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ABSTRACT

Civil infrastructures made of reinforced concrete (RC) play an important role in the economic
activities and services of society. However, signs of deterioration and functional deficiency are
commonly found in existing RC structures. Thus, there is a great demand for upgrading the
capacity and performance of existing concrete structures. Fibre reinforced polymer (FRP)
composites have been widely used as externally bonded reinforcement (EBR) for strengthening
RC structures since the 1990s. The work of this thesis aimed to investigate robust and efficient
FRP-strengthening systems for structural strengthening of existing RC structures with a focus
on RC bridge superstructures. Three different strengthening techniques were investigated.

A recently developed technique, namely the stepwise prestressing method, was studied in the
current work to eliminate the need for mechanical anchors when using prestressed carbon-FRP
(CFRP) plate as EBR for strengthening RC beams. Experiments showed that this method could
realise the self-anchorage of prestressed CFRP plates on the surface of concrete beams given
prestressing levels of 25-30% (of the CFRP tensile capacity). Despite no installation of
mechanical anchors, the self-anchored prestressed plates were demonstrated to be efficient in
reducing crack widths and improving the flexural capacity of the strengthened RC beams. At
the debonding of the CFRP plates, the utilization ratios were in the range of 81-86% (of the
CFRP tensile capacity) indicating significantly improved utilisation of the plates compared
with equivalent non-prestressed plates.

A practical modelling strategy was also developed to enable nonlinear FEA of the CFRP-
strengthened RC beam. Using the FEA, parametric studies on the self-anchored plates indicated
an optimal prestressing level of 40% (specifically for the investigated specimen), above which
both load-carrying and deflection capacities of the strengthened beam would decrease due to
CFRP debonding before yielding of steel reinforcement.

A hybrid FRP system for strengthening RC beams with a T-shaped cross-section, representing
the deck and girder system of RC bridge superstructures, was also investigated. The hybrid
system included self-anchored prestressed CFRP plates applied to the soffit of the T-beams and
prefabricated glass-FRP (GFRP) panels installed on the top of the T-beam flanges. In the
strengthened RC T-beams subjected to bending, the CFRP plate acted as tensile reinforcement
and the GFRP panel took most of the compressive force. Flexural tests showed that the applied
hybrid FRP strengthening system was robust and efficient in improving the flexural stiffness
and capacity. The tests also highlighted substantial residual capacity after the CFRP debonding,
as the compressive zone shifted to the GFRP panel and concrete crushing at the top of the T-
beam was prevented.

The current work also investigated effective FRP strengthening systems for deteriorated
concrete beams with highly corroded steel reinforcement. The system included externally
bonded FRP reinforcement on the beam soffit and CFRP U-jackets along the span. Flexural
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tests showed that the system was efficient in upgrading the flexural capacity of deteriorated
concrete beams, despite local corrosion levels of steel reinforcement up to 57% and unrepaired
concrete cover with up to 2 mm wide corrosion-induced cracks. The U-jackets effectively
suppressed spalling of the concrete cover and thus enabled improved utilisation of the bonded
FRP reinforcement on the beam soffits, with a utilisation ratio of CFRP plates up to 64% and
even rupture of GFRP laminates.

In summary, the FRP-strengthening systems investigated in the current work were
demonstrated to be robust and efficient in strengthening RC members subjected to bending.

Keywords:

Fibre reinforced polymer, CFRP, GFRP, externally bonded reinforcement, prestressing level,
debonding, self-anchorage, interfacial stress, concrete structures, corrosion, finite element
analysis.
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1 Introduction

1.1 Background

Concrete is widely used to construct civil infrastructures encompassing bridges, dams,
pavements, or buildings that are crucial to the services and economic activities of modern
society. Considering that most concrete infrastructures were built in the past 50 years, more
and more of these structures are approaching the end of their designed service life [1]. To meet
the demands of the developing society, these concrete infrastructures require substantial
maintenance or strengthening to be able to reach their designed lifetime or fulfil the intended
services.

Bridges, as the critical part of road and railway networks, are good examples. In Europe,
approximately 86% of bridges are made of reinforced or prestressed concrete [2]. A survey
(during 2003-2005) of railway bridges in 17 European countries revealed that 80% of the
bridges made of concrete were built in the past 50 years [3]. In Sweden, the age distribution of
concrete bridges owned by Swedish Transport Administration showed that 40% were 20-50
years old and 34% were older than 50 years [4]. The ageing concrete bridges commonly
exhibit signs of deterioration and functional deficiency even before reaching the end of their
designed service life. Considering the increase in vehicle loads and traffic volume of current
and future society, the ageing concrete bridges might become critical and thus fail to satisfy
the demands of public traffic and safety. In Sweden, 72% of the demolished bridges during
1990-2005 were torn down due to lack of load-bearing capacity [5]. Therefore, there is a great
demand for effective techniques to strengthen and modernise the functionally deficient
concrete bridges.

According to feedbacks from transport agencies [4], the requirements of bridge strengthening
techniques addressed not only robustness but also efficiency. A robust strengthening solution
has the potential to greatly upgrade the performance of a structure above its original level. The
efficiency herein means obtaining the upgraded performance at low costs in the perspectives
of construction and maintenance activities, traffic disturbance, and environmental impacts. For
instance, traffic closure would increase user costs due to detour or traffic congestion. The noise,
vibration, and dust from the construction site cause environmental impact and thus increase
social costs. With the growing public awareness of the user and social costs, traffic agencies
have set a high priority for the research of non-disruptive refurbishment techniques for the
repair and strengthening activities [4]. Given the fact that 70% of deterioration problems
found in concrete bridges are associated with concrete decks [4], the strengthening of
concrete decks and girders, acting as the main structural elements of bridge superstructures,
forms a predominant part of the refurbishment of concrete bridges.

A well-established technique for strengthening concrete structures is to use fibre reinforced
polymer (FRP) composites as externally bonded reinforcement [6—8]. FRP composite materials
are generally comprised of high strength fibres embedded in a polymer matrix. The fibres are
the main reinforcing elements, and the polymer matrix acts as a binder that protects the fibres
and transfers loads between them. FRP composites are characterized by properties such as
lightweight, superior strength, and high corrosion resistance. These properties closely meet the
above-mentioned requirements of strengthening techniques: a) the lightweight facilitates
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application and thus reduce construction time, b) the high strength and stiffness mean sufficient
reinforcing effects, ¢) the high corrosion resistance avoids the common corrosion problems of
steel reinforcement and reduces the costs of inspection and maintenance during service life. In
1991, carbon-FRP (CFRP) laminates were first applied in a field project as externally bonded
reinforcement for flexural strengthening of a concrete bridge in Lucerne, Switzerland [9].
Although there has been a considerable amount of studies on the externally bonded FRP
reinforcement [10-20], research is still needed to bridge the gap between existing FRP-
solutions and the demands for the robust and efficient strengthening of existing concrete
bridges.

Pioneering studies [21,22] have shown that prestressing FRP laminates before bonding to the
soffit of a concrete beam can further improve its flexural performance in terms of deflection,
crack width, and ultimate capacity. To assure the function of prestressed FRP laminates, it is
essential to install mechanical anchorage systems at their ends [23,24]. However, the
installation of anchorage systems, e.g. the commonly used set of metallic anchor plates and
bolts, is cumbersome and labour-intensive. The metallic components are also vulnerable to
corrosion in the long term. The problems of anchorage systems increase the complexity of
using prestressed FRP reinforcement. Thus, it is of great interest to investigate methods that
can efficiently apply prestressed FRP reinforcement and meanwhile eliminates the need for
mechanical anchorage systems.

Although prestressing FRP laminates contributes to further improvement in the serviceability
performance and ultimate capacity of concrete beams, there are limits on the level that the FRP
laminates can be pre-tensioned to. One limit of the prestressing level is set in order to avoid
over-reinforcing; an excessively prestressed FRP bonded to the soffit of a reinforced concrete
(RC) beam might lead to the undesirable failure of FRP even before yielding of steel
reinforcement. To optimise the use of prestressed FRP reinforcement, it is important to study
the effects of the prestressing level on the structural behaviour and failure mode of FRP-
strengthened concrete beams. Numerical simulations based on finite element analysis (FEA)
provide a feasible and cost-effective approach to optimisation. However, the difficulty in
performing FEA of FRP-strengthened concrete members is to properly model not only the
FRP-concrete adhesive bond but also the initiation and development of cracks in concrete.
Modelling the failure of bonded FRP induced by critical cracks highly involves nonlinearity
and stiffness degradation in the definition of material and interfacial properties, which increase
the modelling complexity, convergence difficulties, and computational costs. Therefore, it is
worth developing a modelling strategy that allows practical applications of nonlinear FEA in a
cost-efficient way to optimise FRP-strengthening of RC beams.

