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Abstract

There is a general trend towards rehabilitation and strengthening of existing reinforced
concrete (RC) structures due to the costs associated with the replacement of the structural
members and the environmental impact associated with the consumption of raw materials for
new constructions. In this regard, fiber reinforced polymers (FRP) are presented to be an
excellent solution for strengthening purposes, being the near-surface mounted (NSM) one of
the main used techniques, because of the several advantages that it provides over the
traditional plate bonding (i.e. externally bonded reinforcement (EBR)) technique. However, in

spite of the advantages of NSM technique, premature debonding failure is still of concern.

The effectiveness of a strengthening system relies on the capacity of the joint to allow the
stress transfer during the loading process, which has been acknowledged to be partially
governed by the mechanical properties of the bonding agent. In this sense, epoxy adhesives are
usually chosen to be the bonding agent in NSM technique. However, due to their nature,
performance of epoxy adhesives can be affected by temperature, as near or beyond their glass
transition temperature (Ty) their mechanical properties may change, thus affecting the behavior

of the NSM strengthened member.

Besides, although NSM FRP strengthening has attracted an increasing amount of research,
studies are still needed to fully understand their long-term performance, which partially
depends on the material’s long-term properties. In this sense, creep and shrinkage of concrete
and creep of epoxy adhesive, which are dependent on environmental conditions, are of high
importance. Similar to long-term loading, attention should also be given to fatigue loading,
where the stiffness of the system degrades due to progressive cracking and stress/strain

accumulation in the material.

This work aimed to experimentally and analytically study the flexural performance of NSM
carbon FRP (CFRP)-strengthened RC beams subjected to short-term, long-term and fatigue
loading under different high service temperatures. To this end, the first experimental program
with 14 beams has been performed, where the effect of CFRP strengthening ratio, concrete
strength and applied temperatures has been evaluated. The aim was to evaluate the effect of

different parameters on the short-term behavior of the beams in order to easily design the long-
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term and fatigue experimental programs. Analytical simulations have also been performed to
predict the load-deflection responses of the tested beams, where shrinkage effects have been

accounted for.

Based on the observations from the first experimental program, a comprehensive
experimental program (more than 113 epoxy adhesive samples) has been designed, where the
effect of curing, post-curing and testing temperature on the instantaneous mechanical (tensile
and compressive) properties of the adhesive has been studied. The range of temperatures
considered in this experimental program was in line with temperatures applied in the

instantaneous flexural program (i.e. temperature varied from 20 °C to 85 °C).

Afterwards, a long-term loading experimental program has been performed, where the effect
of steel reinforcement ratio, CFRP strengthening ratio and temperature has been considered,
thus giving a total of 23 beams. The distribution of the beams was as follows: i) 10 beams have
been tested under short-term loading; ii) 10 beams have been initially tested under long-term
loading to be thereafter tested until failure (post long-term); and finally, iii) 3 beams have been
rested at laboratory conditions in order to examine the aging effect on their instantaneous
response. Besides, the long-term behavior of the involved materials (concrete and epoxy
adhesive) has been also evaluated. Furthermore, an analytical procedure based on the age-
adjusted modulus method (AEMM) has been presented to correctly predict the experimental

time-dependent deflection of the tested beams.

Finally, in the last experimental program, the effect of fatigue loading on the flexural
response of the NSM CFRP-strengthened RC beams under different temperatures has been
evaluated. The experimental program included 11 beams, 3 of them for short-term loading, in
order to define the fatigue load levels, and 8 of them for fatigue loading, to evaluate the effect
of CFRP strengthening ratio, fatigue load level and temperature. The fatigue load has been
applied for 2 million cycles or failure of the beam (whichever occurs first) with a frequency of 2

Hz.
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Resum

Hi ha una tendéncia cada vegada més generalitzada cap a la rehabilitacié i el reforg de les
estructures existents de formigé armat (FA) degut als costos associats a la seva substitucid i a
I'impacte ambiental derivat del consum de matéries primeres associat a la nova construccié. En
aquest context, els polimers reforgats amb fibres (FRP, de I'anglés fiber reinforced polymer) es
presenten com una solucid excel-lent per al reforg estructural, sent la técnica del reforg inserit
en el recobriment del formigd (NSM, de I'anglés near surface mounted) una de les principals
tecniques emprades degut als avantatges que aquesta ofereix enfront al reforg extern (EBR, de
I'anglés externally bonded reinforcement). No obstant, malgrat els avantatges del refor¢c NSM,
la fallada prematura per desenganxament continua sent una problematica.

L'eficacia de qualsevol sistema de reforg estructural depen de la capacitat de transmissid
d’esforcos de la unid, que depén parcialment de les propietats mecaniques del material
adherent. En aquest sentit, les resines epoxidiques son el material adherent més utilitzat en la
tecnica de refor¢ NSM. Ara bé, degut a la naturalesa d’aquests adhesius, el seu comportament
es pot veure afectat per temperatures properes o superiors a la seva temperatura de transicié
vitria (Ty) i poden experimentar canvis en les seves propietats mecaniques.

D’altra banda, encara que el refor¢ amb NSM FRP ha estat objecte d’un esforg creixent en
recerca, es requereixen més estudis per entendre millor el seu comportament a llarg termini.
En aquest sentit, la fluencia i la retraccié del formigd, aixi com la fluéncia de I'epoxy, prenen una
gran importancia, que és de gran rellevancia si es té en compte que aquests fendmens depenen
de les condicions ambientals. D’altra banda, també és necessari estudiar el comportament
d’aquests elements reforcats sota carregues de fatiga.

L'objectiu d’aquest treball és I’estudi experimental i analitic del comportament de bigues de
FA reforcades amb FRP a base de fibres de carboni (CFRP, de I'anglés carbon fiber reinforced
polimers) mitjancant la técnica NSM, que es troben sotmeses a temperatures de servei
elevades. Aquest estudi inclou el comportament instantani, el comportament a llarg termini
sota carregues mantingudes i el comportament sota carregues de fatiga. Amb aquesta finalitat,
s’ha portat a terme un primer programa experimental per investigar el comportament
instantani (carrega monotonica fins a ruptura) a flexié que incloia un total de 14 bigues. Els
parametres de I'estudi han estat la quantia de refor¢ de CFRP, el tipus de formigd i la
temperatura. Per complementar aquest primer programa experimental, s’han realitzat
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prediccions analitiques de la relacié carrega-fletxa de les bigues assajades, en les que s’ha tingut
en compte I'efecte de la retraccioé del formigé.

A partir dels resultats de I'estudi del comportament instantani a flexio, s’ha dissenyat un
extens programa experimental (amb més de 113 mostres d’adhesiu epoxy) per I'estudi de
I'efecte de la temperatura (temperatura de curat, temperatura de post-curat i temperatura
d’assaig) sobre les propietats mecaniques (traccié i compressid) de I’epoxy. El rang de valors de
temperatura aplicada es corresponia amb les temperatures aplicades a I'estudi del
comportament instantani a flexié (és a dir, des dels 20 °C fins als 85 °C).

Posteriorment, s’ha portat a terme un programa experimental per investigar el
comportament a llarg termini sota carregues mantingudes amb els seglients parametres
d’estudi: quantia d’armadura d’acer, quantia de refor¢ de CFRP i temperatura aplicada durant
la carrega mantinguda. Del total de 23 bigues assajades, es van assajar 10 bigues sota carrega
monotonica fins a ruptura, es van assajar 10 bigues sota carrega mantinguda a llarg termini (que
posteriorment es van assajar fins a ruptura) i es van deixar 3 bigues reposant al laboratori, per
tal d’analitzar 'efecte de I'envelliment. Addicionalment, també s’ha estudiat el comportament
sota carrega mantinguda dels diferents materials involucrats (formigé i epoxy). Finalment, s’ha
implementat una metodologia, basada en el métode del modul efectiu ajustat (AEMM, de
I'anglés aged adjusted modulus method), per la prediccié analitica de la fletxa a llarg termini,
gue ha demostrat donar bons resultats.

La tesi conclou amb un ultim programa experimental on s’ha investigat I'efecte de la
temperatura sobre el comportament a fatiga de bigues de FA reforcades amb CFRP mitjancant
la técnica NSM. S’han assajat un total de 11 bigues, de les quals 3 van ser assajades
monotonicament fins a ruptura i 8 van ser sotmeses a cicles de fatiga. Els parametres estudiats
han estat la quantia de refor¢ de CFRP, el nivell de carrega de fatiga aplicat i la temperatura
aplicada durant I'assaig de fatiga. L’assaig a fatiga va ser dissenyat per durar 2 milions de cicles

(o fins a ruptura de la biga) a una freqiéncia de 2 Hz.
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Resumen

Cada vez es mas generalizada la tendencia hacia la rehabilitacion y refuerzo de las estructuras
existentes de hormigén armado (HA) debido a los costes asociados a su sustitucion y al impacto
ambiental derivado del consumo de materias primas asociado a la nueva construccién. En este
contexto, los polimeros reforzados con fibras (FRP, del inglés fiber reinforced polymer) se
presentan como una solucién excelente para el refuerzo estructural, siendo la técnica del
refuerzo inserido en el recubrimiento del hormigén (NSM, del inglés near surface mounted) una
de las principales técnicas utilizadas debido a las ventajas que ésta ofrece en comparacién con
el refuerzo externo (EBR, del inglés externally bonded reinforcement). Sin embargo, a pesar de
las ventajas del refuerzo NSM, el fallo prematuro por adherencia continlda siendo una
problematica.

La eficacia de cualquier sistema de refuerzo estructural depende de la capacidad de
transmision de esfuerzos de la unidn, que a su vez depende parcialmente de las propiedades
mecdnicas del material adherente. En este sentido, las resinas epoxidicas son el material
adherente mas utilizado en la técnica de refuerzo NSM. Sin embargo, debido a la naturaleza de
estos adhesivos, su comportamiento puede verse afectado por temperaturas cercanas o
superiores a su temperatura de transicion vitrea (Tg) y pueden experimentar cambios en las
propiedades mecanicas.

Por otra parte, aunque el refuerzo con NSM FRP ha sido objeto de un esfuerzo creciente en
investigacion, se necesitan mas estudios para entender mejor su comportamiento a largo plazo.
En este sentido, las deformaciones a largo plazo del hormigdn (fluencia y retraccion) y del epoxy
(fluencia) son especialmente relevantes si se tiene en cuenta que estos fendmenos dependen
de las condiciones ambientales. Asimismo, también se requiere de mas atencién en el estudio
del comportamiento de estos elementos reforzados bajo cargas de fatiga.

El objetivo de este trabajo es el estudio experimental y analitico del comportamiento de vigas
de HA reforzadas con FRP a base de fibras de carbono (CFRP, del inglés carbdn fiber reinforced
polymers) mediante la técnica NSM, que se encuentren sometidas a elevadas temperaturas de
servicio. Este estudio incluye el comportamiento instantaneo, el comportamiento a largo plazo
bajo cargas mantenidas y el comportamiento bajo cargas de fatiga. Para ello, se ha llevado a
cabo un primer programa experimental para investigar el comportamiento instantaneo (carga
monotonica hasta rotura) a flexion, que incluye un total de 14 vigas. Los pardmetros de estudio
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han sido la cuantia de refuerzo de CFRP, el tipo de hormigén y la temperatura. El trabajo
experimental de este primer programa se complementa con predicciones analiticas de la
relacion carga-flecha de las vigas ensayadas, en las que se ha incorporado el efecto de la
retraccion del hormigon.

A partir de los resultados del estudio del comportamiento instantaneo a flexidén, se ha
disefiado un amplio programa experimental (con mas de 113 muestras de adhesivo epoxy) en
el que estudiar el efecto de la temperatura (temperatura de curado, temperatura de post-
curado y temperatura de ensayo) sobre las propiedades mecanicas (tracciéon y compresién) del
epoxy. El rango de valores de temperatura aplicada se corresponde con las temperaturas
aplicadas en el estudio del comportamiento instantaneo a flexién (es decir, desde los 20 °C hasta
los 85 °C).

Posteriormente, se ha llevado a cabo un programa experimental para investigar el
comportamiento a largo plazo bajo cargas mantenidas, en el que se han considerado los
siguientes parametros de estudio: cuantia de armadura de acero, cuantia de refuerzo de CFRP
y temperatura aplicada durante la carga mantenida. Del total de 23 vigas ensayadas, 10 fueron
ensayadas bajo carga monotdnica hasta rotura, otras 10 fueron ensayadas a largo plazo bajo
carga mantenida (y posteriormente fueron ensayadas hasta rotura), y se dejaron reposar en el
laboratorio las 3 vigas restantes, para poder asi analizar el efecto del envejecimiento. Ademas,
también se ha estudiado el comportamiento bajo carga mantenida de los diferentes materiales
involucrados (hormigdn y epoxy). Para finalizar, se ha implementado una metodologia, basada
en el método de modulo efectivo ajustado (AEMM, del inglés aged adjusted modulus method),
para la prediccion analitica de la flecha a largo plazo, que ha demostrado obtener buenos
resultados.

Para concluir con la tesis, se ha llevado a cabo un ultimo programa experimental para
investigar el efecto de la temperatura en el comportamiento bajo cargas de fatiga de vigas de
HA reforzadas con CFRP mediante la técnica NSM. Se han ensayado un total de 11 vigas, 3 de
las cuales han sido ensayadas bajo carga monotdnica hasta rotura, y las 8 vigas restantes han
sido sometidas a ciclos de fatiga. Los parametros de estudio han sido la cuantia de refuerzo de
CFRP, el nivel de carga de fatiga aplicado y la temperatura aplicada durante el ensayo de fatiga.
El ensayo a fatiga fue disefiado para durar 2 millones de ciclos (o hasta rotura de la viga) a una

frecuencia de 2 Hz.
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PART I: Introduction




1 Introduction

1.1 Overview and motivation

Rehabilitation of existing damaged structures is vital to extend their service life and to
increase their safety, at the same time that consumption of raw material is reduced and,
consequently, the environmental impact associated with building new structures is also
reduced. In the last decades, due to emerging new strengthening materials and techniques, a
general tendency towards rehabilitation of structures has been created [1]. In this sense, the
cost analysis of the projects and construction speed leads to strengthening the existing

structures rather than making new ones.

Fiber reinforced polymer (FRP) materials have been widely used to strengthen damaged
reinforced concrete (RC) structures due to their unique characteristics. They have several
advantages when compared to the traditional material (i.e. steel reinforcement) such as, light
weight, higher tensile strength and higher resistance to corrosion. However, lower fire
resistance and higher manufacturing cost are the most important disadvantages of these

materials [2-4].

Nowadays, different FRP-strengthening techniques are used to strengthen RC structures.
Among them, externally bonded reinforcement (EBR) and near-surface mounted (NSM)
techniques are the most common methods. The EBR method consists of bonding the FRP
laminates or sheets onto the concrete surface using an adhesive. In this method, the surface of
the concrete is treated prior to bonding in order to assure high bonding between concrete and
FRP. The EBR system is easy to install, but it is more affected by environmental conditions and
vandalism. On the other hand, in the NSM technique, which is the most recent method, grooves
are cut in the concrete surface and then the FRP (strips or bars) are inserted into the grooves
using a proper adhesive. This technique has several advantages when compared to the EBR
system, such as: higher anchorage capacity, no need for surface treatment except groove
cutting, less susceptible to environmental conditions, less prone to vandalism and good finished
surface [5,6]. The epoxy adhesive is the most used bonding material in the FRP-strengthened
structures. Due to the nature of this material, its mechanical properties can be affected when

working temperature approaches its glass transition temperature (7,) [7-9]. As a result, the
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performance of the strengthening system can be also affected, especially when high service

temperatures are combined with time-dependent loads (long-term or fatigue loading).

A significant amount of work has been done in order to study the performance of NSM FRP-
strengthened RC beams under short-term loading, while a few of them deal with long-term
loading and fatigue conditions. Furthermore, the available work in the literature is mainly
focused on the flexural performance of this system under room temperature or fire conditions,
but their behavior under high service temperature (near or beyond the T, of the epoxy adhesive)
is missing or needs further research. Therefore, this PhD thesis aims to contribute to the
understanding of these issues. To this end, a comprehensive experimental work has been
performed to evaluate the flexural performance of NSM carbon FRP (CFRP)-strengthened RC
beams subjected to short-term, long-term and fatigue loading under high service temperatures.
Furthermore, the effect of temperature on mechanical properties of epoxy adhesive has been

also investigated.
1.2 Objectives of the PhD

The main objective of this PhD thesis is to experimentally and analytically investigate the
flexural performance of NSM CFRP-strengthened RC beams subjected to short-term, long-term

and fatigue loading under different high service temperatures.
This main goal is divided into six sub-objectives that will be addressed along with the thesis:

1. The study of the effect of different service temperatures on the flexural performance of
NSM CFRP-strengthened RC beams under short-term loading.

2. The development of analytical predictions on the load-deflection response of NSM CFRP-
strengthened RC beams subjected to short-term loading, where shrinkage effects are
accounted for.

3. The study of the effect of curing, post-curing and testing temperatures on mechanical
properties of the epoxy adhesive.

4. The study of the time-dependent behavior of NSM CFRP-strengthened RC beams under
long-term loading and high service temperatures.

5. The analytical study on the time-dependent deflections of NSM CFRP-strengthened RC

beams, where temperature effects are accounted for.



6. The study of the effect of fatigue loading on the flexural behavior of NSM CFRP-

strengthened RC beams under high service temperatures.
1.3 Thesis layout

This thesis is written as a compendium of journal papers, each of them being presented in a
chapter. Initially, the state-of-the-art is presented in Chapter 2 where a detailed review of the

current state of the art is carried out.

In Chapter 3, the methodology followed in the experimental programs carried out in this PhD
thesis is presented. In this section, the characterization of the materials, the instrumentation
and the short-term, long-term and fatigue loading tests setups for the different experimental
programs are described. Furthermore, analytical models to predict the instantaneous and the

time-dependent responses are also presented in this chapter.

Chapter 4 presents the first article of the thesis, where the effect of different service
temperatures on the instantaneous flexural response of NSM CFRP-strengthened RC beams is
presented. The second paper of the thesis is presented in Chapter 5, where the effect of curing,
post-curing and testing temperature on mechanical properties of the epoxy adhesive is
presented. Furthermore, the effect of temperature on T, of the epoxy adhesive is also
addressed. Chapter 6 provides the third paper, where the time-dependent behavior of NSM
CFRP-strengthened RC beams under high service temperature is reported. In addition, the time-
dependent behavior of involved materials is also investigated. In Chapter 7 the fourth article of
this PhD thesis is presented, where the effect of fatigue loading on the flexural performance of

NSM CFRP-strengthened RC beams under high service temperature is studied.

The discussion and the concluding remarks of this thesis are presented in Chapters 8 and 9,
respectively. Finally, Chapter 10 provides the possible future works derived from the research

line followed in this PhD thesis.



PART Ill: Literature review and

methodology




2 Literature review

2.1 Introduction

Concrete material is the most widely used in civil structures due to its numerous advantages,
such as, high durability, lower cost and higher performance, resistance against corrosion and
fire. Although civil structures are designed for different types of loads, their performance can
be affected by long-term and repeated loads, environmental conditions, change in the service
load and seismic activities [10,11]. Therefore, new materials and techniques are being

developed and applied to rehabilitate and strengthen damaged RC structures [2,3].
2.2 Fiber-reinforced polymers (FRPs) in civil engineering

Due to their several advantages, FRP materials are widely used in different fields such as civil
engineering, aerospace and aircraft, wind turbine and marine structures, among others [12].
One of the most important advantages of FRP materials is having a high ratio of tensile strength
to self-weight. Besides, the reduced weight is resulting in an ease in handling and installation,
and a reduction in the dead load of the structures. Moreover, FRP materials are providing a high
corrosion resistance and low coefficient of thermal expansion and they can be found in different
types and shapes [13]. On the other hand, their higher manufacturing cost can be one of the

disadvantages of these materials [14].

In the field of civil engineering, three main applications are illustrated for FRP materials: (i)
as main materials to build a complete structure (small bridge made from FRP, Figure 2.1a), (ii)
as an alternative to steel for internal reinforcement of concrete elements (internal
reinforcement with FRP bars, Figure 2.1b), and (iii) as strengthening system of existing damaged

structures (strengthening with FRP sheets, Figure 2.1c).



Figure 2.1. Examples of the use of FRP materials as: (a) building complete structure, (b)

reinforcing method and (c) strengthening method [4].

FRP materials are composed of two major components namely fibers and matrix, where the
first component provides the strength and stiffness and the second component provides the

transfer of stress and strain between fibers [15].

2.2.1 Fibers

The fibers provide the strength and stiffness to the FRP in order to resist the applied load.
Therefore, they are the main component and their properties influence the overall behavior of
the FRP system. Fibers are normally selected to have high strength and high elastic modulus [4].
Typically, four fiber types can be found in FRP system: Carbon FRP (CFRP), Glass FRP (GFRP),
Aramid FRP (AFRP) and Basalt FRP (BFRP) [4].

Carbon

Carbon fibers are manufactured from heating fibers without the presence of oxygen. This
process removes the non-carbon atoms and obtains a long interlocked chain of carbon atoms.
Carbon fibers are widely used in composite materials due to their high stiffness and strength
and high resistance against corrosion. In addition, carbon fiber has a high fatigue strength and
very low or even negative coefficient of thermal expansion [12,15]. The main disadvantage of
carbon fibers is being electrically conductive, which may cause galvanic corrosion in direct

contact with steel [16].

Glass

Glass fibers are made of filaments of glass, obtained from melting and molding processes.

Due to lower cost, high tensile strength and chemical resistance, glass fibers are the most



common and popular of all reinforcing fibers used in FRP materials. On the other hand, they

present lower fatigue resistance and stiffness than carbon fibers [15].

