25.0 0.48±0.08 0.35 -27.1 0.49±0.15 0.61 24.5

Eccentric 0.19±0.06 0.35 84.2 0.37±0.07 0.37 0.0 0.50±0.04 0.66 32.0

A18 Centred 0.19±0.03 0.36 89.5 0.48±0.04 0.40 -16.7 0.63±0.11 0.77 22.2

Eccentric 0.39±0.07 0.43 10.3 0.76±0.14 0.46 -39.5 0.95±0.26 0.93 -2.1

A19 Centred 0.28±0.03 0.29 3.6 0.45±0.10 0.35 -22.2 0.58±0.17 0.51 -12.1

Eccentric 0.28±0.04 0.31 10.7 0.55±0.13 0.40 -27.3 0.84±0.10 0.79 -6.0

A20 Centred 0.26±0.02 0.30 15.4 0.46±0.07 0.35 -23.9 0.56±0.13 0.54 -3.6

Eccentric 0.26±0.03 0.35 34.6 0.56±0.09 0.35 -37.5 0.93±0.19 0.66 -29.0
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Figure 6.77.: Small�scale prototype one pedestrian
tests: maximum accelerations attained for slow
walk at the centred path.

Figure 6.78.: Small�scale prototype one pedestrian
tests: maximum accelerations attained for normal
walk at the centred path.

the corresponding average experimental results, seldom being outside the range of maximum
values measured in the dynamic tests.
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Figure 6.79.: Small�scale prototype one pedes-
trian tests: maximum accelerations attained for
fast walk at the centred path.

Figure 6.80.: Small�scale prototype one pedestrian
tests: maximum accelerations attained for slow
walk at the eccentric path.
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Figure 6.81.: Small�scale prototype one pedestrian
tests: maximum accelerations attained for normal
walk at the eccentric path.

Figure 6.82.: Small�scale prototype one pedes-
trian tests: maximum accelerations attained for
fast walk at the eccentric path.

6.5.2.6. Conclusions

The results presented in this section regarding the de�nition of the pedestrian loads show
that literature load models are not suitable for a direct comparison with experimental data
obtained from dynamic tests, as pedestrian loads may vary considerably from individual to
individual.

The FE model used proved to be able to predict with fairly good accuracy the dynamic
response of the structure under pedestrian loads. The FE model was not only able to predict
the maximum values of vertical accelerations attained in the dynamic tests, but it also proved
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capable of reproducing the response of the structure over time with fairly good accuracy.
Therefore, these numerical tools allow checking simple comfort requirements, such as those
of Eurocode 0 [64], but they can also be used in more comprehensive comfort analysis of
structures using, for instance, the criteria proposed in ISO 10137 [75].

Regarding the pedestrian comfort of the small�scale footbridge prototype, both experimental
and numerical results showed that the peak values of vertical accelerations caused by a 98 kgf
pedestrian are higher than the Eurocode 0 [64] limit. However, since literature [70, 74]
indicates that comfort veri�cations should be performed considering a 70 kgf pedestrian,
according to linear�elastic theory, a 29% reduction on the accelerations should be expected
compared to those measured for the present pedestrian, which would allow ful�lling the
above mentioned limit for the vast majority of situations analysed. Furthermore, acceleration
peak values are not usually critical for the comfort of pedestrians subjected to vibration.
In fact, the comparison of the experimental results with ISO 10137 [75] limits suggests that
pedestrians should not feel discomfort due to the structural vibrations while crossing or
standing on the footbridge (small�scale prototype).

6.6. Creep behaviour of the prototype

6.6.1. Context

FRP materials in general and GFRP pultruded pro�les in particular, are known to present
visco�elastic behaviour when subjected to sustained loads over time [143], commonly referred
to as creep behaviour. Furthermore, the creep phenomenon in GFRP materials varies
signi�cantly with the type of solicitations the materials are subjected to, i.e., compression,
tension, �exure and shear. With this respect and although there are few studies regarding
the creep of GFRP pultruded materials in tension (e.g. [38, 144]), it has been shown that
creep is much less signi�cant when these materials are tensioned than when they are
compressed. Such di�erence stems from the higher susceptibility to creep of the polymeric
matrices of GFRP pro�les, which have a higher preponderance in the composite behaviour
in compression, when compared to the glass �bres, which govern the composite behaviour in
tension [143]. Consequently, these materials present an intermediate susceptibility to creep in
�exure [38], because part of the material is compressed and part is tensioned. In this context,
the combination of concrete elements (in compression) with GFRP pultruded pro�les
(in tension) may be advantageous in reducing not only the instantaneous deformability,
but also the magnitude of GFRP creep deformation, thereby diminishing the long�term
deformability.

This Section presents experimental and analytical investigations regarding the creep be-
haviour of the small�scale hybrid GFRP�concrete footbridge prototype. The creep tests
were performed with di�erent load levels and for di�erent environmental conditions (tem-
perature and relative humidity). The analytical study comprised the development of design
formulae in order to predict the creep behaviour of GFRP�concrete hybrid �exural mem-
bers. The model proposed, from now on referred to simply as analytical model, is based on
the Timoshenko beam model using as input the material moduli provided by empirical creep
models of the constituent materials, taking into account their actual stress state and overall
environmental conditions. The proposed model is then validated through the comparison
with test data.
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6.6.1.1. Creep response of the GFRP material

As mentioned earlier, GFRP pultruded pro�les, as well as other FRP composites, are known
to be susceptible to creep phenomena [145]. Sá et al. [143] recently presented a literature
review on the creep behaviour of GFRP pultruded elements in compression and in �exure.
As mentioned earlier, these materials are more susceptible to creep in compression than
in tension because the viscoelastic behaviour is more relevant in the polymeric matrixes
than in the glass �bres [143]. The viscoelastic behaviour of GFRP materials is often
predicted by empirical models based on experimental tests, namely with Findley's power
law [4,144,146],

∆(t) = ∆0 +m · tn (6.40)

where ∆(t) is the time�dependent general deformation (strain or de�ection), ∆0 is the in-
stantaneous general deformation, t represents time while m is a stress�dependent coe�cient
and n is a stress independent coe�cient. Moreover, for low stress levels, the coe�cient m
may also be considered stress independent [144].

In order to determine the elasticity (or shear) modulus over time, Eq. (6.40) can be rewritten
as follows [4, 146],

E(t) =
E0

1 +

(
E0

Et

)
tnE

or G(t) =
G0

1 +

(
G0

Gt

)
tnG

(6.41)

where E(t) and G(t) are the time-dependent elasticity and shear moduli, respectively, E0

and G0 are the instantaneous elasticity and shear moduli, Et and Gt are known as the creep
elasticity and shear moduli, while nE and nG are the Findley's power law stress independent
coe�cients with respect to the elasticity and shear moduli, respectively. The creep moduli
may be determined with Eq. (6.42),

Et =
σm
m′σ

or Gt =
τm
m′τ

(6.42)

where σm (or τm for shear) and m′σ and m′τ are also determined empirically from creep
tests [146] and

mσ = m′σ sinh

(
σ

σm

)
or mτ = m′τ sinh

(
τ

τm

)
(6.43)

where σ is the applied axial stress (or τ for shear stress).

Bank [4] proposed general creep models for GFRP pultruded pro�les in service conditions
subjected to compression and �exure, based on the empirical laws mentioned above.
Table 6.16 shows the parameters proposed by Bank [4] for �exure, shear in �exure (relevant
for the case study presented herein) and compression to be used in Eq. (6.41) with time (t)
in hours.

The EuroComp [38], on the other hand, presents graphical data on the evolution of the
time�dependent moduli of unidirectional FRP composites in tension and in shear. Unlike
the shear creep model presented by Bank [4], the model presented in EuroComp [38] does
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Table 6.16.: Parameters of the GFRP creep model proposed by Bank [4].

Sustained loading type Et (GPa) nE (-) Gt (GPa) nG (-)

Flexure 1241.06 0.3 186.16 0.3
Compression 1489.28 0.3 - -

not speci�cally refer to shear in �exure; one assumes that this model refers to pure shear.
The creep laws suggested in this document may be described by the following general
equation:

Et = E0(λ− % · ln t) or Gt = G0(λ− % · ln t) (6.44)

The general creep laws de�ned by Eq. (6.44) are valid for t ≥ 0.1 h. Table 6.17 lists the
parameters λ and % (along with the corresponding coe�cient of determination, R2) obtained
by adjusting the graphical data for both tension and shear [38] to the logarithmic curve
expressed by Eq. (6.44).

Table 6.17.: Parameters of the GFRP creep models derived from EuroComp [38].

Creep model for Et (tension) Gt

λ 0.99156 0.89676
% 5.96459× 10−5 4.71867× 10−2

R2 0.999 1.000

The Italian Guidelines [68] for the design of pultruded FRP members present discrete
coe�cients of viscosity for the elasticity and shear moduli as a funtion of time (1, 5, 10, 30
and 50 years). Table 6.18 shows the non�dimensional time�dependent moduli suggested by
this document for the di�erent periods.

Figure 6.83 compares the evolution of the several time�dependent elasticity and shear
moduli with time, proposed in the above mentioned documents. For the models suggested
in the EuroComp [38] and the Italian Guidelines [68], the reduction curves are general (i.e.
independent of the instantaneous moduli), whereas for the model proposed by Bank [4] the
curves refer to the instantaneous moduli of the GFRP used in the small�scale prototype (cf.
Section 4.2.2.6). As expected, the model proposed by Bank [4] for the elasticity modulus in
�exure re�ects higher susceptibility to creep than the model proposed in the EuroComp [38]
for the elasticity modulus in tension. Regarding the shear modulus evolution, the model
proposed in EuroComp [38], presumably for pure shear, is more susceptible to creep than
the model proposed by Bank [4] for shear in �exure. For both moduli, the models proposed
by the Italian Guidelines [68] seem to fall in�between those of the other documents. It is also
worth mentioning that the latter document [68], unlike Bank [4], suggests that the creep
e�ects are more severe for the shear modulus than for the elasticity modulus. The Italian
Guidelines [68], however, do not specify the loading type to which the time�dependent
moduli refer, therefore a direct comparison may not be valid.

An external factor that may signi�cantly in�uence the creep rates of FRP materials is
temperature [144]. Although none of the previous documents speci�es the temperatures for
which the models are valid, a 25oC room temperature may be considered for these general
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Table 6.18.: Time�dependent moduli proposed by the Italian guidelines [68].

t (years) Et[×E0] Gt[×G0]

1 0.794 0.637
2 0.704 0.505
10 0.667 0.448
30 0.625 0.362
50 0.602 0.324
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Figure 6.83.: Evolution of the elasticity and shear moduli of the GFRP material with time according to
di�erent creep models.

models [144]. Dutta and Hui [144] proposed the following modi�cation to Findley's power
law (Eq. (6.40)) in order to consider the e�ects of temperature in the empirical models,

∆(t) = ∆0 +m · tn(T/T0) (6.45)

where T0 is the reference temperature for which the regression parameters were determined
and T is the temperature for which the creep behaviour is being predicted (in oC). Following
this modi�cation of Eq. (6.40), Eq. (6.41) may also be re�written as:

E(t) =
E0

1 +

(
E0

Et

)
tnET/T0

or G(t) =
G0

1 +

(
G0

Gt

)
tnGT/T0

(6.46)

Similarly, the following adaptation can be performed in EuroComp's [38] general model
(Eq. (6.44)) in order to consider the in�uence of temperature on the creep response, simply
by modifying the slope of the logarithmic curve:

Et = E0

[
λ−

(
T

T0

)
% · ln t

]
or Gt = G0

[
λ−

(
T

T0

)
% · ln t

]
(6.47)
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6.6.1.2. Creep response of the SFRSCC material

Since the small�scale prototype is a hybrid GFRP�concrete structure and concrete is also
susceptible to creep phenomena [85] it is also necessary to quantify this material's creep
response. For the SFRSCC, in particular, the in�uence of the steel �bres in the creep
behaviour may be neglected if the volume of �bres is lower than 1.0% [147]. In the present
case study, the SFRSCC used in the footbridge deck has a volumetric �bre content of ≈2%.
However, due to the relatively low stress levels induced in the tests and due to the fact that
the slab is mainly in compression (in the longitudinal direction), the slab does not present
any cracking and, therefore, the �bre reinforcement is not e�ective [148] for these load levels.
Thereafter, one assumes that the creep model presented by Eurocode 2 � Annex B [85] for
regular concrete may be used. According to this model, the creep behaviour is in�uenced
by the following parameters: relative humidity of the air (RH), equivalent thickness of the
element (h0), compressive strength of the concrete at 28 days of age (fcm), age of the concrete
when loaded (t0) and, �nally, temperature (T ).

The creep coe�cient evolution with time, ϕ(t, t0), is given by Eq. (6.48),

ϕ(t, t0) = ϕ0 · βc(t, t0) (6.48)

where ϕ0 is a constant creep coe�cient and βc(t, t0) accounts for the creep evolution with
time. The constant creep coe�cient (ϕ0) may be computed with Eq. (6.49),

ϕ0 = ϕRH · β(fcm) · β(t0) (6.49)

where

ϕRH =

[
1 +

1−RH/100

0.1 · 3
√
h0

· α1

]
· α2 for fcm > 35MPa (6.50)

βfcm =
16.8√
fcm

(6.51)

βt0 =
1

0.1 + t0.20
0

(6.52)

h0 =
2Ac
u

(6.53)

α1 =

[
35

fcm

]0.7

; α2 =

[
35

fcm

]0.2

(6.54)

in which Ac is the area of the concrete section and u is the perimeter of the section edge
exposed to the environmental conditions. In the formulae above, the following units shall
be used: (i) percentage (%) for RH; (ii) mm for h0; (iii) MPa for fcm; and (iv) days for t0.
Regarding the creep evolution with time, coe�cient βc(t, t0) is given by Eq. (6.55),

βc(t, t0) =

[
t− t0

βH + t− t0

]0.3

(6.55)
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where t is the concrete age (in days) and therefore t− t0 is the load period. βH accounts for
the environmental conditions and, given that fcm ≥ 35 MPa (cf. Section 4.3.2.4), it may be
calculated with Eq. (6.56),

βH = 1.5[1 + (0.012 ·RH)18] · h0 + 250 · α3 ≤ 1500 · α3 (6.56)

and

α3 =

[
35

fcm

]0.5

(6.57)

The latter formulae show that the creep coe�cient, ϕ(t, t0), is in�uenced by the relative
humidity, in an inverse proportion, concerning both the constant coe�cient (φ0) and the
creep evolution with time (βc(t, t0)). Regarding the in�uence of temperature, the present
model allows the consideration of temperatures between 0oC and 80oC [85]. The in�uence
of temperature is indirectly considered in the model by correcting the concrete age (t)
in Eq. (6.55). The concrete age considering the e�ects of temperature (tT ) is given by
Eq. (6.58),

tT =
n∑
i=1

e−(4000/[273+T (∆ti)]−13.65) ·∆ti (6.58)

where T (∆ti) is the temperature (in oC) observed in a given number of days (∆ti).
Introducing Eq. (6.58) in Eq. (6.55) will increase the creep rate for temperatures higher than
20oC and decrease it for temperatures lower than 20oC. It is also important to note that
temperature does not a�ect the magnitude of creep in concrete but rather its time evolution,
similarly to the creep model proposed by Dutta and Hui [144] for GFRP materials.

Finally, the adjusted elasticity modulus of concrete can be calculated considering concrete's
age and creep,

Ec(t, t0) =
Ec,28

1 + χ(t, t0) · ϕ(t, t0)
(6.59)

where Ec,28 is the concrete elasticity modulus at 28 days and χ(t, t0) is Trevino's aging
coe�cient given by Eq. (6.60) [149]:

χ(t, t0) ∼= χ(t0) =
3
√
t0

1 + 3
√
t0

(6.60)

6.6.2. Experimental tests

6.6.2.1. Experimental series

The experimental campaign presented herein was performed to assess the �exural creep
behaviour of the small�scale footbridge prototype. The programme comprised three di�erent
experimental tests, with varying load levels and environmental conditions: (i) test 1 was
performed with a higher load level (de�ned below) in hot and dry climate conditions for
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a total duration of 2590 h; (ii) test 2 was performed with a lower load level, with similar
climate conditions to test 1, for a period of 2114 h; and (iii) test 3 was performed with a
similar load level to that used in test 1, but in a colder and wetter climate (compared to
that used in test 1 and 2), for a period of 2642 h.

All tests were performed by placing dead loads over the footbridge deck and measuring
the corresponding evolution of de�ections and axial deformations at midspan. During the
test period the temperature and relative humidity, which were not constant (owing to the
large�scale geometry of the prototype, it was not possible to test it in a chamber with
environmental control), were also registered. Figure 6.84 shows the instrumentation position
at the midspan section, where (i) δ stands for displacement transducers, (ii) εf stands for
strain gauges in the GFRP �anges, and (iii) εc stands for strain gauges in the SFRSCC.
Figure 6.85 illustrates the loading con�guration used in the creep tests.

Figure 6.84.: Small�scale prototype creep tests:
instrumentation at midspan.

Figure 6.85.: Small�scale prototype creep tests:
load con�guration.

In the early stages of the tests (typically, in the �rst 72 h), vertical de�ections were
measured with TML electrical displacement transducers with a stroke of 50 mm and precision
of 0.01 mm, whereas axial strains were measured with electrical strain gauges (models
HBM-1-LY41-50/120 for concrete and HBM-1-LY11-10/120 for GFRP). Regarding the
axial strains in the GFRP �anges during these early stages of the tests, the measurements
εf1 and εf3 presented in this Section correspond to the average strain measured in the strain
gauges installed in each GFRP �ange (cf. Figure 6.34, page 178). Data was acquired with a
HBM Spider8 datalogger and registered in a PC. In a further stage of the tests, the electric
equipment was disconnected and measurements were performed with analogical de�ection
gauges from Mitutoyo with (i) a 30 mm stroke and 0.01 mm precision for the measurement
of vertical de�ections, and (ii) a 5 mm stroke and a 0.001 mm precision for the monitoring
of axial strains. For test 2, in which electrical strain gauges were used during the entire
period of the test, reliable measurements could be obtained only for a short period of the
test; therefore, only vertical de�ections could be monitored during the entire duration of the
test.

The loads q (cf. Figure 6.85) applied to the prototype were materialised by concrete tiles,
concrete blocks and cement sacks. The higher load level, applied in tests 1 and 3, was
approximately 5480 kgf, corresponding to a load of 11.19 kN/m or 5.59 kN/m2 (higher
than Eurocode 1 [65] characteristic load for footbridges � 5.00 kN/m2). This load caused a
maximum bending moment of 20.81 kNm/m at the midspan section, corresponding to 13.2%
of the ultimate bending moment, and a shear force of 13.43 kN/m, which corresponds to
32.7% of the ultimate shear strength (disregarding the strength of the concrete jackets at the
supports, cf. Section 6.4). The lower load level, applied in test 2, was approximately 3210 kgf,
i.e. 58.6% of the higher load. Consequently, the forces imposed upon the structure were also
reduced to 58.6% of the previous forces � 7.7% and 19.2% of the ultimate bending moment
and shear force, respectively. For all tests, the above mentioned load levels are higher than
those concerning the quasi�permanent condition of footbridges. However, for this study,
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which is not a design exercise, but rather a fundamental study about the creep response of
GFRP�concrete hybrid �exural members, it was important to guarantee a reasonable stress
level in the GFRP material. It is also worth mentioning that for building applications, for
which this structural system is also envisaged [5], higher quasi�permanent load levels may
be expected when compared to footbridges.

Figure 6.86 shows the prototype loaded for each test series, while Table 6.19 summarizes
the most relevant information regarding each test.

Figure 6.86.: Small�scale prototype loaded for creep test: a) test 1; b) test 2; and c) test 3.

Table 6.19.: Small�scale prototype creep tests: relevant data.

Creep
Period

Duration Load Avg. T Avg. RH t0
test (h) (kN/m2) (oC) (%) (days)

1 June 1st � Sep. 20th 2012 2590 5.59 23.0±1.4 60±9 562

2 July 29th � Oct. 25th 2011 2114 3.28 23.3±0.8 60a 254

3 Nov. 8th 2012 � Feb. 26th 2013 2642 5.59 11.3±1.3 73±15 722
aEstimated value (based on creep test 1)

6.6.2.2. Experimental results

6.6.2.2.1 Test 1

Figure 6.87 shows the evolution of the environmental parameters during the period of test 1,
namely the temperature and the relative humidity. Figure 6.88 plots the evolution of the
midspan de�ections underneath each main girder (δ1 and δ2, cf. Figure 6.84), together with
Findley's power law regressions (Eq. (6.40)) for each case. The di�erence between de�ections
registered in positions δ1 and δ2 may be due to some slight eccentricity in the applied load,
causing one beam to bear more load than the other. This explanation is corroborated by the
regressions performed, which present di�erent m parameter values (stress dependent), but
very similar n parameter values (cf. Eq. (6.40) and Figure 6.88). The regression parameters
presented in Figure 6.88 were computed with high coe�cients of determination (R2) of
0.990 and 0.982 for δ1 and δ2, respectively. Nevertheless, these regressions seem to show a
tendency to "outgrow" the experimental results expected projections for increasing duration,
especially for δ2.
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Figure 6.87.: Small�scale prototype creep tests: en-
vironmental � temperature and relative humidity.

Figure 6.88.: Small�scale prototype creep test 1:
evolution of the midspan de�ections and Findley's
power law regressions.