The strengthening efficiency when using prestressed FRP reinforcement might also be limited
by the compressive capacity of concrete. Thus, an increase in the prestressing level or amount
of the applied FRP reinforcement may not increase the flexural capacity of strengthened RC
beams. Instead, the utility of the prestressed FRP reinforcement can decrease due to the flexural
failure becoming governed by concrete crushing in the compressive zone of the beam. To
eliminate this limit and further improve the flexural capacity by using prestressed-FRP-
strengthening, it was proposed in the research project SUREBRIGE [25], which was part of
the work in the current thesis, to use glass-FRP (GFRP) panels in combination with externally
bonded prestressed CFRP plates for strengthening RC bridge superstructures. The GFRP panel
is installed on top of the existing concrete deck acting as compressive reinforcement, and the

2 CHALMERS, Architecture and Civil Engineering



prestressed CFRP plates were externally bonded to the soffit of the girder (or deck) as tensile
reinforcement. This hybrid FRP strengthening system was studied in the current work to
investigate its efficiency and robustness in strengthening the deck and girder system of RC
bridge superstructures.

In the past four decades, most research on the use of externally bonded FRP was conducted on
sound concrete members without considering common deterioration problems of existing RC
structures, the major one being corrosion of steel reinforcement. However, the routine use of
bonded FRP might not be effective for strengthening deteriorated concrete. More specifically,
corrosion-induced cracks in deteriorated concrete members tend to significantly undermine the
efficiency of bonded FRP laminates in flexural strengthening [26]. Recent experimental studies
[27,28] showed that merely using bonded FRP laminates for flexural strengthening could not
effectively enhance the capacity of concrete beams with corroded steel reinforcement, due to
premature failure initiated by the separation of concrete cover (with corrosion-induced cracks)
and accompanied with a low utilisation ratio of the FRP reinforcement. For the strengthening
of existing concrete members, it is important to consider the effects of deterioration and further
explore effective strengthening systems using bonded FRP.

1.2 Aim and objectives

This research aims to investigate robust and efficient FRP-strengthening systems to improve
the structural capacity of existing RC structures, with a focus on RC bridge superstructures. To
achieve this aim, the following objectives were defined in alignment with the aforementioned
research gaps:

For sound RC structures

e To study innovative methods to apply prestressed CFRP plates without the need for
mechanical anchorage systems and further investigate the efficiency of the applied
prestressed CFRP plates in strengthening RC members;

e To develop a practical modelling strategy for performing nonlinear FEA of CFRP-
strengthened RC members to optimise the prestressing level of the applied CFRP plates;

e To investigate the robustness and efficiency of the hybrid FRP strengthening system
(using GFRP panels complementary with prestressed CFRP plates) for strengthening
the superstructure of existing RC bridges;

For deteriorated RC structures with corroded steel reinforcement

e To explore and investigate effective bonded-FRP systems for strengthening
deteriorated concrete members with corroded steel reinforcement.

1.3 Methodology

The methodological approaches adopted in this research are illustrated in Figure 1. Even
though not reported in this thesis, questionnaires were designed and sent to relevant transport
agencies in Sweden, Italy, and the Netherlands at the beginning of the research project
SUREBRIDGE [25]. The analysis of collected replies helped to identify the practical problems
and demands prioritized by the agencies. Meanwhile, literature studies were conducted to
provide state-of-art research and existing solutions in the field of strengthening RC structures
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with externally bonded FRP composites. Based on the knowledge of current demands and
existing techniques, research gaps were identified in the fields of strengthening with externally
bonded prestressed FRP and FRP-strengthening of deteriorated RC structures. Accordingly,
research objectives were set to bridge the gaps. A series of experimental programmes were
designed and conducted to investigate feasible FRP-strengthening systems. Multiple
approaches were adopted in the phases of designing, conducting, and evaluating the
experiments as shown in Figure 1. Numerical simulations based on FEA were conducted for
further evaluation and comparison with experimental results. Based on the evaluation of
experimental and numerical results, conclusions and suggestions were summarized in
accordance with the aim and objectives of this research.

Define the aim of

( . ) ) research
Literature studies . .
Revi v Questionnaire to
* Review state-of-art .
. traffic agencies
research — Identify research gaps o
L * Prioritize problems
*  Evaluate existing Identify d J
solutions v entify demands
. / Set the objectives of
research
Validate the design of
experiments J
Design and conduct [ Conduct multiscale
(. . ) experimental programs tests in laboratory
Dialogue with experts
from construction
| industrysectors | v 3D optical scanning
- Evaluate experimental .
Data acquisition, P DIC analysis
. results
analysis, and il
interpretation Linear/Nonlinear FEA

Conclusions and
suggestions

Figure 1. Methodological approaches adopted in the current research.

1.4 Limitations

The limitations of the current work are summarised as:

e The existing reinforced concrete structures in consideration were mainly concrete
bridges and their concrete girders and decks as the critical structural components of
bridge superstructures.

e Robust and efficient FRP-strengthening techniques were investigated for flexural
strengthening of concrete members. Strengthening in shear or axial compression was
not the focus of the current work.

e FRP-strengthening systems in the current work were investigated to bridge the gap in
the research field of externally bonded FRP techniques. Thus, FRP composites applied
in other configurations such as near-surface mounted were not included.
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e In the current work, the deterioration of RC structures considers corrosion of steel
reinforcement and corrosion-induced cracks in the concrete cover.

1.5 Original features

The original features of the current work are summarised below:

e It was shown in experiments that the stepwise prestressing method could realize the
self-anchorage of prestressed CFRP plates on the concrete surface and thus eliminate
the need for mechanical anchorage systems.

e The hybrid FRP strengthening system comprising of prestressed CFRP plates and
prefabricated GFRP panels was shown to be efficient and robust in improving the
flexural stiffness and capacity of RC members.

e The FRP-strengthening system investigated in Paper V was effective to significantly
improve the flexural capacity of deteriorated concrete beams, despite high corrosion
levels of steel reinforcement and unrepaired concrete cover with corrosion-induced
cracks.

1.6 Outline of the thesis

This thesis is comprised of an introductory part and five appended papers. The introductory
part consists of four chapters.

Chapter 1 introduces the background, aim, and objectives of the research, and presents the
methodology, limitations, and original features of the current work.

Chapter 2 describes the FRP-strengthening systems applied and investigated in the current
work.

Chapter 3 provides an overview of the current work regarding the experimental programmes,
FEA, and summaries of the appended papers.

Chapter 4 concludes this work and provides suggestions for future research.
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2 Externally bonded FRP strengthening systems

2.1 Overview

Since the commence of research on applying FRP to civil infrastructures in the late 1980s [29],
FRP composites have been commonly used as externally bonded reinforcement (EBR) in the
form of plates, sheets, or strips to strengthen structural RC elements subjected to bending [17],
shear[18,16], or axial loading [17,16,18,30]. Several guidelines and recommendations for the
design of externally bonded FRP reinforcement have been published worldwide by, e.g., fib
in Europe [31,32], CNR in Italy [33], Concrete Society in the UK [34], ACI in the United States
[35], CSA in Canada [36], JSCE [37] in Japan, and independent researchers [38,39].

The EBR technique is considered to be a cost-efficient alternative to replacing functionally
deficient RC members. For flexural strengthening, the EBR can be applied to the soffit of RC
members using the so-called wet lay-up method or epoxy adhesive. In the wet lay-up method,
fibre fabrics or sheets are saturated in epoxy resin and then bonded to the concrete surfaces to
form FRP laminates after curing of the epoxy. Alternatively, it is common to use CFRP plates
(i.e. FRP laminates prefabricated by pultrusion method with unidirectional carbon fibres to
offer high stiffness and strength) and directly bond to concrete surfaces with epoxy adhesive.

However, the CFRP plates used as EBR tend to debond from concrete surfaces at a low stress
level in the plates due to the limited tensile strength of concrete; only 20-30% of the CFRP
tensile strength is used when they are applied as ERB for flexural and shear strengthening of
RC structural members [40]. To fully utilise the strength of externally bonded CFRP plates,
researchers have proposed prestressing them before bonding [21,22]. Compared to the
conventional EBR, using prestressed CFRP plates not only increases the utilisation of the
CFRP tensile strength but also offers advantages including smaller crack widths, reduced
deflection, and improved flexural stiffness and capacity [40,41]. To assure the function of
prestressed CFRP plates, it is important to install mechanical anchorage systems at their ends
to transfer the prestress force to concrete [23,24].

Although the EBR technique has been widely used for strengthening RC structures, the routine
use of FRP as EBR might not be effective for deteriorated RC members. For instance,
corrosion-induced cracks in deteriorated concrete members might significantly undermine the
efficiency of using externally bonded FRP reinforcement for flexural strengthening [26,27],
due to the spalling of concrete cover accompanied by relatively low utilisation of the FRP. The
research on effective EBR systems for strengthening deteriorated RC structures started to gain
attention in the late 2000s [26,27,42—51].