Aramid

Aramid fibers are organic fibers formed by a long chain of synthetic polyamide and are
created from a solution of PPTA (p-phenylene terephthalamides) polymer and sulfuric acid [17].
Similar to carbon fibers, aramid fibers present relatively high tensile strength, but their elastic
modulus is low in comparison with carbon fibers. Moreover, they have better fracture
toughness. Furthermore, compared with the other types of FRPs, aramid fibers exhibit lower

compressive and shear strengths [15,18].

Basalt

Basalt fibers are obtained from volcanic basalt rock and they are produced by heating the
rock until melting. Basalt fibers have better mechanical properties than glass fibers and a
cheaper manufacturing process in comparison to carbon fibers [15]. The main disadvantages of
the basalt fibers are the difficulty of the heating process and the quality control of the fibers
[13].

2.2.2 Matrix

The matrix is used as a binder in order to hold all the fibers together. Furthermore, the matrix
is involved in transferring the stress between individual fibers and protecting them from
environmental conditions. Resin and polymers are the most used types of matrices. Polymers
can be classified under two types, thermoplastics and thermosets, according to the effect of
heat on their properties [4,15]. Usually, the matrix is made from thermoset polymers, which in
comparison to thermoplastics, have better thermal stability and better chemical resistance.
Among others, polyester, vinylester and epoxy are the most used thermoset polymers.
Vinylester provides higher mechanical properties and higher resistance to environmental
conditions in comparison to polyester. On the other hand, epoxy has excellent bond properties,
lower shrinkage during curing time, good resistance to environmental degradation and good
chemical properties, but it is the most expensive option. The main disadvantages of thermoset
adhesives are that their properties are highly affected at temperatures near or above their T,

and that they are not recyclable [15,18].



2.2.3 Mechanical properties of FRP materials

The mechanical properties of FRPs depend on the mechanical properties of the constituent
materials (i.e. fiber and matrix), the fibers orientation, the interface adhesion between fibers
and matrix and the manufacturing process. Therefore, there is no unique value for their
mechanical properties [4]. The typical comparison of stress-strain relationship for different
types of FRP materials and steel, according to fib Bulletin 90 [1], is shown in Figure 2.2. In
comparison to conventional steel, FRP materials usually present significantly higher tensile

strengths and lower modulus of elasticity. However, their failure is brittle [19].
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Figure 2.2. Uniaxial tensile stress-strain diagrams of FRP materials compared to steel [1].
2.2.4 FRP products

FRP materials can be found in different shapes such as laminates/strips, sheets and bars (see
Figure 2.3). Among them, FRP laminates/strips and sheets are mainly used to strengthen existing
RC damaged structures, whilst FRP bars can be used for strengthening or as internal

reinforcement.

Figure 2.3. Different shapes of FRP materials: (a) FRP laminates, (b) FRP sheets and (c) FRP bars
[20].



2.3 FRP-strengthening techniques

Strengthening is an optimal solution to rehabilitate and repair existing buildings and
infrastructures in order to enlarge their service life and increase their carrying capacity. There
are different techniques to strengthen RC structures, being the steel or concrete jacketing, the
external post-tensioning, the externally-bonded (EB) steel plates and the replacement of
degraded members or the addition of new extra members the more traditional repairing
methods. However, although these methods can improve the strength, capacity and stiffness of
deficient concrete structures, they may also increase the dead load of repaired structures and

are time consuming. Therefore, there is a necessity to find alternative materials or methods.

In this scenario, FRP have been presented as an appropriate alternative due to their unique
properties when compared to steel. In this section, two main techniques in strengthening with
FRP materials, namely EBR and NSM technique, are presented. Figure 2.4 shows illustrative

sketches of both techniques.

Figure 2.4. FRP-strengthening techniques: (a) EBR laminates, (b) NSM strips and (c) NSM bars
[21].

2.3.1 Externally bonded reinforcement (EBR) technique

EBR technique is one of the most popular and old methods in FRP-strengthened structures.
In this technique, FRP laminates or sheets are applied to the external part of the element using
a proper bonding material (usually an epoxy adhesive). In this technique, prior to strengthening,
the surface of the concrete should be treated and cleaned in order to increase the efficiency of
the system and properly transfer the load from concrete to FRP. Two systems are used in EBR
technique, namely wet lay-up and prefabricated. The wet lay-up system involves using a liquid
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resin system to saturate a FRP material and then apply the saturated material to a prepared
surface. This system, due to flexibility of FRP sheets, is suitable for the curve and convex
surfaces. Focusing on prefabricated FRP laminates, after preparing the concrete surface, a layer
of adhesive is applied and then the FRP laminate is installed onto the member. This method is

suitable for flat surfaces.

The main advantage of EBR technique is the simplicity of installation in different types of

surfaces. Some examples on the application of EBR technique are shown in Figure 2.5.

Figure 2.5. Examples of EBR installation in strengthening: (a) Beams, (b) Slabs and (c) Columns

[22,23].

In spite of the above mentioned advantages, EBR technique has some disadvantages, such as
need of surface treatment, premature debonding, brittle failure mode and being more

susceptible to vandalism and to environmental conditions, among others [24,25].
2.3.2 Near-surface mounted (NSM) technique

In the early 1940s, the NSM strengthening technique started to be used for strengthening
concrete structures with steel. However, in the last two decades this technique has been applied
with FRP materials, as an alternative to the EBR system. In the NSM technique, grooves are cut
in the concrete surface and, after cleaning the groove, NSM strips or bars are introduced onto
the grooves with a proper bonding material (usually an epoxy adhesive), thus the FRP is
completely embedded inside the epoxy adhesive. Figure 2.6 shows an example of the

installation of FRP in concrete slab with NSM technique.
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Figure 2.6. NSM installation: (a) Filling of the grooves with an epoxy adhesive and (b)
Placement/insert of the CFRP bar [26].

In the NSM technique, in general, CFRP materials are used to strengthen RC structures and
GFRP materials are mostly used for masonry and timber structures [5]. Besides, limited reports
of the application of other types of FRP materials (such as AFRP and BFRP) can be found [13,27].
Furthermore, FRP materials used in the NSM strengthening can be in different shapes, such as
round bars or rectangular/square strips, and with different surface treatments [28,29] A typical
view of cross-section in the NSM strengthening technique with strips and bars is shown in Figure

2.7.

Figure 2.7. Cross-section of NSM systems: (a) Using a bar and (b) Using a strip [30].

The NSM technique presents some advantages when compared to the EBR system. One of
the main advantages is the less prone to premature debonding because of the higher
confinement of the FRP material, which improves the efficiency of NSM technique allowing, in
some cases, the development of the maximum tensile strength of the FRP material [5,31,32].
Besides, the FRP is less affected by harsh environmental conditions, and less prone to vandalism.

In addition, the NSM system needs no surface treatment, except cutting the grooves, and pre-
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stressing the strips/bars can be done without anchorage. Finally, the aesthetic of the

strengthened structure is almost unchanged [5,6,30-33].
2.3.3 Structural adhesives used in strengthening

Whatever strengthening system is used, the structural adhesive (bonding material) plays an
important role as it is responsible for transferring the load between the FRP and the
strengthened element [34]. Epoxy based and cement based adhesives are the most commonly
used structural adhesives for strengthening RC structures with FRP [5]. Epoxy adhesives are
based on polymeric materials and, therefore, their properties can change because of
temperature. This means that the increase in the temperature to near or beyond the Ty, leads
to a change from hard to glass (rubbery) state, which is a limiting parameter in the applications
of epoxy adhesives [34]. Therefore, the performance of epoxy based adhesives may be affected
by temperature [5,34]. In this sense, cement based adhesives can be a good alternative to resist
higher temperatures. However, low bond strength in cement based adhesives can be a

limitation for the application of these adhesives in structural strengthening [35].

2.4 Instantaneous flexural behavior of NSM FRP-strengthened RC

beams

In this section, a review on the existing works on the instantaneous flexural behavior of NSM
FRP-strengthened RC beams is presented. According to literature, epoxy adhesives usually used
in NSM technique are sensitive to temperature, especially when temperature approaches the
adhesive Ty. This can lead to changes in epoxy mechanical properties that may affect the
performance of the strengthening system [7-9,36-38]. Based on this, the review includes
existing works at room temperature and also works where higher temperatures have been

applied, but never achieving fire conditions.

2.4.1 Instantaneous flexural behavior of NSM FRP-strengthened RC beams

tested at room temperature

A significant amount of work has been done on the flexural performance of NSM FRP-
strengthened RC beams under room temperature (laboratory conditions). In this sense, the

effect of CFRP and GFRP bars [39,40], CFRP and GFRP strips [41-48], FRP bonded length
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[39,42,46,49], different bonding materials (i.e. epoxy and cement based adhesives) [50], groove
size [51,52], bar position [40,52] and use of mechanical anchorage [53-55] on the flexural

behavior of NSM strengthening system has been evaluated.

According to the literature, the NSM strengthening system helps to significantly increase the
flexural capacity of the strengthened element [39,41-45,48]. However, efficiency of this
technique is dependent on the bonded length of FRP [39,42,46,49], as for short bonded lengths,
the FRP-strengthening system did not involve in load carrying process [46], whilst for larger
bonded lengths, the maximum capacity of the strengthening system can be exploited, as
premature debonding of the FRP is avoided, and failure mode changes from debonding to FRP
rupture [42]. Besides, the performance of the bonded joint is not only dependent on the bonded
length but also on the bonding material, as it is responsible for transferring the stress between
concrete and FRP. In this regard, NSM FRP-strengthened beams, where an epoxy adhesive was
used have shown a ductile behavior with higher capacity in comparison to that of strengthened

beams that used cement based grouts [50].

Furthermore, the groove dimension, bar position and location can also effect the flexural
performance of NSM CFRP-strengthened beams [51,52]. In this sense, experimental works
revealed that small groove size tolerance of 3 mm did not have a significant impact on the
performance of the strengthened beams [51], while deeper groove resulted in high ultimate
load capacity [52]. Moreover, for the GFRP bars installed side by side, lower interfacial stress
was observed when compared to those installed separately [52]. In addition, the NSM bars
installed in the bottom of the beam resulted in higher ultimate capacity when compared to the

bars installed to the side of the beam.

With the aim at preventing the problem of premature debonding of the strengthening
system, anchoring systems have also been proposed. In this sense, application of mechanical
anchorage or transverse wrapping helped to postpone the failure and increased the ultimate
capacity of the beam by delaying the concrete cover separation [53]. Furthermore, the use of
steel plates at the end of the beam helped to increase the flexural capacity of the beams [54].
In the other study [55], a mechanically fastened EBR (MF-EBR) anchorage showed a better

performance under instantaneous loading when compared to the NSM system.
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Finally, although it is not common nowadays to face this issue, the effect of NSM CFRP-
strengthening on the flexural performance of the RC beams internally reinforced with GFRP bars
has also been studied in [56]. The results showed that despite the high degrees of deformability
that may be expected in GFRP RC beams, strengthening with NSM CFRP strips appeared as an
adequate strategy to provide higher stiffness at a service level than that of the unstrengthened

element.

2.4.2 Instantaneous flexural behavior of NSM FRP-strengthened RC beams

tested at service temperature

The performance of both EBR and NSM FRP-strengthened RC flexural members exposed to
high service temperature has been hardly investigated, when compared to the amount of
existing literature on their performance at room temperature and fire conditions. In this sense,
for the EBR system, the application of a high service temperature up to 70 °C had a slight effect
on the load capacity of the system. It should be mentioned that different bonded lengths and
laminate widths were used for each temperature. Besides, even though the load capacity of the
beams was not affected, a change in the failure interface took place for specimens with shorter
bonded length tested at 70 °C [57]. In a similar study, the load capacity of EBR-strengthened
beams tested at 80 °C decreased by 20%, when compared to the reference beam tested at room
temperature. In addition, the failure mode changed from cohesion in concrete to adhesion at

the concrete-epoxy interface [58].

Regarding the NSM FRP-strengthened RC flexural members, there is scarce work available in
the literature. In this sense, results from the effect of temperature on the flexural response of
the NSM FRP-strengthened slabs showed that the increase in the temperature up to 80 °C was
followed by a 12% reduction in the ultimate capacity of the slab, and the failure mode changed
from concrete crushing to cohesive failure at the epoxy [36]. In this experimental study, the
maximum capacity of the system was observed at 40 °C, which was attributed to a possible post-

curing in epoxy adhesive.
2.4.3 Failure modes in NSM technique

Failure modes of NSM FRP-strengthened RC beams include those traditionally observed for

RC structures (i.e. concrete crushing, shear failure and steel reinforcement rupture), FRP rupture
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and those failure modes related to a premature failure of NSM bonded joint, usually referred to
as debonding failure modes. The classification of the different debonding failure modes is done
on the basis of the location where debonding starts, as shown in Figure 2.8. Besides, bond failure

may occur at different FRP-concrete interfaces, as shown in Figure 2.9.

Figure 2.8. Principal debonding failure modes in a beam strengthened in flexure with a FRP

NSM system [59].

Figure 2.9. FRP-concrete interfaces for bond failure [59].

Concrete crushing

Concrete crushing is a very common failure mode in conventional RC beams without
strengthening that takes place when concrete in compression reaches its maximum

compressive strain [48,60-67], as shown in Figure 2.10a.
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Shear failure

This type of failure normally occurs due to insufficient internal shear reinforcement. When
the applied shear reaches the shear resistance of the section, the diagonal cracks in the shear
span propagate until they reach to the compression face of the beam and, subsequently, the

beam fails in shear [48,62,68,69], as shown in Figure 2.10b.

Steel reinforcement rupture

Steel reinforcement rupture takes place when steel in tension reaches its maximum tensile
strain. This failure mode is very common in both unstrengthened and strengthened beams
under fatigue loading. Besides, it is usual for strengthened beams that steel reinforcement
rupture is then followed by bond failure or FRP rupture [48,65,67,69,70] as shown in Figure
2.10c.

FRP rupture

This type of failure mode happens in strengthened RC beams with good composite action
and sufficient bonded length [48,61,63,64,68,71] and means that the maximum capacity of the
strengthening system has been used [41]. FRP rupture usually takes place following yielding of
the steel reinforcement, without failure in the compressed concrete. The representative view

of this failure mode is shown in Figure 10d.

Interfacial debonding failure

The debonding failure happens due to lose of composite action at FRP-adhesive-concrete
interfaces. This failure mode can be initiated in zones 1 and 2 in Figure 2.8. The failure mode is
affected by many factors, including the FRP’s geometry, the tensile steel and FRP reinforcement
ratios, and the mechanical strength of the concrete substrate and the adhesive [48]. Besides, in
flexural tests, the flexural cracks may intersect the epoxy cover, thus damaging the epoxy and
facilitating the interface debonding. This failure mode is more common in NSM FRP-
strengthened RC beams with short/limited bonded length [42,48,61,64,69-76]. An example of

this failure mode is shown in Figure 2.10e.
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Concrete cover separation

Concrete cover separation is more probable to occur for NSM strengthened RC members with
the decrease of the distance between each grooves/FRP reinforcement and with the decrease
of the tensile strengths of the concrete cover [1,41]. In many tests, bond cracks inclined at
approximately 45° to the beam axis formed on the soffit of the beam. Upon reaching the edges
of the beam’s soffit, these cracks may propagate upwards on the beam sides maintaining a 45°
inclination within the cover thickness. Then, they can propagate horizontally at the level of the
steel tension bars [39,42,44,45,77,78]. For the strengthened specimens with significant distance
between the end of the FRP and the supports, separation of concrete cover typically starts from
the cut-off section and propagates inwards [45,46,75,79]. The example of strip and cover

separation is shown in Figure 2.10f.
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Figure 2.10. Failure modes of RC beams strengthened by NSM FRP: (a) Concrete crushing [66],
(b) Shear failure [62], (c) Steel reinforcement rupture [65], (d) FRP rupture [61], (e) Interfacial

debonding failure [64] and (f) Debonding failure due to concrete cover separation [75].

2.5 Long-term loading effects

RC elements are usually subjected to long-term loads that may have an effect on their
structural performance. The time-dependent deflections in RC elements are, basically, due to

creep and shrinkage of concrete [80-82]. Creep and shrinkage values are dependent on
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environmental conditions (temperature and humidity), age of concrete, magnitude and
duration of long-term load and material properties [83]. In concrete structures under service
loading, excessive cracking or deflection are relatively common and this is normally due to

failure in adequately accounting for the time-dependent deflections in the design process [84].
2.5.1 Creep phenomena in materials

Creep is a time-dependent deformation and can be defined as the increase of strain with time
due to constant applied stress and temperature. As a result, there is a progressive increase in
deflections, relaxation and redistribution of stresses and reduction of the material mechanical
properties [85]. The shape of the creep curve and the duration of the creep stages strongly
depend on the stress and temperature values. The creep rate depends on material properties,

temperature, humidity, applied load and loading time [83].

Three materials are involved in the NSM FRP system namely concrete, FRP and adhesive.
Therefore, the understanding of their time-dependent behavior is of paramount importance
because the creep of these materials may cause time-dependent deformations in the

strengthened element [86].
Creep of concrete

A typical time-dependent strain of concrete under constant stress (and temperature) is
shown in Figure 2.11. Before applying any load (or stress), the strain increases due to shrinkage
of concrete. Later, when an external long-term load (stress) is applied to the member, there is
an associated jump in strain (the amount of the strain depends on the load level), and
immediately after the application of the long-term stress, creep develops rapidly. A large portion
of the final creep strain takes place at the beginning of the loading (first few months), and later
the rate of the increase of concrete creep slows down [84]. It should be mentioned that the
shrinkage strain of concrete is independent of the loading and it continues increasing by time.

However, similar to creep strain, the rate of the increase of shrinkage strain slows down by time.
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Figure 2.11. Time-dependent strain of concrete [84].

It should be mentioned that a large portion of the creep strain (deflection) is irrecoverable
and will stay in the member permanently when the long-term load is removed, whilst a small
portion of the creep strain/deflection will be recovered [10]. Figure 2.12 shows creep strain,

creep recovery and irrecoverable creep.

Figure 2.12. Recoverable and irrecoverable creep components: (a) Time-dependent concrete

strain and (b) Compressive stress history [84].

There are several factors that can affect the creep of concrete, being compressive strength
of concrete, long-term load level (stress level), environmental condition, concrete curing
process, concrete age, cement type and admixture properties the most important ones [83].

According to the fib Model Code 2010 [83], under service conditions, in order to avoid a non-
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linear creep in concrete, the maximum stress level should be limited to 40% of the compressive

strength of concrete.

Several theoretical works exist to predict the time-dependent behavior of concrete [84,87-
89]. Furthermore, there are many codes and guidelines available to calculate the creep strain in
concrete, such as fib Model Code 2010 [83], ACI Committee 318 [90] and ACI Committee-209R-
92 [91].

Creep of FRP

FRP materials can be also affected by creep when subjected to long-term loads. Following
the approach stated for creep of concrete, creep effect of FRP materials can be predicted using

an effective modulus of elasticity at time t after loading, Erree (¢, to), that can be calculated as:

Eprp (to)
E - " 2.1
FRbe ® tO) 14 @rre (@ to) 1)

where to is the age at the start of loading, Erre (to) is the modulus of elasticity of FRP at time to
and @ere (t,to) is the FRP creep coefficient at time t after loading, that can be obtained from
experimental data, as below:

eprp(t,to) — errp(to)

2.2
errp(to) 2:2)

@rrp(t, tg) =

where &rre (t,to) is the strain in FRP at time t after loading and &rre (to) is the instantaneous strain

in FRP at loading time, respectively.

An alternative equation was suggested in [92] to calculate the FRP creep coefficient is:

©rrp(t, to) = (%)m -1 (2.3)

where tis the age of the specimen at the moment considered in hours, to reads 1 hour and mis

the slope of the best-fit line relating log £rre (t,t0) and log (t/to).

The time-dependent behavior of the CFRP strips has been investigated in [93,94-97].

Yamaguchi et al [97] and Malvar [93] performed a study for a 50-year period and concluded that
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the strength of the CFRP was reduced by 10%. Furthermore, Ascione et al. [95] showed that the
creep strain of CFRP strips was almost negligible and, after 500 days loading, the creep strain in
the CFRP strips was 2% higher than the instantaneous strain. The experimental data obtained
from Ascione et al. [95] was used in Mazzotti et al. [96] to calibrate an equation to calculate the

creep coefficient of CFRP strips with time, as below:
—t
(pFRP(t, tO) = 0.02 (1 - €Xp130) (2.4)

Creep deformations are dependent on the level of the long-term load, so that high levels of
long-term load can eventually lead to the tensile failure of the FRP, which is known as creep
rupture [98]. In this regard, Goertzen et al. [94] performed an experimental program based on
tensile and flexural tests of CFRP dog-bone and rectangular specimens, to evaluate the effect of
a high long-term load (77% of its ultimate strength). Experimental results showed no creep
rupture, and the authors concluded that, under ambient conditions, CFRP are highly resistant
to creep failure. Available standards, such as the fib Bulletin 90 [1] and the ACI 440.2R [99]

consider that CFRP can withstand stress levels up to 80% of its tensile strength.
Creep of adhesive

Structural adhesives are designed to transfer the load from the structure to the FRP-
strengthening system. Although different types of adhesive exist, epoxy adhesives are the most
widely used in civil applications. Epoxy adhesives, however, present a viscoelastic behavior and,
therefore, the evaluation of their time-dependent properties is of importance for assessing their

long-term load-bearing performance [100].

Three stages can be considered in a typical creep curve for an epoxy adhesive [101] (see
Figure 2.13): (i) the primary stage (reduced creep) in which the creep rate decreases to a certain
value (minimum creep rate); (ii) the secondary stage, in which the creep rate is almost constant;
and (iii) the tertiary stage, where the creep rate increases. At the end of the tertiary stage creep

rupture of the specimen occurs [85].
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Figure 2.13. Three stages of creep [101].