Figure 6.89 shows the evolution of midspan axial strains in the GFRP pro�les (εf1 and
εf3, cf. Figure 6.84) and in the SFRSCC slab (εc3, cf. Figure 6.84) together with the
corresponding Findley's power law regressions. The results obtained with strain gauge
εc1 (cf. Figure 6.84) were inconsistent and therefore discarded. These results show a
higher dispersion than the results obtained for the de�ections. Nevertheless, a similar
di�erence may be observed between the strain results in the GFRP pro�les and between
the corresponding de�ections. Once again, the regression parameters are coherent with the
explanation presented earlier. It may also be observed that the εc3 regression is steeper
(higher n parameter) than the regressions for εf1 and εf3. These regressions were obtained
with coe�cients of determination (R2) of 0.972, 0.790 and 0.952 for εf1, εf3 and εc3,
respectively.

Additionally, Figure 6.90 shows the distribution of axial strains throughout the cross�section
depth as well as the neutral axis position at the beginning and end of test 1. It can be seen
that during the test the neutral axis moved towards the interface between the two materials,
indicating a higher axial sti�ness loss of the SFRSCC slab when compared to the GFRP
pro�le.

6.6.2.2.2 Test 2 (e�ect of load level)

During the period of test 2, the relative humidity was not measured, but it is likely to have
been similar to that of test 1 as the test has been performed in a similar period, during
which outdoor climatic conditions were fairly close (cf. Table 6.19). Figure 6.91 shows the
evolution of temperature within the test period, while Figure 6.92 shows the evolution of
mid-span de�ections and the corresponding regressions, for each case, using Findley's power
law.
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Figure 6.89.: Small�scale prototype creep test 1: evolution of strains at midspan and Findley's power law
regressions.

Figure 6.90.: Small�scale prototype creep test 1: axial strain distributions across the depth of the cross�
section and neutral axis depth, measured from the top of the SFRSCC slab at the beginning and end of the
test.

The regressions plotted in Figure 6.92 exhibit coe�cients of determination (R2) of 0.959 and
0.972 for δ1 and δ2, respectively. Similarly to the regressions obtained for the de�ections
in test 1, albeit the high coe�cients of determination, these regressions show a tendency to
deviate from the experimental results at the end of the test period.

As expected, the stress dependent parameters (m) are lower for test 2 than for test 1,
which is in accordance with Findley's power law creep theory (cf. Section 6.6.1.1). However,
the average m parameter for test 2 is 17.3% lower than for test 1, which means that
this variation is not directly proportional to the load. On the other hand, the stress
independent parameters (n) should be similar for both tests (which were performed in
similar environmental conditions) but are lower (19.5% in average) for test 2. This seems to
indicate that Findley's power law may not be fully suited for adjusting creep deformations
in GFRP�concrete structures.
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Figure 6.91.: Small�scale prototype creep test 2:
evolution of the temperature.

Figure 6.92.: Small�scale prototype creep test 2:
evolution of midspan de�ections and Findley's
power law regressions.

6.6.2.2.3 Test 3 (e�ect of temperature)

The environmental parameters evolution during the period of test 3, namely temperature
and relative humidity, is plotted in Figure 6.93. The evolution of the de�ections at midspan
is shown in Figure 6.94 together with Findley's power law regressions for each case.
These regressions present coe�cients of determination (R2) of 0.969 and 0.968 for δ1 and
δ2, respectively. A very good agreement was obtained in both cases (similar m and n
parameters). Similarly to what was observed in the other tests, these regressions show a
tendency to deviate from the experimental results in the �nal period of the test. In this test,
unlike test 1, the response is fully symmetric, because the e�ects of load eccentricity were
completely prevented.

The stress dependent parameters (m) obtained for this test are similar to those obtained in
test 1 (-6.4% in average) and to those obtained in test 2 (+13.2% in average). According
to Findley's power law creep theory (cf. Section 6.6.1.1) the m parameter should be closer
to the parameters obtained in test 1 and higher than the parameters obtained in test 2.
Furthermore, the stress independent parameter (n) is lower in test 3 than in tests 1 (-28.8%
in average) and 2 (-11.5% in average), which is in accordance with the model proposed by
Dutta and Hui [144], since test 3 was performed with lower temperatures than tests 1 and 2
(cf. Table 6.19). However, as mentioned earlier, this parameter should be similar for tests 1
and 2.

6.6.2.2.4 Comparative summary

The results obtained in the three creep tests, in terms of midspan de�ections, are compared
in Figure 6.95. As expected, the creep deformation is higher for test 1 than for tests 2 and 3.
The fact that tests 2 and 3 present very similar creep de�ections, especially in the early
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Figure 6.93.: Small�scale prototype creep test 3:
environmental conditions � temperature and rel-
ative humidity.

Figure 6.94.: Small�scale prototype creep test 3:
evolution of midspan de�ections and Findley's
power law regressions.

stages of the tests, attests the importance of temperature in the creep phenomenon. In fact,
the e�ects of a load reduction of 41.4% appear to be matched by a reduction in the average
temperature of 12oC. Table 6.20 summarises the parameters obtained from the �ttings of
Findley's power law to the di�erent experimental results.
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Figure 6.95.: Small�scale prototype creep tests: comparison between the creep de�ections of all tests.

Regarding the regressions for the axial strains in the GFRP pro�les (εf1 and εf3), it is
more di�cult to draw any de�nitive conclusions than for midspan de�ections (δ1 and δ2).
Parameter m seems to be lower for test 2 than for tests 1 and 3 (the regression for εf3 �
test 1 presents a low coe�cient of determination and should be disregarded) but parameters
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Table 6.20.: Small�scale prototype creep tests Findley power law regression parameters.

Test 1 2 3

Parameter m n R2 m n R2 m n R2

δ1 0.292 0.284 0.99 0.269 0.23 0.959 0.314 0.201 0.966
δ2 0.351 0.289 0.982 0.263 0.231 0.972 0.288 0.207 0.968
εf1 11.951 0.332 0.972 7.981 0.362 0.917 18.001 0.31 0.985
εf3 7.238 0.334 0.79 4.866 0.439 0.951 12.648 0.371 0.981
εc1 - - - - - - - - -
εc3 3.426 0.433 0.952 - - - - - -

n are higher (in average) in test 3 than in test 1. For the strains in the SFRSCC slab, on
the other hand, it was not possible to perform regressions, except for εc3 � test 1, due to
the high dispersion of the results. The high dispersion of the strain measurement results,
for both the GFRP and SFRSCC materials, may be explained by two main reasons: (i) on
one hand, the electrical strain gauges presented long�term instability, while the analogical
gauges presented a low sensitivity (approximately 16 µm/m); (ii) on the other hand, during
the tests, the neutral axis of a hybrid structure in �exure may shift due to the di�erent
evolution of the elastic creep moduli of the constituent materials, a�ecting the strains
along the sections without a direct relation with the creep deformation of the materials
(cf. Figure 6.90).

These results and conclusions show that, although it is possible to adjust Findley's power
law to the creep behaviour of a GFRP�concrete hybrid structure, this method may not be
very accurate, especially for long�term predictions based on short�term tests.

6.6.3. Analytical simulation

6.6.3.1. Model proposal

As mentioned earlier (cf. Section 6.4.6), shear deformations are not generally neglectable in
GFRP structures. Therefore, the de�ections of the hybrid structure studied herein should be
calculated with Timoshenko's beam model [86]. For the load model presented in Figure 6.85,
midspan de�ections may be calculated with Eq. (6.61),

δms =
C1

EI
+

C2

G · kA
(6.61)

where the �rst term represents the �exural de�ection and the second term the shear
de�ection. The terms C1 and C2 are given by Eqs. (6.62) and (6.63), respectively,

C1 = q ·
[
a3b

6
+
a2b2

4
+

5ab3

48
+

5b4

384

]
(6.62)

C2 = q ·
[
ab

2
+
b2

8

]
(6.63)

where q is the applied uniformly distributed load and a and b are the geometrical parameters
of the load (cf. Figure 6.85).
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The de�ections obtained with the formulae presented above � using the EI and G · kA
calculated earlier, cf. Section 6.4.6 � show a good agreement with the instantaneous
de�ections measured experimentally for both higher and lower load levels (cf. Section 6.6.2):
25.80 mm (+9.9%) and 15.13 mm (+10.6%).

In order to use the formulae presented above to predict long�term de�ections it is necessary
to consider the time�dependent elasticity and shear moduli of the materials that constitute
the hybrid structure, namely the GFRP pro�le and the SFRSCC slab. Therefore, for each
time step, it is necessary to determine the position of the neutral axis, which may shift due
to the di�erent evolution of the constituent materials' elasticity modulus (cf. Figure 6.90),
and the corresponding �exural and shear sti�ness (EI and GkA, respectively).

Regarding the choice of the GFRP material creep models, the initial stress distribution
within the section should be taken into account. The hybrid footbridge structure under
study presents its neutral axis in the SFRSCC slab near the GFRP�concrete interface, which
means that the slab is mainly in compression, while the pro�le is in tension. Thereafter, a
priori a tension creep model should be more suited to describe the GFRP elasticity modulus
evolution, instead of a �exure creep model. In addition, for the shear modulus variation,
a shear in �exure creep model (as the one proposed by Bank [4]) is deemed to be more
adequate than a pure shear creep model (as the one proposed in EuroComp [38]). The
in�uence of such GFRP material creep models is assessed in the next section.

6.6.3.2. Assessment of GFRP material creep models

Experimental results can be compared with predictions computed by the analytical model
(Eq. (6.61)) with di�erent material creep models. In order to assess which material creep
models should be used, the experimental de�ections are compared with analytical de�ections
using the following combinations of GFRP creep models: (i) Bank's [4] �exure model for both
elasticity and shear moduli; (ii) tension and shear models proposed by EuroComp [38] for the
elasticity and shear moduli, respectively; and (iii) tension model proposed by EuroComp [38]
and shear in �exure model proposed by Bank [4] for the elasticity and shear moduli,
respectively, thereby taking into account the actual stress distribution on the structure. One
should note that these creep models were developed for di�erent GFRP materials, namely
with di�erent �bre contents and architectures, and produced with di�erent manufacturing
methods. Nevertheless, given that they aim to be general creep models used in design, they
should be able to reproduce fairly well the creep behaviour of most GFRP materials.

The above mentioned material creep models were adapted according to the recommendations
by Dutta and Hui [144] in order to account for di�erent temperatures (cf. Section 6.6.1.1,
Eqs. (6.46) and (6.47), in which a reference temperature of T0 = 25oC was considered). For
the SFRSCC the creep model proposed in Eurocode 2 [85] for regular concrete was used (cf.
Section 6.6.1.2). Regarding the environmental conditions of each experimental series, they
were taken into account introducing in the creep models the average temperature and relative
humidity (SFRSCC), and the concrete's age (cf. Table 6.19). The latter parameter is of high
importance for young concrete but has minor in�uence in the tests presented in this study.
In the absence of relative humidity data for test 2, this parameter was considered to be equal
to test 1 since both tests were performed in similar climate periods. Figures 6.96 to 6.98
show, for tests 1 to 3, respectively, the comparison between the de�ections predicted with
the analytical model using the three di�erent material creep model combinations referred
above and their experimental counterparts.
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Figure 6.96.: Small�scale prototype creep test 1:
analytical predictions vs. experimental results.

Figure 6.97.: Small�scale prototype creep test 2:
analytical predictions vs. experimental results.
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Figure 6.98.: Small�scale prototype creep test 3: analytical predictions vs. experimental results.

The results obtained show that in all cases predictions using the �exure creep models
proposed by Bank [4] or the tension and pure shear creep models proposed by EuroComp [38]
overestimate the creep de�ections measured experimentally. On the other hand, the mixed
model proposed herein, combining EuroComp's [38] tension creep model for the elasticity
modulus and Bank's [4] shear in �exure model for the shear modulus, is able to predict
the experimentally observed creep de�ections with good accuracy. The ability of this
mixed model in predicting the experimental results observed in test 3 is also remarkable
(cf. Figure 6.98), showing that it is possible to predict the creep behaviour of hybrid
GFRP�concrete structures in di�erent environmental conditions by taking into account the
recommendations of Dutta and Hui [144] in the GFRP material creep models.
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6.6.3.3. Prediction of long�term response

Having de�ned the combination of GFRP material creep models to be used in the design of
this type of hybrid structures (cf. Section 6.6.3.2) it is now possible to predict their long�term
creep deformations. Figures 6.99 to 6.101 compare the long�term predictions according to
the model proposed in this study for the small�scale prototype (E(t) �EuroComp [38]; G(t)
� Bank [4]) with the long�term predictions performed with Findley's power law regressions
of the experimental results (cf. Table 6.20) for tests 1 to 3, respectively.
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Figure 6.99.: Small�scale prototype creep test 1
long�term predictions: analytical vs. regressions.

Figure 6.100.: Small�scale prototype creep test 2
long�term predictions: analytical vs. regressions.
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Figure 6.101.: Small�scale prototype creep test 3 long�term predictions: analytical vs. regressions.

Table 6.21 summarises the graphical comparison depicted in Figures 6.99 to 6.101 after 20,
50 and 100 years including the results for the analytical model using the material creep
models proposed by Bank [4] for both elasticity and shear moduli and using the material
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creep models proposed by EuroComp [38] for both elasticity and shear moduli, where δ0 are
the instantaneous de�ections.

Table 6.21.: Small�scale prototype predictions of long�term creep de�ections: analytical model and regres-
sions.

Test 1 2 3

Time elapsed (years) 20 50 100 20 50 100 20 50 100

Reg. δ1
∆δ [mm] 9.01 11.68 14.23 4.32 5.34 6.26 3.56 4.27 4.91

∆δ/δ0 [%] 38.4 49.8 60.6 31.6 39.0 45.7 15.1 18.2 20.9

Reg. δ2
∆δ [mm] 11.50 14.99 18.31 4.28 5.29 6.20 3.51 4.24 4.89

∆δ/δ0 [%] 49.0 63.8 78.0 31.3 38.6 45.3 14.9 18.1 20.8

Analytical model ∆δ [mm] 4.76 5.36 5.91 2.94 3.31 3.65 2.41 2.52 2.60

G-Bank [4]; E-EC [38] ∆δ/δ0 [%] 18.4 20.8 22.9 19.4 21.9 24.1 9.3 9.8 10.1

Analytical model ∆δ [mm] 19.51 24.52 29.17 12.04 15.17 18.08 4.60 5.06 5.44

G & E-Bank [4] ∆δ/δ0 [%] 75.6 95.1 113.1 79.6 100.3 119.5 17.8 19.6 21.1

Analytical model ∆δ [mm] 8.37 9.50 10.52 5.1 5.80 6.44 3.87 4.09 4.26

G & E-EC [38] ∆δ/δ0 [%] 32.4 36.8 40.8 33.7 38.3 42.6 15.0 15.9 16.5

Additionally, Figure 6.102 shows, as an example and with reference to test 1, the strain
distributions across the depth of the cross�section predicted based on the above mentioned
mixed model, for both short� and long�term predictions. Predictions for strains and neutral
axis position compare reasonably well with experimental results (the main di�erences stem
from the relatively reduced strain values in the SFRSCC slab). Analytical results con�rm
the increase of the neutral axis depth in the short�term, showing also that in the long�term
it tends to stabilise.

Figure 6.102.: Small�scale prototype creep test 1: experimental and predicted axial strain distributions
(εEXP and εMOD, respectively) across the depth of the cross�section and neutral axis depth, measured from
the top of the SFRSCC slab (NAEXP and NAMOD, respectively).

The analysis of these results shows that for the long�term predictions, Findley's power
law regressions of short�term experimental tests deviate considerably from the analytical
predictions, albeit the analytical model has proved to be very e�ective in simulating the
experimental results. This fact, together with the previous concerns regarding the quality
of Findley's power law regressions for the structure tested (cf. Section 6.6.2.2.4) seem to
point out that this type of regression is not adequate for predicting the long�term creep
de�ections in GFRP�concrete hybrid structures. The poor results of these regressions may
be explained by two reasons: (i) the creep behaviour of concrete does not follow Findley's
power law; and (ii) the changes in the neutral axis of the section may change the logarithmic
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slope of the curve representing the structural response (n parameter), which is constant in
Findley's power law.

Regarding the comparison between the di�erent analytical models, the use of a tension creep
model for GFRP's elasticity modulus and a shear in �exure model for GFRP's shear modulus
is consistent with the stress distribution along the cross�section and proved to provide
an excellent �t to experimental results (cf. Section 6.6.3.2). Therefrom, these material
creep models should be used in the analytical prediction of this structure or other hybrid
structures with similar characteristics and stress distributions. The comparison with the
results obtained with other GFRP material creep models, not coherent with the actual stress
distribution, shows the importance of selecting the proper material creep models.

Although the small�scale footbridge prototype was not designed to ful�l serviceability
requirements (only the full�scale one was) and the fact that the higher load applied in
the creep tests corresponds to the characteristic live load for footbridges (for which, creep
does not need to be considered in design), the following de�ection limits included in the
Italian Guidelines [68] are mentioned as indicative references: L/250 (quasi�permanent load
combination) and L/100 (characteristic load combination), respectively 22 mm and 55 mm
for the small�scale prototype. Using the prediction model proposed in the present study, for
the characteristic load (5 kN/m2 [65]), after 50 years this structure is expected to present a
midspan de�ection of 29.23 mm (124.4% of the instantaneous de�ection, with 54.0% of the
creep de�ection being due to �exure and 46.0% due to shear). It is worth mentioning that an
all�GFRP structure, with equivalent �exure and shear instantaneous sti�ness, is expected
to present a midspan de�ection of 55.62 mm (236.6% of the instantaneous de�ection, now
with 91.8% of the creep de�ection being due to �exure and 8.2% due to shear) after the
same period. Although the full�GFRP structure mentioned above was not object of testing,
these predictions indicate that GFRP�concrete hybrid structures are most likely much more
e�cient regarding the creep phenomenon.

6.6.4. Conclusions

The experimental results obtained based on �exural creep tests on a GFRP�SFRSCC
footbridge small�scale prototype showed that the creep behaviour of these structures is
a�ected by the load level and by the environmental conditions, namely, temperature and
relative humidity. Moreover, in the present study, a 41.4% reduction of load had very similar
e�ects to a 12oC reduction in the average temperature (together with a 13% increase in
relative humidity) in terms of creep de�ections. Regarding Findley's power law regressions,
it was shown that this power law may not be adequate to predict the creep de�ections of
GFRP�concrete hybrid structures.

The analytical study showed that it is possible to predict experimental results with
comprehensive material creep models. It is necessary, however, to choose the material
creep models coherently with the actual stress distribution, i.e., taking into account the
type of stress each material is subjected to. Furthermore, the analytical models proposed
herein are able to predict the important e�ects of environmental changes (temperature and
relative humidity) observed experimentally provided that proper adaptations are made in
the material creep models. These analytical models proved to be the best tool in predicting
the long�term behaviour and creep e�ects of GFRP�concrete structures.

Based on the analytical model proposed here, after 50 years the GFRP�SFRSCC small�
scale footbridge prototype is expected to present a midspan creep de�ection of 24.4% of the

239



Chapter 6 � Small�scale prototype

instantaneous de�ection, while in an equivalent all�GFRP structure such creep de�ection
would be 136.6% of the instantaneous de�ection. This remarkable di�erence highlights the
advantage of hybrid structures in reducing the magnitude of creep phenomenon and this is
a very relevant �nding of the present study.

Notwithstanding, further investigations are needed to develop more comprehensive material
creep models for the GFRP material, namely, allowing the consideration of the e�ects, if
any, of the following parameters: (i) age at loading; (ii) curing degree of the polymeric
matrix of the GFRP pro�les; (iii) �bre reinforcement ratio and architecture; (iv) relative
humidity; and (v) thermal variations during the loading period. Also, the assessment of the
behaviour of GFRP�concrete structures throughout their life�cycle in real service conditions
is necessary in order to further validate the results and models presented herein.

6.7. Final remarks

This chapter presented the investigations performed regarding the small�scale hybrid
GFRP�SFRSCC footbridge prototype. The ease of assembly and construction of this type of
GFRP�concrete hybrid structure was shown in Section 6.3, which presented the construction
process of this prototype with little use of heavy lifting machinery.

Owing to the results presented in this chapter, one may conclude that the analytical and
numerical tools readily available to designers are well capable of predicting the structural
behaviour of GFRP�concrete hybrid structures, namely regarding their (i) static behaviour
up to failure (Section 6.4), (ii) dynamic behaviour (Section 6.5), and (iii) creep behaviour
(Section 6.6). The ability of these common design tools in predicting the structural behaviour
of these structures is of the utmost importance for structural designers and a keystone in
the widespread of this structural solution.

The positive experimental results regarding pedestrian comfort criteria (cf. Section 6.5) �
although hard to extrapolate to the full�scale prototype � attest the feasibility of this
structural system for use in footbridge structures since these criteria are often governing for
this type of structures.

One of the main �ndings presented in this chapter is that hybrid GFRP�concrete struc-
tures may be much less susceptible to creep phenomena than all�GFRP structures (cf.
Section 6.6), proving the high potential of the structural system proposed given that the
high deformability, namely the long�term deformability, is often pointed out as one of the
main problems of all�GFRP structures.

The models developed in the context of this chapter will be used to design the full�scale
footbridge prototype (cf. Chapter 7).
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7. Full�scale prototype

7.1. Preliminary remarks

The present Chapter describes the design, construction and assessment of the behaviour
of the full�scale hybrid GFRP�SFRSCC footbridge prototype. The investigations included
(i) experimental tests and the simulation of those experiments with (ii) analytical and
(iii) numerical models.