In the aforementioned fields of EBR using prestressed CFRP plates and EBR strengthening
systems for deteriorated RC members, research is needed to fill in the gaps as identified and
motivated in Section 1.1. In the current work, three strengthening systems based on externally
bonded FRP reinforcement were investigated to evaluate their efficiency in strengthening RC
members subjected to bending:

e Prestressed CFRP plates were used as externally bonded reinforcement for flexural
strengthening of RC beams. The prestressed CFRP plate was applied using the so-called
stepwise prestressing method to realise the self-anchorage of the plate on the concrete
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beam and thus eliminate the need for conventional mechanical anchors. The application
of self-anchored prestressed CFRP plates is introduced in Section 2.2;

e The combined use of prestressed CFRP plates as tensile reinforcement and GFRP
panels as compressive reinforcement was studied for strengthening RC members in
bending. This hybrid FRP strengthening system is described in detail in Section 2.3;

e A hybrid configuration of externally bonded FRP composites was studied to investigate
their effectiveness in strengthening deteriorated concrete beams with corroded steel
reinforcement. This bonded-FRP system, including externally bonded FRP laminates
on the beam soffit and CFRP U-jackets discretely installed along the beam span, is
introduced in Section 2.4.

2.2 Self-anchored prestressed CFRP plates

To realise the self-anchorage of prestressed CFRP plates, an innovative method was used in
the current work. This method, namely the stepwise prestressing method, was proposed by
Haghani et al. [52] at Chalmers University of Technology. In collaboration with the Swedish
Transport Administration, they started the development of this method and its prestressing tools
for practical applications in 2009. This method was designed for applying prestressed CFRP
plates to concrete members and realise the self-anchorage of the prestressed plates without the
need for mechanical anchors. It was shown in previous experimental studies [53] that using the
stepwise prestressing method could safely anchor a prestressed CFRP plate to a concrete
surface given a prestressing level of 33% (of the CFRP tensile capacity). Compared with
conventional prestressing methods, the stepwise prestressing method reduced the difficulty and
cost of using the prestressed CFRP plates as the installation and maintenance of the mechanical
anchorage system were eliminated.

Figure 2.1 compares the stepwise prestressing method with the conventional approach, in terms
of axial force and interfacial shear stress along the bonded prestressed CFRP plate, to explain
why the end anchorage system is required conventionally but not needed by using the stepwise
prestressing method. In the conventional approach, the prestressing force in the CFRP plate
tends to transfer to the concrete member over a short length Lo.cony (usually 50-100 mm) at the
plate ends. Given the fact that the magnitude of interfacial stresses is linearly proportional to
the gradient of the axial force along the bonded plate [54,55], the great force-transfer over this
short length Lo conv gives rise to interfacial stresses (e.g. shear stress in Figure 2.1a) which are
several times higher than the strength of concrete and thus likely to trigger the debonding of
the CFRP plate from the concrete surface. To prevent premature debonding of the prestressed
plate, it is essential to install mechanical anchors at the laminate ends, despite their
cumbersome and labour-intensive installation.

Unlike the conventional method, the stepwise prestressing method, using the prestressing tool
shown in Figure 2.2, is designed to create a gradually decreasing profile of the axial force
towards the ends of the CFRP plate. As illustrated in Figure 2.1b, the decrease of axial force
takes place within multiple segments along the bond line over a much longer length Lo step than
Lo.conv of the conventional approach. As a result, the gradient of the axial force and the resulting
interfacial shear stress are much smaller than those of the conventionally prestressed plate.
Theoretically, by manipulating the gradient of the axial force in the CFRP plate, these
interfacial stresses over Loswep can be reduced below a certain level and thus transferred safely
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via the CFRP-to-concrete adhesive bond to concrete without the need for the mechanical
anchors.

s 5

i CFRP plate in tension Concrete beam CFRP plate in tension Concrete beam
Py i Py
Py fmmmm e 1 PyF--- = . Prestressing tool 14
----Axial force \ | & | e X ---- Axial force =
Q o \.
o — Shear stress || 5 3 \ — Shear stress | &
..... Q
8 \ 2 < \ =
= “ =T z
% | S e Ny =
1 Q
< | & il \ £
D L b
g NNNNNNSCA 2
<> < >
@) h LA p '
0.conv 0.stepw

Figure 2.1. (a) Stepwise prestressing method compared with (b) the conventional approach for applying
prestressed CFRP plates regarding axial force and interfacial shear stress along the bonded plate [56].

Hydraulic jac

Prestressing
tool

Concrete
member

- CFRP plate

Figure 2.2. The prestressing tool of the stepwise prestressing method used to apply prestressed CFRP
plates to a concrete member [53].

In the current work, this stepwise prestressing method was studied and used to apply self-
anchored prestressed CFRP plates as EBR for flexural strengthening of RC beams. Paper I
comprehensively studied this prestressing method regarding its principle, prestressing system
and tools, operational procedure, implementation to RC beam specimens, and analyses of
interfacial stresses along the self-anchored prestressed CFRP plate. The applied self-anchored
prestressed CFRP plate was further investigated in experimental and numerical approaches
regarding its efficiency in flexural strengthening of RC beams. This is included in Paper II
and Paper III, as described in Section 3.2.
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2.3 Hybrid FRP strengthening system for RC bridge superstructures

As introduced in Section 1.1, the strengthening efficiency of prestressed CFRP plates might be
limited by crushing of the concrete in the compression zone of a flexural RC member. To
further develop the potential of using prestressed CFRP plates, it was originally proposed in
the research project SUREBRIDGE [25] (one of the projects funding the current research) to
add prefabricated GFRP panels acting as external compressive reinforcement on the top of RC
members. The combined use of prestressed CFRP plates and GFRP panels was proposed as an
FRP-solution for strengthening the superstructure of existing concrete bridges. Figure 2.3
demonstrates this hybrid FRP strengthening system applied to the deck and girder of a concrete
bridge. In the bridge superstructure subjected to bending, prestressed CFRP plates are applied
to the soffit of concrete girders as externally bonded tensile reinforcement. The aforementioned
stepwise prestressing method can be used to realise the self-anchorage of the CFRP plates
without mechanical anchors. Prefabricated GFRP panels are installed on the top of the old
concrete deck. The GFRP panels act as compressive reinforcement and take most of the
compressive force originally at the top of the concrete deck.

GFRP panels

Self-anchored
prestressed CFRP plates

Figure 2.3. Hybrid FRP strengthening system using self-anchored prestressed CFRP plates and GFRP
panels for strengthening the superstructure of existing concrete bridges.

Using the GFRP panels complementary with the applied prestressed CFRP plates had the
potential to provide the following benefits:

e Significantly improving the flexural stiffness and capacity of RC members owing to the
synergy between the prestressed CFRP plates in tension and GFRP panels subjected to
compression;

e Removing the limit of the prestressing level or amount of the applied prestressed CFRP
plates by protecting the concrete on the compressive side from crushing;

e Providing the opportunity for geometrical upgrading of the bridge deck. The
prefabricated GFRP panels can be supplied in tailored dimensions to meet the demand
for geometrical expansion, such as widening the bridge deck by adding pedestrian lanes
as shown in Figure 2.3;

The hybrid FRP strengthening system was studied in the current work to investigate its
efficiency in strengthening RC beams with a T-shaped cross-section. Based on the
experimental investigation, the aforementioned benefits were evaluated with a focus on the
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improvement in flexural performance and the protection from concrete crushing. As reported
in Paper IV, this hybrid strengthening system was also referred to as SUREBRIDGE solution.

2.4 Bonded-FRP system for deteriorated RC beams

Corrosion of steel reinforcement is the most common deterioration mechanism in concrete
bridges during service life. Corrosion-induced damage entails not only the reduction in
effective cross-sectional area of steel rebars but also cracking in the concrete cover due to the
volume expansion of corroding steel bars. The corrosion-induced cracks along the steel
reinforcement impair the surrounding concrete cover and weaken the bond between the steel
and concrete. These corrosion-induced damages might render externally bonded FRP
reinforcement ineffective in strengthening concrete members suffering from moderate to
severe corrosion of steel reinforcement [26,42,50]. Previous experimental studies showed that
merely using bonded FRP laminates on the soffit of a deteriorated concrete beam could not
effectively enhance its flexural capacity due to the separation of concrete cover that was
previously damaged by corrosion-induced cracks [27,28].

To assure the utilisation of externally bonded FRP reinforcement, mortar patch repair is
commonly used to remove the damaged concrete cover before bonding FRP composites to the
beam soffit. However, patch repair intervention might not be feasible for deficient structures
vulnerable to the removal of old concrete. Patch repair in the field might also be discouraged
concerning its labour-intensive work, high environmental impacts (e.g. dust, vibration, and
noise), and social costs due to traffic closure. A few experimental studies conducted recently
[26,27] indicated that, before bonding the FRP laminates, a patch repair to deteriorated concrete
cover might not be necessary for increasing structural capacity. From the perspective of
infrastructure owners, eliminating the need for costly patch repairs is of great interest,
especially in projects only requiring a short-term extension of service life. Therefore, it is
necessary to further explore effective bonded-FRP systems that can be applied to highly
deteriorated RC beams without repairing damaged concrete cover.