Majda and Skrodzewicz [101] performed an experimental work on long-term tension tests at
room conditions, where four different load levels were considered (i.e. 33%, 43%, 54% and 65%
of ultimate instantaneous tensile strength of the epoxy adhesive). Experimental results showed
that higher creep strains were obtained for larger levels of long-term load, leading to failure in
the case of high long-term loading level. Same findings were observed in Meshgin et al. [102],
who performed an experimental program on long-term shear tests (i.e. epoxy at the interface
between the concrete and FRP) and applied a maximum long-term load level of 62% of ultimate
instantaneous shear strength. In both cases, experimental results were used to obtain empirical

expression to predict the adhesive behavior with time.

In a similar study, Costa and Barros [103] characterized the tensile creep behavior of an epoxy
adhesive and observed that up to a long-term load level of 60% of the ultimate tensile strength,

the adhesive can be assumed as a linear viscoelastic material.

The effect of environmental conditions on the creep behavior of an epoxy adhesive was
studied in Emara et al. [7], who considered different levels of long-term load (20%, 40% and 60%
of ultimate tensile strength) for specimens that were tested under different combinations of
temperature and humidity (temperature equal to 20 °C and 40 °C, and relative humidity equal
to 55% and 90%). The results showed that at 20 °C, a linear viscoelastic behavior was observed
for all levels of loads. With an increase in the humidity to 90% (at 20 °C), the specimens tested
under higher load level failed but still the creep was linear for the specimens tested under low
and medium level of load. Moreover, with an increase in the temperature to 40 °C and humidity
of 55%, the specimens at medium and higher load levels failed, but those specimens at lower
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load level survived. Finally, all specimens tested at 40 °C and 90% of humidity failed and did not

survive for 1000h.

Finally, the effect of the age of specimens at loading time was studied in Silva et al. [104].
Experimental results showed that the specimen with less age at loading time experienced higher
creep strains. However, the recovery strain after unloading was similar for all of the specimens,

regardless of their age at the time of loading.
2.5.2 Time-dependent flexural behavior of NSM FRP-strengthened RC beams

Most of the existing works in the literature are related to the time-dependent flexural
behavior of the EBR FRP systems [81,82,105-110], whilst scarce literature exists on the NSM FRP
system [111-114].

As for the case of EBR FRP systems, the majority of time-dependent deflections for the NSM
CFRP systems occurs at the first stages of the long-term loading [111], even if the long-term load
(equal to 33% of the ultimate load capacity of the specimens) is applied in two steps (40% of the
long-term load for a duration of 78 days, and later 100% of the long-term load for a duration of
55 days). Besides, the residual flexural capacity of NSM CFRP-strengthened RC beams has been
demonstrated to be inversely proportional to the long-term load applied [112]. However, no
effect on the failure mode was observed as all specimens failed by end debonding. It should be
mentioned that end debonding occurred in longer bonded lengths for the higher values of long-
term load. It is also important to remark that these results correspond to the specific set of
geometrical and mechanical properties, as well as test setup, of the corresponding study.
Experimental results presented in [112] were used to validate analytical prediction on time-

dependent strain in FRP [113].

Finally, Moawad et al. [114] experimentally studied the time-dependent behavior of different
series of NSM CFRP-strengthened RC beams with different loading histories and sectional
properties. According to experimental results, specimens with higher compressive strength of
concrete experienced larger ratios of time-dependent deflections to instantaneous deflection.
Besides, for the NSM FRP-strengthened specimens with compression steel reinforcement, the
effectiveness of NSM strengthening was more pronounced, and creep deflections were

reduced.
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According to the literature, few works have been performed to evaluate the effect of long-
term loading on the flexural performance of NSM CFRP-strengthened RC elements, and none of
them account for evaluating the effect of high service temperature. Therefore, more work is

needed to fully understand their performance.

2.6 Fatigue loading

Fatigue failure of a structural element is defined as the degradation in material by means of
a progressive cracking under repeated or cyclic loading, being the applied load usually lower
than the element ultimate capacity [115,116]. RC structures need to be designed to withstand
not only the static loads but also fatigue loads (produced by vehicle vibration and traffic load in
bridges, wind and wave load in marine structures and earthquake activities, among others), as
fatigue loads may reduce the structure's service life. Regarding the fatigue loading, service life
of RC structures directly depends on the stress range applied to steel reinforcement, the
environmental conditions and the number of the cycles during the cyclic loading [116,117].
According to the literature, fatigue life decreases if the fatigue load level or/and the fatigue cycle

amplitude are increased [67,118-120], and vice versa [121,122].
2.6.1 Fatigue behavior of NSM FRP-strengthened RC beams

Regarding the fatigue behavior of FRP-strengthened RC beams, a significant amount of work
has been done for both the EBR strengthening system [118,119,123-133] and the NSM
strengthening system [67,69,70,120-122,134,135].

The presence of the NSM FRP system has demonstrated to enlarge the fatigue life of RC
members [67,69,120]. Besides, the inclusion of the NSM FRP system has no effect on the failure
mode during the fatigue test, as both unstrengthened and strengthened beams have shown to
fail by steel reinforcement rupture [67,69,120,121]. Nevertheless, unlike the EBR system, no
debonding happens after steel reinforcement rupture, and the NSM FRP system gets involved
in holding the integrity of system [136], thus showing a better performance when compared to
the EBR system [55,65,136]. It should be mentioned that the reported trends are valid for the

levels of fatigue loads applied in each experimental program.
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Some studies exist to evaluate the influence of different types of the NSM bars and strips
[67,69,120] and bonding material [121] on the fatigue performance of NSM FRP-strengthened
flexural elements. According to the existing works, for a given load level, the fatigue
performance of sandblasted rods was better than spirally wound rods [69]. Moreover, it was
observed that for the same given load range, the fatigue life of specimens strengthened with
NSM strips was larger than that of specimens strengthened with the NSM rods [120]. Regarding
the effect of the bonding material, it has been shown that the use of cementitious adhesives
resulted in a better fatigue performance, when compared to epoxy adhesive, and this was

attributed to a better bond and stress transfer [121].

According to the literature, none of the existing works have addressed the effect of high
service temperature on the fatigue performance of NSM CFRP-strengthened RC beams, so

further investigation is still needed.
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3 Methodology

The aim of this chapter is to present the methodology carried out to achieve the proposed
objectives of the PhD thesis. The chapter is divided into five main sections: material
characterization, production of NSM CFRP-strengthened RC beams and instantaneous, time-

dependent and fatigue flexural behavior of NSM CFRP-strengthened RC beams.
3.1 Material characterization

The mechanical properties of all the materials involved in the NSM CFRP-strengthened RC
beams (i.e. concrete, steel reinforcement, CFRP strips and epoxy adhesive) were determined
according to the corresponding standards. Additionally, the Ty of the epoxy adhesive was also
characterized and the influence of curing, post-curing and testing temperature on the

mechanical properties of the epoxy adhesive was studied.
3.1.1 Concrete

In this PhD thesis, four different batches of concrete have been used. The first and second
batches were used in the experimental campaign related to the short-term behavior of NSM
CFRP-strengthened RC beams, whilst the third and the fourth batches were used for the study

of the long-term and fatigue performance of NSM CFRP-strengthened RC beams, respectively.
Instantaneous mechanical characterization

In all concrete batches the maximum aggregate size was 12 mm, the consistency was fluid
and the expected compressive strength of concrete was 30 MPa. The experimental compressive
strength (fc), tensile strength (f:), and modulus of elasticity (Ec) of concrete were determined
from cylindrical specimens (300 mm nominal height and 150 mm nominal diameter), according
to UNE-EN 12390-3 [137], UNE-EN 12390-6 [138], and ASTM C469 [139] standards, respectively.
It should be mentioned that batches 1 and 2 were characterized at the age of 36 and 37 days,
respectively, whilst batches 3 and 4 were characterized at different ages, to track the evolution
of the mechanical properties with time. Besides, splitting tensile strength (f:sp) tested according
to UNE-EN 12390-6 [138] was transformed to tensile strength (f:) following fib Model Code 2010

[83] formulation:

28



ft = aspft,sp (31)

where asp=1. Details on the concrete batches and results of the mechanical properties are

summarized in Table 3.1. For each test, three specimens were used.

Table 3.1. Details of concrete batches and mechanical properties.

Cement Compressive Tensile Modulus of
Batch Cement w/c? Concrete .
content . strength, fc strength, f; elasticity, E.
number type ratio age (days)

(kg/m3) (MPa) (MPa) (GPa)
1-42.5R 390 0.46 36 31.8 (6.6%)° 4.2 (2.3%)°  31.5(7.8%)°
1-42.5R 333 0.48 37 40.8 (2.8%)° 5.2 (0.5%)>  29.4 (0.8%)b
90 48.1 (2.3%)° 3.7 (6.0%)>  41.2(5.3%)b
3 1-42.5R 390 0.41 200 48.3 (2.2%)° 3.7(9.0%)b  41.9 (4.5%)b
403 53.7 (0.8%)° 3.6(9.4%)>  47.6(1.9%)°
31 32.2 (2.2%)° 3.1(1.2%)b  37.7 (4.2%)b
107 40.7 (2.2%)° 3.5(6.8%)>  38.0(5.6%)b

4 11-42.5R 320 0.50

150 41.1 (2.5%)° 3.8(3.6%)>  39.9(3.8%)°
204 41.4 (4.8%)° 3.7(8.3%)>  39.0(7.6%)°

a Water to cement ratio.
b Coefficient of variation (CoV).

Representative photos of characterization test setups (compression test and splitting tension
test) and failure modes are presented in Figure 3.1. Besides, representative stress-strain curves

obtained in a compression test are shown in Figure 3.2.

Figure 3.1. Concrete tests and failure modes: (a) Compression test, (b) Compression failure

mode, (c) Splitting tension test and (d) Tension failure mode.
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Figure 3.2. Representative stress-strain curves for concrete in batch 2.

Time-dependent behavior of concrete

Time-dependent properties of concrete in batch 3 were also determined for a correct analysis
of the time-dependent behavior of NSM CFRP-strengthened RC beams. Time-dependent
mechanical properties of concrete are affected by temperature and humidity. Therefore,
laboratory conditions (temperature and humidity) were registered from the day of concrete
casting and continued till the end of the experimental program. For the determination of time-
dependent properties of concrete heated up to 50 °C, registers on the temperature on the

surface of the flexural beams were also recorded along the long-term loading.

To measure free shrinkage strain in concrete (&sn), two concrete prisms, having the same
beam section (180 x 140 mm) and 1 m length, were instrumented with an embedded strain
gauge and left unloaded at the same temperature (20 °C and 50 °C) and humidity as beam
specimens. The registration started immediately after the casting and continued till the end of
the long-term loading. The specimen submitted to 50 °C was heated and isolated by the same
means used for the flexural beams. Details on the heating and insulation system are described
in details in Section 3.3.2. Figure 3.3 shows the shrinkage specimen with temperature. According
to experimental measurements, maximum shrinkage at the end of long-term read 563 and 759
pe for the specimen at 20°C and 50 °C, respectively, which means having 35% larger free

shrinkage because of temperature.
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Figure 3.3. Shrinkage specimen at: (a) 20 °C and (b) 50°C.

In addition to shrinkage, the time-dependent behavior of concrete in batch 3 was also
determined according to ASTM C512-02 [140]. To this end, four cylindrical specimens (150 mm
diameter and 450 mm height) with an embedded strain gauge were manufactured and stacked
in pairs on a loading frame, to be later loaded with a constant pressure of 0.35f. (the same long-

term load level as in the flexural beams). Each pair of specimens were kept at 20 °C and 50 °C.

Figure 3.4 shows the concrete creep test setup for the specimen at 50 °C. Due to technical
issues during the lading of the concrete creep specimen subjected to 50 °C, the concrete creep
coefficient was experimentally determined only for specimens at 20 °C, giving a value of 0.8. In
order to obtain the concrete creep coefficient at 50 °C, the existing formulation from fib Model
Code 2010 [83] was used, and a creep coefficient of 2.64 was obtained. For comparison
purposes, analytical prediction on concrete creep coefficient of specimen subjected to 20 °C was

also performed, obtaining a creep coefficient equal to 0.6.

Figure 3.4. Creep specimens at: (a) 20 °C and (b) 50°C.
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3.1.2 Steel reinforcement

Similar to concrete, different batches of steel reinforcement (with same ribs geometry) were
used in different experimental programs. Bars with different diameters (i.e. 6, 8, 10 and 12 mm)
were used for the longitudinal steel reinforcement whilst the shear reinforcement consisted on

stirrups with a diameter of 8 mm in all cases.

Tension tests were carried out following standard specifications UNE-EN ISO 15630-1 [141]
to determine the yielding strength (f,), the ultimate strength (fu) and the modulus of elasticity
(Es) of steel bars of different batches. Figure 3.5 shows the tension test setup and typical failure
mode of a steel reinforcing bar. Additionally, representative stress-strain curves of the tension
test of steel reinforcing bars are shown in Figure 3.6. To avoid any damage to the extensometer
(due to sudden failure), the extensometer was removed before reaching the ultimate tensile

strength.

Figure 3.5. Tension test on steel reinforcing bar: (a) Test setup and (b) Failure mode.
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Figure 3.6. Representative stress-strain curves for a steel reinforcing bar (diameter of 10 mm)

in batch 2.

Experimental results on steel reinforcing bar tensile properties are summarized in Table 3.2,

where the average and CoV are based on measurements on a minimum of three specimens.

First, second and third batches were used for the experimental program on instantaneous

flexural behavior, long-term flexural behavior and behavior under fatigue loads of NSM CFRP-

strengthened RC beams, respectively.

Table 3.2. Steel reinforcement mechanical properties.

Bar diameter Yielding strength, Ultimate strength, Modulus of

Batch number

(mm) fy (MPa) fu (MPa) elasticity, Es (GPa)
8 568.9 (0.5%)2 676.6 (0.0%)? 201.9 (0.5%)2
! 12 577.6 (1.1%)2 671.1 (1.0%) 199.6 (0.4%)°
6 586.8 (0.9%)? 718.1 (1.4%)2 205.2 (1.0%)2
8 604.8 (5.9%) 721.7 (3.8%)2 208.9 (0.7%)?
2 10 591.8 (0.8%)° 690.2 (0.3%)2 203.9 (0.9%)2
12 562.2 (1.5%) 700.7 (1.2%)2 202.5 (1.3%)2
6 553.8 (1.6 %)? 703.5 (1.9%)2 203.6 (0.8%)2
3 8 536.7 (3.3%)? 698.1 (1.9%)? 196.4 (3.0%)?
10 544.1 (2.9%) 666.0 (1.6%) 202.1 (5.5%)2

a Coefficient of variation (CoV).
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3.1.3 CFRP strip

The CFRP strips used in this thesis were from S&P C-laminates provided by S&P Clever
Reinforcement Ibérica Lda. The CFRP strips consisted on unidirectional carbon fibers (with a
volume content fiber higher than 68%, according to the manufacturer datasheet) held together
by an epoxy vinyl ester resin matrix [20]. CFRP specimens were characterized according to ISO
527-5 [142]. Tests were carried out in an MTS 810 testing machine under displacement control
at a rate of 2 mm/min. The instrumentation consisted on two strain gauges bonded at each side
of the CFRP strip and a load cell of 250 kN capacity. The CFRP strips had a cross-section of 1.4 x
10 mm and their tensile mechanical properties were obtained from five CFRP samples. An
ultimate tensile strength (fu,rre) of 2251.4 MPa (CoV = 3.2%), an ultimate tensile strain (& rrp) of
0.0133 (CoV =7.2%), and a modulus of elasticity (Errp) of 169.5 GPa (CoV = 6.3%) were obtained.

The CFRP strip tension test setup and typical failure mode are shown in Figure 3.7. Moreover,

Figure 3.8 shows the stress-strain curve for the tested CFRP strips.

Figure 3.7. Tension test on CFRP strip: (a) Test setup and (b) Failure mode.
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Figure 3.8. Stress-strain curve for CFRP strips.

3.1.4 Epoxy adhesive

The structural adhesive used in this thesis is a high performance, solvent-free, thixotropic,
and grey two-component epoxy adhesive, under the commercial name of S&P 220 HP, specially
developed for bonding CFRP to concrete. According to the manufacturer’s product data sheet
[143], the components A (resin) and B (hardener) should be mixed at a ratio of 2:1 by weight,
and the suggested curing duration should be 7 days. However, a curing time of 12 days was

imposed for all specimens in this PhD thesis.
Instantaneous tension tests

The instantaneous tensile properties of the epoxy adhesive were determined following 1SO-
527-1 [144] specifications. Dog-bone specimens with a section of 10 x 5 mm were tested in an
MTS Insight testing machine at a displacement rate of 1 mm/min with a load cell of 5 kN. The
instrumentation consisted on two strain gauges placed at both sides along with an axial
extensometer. A tensile elastic modulus (Eepoxy) Of 7.1 GPa (CoV=7.8%) and tensile strength
(fuepoxy) of 30.4 MPa (CoV=4.3%) were obtained. Figure 3.9 shows the test setup and failure and

the stress-strain curves obtained from tension tests.
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Figure 3.9. Tension test on epoxy dog-bone specimens: (a) Test setup and (b) Stress-strain

curve for epoxy adhesive.

Glass transition temperature

The Ty of epoxy was determined based on two well-known available methods, namely
differential scanning calorimetry (DSC) [145] and dynamic mechanical analysis (DMA) [146]. The
DSC technique provides information about changes in physical, chemical, and heat capacity of
the adhesive which may lead to important information about their thermal history (i.e. the
temperature that epoxy undergoes), stability, processing conditions, progress of chemical
reactions and possible changes in mechanical properties [145]. In this thesis, dynamic DSC tests
were carried out using the DSC Q2000. A heating rate of 10 °C/min was applied using nitrogen
as the purge gas at 50 mL/min. The temperature range was between 25 °C and 80 °C. To
determine Ty, three temperatures were measured and reported: the extrapolated onset
temperature (T5), the mid-point temperature (Tm) and the extrapolated end temperature (Te).
The DMA test is an alternative method to determining the T, and viscoelastic properties of
polymeric materials. In this thesis, a METTLER TOLEDO DMA/SDTA861e analyzer with a 3-point
bending test configuration and 45 mm between supports was utilized. The specimens were
subjected to a heating rate of 2 °C/min within a temperature range of 30 to 100 °C. A 5 um,
constant displacement amplitude was applied at a frequency of 1 Hz. The T, was obtained by
analyzing the storage modulus (E’), the loss modulus (E”), and the loss factor (tand) as functions
of temperature. According to experimental tests, the T, of the epoxy cured at laboratory
conditions for 12 days ranged between 53.9 °C and 65.3 °C. Experimental results confirm that
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Ty is not a unique temperature but can be defined as a range of temperatures, as stated
elsewhere [147]. Further details regarding the determination of Ty of the epoxy resin are

presented in Chapter 4 (Journal Paper A).

Effect of curing, post-curing and testing temperature on the mechanical properties of epoxy

The aim of this PhD thesis is to evaluate the effect of different service temperatures on the
flexural performance of NSM CFRP-strengthened RC beams. Considering that the structural
adhesive used in the PhD thesis is an epoxy, whose mechanical properties may vary when
working temperature approaches its Ty, the evaluation of the effect of temperature on the
epoxy adhesive mechanical properties is of vital importance. Therefore, a comprehensive
experimental study was designed to address the effect of curing, post-curing and testing
temperature on the instantaneous mechanical properties (tension and compression) of the
epoxy adhesive. Besides, the effect of curing and post-curing temperatures on the value of Ty

was also studied.

The experimental program included a total of four groups of specimens:

e Group 1. This Group comprised a total of 5 epoxy specimens, that were cured and post-cured
at different temperatures (20 °C, 50 °C and 70 °C) to be later tested by DSC method to
measure the epoxy T,. Specimens cured at 50 °C and 70 °C were immediately moved to a
thermal chamber after casting, to consider the effect of curing temperature from the very
beginning of the casting.

e Group 2. This Group comprised a total of 48 specimens (24 dog-bone specimens for tensile
characterization and 24 prisms for compressive characterization), that were cured at 20 °C
to be later tested under tension and compression, following ISO 527-1 [144] and EN 196-1
[148], respectively. In order to study the effect of testing temperature on instantaneous
mechanical properties, 1 day prior to testing, the specimens were heated up to different
values of temperature (40 °C, 50 °C, 60 °C, 70 °C and 85 °C) and, after the stabilization of the
testing temperature, the tests were performed. Some specimens included a one-day post-
curing period before being heated and tested (the post-curing phase took place after 7 days
of curing).

e Group 3. This Group comprised a total of 30 specimens (15 dog-bone specimens for tensile

characterization and 15 prisms for compressive characterization), that were cured at three
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different temperatures (-15 °C, 50 °C and 70 °C). After the curing period, the specimens were
conditioned to 20 °C to be later tested under tension and compression. Similar to Group 2,
some specimens included a one-day post-curing period. In this case, the post-curing phase
took place after the curing period and before the testing.

e Group 4. This Group comprised a total of 30 specimens (15 dog-bone specimens for tensile
characterization and 15 prisms for compressive characterization), that were cured at 20 °C
to be later post-cured for 1 day at different temperatures (40 °C, 50 °C, 60 °C, 70 °C and 85
°C). Finally, specimens were cooled-down to 20 °C to be tested under tension and

compression.

Tension tests were performed following I1ISO 527-1 [144], in an MTS Insight 100 testing
machine at a displacement rate of 1 mm/min, and the instrumentation consisted on two strain
gauges, an axial extensometer and a load cell of 100 kN. Compression tests were performed
following EN 196-1 [148] in an MTS 810 testing machine under force control at a rate of
2400+200 N/s. The EN 196-1 [148] test standard was selected to ensure that results from the
characterization tests and those reported in the manufacturer datasheet are comparable. In

compression tests the instrumentation consisted on one strain gauge and a load cell of 250 kN.

Images on tension and compression tests setups are shown in Figure 3.10.

Figure 3.10. Epoxy tests setups: (a) Tension test and (b) Compression tests.