The full�scale prototype, unlike its small�scale counterpart (cf. Chapter 6), was designed
in order to formally comply with ultimate and serviceability limit states (ULS and SLS,
respectively) requirements, since it will ultimately be installed and used as a footbridge
opened to the general public. The knowledge gathered with the investigations on the
small�scale prototype, regarding the behaviour of GFRP�hybrid structural systems, was
of the utmost importance in the design of the full�scale prototype for a real serviceability
environment. Additionally, the results of the experimental tests performed in the full�
scale prototype were used to further validate and calibrate the models used to predict the
behaviour of the small�scale prototype.

This Chapter is divided in seven main sections: (i) preliminary remarks, (ii) characteristics
and design of the prototype, which presents the structural details and design procedure;
(iii) construction, where the step�to�step construction process is described; (iv) static
behaviour; (v) dynamic behaviour; and (vi) creep behaviour of the prototype, which present
the investigations conducted for the full-scale prototype regarding its static, dynamic and
creep behaviour, respectively. In each of the last three sections experimental investigations
are presented and the results obtained are compared with those from analytical and/or
numerical models. Subsequently, some (vii) �nal remarks are presented.

7.2. Characteristics and design of the prototype

The full�scale hybrid GFRP�SFRSCC footbridge prototype has a total length of 11000 mm
and a width (b) of 2000 mm, and was installed in a simply supported span (L) of 10500 mm.
Figure 7.1 illustrates the cross�section of the the full�scale prototype. The structure
comprises two main girders, materialized by I�shaped section (400×200(×15) mm2) GFRP
pultruded pro�les, and a SFRSCC deck positioned on top of those girders. The SFRSCC
deck was intended to have a 40 mm thickness, however, after construction, a nominal
37.5 mm thickness was measured. All calculations presented here refer to this nominal
thickness.
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Figure 7.1.: Full�scale prototype cross�section.

In addition to the main elements, i.e. the main girders and the deck, and similarly to
what was done for the small�scale prototype, the footbridge prototype was provided with
secondary girders and concrete jackets at the support sections, as shown in Figure 7.2.
The secondary girders were materialized by I�shaped section (200× 100(×10) mm2) GFRP
pultruded pro�les (the same used for the main and secondary girders of the small�scale
prototype), while the concrete jackets were cast with SFRSCC with the same composition
used in the deck (cf. Section 4.3).

Figure 7.2.: Side� and A-A section�view of the full�scale prototype.

Figure 7.3 plots the details of the connections between the main and secondary girders, by
depicting section�views B-B, C-C, D-D and E-E (cf. Figures 7.2 and 7.3). These connections
were materialized by stainless steel bolts and threaded rods, which connected the di�erent
elements with the aid of small�length GFRP angle�section pro�les.

The connection between the main girders and the deck was provided by both an adhesive
connection and a bolted connection, following the recommendations made in Chapter 5. The
bonded connection was materialized by a 2 mm layer of epoxy adhesive (cf. Section 4.4.3), the
same used in the small�scale prototype. The bolted connection was materialized by two M10
stainless steel connectors per girder, installed with a 300 mm longitudinal spacing.
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Figure 7.3.: Details of the connections between main and secondary girders of the full-scale prototype.

7.2.1. Ultimate limit states

Regarding the design of the full�scale footbridge prototype, it complied with the ULS
requirements of Eurocodes 0 [64] and 1 [65], namely by considering the design loads and
partial safety factors presented in Table 7.1.

Table 7.1.: Design loads and partial safety factors considered in the design of the full�scale footbridge
prototype.

Loads Materials

Self�weight Live load γM (�)

gk (kN/m2) γG (�) qfk (kN/m2) γQ (�) GFRP SFRSCC

1.11 1.35 5.00 1.50 2.00 1.50

It should be mentioned that the Eurocodes do not establish partial safety factors for the
GFRP material (γM ) and, therefore, the value presented in Table 7.1 was de�ned within
the Pontalumis project. The fact that the proposed coe�cient is lower than those proposed
by some existing standards/guidelines for composite materials, namely the EuroComp [38],
stems from the extensive testing to which this particular GFRP material was subjected to,
both at coupon and full�scale levels. Nevertheless, the chosen partial safety factor (2.0) is
higher than that proposed in the more recent Italian Guidelines [68] (<1.5).

The basic ULS design requirement set in the Eurocodes is that the design strength (Rd) is
equal or higher than the design loads (Sd) [64]:

Sd ≤ Rd (7.1)
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The ultimate limit states design load combination may be written as follows:

Sd = γG × gk + γQ × qfk (7.2)

Thereafter, using Eq. (7.2) with the data provided in Table 7.1, a design load qsd =
9.0 kN/m2 is determined. The design values of the internal forces, namely (i) the shear force
(Vsd = 94.5 kN), (ii) the bending moment (Msd = 248.1 kNm); and (iii) the support reaction
(Rsd = 47.3 kN), are determined with Eqs. (7.3) to (7.5) using simple beam theory.

Vsd = (qsd · b)
L

2
(7.3)

Msd = (qsd · b)
L2

8
(7.4)

Rsd =
Vsd
2

(7.5)

The ultimate design strengths, on the other hand, are obtained by dividing the characteristic
strengths of the materials by the corresponding material partial safety factor:

Rd = Rk/γM (7.6)

The characteristic strengths (Rk) may be determined as the 5% percentile of the material
strength determined experimentally, according to Eurocode 2 [85]. For the concrete material,
the characteristic compressive strength (fck) should be determined considering the tests on
cylinder coupons [85]. Table 7.2 summarizes the material characteristic strengths relevant
for the design of the full�scale prototype.

Table 7.2.: Material characteristic strengths relevant for the design (MPa).

Property
GFRP

SFRSCC
Flange Web

σtu,Lk 284.5 246.3 �
σcu,Lk 41.8 64.4 �
τLTk � 19.2 �
fck � � 52.5
fcr,k � � 4.15
fR,4k

1 � � 5.47

7.2.1.1. Longitudinal direction

Regarding the longitudinal direction, four failure modes were considered: (i) �exure failure,
governed by the material strength or by the local buckling of the compressed plates; (ii) shear
failure, governed by the material strength or by the local buckling of the distorted plates;

1fR,4 corresponds to the ultimate tensile residual strength of the SFRSCC in �exure according to the
RILEM TC 162 TDF [104], cf. Section 4.3.2.3.
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(iii) shear�failure interaction; and (iv) crushing at the support sections. The redundant
connection systems in the GFRP�SFRSCC interface were then designed, individually, so
that failure does not occur in this interface.

7.2.1.1.1 Flexural failure

The neutral axis (NA) of the cross�section can be determined with Eq. (6.3) (cf. page 186),
while the corresponding sti�ness can be determined with Eq. (6.4) (cf. page 187). The above
mentioned formulae predicts that the neutral axis of the full�scale prototype is positioned
at a distance of 62.20 mm from the top �bre, while the �exural sti�ness is predicted as
23211 kNm2.

Assuming that the �exural failure of the section is due to the tensile failure of the GFRP
main girders' bottom �anges, an ultimate characteristic strain of εtu,Lk = 7967 µm/m is
determined for the bottom �bre. In order to achieve such strain, a curvature of χrk =
21.11 10−3/m must be imposed to the section. Thereafter, the ultimate characteristic
bending moment is determined with Eq. (7.7):

Mrk = EI · χrk (7.7)

Dividing the ultimate characteristic bending moment by the GFRP material partial
safety factor (cf. Eq. (7.6)), the ultimate design bending moment (Mrd) is determined as
490.3 kNm. This bending moment, governed by the material failure of the bottom �ange,
corresponds to maximum: (i) compressive stress of 8.56 MPa on the GFRP top �anges;
(ii) compressive stress of 1.95 MPa; and (iii) tensile stress of 91.7 MPa on the GFRP webs;
and (iv) compressive stress in the SFRSCC of 24.8 MPa, showing that the assumed hypoth-
esis (i.e. tensile failure in the GFRP bottom �ange) is valid. Moreover, the fact that the
ultimate design bending moment corresponds to such low stress levels on the SFRSCC (less
then 50% of fck) shows that this material is in its linear branch, meaning that Eq. (6.4) is
valid for determining the �exural sti�ness of the cross�section (EI).

On the other hand, if the �exural failure of the cross�section is due to the local buckling
of the web2, then the critical compressive stress (σwebcr ) can be computed using Eq. (4.27)
(cf. Section 4.2.3.3, page 93). This equation provides a conservative estimate of the critical
compressive stress for the present situation, since it is formulated considering a symmetric
and linearly varying compressive stress, while for the present case most of the web is in
tension. The critical compressive stress of the web (σwebcr ) is then estimated as 213.5 MPa,
more than 100 times the maximum compressive stress of the web considering material
failure, as shown earlier. This result shows that the �exural failure of the cross�section
is not governed by local buckling.

7.2.1.1.2 Shear failure

For the design of the present structure, it was assumed that the shear stresses were supported
only by the GFRP pro�les' webs. As mentioned earlier, this is a common design assumption
for hybrid GFRP�concrete structures with I�section pro�les, which leads to conservative
results [60�62]. Moreover, the concrete jackets at the support section are not accounted for

2Note that the compressed �ange is restrained by the (much thicker) slab and, therefore, it does not buckle.
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the shear strength of the structure. Thereafter, the shear strength may be governed (i) by
the material strength, or (ii) by the critical buckling stress of the webs in shear (τwebcr ).
The critical shear stress was determined, using Eq. (4.39) (cf. page 95), as 42.9 MPa, more
than twice the ultimate characteristic shear strength of the web plates (τLTk, cf. Table 7.2),
showing that this failure mode is also governed by the material strength.

The ultimate design shear strength (Vsd) is then determined, using Eq. (4.37) (cf. page 95),
as 111.0 kN.

7.2.1.1.3 Shear��exure failure interaction

As discussed previously, regarding the failure of the small�scale prototype (cf. Sec-
tion 6.4.6.3), the failure mechanism of the proposed structural system may result from
shear��exure failure interaction. Henceforth, Eq. (6.13) (cf. page 192) is used with the de-
sign strength and load values to determine a 0.79 safety coe�cient (lower than 1, i.e. on
the safe side). It should be mentioned that, similarly to what was done for the small�scale
prototype, the stress distribution was estimated with a simpli�ed thin�walled cross�section
where the GFRP pro�les' upper �anges were disregarded and the web was extended until
the SFRSCC slab mid�line. This simpli�ed cross�section presents a very similar �exural
sti�ness to that of the original cross-section (relative di�erence of -1.5%). Unlike what was
observed for the small�scale prototype, for this case failure is predicted at the shear centre
of the support sections. The web shear stress distribution at failure for the latter section is
shown in Figure 7.4. It should be noted that the longitudinal axial stresses are null at the
support sections.

4 5 6 7 8 9 1 0
0

4 0
8 0

1 2 0
1 6 0
2 0 0
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]

t  [ M P a ]
Figure 7.4.: Design web shear stress (τsd) distribution at the support section.

7.2.1.1.4 Crushing at the support sections

The design of the support sections, which have concrete jackets, may be conservatively
estimated disregarding the contribution of the GFRP webs to the overall strength. However,
Correia [5] has shown that the compressive strength of unreinforced concrete jackets loaded

246



GFRP�concrete hybrid structural systems. Application to the development of a footbridge prototype

in the transverse direction of the web at failure may be signi�cantly lower (down to 60%)
than its average compressive strength (fc, measured on cylinder coupons). Thereafter,
Eq. (7.8) is proposed in order to estimate the strength of the concrete jackets to concentrated
loads:

Rcj,k = Leff · bcj × 0.5fck (7.8)

where, Leff is the support length and bcj is the concrete jacket's width (width of the
pro�le minus web thickness). With this formula, which conservatively considers only 50%
of the concrete's compressive strength, the minimum design support length is estimated as
14.60 mm (in the experimental tests a 100 mm support length was used).

7.2.1.1.5 Shear connection

As mentioned earlier, the shear connection is provided by both (i) an adhesive bond and
(ii) a bolted connection, the latter provided as a redundant connection system in case of
premature degradation of the mechanical properties of the epoxy adhesive.

Concerning the strength of the adhesive connection, the failure test of the small�scale
prototype (cf. Section 6.4.5), in which failure occurred in the GFRP material, provides
a lower bound for the strength of the interface. In this regard, the maximum shear stresses
at the adhesive may be estimated with Eq. (6.14) in 30.8 MPa, which, being a lower bound,
may be taken as the characteristic strength of the interface (τak) for design purposes. On the
other hand, for the full�scale the design shear stress at the interface due to the design load
(qsd) is τsd = 8.5 MPa, as shown in Figure 7.4. Thereafter, considering a material partial
safety factor of γM = 2.0 for the bonded interface, the design shear strength obtained
is τrd = 15.4 MPa, approximately 1.8 times higher than τsd, showing that failure is not
governed by the failure of the epoxy adhesive.

Regarding the design of the bolts, which, as mentioned earlier, does not consider the
contribution of the adhesive, since the failure of the structure occurs when the SFRSCC
is within its linear behaviour branch, the design method used for the small�scale pro�le
(cf. Section 6.2) was deemed as overly conservative. Thereafter, the bolted connection was
designed to present higher strength than the shear stresses applied when the governing
failure mode occurs.

The calculations presented earlier show that the governing failure mode is the shear failure
of the main girders webs, which occurs for a design strength load (qrd) of 10.6 kN/m2,
corresponding to a 291.2 kNm bending moment at the midspan section. For this load level,
the maximum compressive load on the SFSRCC deck (Frd, considering a linear behaviour)
is 771.4 kN.

The strength of the bolted connection, on the other hand, was determined experimentally;
a characteristic strength per bolt (Rbk) of 20.3 kN was obtained (cf. Section 5.2.5.2).
Assuming a 1.5 material partial safety factor (γM ), the design strength per bolt (Rbd) is
13.5 kN. Thereafter, the number of mechanical connectors (Nr) needed may be estimated
by conservatively considering the maximum compressive load of the deck (which is veri�ed
only at midspan), thereby adapting Eq. (6.2) (page 171) as follows:

Nr = 2× Frd
Rbd

(7.9)
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Using Eq. (7.9), the number of connectors needed is estimated as over 114 connectors.
Using 4 connectors per section, i.e. a pair of connectors in each main girder, the maximum
longitudinal spacing to ensure safety is 367.7 mm. In order to guarantee that failure does not
occur in the bolted connection before it occurs in the GFRP webs, a longitudinal spacing
of 300 mm between connectors was used.

7.2.1.1.6 Summary

The ultimate limit states analysis concerning the longitudinal direction presented earlier
shows that the full�scale footbridge prototype structure ful�ls the ULS requirements
(cf. Eq. (7.1)). The results are summarized in Table 7.3, including the strength factor
(S.F. = Sd/Rd), which evaluates the percentage of the strength required by the applied
loads, showing that the shear failure is the governing mode. It should be noted that the
strength factor is lower for the shear failure mode than for �exure�shear failure interaction.
This di�erence is due to the fact that the latter failure was evaluated considering the
contribution of the concrete to the shear stress distribution, while the former considered
the contribution of the webs only. Additionally, it should be mentioned that the strength
presented for the failure due to crushing at the support sections was determined considering
a 100 mm support length.

Table 7.3.: Summary of ULS design in the longitudinal direction.

Failure mode
Flexure Shear Interaction Crushing
(kNm) (kN) (�) (kN)

Sd 248.1 94.5 � 47.3
Rd 490.3 111.0 � 323.6
S.F. 0.51 0.85 0.78 0.15

7.2.1.2. Transverse direction

7.2.1.2.1 Flexural failure

In the transverse direction the thin SFRSCC deck must be able to sustain the loads by itself
without any rebar reinforcement. The deck has three transverse spans, two cantilevers and
one interior span. Therefore, the design bending moments must be determined considering
that the live load may not be distributed in the entire width of the deck. The governing
bending moments, for the cantilever and interior span, can be determined as follows,

M−trans,sd = −qsd · L
2
cant

2
(7.10)

and

M+
trans,sd =

qsd · L2
int

8
− gsd · L2

cant

2
(7.11)

where, Lcant and Lint are the transverse cantilever and interior spans, respectively (450 mm
and 1100 mm, cf. Figure 7.1).
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The design strength bending moment (Mtrans,rd) was determined considering the SFRSCC
stress�strain relationship depicted in Figure 7.5, idealized based on the recommendations
proposed by Salehian [84], in which the design strengths were used, i.e. the cracking strength
(fcr) was replaced by the design cracking strength (fcr,d), and the post�cracking strength
(fpost−cr) was replaced by the design residual cracking strength (fR,4d).

Figure 7.5.: Idealized stress�strain relationship of the SFRSCC.

Given the non�linear response of the SFRSCC material, as assumed in Figure 7.5, the
sti�ness of the slab was determined with Eq. (7.12), using an iteration routine,

Ksec =

∫
σ(ε)

ε

[
1 z

z z2

]
dΩ (7.12)

where ε is the axial strain, σ(ε) is the axial stress (which in the non�linear regime is a
function of the axial strain) and Ω is the cross�section area. Thereafter, it is possible to
determine the ultimate bending moment of the cross�section with Eq. (7.13),

[
N

M

]
= Ksec

[
ε

χ

]
(7.13)

by setting a null axial load (N) and a maximum strain corresponding to the ultimate
compressive or tensile strains (3.50h or 150εcr), whichever case is governing. The design
strength bending moment was, thereby, evaluated as 2.33 kNm/m, while the axial stress
distribution over the SFRSCC slab cross�section depth (hc) is presented in Figure 7.6.

7.2.1.2.2 Shear failure

In the transverse direction the design shear load can be determined for the cantilever and
the interior span using Eqs. (7.14) and (7.15),

V −sd = −qsd · Lcant (7.14)

and

V +
sd =

qsd · Lint
2

(7.15)
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Figure 7.6.: Axial stress distribution over the SFRSCC slab at transverse failure.

The shear strength, on the other hand, can be conservatively estimated neglecting the
contribution of the steel �bre reinforcement. Thereafter, the minimum design shear strength
(vmin) of the SFRSCC is determined using the recommendations of Eurocode 2 [85],

vmin = 0.035k3/2f
1/2
ck (7.16)

and

k = 1 +

√
200

d
≤ 2.0 (7.17)

where d (in mm) is the distance between the top �bre of the section and the centre of
the longitudinal reinforcement. For the present case, since no longitudinal reinforcement is
provided, d is considered to be the thickness of the deck. The design resistant shear load
(Vrd) is then estimated with Eq. (7.18):

Vrd = vmin × b · d (7.18)

where b is the width of the cross�section, resulting in Vrd = 26.9 kN/m.

7.2.1.2.3 Summary

The results obtained in the preceding sections are summarized in Table 7.4, showing that
the ULS requirements are ful�lled for the transverse direction without the need of adding
any internal rebar reinforcement.
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Table 7.4.: Summary of ULS design in the transverse direction.

Failure mode
Flexure Shear
(kNm/m) (kN/m)

Sd 1.21 4.95
Rd 2.33 26.89
S.F. 0.52 0.18

7.2.2. Serviceability limit states

The SLS requirements for footbridges de�ned in Eurocode 0 [64] do not include any
deformation limits but only vibration limits in order to guarantee pedestrian comfort. In this
regard, two alternative sets of requirements are proposed: (i) direct criteria, namely vertical
accelerations under 0.7 m/s2 and horizontal accelerations under 0.2 m/s2 and 0.4 m/s2 for
normal use and crowd conditions, respectively; and (ii) indirect criteria, namely fundamental
frequencies of the deck higher than 5 Hz for vertical vibrations modes and 2.5 Hz for lateral
and torsional vibrations modes. Furthermore, a maximum stress criterion for serviceability
permanent stresses is included.

Using Eqs. (6.31) and (6.39) (cf. pages 207 and 208) in order to estimate the fundamental
bending and torsional frequencies of the full�scale prototype, one obtains fbending = 5.96 Hz
and ftorsion = 7.17 Hz, both values ful�lling the requirements set by the indirect cri-
teria mentioned earlier. Further information about these calculations is provided in Sec-
tion 7.5.1.2.

Concerning the deformability limit states requirements, as Eurocode 0 [64] does not set
any deformability requirements for footbridges, the partners of the Pontalumis project (cf.
Chapter 3) decided to limit the long�term midspan de�ection of the full�scale prototype
when subjected to the quasi�permanent load combination to 26 mm, which corresponds to
L/400. As a benchmark for this limit, Eurocode 2 [85] sets the maximum de�ections for
concrete �oors in buildings at L/250 or, for cases in which the deformations may damage
non�structural elements, such as masonry walls, at L/500.

Using the creep models developed for the small�scale prototype (cf. Section 6.6.3), a long�
term midspan de�ection of 20.37 mm (≈L/565) is estimated for the quasi�permanent
load combination (which, for footbridges, corresponds to the permanent loads according to
Eurocode 1 [65]), after a period of 100 years, and considering an average temperature and
relative humidity of 25oC and 60%, respectively. More details on creep behaviour predictions
for the full�scale prototype are provided in Section 7.6.3.

On the other hand, the Italian guidelines for FRP structures [68] recommend the de�ections
to be limited to 1/100 of the span (L) for the rare (characteristic) load combination. In
order to check this criterion, the instantaneous de�ections induced in the structure by the
characteristic live load (qfk), which do not cause creep due to their short�term nature,
should be added to the long�term de�ections caused by the permanent loads, assuming
the superposition principle. Thereby, the long�term midspan de�ection for the rare load
combination after 100 years is δrarelong−term = 20.37 + 37.73 = 58.16 mm, corresponding to
L/180, thus below the proposed limit.