In the current work, a hybrid configuration of externally bonded FRP was investigated for
strengthening deteriorated RC beams with corroded steel reinforcement and unrepaired
corrosion-damaged concrete cover. As shown in Figure 2.4, this bonded-FRP system consisted
of externally bonded FRP reinforcement on the beam soffit for flexural strengthening and
CFRP U-jackets discretely installed along the span to provide transverse confinement of beam
sections. To optimise the use of U-jackets, those near the end of bonded FRP reinforcement
were installed with an inclination of 45° [57]. The experimental study of this bonded-FRP
system is reported in Paper V.
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Figure 2.4. Bonded-FRP system for strengthening deteriorated concrete beams without repairing
corrosion-damaged concrete cover.
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3 Experimental and numerical studies in the current work

3.1 Overview

To meet the research objectives, three experimental programmes were conducted in the current
work to investigate the FRP-strengthening systems introduced in Section 2. Based on the
experimental studies, numerical simulations using finite element analyses (FEA) were also
conducted for comparison, further evaluation, and optimisation. The experiments, FEA, and
evaluation of the experimental and numerical results were reported in the appended papers
(Paper I-V). An overview of the current work is shown in Figure 3.1.
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Figure 3.1. Overview of the current work including objectives (an abbreviated version of the objectives
described in Section 1.2), FRP-strengthening systems, experimental programmes, and topics analysed
in the appended papers.
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3.2 Self-anchored prestressed CFRP plates and FEA for optimisation

3.2.1 Description of experimental programme A

Experimental programme A was conducted to a) study the stepwise prestressing method for
applying self-anchored prestressed CFRP plates in Paper I, b) investigate the efficiency of the
self-anchored prestressed plates in strengthening RC beams in Paper III, and c¢) provide
experimental specimens and data that was used to validate the finite element modelling strategy
developed in Paper II. Further, FEA for optimising the applied prestressed CFRP plate was
performed in Paper III.

Experimental programme A included three RC beams: one reference and two strengthened with
different techniques. The first beam (B1) was not strengthened and served as a reference. The
second beam (B2) was externally bonded with a passive (non-prestressed) CFRP plate. The
third beam (B3) was first pre-loaded in four-point bending under a load of 30 kN (equivalent
to 50% of the theoretical yielding load) to induce pre-cracks. After removing the pre-loading,
the stepwise prestressing method (introduced in Section 2.2) was used to apply a self-anchored
prestressed CFRP plate to specimen B3 without using mechanical anchors. A prestressing level
of 27% (of the CFRP tensile capacity) was induced in the CFRP plate. The stepwise
prestressing method and its implementation to specimen B3 are comprehensively discussed in
Paper 1.

The prepared specimens were subjected to four-point bending tests as shown in Figure 3.2a.
During the tests, midspan deflection, axial strain in CFRP plates, and crack widths were
measured to study the flexural behaviour of the specimens. Linear variable differential
transducers (LVDTs) were used to obtain the net deflection at midspan. Strain gauges were
installed on the CFRP plates to measure axial strains, e.g. 19 strain gauges on the CFRP plate
of specimen B3 to monitor the development of strains in the prestressing and loading phases
(Figure 3.2b). A handheld digital microscope was used to measure crack widths at the height
of tensile reinforcement at multiple load levels. More details of the flexural tests are described
in Paper III.
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Figure 3.2. (a) Test set-up for specimens in experimental programme A, subjected to four-point bending;
(b) bottom view of the self-anchored prestressed CFRP plate on specimen B3 with 19 strain gauges
installed along its length, (c) cross-sectional dimensions of the RC beams with bonded CFRP plate
(applied to B2 and B3 only).

3.2.2 Summary of Paper I

Paper I investigated the stepwise prestressing method for applying prestressed CFRP plates to
concrete beams without the need for mechanical anchors. The stepwise prestressing method
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proposed by Haghani et al. [52] was comprehensively studied herein regarding its principle,
prestressing system and tools, operational procedure, and implementation to specimen B3.
Figure 3.3 shows how the prestressing system is used to apply a prestressed CFRP plate to the
soffit of an RC beam.

Passive end with the prestressing tool

Active end with the prestressing
fastened to the temporary anchor tool connected to and pulled by
/ the hydraulic cylindar

[ . _._— Guiding bar in
. Tab | open position

@ Guiding bar in
- closed positiong#

Connection
plate

_____________________________________________________________

(a) (b)
Figure 3.3. (a) Apply a prestressed CFRP plate to the soffit of an RC beam using the stepwise

prestressing method, (b) mechanical prestressing tool as the critical component of the prestressing
system.

In the prestressing phase, the maximum force from the hydraulic jack reached 100 kN. It
resulted in a maximum tensile strain of 4.0%o at midspan of the CFRP plate, corresponding to
a prestressing level of 31% (of the CFRP tensile capacity). After curing of the adhesive and
removal of the prestressing system, the tensile strain at midspan dropped to 3.5%o equivalent
to a prestressing level of 27%. Figure 3.4 shows the prestressed CFRP plate safely anchored
on the surface of specimen B3.

Prestressed CFRP plate self-
anchored on the beam (B3)
~ Connection plate between the

CFRP plate and prestressing
tool (already removed)

Figure 3.4. Self-anchored prestressed CFRP plate on the concrete beam (specimen B3) after removal
of the prestressing system.
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Numerical simulations based on FEA were conducted to investigate the axial force distribution
in the self-anchored CFRP plate and interfacial stresses along the bond line. Figure 3.5
compares the stepwise prestressing method with the conventional prestressing approach in
terms of the axial strain in the CFRP plate, shear stress in the adhesive layer, and shear stress
I-mm-beneath the concrete surface. The comparison of these results revealed the difference in
the force-transfer from the bonded prestressed CFRP plate via the adhesive layer to the concrete
beam. In the stepwise prestressed method, the axial force in the prestressed plate decreased
towards the plate end over a longer distance (i.e. anchorage length) than that of the conventional
approach. As a result, the critical interfacial shear stress along the bond line, linearly
proportional to the gradient of the axial force in the plate, was significantly lower in the
stepwise prestressing method. As shown in Figure 3.5, the peak shear stresses at 1-mm-beneath
the concrete could reach 20 MPa at the end of the conventionally applied prestressed CFRP
plate but was less than 0.9 MPa when using the stepwise prestressing method. Compared with
these peak stresses, the strength of the CFRP-to-concrete bond (estimated at 5.7 MPa according
to [13]) was sufficient to assure the safe self-anchorage of the prestressed plate in specimen B3.
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Figure 3.5. Comparing (a) stepwise prestressing method with (b) conventional prestressing approach
regarding axial strain in the prestressed CFRP plate, shear stress in the adhesive layer, and shear
stress 1-mm-beneath the concrete surface, note the different scales on the y-axes for shear stress.

3.2.3 Summary of Paper II

In Paper 11, a practical modelling strategy was developed to conduct nonlinear FEA of RC
beams and beams strengthened with externally bonded CFRP plates. The nonlinear FEA was
conducted in software package ABAQUS/CAE 6.14 [58]. To deliver reliable simulation of
flexural cracks, concrete crushing (in specimen B1), and crack-induced CFRP debonding (in
specimens B2), the modelling strategy was developed systematically in Paper II to cope with
the critical issues associated with nonlinear modelling of reinforced concrete and CFRP-to-
concrete adhesive joint, such as:

¢ defining nonlinear behaviour of concrete in tension and compression;

e assigning bond-slip between concrete and steel reinforcement;

e capturing crack-induced CFRP debonding accompanied by the damage evolution of
adhesive in the CFRP-to-concrete bond;

e Overcoming convergence difficulty in the static analysis procedure.
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The concrete damage plasticity (CDP) model in Abaqus [58] was adopted to model concrete
in the RC beams. For concrete tensile behaviour, the smeared crack method was adopted to
model a crack as equivalent strain over a crack band. To avoid the sensitivity of FEA results to
the mesh size, the width of crack bands was properly determined to consider the topology of
concrete elements and orientation of crack bands. More details of the crack band width and
mesh sensitivity study are described in Paper II.

The concrete compressive behaviour was defined based on the constitutive relationship from
Model Codes [59,60]. The post-peak softening branch was properly modified to consider strain
localisation in critical crushing zones over L¢ (Figure 3.6). The study of three compressive
constitutive models of concrete in the current FEA evidenced that the difference in post-peak
softening branches significantly affected the simulated flexural responses of RC beams in the
ultimate state associated with concrete crushing. Thus, modifying the softening behaviour with
properly assumed L is critical to a) accurately modelling the flexural failure of RC beams
governed by concrete crushing or b) predicting the failure of CFRP-strengthened beams first
initiated by concrete crushing or CFRP debonding. In Paper II, an iterative procedure was
proposed to identify the size of L, critical to the modification of post-peak behaviour. With the
decrease in the assumed size of L¢r from 200 to 40 mm, the modified post-peak behaviour of
compressive concrete descended at a slower rate (Figure 3.7a), the concrete crushing in the
simulated reference beam occurred at a larger midspan deflection (Figure 3.7b), and the size of
the concrete crushing zones in the analyses increased from approximately 50 to 160 mm
(Figure 3.7d). Based on the iterative study of L., summarised in Figure 3.7(c), the size of L
for the beams tested in experimental programme A was determined as 100 mm, as it could be
verified by the actual size of the crushing zone in the analyses.
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Figure 3.6. Modification of the post-peak softening branch to consider strain localisation in the fracture
(crushing) zone.
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Figure 3.7. (a) Concrete compressive behaviour based on the Model Code relation with the modified
post-peak strain-softening branches given different Lerinpw values ranging from 40-200 mm; (b)
simulated load-deflection relations of the reference beam (B1) corresponding to each value of Lerinpuy
(c) comparison of the assumed Lerinpu and the observed size of the critical crushing zone Ler.ouput fOr
each FE analysis; (d) contour plot of the beam models within the constant-moment region for
visualizing the crushing zones and evaluating Leroupu given different values of Lerinput.