Further details regarding the experimental program, results and conclusions on the effect of
curing, post-curing and testing temperature on the performance of the epoxy adhesive can be

found in Chapter 5 (Journal Paper B).
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Time-dependent behavior of epoxy adhesive

Time-dependent behavior of epoxy adhesive was also studied in order to evaluate the effect
of different temperatures (20 °C and 50 °C) on the creep coefficient of epoxy adhesive (@epoxy),
as it may have an effect on the time-dependent behavior of NSM CFRP-strengthened RC beams.
To this end, dog-bone specimens with a cross-section of 5 x 10 mm were casted and cured for
12 days at 20 °C to be later tested under long-term loading inside a climatic chamber. The test
setup consisted on a lever arm with a magnification factor of 4 that applied the gravity load onto
the epoxy specimen (See Figure 3.11). Instrumentation included two strain gauges (placed at
each side of the specimen, at the mid-section) and one temperature gauge that was glued on
the surface of an epoxy dog-bone specimen that was left unloaded inside the chamber, under
the same temperature conditions. Three levels of long-term load, causing 20%, 40% and 60% of
the epoxy ultimate strain were applied to the specimens for a duration of 40 days (1000 h),
which is similar to the duration used in the literature [7,101,103,104]. Two specimens were

tested for each temperature and level of long-term load, thus giving a total of 12 specimens.

Figure 3.11. Time-dependent tension test setup for epoxy specimens.

According to experimental results, specimens tested at 50 °C failed after a few hours of
loading, whilst specimens tested at 20 °C survived the 1000 h long-term loading. In these latter
cases, the creep coefficient for epoxy tested under 60% of its ultimate strain almost doubled
that of epoxy tested under 20%. Further details of the experimental configuration can be found
in Chapter 6 (Journal Paper C) along with the presentation and discussion of results obtained

from the tests carried out.
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3.2 NSM CFRP-strengthened RC beams preparation

In this PhD thesis, all of the beams had the same dimensions, with a cross-section of 140 mm
width and 180 mm height, and a total length of 2400 mm. Details on the preparation of the

beams are summarized in the following subsections.
3.2.1 Steel reinforcement and mold preparation

The molds for the specimens were assembled, cleaned and located on their position. Later,
according to the sketch of each experimental program, the steel cages (with longitudinal and
shear reinforcements) were prepared. Following the steel preparation, one of the longitudinal
tensile steel bars was instrumented with a strain gauge. To this end, the bar surface was
polished, the strain gauge was glued and, finally, the strain gauge was covered by a waterproof
material to protect it from wet environment during casting and curing of concrete. Figure 3.12
shows the preparation of steel reinforcement cages, the assembled molds and an installed strain

gauge.

Figure 3.12. (a) Steel reinforcement preparation, (b) Strain gauge installation and (c) Placing

the molds.
3.2.2 Concrete casting

After the preparation and placement of the steel reinforcement inside the molds, the
concrete was cast. Ready-mixed concrete from a local supplier was used in this PhD thesis.
Casting took place in laboratory conditions with conventionally vibrating procedure (see Figure
3.13). In addition to beam specimens, cylindrical control specimens (300 mm nominal height
and 150 mm nominal diameter) were also cast in order to determine the instantaneous

mechanical properties of the different batches of concrete. Moreover, a 1 m length prism,
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having the same cross-section as that of the beams, was cast to measure the free concrete
shrinkage in all batches. In this case, an embedded gauge was installed inside the mold prior to
casting. Furthermore, for the time-dependent characterization of concrete in batch 3, four
cylindrical specimens were cast (with an embedded gauge) to later determine the concrete

creep, according to ASTM C512 [140] (see Figure 3.13c).

All specimens were unmolded after three days from casting and watering started from first

day of casting and lasted a duration of about eight days.

Figure 3.13. (a) Beam casting, (b) Control cylinder specimens, (c) Mold with embedded strain

gauge for creep specimen and (d) shrinkage and creep cast specimens.
3.2.3 Groove cutting and introducing FRP strips

Three weeks after casting, the grooves were cut on the soffit of the beams in order to
introduce the CFRP strips. Groove distances and groove sizes were based on fib Bulletin 90
recommendations [1]. In this PhD thesis, the beams were designed to have one, two or three
grooves with dimensions of 6 x 15 mm. After cutting the grooves, they were cleaned by air

compressor in order to avoid any weak layer of concrete.

The CFRP strips were cut and prepared to be introduced into the grooves. To this end, first
the strain gauges and temperature gauges were installed to the surface of the CFRP strips and,
similar to steel reinforcement, a waterproof material was used to protect them from the wet

environment during the casting and curing of the epoxy adhesive.

Before the application of the epoxy adhesive, a plastic tape was placed in the soffit of the
beam to enclose the bonded length. Later, the epoxy adhesive was mixed, according to the
manufacturer instructions, and the grooves were filled with epoxy adhesive by steel blade and

hand vibration, in order to remove air bubbles as much as possible. Finally, based on the design
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sketch, the CFRP laminates were inserted into the grooves and the surface of the grooves were
polished by steel blade to have a good finishing. A view of the groove cutting and epoxy

application is shown in Figure 3.14.

Figure 3.14. (a) Cutting of grooves, (b) Strain gauges on CFRP surface and (c) Application of the

epoxy.
3.3 Instantaneous behavior of NSM CFRP-strengthened RC beams

The performance of the NSM strengthening system relies on the bond capacity of the joint
between concrete and FRP material, which in turn depends on the properties of the adhesive.
For civil applications it is typical to use epoxy adhesive as a bonding material. However,
mechanical properties of epoxy adhesives can be affected by temperature near or beyond its Ty
[8,9,149,150], which can lead to a premature debonding of the joint and, therefore, to a not
complete exploitation of the strengthening system. There are some limitations on the working
temperature of FRP-strengthening system. According to fib Bulletin 90 [1], the service
temperature should be limited to 20 °C less than Ty of the epoxy adhesive. Furthermore, other
studies [147,151-154] limited the service temperature to be 10 °C to 20 °C less than Ty in order
to avoid any premature debonding of FRP sheets from concrete surfaces. It should be
mentioned that these limitations apply to the EBR technique, where the adhesive is more
exposed to environmental factors. Regarding the NSM technique, less information is available

and no specific limitations have been stated.
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As mentioned in Chapter 2, a very limited number of works have studied the flexural
performance of NSM FRP-strengthened RC beams under service temperature different to
laboratory conditions. Therefore, one of the main goals of this PhD thesis is to address this issue.
To this end, an experimental program including 14 beams was designed to evaluate the effect
of different temperatures (20 °C, 40 °C, 60 °C, 70 °C and 85 °C), CFRP ratios (0.06%, 0.12% and
0.18%) and compressive strengths of concrete (31.8 MPa and 40.8 MPa) on the instantaneous
flexural behavior of NSM CFRP-strengthened RC beams. Furthermore, analytical predictions on
the load-deflection curves are compared to experimental results. In these analytical predictions,

the effect of shrinkage has been also included.

3.3.1 Instantaneous test setup

In this PhD thesis, a four-point bending test configuration was used in all the experimental
programs. The beams had a total length of 2400 mm and a clear length (between supports) of
2200 mm. Furthermore, the shear span and loading span were 750 mm and 700 mm,
respectively. All beams had a cross-section of 140 mm width and 180 mm height. Two ribbed
steel bars with a diameter of 12 mm were used in the tension side of the beams and two ribbed
steel bars with a diameter of 8 mm were used in the compression side of the beams. To avoid
shear failure, shear reinforcement with a diameter of 8 mm and distance equal to 75 mm was
used in all beams. For strengthened beams, CFRP strips with a cross-section of 1.4 x 10 mm and
bonded length of 1950 mm were used. To allocate the CFRP strips, grooves having dimensions
of 6 x 15 mm were cut in the soffit of the beam. The distance between the grooves was set
based on fib Bulletin 90 [1] recommendations. The beams were strengthened by one, two or
three CFRP strips. To initiate a crack at a specific position, all beams had a 5 mm wide and 15

mm deep notch at midspan.

The beams were placed on steel supports that were connected to the strong floor. An
actuator with a capacity of 300 kN was used to apply the load to the beams through a steel
spreader beam. The instantaneous flexural tests were performed under displacement control
at a rate of 0.6 mm/min. Figure 3.15 shows the tests setup for instantaneous loading. This test
setup was used in all the instantaneous flexural tests of the present PhD thesis (i.e. those

corresponding to experimental programs on instantaneous and long-term NSM CFRP-
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strengthened RC beams). Further details on the test setup can be found in Journal Paper A

(Chapter 4) and in all instantaneous tests presented in Journal Paper C (Chapter 6).

Figure 3.15. Tests setup for instantaneous loading (dimensions in mm).

3.3.2 Instantaneous test instrumentation

Five linear vertical displacement transducers (LVDTs) were used in the soffit of the beam to
measure the deflections (LVDT1 at midspan and LVDTs 2-5 under the loading points).
Furthermore, to measure the supports settlement, two LVDTs were used in both supports
(LVDT6 and LVDT7). Moreover, only in the strengthened beams, two LVDTs (connected to the
concrete and touching the end of the CFRP strip) were used to measure the possible slip
between CFRP and concrete (LVDT8 and LVDT9). To register the strain variation during the
loading process, one strain gauge was installed on the surface of the FRP at midspan.
Furthermore, to evaluate the bond behavior between the CFRP strip and concrete, 14 additional

strain gauges were also installed along the strengthening strip for two specimens.

Prior to testing, the beams were heated up to target temperature using heating blankets that
were attached to the soffit of the beam. A proportional integral derivative (PID) controller was
utilized for the heating process, and Type-T thermocouples, installed between the heating
blanket and the soffit of the beam, were used as temperature controller sensor. To record and
monitor the temperature variation during the heating process and flexural testing, different
temperature gauges were glued on the concrete surface at the top and bottom of the beam, on
the surface of the CFRP and on the surface of epoxy adhesive. The tests started when the
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average temperature in the soffit of the beam was stabilized to the target value, almost 24 hours
after the heating process started. Further details on the heating process can be found in Journal

Papers A, Cand D, in Chapters 4, 6 and 7, respectively.
3.3.3 Analytical predictions and shrinkage effect

An analytical work was performed to predict the instantaneous load-deflection responses of
the specimens. The model considers crack section analysis, and applies equilibrium of forces
and moments to get the theoretical moment-curvature responses of the uncracked and cracked
sections. In this analysis, the following assumptions were considered: (i) strain compatibility; (ii)
Bernoulli’s hypothesis; (iii) perfect bond, and (iv) the parabola—rectangle stress—strain curve
defined in Eurocode 2 [155]. The beam moment-curvature response is derived as the
interpolation between cracked and uncracked sections, according to CEB-FIP Model Code 1990

[156]. Finally, the analytical load-deflection curve is obtained from integration of curvatures.

The schematic uncracked section considered for uncracked section analysis is shown in Figure
3.16. The neutral axis depth of the uncracked section (dnuc) can be obtained by calculation of

the first moment of inertia, as below:

(ns - 1)Asl (dn,ucr - dsl) + (O-derzl,ucr) - (ns - 1)A32 (dsz - dn,ucr)

(3.2)
2
— (npgrp — DApgp (dFRP - dn,ucr) - (O-Sb(h - dn,ucr) =0
where nsand nrrrare steel and FRP modular ratios, respectively; Asi, Asz and Arre are the area of
compression steel reinforcement, tension steel reinforcement and FRP strips, respectively; b
and h are the width and height of the section, respectively; and dsz, ds2 and drse are effective
depth of compression steel reinforcement, tension steel reinforcement and FRP strips,

respectively.

After calculating the neutral axis depth of the uncracked section, the moment of inertia for

the uncracked section (/uer) can be calculated as follows:
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bd3 b(h—d, )
Iucr _ r;ucr + ( 3n.ucr) + (ns _ 1)Asz (dsz _ dn,ucr) 2

+ (ns - 1)Asl(dn,ucr - dsl) 2

+ (Mprp — DArgp (dFRP - dn,ucr)

2

The cracking moment (M) of the section can be calculated as:

Iucr

My = fi—o—
cr ft h _ dn,ucr

where ftis the tensile strength of concrete.

The moment capacity of the uncracked section (Mn,ucr) can be obtained as below:

Mn,ucr = KycrEclycr

(3.3)

(3.4)

(3.5)

where Ec is modulus of elasticity of concrete and kucr is the curvature of the uncracked section,

that can be obtained as:

&t
Kycer =
dn,ucr

where &t is the concrete tensile strain.

Figure 3.16. Uncracked section analysis.

(3.6)
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The schematic cracked section to be considered for the cracked section analysis is shown in

Figure 3.17. Based on the strain compatibility, the following equation can be written:

& €s2 _ Es1 _ EFRP (3.7)
dn,cr dsz - dn,cr dn,cr - dsl dFRP - dn,cr '

where €, €s1, €52 and grrp are corresponding strain in compression concrete, compression steel
reinforcement, tension steel reinforcement and FRP strips, respectively and dncr is neutral axis

depth of cracked section.

From force equilibrium, the following equation can be written:
N¢ + Ngg — Ngy — Nggp = 0 (3.8)

where N¢, Nsi, Ns2 and Nrre are the forces resulting from the compression concrete stress block,
the compression steel reinforcement, the tension steel reinforcement and the FRP strip,

respectively.
N, = af.bdy (3.9)

where fc is the compressive strength of concrete and « is a parameter to determine the force

resulting from the concrete compression stress block and can be obtained as below:

1000¢,
a= 5 (6 —1000¢,)

0<e <0.002- 8- 1000¢, (3.10)
"~ 4(6 —1000¢,)

3000¢, — 2
%= 73000e,
1000¢,(3000¢, — 4) + 2
V ~ 7 2000¢,(3000¢, — 2)

0.002 < & < Egmax = (3.11)
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where A is a parameter to modify the neutral axis depth in the concrete compression stress
block. In this PhD thesis, £cmaxWas considered based on registers on concrete compression strain

in each tested beam.

Nsl = Alesesl (3-12)
N;, = Ay, E ¢, (3.13)
Ny = AprpErrp€rrp (3.14)

where Es and Errp are the modulus of elasticity of steel reinforcement and FRP strips,

respectively.

Substituting Egs. 3.7 and 3.9-3.14 in Eq. 3.8 allows to determine the neutral axis depth of
cracked section (dnc). Subsequently, the strain and stress at any height of the section can be

obtained. Finally, the moment capacity of the cracked section (Mn,r) can be calculated as below:

Mn,cr = O-SZASZ (dsz - Adn,cr) + O-FRPAFRP (dFRP - Adn,cr) + JslAsl (dn,cr -

(3.15)
dsl)

where 0s1, 0s2, and orrp are corresponding stresses in compression steel reinforcement, tension

steel reinforcement and FRP strips, respectively.

Figure 3.17. Cracked section analysis.

Based on these calculations, theoretical moment—curvature relationships for uncracked and

cracked sections can be found. Then, the beam moment—curvature relationship can be derived
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as the interpolation between cracked and uncracked sections, according to CEB-FIP Model Code
1990 [156]. Finally, the integration of curvatures allows to obtain the beam load-deflection

curves.

It should be mentioned that, in the analytical predictions, the effect of temperature on
concrete properties is considered following the equations proposed in fib Model Code 2010

[83]:

f:(T) = £.(1.06 = 0.003.T) (3.16)
fe(T) = f¢(1.06 — 0.003.7) (3.17)
E.(T) = E.(1.06 — 0.003.T) (3.18)

where f(T), fi(T) and E(T) are the compressive strength, the tensile strength and the modulus
of elasticity of concrete at temperature T (in °C), respectively. Moreover, f, f: and E. are the
compressive strength, the tensile strength and the modulus of elasticity of concrete at 7=20 °C,

respectively.

Effect of shrinkage on short-term response of RC beams

In this section, the effect of concrete shrinkage on the instantaneous flexural behavior of the
NSM CFRP-strengthened RC beams is presented. Concrete shrinkage can be defined as a
reduction in its volume due to moisture loss. This process begins after casting at an early age of
the concrete and continues for a long time. Concrete shrinkage depends on the water/cement
ratio, ambient humidity, shape of aggregates, mixture properties, curing method and
temperature and geometry of specimens, among the other parameters [83]. Unlike the plane
concrete, where shrinkage can happen freely without any restrictions, in reinforced concrete,
the internal reinforcement restrains free shrinkage, thus causing tensile and compressive loads
to appear in concrete and reinforcement, respectively. As a result, unsightly micro cracks appear
in concrete. In addition to these premature cracks, in those cases where non-uniform
distribution of reinforcement in section depth exists, an additional curvature can also be

observed [89].

49



According to the literature [89,157-159], shrinkage is not only an important parameter in
time-dependent deflections of the RC flexural members, but it also has a significant effect on
their instantaneous response. Premature cracks appearing due to the tensile stresses in
concrete cause a reduction in the cracking moment of the flexural element and a shift on the

bare bar response, therefore increasing deflections.

Figure 3.18 shows the moment-curvature relationships of an RC flexural member. In this
figure, the black lines show the theoretical cracked and uncracked flexural responses (along with
interpolation between them) of a beam without shrinkage (&r=0). The red lines correspond to
the (theoretical) actual state of a beam with shrinkage (&r#0), that derives in a shift of the origin
point to the bottom-left side. Finally, the blue lines correspond to the behavior observed in the

laboratory when a beam with shrinkage (&n#0) is tested under short-term conditions.

Figure 3.18. Moment-curvature of beam with and without shrinkage.

Further details on the analytical work for the inclusion of the effect of shrinkage on the load-
deflection response of a beam, along with comparison with experimental results, can be found

in Journal Paper A in Chapter 4.
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3.4 Time-dependent behavior of NSM CFRP-strengthened RC

beams

Real-life RC structures are usually subjected to long-term loads (dead weight of structure,
weight of the installations and load from users) that can influence the long-term performance
(time-dependent deflections, loading capacity and failure mode) of the elements [80-82]. The
effect of long-term loading on the performance of the element depends on many factors such
as material properties, environmental conditions, age of concrete and magnitude of long-term
load [83]. Within material properties, creep and shrinkage of concrete, which are dependent on

environmental conditions, are of major importance [83].

Besides, RC structures are normally exposed to temperature variations during the different
seasons of the year in their useful life. As stated in the literature, epoxy adhesives are the most
common ones in the NSM strengthening system. Due to their nature, special attention should
be given when working temperature approaches their Ty, as mechanical properties may vary,
thus affecting the performance of the strengthening system. In this scenario, both long-term
loads and high service temperature (near or beyond the Ty of the epoxy adhesive) may have an
effect on the performance of NSM FRP-strengthened RC elements, which highlights the

importance of analyzing the combination of both phenomena [7-9].

As mentioned in Chapter 2, there are few works regarding the flexural behavior of NSM FRP-
strengthened RC beams and, to the best of author knowledge, none of them accounts for the
effect of high service temperature on their time-dependent behavior. This is, therefore, one of
the aims of this PhD thesis. To this end, an experimental program including 23 beams was
conducted to investigate the effect of different parameters such as: different temperatures (20
°C and 50 °C), steel reinforcement ratios (ps = 0.79% and ps = 1.14%) and CFRP ratios (0.06% and
0.18%) on the flexural time-dependent behavior of NSM CFRP-strengthened RC beams. The
time-dependent behavior of the materials (concrete and epoxy adhesive) under different
temperatures is also analyzed. Furthermore, an analytical work, based on the age-adjusted
effective modulus method (AEMM) [83,84], is presented to predict the time-dependent

deflections.
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3.4.1 Long-term test setup

As stated in Section 3.2, loading configuration, dimensions of the beams and CFRP bonded
length are common for the whole PhD thesis, and the internal and external reinforcement were

changed according to the experimental program.

This experimental program included 23 beams divided into three series: 10 beams were
tested under short-term loading (Series 1), to act as reference beams; 10 beams were tested
under long-term loading (series 2); and 3 beams were resting in the laboratory for ageing, to be
latter tested under short-term loading (at the end of the long-term loading period) (Series 3).
The comparison of beams in Series 3 and the post long-term performance of beams in Series 2

allowed to evaluate the ageing effect.

The test setup for the instantaneous tests (specimens in Series 1 and 3, and post long-term
of specimens in Series 2) is the same as the one presented in section 3.3.1 and Figure 3.15. For
the long-term test, the beams were placed in the long-term loading frame and concrete blocks
and steel plates were used as deadweight to simulate the long-term loading. In this setup, the
loading and shear span were equal to those of instantaneous test (i.e. 700 mm and 750 mm,

respectively).

Prior to the long-term test, beams were subjected to pre-loading in order to ensure a level of
cracking corresponding to the service load. The pre-loading stage consisted on two
loading/unloading cycles up to service load level, Pser, and the test setup for instantaneous test
was applied. The service load was calculated by limiting the stress in compressed concrete
(0c<0.6fc) and steel reinforcement (0s<0.8f,) [155]. After the pre-loading, specimens were
moved to the long-term loading frames and the long-term load was applied for a duration of
200 days. The long-term load was chosen so as to obtain a concrete compressive stress of 0.35f,
so that linear creep behavior of concrete was ensured by being under the fib Model Code 2010

limitation [83].

After finishing the long-term tests, the specimens were tested under short-term loading to

evaluate their residual flexural strength.
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3.4.2 Long-term test instrumentation

Instrumentation for the long-term tests consisted on one linear vertical displacement
transducer (LVDT) placed in the midspan of the beam to measure the evolution of the central
deflection along long-term tests. In short-term tests, in addition to midspan LVDT, two more
LVDTs were also used to measure the support settlements. In all cases, instantaneous and long-
term tests, one strain gauge was installed in the midspan of the specimens to register the strain

at the top fiber of concrete (SGc).

Similar to the case of the instantaneous tests with temperature (Section 3.3.2), specimens
submitted to 50 °C were heated with heating blankets (installed to the soffit of the beam), and
a PID controller was used to control the heating process, where Type-T thermocouples were
used as temperature controller sensor. Additionally, an isolation system, consisting of rock wool
with aluminum foil, was used in order to speed the heating process and ensure a uniform
constant temperature along the long-term loading (see Figure 3.19b). A set of temperature
gauges was installed to track and register the temperature variation on the surface of different

materials (concrete, epoxy and CFRP strips).