Additionally, owing to concerns regarding the rupture of the GFRP material under perma-
nent stresses, it is recommended to limit the maximum stress under serviceability loads [4].
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The Italian guidelines [68] suggest that the permanent stresses on the GFRP members
should be limited to 30% of the design strength. For the present structure, the maximum
stress on the GFRP main girders for the quasi�permanent load combination is 9.26 MPa,
corresponding to 6.5% of σtu,Ld, thereby verifying the stress limit criterion.

Table 7.5 summarises the results of the SLS analyses.

Table 7.5.: Summary of SLS design.

Limit state
Vibration Deformability

Stress
Vertical Horizontal/Torsion Quasi�permanent Rare

Requirement ≥ 5.0 Hz ≥ 2.5 Hz ≤ L/500 ≤ L/100 ≤ 30
Result 5.96 Hz 7.17 Hz L/565 L/180 6.5

7.3. Construction of the prototype

The construction of the full�scale prototype began with the manufacturing of the GFRP
I400 section pultruded pro�les at ALTO Per�s Pultrudidos, Lda.. Figures 7.7 and 7.8 show
the pultrusion process of the pro�les, which were produced for the �rst time in the context
of this project. Such production required a considerable extension of ALTO's pultrusion
facilities due to the very large quantities of glass �bre reinforcement needed for the I400
pro�le production.

Figure 7.7.: Beginning of the pultrusion of the I400
pro�les.

Figure 7.8.: Pultrusion of the I400 pro�les in
progress.

Afterwards, the GFRP pro�les were assembled (I400, I200 and angle sections) according
to the dispositions presented in Figures 7.2 and 7.3, using stainless steel bolts and rods
to materialize the connections. Figure 7.9 shows the aspect of the assembled girders, while
Figure 7.10 shows the GFRP girders loaded on a small truck and ready to be transported for
the construction site, attesting the lightness and ease of transportation characteristic of FRP
structural systems. Additionally, Figure 7.9 shows the holes made in the top �anges, near the
extremities of the I400 pro�les, in order to cast the SFRSCC of the concrete jackets.

In the meantime, at the facilities of Tecnipor (a precast concrete company), where the full�
scale prototype was to be constructed, the slab formwork was being prepared. Figure 7.11
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Figure 7.9.: Assembled girders. Figure 7.10.: Girders on the transport truck.

shows the construction of the formwork, while Figure 7.12 shows the formwork ready for
the SFRSCC cast with the release agent already applied.

Figure 7.11.: Construction of the formwork. Figure 7.12.: Formwork ready for the cast.

Figure 7.13 shows the casting of the SFRSCC slab, while Figure 7.14 shows the regularization
of the top surface of the slab.

Figure 7.15 shows the �nal aspect of the slab after the casting process was completed.
Additionally, the casting of the SFRSCC jackets at the support sections was performed
and the stainless steel connectors used at that interface areas were installed, as shown in
Figure 7.16.
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Figure 7.13.: Casting of the SFRSCC slab. Figure 7.14.: Regularization of the slab surface.

Figure 7.15.: Final aspect of the slab after being cast. Figure 7.16.: Concrete jackets and
stainless steel connectors.

After the SFRSCC of the slab was hardened, 30 mm deep holes were drilled in the deck, at
predetermined positions, in order to accommodate the stainless steel connectors, as depicted
in Figure 7.17. These stainless steel connectors were then installed in the previously drilled
holes, as shown in Figure 7.18, using an epoxy resin (S&P Resin 220, cf. Section 4.4.3) to
guarantee a monolithic connection with the slab.

After a 5 day period, set for the hardening of the epoxy adhesive that embedded the
connectors, the interface areas (which would be in contact with the GFRP main girders)
were roughened with sand paper and duly dusted, in order to enhance the bond, and an
epoxy adhesive layer was applied, as shown in Figure 7.19. The 2 mm thickness preconized
was guaranteed by gluing small 2 mm plastic spacers on the slab, scattered throughout the
interface areas. After this process was completed, the GFRP girders were positioned, using
a moving crane, into the top of the slab, as depicted in Figure 7.20.
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Figure 7.17.: Drilling of the SFRSCC slab. Figure 7.18.: Installation of the stainless steel con-
nectors.

Figure 7.19.: Application of the epoxy adhesive
layer.

Figure 7.20.: Installation of the girders on the
deck.

Once all the structural elements were positioned, the washers and nuts were installed in the
connectors, as shown in Figure 7.21, and were screwed tightened with an electric screwdriver.
After all the nuts were tighten, the excessive squeezed adhesive was cleaned from the edges
of the interface areas. Figure 7.22 shows the aspect of the assembled structure.

The footbridge prototype was rotated (180o) and put into position 9 days after the assembly
of all elements, a period given for the epoxy adhesive of the GFRP�SFRSCC interface to
fully harden. In order to avoid damaging the SFRSCC slab during this process, namely of
its edges, an auxiliary system, especially designed for this purpose, comprising steel pro�les,
wood blocks and GFRP pro�les, was installed. Figure 7.23 shows several stages of the
rotation process that was performed with a moving crane. Figure 7.24 presents the �nal
aspect of the full�scale prototype.
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Figure 7.21.: Installation of the washers and nuts. Figure 7.22.: Aspect of the assembled structure.

Figure 7.23.: Rotation of the full�scale prototype.

Figure 7.24.: Final aspect of the full�scale prototype.
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7.4. Static behaviour of the prototype

7.4.1. Overview

Following the investigations regarding the static behaviour of the small�scale prototype
(cf. Section 6.4), this section presents the experimental investigations regarding the static
behaviour of the full�scale prototype. In this case, the experiments respect only the
serviceability behaviour of the structure, since the footbridge prototype is meant to be
installed in real service conditions and, therefore, could not be tested up to failure.

Similar design tools as those used in the previous chapter (cf. Section 6.4), namely analytical
and numerical models, were used to predict the structural behaviour, with the results
obtained with these simulation tools being compared to the experimental data.

7.4.2. Serviceability tests

As for the remaining tests, the footbridge prototype was installed with a 10.5 m simply
supported span, with all supports allowing rotations in the bending axis, while longitudinal
displacements were only allowed on one side of the prototype. These support systems laid
on top of two concrete blocks, on each side, as shown in Figure 7.24.

The serviceability tests were performed by loading the prototype with closed water reser-
voirs, which had an average weight of 10.6 kN and plan dimensions of 1.0 × 1.2 m2, cor-
responding to a distributed load of 8.8 kN/m2 (76% higher than the characteristic load
speci�ed in Eurocode 1 [65] for footbridges, 5 kN/m2). The reservoirs were successively
positioned with a stacker on top of the deck in three di�erent uniformly distributed load
con�gurations, as shown in Figure 7.25: (a) along the entire span, centred with the deck in
a width of 1.20 m (total load of 106.0 kN); (b) in the central part of the span, in a length
of around 2.70 m (with a small gap of 0.30 m in the vicinity of midspan), across the entire
width of the deck (2.00 m, total load of 42.2 kN); and (c) in the central part of the span,
in a length of 5.10 m (with a gap of 0.30 m in the vicinity of midspan), also across the
entire width of the deck (total load of 84.4 kN). The loading and unloading operations were
performed as fast as possible in order to minimize creep e�ects � the duration of these
operations varied between 10 and 50 minutes.

During the tests vertical de�ections were measured at the midspan section underneath
both GFRP pro�les, while axial strains were measured at di�erent positions of that cross�
section, as depicted in Figure 7.26. The de�ections were measured with electrical transducers
(precision of about 0.01 mm), whereas the axial strains were measured with electric strain
gauges. Data was gathered at a rate of 1 Hz with data loggers and was registered in a
PC.

The footbridge prototype exhibited linear�elastic load�de�ection and load�axial strain
behaviour in all the tests during both the loading and unloading processes. Table 7.6 presents
the average midspan de�ections (δms,Avg) and axial strains (εc,Avg, εw,Avg and εf,Avg, for the
concrete, GFRP webs and �anges, respectively) measured at the end of the loading process
(for each load con�guration).

The results obtained are in agreement with a linear�elastic structural response, namely:
(i) de�ections/axial strains for load con�guration (b) were around half of those for con�g-
uration (c) (similar con�gurations were used and the load in (c) was twice of that used
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Figure 7.25.: Serviceability tests on the full�scale prototype: load con�gurations.

Figure 7.26.: Axial strain gauges positioning at the midspan section of the full�scale prototype.

in (b)); (ii) de�ections/axial strains for load con�guration (a) were lower than those for
con�guration (c) (a higher total load was used in (a), but in (b) loads were concentrated
in the vicinity of midspan). Regarding the unloading process, the small residual de�ections
of 4.52%, 0.98% and 4.10% for load con�gurations (a), (b) and (c), respectively, may have
been caused by (i) some initial accommodation of the support system and/or (ii) the initial
creep developed during the loading process.
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Table 7.6.: Summary of the results of the serviceability tests on the full�scale prototype.

Load con�guration
δms,Avg εc,Avg εw,Avg εf,Avg χ

(mm) (µm/m) (µm/m) (µm/m) (10−4/m)

a 38.07 -190 320 1102 30.6
b 23.27 -145 220 712 20.3
c 43.28 -252 392 1208 34.6

7.4.3. Analytical simulation

Disregarding the midspan gap for load con�gurations (b) and (c), all load con�gurations
may be schematized as shown in Figure 7.27, i.e. as uniformly distributed loads applied
in a portion of the deck, centred with the structure's longitudinal and transverse midspan
symmetry axes.

Figure 7.27.: Full�scale prototype serviceability tests: scheme of load con�gurations.

Table 7.7 presents the geometrical parameters (a and b) for each load con�guration as well
as the respective load level (q).

The bending moment at the midspan section can then be determined with Eq. (7.19):

Mms = q ·
(
ab

2
+
b2

8

)
(7.19)

The midspan average de�ections (δms) can be estimated with Eq. (6.61) (cf. page (6.61)).
The �exural and shear sti�ness of the cross�section (EI and GkA, respectively) are de-
termined based on the same assumptions made for the small�scale prototype (cf. Sec-
tion 6.4.6.1) as 46443 kNm2 and 40310 kN. Additionally, the curvature of the midspan
section is determined with Eq. (7.20), while the strains at each position are determined
with Eq. (7.21),

χms =
Mms

EI
(7.20)

and

εms = χms · z (7.21)

where, z is the vertical distance between the neutral axis (NA) and the �bre in which the
strains are to be determined. Table 7.8 summarizes the analytical predictions and compares
them to data obtained experimentally.

Concerning the midspan de�ections, the analytical predictions show a good agreement with
the experimental results for all loading cases with absolute relative di�erences ranging from
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Table 7.7.: Full�scale prototype serviceability tests: load parameters.

Load con�guration
a b q

(m) (m) (kN/m)

(a) 0.0 10.5 8.8
(b) 3.9 2.7 17.6
(c) 2.7 5.1 17.6

6.8% to 14.4%. A similar agreement was found for the small�scale prototype regarding the
serviceability tests (cf. Table 6.3, page 187) and the instantaneous de�ections measured
in the creep tests (cf. Section 6.6.3.1). Regarding the predictions of the axial strains and
curvature, a fair to good agreement was also observed, with absolute relative errors ranging
from 0.4% to 19.5%.

7.4.4. Numerical simulation

In order to simulate the structural behaviour of the footbridge prototype observed in the
experimental tests, a �nite element (FE) model was developed using the commercial package
SAP2000, similarly to the model developed to simulate the behaviour of the small�scale
prototype (cf. Section 6.4.7). This model included 8�node solid brick elements in order to
simulate most structural components, namely: (i) the SFRSCC deck; (ii) the 2 mm thick
epoxy adhesive layer; (iii) the GFRP main girders; (iv) the GFRP secondary girders, (v) the
steel support plates, and (vi) the GFRP angle sections (cf. Figures 7.1 to 7.3). Two�joint
link elements were also used to simulate the bolted connections between main and secondary
girders and to connect the support sections to the rotation centre of the supports. Figure 7.28
presents a tri�dimensional view of the FE model, including a detail of the connection between
the main girders and the interior secondary girders.

All materials were considered linear�elastic, using the material properties obtained from ex-
perimental coupon testing (cf. Chapter 4). The GFRP pro�les were modelled as orthotropic
materials (for the I400 pro�le, the longitudinal to transverse Poissons' coe�cients (νLT ),
which were not obtained experimentally, were assumed to be the same as those of the I200
pro�le, cf. Table 4.13, page 71) and the remaining materials were modelled as isotropic. A
perfect bond was assumed at the GFRP�epoxy and SFRSCC�epoxy interfaces, i.e. only the
adhesive distortion was considered. This modelling approach is supported by the results of
the shear connection tests (cf. Chapter 5) and validated by the present test results, namely

Table 7.8.: Full�scale prototype serviceability tests: analytical vs. experimental results.

Load δms (mm) χ (10−4/m)

con�guration Exp. Analytical di�. Exp. Analytical di�.

a 38.07 33.00 -13.3% 30.6 26.1 -14.7%

b 23.27 26.61 14.4% 20.3 23.4 15.3%

c 43.28 46.21 6.8% 34.6 38.4 11.0%

Load εc,Avg (µm/m) εw,Avg (µm/m) εf,Avg (µm/m)

con�guration Exp. Analytical di�. Exp. Analytical di�. Exp. Analytical di�.

a -190 -162 -14.5% 320 293 -8.4% 1102 946 -14.1%

b -145 -146 0.4% 220 263 19.5% 712 848 19.1%

c -252 -239 -5.2% 392 431 10.0% 1208 1392 15.2%
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Figure 7.28.: Tri�dimensional view of the FE model of the full�scale prototype.

the axial strains measured throughout the depth of the hybrid section in the serviceability
tests.

The static tests were simulated by applying surface pressure loads in the top elements of the
deck with the geometry of each load con�guration, described in Section 7.4.2, and performing
a linear�elastic analysis, as all materials behaved within their linear�elastic range.

The numerical predictions are presented in Table 7.9, which also compares the experimental,
analytical and numerical results for each load con�guration.

The results obtained show an excellent agreement between the average midspan de�ections
predicted by the FE model and those measured in the tests, with a maximum absolute
relative di�erence of 3.3% among the three load con�gurations. Regarding the average
axial strains, the agreement between numerical results and experimental data varied from
very good to reasonable, with a maximum relative di�erence of 33%; however, in general,
the relative di�erences were lower than 12%. It should be noted that these results refer
to relatively low axial strains and that the measurement of axial strains is typically less
precise than that of de�ections (especially in concrete, due to its heterogeneous nature and
susceptibility to cracking). Furthermore, it is worth mentioning that very reduced relative
di�erences (maximum of 7%) were registered regarding the midspan cross�section curvature.
Overall, these results show that the FE model is able to simulate the static �exural behaviour
of the hybrid structure with excellent accuracy, improving the predictions made with the
analytical models.

Additionally, the FE model was used to predict the failure behaviour of the full�scale
prototype, in order to validate the ULS design performed earlier with analytical models
(cf. Section 7.2.1). To this end, two load con�gurations were considered: (i) load applied
on the entire deck surface; and (ii) load applied over half of the deck width (to assess the
torsional e�ects). Using the Tsai�Hill failure initiation criterion for the GFRP plates (cf.
Eq. (4.45), page 100), the ultimate load was estimated as 22.8 kN/m2 and 20.7 kN/m2

(plus self-weight), for these load con�gurations (i.e. load applied in the entire deck or in
half of its width), respectively. For both load con�gurations, failure was predicted in the
webs of the main girders, at a distance of 650 mm from the support sections, near the web�
�ange junction. Moreover, for both cases, failure is almost solely due to shear stresses, which
contributed with over 99.7% for the Tsai�Hill index, similarly to what was predicted with
the simpler �exure�shear failure interaction analytical model (cf. Section 7.2.1.1.3).
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Table 7.9.: Full�scale prototype serviceability tests: numerical, analytical and experimental results.

Load con�guration (a) (b) (c)

δms

Experimental (mm) 38.07 23.27 43.28

Analytical
(mm) 33.00 26.61 46.21
di�. -13.3% 14.4% 6.8%

FE (mm) 36.82 23.1 42.34
di�. -3.3% -0.7% -2.2%

χ

Experimental (10−4/m) 30.6 20.3 34.6

Analytical
(10−4/m) 26.1 23.4 38.4
di�. -14.7% 15.3% 11.0%

FE (10−4/m) 30.6 21.3 37
di�. 0.0% 4.9% 6.9%

εc,Avg

Experimental (µm/m) -190 -145 -252

Analytical
(µm/m) -162 -146 -239
di�. -14.5% 0.4% -5.2%

FE (µm/m) -188 -117 -207
di�. -1.1% -19.3% -17.9%

εw,Avg

Experimental (µm/m) 320 220 392

Analytical
(µm/m) 293 263 431
di�. -8.4% 19.5% 10.0%

FE (µm/m) 425 242 369
di�. 32.8% 10.0% -5.9%

εf,Avg

Experimental (µm/m) 1102 712 1208

Analytical
(µm/m) 946 848 1392
di�. -14.1% 19.1% 15.2%

FE (µm/m) 1102 782 1354
di�. 0.0% 9.8% 12.1%

Additionally, it should be noted that, for both cases, the maximum tensile stress in the
SFRSCC is lower than 6 MPa (< fcr), with the exception of small areas over the support
sections that present higher tensile stresses, owing to the small dimension of the FE elements
(≤ 50 mm), together with the vicinity of the point restrictions simulating the supports. The
maximum compressive stress on the SFRSCC, on the other hand, is lower than 35 MPa
(< 0.7 × fck), well within the elastic branch of the material behaviour, thereby validating
the linear analysis performed with the FE model. It is also worth noting that the governing
load con�guration corresponded to the load applied in half of the deck width, attesting the
importance of torsional e�ects on this type of structural system.

Using the FE model results to formally design the full�scale prototype with regard to the
ULS requirements, i.e. considering the design load combinations and partial material safety
coe�cient presented in Section 7.2.1, a maximum Tsai�Hill index of 0.85 is obtained (as
mentioned, governed by the load case in which the load is applied in half of the deck width),
showing that the structure ful�ls ULS requirements.
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7.4.5. Conclusions

The current Section presented experimental investigations regarding the serviceability static
�exural behaviour of the full�scale prototype. Analytical and numerical models were used
to predict the experimental results showing good accuracy, proving once again to be reliable
tools for the design of GFRP�concrete hybrid structures.

Additionally, the FE model was used to validate the structural design with regard to
the ULS analysis, validating the design presented earlier and developed with analytical
models, showing that the hybrid GFRP�SFRSCC footbridge prototype complies with ULS
requirements.

7.5. Dynamic behaviour of the prototype

The present Section presents the study of the dynamic behaviour of the full�scale GFRP�
SFRSCC footbridge prototype, including experimental investigations regarding the modal
identi�cation of the footbridge structure and its response under pedestrian loads.

The results observed in the experimental investigations are compared with analytical and
numerical predictions.

7.5.1. Modal identi�cation

7.5.1.1. Experimental tests

The modal identi�cation tests were performed using a simple output�only method, already
described (cf. Section 6.5.1.2), by applying a stroke with a rubber hammer in the vicinity
of the quarter�span section (near the cantilever edge), while vertical accelerations were
measured at quarter and midspan sections, in positions A1 to A4 shown in Figure 7.29.

Figure 7.29.: Full�scale prototype modal identi�cation tests: instrumentation (dimensions in mm).

During the tests, the accelerations were measured in pairs with two equivalent accelerometers
(one from Endevco and the other from Brüel&Kjær) both connected to signal ampli�ers
(from Brüel&Kjær). Data was sampled at a rate of 600 Hz with a data logger (from
HBM, model QuantumX ) and stored in a PC. Six repetitions of each setup (accelerometer
pair) were performed in order to have representative results. Figure 7.30 shows the modal
identi�cation test ongoing.
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Figure 7.30.: Full�scale prototype modal identi�cation test ongoing.

As an illustrative example, Figures 7.31 and 7.32 show the records of the accelerations
measured at midspan and quarter�span sections with accelerometers A1+A2 and A3+A4,
respectively.
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Figure 7.31.: Modal identi�cation tests: accelera-
tions at positions A1 and A2.

Figure 7.32.: Modal identi�cation tests: accelera-
tions at positions A3 and A4.

The experimental records were analysed by applying a Fast Fourier Transform (FFT)
algorithm to the acceleration measurements, identifying the frequencies for which the FFT
presents its peak values. In order to identify these frequencies for both �exure and torsion
modes, this method was applied to the half�sum and half�di�erence of the accelerations
measured at points A1+A2 and A3+A4, examples of which are presented in Figures 7.33
and 7.34, respectively.
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Figure 7.33.: Full�scale prototype modal identi-
�cation tests: FFT of the half�sum and half�
di�erence of accelerations at A1 and A2.

Figure 7.34.: Full�scale prototype modal identi-
�cation tests: FFT of the half�sum and half�
di�erence of accelerations at A3 and A4.