To correctly describe crack-induced debonding, it was found important to simulate both the
crack openings and the CFRP-to-concrete bond accurately. Besides the definition of concrete
tensile behaviour, the crack widths also highly depend on the bond-slip behaviour assigned
between the steel reinforcement and the concrete. Two different methods were investigated to
assign bond-slip models and found capable to deliver numerical results of crack pattern and
widths comparable with experimental measurements. The bond-slip model in Model Code [60]
corresponding to ‘good bond condition’ was evidenced suitable for the current FEA of tested
beams, after comparing with ‘perfect’ bond assuming no relative slip and the model for ‘other
bond conditions’ in Model Code [60]. For the CFRP-to-concrete bond, cohesive elements were
used to model the adhesive bond layer and characterise the nonlinear bond behaviour including
damage evolution and stiffness degradation. This approach could visualise the FRP-debonding
process by removing fully damaged cohesive elements.

Based on the proposed modelling strategy, FEA of specimen B1 (reference RC beam) and
specimen B2 (RC beam strengthened with a passive CFRP plate) were conducted. The results
of the FEA were compared with the experimental measurements in terms of flexural behaviour,
crack widths, and failure modes of concrete crushing (in B1) and CFRP debonding (in B2).
The comparison showed that proper modelling of cracks in the FEA was essential for reliable
prediction of CFRP debonding shown in Figure 3.8.
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Figure 3.8. (a) Comparison of the flexural responses between experimental measurements (EXP) and
FEA results (FE), (b) crack-induced debonding of CFRP plate visualised in FEA of specimen B2 (RC
beam strengthened with a passive CFRP plate).

Besides the reliability of results, the developed modelling strategy also gave priority to the
cost-efficiency in practical engineering applications. To reduce the complexity of modelling,
the models were solved in static analysis procedure rather than dynamic implicit analysis to
avoid the complex definition of parameters, such as period of the fundamental vibration mode,
viscous damping ratio, loading time, and time increment size. To overcome the convergence
difficulty commonly found in static analysis of nonlinear reinforced concrete problems,
viscoplastic regularisation was introduced to reduce the computation time effectively.

Based on the modelling strategy in Paper II, the FEA could deliver reliable simulations of
crack-induced CFRP debonding in CFRP-strengthened RC beams, which served as the
foundation for optimising the use of prestressed CFRP plate in Paper II1.

3.2.4 Summary of Paper III

In Paper III, the applied self-anchored prestressed CFRP plate was further investigated
regarding its efficiency in flexural strengthening. The flexural behaviour of the specimens in
experimental programme A was analysed in terms of load-deflection curves, crack widths,
failure modes, and ultimate utilisation ratio of CFRP plates. Besides the evaluation of
experimental results, FEA was also conducted based on the modelling strategy in Paper II for
an optimisation study of the applied prestressed CFRP plate.

Load-deflection curves in Figure 3.9 show that using the self-anchored prestressed CFRP plate
(in specimen B3) could further enhance the load-carrying capacity compared with that of
specimen B2 strengthened with a passive CFRP plate. The ultimate capacity of B3 was 126%
and 39% higher, respectively, than that of reference specimen B1 and specimen B2.
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Figure 3.9. Flexural behaviour of specimens subjected to four-point bending tests in experimental
programme A, load-deflection curves according to experimental measures (EXP) and FE analyses (FE),
B1l: reference beam, B2: beam strengthened with a passive CFRP plate, B3: beam strengthened with a
self-anchored prestressed CFRP plate.

Although both specimens B2 and B3 exhibited debonding of the CFRP plates, the utilisation
ratio of the self-anchored prestressed CFRP plate in B3 was much higher than that of the
passive CFRP plate in B2. Figure 3.10 shows the development of axial strain measured by
strain gauges at midspan of the CFRP plates in B2 and B3. The maximum tensile strain in the
passive CFRP plate was estimated at 5.9%o in B2, equivalent to a utilisation ratio of 47%. In
specimen B3, although the prestressed CFRP plate was self-anchored without mechanical
anchors, the maximum tensile strain of the CFRP plate reached 10.3%o. at debonding,
corresponding to a utilisation ratio as high as 81%.
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Figure 3.10. Development of the axial strain measured by strain gauges at midspan of the CFRP plates
in specimens B2 and B3 with the increase of external load

To optimise the applied prestressed CFRP plate, specimen B3 was modelled and parametric
studies were conducted in FEA to investigate the effects of prestressing level and stiffness of
CFRP plates on the flexural behaviour and failure mode of the strengthened beam. As shown
in Figure 3.11, the ultimate load-carrying capacity rose with increasing prestressing level up to
40%, and the failure was initiated by crack-induced debonding of the CFRP plate. However,
when the prestressing level reached 50%, debonding of the CFRP took place earlier than
yielding of steel reinforcement and thus led to a decrease in both load-carrying and deformation
capacities. The results of FEA indicated that an optimal choice of the prestressing level was
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40% for the CFRP plate applied to specimen B3 in terms of obtaining the highest load-carrying
capacity.
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Figure 3.11. Parametric study of prestressing levels from 0-50%, load-deflection curves of CFRP-
strengthened RC beams based on the FEA of specimen B3.

3.3 Hybrid FRP strengthening system for RC bridge superstructures

3.3.1 Description of experimental programme B

Experimental programme B was designed to investigate the efficiency of the hybrid FRP-
strengthening system using prestressed CFRP plates in combination with GFRP panels in
strengthening the superstructure of RC bridges (described in Section 2.4). In experimental
programme B, four RC beams were cast with a T-shaped cross-section, see Figure 3.12a and
Table 1. The T-beams were designed to represent the deck and girder (i.e. beam-slab) system
of RC bridge superstructures.

S—
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< p L
CFRP plate
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~ . Webs in longitudinal
|, |, |, |, direction (L-web)
1 7 7 7
150 200 150
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Figure 3.12. (a) Cross-sectional dimensions of the T-beam strengthened with self-anchored prestressed
CFRP plate and GFRP panel; (b) Two configurations of GFRP panels with webs in the transverse
direction (T-web panel) and webs in the longitudinal direction (L-web panel).

20 CHALMERS, Architecture and Civil Engineering



These T-beams were prepared for four-point bending tests to investigate the flexural responses
regarding cracking load, flexural stiffness, crack widths, ultimate capacity, and failure mode.
To be distinguished from the specimens in experimental programme A, the four specimens in
experimental programme B are referred to as TB1-TB4 in the thesis, whereas they are named
B1-B4 in the appended Paper IV.

Table 1. Specimens in experimental programme B.

Specimens® Prestressed CFRP plate GFRP panel Bond layer
TB1 N.A. N.A. N.A.
TB2 25%P L-web® 10-mm-thick expoxy adhesive
TB3 25%P L-web® 30-mm-thick mortar
TB4 29%" T-web® 30-mm-thick mortar

aSpecimens TB1-TB4 are referred to as B1-B4 in the appended Paper IV; *Prestressing level in the CFRP plate:
the ratio of the induced prestress to the CFRP tensile strength;, ‘GFRP panel with webs oriented in the
longitudinal/span direction (L-web) or webs in the transverse direction (T-web).

As summarised in Table 1, specimen TB1 was not strengthened and served as a reference. The
other three specimens TB2-TB4 were strengthened with a self-anchored prestressed CFRP
plate on the beam soffit and a prefabricated GFRP panel on the top of the beam flange. The
differences among TB2-TB4 were in the prestressing level of applied CFRP plates, the
configuration of GFRP panels, and the bond layer between the GFRP panels and T-beams.

The self-anchored prestressed CFRP plates were applied with the stepwise prestressing method,
same as experimental programme A. Although the same prestressing level was designed, the
prestressing level in specimen TB4 (29%) was higher in practice than that (25%) of specimens
TB2 and TB3. GFRP panels with different configurations of webs are shown in Figure 3.12b:
panel with webs oriented in the longitudinal direction (L-web panel) or webs in the transverse
direction (T-web panel). Using the L-web panel could obtain higher bending stiffness and
structural capacity, whereas the T-web enables a panel wider than the concrete deck and thus
provides the chance of widening the original deck. The panels were bonded with two different
materials: using 10-mm-thick epoxy adhesive in TB2 and 30-mm-thick low-shrinkage mortar
in TB3 and TB4.