The general view of test setup in both short-term and long-term tests is shown in Figure 3.19.

Figure 3.19. Tests setups: (a) Short-term test and (b) Long-term tests.

Further details on the long-term flexural program can be found in Journal Paper C in Chapter 6.
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3.4.3 Analytical predictions

An analytical procedure, based on the AEMM outlined in Gilbert [84], was used to predict the
time-dependent deflections of NSM CFRP-strengthened RC beams. In this method, a cross-
section analysis was performed to determine the effect of creep and shrinkage on the evolution
of stresses, strains and curvatures by time. For analytical predictions, average values for
registers of temperature and humidity during the long-term load were used for determining the
values of concrete creep coefficient, ¢ (t,to), and concrete shrinkage, &sn (t,to0), following fib
Model Code 2010 [83] predictions. Moreover, the effect of temperature on the mechanical
properties of concrete was considered following fib Model Code 2010 [83] as it outlined in
Section 3.3.3 through Eqgs. 3.16-3.18. The detailed procedure regarding the analytical

predictions can be found in Journal Paper C in chapter 6.
3.5 Fatigue behavior of NSM CFRP-strengthened RC beam

To complete the analysis on the effect of temperature on the performance of NSM CFRP-
strengthened RC beams, a final experimental program including fatigue loads was also designed.
Fatigue failure of a structural element is defined as a progressive cracking/degrading in the
material up to fracture under repeated loading. Unlike short-term loading, fatigue loading
causes a reduction in stiffness of the system due to stress/strain accumulation in the material
that may lead to a failure in the system before reaching its ultimate capacity [116]. Civil
structures should not only be designed to resist short-term and long-term loads. These
structures also undergo vehicle vibration (in road pavements and bridges) and wind and wave

actions (in marine structures), so that fatigue (cycling loading) is also present in their life [116].

As it was mentioned before, the performance of NSM FRP-strengthened RC elements may be
affected by temperature, as mechanical properties of epoxy adhesive, typically used in this
strengthening technique, may change when temperature approaches its T,. Therefore, the
evaluation of the performance of this NSM FRP-strengthened elements under the combined
action of high service temperature (near or beyond the Ty of the epoxy adhesive) and fatigue

loads is of huge importance for a correct design of civil structures.

There is considerable work in the literature regarding to the flexural performance of the NSM

FRP-strengthened RC beams [55,65,67,69,70,120-122,134-136] under fatigue loading, but none
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of them evaluates the effect of high service temperature on fatigue performance of this system.
Therefore, the last experimental program of this PhD thesis was designed to investigate the
effect of high service temperature on the fatigue flexural performance of the NSM CFRP-

strengthened RC beams.

3.5.1 Fatigue test setup

In this experimental program, beams with the same dimension as those considered in
previous experimental programs were used. Similarly, the same test setup as those of previous
tests was also imposed (same CFRP bonded length, clear span, loading span and shear span).
Steel supports, connected to the strong floor, were used to place the beams, and a dynamic
actuator, with a capacity of 125 kN, was used to apply the load to the beam through a steel
spreader beam. The dynamic actuator was held by a strong frame that was connected to the
strong floor, to minimize the vibration effect during fatigue loading. A general view of fatigue

test is shown in Figure 3.20.

Figure 3.20. General view of fatigue test setup.

This experimental program included 11 beams divided into two series: 3 beams were tested
under short-term loading at 20 °C (Series 1), to act as reference beams and 8 beams were tested
under fatigue loading (Series 2). The beams in Series 2 were divided in two groups, according to
the temperature applied during the fatigue test (20 °C and 70 °C). In each of these two groups,

two different CFRP ratios (0.06% and 0.18%) and two different R ratios (0.57 and 0.38) were
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investigated. It should be mentioned that R ratio is defined as the ratio between minimum load

and maximum load of a fatigue cycle.

Similar to previous sections, the instantaneous flexural tests were performed under
displacement control at a rate of 0.6 mm/min until failure of the beam. For the fatigue tests,
the application of the fatigue load was preceded by a loading stage (up to the maximum fatigue
load to be applied in the fatigue cycles) and an unloading stage (until the average load to be
applied in the fatigue cycles). The loading-unloading stages were also performed under
displacement control at a rate of 0.6 mm/min. Thereafter, the fatigue load was applied through
a sinusoidal loading path with a frequency of 2 Hz. The fatigue test duration was programmed

to 2 million cycles or failure of the beam, whichever occurs first.
3.5.2 Fatigue test instrumentation

In fatigue tests, similar to long-term experimental program, one linear vertical displacement
transducer (LVDT) is used in the midspan of the beam, to measure the midspan deflection.
Furthermore, two more LVDTs were also used to measure the support settlements. Besides,
strain gauge was installed at the concrete top fiber in the midspan of the specimens to register
the strain of concrete (SGc). In those specimens to be tested at 70 °C (specimens of Group 2 in
Series 2), the same heating system used in the long-term experimental program was applied,
and the heating process started almost 24 hours prior to fatigue testing (until stabilization of
the temperature at the soffit of the beam). The evolution of temperature during the fatigue
tests was possible due to the temperature gauges installed on the top and bottom of concrete
surface, on CFRP surface and on epoxy adhesive surface. Further details on the fatigue test setup

can be found in Journal Paper D in Chapter 7.
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Abstract

This paper presents a study of the effect of high service temperature (near or beyond glass
transition temperature (Ty) of structural epoxy adhesive) on the behavior of near-surface
mounted (NSM) carbon fiber-reinforced polymer (CFRP)-strengthened reinforced concrete (RC)
beams. The study includes experimental work as well as analytical and numerical analysis. To
this end, fourteen beams have been tested up to failure in two different series. In series 1,
specimens with three different CFRP ratios have been tested at two different temperatures (i.e.,
20 °C and 40 °C). In series 2, and with the aim of evaluating the effect of higher temperatures,
only one CFRP ratio was tested under four different temperatures (i.e., 20 °C, 60 °C, 70 °C, and
85 °C). Experimental results are evaluated in terms of load-deflections, failure modes, and bond
performance. Furthermore, the experimental load-deflection curves are satisfactorily compared
to both analytical predictions and finite element (FE) numerical simulations. In both cases,
shrinkage and temperature effects on the short-term response of flexural elements have been
accounted for. No significant reduction in stiffness and ultimate load was observed for
specimens being tested up to 60 °C (in the range of epoxy Tg), showing FRP rupture failure in all
of them. For specimens under 70 °C and 85 °C, the failure mode changed from FRP rupture to

FRP end debonding and concrete crushing, respectively.

Keywords: NSM strengthening, carbon fiber reinforced polymer, epoxy adhesive,

temperature, experimental, shrinkage
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4.1 Introduction

In the past decades, fiber-reinforced polymer (FRP) materials have been produced in
different configurations and have been widely used for different purposes, such as the
strengthening of reinforced concrete (RC) structures. Currently, externally bonded
reinforcement (EBR) and near-surface mounted (NSM) are the two most used strengthening
techniques in civil structures. In the EBR technique, the FRP is bonded to the previously prepared
concrete surface, usually with an epoxy resin, while in the NSM technique, a groove is cut in the
concrete cover and the FRP bar or strip is inserted and bonded using groove filler, which is
typically an epoxy adhesive or a cement grout. The improvement of the bond performance,
along with higher protection against potential aggressive environmental exposure and

vandalism actions, are some of the advantages of the NSM technique [5,6,30].

The performance of the NSM strengthening system relies on the bond capacity of the joint
between concrete and FRP material, which in turn depends on the properties of the adhesive
(usually epoxy resin), among other parameters. Typically, epoxy adhesives can be affected by
temperature, as near or beyond the glass transition temperature (Ty), their mechanical
properties may change [8,9,149,150]. This may lead to a decrease of its performance and
premature debonding and therefore to a not complete exploitation of the strengthening
system. In this sense, some limitations on the working temperature of these strengthening
systems exist. According to fib Bulletin 90 [1], to avoid any considerable change in the adhesive
properties in the service condition, the maximum temperature should be 20 °C less than Ty. In
this same line, Michels et al. [147] summarized the various design codes provisions to define the
service temperature in FRP-strengthened RC structures to be 10 °C to 20 °C less than Ty, whilst
Klamer et al. [151] suggested the service temperature to be limited to 10 °C less than Ty.
Furthermore, Ferrier et al. [152] limited the service temperature to be 15 °C less than T, for
avoiding temperature effects in the creep of epoxies with lower range of Ty (Ty < 55 °C).
Moreover, other studies [153,154] limited the maximum temperature to 10 °C less than Ty to
avoid premature debonding of FRP sheets from concrete surface. These limitations are related
to the EBR technique, while for the NSM technique, less information is available, and no specific

limitation has been stated.
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Focusing on the existing experimental work, the flexural behavior of NSM strengthened
concrete beams under room temperature have been widely studied in the literature
[43,47,49,53-56], while the structural performance of this technique under elevated
temperature and high service temperature is still an open topic that needs detailed research.
The fire resistance of FRP-strengthened RC flexural elements has been analyzed in different
studies [160—-169]. Results from these works showed that the efficiency of the NSM method was
better than EBR technique, and the thicker layers of the insulation system helped significantly
reduce the temperature in the concrete and the adhesive. As a result, failure in the interface
between laminate and concrete was postponed and, therefore, the durability of the system
increased. A deep state-of-the-art review on the performance of FRP-strengthened RC elements

exposed to fire conditions can be found in [170].

Compared to fire resistance, the performance of FRP-strengthened RC flexural elements
exposed to high service temperature has been hardly investigated. The behavior of four
different EBR strengthened RC beams under three different temperatures (i.e., 20, 50, and 70
°C), was studied and analyzed in [57]. Results showed that the failure load of the specimens was
not significantly affected by temperature. However, a change in the failure interface took place
for specimens with shorter anchorage length exposed to higher temperature (70 °C). Similar
results were obtained in [58], who applied temperatures in the range of 20 °C to 80 °C and
concluded that the load capacity of EBR-strengthened beams subjected up to 62 °C was slightly
decreased, whilst the application of larger temperatures (from 70 °C on) resulted in a reduction
in load capacity of approximately 20% of its nominal capacity at room temperature. Moreover,
the application of larger temperatures made the failure mode change from cohesive in concrete
to adhesive at the concrete-epoxy interface. Moving from beams to slabs, Silva et al. [36] studied
the flexural performance of concrete slabs strengthened with the NSM technique under service
temperature (up to 80 °C). According to this work, the maximum ultimate load capacity was
observed in a slab under 40 °C, which was attributed to possible post-curing in epoxy adhesive,
and the increase in the temperature up to 80 °C was followed by a decrease of the ultimate
capacity of the slab of about 12%. In addition, the specimens subjected to 80 °C failed by
cohesive failure at the epoxy, while in the rest of the specimens, the failure mode was concrete
crushing. Focusing on EBR adhesive double lab joints with a wet lay-up system, Ferrier et al.

[171] investigated the effect of temperature (ranging from -40 °C to 120 °C). According to the
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experimental results, the increase of temperature was followed by an increase of the slip

between joint elements that made the specimens failed at lower loads.

In addition to experimental work, finite element methods have been also widely used to
simulate the FRP-strengthened beams and columns under different loading and environmental
conditions [172-179]. In these studies, different types of FRP material (i.e., carbon, glass, and
basalt) have been considered as NSM or EBR reinforcement, and both the flexural and shear
performance of the strengthened members have been validated. It should be noted that these

studies correspond to specimens under room and fire conditions.

According to the literature, it is seen that there are a limited number of studies related to the
flexural performance of NSM FRP-strengthened RC beams under high service temperature,
which justifies the need for further research in this field. The present work aims at studying the
effect of relatively high service temperature (near and beyond Ty) on the flexural performance
of NSM carbon FRP (CFRP)-strengthened RC beams when different strengthening ratios of CFRP
are used. For this purpose, an experimental program has been carried out, and results are
analyzed in terms of flexural behavior, failure modes, and bond performance along the FRP
laminate. Additionally, experimental results are also compared to analytical predictions and
numerical simulations with the finite element method. The influence of shrinkage and
temperature on the short-term response of the specimens was included in both analytical

calculations and numerical predictions.

4.2 Experimental program

4.2.1 Experimental test setup

The experimental program included fourteen specimens divided into two series (Table 4.1).
Series 1 included eight beams, which were distributed as follows: two control beams (exposed
to 20 °C and 40 °C) and six NSM CFRP-strengthened beams (exposed to 20 and 40 °C) with three
different ratios of CFRP. In series 2, unlike series 1, only one CFRP-strengthening ratio was used,
and four different temperatures were applied (20 °C, 60 °C, 70 °C, and 85 °C). The beams were
tested under a four-point bending configuration (Figure 4.1). The beams had a rectangular cross-
section of 140 x 180 mm and a total length of 2400 mm. The clear span was 2200 mm and the

shear span was 750 mm, thus leading to a flexural span of 700 mm. Two ribbed steel bars with
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a diameter of 12 mm were utilized as longitudinal reinforcement on the tension side, while two
ribbed steel bars with the diameter of 8 mm were used on the compression side. The shear span
and some portion of the flexural span were reinforced with ®8 mm steel stirrups every 75 mm
to avoid shear failure. All beams had a 5 mm wide and 15 mm deep notch at midspan (to act as
a crack initiator at this specific position).

The same CFRP strip, having a thickness of 1.4 mm and a width of 10 mm, was used in all the
strengthened beams, but different configurations of the strengthening system were considered
(see Figure 4.1). The bonded length of the CFRP strips was 1950 mm for all specimens. Grooves
of size 6 x 15 mm were cut using a sawing machine. After cutting them, the grooves were
completely cleaned with air pressure to make sure there was no dust inside the grooves.

The specimens were designated as X-Y-Z, where X denotes the type of beam (CB for control
beams with no strengthening system, SB1S for beams strengthened with one CFRP strip, SB2S
for beams strengthened with two CFRP strips, and SB3S for beams strengthened with three CFRP
strips), Y indicates the series of specimens, and Z is the temperature applied to the beam (where
R refers to room temperature equal to 20 °C). For example, SB1S-1-R refers to the strengthened
beam with one strip in series 1 of specimens at 20 °C. Details of the specimens are shown in

Table 4.1.

Figure 4.1. Beam details (dimensions in mm).
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Table 4.1. Details of the tested specimens.

compressive

. Test FRP
Experimental strength of . . No. of CFRP area
. Beam ID temperature dimension .
campaign . concrete strips (mm?2)
(°c) (mm?2)
(MPa)
CB-1-R 20 - - -
CB-1-40 40 - - -
SB1S-1-R 20 1.4x10 1 14
SB1S-1-40 40 1.4x10 1 14
Series 1 31.8
SB2S-1-R 20 1.4x10 2 28
SB2S-1-40 40 1.4x10 2 28
SB3S-1-R 20 1.4x10 3 42
SB3S-1-40 40 1.4x10 3 42
CB-2-R 20 - - -
CB-2-70 70 - - -
. SB2S-2-R 20 1.4x10 2 28
Series 2 40.8
SB2S-2-60 60 1.4x10 2 28
SB2S-2-70 70 1.4x10 2 28
SB2S-2-85 85 1.4x10 2 28

Beams to be tested at high temperature were submitted to a heating process before
instantaneous testing. The heating was applied on the tension face of the beam by using silicone
rubber fiberglass-reinforced heating blankets. An insulating support was used to hold the
heating blankets in contact with the tension face of the beam. A proportional integral derivative
(PID) controller was utilized for the heating process, and Type-T thermocouples, located
between the heating blankets and the concrete surface, were used as temperature controlling
sensors. The evolution of temperature with time at different locations is shown in Figure 4.2.
Tests started after the stabilization of temperature (see Figure 4.2), which remained constant
along the test. Temperature strain gauges located at different points of the beam section

allowed the registering of temperature along both the heating process and flexural test.
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Figure 4.2. Evolution of temperature with time at different locations of specimens: (a) SB3S-1-

40 and (b) SB2S-2-60 (before and during loading).

In all the cases, a hydraulic jack applied the load onto the specimens through a spreader

beam. The load was applied under displacement control mode at a rate of 0.6 mm/min.

4.2.2 Instrumentation

Five linear vertical displacement transducers (LVDTs) were used to record the vertical
displacements, and two other LVDTs were utilized to measure the settlement of the supports.
Due to the use of heating blankets in the soffit of the beam, two LVDTs were installed to the
side faces of the beam under each loading point. Furthermore, end slips of the NSM CFRP strip
were measured with two horizontal LVDTs (see Figure 4.3a). The measurements from horizontal
LVDTs were almost negligible in all specimens.

A strain gauge was installed at the midspan section of specimens on FRP surface (SGs) to
assess strain variation with load. Furthermore, to evaluate the bond behavior between the CFRP
strip and concrete, 14 additional strain gauges (SGr1 to SGria) were installed along the
strengthening strip for SB1S-1-R and SB1S-1-40 specimens (see Figure 4.3b). To avoid reducing
the bonded surface, the strain gauges were installed in both sides of the strip (i.e., alternate in

front and back of the strip).

65



Figure 4.3. Test configuration: (a) Position of linear vertical displacement transducers (LVDTs),
temperature gauges, thermocouples, and heating system and (b) Strain gauges along the CFRP

laminate in specimens SB1S-1-R and SB1S-1-40 (dimensions in mm).

Moreover, to record the temperature variation, temperature gauges (thermocouples) were
installed in specimens under temperature at the surface of the concrete at the top and soffit of
the beam and inside the groove. The temperature variations were recorded during the heating
process as well as during the flexural tests. The position of the thermocouples is shown in Figure
4.3a. A general overview of test scene, along with the elements of the heating system (PID

controller and heating blanket) is shown in Figure 4.4.
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Figure 4.4. General overview of test scene and elements of the heating system.

4.2.3 Materials

The specimens were cast in laboratory conditions with conventionally vibrating procedure.
Two different concrete batches were used. For concrete of series 1, the cement type was |-
42.5R, with a content of 390 kg/m3, the maximum aggregate size was 12 mm, and the
water/cement relationship was 0.46. For concrete of series 2, the cement type was I-42.5R, with
a content of 333 kg/m3, the maximum aggregate size was 10 mm, and the water/cement
relationship was 0.48. In both series, a viscosity modifier and underwater admixture were used
to improve workability. The experimental compressive strength (fc), tensile strength (f:), and
modulus of elasticity (Ec) of concrete were determined from three cylinder tests (300 mm high
and 150 mm diameter) according to UNE-EN 12390-3:2003 [137], UNE-EN 12390-6:2010 [138],
and ASTM C469-87 [139] standards, respectively. According to the test results, for series 1 of
specimens, fc of 31.8 MPa (CoV = 6.6%), f: of 4.2 MPa (CoV = 2.3%), and E. of 31.5 GPa (CoV =
7.8%) were obtained. Furthermore, for series 2 of specimens, f, f:, and Ec were 40.8 MPa (CoV
=2.8%), 5.2 MPa (CoV = 0.5%), and 29.4 GPa (CoV = 0.8%), respectively.

The mechanical properties of steel bars were obtained from tension tests based on UNE-EN
ISO 15630-1 [141]. The yielding stress (f,) and the modulus of elasticity (£s) were 573.2 MPa (CoV

=1.1%) and 200.8 GPa (CoV = 0.7%), respectively.
67



The CFRP laminates used in the experimental work consisted on unidirectional carbon fibers
(with a volume content fiber higher than 68%) held together by an epoxy vinyl ester resin matrix
[20]. The mechanical properties were obtained according to ISO 527-5:2009 [142]
recommendations. An ultimate tensile strength (fi,rze) of 2251.4 MPa (CoV = 3.2%), an ultimate
tensile strain (eu,rre) of 0.0133 (CoV = 7.2%), and modulus of elasticity (Erre) of 169.5 GPa (CoV =
6.3%) were obtained.

A two-component epoxy adhesive was used to bond the CFRP strip to a concrete groove.
According to the manufacturer’s product guide specification [143], the components A and B
should be mixed at a ratio of 2:1 by weight. In addition, the proposed curing time was 7 days.
However, in this study, the specimens were tested after 12 days of epoxy curing at room
temperature.

Mechanical properties of the epoxy adhesive were assessed according to 1ISO-527-1 [144]. A
tensile elastic modulus (Eepoxy) of 7.1 GPa (CoV = 7.8%) and tensile strength (fu,epoxy) of 30.4 MPa
(CoV = 4.3%) were obtained.

As mentioned previously, the aim of this study is to evaluate the effect of high service
temperature on the flexural behavior of NSM CFRP-strengthened beams. Therefore,
characterization of the glass transition temperature (Tg) of the epoxy adhesive is of interest.
According to the literature, there are two different well-known methods to obtain Ty of the
adhesive: differential scanning calorimetry (DSC) [145] and dynamic mechanical analysis (DMA)
[146]. The DSC technique provides information about changes in physical, chemical, and heat
capacity of the adhesive. In this experimental program, isothermal DSC tests were carried out
using the DSC Q2000. A heating rate of 10 °C/min was applied using nitrogen as the purge gas
at 50 mL/min. The temperature range was between 25 °C and 80 °C. To determine Tg, three
temperatures were measured: the extrapolated onset temperature (T:), the mid-point
temperature (Tm), and the extrapolated end temperature (Te). The DMA test is an alternative
method to determining the Tg and viscoelastic properties of polymeric materials. In this study,
a METTLER TOLEDO DMA/SDTAS861e analyzer with a 3-point bending test configuration and 45
mm between supports was utilized. The specimens were subjected to a heating rate of 2 °C/min
within a temperature range of 30 °C to 100 °C. A 5 um, constant displacement amplitude was
applied at a frequency of 1 Hz. T; was obtained by analyzing the storage modulus (E’), the loss
modulus (E”), and the loss factor (tand) as functions of temperature. In the present work, both

methods (DSC and DMA) were utilized to determine the Ty after 12 days of curing time at room
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temperature. According to the test results, presented in Table 4.2, T; cannot be considered as a
unique temperature, but rather, it should be considered as a range of temperatures, as stated
elsewhere [147]. The results of DSC and DMA tests are plotted in Figures 4.5 and 4.6,

respectively. According to these results, Tg was in the range of 53.9 °C —65.3 °C.