This analysis allowed the determination of the �rst four vibration modes, whose charac-
teristics are summarized in Table 7.10. Furthermore, owing to the position of the stroke
applied (eccentric, cf. Figure 7.29), the richer frequencies on the FFTs correspond to tor-
sional modes, whereas the less rich vibration frequencies identi�ed correspond to �exural
modes. As expected, the anti�symmetric vibration frequencies (two half�waves) could only
be identi�ed for acceleration records at positions A3 and A4, since their expected defor-
mation at midspan is null. Moreover, the anti�symmetric �exural mode was only identi�ed
for the half�sum of these accelerations, while the anti�symmetric torsional mode was only
identi�ed for the half�di�erence of the same records.

Table 7.10.: Full�scale prototype modal identi�cation tests: summary of results.

Mode number
Vibration frequency (Hz)

Mode nature
Average Std. Dev.

1 6.60 0.04 Flexure symmetric
2 8.35 0.07 Torsion symmetric
3 21.70 0.10 Flexure anti�symmetric
4 24.10 0.07 Torsion anti�symmetric

It should be mentioned that more sophisticated modal identi�cation tests, using the
Enhanced Frequency Domain Decomposition (EFDD) method, were carried out in the
structure outside the scope of this thesis [13], presenting an excellent agreement to the
results obtained with the simpler method, with maximum relative di�erences of 8.7% (for
the torsion anti�symmetric mode, which was determined with a 6.1% CoV with the EFDD
method [13]).
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7.5.1.2. Analytical simulation

The vibration modes frequencies and shapes were estimated with the analytical models
presented earlier with regard to the small�scale prototype (cf. Section 6.5.1.3), namely
Eq. (6.31) for the �exure modes (Timoshenko beam theory, page 207), and Eq. (6.39) for
the torsion modes (page 208).

Regarding the torsional characteristics of the structure, the warping sti�ness of the sec-
tion (EIw) was calculated considering an homogenized section with respect to the elas-
ticity modulus of the SFRSCC (Ec) using the CUFSM [142] open�source software. The
main torsion properties of the cross�section are the following: (i) GJ = 505 kNm2;
(ii) EIw = 13524 kNm4; and (iii) ρIp = 75.7 kgm.

Table 7.11 summarizes the analytical predictions and compares them with the experimental
results.

Table 7.11.: Full�scale prototype modal identi�cation tests: experimental results vs. analytical predictions.

Mode number
Vibration frequency

Mode natureExperimental Analytical

(Hz) (Hz) di�.

1 6.60±0.04 5.96 -9.6% Flexure symmetric
2 8.35±0.07 7.17 -14.1% Torsion symmetric
3 21.70±0.10 21.14 -2.6% Flexure anti�symmetric
4 24.10±0.07 25.32 5.1% Torsion anti�symmetric

These results show that the analytical models proposed were well able to predict the mode
shape order, estimating the vibration frequencies with very good accuracy, with absolute
relative di�erences under 10%, except for the second mode (symmetric torsion), for which
an absolute relative di�erence of 14% was found.

7.5.1.3. Numerical simulation

The FE model described in Section 7.4.4 was used to predict the dynamic characteristics of
the footbridge, namely regarding its vibration frequencies and mode shapes for the �rst four
vibration modes. Table 7.12 summarizes these predictions and compares them with their
analytical and experimental counterparts, and Figure 7.35 presents the mode shapes of the
FE model.

Table 7.12.: Full�scale prototype modal identi�cation tests: experimental results, analytical and numerical
predictions.

Mode number
Vibration frequency

Mode natureExperimental Analytical FE model

(Hz) (Hz) di�. (Hz) di�.

1 6.56±0.04 5.96 -9.6% 6.02 -8.7% Flexure symmetric
2 8.35±0.07 7.17 -14.1% 9.69 16.1% Torsion symmetric
3 21.70±0.10 21.14 -2.6% 20.84 -4.0% Flexure anti�symmetric
4 24.10±0.07 25.32 5.1% 24.52 1.7% Torsion anti�symmetric
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Figure 7.35.: Full�scale prototype FE model: modal shapes.

The FE model predicted with very good accuracy the mode shapes and frequencies of the
�rst four modes, with absolute relative di�erences under 10%, except for the second mode
(torsion symmetric), for which an absolute relative di�erence of 16% was found, similarly
to the analytical predictions. Moreover, the relative di�erences obtained with the numerical
and analytical predictions are very similar for all modes.

It should be mentioned that the modal identi�cation tests using the EFDD method,
performed outside the scope of this thesis, detected a lateral bending asymetric vibration
mode, with a vibration frequency of 12.13 Hz [13], which was not predicted by the FE
model, as would be expected. However, this vibration mode may have been detected owing
to irregularities due to (i) geometry deviations introduced during the construction, (ii) the
very small (shrinkage) cracking observed in the footbridge deck at the time of those tests [13],
or (iii) the inability of the support system to fully restrain very small lateral displacements,
the e�ects of which cannot be predicted by a linear�elastic FE model.

7.5.2. Behaviour under pedestrian loads

7.5.2.1. Overview

As mentioned earlier (cf. Section 6.5.2.1), the design of footbridge structures is often
governed by serviceability requirements concerned with pedestrian comfort criteria [69,74],
which are more di�cult to be ful�lled in slender structures, such as the present full�scale
footbridge prototype that exhibits geometric slenderness and incorporates relatively �exible
materials (namely the GFRP). Thereafter, the assessment of the structural behaviour of
this type of structures under pedestrian loads is of great importance. In this context, two
sets of dynamic tests under pedestrian loads were performed: (i) tests with one pedestrian;
and (ii) tests with several pedestrians simulating a crowd.

For both tests, accelerations were measured at quarter and midspan sections, positions
A1 to A4 shown in Figure 7.36. The acceleration records were gathered with the same
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instrumentation described earlier (cf. Section 7.5.1.1), at a rate of (i) 600 Hz for one
pedestrian tests, and (ii) 200 Hz for the crowd tests.

Figure 7.36.: Full�scale prototype response under pedestrian behaviour tests: instrumentation (dimensions
in mm).

These tests allowed the direct assessment of pedestrian comfort criteria for the full�scale
prototype, namely those proposed by Eurocode 0 [64] and ISO 10137 [75]. Moreover, the
results gathered in the one pedestrian tests were compared with the predictions obtained
with the FE model in order to assess the accuracy of the numerical design tool.

7.5.2.2. Experimental tests

7.5.2.2.1 One pedestrian tests

One pedestrian tests were performed by measuring the vertical accelerations at the pre-
viously referred positions, while one pedestrian (weighing 85 kgf) crossed the footbridge
deck in a centred or eccentric path (cf. Figure 7.36) at di�erent walking paces: (i) slow;
(ii) normal; (iii) fast; and (iv) run. Figure 7.37 shows a one pedestrian test ongoing with
the pedestrian running in the eccentric path.

Figure 7.37.: Full�scale prototype one pedestrian tests: pedestrian running in the eccentric path.

As an example, Figure 7.38 presents the accelerations measured at position A1 when the
pedestrian walked normally in the centred and eccentric paths. The full acceleration records
are available in Appendix D.

Table 7.13 summarizes the maximum vertical accelerations registered in this set of tests,
showing that the maximum value for vertical acceleration speci�ed in Eurocode 0 [64]
(0.70 m/s2) is generally not reached. The only exception was the maximum acceleration
at position A1 when the pedestrian ran over the cantilever.

Regarding the fact that, even if seldom, vertical accelerations higher than 0.70 m/s2 (the
limit imposed by Eurocode 0 [64]) were measured during the tests, it should be noted that
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Figure 7.38.: Full�scale prototype one pedestrian tests: accelerations at position A1 when the pedestrian
walked normally in the centred and eccentric paths.

the peak accelerations do not fully represent the overall response of the structure and are
deemed to have little in�uence on the comfort of pedestrians travelling along the footbridge.
Furthermore, Bachmann and Ammann [70] suggest that the regulation limits are veri�ed
for a pedestrian weighing 70 kgf, which means that the experimental accelerations should
be reduced (assuming a linear�elastic behaviour) to approximately 82% of the measured
values before comparison with Eurocode 0 [64] limits, owing to the fact that the tests were
performed by a pedestrian weighing 85 kgf. This correction leads to maximum accelerations
of 0.77 m/s2, which are still (slightly) higher than the Eurocode 0 [64] limit.

Accounting for the previous statements, the experimental results of the one�pedestrian
tests seem to be in accordance with the SLS design using the indirect criteria presented in
Section 7.2.2, i.e. without the necessity of explicitly verifying the maximum accelerations,
owing to the relatively low values of maximum accelerations measured (which exceeded the
0.70 m/s2 limit in a very particular single case).

Table 7.13.: Full�scale prototype one pedestrian tests: summary of the experimental results.

Position Path Walk slow Walk normal Walk fast Run

A1 (m/s2)
Centred 0.10±0.03 0.10±0.01 0.14±0.02 0.46±0.05
Eccentric 0.17±0.06 0.10±0.01 0.37±0.02 0.94±0.15

A2 (m/s2)
Centred 0.05±0.02 0.05±0.00 0.07±0.01 0.49±0.09
Eccentric 0.08±0.03 0.05±0.00 0.14±0.00 0.44±0.07

A3 (m/s2)
Centred 0.09±0.04 0.07±0.01 0.09±0.01 0.40±0.09
Eccentric 0.15±0.06 0.14±0.02 0.19±0.06 0.15±0.06

A4 (m/s2)
Centred 0.05±0.02 0.04±0.00 0.07±0.01 0.36±0.12
Eccentric 0.07±0.02 0.07±0.01 0.10±0.02 0.07±0.02
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7.5.2.2.2 Crowd tests

One pedestrian tests were performed by having a small crowd travelling the bridge at random
pace and path for a period of around 5 minutes. The crowd comprised 6 or 7 pedestrians
(corresponding to ≈0.3 pedestrians/m2, a lower density than that de�ned as a sparse crowd
by [74], 0.5 pedestrians/m2) while vertical accelerations were measured at midspan (A1 and
A2, cf. Figure 7.36) and at quarter�span (A3 and A4), respectively. The average weight of
the pedestrians used in the tests was 81.3 kgf and 85.1 kgf for the accelerations measured
at mid and quarter�span, respectively. Figure 7.39 shows these tests in progress.

Figure 7.39.: Full�scale prototype crowd tests in progress.

Figures 7.40 and 7.41 present the mid and quarter�span vertical accelerations, respectively,
measured in the tests, and compare them with the Eurocode 0 [64] limit. These results show
that the structural accelerations are relatively low, generally under 0.4 m/s2 and 0.2 m/s2 in
the midspan and quarter�span sections, respectively. The Eurocode 0 [64] limit (0.70 m/s2)
was (barely) exceeded at a single peak in position A1, reaching 0.703 m/s2, thus validating
the analysis of the one pedestrian tests presented in the previous section.

These acceleration records were transformed from the time domain to root mean squared
(RMS) acceleration records in the frequency domain, allowing the comparison with the
limits proposed by ISO 10137 [75]. As mentioned earlier, unlike the pedestrian comfort direct
criteria speci�ed in Eurocode 0 [64], these limits account for the frequency of the structural
response on the pedestrian comfort level, considering the overall response, thereby setting
di�erent limits for di�erent structural uses.

Figure 7.42 compares the limits of ISO 10137 [75] with the structural response measured
in the crowd tests. The limits shown refer to (i) a person standing still in the footbridge
while other pedestrians travel along the deck (the most severe situation for footbridges) and
(ii) to pedestrians travelling the footbridge. The results obtained show that there is a very
low probability of pedestrian discomfort for both design situations.
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Figure 7.40.: Full�scale prototype crowd tests: ac-
celerations at A1 and A2.

Figure 7.41.: Full�scale prototype crowd tests: ac-
celerations at A3 and A4.
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Figure 7.42.: Full�scale prototype crowd tests: comparison between the experimental expected vertical
accelerations (RMS) and the ISO 10137 [75] limits.

7.5.2.3. Numerical simulation

The one pedestrian tests were modelled with the FE model described earlier (cf. Sec-
tions 7.4.4). To this end, two pairs of frame elements, with no mass, weight or sti�ness,
were added to the FE model and placed at the top of the deck, aligned with the longitudi-
nal axis of the footbridge. One pair of frames was positioned centred with the longitudinal
axis of the footbridge, while the other pair was positioned along the centre of one of the
cantilevers, simulating the centred and eccentric motion paths (cf. Figure 7.36), respectively.
For each pair, the frames were placed 30 cm apart from each other in the transverse direc-
tion, each frame simulating the pathway of one foot. For each type of motion (walk slow,
walk normal, walk fast and run) and for each motion position (centred or eccentric), point
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loads (85 kgf) were assigned to the respective frame, according to the motion characteris-
tics presented in Table 6.13 (page 214) simulating each footstep. The load cases were then
combined in time history analysis with the respective load�time function (cf. Figure 6.65,
page 213). In this analysis, the �rst four vibration modes were considered and the modal
damping ratios used for each mode were those determined with a modal analysis using the
EFDD method, presented elsewhere [13].

Figures 7.43 and 7.44 show, as an example, the comparison between the vertical accelerations
at position A1 obtained experimentally and with the FE model, when the pedestrian
walked normally in the centred and eccentric paths, respectively. The full collection of the
experimental records of vertical acceleration for both paths and all motion types are included
in Appendix D.
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Figure 7.43.: Full�scale prototype one pedestrian
tests: accelerations at A1 for normal walk in the
centred path, experimental and numerical results.

Figure 7.44.: Full�scale prototype one pedestrian
tests: accelerations at A1 for normal walk in the
eccentric path, experimental and numerical results.

Table 7.14 presents the summary of the maximum accelerations (average ± standard
deviation) obtained in the dynamic tests with one pedestrian and the comparison with
the numerical predictions.

The same results are illustrated in Figures 7.45 to 7.48 for each type of motion (walk slow,
walk normal, walk fast and run), with the pedestrian traveling along the centred path and
in Figures 7.49 to 7.52 with the pedestrian traveling along the eccentric path.

The comparison between the experimental results and the numerical predictions showed
worse agreement, compared to that obtained for the small�scale prototype (cf. Sec-
tion 6.5.2.5). Overall, the fast walk was the motion with poorer results. This unexpected
poor agrement may stem from two reasons: (i) the accelerations measured are relatively
low when compared to the small�scale prototype, which may contribute to an "arti�cial"
increase of the relative errors; and/or (ii) albeit the same pedestrian was used in these tests
and their counterparts for the small�scale prototype, he presented a weight di�erence around
13 kgf from one set of tests to the other. The latter fact is especially relevant considering
that the load functions used in both simulations were determined when the pedestrian was
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Table 7.14.: Full�scale prototype one pedestrian tests: experimental results vs. numerical predictions.

Motion Source
A1 (m/s2) A2 (m/s2)

Centred Eccentric Centred Eccentric

Walk slow
Test 0.10±0.03 0.17±0.06 0.05±0.02 0.08±0.03
FE 0.20 0.32 0.21 0.32

di�. 100% 91% 311% 304%

Walk normal

Test 0.10±0.01 0.10±0.01 0.05±0.00 0.05±0.00
FE 0.11 0.20 0.11 0.20

di�. 7% 101% 112% 304%

Walk fast

Test 0.14±0.02 0.37±0.02 0.07±0.01 0.14±0.00
FE 0.41 0.76 0.39 0.77

di�. 194% 105% 464% 450%

Run
Test 0.46±0.05 0.94±0.15 0.49±0.09 0.44±0.07
FE 0.91 1.34 0.92 1.36

di�. 97% 43% 88% 210%

Motion Source
A3 (m/s2) A4 (m/s2)

Centred Eccentric Centred Eccentric

Walk slow
Test 0.09±0.04 0.15±0.06 0.05±0.02 0.07±0.02
FE 0.14 0.19 0.14 0.22

di�. 54% 26% 177% 215%

Walk normal

Test 0.07±0.01 0.14±0.02 0.04±0.00 0.07±0.01
FE 0.07 0.12 0.07 0.11

di�. 4% -11% 82% 61%

Walk fast

Test 0.09±0.01 0.19±0.06 0.07±0.01 0.10±0.02
FE 0.27 0.45 0.26 0.44

di�. 199% 136% 276% 339%

Run
Test 0.40±0.09 0.15±0.06 0.36±0.12 0.07±0.02
FE 0.62 0.84 0.61 0.84

di�. 56% 457% 70% 1104%

heavier (cf. Section 6.5.2.2.1), and could, therefore, present signi�cant di�erences with the
pedestrian physiology changes [70].

Nevertheless, the FE model was able to estimate, for most cases, the magnitude of the
maximum accelerations.

7.5.3. Conclusions

The results presented in this section showed that the full�scale footbridge prototype complies
with the pedestrian comfort limit states, as predicted in the design of the structure (cf.
Section 7.2.2).

The analytical and numerical models used proved to be able to predict the modal parameters
of the structure accurately, namely its vibration mode frequencies and shapes. Regarding
the response of the full�scale to pedestrian actions, the results predicted with the FE
model showed a poorer agreement with experimental measurements, when compared to
that obtained for the small�scale prototype. It should be noted, however, that the maximum

273



Chapter 7 � Full�scale prototype

A 1 A 2 A 3 A 4
0 . 0 0

0 . 0 5

0 . 1 0

0 . 1 5

0 . 2 0

0 . 2 5

 A c c e l e r o m e t e r s

Ac
cel

era
tio

n (
m/

s2 )
 

 T e s t  m e a n
 T e s t  m a x / m i n
 F E  M o d e l

A 1 A 2 A 3 A 4
0 . 0 0

0 . 0 5

0 . 1 0

0 . 1 5

 A c c e l e r o m e t e r s

Ac
cel

era
tio

n (
m/

s2 )
 

 T e s t  m e a n
 T e s t  m a x / m i n
 F E  M o d e l

Figure 7.45.: Full�scale prototype one pedestrian
tests: maximum accelerations for slow walk in the
centred path, experimental and numerical results.

Figure 7.46.: Full�scale prototype one pedestrian
tests: maximum accelerations for normal walk in
the centred path, experimental and numerical re-
sults.
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Figure 7.47.: Full�scale prototype one pedestrian
tests: maximum accelerations for fast walk in the
centred path, experimental and numerical results.

Figure 7.48.: Full�scale prototype one pedestrian
tests: maximum accelerations for run in the cen-
tred path, experimental and numerical results.

accelerations predicted with the FE model were higher (on the safe side) than those measured
in the tests but, for most cases, within the same magnitude and can, thus, be regarded as
conservative estimates. Nonetheless, this topic should be further investigated in the future in
order to develop numerical tools able to predict with better accuracy the structural dynamic
behaviour under pedestrian actions.
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Figure 7.49.: Full�scale prototype one pedestrian
tests: maximum accelerations for slow walk in the
eccentric path, experimental and numerical results.

Figure 7.50.: Full�scale prototype one pedestrian
tests: maximum accelerations for normal walk in
the eccentric path, experimental and numerical
results.
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Figure 7.51.: Full�scale prototype one pedestrian
tests: maximum accelerations for fast walk in the
eccentric path, experimental and numerical results.

Figure 7.52.: Full�scale prototype one pedestrian
tests: maximum accelerations for run in the eccen-
tric path, experimental and numerical results.

7.6. Creep behaviour of the prototype

7.6.1. Overview

As already mentioned, the design of GFRP based structures is known to be governed by
SLS, namely deformability limit states, owing to the materials' low elasticity moduli together
with typical thin�walled geometry. Furthermore, the fact that these materials are known to
present visco�elastic behaviour when subjected to sustained loads over time [143], justi�es
studying the creep behaviour of full�scale prototype.
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In this context, the present Section presents experimental and analytical investigations
regarding the creep behaviour of the full�scale hybrid GFRP�concrete footbridge prototype.
The analytical study was based on the models presented with regard to the small�scale
prototype creep investigations (cf. Section 6.6), proposing an additional change in the
formulae developed then in order to account for the relatively high temperature variations
measured during the tests.

7.6.2. Experimental test

The �exure creep test on the full�scale footbridge prototype was performed by applying a
uniformly distributed load on the top of SFRSCC deck, materialized by 80 cement bags
(each one weighing 40 kgf), as shown in Figure 7.53. Therefore, a total load of 31.4 kN was
applied, corresponding to 1.49 kN/m2, which is approximately 30% of the characteristic live
load for footbridges de�ned in Eurocode 1 [65] (5.0 kN/m2).

Figure 7.53.: Full�scale prototype loaded in the creep test.

During the test, the midspan de�ections were measured underneath both main girders with
analogical de�ection gauges (precision of 0.001 mm), during the loading process (which
lasted approximately 30 minutes), and up to 3670 hours (≈153 days) after the loading
process was completed. Figure 7.54 presents the air temperature (T ) and the relative
humidity (RH) in the surroundings of the footbridge, which were also measured during
the test period, gathered at a rate of ≈0.083 Hz.

Figure 7.55 shows the average creep de�ections (results were very consistent for both girders)
measured after the loading process had been concluded, together with the Findley's power
law (cf. Eq. (6.40), page 223) regression of the experimental results, showing a good �tting
to the experimental results (R2 = 0.963), with m = 0.945 and n = 0.197.

The experimental observations show that the average creep de�ection at the end of the test
was 4.71 mm, which corresponds to a 39.9% increase of the instantaneous de�ection. The
Findley's power law regression predicts a 4.75 mm midspan de�ection at the end of the test,
agreeing well with the experimental result (+0.8%).

7.6.3. Analytical simulation

The analytical simulation of the creep tests was performed using the models proposed
with regard to the creep tests on the small�scale prototype (cf. Section 6.6), namely by
determining the de�ections with Eq. (6.61) (page 234), obtaining an instantaneous midspan
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Figure 7.54.: Full�scale prototype creep test: air temperature (T ) and relative humidity (RH) during the
test period.
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Figure 7.55.: Full�scale prototype creep test: experimental results and Findley's power law �tting.

de�ection for the creep load (q = 1.49 kN/m2) of 11.24 mm, in good agreement with its
experimental counterpart (-4.9%).