3.3.2 Summary of Paper IV

Paper IV introduced the four-point bending tests in experimental programme B and evaluated
the strengthening efficiency of the hybrid strengthening system using prestressed CFRP plate
and GFRP panel. The contributions made by the hybrid strengthening system were discussed
based on the flexural behaviours of the tested specimens shown in Figure 3.13.
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Figure 3.13. Load-deflection curves of specimens TB1-TB4 (see Table 1) subjected to four-point
bending tests in experimental programme B.

Using the prestressed CFRP plate significantly enhanced the cracking load from 19 kN of
reference specimen B1 to 61-75 kN of the strengthened specimens B2-B4. After the cracking
stage, the bending stiffness of the strengthened specimens was improved by 82-99% compared
with specimen B1. The significant increase in bending stiffness resulted from the bonded CFRP
plate and GFRP panel, respectively, acting as the tensile and compressive reinforcement in the
RC cross-section subjected to bending.

After yielding of steel reinforcement, debonding of CFRP plates took place in specimens B2-
B4 and caused sudden drops in load shown in Figure 3.13. At the moment of debonding, the
tensile strains measured at midspan of the CFRP plates were 10.4-10.9%0, equivalent to
utilisation ratios of 82-86% (of the CFRP tensile capacity). These utilisation ratios were
comparable with that of the self-anchored prestressed CFRP plate (81%) in experimental
programme A.

In the ‘post-debonding’ phase, the strengthened specimens exhibited substantial residual
capacities; the load continued to increase even beyond the load at the CFRP debonding. The
great residual capacities were obtained owing to the GFRP panel installed on the top of the
beam. In the strengthened specimens subjected to bending, the GFRP panel acted as
compressive reinforcement and took most of the compressive force. Thus, with the
compressive zone shifting to the GFRP panel, concrete crushing at top of the T-beams was
prevented, even though the load increased to 350-400 kN in the ‘post-debonding phase’ (2.3-
2.6 time of the maximum load of the reference specimen B1).

Besides the increase of bending stiffness and load-carrying capacity, the hybrid FRP
strengthening system also improved the performance of strengthened specimens regarding the
control of cracking. Figure 3.14 shows the development of maximum crack widths with the
increase of external load. After the strengthening of specimens B2-B4, both the magnitude and
gradient of the crack-width growth curve were less than that of the reference specimen B1.
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Figure 3.14. Development of the maximum crack width measured in specimens TBI1-TB4 at the height
of tensile steel reinforcement.
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3.4 Bonded-FRP system for deteriorated RC beams

3.4.1 Description of experimental programme C

Experimental programme C was conducted to investigate the efficiency of strengthening
methods using bonded FRP composites for deteriorated RC beams with corroded steel
reinforcement. The bonded-FRP system (introduced in Section 2.4) was applied to deteriorated
beams to investigate its efficiency in flexural strengthening. Ten RC beams were cast and
prepared in four groups: RN, DN, DG, and DC, see Table 2. Group RN included two sound
beams as references. The other eight beams were pre-cracked and then exposed to identical
conditions of accelerated corrosion for 75 days. Figure 3.15 illustrates the set-up for the
accelerated corrosion of beams in the laboratory. Average corrosion levels of 17-23% and
maximum local corrosion levels in the range of 41-57% were obtained. After the corrosion
period, the two beams in group DN were not strengthened, the three beams in group DG were
flexurally strengthened with GFRP laminates, and the three beams in group DC were bonded
with CFRP plates. In groups DG and DC, the GFRP and CFRP composites were bonded to the
soffit of beams without repairing the concrete cover with corrosion-induced cracks; CFRP U-
jackets were also installed along the span of the six strengthened beams to provide transverse
confinement. The applied bonded-FRP system is shown in Figure 2.5.

Table 2. Specimens in experimental programme C.

Flexural Average corrosion ~ Max. local corrosion
strengthening level®[%] level® [%]

Specimen® material I 1¢ I 11
RN1 — — —

RN2 — — —

DNI1 — 20 19 50 48
DN2 — 20 21 46 54
DGl GFRP 22 17 51 40
DG2 GFRP 21 20 43 54
DG3 GFRP 18 23 43 53
DCI1 CFRP 23 20 53 55
DC2 CFRP 21 22 49 41
DC3 CFRP 21 22 54 57

“The first letter refers to reference (R) or deteriorated (D), the second
letter refers to non-strengthened (N), flexurally strengthened with
GFRP laminate (G), or flexurally strengthened with CFRP plate (C).
bAverage corrosion level means the percentage of the mass loss of
reinforcement over the corroded length.

‘Maximum local corrosion level refers to the maximum percentage of
the cross-sectional area loss along a steel reinforcement bar.
Corrosion levels are reported separately for the two tensile
reinforcement bars, I and 11, in each of the beam specimens.
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Figure 3.15. Electrical circuit set-up for the accelerated corrosion of pre-cracked concrete beams and
side view of the beam in the plastic container.

After preparation, all specimens were subjected to four-point bending tests until failure to study
their structural behaviours and failure modes. The test set-up for the specimens is shown in
Figure 3.16a. The net-deflection at midspan was monitored using linear variable differential
transformers (LVDT) placed at midspan and centre of the two supports. The axial strains in the
FRP composites were measured with strain gauges. The side face of beam specimens within
the mid-1000 mm zone was monitored by a Digital Image Correlation (DIC) system to obtain
and visualise more data in the constant-moment region, such as deformation field and crack

propagation.
éLoad from hydraulic cylinder
Distribution beam 6(;)0
T
150 LVDT2 70 b_’Painted reg;ion for DIC LVDT 3 Q
_— A monitoring _\ - o
STEpE ‘ =

1000
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Figure 3.16. (a) Test set-up for specimens in four-point bending tests in experimental programme C;
(b) cross-sectional dimensions of specimens.

After the four-point bending tests, the tensile steel reinforcement bars were removed from the
eight deteriorated specimens. Both the average and local corrosion levels were measured to
quantify the corrosion damage of the steel reinforcement. The average corrosion level referred
to the percentage of the mass loss over the corroded length of reinforcement while the local
corrosion level was obtained with the 3D scanning technique similarly as [61-63]. The
measurements of local corrosion level and corrosion-induced cracks in the eight deteriorated
beams are included in Appendix A. More details of experimental programme C are described
in Paper V.

3.4.2 Summary of Paper V

In Paper V, experimental programme C was comprehensively reported, including the design of
tests, the corrosion and strengthening of specimens, the four-point bending tests, and the
evaluation of corrosion damage. The experimental data were analysed to investigate the effects
of corrosion damage and the strengthening efficiency of the applied bonded-FRP system.

The flexural behaviours of tested specimens showed that the combined use of externally
bonded FRP on beam soffits and CFRP U-jackets along the span was efficient in upgrading the
load-carrying capacity of deteriorated concrete beams, despite maximum local corrosion levels
of the reinforcement as high as 57%. Figure 3.17a shows the load-deflection curves of the
specimens in four-point bending until failure. After strengthening, the ultimate load capacity
of the deteriorated specimen DC2 increased to 212 kN, which was 417% and 165% higher,
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respectively, than that of deteriorated non-strengthened specimens (of group DN) and the
reference beams (of group RN).

The bonded-FRP system was effective, even though it was applied directly to the beams
without repairing the deteriorated concrete cover. Given the concrete cover with corrosion-
induced cracks as wide as 2 mm, the U-jackets effectively suppressed the separation/spalling
of the concrete cover. The confinement offered by U-jackets is demonstrated in Figure 3.17b,
which compares cracks propagated in the constant-moment region of specimens DN2, DG2,
and DC2 at the same midspan deflection. U-jackets installed in specimens DG2 and DC2
effectively suppressed the initiation and development of longitudinal cracks that were
noticeably observed in the deteriorated but unstrengthened specimen DN2 even at a much
smaller load.
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Figure 3.17. (a) Load-deflection curves of all ten specimens (see Table 2) subjected to four-point
bending in the experimental programme C; (b) comparison of cracks on the side of specimens (DN2,
DG2, and DC2), visualised in the maximum principal strain field monitored by DIC at the same
midspan deflection of 10.7 mm.

The suppressed spalling of concrete cover allowed higher utilisation of the bonded FRP on the
beam soffits, which was evidenced by rupture of the GFRP laminates in group DG and a
utilisation ratio of CFRP plates as high as 64% (of the CFRP plate tensile capacity) in group
DC.

The flexural responses of the tested specimens also revealed the importance of evaluating the
local corrosion level of steel reinforcement to accurately estimate the effects of corrosion
damage on the flexural capacity of deteriorated concrete beams. For instance, the ultimate load
of deteriorated beam DN1 was reduced by 48% compared with that of the reference beams.
This reduction agrees well with the maximum local corrosion levels of 50% and 48% in the
two tensile reinforcement bars of specimen DN1. However, using the average corrosion level
of the tensile bars in DN1 (20% and 19%) would overestimate its flexural capacity.
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4 Conclusions and future research

4.1 Conclusions

The current work aimed to investigate robust and efficient FRP strengthening techniques to
improve the structural capacity of existing RC structures. Three experimental programmes
were conducted to investigate the efficiency of applied FRP systems in flexural strengthening
of RC members. Besides the experimental studies, numerical simulations using finite element
analyses (FEA) were also carried out for comparison, evaluation, and optimisation. Based on
the current work, the main conclusions were summarized below following the research
objectives.