Table 4.2. Results of DSC and DMA methods.

Methodology DSC DMA
T¢ Tm Te Storage Modulus (£’) Loss Modulus (E”) Loss Factor (tané)

T¢ (°C) 539 55.2 559 56.2 57.7 65.3
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Figure 4.5. Differential scanning calorimetry (DSC) test results.

10000 : ‘ ; 1
Storage modulus, (E )
- = = “Loss modulus, (E') ’ .‘.‘
8000 - RS- Loss factor (Tan (4)) ';' \" 108
i
= i )
g P
S 6000 f ! i 106 =
~— " N—
» !
5 ."' g
S 4000 { 10.4
= \
S
o
2000 - 10.2
0 g ; 0
20 40 60 80 100

Temperature (°C)
Figure 4.6. Dynamic mechanical analysis (DMA) test results.
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4.3 Results and Discussion

In this section, experimental results are presented and discussed in terms of load-deflection
curve, failure mode, and strain distribution along the CFRP strips. Analytical predictions for the
load-deflection relationship are also presented.

In the analytical work, equilibrium of forces and moments is applied, where the following
assumptions have been considered: (i) strain compatibility; (ii) Bernoulli’s hypothesis; (iii)
perfect bond, and (iv) the parabola-rectangle stress-strain curve defined in Eurocode 2 [155].
Based on this, theoretical moment—curvature is determined for uncracked and cracked sections
and, finally, the moment—curvature relationship is derived as the interpolation between cracked
and uncracked sections, according to CEB-FIP Model Code 1990 [156]. Afterwards, an analytical
load—deflection curve is obtained from an integration of curvatures. It should be noted that
shrinkage previous to loading has been found to affect the load-deflection behavior of RC
members [89,157-159]. This influence has also been experienced in the NSM FRP-strengthened
beams included in this work. Therefore, a systematic procedure is applied to account for this

effect in the analytical predictions for their load—deflection relationship.

4.3.1 Shrinkage Effects on Instantaneous Deflection of Concrete Beams

Concrete shrinkage is a reduction in its volume due to moisture loss. This reduction starts
after casting the concrete and depends on the water/cement ratio, ambient humidity, shape of
aggregates, mixture properties, curing method and temperature, and geometry of specimens,
among other parameters. In plain concrete without reinforcement, this shortening would
happen without any restrictions. However, in the case of reinforced concrete, the presence of
the embedded reinforcement acts as an impediment to free shrinkage. As a result of the restrain
provided by the reinforcement, compressive and tensile loads appear in the reinforcement and
the concrete, respectively, therefore causing unsightly cracks in concrete. Additionally to these
premature cracks, in those cases where non-uniform distribution of reinforcement in section
depth exists, an additional curvature can be observed [89].

Shrinkage is an important parameter in predicting the long-term deflection of RC flexural
members, although depending on the amount of shrinkage and reinforcement ratio, it may have
a significant influence even in the short-term behavior of RC elements [89,157-159].
Considerable shrinkage can be developed in concrete elements before testing unless special

attention to the curing method and conditions is paid. With increasing the shrinkage at early
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age of concrete, tensile stresses are developed in concrete due to the restrain caused by internal
reinforcement. This causes a reduction in the cracking moment of the flexural element and a
shift on the bare bar response and therefore an increase in deflections.

In this work, shrinkage before flexural loading was assessed since shrinkage strain recorded from
the day of casting was significantly higher for specimens in series 2 (344 pe) when compared to
that of series 1 (88 pe).

The original uncracked and cracked responses (moment-curvature relationships) of a flexural
specimen without considering the shrinkage are shown in Figure 4.7 (black lines). The
corresponding uncracked and cracked additional curvatures due to shrinkage can be calculated
according to [84]:

AyerDMyer + Byor ANy

Ec(Aucrlucr — Bicr)

Der = AcrAMcr + BcrANcr
- EC(ACTIC‘I" - Bczr)

Pucr = (4.1)

(4.2)

where E. is the modulus of elasticity of concrete, Aur is the area of uncracked transformed
section, and Bucr and lucr are the first and second moments of inertia of the area of the uncracked
transformed section, respectively. Moreover, Ac«, B, and I are the corresponding values for
the cracked transformed section. Furthermore, AM and AN are the restraining moment and axial

force against shrinkage.

ANyer = —Ec&snAcucr (4.3)
AMycr = Ec&snBeucr (4.4)
ANgy = —EcegpAc,er (4.5)
AMc, = EcesnBe,cr (4.6)

where &sn is the shrinkage in concrete and Ac and B¢ are the area of concrete and the first
moment of inertia of the area of concrete (ignoring steel as shrinkage takes place only in
concrete).

To account for the effect of shrinkage, these uncracked (¢@us) and cracked (¢@c) additional
curvatures are applied, so that the black dash lines in Figure 4.7 are shifted to the right (red dash
lines). To find the additional moment due to shrinkage (AMsh), the intersection point between
red dash lines is obtained (point B). This means that if shrinkage of the flexural element is
accounted for, point B should be the origin of the moment-curvature response. Hence, a
reduction in the cracking moment equal to AM;s» should be applied (moving from black solid line
to red solid line in Figure 4.7). Then, point A should be shifted to the origin of the absolute
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coordinate system (moving from the red solid line to the blue solid line in Figure 4.7). Finally,
the blue solid line is the final moment-curvature response of the beam when shrinkage effects
are considered. It can be observed that if shrinkage is accounted for, the cracking moment

reduces from Mcr to Mc,sh and additional deflections appear due to an extra curvature.

Figure 4.7. Flexural response of beam with and without shrinkage.

Representative comparisons between the analytical predictions of load-deflection curves for
beams (both unstrengthened and strengthened) of the present work, with and without
considering the effect of shrinkage are presented in Figure 4.8. A larger difference between the

two predictions exists for those beams of series 2, as expected.
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Figure 4.8. Analytical predictions of load-deflection curves with and without accounting for the

shrinkage effect for specimens: (a) CB-1-R, (b) SB1S-1-R, (c) CB-2-R and (d) SB2S-2-R.

4.3.2 Load-Deflection Curves

The experimental load versus midspan deflection of the specimens of the present work is
presented in Figure 4.9. As a general description, an initial linear behavior is observed that
represents the elastic behavior of the flexural element. Once the cracking load is attained, the
stiffness of the system decreases, and the load can be further increased until the yielding load;
after this yielding load, the stiffness drops dramatically. From the yielding point onwards, no
considerable increase in the ultimate capacity of control RC beams (unstrengthened) is found,
whilst the ultimate capacity of strengthened beams is increased. In this sense, with the increase
in the strengthening level (i.e., CFRP ratio), a slight increase of the cracking load was observed
(see Table 4.3). In the strengthened specimens, the stiffness of load-deflection curves was
relatively higher than in the RC beams, as expected. Moreover, the yielding (Py) and ultimate
(Pu) loads of the strengthened specimens were accordingly increased, irrespective of the applied

temperature (see Figure 4.9).
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Figure 4.9. Effect of temperature on the experimental load—deflection curves of specimens: (a)

CB-1, (b) SB1S-1, (c) SB2S-1, (d) SB3S-1, (e) CB-2 and (f) SB2S-2.
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Table 4.3. Experimental results and analytical predictions.

Ultimate FRP
Cracking load, Yielding load, Ultimate load,
strain, &y, rrp Failure mode?
Beam ID Pcr (kN) P, (kN) Py (kN)
(mm/mm)
Exp. Analyt. Exp.  Analyt. Exp.  Analyt. Exp. Exp.  Analyt.

CB-1-R 6.53 7.98 39.90 41.29 41.87 42.59 - cc cc
CB-1-40 5.51 7.48 39.68 41.07 43.39 42.23 - cc cC
SB1S-1-R 7.11 7.97 4490 44.68 53.44 54.57 0.0139 FR FR
SB1S-1-40 6.07 7.47 44.69 44.36 53.63 54.39 0.0142 FR FR
SB2S-1-R 7.21 7.96 49.40 47.90 66.50 65.04 0.0132 FR FR
SB2S-1-40 6.12 7.46 49.27  47.68 64.06 64.19 0.0134 FR FR
SB3S-1-R 7.56 7.95 56.80 51.29 77.04 74.74 0.0127 FR FR
SB3S-1-40 6.41 7.45 55.60 51.03 76.77 73.39 0.0124 FR FR

CB-2-R 3.69 6.17 38.59 38.12 41.71 39.72 - cC cC
CB-2-70 2.12 4.66 37.76 37.64 40.26 39.14 - cc cc
SB2S-2-R 4.79 5.67 48.21 44.51 63.36 62.27 0.0131 FR FR
SB2S-2-60  2.09 4.45 47.88 4399 63.39 59.35 0.0119 FR FR
SB2S-2-70  1.82 4.15 46.70 43.80 60.86 56.21 0.0103 ED FR
SB2S-2-85 1.68 3.69 46.47  43.70 56.72 55.24 -2 cc FR

1 Failure modes. CC: concrete crushing after steel yielding; FR: FRP rupture; ED: end debonding.
2 strain gauge failed during the loading
According to Figure 4.9, small differences can be observed between the load-deflection
curves of specimens in series 1 when the temperature was increased from 20 °C to 40 °C. In this
sense, the application of 40 °C derived in a slight reduction of the stiffness in load—deflection
curves, which is in accordance with results presented in [36,57,58]. This reduction in stiffness
was followed by a slight decrease in the ultimate capacity of the beams. In series 2, the
application of a temperature that is approaching and even exceeding the epoxy Tg (i.e., 60 °C to
85 °C) generated a small reduction in the stiffness of the specimens. Moreover, the ultimate
capacity of the beams in this series decreased by 3.48%, 3.95%, and 10.45% for CB-2-70, SB2S-
2-70, and SB2S-2-85, respectively. No change was observed in SB2S-2-60 specimen. In
unstrengthened beams, the increase in the temperature derived in a reduction of the cracking
load and stiffness of system (see Figure 4.10). This reduction has been also observed in

strengthened beams, where the increase in the temperature (near or beyond Tg) was followed
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by bond decrease and, subsequently, the efficiency of strengthening system was slightly

reduced, thus making beams more susceptible to premature debonding.

Figure 4.10. Effect of temperature on the experimental load—deflection curves of series 2 of

specimens: (a) Total view and (b) Zoom in view.

Experimental results in terms of cracking load (Pc), yielding load (Py), ultimate load (Pu.),
ultimate CFRP strain (eurre), and failure modes are presented and compared to analytical
predictions in Table 4.3. For the analytical predictions, the effect of temperature on normal
weight concrete properties is considered following the equations proposed in fib Model Code

2010 [83], which is said to be valid for temperatures ranging approximately from 0 °C to 80 °C:

£.(T) = £.(1.06 — 0.003T) (4.7)
£.(T) = £.(1.06 — 0.003T) (4.8)
E.(T) = E.(1.06 — 0.003T) (4.9)

where f:(T), f:(T), and Ec(T) are the compressive strength, the tensile strength, and the modulus
of elasticity of concrete at temperature T (in °C), respectively. Moreover, f., f;, and E. are the
compressive strength, the tensile strength, and the modulus of elasticity of concrete at T = 20
°C, respectively.

The mechanical properties of steel reinforcement and CFRP strips were not modified to
include any effect of temperature because they are not sensitive to this range of temperatures
[164,165,170,180]. For CFRP material, the ultimate strain (stress) value obtained from
experimental results was used in analytical predictions.

To complement the comparison between experimental results and analytical predictions
presented in Table 4.3, experimental and analytical load-deflection curves are compared in
Figure 4.11. According to the figure, good agreement between experimental results and

analytical predictions can be observed in terms of the cracking load, yielding load (and their
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corresponding deflections), and stiffness of the system before and after cracking load and after
yielding load, thus meaning that shrinkage and temperature were correctly accounted for in the
analytical work. However, it should be noted that some differences exist between experimental

and analytical ultimate load and deflections.

Figure 4.11. Comparison between experimental and analytical predictions on load-deflection
curves of specimens: (a) CB-1-R, (b) CB-1-40, (c) SB1S-1-R, (d) SB1S-1-40, (e) SB2S-1-R, (f) SB2S-
1-40, (g) SB3S-1-R, (h) SB3S-1-40, (i) CB-2-R, (j) CB-2-70, (k) SB2S-2-R, (l) SB2S-2-60, (m) SB2S-2-
70 and (n) SB2S-2-85.
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4.3.3 Failure Mode

According to Table 4.3, control unstrengthened beams of both series (i.e., CB-1 and CB-2, at
different temperatures) failed by concrete crushing in the compression zone of the beam after
steel yielding. On the other hand, FRP rupture (after yielding of steel reinforcement) was the
failure mode of all strengthened beams of series 1. This means that with the application of 40
°C, the anchorage length of the CFRP strips was long enough to avoid FRP debonding failure,
and the effect of the application of temperatures within this range is negligible. In series 2 of
specimens, the application of 60 °C (i.e., specimen SB2S-2-60) resulted in FRP rupture failure
mode, while the application of 70 °C (i.e., specimen SB2S-2-70) lead to failure by CFRP end
debonding. To conclude, in specimen SB2S-2-85 (i.e., application of 85 °C), concrete was initially
crushed in the compression zone of the section and, as a result, the load suddenly dropped
without end debonding. This unexpected behavior can be due to a change in concrete
mechanical properties, FRP, and epoxy at high service temperatures. As a general comment
regarding the failure mechanism of the specimens, the increase in the temperature may be
followed by a reduction of the efficiency of the strengthening system and, subsequently, it can
lead to changes in the failure mechanism of the system (changing from FRP rupture to FRP
debonding or even concrete crushing). Representative images of experienced failure modes are
shown in Figure 4.12. It should be noted that in those cases where FRP rupture took place, it

was subsequently followed by the detachment of the concrete around the FRP laminate.

Figure 4.12. Experimental failure modes.

As previously mentioned, fib Bulletin 90 [1] recommends limiting the maximum temperature
to avoid premature failure in EBR-strengthened systems. According to experimental
observations, as long as the temperature is sufficiently lower than Tg, no premature failure was

observed. On the contrary, the application of a temperature exceeding the T; resulted in end
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debonding failure mode (i.e., specimen SB2S-2-70). It should be noted that no premature failure
(i.e., end debonding) occurred when temperature in the range of T, was applied (T = 60 °C), thus
showing a good performance related to end debonding for the NSM strengthening system.
Nevertheless, it must be noted that additional experimental work is needed to confirm the

findings of the experimental program presented in this communication.

4.3.4 Strain Distribution along the CFRP Strip

The distribution of strains along the CFRP strips can give useful information about the bond
behavior (i.e., the force distribution between the CFRP and concrete interface) and its influence
on cracking phenomena. Instrumentation with strain gauges presented in Figure 4.3b allowed
the register of strains at several sections along the CFRP strip in SB1S-1-R and SB1S-1-40
specimens. Experimental strain distributions along half of the CFRP laminate of these specimens
are plotted at different levels of load in Figure 4.13. Experimental results show that the increase
in temperature was followed by an increase of strains in the strip. In addition, in both specimens,
the strain in the CFRP strip increased dramatically after yielding of the longitudinal steel
reinforcement. The available fluctuation in the strain distributions may be related to the

appearance and opening of new cracks.

Figure 4.13. Strain distributions along one half of the CFRP strip at different levels of load for

specimens: (a) SB1S-1-R and (b) SB1S-1-40.
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4.4 Finite Element Analysis

Nonlinear finite element (FE) analysis of control and CFRP-strengthened beams subjected to
four-pointed loads was carried out to compare with the results obtained from the experimental
work. A three dimensional FE model was created using the well-known commercial FE program

ABAQUS [181].

4.4.1 Description of FE Model

FE models include concrete, steel reinforcements (longitudinal and stirrups), CFRP strips, and
epoxy. Concrete and epoxy are modeled by an eight-node linear hexahedral solid element with
reduced integration (C3D8R), steel reinforcements are modeled by a two-node linear 3D truss
element (T3D2), and FRP strips are modeled by a two-node linear beam (B31). A mesh
convergence analysis was performed to select the optimum mesh sizes for different parts
involved in the FE model. In this study, it was observed that the meshing refinement was not
sensitive after having the maximum mesh size of 25 mm for all elements except epoxy that had
10 mm mesh size. By taking advantage of symmetry in two perpendicular planes, only a quarter
of the beam was modeled. Boundary conditions of the experimental test set-up were

considered. Finite element mesh along with the boundary conditions is shown in Figure 4.14.

Figure 4.14. Finite element mesh of simulated beam (one quarter).

Considering perfect bond, steel reinforcements and CFRP strips are embedded inside the
concrete and epoxy, respectively. In order to address this condition, the embedded region
function of ABAQUS is used. Moreover, the tie constraint function is assumed to simulate the
interaction in the interface between epoxy and concrete. The selection of these interfacial
behaviors is based on the fact that the bond was good enough and bond failure took place only
in one of the beams of the present experimental program (i.e., specimen SB2S-2-70). As a result

of this, specimen SB2S-2-70 is not included in the numerical simulations.
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Similar to the case of analytical predictions presented in Section 4.3.1, the effect of shrinkage
is also addressed in the numerical simulations. To this end, an initial extra deflection due to
shrinkage (calculated following Section 4.3.1) is applied to the middle of the beam in a separate
step. Afterwards, the main flexural load is applied in a displacement control mode through a

rigid plate to avoid any extra deformation along the loading.

4.4.2 Materials Definition

Steel reinforcement is modeled as an isotropic bilinear elasto-plastic material, while epoxy is
modeled as isotropic linear elastic material and CFRP is modeled as brittle material (with
ultimate strain value obtained from experimental results). Moreover, to simulate the inelastic
behavior of concrete, concrete damage plasticity (CDP) is used. This continuum, plasticity-
based, damage model for concrete is applicable to different loading conditions and can be
utilized for concrete with embedded reinforcement [181]. This model assumes that the two
main failure mechanisms are tensile cracking and compressive crushing. Therefore, the
evolution of the failure surface is controlled by two hardening variables linked to the failure
mechanisms under tension and compression loading. The required material parameters for the
definition of the CDP model are dilation angle (¢), flow potential eccentricity (€), the ratio of the
biaxial compressive stress to the uniaxial compressive stress (owo/0w0), the ratio of the second
stress invariant on the tensile meridian to that on the compressive meridian (Kc), and viscosity
(1). In this numerical study, these parameters are considered as ¢ = 36°, € = 0.1, oso/0c0 = 1.16,
Kc=0.67, and u = 0.0005.

The concrete stress-strain compression relationship is modeled according to Eurocode 2
[155]. Moreover, the tensile post-cracking behavior of concrete is modeled according to Torres
et al. [182], where a: and a2z are two dimensionless coefficients that define the tensile post-
cracking stress-strain relationship of concrete (see Figure 4.15). In this study, based on the
loading condition, az was assumed to be equal to 0.4 and based on section properties, a2 was

assumed to be in the range of 13 to 15.
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Figure 4.15. Equivalent stress-strain relationship for tensioned concrete [182].

The effect of temperature is applied directly in the definition of materials’ properties,
following the same strategy as in the analytical work (see Section 4.3.2). The effect of
temperature on epoxy material is considered according to the experimental results presented
in [8]. This assumption is based on the fact that the possible effect of the heating process, taking
place before the main flexural test, is not included in the experimental load-deflection

responses obtained in the laboratory (i.e., the system is zeroed before testing).

4.4.3 FE Results

The comparison between numerical predictions and experimental results is presented in
Figure 4.16 and Table 4.4. In all cases, the FE model reasonably predicts the experimental
behavior of beams under flexural load. Slightly higher initial stiffness is observed in the
numerical simulation when compared to experimental curves, with a mean difference in
deflections of 7.15% observed at the service load level [1]. In terms of yielding and ultimate
loads, differences of only 3% and 2.9% are observed, respectively, with the same failure mode
in both experimental work and numerical simulations. In this sense, it should be highlighted that
concrete crushing was the predicted failure mode in the numerical simulation of specimen SB2S-
2-85, which coincides with experimental observation. This would confirm that the negative
effect of temperature on the mechanical properties of concrete and epoxy leads to an

unexpected concrete crushing failure mode.
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Table 4.4. Comparison between numerical predictions and experimental results.

Service Deflection at service load, dse; (mm) Diff. Yielding load, P, (kN)  Diff.  Ultimate load, P, (kN)  Diff. Failure mode!
peam D load (kN) Exp. Numeric. (%) Exp. Numeric. (%) Exp. Numeric. (%)  Exp.  Numeric.
CB-1-R 20.57 7.04 5.99 14.91 39.90 39.15 1.88 41.87 41.22 1.55 cc cc
CB-1-40 19.82 6.65 6.07 8.72 39.68 39.11 1.44 43.39 40.75 6.08 cc cc
SB1S-1-R 21.37 6.70 5.93 11.49 44.90 43.39 3.36 53.44 55.86 4.53 FR FR
SB1S-1-40 20.59 7.01 5.94 15.26 44.69 43.18 3.38 53.63 53.73 0.19 FR FR
SB2S-1-R 22.12 6.10 5.82 4.59 49.40 49.99 1.19 66.50 68.20 2.56 FR FR
SB2S-1-40 21.32 6.60 5.78 12.42 49.27 48.83 0.89 64.06 66.07 3.14 FR FR
SB3S-1-R 22.85 6.02 5.67 5.81 56.80 54.11 4.74 77.04 78.77 2.25 FR FR
SB3S-1-40 22.01 5.97 5.51 7.71 55.60 53.76 3.31 76.77 74.38 3.11 FR FR
CB-2-R 26.28 9.98 9.99 0.10 38.59 36.95 4.25 41.71 40.78 2.23 cc cc
CB-2-70 24.64 10.20 10.05 1.47 37.76 36.38 3.65 40.26 39.60 1.64 cC cC
SB2S-2-R 29.20 10.31 9.55 7.37 48.21 47.49 1.49 63.36 64.24 1.39 FR FR
SB2S-2-60 27.04 9.94 9.65 2.92 47.88 45.71 4.53 63.39 58.72 7.37 FR FR
SB2S-2-85 25.63 9.52 9.51 0.11 46.47 44.34 4.58 56.72 55.55 2.06 cC cC
Mean diff. (%) 7.15 Mean diff. (%) 2.98 Mean diff. (%) 2.93

1 Failure modes. CC: concrete crushing after steel yielding; FR: FRP rupture.
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Figure 4.16. Comparison between experimental and numerical work of specimens: (a) CB-1-R,
(b) CB-1-40, (c) SB1S-1-R, (d) SB1S-1-40, (e) SB2S-1-R, (f) SB2S-1-40, (g) SB3S-1-R, (h) SB3S-1-40;
(i) CB-2-R, (j) CB-2-70, (k) SB2S-2-R, (I) SB2S-2-60 and (m) SB2S-2-85.
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4.5 Conclusions

In the present work, an experimental program to study the influence of high service

temperature on the flexural performance of NSM CFRP-strengthened RC beams is presented.