Regarding the material creep models used to predict the time�dependent moduli (E(t)
and G(t)), accounting for the stress distribution over the cross�section (the instantaneous
neutral axis is positioned in the GFRP webs, cf. Section 7.2.1.1), the �exure and shear in
�exure creep models proposed by Bank [4] (cf. Section 6.6.1.1) were chosen for the GFRP
material, while the standard creep model proposed by Eurocode 2 [85] for regular concrete
(cf. Section 6.6.1.2) was chosen for the SFRSCC material.

As proposed earlier (cf. Section 6.6.1.1), these GFRP creep models may be modi�ed in
order to account for the temperature, as proposed by Dutta and Hui [144], using Eq. (6.46)
(page 225). Moreover, for situations in which the temperature presents relatively high
variations during the test period, a new change the GFRP material creep models is
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proposed, in order to correct the slope of the time�dependent moduli taking into account
the temperature variation according to the following equation:

E(t) = E(ti−1) + [E(t, Ti)− E(ti−1, Ti)] , ti−1 < t ≤ ti or

G(t) = G(ti−1) + [G(t, Ti)−G(ti−1, Ti)] , ti−1 < t ≤ ti
(7.22)

Eq. (7.22) considers a time�step ranging from ti−1 to ti, for which an average temperature
Ti is registered. Within a given time step, the elasticity (or shear) modulus is obtained by
adding the elasticity (shear) modulus at the beginning of the time�step (E(ti−1), known a
priori) to the elasticity (shear) modulus variation at that given age and average temperature
(e.g., E(t, Ti) − E(ti−1, Ti), obtained from Eq. (6.46)). Therefore, a continuous curve is
obtained for the time�dependent moduli, albeit its slope may present local discontinuities
due to temperature variations.

Moreover, the creep parameters introduced in the creep models (cf. Section 6.6.1.1) are
highly dependent on the FRP material used, namely on the (i) �bre architecture; (ii) type
of resin, and (iii) curing process. In fact, a review by Sá et al. [143] of several studies
regarding the creep response of GFRP �exural members has shown that the nE parameter
may range from 0.30 to 0.36. In this context, and given the relatively short curing period of
the I400 pro�le GFRP material (performed at ambient temperature), the authors decided
to perform a sensitivity analysis on the parameters governing the time�dependent elasticity
modulus, namely on (i) the nE parameter, varying between 0.30 (proposed by Bank [4]) and
0.36 (+20%) [143,146], and (ii) the Et parameter, ranging from 1241.06 GPa (proposed by
Bank [4]) and 992.85 GPa (-20% � a similar variation to that of the previous parameter).
The shear creep parameters considered were those suggested by Bank (Gt = 186.16 GPa,
nG = 0.30) [4].

Figure 7.56 compares the analytical predictions with the experimental results in terms
of creep midspan de�ection. The analytical predictions were performed considering the
temperature variations observed experimentally within 5 minute periods (cf. Eq. (7.22)).
The average RH of 72.5% observed in the tests was considered for the calculation of the
time�dependent elasticity modulus of the SFRSCC. Figure 7.56 shows that the experimental
results are well within the sensitivity analysis performed. It can also be seen that the initial
experimental measurements (up to 1000 hours) are very well described by the GFRP creep
model with nE = 0.36 and Et = 992.85 GPa, which are respectively higher and lower than
the corresponding values proposed by Bank [4]. Subsequently, and up to the end of the
test, the experimental data lie between the above mentioned modelling curve and that with
nE = 0.36 and Et = 1241.06 GPa. In spite of the variation exhibited by the experimental
data between 2300 and 2600 hours, which may be due to the environmental conditions,
namely the relative humidity (whose average increased at this stage and is not accounted for
in the GFRP creep model), results obtained in this study show that, for the GFRP material
tested, a general better agreement is achieved with nE = 0.36 and Et = 992.85 GPa.

Additionally, long�term predictions of the creep behaviour were performed, with Figure 7.57
presenting the predictions of midspan de�ections up to 100 years based on (i) Findley's
power law (�tted with the experimental data), and (ii) the analytical model proposed by
the authors (considering the average temperature (16.9oC) and RH (72.5%) measured in
the creep test). These results show that the creep deformations predicted with Findley's
power law deviate considerably from those obtained with the analytical model (for the
various combinations of creep parameters). While Findley's power law prediction indicates
an overall de�ection of 25.8 mm (L/407) after 100 years (more than twice the instantaneous
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Figure 7.56.: Full�scale prototype creep test: experimental results vs. analytical predictions.

de�ection), the other analytical predictions range from 16.2 mm to 20.5 mm (+44% to
+82% higher than the instantaneous de�ection), which correspond to L/648 and L/512,
respectively.
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Figure 7.57.: Full�scale prototype creep test: long�term midspan de�ection predictions.

Regarding the use of Findley's power law to predict long�term deformations of GFRP�
concrete structures, although the results presented here have shown a good �tting of such
law to the experimental data, the results of the creep tests on the small�scale prototype
(cf. Section 6.6) indicate that using Findley's power law, based on short�term test results,
may lead to unrealistic predictions of long�term deformations for GFRP�concrete hybrid
structures. This has been attributed to (i) the nature of the creep response of the SFRSCC
material (not complying with Findley's power law), and (ii) the changes in the neutral axis
that may change the logarithmic slope of the curve representing the structural response (n
parameter), which is constant in Findley's power law.
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Additionally, for design purposes, the predictions of the long�term de�ection for the quasi�
permanent load combination were computed. These predictions were estimated using the
creep parameters proposed by Bank [4] for �exure, considering a relative humidity of 60%
and two di�erent average temperatures: (i) 20oC and (ii) 25oC. Thereafter, the midspan
long�term de�ections after 100 years were predicted to be 14.14 mm and 20.37 mm,
considering average temperatures of 20oC and 25oC, respectively. Figure 7.58 compares
these predictions for di�erent periods. These results show that a 5oC increase on the
average temperature corresponds to a 44% increase of the midspan de�ection prediction
after 100 years.
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Figure 7.58.: Full�scale prototype midspan de�ection creep predictions with 20oC and 25oC average
temperature.

7.6.4. Conclusions

The results obtained in the creep tests and analytical simulations have highlighted the high
sensitivity of long�term de�ections to nE and Et parameters, stressing the importance of
de�ning reliable creep parameters for the GFRP material. In this regard, manufacturers
should provide these very important material properties since the design of most FRP
structures is governed by deformability requirements. Moreover, the e�ects of the relative
humidity in the GFRP material creep models need to be further investigated in order to
improve the reliability of the design tools available.

The long�term predictions performed estimate the long�term midspan de�ection as
(i) L/407, for the Findley's power law regression, and (ii) between L/648 and L/512,
for the analytical analysis. Both prediction methods estimate long�term de�ections un-
der L/400, which was the deformability limit state requirement set for this project (cf.
Section 7.2.2).
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7.7. Final remarks

This Chapter presented the design, construction and assessment of the structural behaviour
of the full�scale GFRP�SFSRCC hybrid footbridge prototype.

The static tests performed for several loading con�gurations attested the adequate structural
response of the hybrid footbridge. The experimental responses were accurately predicted
using analytical and numerical models considering elastic behaviour for the constituent
materials.

The modal identi�cation tests allowed determining the modal parameters of the �rst four
modes, namely the vibration frequency and mode shape. The analytical and numerical
models developed were well able to predict the experimental results. The dynamics tests
under pedestrian loads showed that the structure ful�ls pedestrian comfort requirements,
namely showing that there is very low probability of pedestrian discomfort due to the
structural vibrations. Compared to what was observed for the small�scale prototype, the
numerical model developed provided less accurate simulations of the dynamic response
under one pedestrian tests. Although some hypotheses were put forward to explain this
worse agreement, further investigation is needed to improve the modeling for this type of
action.

In the �exural creep test the instantaneous de�ection increased by approximately 40% after
5 months. The analytical model proposed to predict the long�term de�ections of this type
of hybrid structures was able to predict the experimental response of the structure within
the period of the test and was, therefore, used to predict the long�term de�ections of the
structure.

Overall, the results presented showed that the structural behaviour of the GFRP�SFSRCC
hybrid footbridge prototype is, for the most part, well predicted by readily available
analytical and numerical tools, which were used to formally design the structure according
to ULS and SLS requirements.
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8. Conclusions and future

developments

8.1. Conclusions

In spite of the considerable growth of GFRP pultruded pro�les in structural civil engineering
applications over the last few decades, the widespread use of these materials is being
delayed due to a number of factors. In fact, albeit their several advantages over traditional
materials, namely, high strength, lightness, strength�to�weight ratio, ease of erection,
electromagnetic transparency, improved durability and thermal insulation properties, they
are still not regarded as an e�ective alternative to structural materials by most structural
engineers.

This stems mostly from some of the materials' disadvantages, including their low elasticity
and shear moduli, which often lead to designs governed by deformability criteria or
instability phenomena, their brittle failure and the lack of widely accepted guidelines and
design codes (such as Eurocodes).

In order to overcome such disadvantages, while maintaining the main advantages of GFRP
based structures, several hybrid structural solutions have been proposed, combining GFRP
and concrete. These systems allow increasing the sti�ness compared to all�GFRP structures
and preventing some of the instability phenomena.

This PhD thesis was developed in this context and its main objective was to study
hybrid GFRP�concrete structural systems and their applicability to footbridge structures.
Thereafter, the research was developed along three main axes:

� GFRP�concrete connection systems;

� Static, creep and dynamic behaviour of GFRP�concrete structures;

� Development of a full�scale GFRP�SFRSCC footbridge prototype.

The objectives set a priori were accomplished. The research developed, allowed concluding
that GFRP�concrete structures are a feasible solution for footbridge applications. In this
regard, it must be highlighted that the judicious combination of GFRP and concrete, such
that the GFRP members are mostly subjected to tension, while the concrete elements are
mostly subjected to compression, leads to the development of lightweight structures with
appropriate mechanical behaviour, especially compared to all�GFRP or concrete structures.
Furthermore, it was shown that readily available analytical and numerical design tools
are well able to predict the structural behaviour of the proposed hybrid GFRP�SFRSCC
structure. Additionally, the ease of construction and assembly of the proposed hybrid system
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was also demonstrated by the construction of two prototypes using di�erent methods:
(i) small�length precast slabs; and (ii) a cast in�situ slab. In the following sections, the
speci�c conclusions and contributions to the state�of�the�art are drawn, organized according
to the aforementioned research axes.

8.1.1. GFRP�concrete connection systems

The research on GFRP�concrete connection systems included a vast experimental campaign
comprising a total of 68 push�out tests.

The experimental investigations included three types of connection systems: (i) adhesively
bonded, (ii) bolted; and (iii) hybrid connection, combining the adhesive bond with a bolted
connection. For the bolted system, the in�uence of the number of connectors used was
also investigated, namely by testing specimens with one to four pairs of connectors per
�ange.

The results of the experimental tests show that the bolted specimens using a larger number
of connectors present higher strength, as expected. However, the strength per bolt decreases
with the increase of the number of bolts, suggesting that the bene�t of adding more
connectors may be limited. At failure these specimens presented signi�cant GFRP crushing
around the bolts, leading to a failure behaviour with some ductility.

The adhesively bonded specimens presented an excellent mechanical behaviour, with a
sti�ness approximately 2.5 times higher than that of their bolted (with four pairs of bolts
per �ange) counterparts, while presenting similar strength. The failure of these specimens
was brittle.

The specimens provided with hybrid connection presented the best mechanical behaviour
with higher strength and sti�ness compared to the remaining specimens. Additionally, the
failure of the bolted connection occurred after the failure of the adhesive bond, leading to a
pseudo�ductile failure mode.

Specimens connected with adhesive bond only and with hybrid connection were subjected
to thermal (bonded specimens only) and humidity cycles up to 32 weeks in order to study
the in�uence of accelerated aging conditions on their mechanical behaviour. The in�uence
of the accelerated aging processes on the strength of the specimens was minimal. In fact,
the thermal cycles aging process appeared to have a positive e�ect on the strength of the
specimens, although this e�ect was within the scatter measured in the tests. The sti�ness,
however, was signi�cantly a�ected by the accelerated aging processes, presenting reductions
around 50% after 32 weeks, for both thermal and humidity cycles.

Finite element (FE) models were developed in order to simulate the experimental tests
performed on adhesively bonded specimens. The parameters governing the GFRP�concrete
interface were calibrated in accordance with the experimental results. The FE models de-
veloped were able to simulate the experimentally observed behaviour for unaged specimens,
as well as for specimens aged with both thermal and humidity cycles. These results suggest
that the methodology used to develop the FE models may be replicated for large�scale mod-
els (such as beam models) in order to account for the behaviour of the connection interface
in design, whenever relevant.

Overall, the research on GFRP�concrete connection systems showed that both adhesively
bonded and bolted connection systems are suitable for use in GFRP�concrete structures but
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the adhesive bond provides better mechanical behaviour. Nevertheless, owing to durability
concerns, corroborated by the results of the experimental campaign conducted in this thesis,
the connection of GFRP�concrete structures should be provided by a hybrid connection
system (bonded and bolted).

8.1.2. Static, creep and dynamic behaviour of GFRP�concrete
structures

The structural behaviour of hybrid GFRP�concrete structures was investigated, namely by
performing experiments on the small�scale footbridge prototype with regard to its static,
creep and dynamic behaviour.

The small�scale prototype was subjected to static �exural tests in order to investigate (i) the
serviceability and failure �exural responses of GFRP�concrete structures, and (ii) to assess
the ability of readily available analytical and numerical models to predict the aforemention
responses.

The small�scale prototype showed an appropriate serviceability behaviour, presenting
linear�elastic �exural behaviour. The hypothesis of using a low�cost prestress system was
tested, showing that the de�ections of GFRP�concrete structures may be mitigated by using
such prestress systems.

The failure tests showed that the prototype presented a linear behaviour up to failure, which
was brittle and was triggered by the shear failure at the web�(top) �ange junction of one
of the GFRP main girders. This experiment showed that, although no loss of sti�ness was
observed prior to failure, the high de�ection in the brink of failure constitutes a warning of
structural malfunction.

Analytical and numerical models were able to predict the experimental results with good
accuracy, for both service and failure conditions, proving to be reliable tools for the design
of GFRP�concrete structures. The models were able to predict the experimental results
regarding: (i) the e�ects of external prestress; (ii) the failure mode and failure location;
and (iii) the strength at failure. With regard to the analytical models' ability to predict
the failure behaviour, the investigations performed showed that the bending moment�shear
interaction should be considered using failure criteria based on stresses and not on applied
forces. For the FE model, the Tsai�Hill failure initiation criterion proved to be adequate for
predicting the failure behaviour of the structure.

Dynamic tests were performed in the small�scale prototype, namely (i) modal identi�cation
tests, and (ii) tests under pedestrian loading. The modal identi�cation tests consisted of
applying a vertical impact load (on predetermined positions) on the deck while measuring
the structural vertical accelerations. The pedestrian tests were performed by having one or
multiple pedestrians traveling the footbridge deck at di�erent paces (randomly in the case
of multiple pedestrians) while measuring the structural response in terms of vertical and
horizontal (multiple pedestrians only) structural accelerations.

The modal identi�cation tests allowed the determination of the modal parameters, namely,
(i) the mode shapes, (ii) the vibration frequencies, and (iii) the damping ratios. These
parameters were determined using two di�erent methods: (i) an output�only method based
on the direct results of Fast Fourier Transforms (FFTs); and (ii) an input�output method,
which consisted of the individual �tting of the Frequency Response Functions (FRFs) with
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an algorithm based on the rational fraction polynomial method. Both methods delivered
similar results.

The analytical models derived from the Euler�Bernoulli and Timoshenko beam theories were
well able to predict the vibration modes and frequencies of the �exural vibration modes of
the footbridge prototype, with the formulae based on the latter theory presenting a better
accuracy, owing to the consideration of the shear deformability in the overall behaviour.
Regarding the torsional vibration modes, the analytical models were also able to predict the
experimental results with fair accuracy, showing the importance of considering both uniform
and warping torsion in the overall behaviour of this type of GFRP�concrete structures.

The FE model developed was also able to predict the experimentally observed behaviour
of the small�scale prototype with good accuracy, with the exception of the �rst torsional
vibration mode, for which the comparison between experimental and numerical vibration
frequencies presented a higher relative di�erence.

Overall, the modal identi�cation tests and their correspondent analytical and numerical
simulations showed that it is possible to predict the modal parameters of hybrid GFRP�
concrete structures, namely the mode shapes and vibration frequencies. In order to enhance
the quality of the simulations, the following adaptations to traditional models should
be made: (i) consideration of the shear deformability on the �exure analytical models;
(ii) consideration of both uniform and warping torsion in analytical simulations (at least
when using open thin�walled pultruded pro�les); and (iii) consideration of the orthotropic
material properties of the GFRP in the numerical simulations.

The investigations about the response of hybrid GFRP�concrete structures included ex-
perimental tests on the small�scale prototype. The results of these tests showed that the
probability of pedestrian discomfort when using the footbridge is low for both vertical and
horizontal vibrations. This is a particularly important result regarding the feasibility of
GFRP�concrete structures for footbridge applications, since pedestrian comfort often gov-
erns the design of pedestrian bridges.

The tests with one pedestrian were simulated with FE models, which were able to predict the
dynamic response of the structure with fairly good accuracy, regarding both the maximum
vertical accelerations obtained in the experimental tests, as well as the overall structural
response over time. This result indicates that readily available numerical tools are suitable
for checking pedestrian comfort criteria in design stages.

Finally, the investigations on the creep behaviour of GFRP�concrete hybrid structures
included experimental tests, which were performed by loading the small�scale prototype
in �exure with two di�erent load levels for two di�erent environmental conditions. The
creep tests had a duration ranging from 2114 h to 2642 h.

The experimental results showed that the creep behaviour of GFRP�concrete structures
is sensitive to the environmental conditions, in particular to temperature. It should be
noticed that this parameter is not taken into account on conventional GFRP creep models.
Furthermore, the experimental results also suggest that Findley's power law regressions,
commonly used to predict the creep behaviour of FRP materials, may not be adequate to
describe the creep behaviour of hybrid GFRP�concrete structures.

An analytical model to predict the GFRP�concrete behaviour was proposed. This model
is based on the judicious choice of GFRP creep material models, according to the stress
state of the material in the hybrid structural system, along with the adaptation of those
creep material models in order to consider the e�ects of environmental changes, namely
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the temperature. The proposed models showed a good accuracy in predicting the creep
de�ections, being able to correctly consider the load and environmental di�erences of each
test, proving to be an accurate tool to estimate the long�term creep behavior of GFRP�
concrete structures.

Based on the analytical model proposed, it was shown that the hybrid GFRP�concrete
structural system proposed is much less susceptible to the creep phenomenon than an all�
GFRP equivalent structure.

8.1.3. Development of a full�scale GFRP�SFRSCC footbridge
prototype

A full�scale hybrid GFRP�SFRSCC footbridge prototype was developed for general public
use. In order to do so, the knowledge gathered with respect to the small�scale prototype
and to the investigations on GFRP�concrete connection systems was of the utmost impor-
tance.

The full�scale prototype was designed to formally ful�l ultimate (ULS) and serviceability
(SLS) limit states requirements.

The static �exural behaviour of the full�scale prototype was experimentally tested and,
once again, the analytical and numerical tools used in the formal design proved to have
good accuracy. Moreover, regarding the ULS, the analytical and FE models used in the
design showed a good agreement with each other, validating one another.

The full�scale prototype was subjected to modal identi�cation tests which showed a good
agrement with the analytical and numerical tools proposed earlier, with reference to the
small�scale prototype. This result is of particular importance since the SLS pedestrian
comfort criteria used in the formal design of the footbridge was the indirect criteria, which
is based on the fundamental vibration frequencies.

Moreover, dynamic tests under pedestrian loads were also performed on the full�scale
prototype. These tests corroborated the formal design by showing that the direct pedestrian
comfort criterion was ful�lled. The FE model showed a poorer agreement, when compared to
the small�scale prototype results, in simulating the response under one pedestrian actions,
albeit being able to predict the magnitude of the maximum accelerations for most cases.
Moreover, it should be mentioned that these prediction were higher than the corresponding
experimental results, being, thereafter, conservative estimates.

The creep response of the full�scale prototype was also addressed by an experimental
investigation which highlighted the need for GFRP manufacturers to provide characteristic
creep moduli for their products, since they may be susceptible to the curing degree of the
matrix. The results of this test allowed enhancing the previously proposed creep model, with
respect to the small�scale prototype, by including an additional adaptation that allows the
consideration of the temperature history (instead of the average temperature only).