Self-anchored prestressed CFRP for flexural strengthening

To eliminate the need for mechanical anchorage systems, the stepwise prestressing method was
studied to apply prestressed CFRP plates and achieve the self-anchorage of the plates on the
concrete surface. Experimental applications in the current work showed that the prestressed
CFRP plates were safely anchored to the surface of concrete beams, given prestressing levels
of 25-29% (of the CFRP tensile capacity). The FEA also revealed that using the stepwise
prestressing method greatly reduced the critical interfacial shear stresses below 0.9 MPa. The
reduced interfacial stresses could be safely transferred via the CFRP-to-concrete adhesive bond
to the beam without the need for mechanical anchors.

The flexural responses of the strengthened RC beams showed that the self-anchored prestressed
CFRP plates were efficient in improving the performance in terms of delaying the onset of
cracking, reducing crack width, and increasing flexural stiffness and ultimate load-carrying
capacity. The flexural failure of strengthened beams showed that, despite no conventional
anchors were installed at the plate ends, the utilization ratios of the CFRP plates were above
80% (in the range of 81-86%) at the moment of debonding.

Optimising the self-anchored prestressed CFRP plates using FEA

To optimise the application of the self-anchored prestressed CFRP plate, a practical finite
element modelling strategy was developed in the current work to enable nonlinear FEA of
CFRP-strengthened RC beams. Based on the validated modelling strategy, the FEA of
specimens in experimental programme A delivered reliable results of flexural cracks and crack-
induced CFRP debonding that were comparable to the experimental measurements. Parametric
studies were conducted using FEA to investigate the effects of the prestressing level of the
applied CFRP plate on the flexural behaviour and failure mode of the strengthened RC beam.
The current FEA of specimen B3 showed that there was a threshold of the prestressing level,
above which the flexural capacity tended to decrease. In specific, for the self-anchored
prestressed CFRP plate applied to specimen B3, an optimal choice of the prestressing level was
40% (of the CFRP tensile capacity) to obtain the highest load-carrying capacity. A higher
prestressing level (e.g. 50%) led to the decrease in both load-carrying and deflection capacities
of the strengthened beam, as the CFRP debonding took place earlier than yielding of steel
reinforcement.
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Hybrid FRP strengthening system for RC bridge superstructures

The hybrid FRP strengthening system comprised of a) prestressed CFRP plates on the soffit of
concrete girders and b) prefabricated GFRP panels on the top of the concrete deck. This system
was proposed in the research project SUREBRIGE for strengthening the superstructure of
existing RC bridges. This hybrid strengthening system was applied to strengthen RC beams
(with a T-shaped cross-section) in experimental programme B and evidenced to be a robust
and efficient solution for upgrading the flexural performance. In the strengthened RC T-beams
subjected to bending, the bottom CFRP plate acted as additional tensile reinforcement and the
top GFRP panel took most of the compressive force in the compression zone. The synergy
between the CFRP plate and the GFRP panel significantly enhanced the flexural stiffness of
the strengthened beams and their load-carrying capacity at debonding of the CFRP plate.

Despite debonding of the CFRP plate, the GFRP panel prevented the concrete crushing at top
of the concrete beam and contributed to a substantial residual capacity in the ‘post-debonding’
phase. Besides the efficiency in structural strengthening, the GFRP panels also provided the
opportunity for widening the existing concrete deck.

Bonded-FRP system for deteriorated RC beams

To explore effective FRP-strengthening methods for deteriorated RC beams with corroded steel
reinforcement, experimental programme C investigated the bonded-FRP system using
externally bonded FRP reinforcement on beam soffits and CFRP U-jackets along the span. The
experimental study showed that this bonded-FRP system was efficient in upgrading the load-
carrying capacity of deteriorated concrete beams, despite a) maximum local corrosion levels
of the steel reinforcement up to 57%, and b) unrepaired concrete cover with corrosion-induced
cracks up to 2 mm wide. Further evaluation of the deformation field and cracking within the
constant-moment region revealed that the U-jackets effectively suppressed spalling of the
concrete cover and thus enabled high utilisation of the bonded FRP on the beam soffits (e.g.
the rupture of GFRP laminates in specimens DG1-DG3 or a utilisation ratio of CFRP plates up
to 64% in specimens DC1-DC3). The results also highlight the need to evaluate not only the
average but also the local corrosion levels of the steel reinforcement. This was conducted in
the current work but has not been done in earlier studies on the strengthening of deteriorated
RC beams.

In summary, all three FRP-strengthening systems investigated in the current work were
evidenced to be robust and efficient in strengthening RC members subjected to bending. This
is a result of careful detailing and design of all three systems, which requires good knowledge
and understanding of the structural behaviour of both the structure to be strengthened and the
applied FRP-strengthening systems.

4.2 Suggestions for future research

The current work provided an insight into the strengthening of existing concrete structures
using externally bonded FRP composites. Several areas of importance have been identified for
future research:

e The current experimental programmes investigated FRP-strengthening systems in
structural tests with monotonic loading. It is of great interest to investigate the
performance of strengthened specimens subjected to cyclic loading.
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e In the current work, the FRP composites were applied to concrete beams and
investigated regarding the short-term performance of strengthened specimens in the
laboratory. However, RC structures, e.g. concrete bridges, are commonly exposed to
natural weather conditions, such as moisture, freeze-thaw, and solar radiation. Thus,
more research is needed to investigate the long-term performance and durability of the
bonded FRP composites on concrete structures.

e Although the current work evidenced a high efficiency of using externally bonded FRP
composites in upgrading the load-carrying capacity of concrete beams, their
deformation capacities were not noticeably improved or even decreased compared to
reference specimens. Further studies are needed to investigate possible solutions to
improve the deformation capacity and ductility of FRP-strengthened RC structures.

e The current work revealed the importance of the local corrosion level of steel
reinforcement to accurately assess the capacity of deteriorated RC members. However,
in practice, it is difficult to measure the local corrosion level of reinforcement in
existing concrete structures. There is a great demand for developing non-destructive
techniques to efficiently detect the local corrosion level of steel reinforcement
embedded in concrete members.
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Appendix A: Supplementary experimental data

The appendix encompasses experimental data of experimental programmes C, which has not
been presented in the main body of this thesis nor in the appended papers.

1 Concrete and steel reinforcement

Ready-mix concrete was order and used to cast the ten beams in the laboratory at Chalmers
University of Technology. The material properties of concrete according to standard tests are
summarised in Table A.1. The position of the tensile and compressive steel reinforcement in
the RC beams were measured before the casting, see Table A.2. The mechanical properties of
steel bars used as tensile reinforcement, compressive reinforcement, and stirrups are presented,
respectively, in Table A.3, A4, and A.5

Table A.1. Material properties of concrete

Date of casting 2019-11-19 2019-11-19 2019-11-19 2019-11-19

Date of testing 2019-12-17 2020-09-07 2020-09-07 2020-09-04

Samples f:‘:m.28 ﬂm.t Eemit Gr
[MPa] [MPa] [GPa] [N/m]

1 65.0 80.6 32.7 124.2

2 67.1 74.1 36.1 149.2

3 72.5 81.4 31.0 129.5

Mean value 68.2 78.7 333 134.3

SD 39 4.0 2.6 10.7

COVv 5.7% 5.0% 7.7 8.0%

Notations:

Jfemas—the compressive strength of concrete cubes (150%150%150 mm3) on 28 days according to SS-
EN 12390-3:2019;

femi—the compressive strength of concrete cubes (150x150%150 mm3) in the week of final structural
tests according to SS-EN 12390-3:2019;

Ecm—the modulus of elasticity of concrete cylinders (diameter 50 mm, height 200 mm) in the week of
final structural tests according to SS-EN 12390-13:2013;

Gr—the fracture energy of concrete in the week of final structural tests based on wedge-splitting tests
using the configuration described in Lévgren et al. (2004);

SD-—standard deviation;

COV=—coefficient of variation: the ratio of the standard deviation to the mean value.

Table A.2. Position of tensile and compressive steel reinforcement in the beam specimens

Specimens hist hise

[mm] [mm]
RNI1 41 190
RN2 40 189
DNI1 40 191
DN2 N.A. N.A.
DGl 39 189
DG2 39 190
DG3 38 190
DC1 38 189
DC2 39 191
DC3 41 192
Mean value 394 190.2
Notations:

hs —distance between the bottom surface of beam and the
centre of tensile steel reinforcement;
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hse —distance between the bottom surface of beam and the
centre of compressive steel reinforcement;
N.A.—data not available.