The experimental results are compared to analytical and numerical predictions. Based on the

data presented, the following conclusions can be drawn:

No considerable differences can be observed in the load-deflection curve when specimens
are subjected to 40 °C (i.e., series 1). This behavior can be attributed to 40 °C being far below
the Ty of the epoxy resin.

In series 2, as a result of the increase in temperature near or beyond the Ty, the stiffness and
the ultimate load of strengthened and unstrengthened specimens decreased. The interface
bond capacity between epoxy and concrete could have been affected, and the efficiency of
the strengthening system showed some reduction, thus making the beam to be more prone
to experience end deboning failure.

In both series of specimens, the failure mode of the control unstrengthened beams was
concrete crushing after steel yielding. For the strengthened beams under 20 °C, 40 °C, and
60 °C, the failure mode was FRP rupture. With the increase of temperature up to 70 °C, the
beam failed by end debonding. Finally, specimens under 85 °C experienced concrete
crushing and, as a result, the load suddenly dropped without giving place to end debonding.
This failure mode can be attributed to the reduction in mechanical properties of concrete
and epoxy when submitted to higher temperature.

No end debonding or significant reduction in ultimate load occurred for specimens being
tested up to 60 °C, thus showing a good performance of the NSM strengthening system.
The application of temperature exceeding the epoxy Ty generated a small reduction in the
stiffness of the specimen and a decrease by 3.48%, 3.95%, and 10.45% in the ultimate
capacity of beams CB-2-70, SB2S-2-70, and SB2S-2-85, respectively.

The effect of temperature on the experimental bond behavior of specimen at 40 °C was
studied in one of the strengthened beams (i.e., SB1S-1 specimens). With the increase in the
temperature, strains (and stresses) in the CFRP strip increased.

A systematic procedure was applied to consider the effect of shrinkage in short-term
response of the specimens. It was observed that the increase in the concrete shrinkage
resulted in a reduction of the elements’ stiffness and cracking load. Good agreement was

observed between analytical predictions and experimental results.
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A simple but trustable FE model accounting for initial shrinkage and effects of temperature
was created to be compared with experimental work. In all cases, numerical models

correctly predict the experimental load—deflection responses and failure modes.
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Abstract

Structural cold-curing adhesives are widely used to strengthen reinforced concrete (RC)
structures with fiber reinforced polymers (FRPs). The performance of these adhesives, and
therefore the performance of the strengthening system, may be affected by temperature, as
ambient-cured structural adhesives usually have low glass transition temperature (Tg). This
paper presents a comprehensive experimental investigation on the influence of temperature on
mechanical properties and Ty of a structural epoxy adhesive. The experimental program was
divided in four groups of specimens. In Group 1, the effect of curing and post-curing
temperature on Ty of the epoxy adhesive was investigated. In Groups 2-4, the effects of testing
temperature, curing temperature and post-curing temperature, respectively, on adhesive
mechanical properties were studied. Experimental results confirm that curing and post-curing
temperature affected Ty differently depending whether the applied temperature was below or
beyond the epoxy Ty. Similar behavior was observed in the mechanical properties of the epoxy,
as they showed improvements when curing process (curing and post-curing) temperature was
below Ty and they were negatively affected when curing process temperature was beyond Ty.
Besides, tensile and compressive mechanical properties were negatively affected by testing
temperatures beyond 20 °C.

Keywords: Epoxy adhesive, Temperature, Curing, Post-curing, Ty, Mechanical properties

5.1 Introduction

Structural epoxy adhesives are widely used to bond fiber-reinforced polymers (FRPs) to
concrete in both externally bonded reinforcement (EBR) and near-surface mounted (NSM)

strengthening techniques [5,30]. The performance of the strengthened structure will depend
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on the bonded joint, whose behavior has been acknowledged to be partially governed by the
mechanical properties of the adhesive [154,183,184].

In civil engineering applications adhesive joint is typically cured at ambient temperature.
Accordingly, cold-curing adhesives are the most widely used, as its use is easier and they present
good mechanical properties after the required curing time (which depends on the curing agent
and temperature). It is a feature of commonly used ambient-cured structural adhesives to have
glass transition temperatures (Ty) ranging between 40 °C to 70 °C [185]. Being T, defined as the
temperature range where a thermosetting polymer changes from a glassy to a rubbery state,
(i.e. the temperature ranges over which the mobility of the polymer chains increases
significantly) [149], these relatively low values of Ty can be a limiting factor because these
adhesives can exhibit substantial changes in their mechanical properties if working temperature
approaches its Ty [7,8,186-190]. As a consequence of the reduction in the adhesion strength of
the epoxy as the Ty range is approached, a reduction in the stiffness and ultimate capacity of
the FRP-strengthened element can take place and the failure mode can change
[36,57,58,171,186,191].

A reduced number of studies have investigated the influence of testing temperature on the
mechanical properties of cold-curing epoxy adhesive typically used in civil engineering
[7,8,36,57,58,171,187-192]. Firmo et al. [8] presented an experimental work to assess the
mechanical properties of a commercial epoxy adhesive typically used in civil engineering at
different temperatures (from 20 °C to 120 °C). The results showed that mechanical properties
were significantly affected by testing temperatures larger than T, (T4=47 °C), as the shear and
the tensile strength of epoxy were reduced to around 30% of their corresponding ambient
strengths. Additionally, the shear and the tensile modulus were almost negligible for tests at 50
°C. These results are similar to those obtained in other studies on epoxy adhesives with larger
Ty values used in other applications, such as aerospace industry [187-189]. As an example, Banea
et al. [187,188] investigated the effect of testing temperature on the mechanical properties of
an epoxy adhesive having a Ty value equal to 150 °C. In these studies, four different
temperatures were applied during testing (i.e. room temperature, 100, 150 and 200 °C), and
experimental results showed a reduction in the tensile strength and an increase in the ductility
when testing temperature was increased. The maximum reduction was observed for testing
temperatures near to and beyond Ty, where the adhesive was in rubbery state. Similarly, Wu

[189] studied the influence of testing temperature on mechanical properties of an epoxy whose
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Ty equals 177 °C. According to their experimental results, increasing the testing temperature
produced a decrease in both the tensile strength and the elastic modulus. It should be noted
that the rate of loss of the mechanical properties was sharply increased for testing temperature
beyond Ty. Besides, Reis [190] presented a comparative study on the effect of testing
temperature (ranging from 23 °C to 90 °C) on compressive strength of epoxy polymer mortar
and unsaturated polyester mortar (mixture of a quartz foundry sand with the thermoset resin
binder). Although both materials experienced a decrease in their mechanical properties when
testing temperature was increased, epoxy polymer mortars were more sensitive to temperature
changes than unsaturated polyester mortars. This temperature dependency was related to the
Ty of the resins used.

In addition to testing temperature, curing and post-curing procedures can also affect the
structural performance of an epoxy adhesive, in terms of the value of T, and the epoxy
mechanical properties [150,193-201]. Michels et al. [150] studied the effect of different curing
conditions and mixing processes on mechanical properties of three different epoxy adhesives.
Specimens exposed to accelerated curing (consisting in exposing the epoxy specimens to an
elevated temperature, 90 °C, for a period of 25 minutes just after casting) showed higher
porosity, which appeared to be the cause of their apparent lower tensile properties. The higher
porosity can be attributed to a faster development of strength and stiffness, that finally affects
to the cross-linking process, thus showing the influence of the cure-kinetics. Mixing the epoxy
under vacuum reduced the porosity of both specimens (with and without accelerated curing)
leading to higher tensile properties. Similar results were obtained in Cruz et al. [193]. It has been
shown in the literature that longer curing times are needed for lower curing temperatures. This
effect, which is of high importance in cold-curing epoxy adhesives, is a consequence of the
vitrification of the network that takes place when the resin is cured at a temperature below the
ultimate glass transition of the completely cross-linked resin. As a result, the resin is in a glassy
but uncured state, so that cross-linking reaction has slowed down dramatically and it may take
a long time before the ultimate properties of the adhesives are reached. This dependency was
confirmed for cold-curing epoxy adhesives in Lapique and Redford [194] and Moussa et al. [195].
For the case of Lapique and Redford [194], they obtained same mechanical properties with 4
hours curing at 64 °C and 28 days curing at room temperature. For the case of Moussa et al.
[195], epoxy cured at low temperatures of 5 °C to 10 °C required a 3-days curing period for

attaining the full curing, whereas few hours (3.7 h to 1.6 h) were needed for curing temperatures
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in the range of 35 °C to 60 °C. Lahouar et al [196] investigated the evolution of epoxy T, under
four different curing temperatures (i.e. 20 °C, 50 °C, 82 °C and 108 °C). According to their results
on DSC tests, the Ty increased gradually by increasing the curing temperature. However, this
increase in Ty had an upper bound value, as curing beyond 82 °C had no effect on Ty. This upper
bound value corresponds to the glass transition temperature of the fully cured network (Tg),
at which the resin reaches its maximum degree of cross-linking. The existence of a Ty upper
bound value (Ty) was also confirmed in a study from Carbas et al. [197], who studied the effect
of the curing temperature on the mechanical properties and Ty of three different structural
epoxy adhesives. For each adhesive, samples of the bulk adhesive were cured at various
temperatures and Ty was measured by a dynamic mechanical analysis using an in-house
developed apparatus. It should be mentioned that the main concern of the applied method is
related to thermodynamics and the existence of a temperature gradient in the adhesive.
Therefore, the speed of the test should be a compromise value that ensures a homogeneous
temperature distribution in the specimen and avoids causing a post-curing in the specimen.
Once T4 was determined at various curing temperatures, Ty could be determined. In addition
to the determination of the Ty~ values for the three adhesives, results of their experimental
program confirmed that, as far as the curing temperature was below Ty, any increase in the
curing temperature derived in an increase in the mechanical properties and Ty. On the contrary,
for curing temperatures above Ty, the mechanical properties and Ty decreased. Although these
findings are in agreement with [198-200], it should be mentioned that Ty is a kinetic parameter
that depends on the heating rate and on the measurement conditions [197]. Experimental work
presented in [197] was complemented with a second program presented in Carbas et al. [201],
where the effect of post-curing was analyzed. Post-curing process can be of high importance for
the case of cold-curing epoxy adhesives. It may be the case that an un-complete cure in the
epoxy resin exists because of the longer curing time needed, especially if they are cured at
ambient temperature. In this case, the reactivation of the cross-linking process of the epoxy can
take place if a post-curing process is applied. In this sense, experimental results presented in
[201] showed that the effect of post-curing at temperature below Ty~ depended on whether
the cross-linking process was complete or not. Finally, post-curing above Ty produced thermal
degradation that caused a progressive decrease in mechanical properties and Ty. According to
the literature [9,149,150,194,196,197,202], cross-linking plays an important role in the

mechanical performance of an epoxy. In this sense, results presented in Michel and Ferrier [149]
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confirmed that cross-linking of an epoxy resin is found to be an irreversible process, so that
larger Ty values are obtained when curing at higher temperatures and its value does not change
when the polymer is exposed back to a lower temperature. Similar results were obtained in
[150].

This paper presents part of a larger experimental program on the flexural behavior of NSM
FRP-strengthened Reinforced Concrete (RC) beams tested at different temperatures.
Specifically, the main objective of this paper is the assessment of a commercial structural epoxy
adhesive commonly used for RC strengthening and retrofitting with FRP materials. To this end,
a comprehensive experimental program was performed to evaluate the influence of the
temperature on mechanical properties (namely the uniaxial tensile strength (fi,epoxy), the tensile
elastic modulus (Eepoxy), the uniaxial ultimate compressive load (Fcepoxy), the uniaxial
compressive strength (Ocuepoxy)) and Ty of a structural epoxy adhesive. Different curing
temperatures, post-curing temperatures and testing temperatures have been considered. The

experimental program is described and the main results are presented and discussed.
5.2 Experimental program

5.2.1 Material

The adhesive used in this study is a high performance, solvent-free, thixotropic, and grey two-
component epoxy adhesive specially developed for bonding carbon FRP (CFRP) on concrete,
that is traded under the commercial name of S&P 220 HP. According to the manufacturer’s
product data sheet [143], the components A (Bisphenol A and Bisphenol F based resin) and
component B (hardener, with a mixture of amines) should be mixed at a ratio of 2:1 by weight,
and the suggested curing duration is 7 days. Furthermore, the nominal elastic modulus,
compressive strength and Ty of epoxy declared by the manufacturer are 7.1 GPa, 81 MPa and

58.2 °C, respectively. The mixture of epoxy adhesive is shown in Figure 5.1.
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Figure 5.1. Epoxy adhesive mixture.

5.2.2 Specimens curing process and testing configuration

In this experimental program, 4 groups of specimens were considered. Group 1 comprised
those specimens used for determining the effect of curing and post-curing temperature on Ty
of the epoxy adhesive. Groups 2, 3 and 4 comprised those specimens used for evaluating the
effect of testing temperature (Group 2), curing temperature (Group 3) and post-curing
temperature (Group 4) on mechanical properties of the epoxy adhesive. The specimens were
designated as X-Y-Z. In this designation X indicates the testing group, so that TG refers to
specimens tested to determine the Ty (i.e. Group 1), TT refers to specimens tested to study the
influence of testing temperature on epoxy mechanical properties (i.e. Group 2), CT refers to
specimens tested to analyze the influence of curing temperature on epoxy mechanical
properties (i.e. Group 3) and PT refers to specimens tested to determine the influence of post-
curing temperature on epoxy mechanical properties (i.e. Group 4). In the proposed specimens’
designation, Y indicates the curing process type (C for curing and PC for post-curing) for
specimens of Group 1 and refers to mechanical test type (TEN for tension test and COM for
compression test) for specimens of Groups 2-4. Finally, Z denotes the temperature. For example,
TG-C-50, refers to a specimen that was cured at 50 °C and tested in order to determine the value
of Ty (Group 1). Similarly, PT-TEN-70 refers to a specimen that was post-cured at 70 °C and tested
in order to analyze the effect of post-curing temperature (Group 4) on tensile properties of the
epoxy adhesive. It should be mentioned that the asterisk symbol appearing in some specimens’
designation shows one extra day of post-curing. All specimens were tested at the age of 12 days.
Curing and post-curing periods with target temperature different from 20 °C lasted 7 days and
1 day, respectively. Details on the curing process and testing configuration of each group are

presented below and summarized in Table 5.1.
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Group 1: effect of curing and post-curing temperature on Ty

This group includes a total of 5 specimens, whose curing and post-curing temperatures varied
with the aim at analyzing its effect on the Ty of the epoxy adhesive. One specimen was cured at
room temperature (20 °C) for 12 days as a reference sample (TG-C-20) (see black line in Figure
5.2a). Two other specimens were cured for 7 days under the target temperature (50 °C and 70
°C) to be later left 5 more days at 20 °C before testing the T, (TG-C-50 and TG-C-70) (see blue
line in Figure 5.2a). To conclude, two specimens were initially cured for 9 days at 20 °C, after
which a post-curing process of one-day under the target temperature (50 °C and 70 °C) was
applied, that was finally followed by a cooling-down process for 2 days at 20 °C prior to T, testing

(TG-PC-50 and TG-PC-70) (see red line in Figure 5.2a).

Group 2: effect of testing temperature on mechanical properties

This group includes a total of 48 specimens whose testing temperatures varied to evaluate
its effect on epoxy adhesive mechanical properties. The specimens were cured at 20 °C for 11
days (see black line in Figure 5.2b). After this curing process, specimens were heated to the
target temperature for one-day (20 °C, 40 °C, 50 °C, 60 °C, 70 °C and 85 °C) to be finally tested
under tension and compression. It should be mentioned that the one-day heating process
previous to testing should be considered as a one-day post-curing process. Furthermore, two
additional configurations (marked with asterisk symbol) were considered where an additional
one-day post-curing at the target temperature (50 °C and 70 °C) was applied (see red line in

Figure 5.2b).

Group 3: effect of curing temperature on mechanical properties

This group includes a total of 30 specimens whose curing temperature varied with the aim at
evaluating its effects on epoxy adhesive mechanical properties. Inmediately after being cast,
specimens were moved to the chamber to be cured at different target temperatures (-15 °C, 50
°C and 70 °C) for a period of 7 days. After this curing phase, specimens were left at 20 °C for 5
days before testing (see black line in Figure 5.2c). As in previous group, two additional
configurations (marked with asterisk symbol) were exposed to a one-day post-curing at target

temperature (50 °C and 70 °C) and cooled-down again at 20 °C (see red line in Figure 5.2c).

Group 4: effect of post-curing temperature on mechanical properties
This group includes a total of 30 specimens that were post-cured at different temperatures

to evaluate its effect on epoxy adhesive mechanical properties. In this last group, the specimens
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were cured at 20 °C for 9 days, to be later exposed to a one-day post-curing at different target
temperatures (40 °C, 50 °C, 60 °C, 70 °C and 85 °C) and a final cooling-down at 20 °C before

testing (see Figure 5.2d).

Figure 5.2. Diagram of the curing processes: (a) Group 1, (b) Group 2, (c) Group 3 and (d)
Group 4.
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Table 5.1. Details of the experimental program.

Group Specimen ID Number of specimens  Curing process Curing process temperature (°C) Test Testing temperature (°C)
TG-C-20 1 20
TG-C-50 1 50 Glass transition
Group 1 TG-C-70 1 See Figure 5.2a 70 temperature of According to standard
TG-PC-50 1 50 epoxy
TG-PC-70 1 70
TT-TEN-20 3 20 20
TT-TEN-40 3 20 40
TT-TEN-50 3 20 50
Tensile strength
TT*-TEN-50 3 50 50
and elastic
TT-TEN-60 3 20 60
modulus
TT-TEN-70 3 20 70
TT*-TEN-70 3 70 70
Group 2 TT-TEN-85 3 See Figure 5.2b 20 85
TT-COM-20 3 20 20
TT-COM-40 3 20 40
TT-COM-50 3 20 50
Compressive
TT*-COM-50 3 50 50
strength
TT-COM-60 3 20 60
TT-COM-70 3 20 70
TT*-COM-70 3 70 70
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TT-COM-85 3 20 85
CT-TEN-(-15) 3 -15 20
CT-TEN-50 3 50 Tensile strength 20
CT*-TEN-50! 3 50 and elastic 20
CT-TEN-70 3 70 modulus 20
CT*-TEN-702 3 70 20
Group 3 See Figure 5.2c
CT-COM-(-15) 3 -15 20
CT-COM-50 3 50 20
Compressive
CT*-COM-50! 3 50 20
strength
CT-COM-70 3 70 20
CT*-COM-702 3 70 20
PT-TEN-40 3 40 20
PT-TEN-50 3 50 Tensile strength 20
PT-TEN-60 3 60 and elastic 20
PT-TEN-70 3 70 modulus 20
PT-TEN-85 3 85 20
Group 4 See Figure 5.2d
PT-COM-40 3 40 20
PT-COM-50 3 50 20
Compressive
PT-COM-60 3 60 20
strength
PT-COM-70 3 70 20
PT-COM-85 3 85 20

ICuring at 50 °C for 7 days and later exposed to a one-day post-curing at 50 °C.
2Curing at 70 °C for 7 days and later exposed to a one-day post-curing at 70 °C.
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5.2.3 Test procedures

Differential scanning calorimetry test

The differential scanning calorimetry (DSC) technique [145] was used to calculate the Ty of
the epoxy adhesive after different curing and post-curing conditions (Group 1 of the
experimental campaign). For each curing condition, one specimen was tested. The DSC
technique provides information about changes in physical, chemical, and heat capacity of the
adhesive which may lead to important information about their thermal history (i.e. the
temperature that epoxy undergoes), stability, processing conditions, progress of chemical
reactions and possible changes in mechanical properties [145]. The dynamic DSC tests were
carried out using the DSC Q2000 machine. A heating rate of 10 °C/min was applied using
nitrogen as the purge gas at 50 mL/min. The temperature range was between 20 °C and 80 °C.
To determine Ty, and according to ASTM E1356-08 [145], the extrapolated onset temperature
(T7) and the extrapolated end temperature (Te) were measured. The mid-point temperature (Tm),
computed as the mean between Trand T, is the most commonly used as the glass transition

temperature [145].

Tension test

Tensile properties of the epoxy adhesive were determined following 1SO-527-1 [144]
specifications. To this end, dog-bone specimens were manufactured following the geometry and
dimensions shown in Figure 5.3a and tested under displacement-control at a speed of 1
mm/min. For each curing condition, three specimens were tested. The test setup is shown in
Figure 5.3b. As mentioned in section 5.2.2, specimens of Group 2 were heated to the target
testing temperature for a duration of 24 hours prior to testing and, once temperature was
stabilized, the test was performed. To allow the curing process, a thermal chamber was
mounted on the testing machine (see Figure 5.3b). Two strain gauges located at the back and
front sides of the specimens and one axial extensometer with a 25 mm gauge length were used
to measure the strain during the tension tests. Furthermore, two thermocouples (one to
measure the environmental temperature inside the thermal chamber and the other glued on
the surface of specimen) were used to measure the temperature before and during the test. In
each specimen, registers of loads were transformed to stresses by using the mean cross-section

area from three different measurements. The tensile elastic modulus was obtained from the
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slope of axial stress-strain curve between 0.05% and 0.25% of the maximum tensile strain [144].