8.2. Future developments

The research presented in this thesis addressed several aspects of the behaviour of GFRP�
concrete hybrid structural systems. Some aspects of the investigations presented, or their
conclusions, led to the suggestion of other subjects that are relevant for the overall knowledge
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on GFRP�concrete structures. These should be further addressed in future investigations,
namely the following:

� Comprehensive experimental, analytical and numerical investigation on the behaviour
of SFRSCC slender slabs in order to enhance the con�dence on this new construction
material;

� Shear connection testing of GFRP�concrete specimens subjected to a larger number
of aging cycles and comparison to specimens subjected to in situ natural aging during
the same period, allowing to relate accelerated and natural aging processes;

� Experimental testing of full�scale GFRP�concrete beams designed to fail on the
GFRP�concrete interface, in order to exploit the pseudo�ductility failure of the hybrid
(bonded and bolted) connection system and, additionally, to assess the accuracy of the
GFRP�epoxy�SFRSCC interface FE models developed herein, namely with regard to
their bi�linear bond�slip laws;

� Development of an analogous solution for application in continuous structures with
intermediate supports, i.e. adapting the proposed solution to negative bending mo-
ments;

� Development of GFRP�concrete structural solutions for vertical members, namely
columns and piers;

� Further investigation of the behaviour under one pedestrian loading of the full�
scale prototype in order to determine the reasons why the FE model showed worse
accuracy in predicting such behaviour (when compared to the predictions made for
the small�scale prototype). This investigation may include additional experimental
tests, performed when the full�scale prototype is installed in its �nal location, testing
di�erent support conditions to verify their in�uence on the behaviour;

� Monitoring the behaviour of the prototype in real service conditions with periodic
testing in order to assess if the mechanical response of the structure deteriorates over
time;

� Experimental investigations (at coupon level) on the in�uence of the relative humidity
on the creep behaviour of the GFRP material and development of new/adapted
material creep models which account for that parameter;

� Additional experimental creep investigations on large scale GFRP�concrete hybrid
structures to obtained further validation of the models developed in this thesis and
those stemming from the previous item;

� Investigation on the fatigue behaviour of GFRP�concrete structures, at (i) connection,
(ii) isolated members and (iii) full�scale structural levels, in order to allow the
application of the proposed structural system for road and railway bridge structures;

� Investigations on the long�term behaviour (and e�ectiveness) of prestress GFRP�
concrete structures, namely using cost e�ective prestress systems such as that pre-
sented in this thesis;

� Development of prestress systems for GFRP�concrete structures that envisage progres-
sive failure mechanisms, with the prestress rebars/tendons failing before the collapse
of the structure;
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� Life�cycle cost analysis of GFRP�SFRSCC structures, including data gathered by
the continuous monitoring of the full�scale prototype developed in this thesis, and
comparison with alternative solutions built with traditional materials;

� Investigation on the failure behaviour of the web��ange junctions of GFRP pro�les
and proposal of new �bre architectures and/or local reinforcements in order to surpass
the strength limitations of this particular zone;

� Numerical simulations of isolated GFRP beams at failure using failure criteria able
to simulate the progressive failure of the material (e.g. Hashin failure criteria or even
micro�mechanics failure theory), in order to obtain better estimates of the failure load.
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A. Appendix A � Material

characterization tests

A.1. Introduction

The complete experimental data obtained in the material characterization tests described
in Chapter 4 are provided in this appendix.

A.2. GFRP tensile coupon tests

Table A.1.: Coupon tensile tests: results for I200.

Specimen
Web Flanges

Ftu,L σtu,L Et,L νLT Ftu,L σtu,L Et,L νLT
kN MPa GPa - kN MPa GPa -

1 96.7 386.80 - - 98.38 393.52 - -
2 93.81 375.24 - - 107.66 430.64 39.28 -
3 92.55 370.20 - - 107.99 431.96 34.94 -
4 92.75 371.00 32.23 - 106.53 426.12 - -
5 94.3 377.20 34.42 0.29 97.7 390.8 35.68 0.30
6 92.26 369.04 32.74 - 98.42 393.68 - -
7 97.21 388.84 32.02 - 101.99 407.96 33.87 -
8 93.81 375.24 - - - - - -

Average 94.17 376.69 32.85 0.29 102.67 410.67 35.94 0.30
Std. Dev. 1.86 7.44 1.09 - 4.65 18.60 2.35 -
CoV 2.0% 2.0% 3.3% - 4.5% 4.5% 6.5% -
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Table A.2.: Coupon tensile tests: results for I400.

Specimen

Web Flanges

Longitudinal Transverse Longitudinal

Ftu,L σtu,L Et,L Ftu,T σtu,T Et,T Ftu,L σtu,L Et,L
kN MPa GPa kN MPa GPa kN MPa GPa

1 103.33 275.55 23.09 12.01 32.03 7.79 101.90 271.72 37.41
2 114.66 305.76 25.84 10.42 27.79 6.81 137.32 366.20 33.78
3 104.36 278.30 23.02 8.95 23.87 8.59 138.21 368.57 35.93
4 88.69 236.51 - 10.86 28.96 - 121.04 322.77 -
5 105.51 281.36 - 9.83 26.21 - 123.59 329.57 -
6 110.98 295.95 - 11.14 29.71 - 136.06 362.82 -

Average 104.59 278.90 23.98 10.54 28.09 7.73 126.35 336.94 35.71
Std. Dev. 8.92 23.78 1.60 1.06 2.84 0.90 14.07 37.51 1.83
CoV 8.5% 8.5% 6.7% 10.1% 10.1% 11.6% 11.1% 11.1% 5.1%

A.3. GFRP compressive coupon tests

Table A.3.: Coupon compressive tests: results for I200 web specimens.

Specimen
Longitudinal Transverse

Fcu,L σcu,L εcu,L Ec,L Fcu,T σcu,T εcu,T Ec,T
(kN) (MPa) (µm/m) (GPa) (kN) (MPa) (µm/m) (GPa)

1 50.67 492.82 19515 31.50 9.42 85.28 23710 5.05
2 51.98 426.04 24049 24.78 10.08 87.85 26222 5.60
3 47.93 403.76 20609 26.04 10.96 88.80 16660 6.72
4 54.90 480.00 20815 26.92 11.36 84.91 19376 6.68
5 55.03 454.19 19893 25.96 10.47 78.17 19479 5.20
6 38.07 327.80 20287 27.44 7.22 111.44 18416 5.02
7 54.34 442.18 19108 26.48 8.34 63.45 33541 -
8 56.85 448.16 21367 27.40 14.64 111.44 20962 5.91

Average 51.22 434.37 20705 27.06 10.31 88.92 22296 5.74
Std. Dev. 6.02 51.42 1532 1.99 2.22 16.08 5463 0.73
CoV 11.8% 11.8% 7.4% 7.4% 21.5% 18.1% 24.5% 12.7%
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Table A.4.: Coupon compressive tests: results for I200 �ange specimens.

Specimen
Longitudinal Transverse

Fcu,L σcu,L εcu,L Ec,L Fcu,T σcu,T εcu,T Ec,T
(kN) (MPa) (µm/m) (GPa) (kN) (MPa) (µm/m) (GPa)

1 43.16 366.35 24751 27.94 9.50 81.22 21317 5.98
2 48.35 410.42 24073 32.63 9.60 78.43 27235 4.61
3 50.50 413.33 23225 34.36 10.67 85.49 19500 4.76
4 33.26 270.77 19326 32.19 7.39 55.69 20141 3.14
5 47.58 380.80 20004 37.72 9.01 66.95 18702 3.67
6 54.82 453.09 20852 35.79 8.95 64.01 22780 4.51
7 51.67 425.06 20004 36.87 4.90 38.64 23446 -
8 - - - - 6.08 44.09 18935 3.80

Average 47.05 388.55 21748 33.93 8.26 64.31 21507 4.35
Std. Dev. 7.08 59.18 2212 3.35 1.96 17.25 2894 0.93
CoV 15.1% 15.2% 10.2% 9.9% 23.7% 26.8% 13.5% 21.3%

Table A.5.: Coupon compressive tests: results for I400 web specimens.

Specimen
Longitudinal Transverse

Fcu,L σcu,L εcu,L Ec,L Fcu,T σcu,T εcu,T Ec,T
(kN) (MPa) (µm/m) (GPa) (kN) (MPa) (µm/m) (GPa)

1 24.21 128.03 29407 7.75 14.05 75.99 23488 5.29
2 34.94 186.68 26465 10.49 11.67 64.00 22555 4.11
3 50.74 300.13 29934 17.42 14.03 77.98 24684 3.83
4 36.51 195.51 30267 11.32 12.17 65.68 27077 4.57
5 42.30 221.90 23901 13.17 12.62 68.24 23032 4.82
6 32.75 196.08 19973 13.14 13.06 70.66 20980 4.70

Average 36.91 204.72 26658 12.21 12.93 70.43 23636 4.55
Std. Dev. 8.98 56.15 4090 3.24 0.97 5.60 2076 0.52
CoV 24.3% 27.4% 15.3% 26.6% 7.5% 7.9% 8.8% 11.4%

Table A.6.: Coupon compressive tests: results for I400 �ange specimens.

Specimen
Longitudinal Transverse

Fcu,L σcu,L εcu,L Ec,L Fcu,T σcu,T εcu,T Ec,T
(kN) (MPa) (µm/m) (GPa) (kN) (MPa) (µm/m) (GPa)

1 36.08 186.84 24677 10.24 9.97 51.73 22559 3.26
2 29.48 153.10 26553 9.74 8.99 48.52 21251 3.71
3 33.44 165.84 27367 11.33 8.128 44.06 23267 3.97
4 60.12 317.69 27388 17.11 7.84 40.99 21392 3.37
5 48.25 252.54 33801 14.01 8.40 45.57 18035 3.13
6 33.86 169.82 17910 14.43 9.22 50.65 17237 3.95
7 26.20 137.70 23740 8.93 - - - -

Average 38.20 197.65 25919 12.26 8.76 46.92 20624 3.57
Std. Dev. 11.88 64.43 4782 2.99 0.79 4.12 2445 0.36
CoV 31.1% 32.6% 18.5% 24.4% 9.0% 8.8% 11.9% 10.2%
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A.4. GFRP o��axis tensile coupon tests

Table A.7.: Coupon o�-axis tensile tests results.

Specimen
I200 I400

Fu,11 τu,LT GLT Fu,11 τu,LT GLT
(kN) (MPa) (GPa) (kN) (MPa) (GPa)

1 37.29 25.12 - 42.70 20.13 3.32
2 35.20 25.05 3.88 51.00 22.02 4.13
3 33.04 25.04 - 42.03 19.82 3.19
4 29.69 23.54 - 44.80 21.10 3.31
5 32.64 24.17 3.41 41.74 19.06 -
6 31.70 23.17 3.58 - - -
7 42.26 29.52 - - - -
8 43.99 32.06 3.84 - - -
9 41.50 29.64 - - - -
10 44.47 30.62 - - - -
11 43.38 31.01 3.55 - - -
12 45.82 30.69 3.80 - - -

Average 38.42 27.47 3.68 44.45 20.43 3.49
Std. Dev. 5.77 3.37 0.19 3.85 1.15 0.43
CoV 15.0% 12.3% 5.2% 8.7% 5.6% 12.4%
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A.5. GFRP �exural coupon tests

Table A.8.: Coupon �exural tests: results of the web specimens (I200).

Specimen
Ffu−i,L Ffu,L Ffu,L/Ffu,L σfu,L εfu−i,L Ef,L
(kN) (kN) - (MPa) (µ m/m) (GPa)

1 2.65 2.65 1.00 551.61 22803 24.57
2 2.72 2.88 1.06 597.92 25317 26.26
3 2.25 2.72 1.21 565.41 19708 23.59
4 2.62 2.64 1.01 549.62 25307 21.85
5 2.33 2.82 1.21 585.53 19643 23.67
6 2.19 2.31 1.05 481.11 21926 17.18
7 2.07 2.38 1.15 495.25 16643 22.07
8 2.14 2.51 1.17 522.51 18404 18.77

Average 2.37 2.62 1.11 543.62 21219 22.25
Std. Dev. 0.25 0.20 0.09 41.36 3166 3.00
CoV 10.7% 7.6% 7.9% 7.6% 14.9% 13.5%

Table A.9.: Coupon �exure tests: results of the �ange specimens (I200).

Specimen
Ffu−i,L Ffu,L Ffu,L/Ffu,L σfu,L εfu−i,L Ef,L
(kN) (kN) - (MPa) (µ m/m) (GPa)

1 2.70 2.82 1.05 586.45 19491 24.46
2 2.33 2.44 1.05 508.05 21284 20.63
3 2.61 2.62 1.00 544.38 18067 27.35
4 2.36 2.62 1.11 544.88 17295 25.75
5 2.43 2.60 1.07 540.89 17273 23.10
6 2.18 2.29 1.05 476.12 19676 20.75

Average 2.44 2.57 1.05 533.46 18848 23.67
Std. Dev. 0.19 0.18 0.03 37.54 1583 2.70
CoV 7.9% 7.0% 3.3% 7.0% 8.4% 11.4%
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A.6. GFRP interlaminar shear coupon tests

Table A.10.: Coupon interlaminar shear tests results (I200).

Specimen
Web Flange

Fisu,L τisu,L Fisu,L τisu,L
(kN) (MPa) (kN) (MPa)

1 7.54 29.47 7.79 30.28
2 7.74 30.95 7.95 30.22
3 7.35 30.26 8.23 30.82
4 7.30 27.97 7.93 30.99
5 7.53 29.74 8.23 31.89
6 7.40 29.10 7.85 29.70
7 7.06 27.97 7.02 28.02
8 - - 7.77 29.72

Average 7.42 29.35 7.85 30.21
Std. Dev. 0.21 1.11 0.38 1.14
CoV 2.9% 3.8% 4.8% 3.8%

A.7. SFRSCC compressive cube tests

Table A.11.: Results of the compressive tests on small�scale prototype SFRSCC cube specimens

Specimen
fc (MPa)

28 days 905 days

1 80.67 94.93
2 78.58 89.16
3 82.71 85.47
4 - 102.49

Average 80.65 93.01
Std. Dev. 2.07 7.42
CoV 2.6% 8.0%
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Table A.12.: Results of the compressive tests on small�scale prototype conventional concrete (jackets) cube
specimens.

Specimen fc (MPa)

1 61.38
2 54.71
3 74.80

Average 63.63
Std. Dev. 10.23
CoV 16.1%

A.8. SFRSCC compressive cylinder tests

Table A.13.: Test results on small�scale prototype SFRSCC material cylinder specimens.

Specimen
28 days 905 days

Ec υc fcr Ec υc fcr
(GPa) - (MPa) (GPa) - (MPa)

1 38.55 0.35 8.55 39.69 0.33 11.35
2 34.80 0.29 8.41 40.54 0.15 11.72
3 37.57 0.35 11.31 43.10 0.24 11.42
4 - - - 40.18 0.44 9.15
5 - - - - - 12.41
6 - - - - - 11.99
7 - - - - - 11.47
8 - - - - - 9.99

Average 36.97 0.33 9.42 40.88 0.29 11.19
Std. Dev. 1.94 0.03 1.63 1.53 0.12 1.08
CoV 5.3% 10.5% 17.3% 3.7% 42.6% 9.6%
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B. Appendix B � GFRP�SFRSCC shear

connection tests

B.1. Introduction

The complete experimental data obtained in the GFRP�SFRSCC shear connection tests
described in Chapter 5 are provided in this appendix.

B.2. Preliminary tests

B.2.1. Series P�A

Table B.1.: GFRP�SFRSCC shear connection tests: results for series P�A.

Specimen
Fu du K

Failure mode
(kN) (MPa) (kN/mm)

1 346.69 1.74 280.72 1st debonding; 2nd web��ange junction
2 325.89 2.85 285.85 1st debonding; 2nd web��ange junction
3 355.60 2.70 186.82 1st debonding; 2nd web��ange junction
4 432.79 2.09 336.17 1st debonding; 2nd web��ange junction
5 364.35 3.37 274.33 1st debonding; 2nd web��ange junction
6 409.10 1.52 341.52 Web��ange junction and debonding
7 305.24 1.51 234.54 1st debonding; 2nd web��ange junction

Average 362.81 2.25 277.14 -
Std. Dev. 44.78 0.73 54.31 -
CoV 12.3% 32.3% 19.6% -
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B.2.2. Series P�M1

Table B.2.: GFRP�SFRSCC shear connection tests: results for series P�M1.

Specimen
Fu du K

Failure mode
(kN) (MPa) (kN/mm)

1 135.56 6.98 94.21 1st debonding; 2nd crushing of the �anges
2 139.49 7.76 93.02 1st debonding; 2nd crushing of the �anges
3 130.32 2.69 86.12 1st debonding; 2nd crushing of the �anges

Average 135.13 5.81 91.12 -
Std. Dev. 4.60 2.73 4.37 -
CoV 3.4% 47.0% 4.8% -

B.2.3. Series P�M2

Table B.3.: GFRP�SFRSCC shear connection tests: results for series P�M2.

Specimen
Fu du K

Failure mode
(kN) (MPa) (kN/mm)

1 229.80 1.77 148.29 1st debonding; 2nd crushing of the �anges
2 205.54 1.63 151.20 1st debonding; 2nd crushing of the �anges
3 237.83 1.40 151.59 1st debonding; 2nd crushing of the �anges
4 218.30 6.69 111.81 1st debonding; 2nd crushing of the �anges

Average 222.86 2.87 140.72 -
Std. Dev. 14.06 2.55 19.33 -
CoV 6.3% 88.8% 13.7% -
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B.2.4. Series P�M3

Table B.4.: GFRP�SFRSCC shear connection tests: results for series P�M3.

Specimen
Fu du K

Failure mode
(kN) (MPa) (kN/mm)

1 290.51 5.10 148.93 1st debonding; 2nd crushing of the �anges
2 272.63 3.29 129.80 1st debonding; 2nd crushing of the �anges
3 295.64 6.42 141.34 1st debonding; 2nd crushing of the �anges

Average 286.26 4.94 140.02 -
Std. Dev. 12.08 1.57 9.63 -
CoV 4.2% 31.8% 6.9% -

B.2.5. Series P�M4

Table B.5.: GFRP�SFRSCC shear connection tests: results for series P�M4.

Specimen
Fu du K

Failure mode
(kN) (MPa) (kN/mm)

1 366.11 2.84 246.83 1st debonding; 2nd crushing of the �anges
2 367.18 6.15 268.68 1st debonding; 2nd crushing of the �anges
3 374.53 2.40 191.71 1st debonding; 2nd crushing of the �anges
4 346.78 5.10 179.94 1st debonding; 2nd crushing of the �anges

Average 363.65 4.12 221.79 -
Std. Dev. 11.85 1.79 42.74 -
CoV 3.3% 43.5% 19.3% -
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B.2.6. Series P�AM

Table B.6.: GFRP�SFRSCC shear connection tests: results for series P�AM.

Specimen
Fu du K

Failure mode
(kN) (MPa) (kN/mm)

1 422.67 5.22 197.98 1st debonding;
2nd web��ange junction & bolts' failure

2 374.72 2.24 357.93
1st debonding;
2nd web��ange junction & bolts' failure

3 444.161 2.801 340.81 -

4 352.93 3.27 305.55 1st debonding;
2nd web��ange junction & bolts' failure

Average 398.62 3.38 300.57 -
Std. Dev. 42.08 1.29 71.79 -
CoV 10.6% 38.2% 23.9% -
1 not tested up to failure.

B.3. Un�aged specimens

B.3.1. Series A

Table B.7.: GFRP�SFRSCC shear connection tests: results for series A.

Specimen
Fu du K

Failure mode
(kN) (mm) (kN/mm)

1 364.46 2.28 280.28 1st debonding; 2nd web��ange junction
2 442.34 2.03 270.58 1st debonding; 2nd web��ange junction
3 374.13 1.87 226.54 1st debonding; 2nd web��ange junction
4 391.59 2.40 221.58 1st debonding; 2nd web��ange junction

Average 393.13 2.15 249.74 -
Std. Dev. 34.67 0.24 29.99 -
CoV 8.8% 11.2% 12.0% -
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B.3.2. Series M

Table B.8.: GFRP�SFRSCC shear connection tests: results for series M.

Specimen
Fu du K

Failure mode
(kN) (mm) (kN/mm)

1 352.60 5.42 96.60 Crushing of the �anges
2 379.16 4.47 96.36 Crushing of the �anges
3 357.53 4.87 84.87 Crushing of the �anges
4 351.75 4.97 85.72 Crushing of the �anges

Average 360.26 4.93 90.89 -
Std. Dev. 12.86 0.39 6.46 -
CoV 3.6% 8.0% 7.1% -

B.3.3. Series AM

Table B.9.: GFRP�SFRSCC shear connection tests: results for series AM.

Specimen
Fu du K

Failure mode
(kN) (mm) (kN/mm)

1 504.09 2.26 297.54 1st debonding; 2nd web-�ange junction
2 558.74 2.59 319.21 1st debonding; 2nd web-�ange junction
3 395.38 2.37 250.97 1st debonding; 2nd crushing of the �anges
4 576.57 2.24 320.43 1st debonding; 2nd web-�ange junction

Average 508.70 2.36 297.04 -
Std. Dev. 81.59 0.16 32.46 -
CoV 16.0% 6.8% 10.9% -
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B.4. Aged specimens

B.4.1. Thermal cycles

B.4.1.1. Series A�Th�T1

Table B.10.: GFRP�SFRSCC shear connection tests: results for series A�Th�T1.

Specimen
Fu du K

Failure mode
(kN) (mm) (kN/mm)

1 437.60 3.72 175.96 Debonding
2 455.70 �1 180.37 Debonding
3 419.26 2.86 240.58 Debonding
4 471.07 2.11 368.59 Debonding

Average 445.91 2.90 241.38 -
Std. Dev. 22.42 0.81 89.79 -
CoV 5.0% 27.9% 37.2% -
1 The measurement of the relative displacement is not
accurate for loads over 268 kN because one of the
transducers moved.