Table A.3. Standard tensile tests of steel bars (©12) used as tensile reinforcement

Samples ®12 E; Osy Osu Esu
[GPa] [MPa] [MPa] [%]
1 190.9 583.9 671.9 8.41
2 195.4 569.2 663.4 8.94
3 186.6 568.4 660.7 7.40
4 196.1 570.5 660.3 7.83
5 191.8 562.1 655.9 8.65
6 188.1 564.5 653.6 7.31
Mean value 191 570 661 8.1
SD 3.5 6.9 59 0.6
COV 1.8% 1.2% 0.9% 7.6%

Notations: Es— the modulus of elasticity, oy, —vield strength; o« and e« —ultimate tensile strength and
strain when reaching the maximum tensile force; SD—standard deviation; COV—coefficient of
variation: the ratio of the standard deviation to the mean value.

Table A.4. Standard tensile tests of steel bars (©10) used as compressive reinforcement

Samples ®10 E Osy Osu Esu
[GPa] [MPa] [MPa] [%]
1 207.8 530.8 630.3 9.06
2 195.2 523.9 627.8 10.43
3 198.5 528.3 632.7 10.06
4 197.2 526.6 628.3 7.41
5 201.9 531.6 633.0 7.60
Mean value 200 528 630 8.9
SD 44 2.8 2.2 1.2
COVv 2.2% 0.5% 0.3% 13.8%

Notations: same as Table A.3.

Table A.5. Standard tensile tests of steel bars (D8) used as stirrups

Samples O8 E; Osy Osu Esu
[GPa] [MPa] [MPa] [%]
1 205.4 529.5 652.2 10.66
2 200.6 531.9 659.8 10.17
3 209.8 533.2 647.2 7.91
4 193.0 530.8 655.3 9.57
Mean value 202 531 654 9.6
SD 6.2 1.4 4.6 1.0
COV 3.1% 0.3% 0.7% 10.8%

Notations: same as Table A.3.

2 GFRP laminates and CFRP U-jackets

The bonded-FRP strengthening system applied to the six specimens in groups DG and DC
include the use of CFRP plates and GFRP laminates as externally bonded flexural
reinforcement and CFRP U-jackets along the span for transverse confinement. The GFRP
laminates and CFRP U-jackets were bonded with wet lay-up methods. Based on the standard
tensile tests of dog-bone samples, the mechanical properties of the GFRP laminates and CFRP
U-jackets are shown in Table A.6.
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Table A.6. Mechanical properties of the GFRP laminates and CFRP U-jackets made by wet lay-up
methods

Samples Eor Eafu Ect Ecfu
[GPa] [%] [GPa] [%]

1 20.27 1.84 53.64 1.22
2 20.02 1.82 57.52 1.33
3 20.22 1.76 55.87 1.32
4 20.31 1.85 59.87 1.25
5 20.34 1.72 60.89 1.10
6 20.16 1.91 57.97 1.20
Mean value 20.22 1.82 57.63 1.24
COV 0.5% 3.4% 4.2% 6.2%
Notations:

Eor and eqn, —the elastic modulus and ultimate tensile strain of GFRP laminates externally bonded on
the soffit of specimens in group DG;
Ecrand e, —the elastic modulus and ultimate tensile strain of CFRP U-jackets bonded along the span
of specimens in groups DG and DC;

COV=—coefficient of variation: the ratio of the standard deviation to the mean value.
3  Flexural cracks induced by pre-loading

After three weeks of curing, the eight beams in groups DN, DG, and DC were subjected to
three-point bending with an effective span of 1.8 meters and pre-loaded to 25.2 kN, equivalent
to 60% of the theoretical yielding load. Five to six cracks were induced in the mid-region of
the beams. Figure A.la shows the crack widths measured on the front face of the beam close
to the bottom edge under the maximum pre-load. After removing the pre-load, crack widths in
the mid-400-mm region decreased significantly. Figure A.1b shows the crack widths on the
bottom surfaces of the eight beams measured one day after the pre-loading.

0.25 0.25

= ODNI — ODNI1
O

£ 0.20 o . opN2 E 020 ©DN2
= ADGl = ADGI1
< o) =
£ 0.15 oX Oi ° xDG2 E 0.15 DG
E x A | x « XDG3 2 XDG3
© 0.10 % +DC1 g 0.10 e g +DCI
3 % - = =DC2 3 oX x -
- X g £ o NIEY + DC2
2005 + 0 e obpCc3 £005 kX = OA"ﬁ » 3 % oDC3

0.00 0.00

-400 -200 0 200 400 -400 -200 0 200 400
Distance to the midspan [mm] Distance to the midspan [mm]

(@) (b)

Figure A.1. The widths of flexural cracks induced by the pre-loading measured (a) on the front face of

the beam close to the bottom edge and (b) on the bottom surface of the beam one day after the pre-
loading

4 Corrosion of steel reinforcement and corrosion-induced cracks

Figures A.2-A.9 show the cross-sectional area of tensile reinforcement in the initial and
corroded states, the pattern of corrosion-induced cracks, and the width of corrosion-induced

cracks measured every 150 mm for each of the deteriorated specimens in groups DN, DG, and
DC.
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Figure A.2. (a, ¢) Cross-sectional areas of the tensile reinforcement bars I and 11 in specimen DNI, (b)
flexural pre-cracks and corrosion induced cracks, of which the widths (unit in mm) were measured
every 150 mm; As—cross-sectional area; Ao—cross-sectional area of steel bars measured in the initial
state before casting beams; Asn—cross-sectional area of steel bars measured in the final state after taken
out from the tested specimens.

A-4 CHALMERS, Architecture and Civil Engineering



Distance from midspan [mm]
-1050 -900 -750 -600 -450 -300 -150 0 150 300 450 600 750 900 1050

AN WMWMWNM’MM W

P

(@

&
Z
a
g
£
[
o
<

DN2-1

Front view

DN2-1

~ :' \ | - -~ Flexural pre-crack

(b) Bottom view \ \

— ———T N ) — Corrosion-induced crack jmmm
DN2-IT p * :

DN2-1I \ '.‘

Back view

130
120

100 M

%% M

50 — Ap

40

-1050 -900 -750 -600 -450 -300 -150 0 150 300 450 600 750 900 1050
Distance from midspan [mm]

Mﬂwwﬁnmwmwmwmwmwwm

~
o
~

As of bar DN2-II [mm?]

Figure A.3. (a, ¢) Cross-sectional areas of the tensile reinforcement bars I and 11 in specimen DN2; (b)
flexural pre-cracks and corrosion induced cracks, of which the widths (unit in mm) were measured
every 150 mm; As—cross-sectional area; Ao—cross-sectional area of steel bars measured in the initial
state before casting beams; Ann—cross-sectional area of steel bars measured in the final state after taken
out from the tested specimens.
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Figure A.4. (a, ¢) Cross-sectional areas of the tensile reinforcement bars I and Il in specimen DGI; (b)
flexural pre-cracks and corrosion induced cracks, of which the widths (unit in mm) were measured
every 150 mm; As—cross-sectional area; Ao—cross-sectional area of steel bars measured in the initial
state before casting beams; An,—cross-sectional area of steel bars measured in the final state after taken

out from the tested specimens.
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Figure A.5. (a, ¢) Cross-sectional areas of the tensile reinforcement bars I and Il in specimen DG2; (b)
flexural pre-cracks and corrosion induced cracks, of which the widths (unit in mm) were measured
every 150 mm; As—cross-sectional area; Ao—cross-sectional area of steel bars measured in the initial
state before casting beams; Ann—cross-sectional area of steel bars measured in the final state after taken
out from the tested specimens.
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Figure A.6. (a, ¢) Cross-sectional areas of the tensile reinforcement bars I and Il in specimen DG3; (b)
flexural pre-cracks and corrosion induced cracks, of which the widths (unit in mm) were measured
every 150 mm; As—cross-sectional area; Ao—cross-sectional area of steel bars measured in the initial
state before casting beams; Ann—cross-sectional area of steel bars measured in the final state after taken
out from the tested specimens.
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Figure A.7. (a, ¢) Cross-sectional areas of the tensile reinforcement bars I and 11 in specimen DCI; (b)
flexural pre-cracks and corrosion induced cracks, of which the widths (unit in mm) were measured
every 150 mm; As—cross-sectional area; Ao—cross-sectional area of steel bars measured in the initial
state before casting beams; Ann—cross-sectional area of steel bars measured in the final state after taken
out from the tested specimens.
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Figure A.8. (a, ¢) Cross-sectional areas of the tensile reinforcement bars I and 11 in specimen DC2; (b)
flexural pre-cracks and corrosion induced cracks, of which the widths (unit in mm) were measured
every 150 mm; As—cross-sectional area; Ao—cross-sectional area of steel bars measured in the initial
state before casting beams; An,—cross-sectional area of steel bars measured in the final state after taken

out from the tested specimens.
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Figure A.9. (a, ¢) Cross-sectional areas of the tensile reinforcement bars I and 11 in specimen DC3; (b)
flexural pre-cracks and corrosion induced cracks, of which the widths (unit in mm) were measured
every 150 mm; As—cross-sectional area; Ao—cross-sectional area of steel bars measured in the initial
state before casting beams; Ann—cross-sectional area of steel bars measured in the final state after taken

out from the tested specimens.
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