B.4.1.2. Series A�Th�T2

Table B.11.: GFRP�SFRSCC shear connection tests: results for series A�Th�T2.

Specimen
Fu du K

Failure mode
(kN) (mm) (kN/mm)

1 415.29 �1 170.47 Debonding
2 477.77 2.47 251.66 1st debonding; 2nd web��ange junction
3 392.98 2.88 231.38 Debonding
4 448.02 2 4.68 2 242.40 -2

Average 433.51 3.34 223.98 -
Std. Dev. 37.17 1.18 36.63 -
CoV 8.6% 35.2% 16.4% -
1 The measurement of the relative displacement is not accurate for loads
over 318 kN because one of the transducers moved.

2 Specimen did not collapse.
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B.4.1.3. Series A�Th�T3

Table B.12.: GFRP�SFRSCC shear connection tests: results for series A�Th�T3.

Specimen
Fu du K

Failure mode
(kN) (mm) (kN/mm)

1 497.60 6.28 90.23 Debonding
2 465.87 8.68 80.26 Debonding
3 545.45 6.23 148.18 Debonding
4 477.52 5.01 143.62 Debonding
5 405.87 5.94 124.91 Debonding
6 447.77 5.37 119.22 Debonding
7 438.84 6.79 85.88 Debonding
8 475.79 5.54 113.98 Debonding

Average 469.34 6.23 113.29 -
Std. Dev. 41.64 1.14 25.86 -
CoV 8.9% 18.3% 22.8% -

B.4.2. Wet�dry cycles

B.4.2.1. Series A�H�T1

Table B.13.: GFRP�SFRSCC shear connection tests: results for series A�H�T1.

Specimen
Fu du K

Failure mode
(kN) (mm) (kN/mm)

1 414.05 5.63 113.25 Debonding
2 344.13 1 10.04 1 51.43 1 Crushing of the GFRP
3 405.12 5.19 148.28 Debonding
4 307.19 6.74 96.30 Debonding

Average 375.45 5.85 119.27 -
Std. Dev. 59.29 0.80 26.51 -
CoV 15.8% 13.7% 22.2% -
1 These results were not considered for the average and standard deviation.
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B.4.2.2. Series A�H�T2

Table B.14.: GFRP�SFRSCC shear connection tests: results for series A�H�T2.

Specimen
Fu du K

Failure mode
(kN) (mm) (kN/mm)

1 406.12 5.27 118.07 Web��ange junction
2 358.26 6.77 108.29 1st web��ange junction; 2nd debonding
3 400.41 4.74 169.90 Debonding
4 412.81 1 11.661 90.12 1 Crushing of the GFRP

Average 388.26 5.59 132.09 -
Std. Dev. 26.14 1.05 33.11 -
CoV 6.7% 18.9% 25.1% -

1 These results were not considered for the average and standard deviation.

B.4.2.3. Series A�H�T3

Table B.15.: GFRP�SFRSCC shear connection tests: results for series A�H�T3.

Specimen
Fu du K

Failure mode
(kN) (mm) (kN/mm)

1 412.31 6.23 97.72 1st web��ange junction; 2nd debonding
2 429.67 6.01 104.04 Debonding
3 326.53 5.97 96.01 1st web��ange junction; 2nd debonding
4 381.82 7.13 1 26.96 1 1st crushing; 2nd web��ange junction

Average 387.58 6.07 99.26 -
Std. Dev. 45.25 0.14 4.23 -
CoV 11.7% 2.3% 4.3% -

1 These results were not considered for the average and standard deviation.
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B.4.2.4. Series AM�H�T3

Table B.16.: GFRP�SFRSCC shear connection tests: results for series AM�H�T3.

Specimen
Fu du K

Failure mode
(kN) (mm) (kN/mm)

1 507.52 6.83 110.88 1st debonding; 2nd crushing;
3rd web��ange junction

2 477.02 6.16 92.82 1st debonding; 2rd web��ange junction

3 510.50 4.56 177.28 1st debonding; 2nd crushing;
3rd web��ange junction

Average 498.35 5.85 126.99 -
Std. Dev. 18.53 1.17 44.48 -
CoV 3.7% 19.9% 35.0% -
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C. Appendix C � One pedestrian

dynamic test on the small�scale

prototype

C.1. Introduction

This appendix presents the comprehensive comparison between the experimental data of
the small�scale prototype one pedestrian tests, described in Chapter 6, and the numerical
results. In this regard, for each pedestrian motion, each path, and each measuring position,
a representative curve of the accelerations measured in the experimental tests is compared
with those obtained with the FE model.
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Figure C.1.: Small�scale prototype one pedestrian
tests: accelerations attained at A1 for slow walk
at the centred path. Experimental and numerical
results.

Figure C.2.: Small�scale prototype one pedestrian
tests: accelerations attained at A2 for slow walk
at the centred path. Experimental and numerical
results.
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Figure C.3.: Small�scale prototype one pedestrian
tests: accelerations attained at A3 for slow walk
at the centred path. Experimental and numerical
results.

Figure C.4.: Small�scale prototype one pedestrian
tests: accelerations attained at A4 for slow walk
at the centred path. Experimental and numerical
results.
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Figure C.5.: Small�scale prototype one pedestrian
tests: accelerations attained at A5 for slow walk
at the centred path. Experimental and numerical
results.

Figure C.6.: Small�scale prototype one pedestrian
tests: accelerations attained at A16 for slow walk
at the centred path. Experimental and numerical
results.
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Figure C.7.: Small�scale prototype one pedestrian
tests: accelerations attained at A17 for slow walk
at the centred path. Experimental and numerical
results.

Figure C.8.: Small�scale prototype one pedestrian
tests: accelerations attained at A18 for slow walk
at the centred path. Experimental and numerical
results.
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Figure C.9.: Small�scale prototype one pedestrian
tests: accelerations attained at A19 for slow walk
at the centred path. Experimental and numerical
results.

Figure C.10.: Small�scale prototype one pedes-
trian tests: accelerations attained at A20 for slow
walk at the centred path. Experimental and nu-
merical results.
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Figure C.11.: Small�scale prototype one pedes-
trian tests: accelerations attained at A1 for slow
walk at the eccentric path. Experimental and nu-
merical results.

Figure C.12.: Small�scale prototype one pedes-
trian tests: accelerations attained at A2 for slow
walk at the eccentric path. Experimental and nu-
merical results.
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Figure C.13.: Small�scale prototype one pedes-
trian tests: accelerations attained at A3 for slow
walk at the eccentric path. Experimental and nu-
merical results.

Figure C.14.: Small�scale prototype one pedes-
trian tests: accelerations attained at A4 for slow
walk at the eccentric path. Experimental and nu-
merical results.

1 2 3 4 5 6 7 8 9 1 0
- 0 . 6
- 0 . 5
- 0 . 4
- 0 . 3
- 0 . 2
- 0 . 1
0 . 0
0 . 1
0 . 2
0 . 3
0 . 4
0 . 5
0 . 6

 T e s t
 F E MA 5

Ac
cel

era
tio

n (
m/

s2 )

T i m e  ( s )
1 2 3 4 5 6 7 8 9 1 0

- 0 . 6
- 0 . 5
- 0 . 4
- 0 . 3
- 0 . 2
- 0 . 1
0 . 0
0 . 1
0 . 2
0 . 3
0 . 4
0 . 5
0 . 6 A 1 6

Ac
cel

era
tio

n (
m/

s2 )

T i m e  ( s )

 T e s t
 F E M

Figure C.15.: Small�scale prototype one pedes-
trian tests: accelerations attained at A5 for slow
walk at the eccentric path. Experimental and nu-
merical results.

Figure C.16.: Small�scale prototype one pedes-
trian tests: accelerations attained at A16 for slow
walk at the eccentric path. Experimental and nu-
merical results.
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Figure C.17.: Small�scale prototype one pedes-
trian tests: accelerations attained at A17 for slow
walk at the eccentric path. Experimental and nu-
merical results.

Figure C.18.: Small�scale prototype one pedes-
trian tests: accelerations attained at A18 for slow
walk at the eccentric path. Experimental and nu-
merical results.
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Figure C.19.: Small�scale prototype one pedes-
trian tests: accelerations attained at A19 for slow
walk at the eccentric path. Experimental and nu-
merical results.

Figure C.20.: Small�scale prototype one pedes-
trian tests: accelerations attained at A20 for slow
walk at the eccentric path. Experimental and nu-
merical results.
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Figure C.21.: Small�scale prototype one pedes-
trian tests: accelerations attained at A1 for nor-
mal walk at the centred path. Experimental and
numerical results.

Figure C.22.: Small�scale prototype one pedes-
trian tests: accelerations attained at A2 for nor-
mal walk at the centred path. Experimental and
numerical results.
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Figure C.23.: Small�scale prototype one pedes-
trian tests: accelerations attained at A3 for nor-
mal walk at the centred path. Experimental and
numerical results.

Figure C.24.: Small�scale prototype one pedes-
trian tests: accelerations attained at A4 for nor-
mal walk at the centred path. Experimental and
numerical results.
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Figure C.25.: Small�scale prototype one pedes-
trian tests: accelerations attained at A5 for nor-
mal walk at the centred path. Experimental and
numerical results.

Figure C.26.: Small�scale prototype one pedes-
trian tests: accelerations attained at A16 for nor-
mal walk at the centred path. Experimental and
numerical results.
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Figure C.27.: Small�scale prototype one pedes-
trian tests: accelerations attained at A17 for nor-
mal walk at the centred path. Experimental and
numerical results.

Figure C.28.: Small�scale prototype one pedes-
trian tests: accelerations attained at A18 for nor-
mal walk at the centred path. Experimental and
numerical results.
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Figure C.29.: Small�scale prototype one pedes-
trian tests: accelerations attained at A19 for nor-
mal walk at the centred path. Experimental and
numerical results.

Figure C.30.: Small�scale prototype one pedes-
trian tests: accelerations attained at A20 for nor-
mal walk at the centred path. Experimental and
numerical results.
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Figure C.31.: Small�scale prototype one pedes-
trian tests: accelerations attained at A1 for nor-
mal walk at the eccentric path. Experimental and
numerical results.

Figure C.32.: Small�scale prototype one pedes-
trian tests: accelerations attained at A2 for nor-
mal walk at the eccentric path. Experimental and
numerical results.

327



Appendix C � One pedestrian dynamic test on the small�scale prototype

1 2 3 4 5 6 7 8
- 1 . 0
- 0 . 8
- 0 . 6
- 0 . 4
- 0 . 2
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0 A 3

Ac
cel

era
tio

n (
m/

s2 )

T i m e  ( s )

 T e s t
 F E M

1 2 3 4 5 6 7 8
- 1 . 0
- 0 . 8
- 0 . 6
- 0 . 4
- 0 . 2
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0 A 4

Ac
cel

era
tio

n (
m/

s2 )

T i m e  ( s )

 T e s t
 F E M

Figure C.33.: Small�scale prototype one pedes-
trian tests: accelerations attained at A3 for nor-
mal walk at the eccentric path. Experimental and
numerical results.

Figure C.34.: Small�scale prototype one pedes-
trian tests: accelerations attained at A4 for nor-
mal walk at the eccentric path. Experimental and
numerical results.
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Figure C.35.: Small�scale prototype one pedes-
trian tests: accelerations attained at A5 for nor-
mal walk at the eccentric path. Experimental and
numerical results.

Figure C.36.: Small�scale prototype one pedes-
trian tests: accelerations attained at A16 for nor-
mal walk at the eccentric path. Experimental and
numerical results.
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Figure C.37.: Small�scale prototype one pedes-
trian tests: accelerations attained at A17 for nor-
mal walk at the eccentric path. Experimental and
numerical results.

Figure C.38.: Small�scale prototype one pedes-
trian tests: accelerations attained at A18 for nor-
mal walk at the eccentric path. Experimental and
numerical results.
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Figure C.39.: Small�scale prototype one pedes-
trian tests: accelerations attained at A19 for nor-
mal walk at the eccentric path. Experimental and
numerical results.

Figure C.40.: Small�scale prototype one pedes-
trian tests: accelerations attained at A20 for nor-
mal walk at the eccentric path. Experimental and
numerical results.

C.4. Walk fast

C.4.1. Centred path

1 . 0 1 . 5 2 . 0 2 . 5 3 . 0 3 . 5 4 . 0 4 . 5 5 . 0 5 . 5 6 . 0
- 1 . 2
- 1 . 0
- 0 . 8
- 0 . 6
- 0 . 4
- 0 . 2
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
1 . 2

Ac
cel

era
tio

n (
m/

s2 )

T i m e  ( s )

 T e s t
 F E MA 1

1 . 0 1 . 5 2 . 0 2 . 5 3 . 0 3 . 5 4 . 0 4 . 5 5 . 0 5 . 5 6 . 0
- 1 . 2
- 1 . 0
- 0 . 8
- 0 . 6
- 0 . 4
- 0 . 2
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
1 . 2 A 2

Ac
cel

era
tio

n (
m/

s2 )

T i m e  ( s )

 T e s t
 F E M

Figure C.41.: Small�scale prototype one pedes-
trian tests: accelerations attained at A1 for fast
walk at the centred path. Experimental and nu-
merical results.

Figure C.42.: Small�scale prototype one pedes-
trian tests: accelerations attained at A2 for fast
walk at the centred path. Experimental and nu-
merical results.
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Figure C.43.: Small�scale prototype one pedes-
trian tests: accelerations attained at A3 for fast
walk at the centred path. Experimental and nu-
merical results.

Figure C.44.: Small�scale prototype one pedes-
trian tests: accelerations attained at A4 for fast
walk at the centred path. Experimental and nu-
merical results.
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Figure C.45.: Small�scale prototype one pedes-
trian tests: accelerations attained at A5 for fast
walk at the centred path. Experimental and nu-
merical results.

Figure C.46.: Small�scale prototype one pedes-
trian tests: accelerations attained at A16 for fast
walk at the centred path. Experimental and nu-
merical results.
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Figure C.47.: Small�scale prototype one pedes-
trian tests: accelerations attained at A17 for fast
walk at the centred path. Experimental and nu-
merical results.

Figure C.48.: Small�scale prototype one pedes-
trian tests: accelerations attained at A18 for fast
walk at the centred path. Experimental and nu-
merical results.
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Figure C.49.: Small�scale prototype one pedes-
trian tests: accelerations attained at A19 for fast
walk at the centred path. Experimental and nu-
merical results.

Figure C.50.: Small�scale prototype one pedes-
trian tests: accelerations attained at A20 for fast
walk at the centred path. Experimental and nu-
merical results.
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Figure C.51.: Small�scale prototype one pedes-
trian tests: accelerations attained at A1 for fast
walk at the eccentric path. Experimental and nu-
merical results.

Figure C.52.: Small�scale prototype one pedes-
trian tests: accelerations attained at A2 for fast
walk at the eccentric path. Experimental and nu-
merical results.
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Figure C.53.: Small�scale prototype one pedes-
trian tests: accelerations attained at A3 for fast
walk at the eccentric path. Experimental and nu-
merical results.

Figure C.54.: Small�scale prototype one pedes-
trian tests: accelerations attained at A4 for fast
walk at the eccentric path. Experimental and nu-
merical results.
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Figure C.55.: Small�scale prototype one pedes-
trian tests: accelerations attained at A5 for fast
walk at the eccentric path. Experimental and nu-
merical results.

Figure C.56.: Small�scale prototype one pedes-
trian tests: accelerations attained at A16 for fast
walk at the eccentric path. Experimental and nu-
merical results.
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Figure C.57.: Small�scale prototype one pedes-
trian tests: accelerations attained at A17 for fast
walk at the eccentric path. Experimental and nu-
merical results.

Figure C.58.: Small�scale prototype one pedes-
trian tests: accelerations attained at A18 for fast
walk at the eccentric path. Experimental and nu-
merical results.
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Figure C.59.: Small�scale prototype one pedes-
trian tests: accelerations attained at A19 for fast
walk at the eccentric path. Experimental and nu-
merical results.

Figure C.60.: Small�scale prototype one pedes-
trian tests: accelerations attained at A20 for fast
walk at the eccentric path. Experimental and nu-
merical results.
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D. Appendix D � One pedestrian

dynamic test on the full�scale

prototype

D.1. Introduction

This appendix presents the comprehensive comparison between the experimental data of
the full�scale prototype one pedestrian tests, described in Chapter 7, and the numerical
results. In this regard, for each pedestrian motion, each path, and each measuring position,
a representative curve of the accelerations measured in the experimental tests is compared
with those obtained with the FE model.

D.2. Walk slow

D.2.1. Centred path
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Figure D.1.: Full�scale prototype one pedestrian
tests: accelerations attained at A1 for slow walk
at the centred path. Experimental and numerical
results.

Figure D.2.: Full�scale prototype one pedestrian
tests: accelerations attained at A2 for slow walk
at the centred path. Experimental and numerical
results.
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Figure D.3.: Full�scale prototype one pedestrian
tests: accelerations attained at A3 for slow walk
at the centred path. Experimental and numerical
results.

Figure D.4.: Full�scale prototype one pedestrian
tests: accelerations attained at A4 for slow walk
at the centred path. Experimental and numerical
results.

D.2.2. Eccentric path
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Figure D.5.: Full�scale prototype one pedestrian
tests: accelerations attained at A1 for slow walk
at the eccentric path. Experimental and numerical
results.

Figure D.6.: Full�scale prototype one pedestrian
tests: accelerations attained at A2 for slow walk
at the eccentric path. Experimental and numerical
results.
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Figure D.7.: Full�scale prototype one pedestrian
tests: accelerations attained at A3 for slow walk
at the eccentric path. Experimental and numerical
results.

Figure D.8.: Full�scale prototype one pedestrian
tests: accelerations attained at A4 for slow walk
at the eccentric path. Experimental and numerical
results.

D.3. Walk

D.3.1. Centred path
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Figure D.9.: Full�scale prototype one pedestrian
tests: accelerations attained at A1 for normal walk
at the centred path. Experimental and numerical
results.

Figure D.10.: Full�scale prototype one pedestrian
tests: accelerations attained at A2 for normal walk
at the centred path. Experimental and numerical
results.
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Figure D.11.: Full�scale prototype one pedestrian
tests: accelerations attained at A3 for normal walk
at the centred path. Experimental and numerical
results.

Figure D.12.: Full�scale prototype one pedestrian
tests: accelerations attained at A4 for normal walk
at the centred path. Experimental and numerical
results.

D.3.2. Eccentric path
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Figure D.13.: Full�scale prototype one pedestrian
tests: accelerations attained at A1 for normal walk
at the eccentric path. Experimental and numerical
results.

Figure D.14.: Full�scale prototype one pedestrian
tests: accelerations attained at A2 for normal walk
at the eccentric path. Experimental and numerical
results.
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Figure D.15.: Full�scale prototype one pedestrian
tests: accelerations attained at A3 for normal walk
at the eccentric path. Experimental and numerical
results.

Figure D.16.: Full�scale prototype one pedestrian
tests: accelerations attained at A4 for normal walk
at the eccentric path. Experimental and numerical
results.

D.4. Walk fast

D.4.1. Centred path
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Figure D.17.: Full�scale prototype one pedestrian
tests: accelerations attained at A1 for fast walk
at the centred path. Experimental and numerical
results.

Figure D.18.: Full�scale prototype one pedestrian
tests: accelerations attained at A2 for fast walk
at the centred path. Experimental and numerical
results.
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Figure D.19.: Full�scale prototype one pedestrian
tests: accelerations attained at A3 for fast walk
at the centred path. Experimental and numerical
results.

Figure D.20.: Full�scale prototype one pedestrian
tests: accelerations attained at A4 for fast walk
at the centred path. Experimental and numerical
results.

D.4.2. Eccentric path
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Figure D.21.: Full�scale prototype one pedestrian
tests: accelerations attained at A1 for fast walk
at the eccentric path. Experimental and numerical
results.

Figure D.22.: Full�scale prototype one pedestrian
tests: accelerations attained at A2 for fast walk
at the eccentric path. Experimental and numerical
results.
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Figure D.23.: Full�scale prototype one pedestrian
tests: accelerations attained at A3 for fast walk
at the eccentric path. Experimental and numerical
results.

Figure D.24.: Full�scale prototype one pedestrian
tests: accelerations attained at A4 for fast walk
at the eccentric path. Experimental and numerical
results.

D.5. Walk fast

D.5.1. Centred path
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Figure D.25.: Full�scale prototype one pedestrian
tests: accelerations attained at A1 for run at the
centred path. Experimental and numerical results.

Figure D.26.: Full�scale prototype one pedestrian
tests: accelerations attained at A2 for run at the
centred path. Experimental and numerical results.
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Figure D.27.: Full�scale prototype one pedestrian
tests: accelerations attained at A3 for run at the
centred path. Experimental and numerical results.

Figure D.28.: Full�scale prototype one pedestrian
tests: accelerations attained at A4 for run at the
centred path. Experimental and numerical results.

D.5.2. Eccentric path
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Figure D.29.: Full�scale prototype one pedestrian
tests: accelerations attained at A1 for run at the ec-
centric path. Experimental and numerical results.

Figure D.30.: Full�scale prototype one pedestrian
tests: accelerations attained at A2 for run at the ec-
centric path. Experimental and numerical results.
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Figure D.31.: Full�scale prototype one pedestrian
tests: accelerations attained at A3 for run at the ec-
centric path. Experimental and numerical results.

Figure D.32.: Full�scale prototype one pedestrian
tests: accelerations attained at A4 for run at the ec-
centric path. Experimental and numerical results.
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