Details of the specimens and test setup are shown in Figure 5.3.

Figure 5.3. Details of the tension test: (a) Specimen dimensions and (b) Test setup inside the

thermal chamber.

Compression test

The compressive strength of the epoxy adhesive was determined according to EN 196-1
[148], with the aim at following the same standard used by the epoxy manufacturer. According
to EN 196-1 [148], 80 mm length prism having a 40x40 mm? cross-section should be used for
determining the epoxy compressive strength (see Figures 5.4a and 5.4b). During the
compression test, the load should be increased smoothly, under force-control, at a ratio of
2400+200 N/s until fracture. Similar to tension tests, also for compression specimens, three
specimens were considered for each curing condition. The test setup is shown in Figure 5.4c.
Two centralized steel plates, with dimensions of 40x40 mm?, were placed at the top and the
bottom of the specimen to transfer the load. Moreover, a spherical hinge was located at one
loading side to avoid the effect of any possible eccentricity during loading. Similar to tension
tests, a thermal chamber was mounted on the testing machine for the curing process (see Figure

5.4c). One strain gauge was installed to measure the evolution of specimen’s longitudinal strain.
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However, data obtained from the strain gauge were not reliable due to the earlier detachment
and peeling in the surface that took place during the loading. Therefore, only the ultimate
compressive strength of specimens was finally evaluated. Similar to tension tests, two
thermocouples (one to measure the environmental temperature and the other glued on the
surface of the specimen) were used to record the temperature before and during the test. The
compressive strength of epoxy was calculated by dividing the ultimate load by initial contacted
surface area. Due to possible unavoidable variations in dimensions of the specimens,
measurements of the area were taken for each specimen prior to testing. Details of the

specimen and test setup are shown in Figure 5.4.

Figure 5.4. Details of the compression test: (a) Typical mould, (b) Specimen dimensions and (c)

Test setup inside the thermal chamber.

5.3 Results and discussions

5.3.1 Effect of curing and post-curing temperature on T,
Results of the DSC tests performed on specimens of Group 1 are presented in Figure 5.5a in
the form of curves showing the variation of the heat flow versus temperature. It is

acknowledged that the change of the heat flow versus temperature curve is related to an
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absorption of energy and can, therefore, be an indicator of a possible change in the physical
state of the resin. Considering that the Ty is defined as the temperature at which the physical
state of the resin changes from the glassy state into the rubbery state, it has been accepted that
Ty is in the range of the temperatures limiting the change in the baseline of the curve. It should
be mentioned that in some of the curves presented in Figure 5.5a, an enthalpy relaxation peak
can be observed immediately after the Ty range. This is an indication that physical aging has
occurred [203]. It is worth noting that physical aging occurs in an amorphous polymer held
below its Ty. According to experimental results presented in Table 5.2, the Ty value of the epoxy
cured at room temperature (specimen TG-C-20) was 54.9 °C. Based on this, two different
behaviors can be observed in Figure 5.5a: curing or post-curing the specimens at a temperature
below epoxy Ty (i.e. specimens cured (and post-cured) at 50 °C of the present experimental
program) resulted in a shift to the right of the peak in the heat flow versus temperature curve;
contrarily, curing or post-curing the specimens at a temperature beyond epoxy Ty (i.e.
specimens cured (and post-cured) at 70 °C of the present experimental program) resulted in a
shift to the left of the peak in the heat flow versus temperature curve. This shifts to the right
and left are therefore indicating an increase and reduction of the Ty value, respectively. These
two different trends can also be observed in Figure 5.5b, where the dashed line represents the
Ty value of the specimen cured at room temperature (TG-C-20), and the black and red solid lines
represent the evolution of T, for specimens that were cured and post-cured, respectively. When
curing or post-curing of an adhesive takes place at a temperature below Ty, Tyincreases as the
curing temperature increases. On the contrary, when curing or post-curing of an adhesive takes
place at a temperature above Tg~, Ty decreases as the curing temperature increases
[195,197,199]. This change in epoxy Tyis due to possible variations in the degree of cross-linking
(i.e. possible thermal degradation or oxidative cross-linking) in the epoxy adhesive
[9,149,189,201,202]. Based on this, and according to experimental results, for the epoxy
adhesive studied in this paper, the curing temperature that leads to the fully cured network
(Ty) should be between 50 °C and 70 °C. Table 5.2 summarizes the experimental values of the

Ty and its percentages of variation with respect to reference specimen (specimen TG-C-20).
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Figure 5.5. (a) Results from DSC tests and (b) Evolution of Ty as a function of the curing and

post-curing temperatures.

Table 5.2. Experimental values of Ty from DSC tests.

Specimens ID TG-C-20 TG-C-50 TG-C-70 TG-PC-50 TG-PC-70
T4(°C) 54.9 59.4 47.1 63.5 49.6
Difference with Ty at 20 °C (%) - 8 -14 16 -10

5.3.2 Effect of testing temperature on mechanical properties

In this section, results from tension and compression tests on specimens of Group 2 are
presented and analyzed to study the effect of testing temperature on mechanical properties of
the epoxy adhesive.

Regarding to the tension tests, Figure 5.6a shows the axial tensile stress versus strain curves,
for one representative specimen of each testing temperature. From Figure 5.6a it can be
observed that specimen tested at room temperature (TT-TEN-20) showed an almost perfect
linear behavior up to failure. With the application of higher testing temperature (but still below
Tg), the initial linear behavior was followed by a non-linear one before specimen’s failure. Lately,
when testing temperature was beyond Ty, the stress-strain curves became highly non-linear and
properties were greatly affected, as a result of the rubbery behavior of the epoxy. Same

behavior was observed in [8,187-190].
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Figure 5.6. Effect of testing temperature on tensile mechanical properties of the epoxy resin: (a)

Representative stress-strain curves and (b) Evolution of tensile strength and elastic modulus.

Experimental results in terms of tensile strength and elastic modulus are presented in Table
5.3 and Figure 5.6b. It can be observed that, the increase of the testing temperature was
followed by a monotonic decrease in tensile strength and elastic modulus, with the most
remarkable reduction taking place when testing temperature changed from 50 °C to 60 °C
(epoxy Ty being within this range of temperatures). From this testing temperature on, the elastic
modulus was almost negligible. These results are in agreement with previous studies on cold-
curing epoxy adhesives [8,192].

According to the test matrix (Table 5.1), two additional configurations were considered
whose curing included a one-day post-curing (specimens TT*-TEN-50 and TT*-TEN-70 in Table
5.1 and red line in Figure 5.1b). As mentioned before, the process of heating prior to testing
should be considered as a post-curing and therefore, in specimens TT*-TEN-50 and TT*-TEN-70
two cycles of post-curing were applied. According to the experimental results, no significant
effect of an extra cycle of post-curing was observed in the tensile strength and elastic modulus
of the epoxy resin (see Figure 5.7 and Table 5.3). This might be a sign of the resin achieving a
stable situation after the first post-curing, so that no additional evolution of the mechanical
properties was possible. A representative typical failure mode under tension test (rupture near

to the midspan of the specimens) is shown in Figure 5.8a.
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Table 5.3. Tensile strength and elastic modulus for specimens tested at different temperatures

(average * standard deviation).

Tensile strength, Elastic modulus,
Specimens ID fuepoxy [fuepoxy 201 Eepoxy / Eepoxy_20*
fuepoxy (MPa) Eepoxy (MPa)

TT-TEN-20 28.0+0.1 - 8102.4 £ 67.0 -

TT-TEN-40 23.0+0.2 0.82 5520.8+179.0 0.68
TT-TEN-50 19.6 £ 0.7 0.70 4289.6 +100.7 0.53
TT*-TEN-50 19.7+0.3 0.70 4128.7+0.1 0.51
TT-TEN-60 6.9+0.2 0.25 673.2+245 0.08
TT-TEN-70 2.7+0.1 0.10 271.5+129 0.03
TT*-TEN-70 2.8+0.0 0.10 2739+21 0.03
TT-TEN-85 1.9+0.0 0.07 2475+1.8 0.03

1Defined as the ratio between the property value under the specific curing process and the reference

property value (i.e. TT-TEN-20 tested at 20 °C)

Figure 5.7. Effect of additional post-curing on tensile mechanical properties of specimens in
Group 2: (a) Representative stress-strain curves and (b) Evolution of tensile strength and elastic

modulus.

Figure 5.8. Typical failure modes: (a) Tension test and (b) Compression test.
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In addition to tensile properties, behavior under compression was also evaluated under
different testing temperatures. Figure 5.9a shows the compressive load versus deflection curves
for one representative specimen of each testing temperature. Although one strain gauge was
installed in every specimen, the peeling of specimen external surface invalidated the registered
data. Therefore, deflections presented in Figure 5.9a correspond to the movement between
grips of testing machine. In general, as observed in tension tests, the increase in the testing
temperature was followed by a more flexible response and a decrease of the ultimate

compressive load.

Figure 5.9. Effect of testing temperature on compressive mechanical properties of the epoxy
resin: (a) Representative load-deflection curves and (b) Compressive strength and ultimate

compressive load.

Averaging the experimental value of ultimate compressive load over the initial area of
contact allowed determining the compressive strength of each specimen. Experimental results
of compressive properties (ultimate compressive load and compressive strength) are presented
in Table 5.4 and Figure 5.9b. According to these results, compressive strength was almost halved
for testing temperatures equal to 60 °C, and the reduction rate highly increased beyond 60 °C.

With the aim at analyzing the possible effect of the inclusion of an extra cycle of post-curing
phase in the curing process of the specimens, and similar to what was done for tension tests,
two additional configurations were considered (specimens TT*-COM-50 and TT*-COM-70 in
Table 5.1 and red line in Figure 5.1b). According to experimental results presented in Table 5.4
and Figure 5.10, the extra cycle of post-curing resulted in a small variation in the ultimate
compressive load and compressive strength, which can be attributed to typical scatter in
experimental results.

A representative typical failure mode of the compressive specimens is shown in Figure 5.8b.
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Table 5.4. Ultimate compressive load and compressive strength for specimens tested at

different temperatures (average + standard deviation).

Compressive Compressive
Specimens ID load, Feuepoxy Feuepoxy /Feuepoxy_20t  strength, Ocuepoxy  Ocuepoxy /Ocu epoxy_20*
(kN) (MPa)

TT-COM-20 128.4+0.4 - 79.9%0.1 -
TT-COM-40 96.9+4.7 0.75 60.5+2.6 0.76
TT-COM-50 79.3+1.7 0.62 49.0+0.6 0.61
TT*-COM-50 82.2+0.7 0.64 51.8+0.5 0.65
TT-COM-60 70.6+1.8 0.55 442+1.0 0.55
TT-COM-70 38.9+0.7 0.30 244+0.1 0.31
TT*-COM-70 36.1+1.6 0.28 224+0.7 0.28
TT-COM-85 159+1.2 0.12 9.9+0.7 0.12

1Defined as the ratio between the property value under the specific curing process and the reference

property value (i.e. TT-COM-20 tested at 20 °C)

Figure 5.10. Effect of additional post-curing on compressive mechanical properties of

specimens in Group 2.

5.3.3 Effect of curing temperature on mechanical properties

With the aim at analyzing the effect of curing temperature on the mechanical properties of
the epoxy resin, results on specimens of Group 3 are presented and discussed in this section.
Experimental results in terms of tensile strength and elastic modulus of epoxy cured at

different temperatures are presented in Figure 5.11 and Table 5.5, and compared to results on
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specimens TT-TEN-20, belonging to Group 2, which were cured and tested at 20 °C. From this
comparison it can be observed that curing the specimens at -15 °C (CT-TEN-(-15)) had no
significant effect on epoxy tensile strength and had some detrimental effects on the elastic
modulus. The application of -15 °C during curing, in fact, postponed the initiation of curing, as 7
days after being casted, epoxy resin was still soft. Same observations were reported in
[149,204]. These observations suggest that, due to cold temperature postponing the initiation
of curing, suitable considerations should be taken into account in the cold weather regions to
facilitate the adhesive curing process.

According to experimental results on tensile strength and elastic modulus, the increase of
curing temperature below Ty~ promotes the increase of cross-linking, which results in the
increase of the performance of the adhesive (specimen CT-TEN-50). On the contrary, curing at
temperatures above Ty possibly produces thermal degradation on the adhesive, which results
in a decrease of its mechanical properties (specimen CT-TEN-70). These results confirm that

mechanical properties and the Ty properties have similar behaviors.

Figure 5.11. Effect of curing temperature on tensile mechanical properties of the epoxy resin:

(a) Representative stress-strain curves and (b) Evolution of tensile strength and elastic modulus.

In addition to previous specimens, two more configurations were also tested whose curing
process was followed by a one-day post-curing (specimens CT*-TEN-50 and CT*-TEN-70).
Experimental results on tension tests presented in Table 5.5 and Figure 5.12 revealed that the
post-curing process did not highly affect the mechanical properties of the adhesive used in this
experimental program. It should be mentioned that a large scatter in experimental results on
elastic modulus can be observed for the specimen with an additional post-curing (specimens
CT*-TEN-50 and CT*-TEN-70). These results, along with experimental results on specimens of

Group 2 having an additional post-curing process (TT*-TEN-50 and TT*-TEN-70), indicate that
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the application of a post-curing process at a temperature equal to that of the curing process

produces no evolution in mechanical properties, because of the stability in the epoxy resin.

Figure 5.12. Effect of additional post-curing on tensile mechanical properties of specimens in
Group 3: (a) Representative stress-strain curves and (b) Evolution of tensile strength and elastic

modulus.

Table 5.5. Tensile strength and elastic modulus for specimens cured at different temperatures

(average * standard deviation).

Specimens Tensile strength, Elastic modulus,
fuepoxy [fuepoxy 20t Eepoxy / Eepoxy_20t
ID fuepory (MPa) Eepoxy (MPa)

CT-TEN-(-15) 27.7+0.7 0.99 7601.9 £56.3 0.94
TT-TEN-20 28.0+0.1 - 8102.4 £ 67.0 -
CT-TEN-50 315+1.0 1.13 7992.0 £372.8 0.99

CT*-TEN-50 29.8+0.1 1.06 71249 +£516.1 0.88
CT-TEN-70 30.3+1.1 1.08 6892.5+176.4 0.85

CT*-TEN-70 29.0+2.2 1.04 6808.0 + 60.2 0.84

1Defined as the ratio between the property value under the specific curing process and the reference
property value (i.e. TT-TEN-20 tested at 20 °C)

Compression tests were also performed to study the possible influence of curing temperature
on the compressive mechanical properties of the epoxy resin. Results of these tests are
presented in Table 5.6 and Figure 5.13a. The increase in the curing temperature to values below
epoxy Ty (i.e. up to 50 °C of the present experimental program) resulted in a monotonic increase
of epoxy ultimate compressive load and compressive strength. On the other hand, when curing
temperature was beyond epoxy Ty (i.e. 70 °C), a decrease in the compressive mechanical
properties was observed. Besides, and according to results on additional specimens with one-
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day post-curing (specimens CT*-COM-50 and CT*-COM-70), no significant differences were
observed between compressive mechanical properties of specimens with and without the post-

curing process (see Figure 5.13b).

Figure 5.13. (a) Effect of curing temperature on compressive mechanical properties of the epoxy
resin and (b) Effect of additional post-curing on compressive mechanical properties of

specimens in Group 3.

Table 5.6. Ultimate compressive load and compressive strength for specimens cured at

different temperatures (average + standard deviation).

Compressive Compressive
Specimens ID load, Feuepoxy Feu,epoxy / Feuepoxy_20* strength, Ocuepory ~ Ocuepoxy /Ocu,epoxy_20*
(kN) (MPa)

CT-COM-(-15) 120.2+2.0 0.94 76.2+15 0.95
TT-COM-20 1284+0.4 - 79.9+0.1 -
CT-COM-50 128.7+6.2 1.00 83.7+3.6 1.05
CT*-COM-50 127.2+5.4 0.99 83.2+3.0 1.04
CT-COM-70 111.8+1.8 0.87 70.7+1.7 0.88
CT*-COM-70 107.9+6.0 0.84 69.7+25 0.87

1Defined as the ratio between the property value under the specific curing process and the reference

property value (i.e. TT-COM-20 tested at 20 °C)

5.3.4 Effect of post-curing temperature on mechanical properties

In this section, results on mechanical properties of specimens of Group 4 are presented and
discussed, with the aim at analyzing the effect of a post-curing process at different temperatures

(ranging from 20 °C to 85 °C) on mechanical properties of specimens that were previously cured
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at room temperature (i.e. 20 °C). Therefore, specimens TT-TEN-20 and TT-COM-20, from Group
2, are considered as the reference ones.

Experimental results on tensile properties of specimens in Group 4 are presented in Figure
5.14 and Table 5.7, where the mean value and standard deviation are also included. As
highlighted in the literature [189,200,201,205], epoxy adhesives cured at ambient temperature
may suffer from a not complete cross-linking, that can be reactivated with a post-curing process.
This was confirmed by experimental results of Group 4, as tensile strength monotonically
increased with the increase in the post-curing temperature, and elastic modulus tended to a
constant value. However, for post-curing temperatures larger than 60 °C, an abrupt decay in
tensile strength and a more sharped reduction on elastic modulus were observed in specimens
post-cured at 70 °C, thus indicating that Ty- of the adhesive might be in the range of 60 °C to 70
°C. Finally, results on elastic modulus for specimens post-cured at 85 °C continued their

downward trend, whilst a groundless increase in tensile strength was observed.

Figure 5.14. Effect of post-curing temperature on tensile mechanical properties of the epoxy
resin: (a) Representative stress-strain curves and (b) Evolution of tensile strength and elastic

modulus.
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Table 5.7. Tensile strength and elastic modulus for specimens post-cured at different

temperatures (average * standard deviation).

Specimens ID

Tensile strength,

f u,epoxy /f u,epoxy_20 !

Elastic modulus,

Eepoxy/ Eepoxy_zo !

fuepoxy (MPa) Eepoxy (MPa)
TT-TEN-20 28.0+0.1 - 8102.4+67.0 -
PT-TEN-40 295+1.6 1.05 7896.9 +625.5 0.97
PT-TEN-50 303+1.8 1.08 7834.9+ 119.8 0.97
PT-TEN-60 31.3+0.7 1.12 7668.1 + 566.6 0.95
PT-TEN-70 280+1.6 1.00 7212.0 £548.1 0.89
PT-TEN-85 30015 1.07 6584.8 £95.3 0.81

1Defined as the ratio between the property value under the specific curing process and the reference

property value (i.e. TT-TEN-20 tested at 20 °C)

The effect of post-curing on compressive mechanical properties of the epoxy adhesive is

shown in Figure 5.15 and Table 5.8. From Figure 5.15 it can be observed that the increase in the

post-curing temperature from 20 °C to 40 °C resulted in an increase in the ultimate compressive

load and compressive strength. On the other hand, for post-curing temperatures beyond 40 °C,

a decrease in the compressive mechanical properties took place, with no meaningful changes

and results falling within the same range of reference specimen (TT-COM-20).

Figure 5.15. Effect of post-curing temperature on compressive mechanical properties of the

epoxy.
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Table 5.8. Ultimate compressive load and compressive strength for specimens post-cured at

different temperatures (average + standard deviation).

Compressive
Specimens  Compressive load,

Feu,epoxy / Feuepoxy_20* strength, Ocuepoxy  Ocuepoxy /Ocuepoxy_20*
ID Feuepoxy (kN)
(MPa)
TT-COM-20 128.4+0.4 - 79.9+0.1 -
PT-COM-40 140.1+2.7 1.09 88.2+1.7 1.10
PT-COM-50 135.1+2.6 1.05 84.2+1.0 1.05
PT-COM-60 128.4+2.6 1.00 80.8+1.9 1.01
PT-COM-70 130.6+2.6 1.02 81.7+0.3 1.02
PT-COM-85 124.0+2.8 0.97 76.5+2.1 0.96

1Defined as the ratio between the property value under the specific curing process and the reference

property value (i.e. TT-COM-20 tested at 20 °C)

5.4 Conclusion

In the present work, a comprehensive experimental program was performed to evaluate the
effect of temperature (i.e. testing temperature, curing temperature and post-curing
temperature) on the mechanical properties and the Ty of an epoxy adhesive.

From the analysis of the effect of temperature on the measured Ty of the epoxy adhesive
(specimens in Group 1), it can be concluded that curing and post-curing temperature affected
Ty differently depending whether the applied temperature was below or beyond the epoxy Tye.

From the analysis of the effect of testing temperature on mechanical properties of the epoxy
adhesive (specimens in Group 2), the following conclusions can be drawn:

e The falling trend in tensile mechanical properties experienced the largest decrease when
testing temperature exceeded the T, of the epoxy adhesive. Besides, for testing
temperatures beyond 60 ° C, due to complete rubbery state of the epoxy, the elastic
modulus was almost negligible. For the compression tests, this large reduction took place at
the temperature equal 70 °C.

e The inclusion of an extra cycle of post-curing barely affected the mechanical properties of
epoxy specimens.

From the analysis of the effect of curing temperature on mechanical properties of the epoxy

adhesive (specimens in Group 3), the following conclusions can be drawn:
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e Curing temperatures below Ty~ resulted in larger mechanical properties because of the
cross-linking promotion. On the other hand, curing temperatures beyond Ty~ produced a
possible thermal degradation on the adhesive that resulted in a decrease of its mechanical
properties.

e No significant effect of an additional post-curing process was observed. This may be due to
stabilization of epoxy because of post-curing at the same curing temperature.

From the analysis of the effect of post-curing temperature on mechanical properties of the
epoxy adhesive (specimens in Group 4), the following conclusions can be drawn:

e Post-curing the epoxy at a temperature below the temperature that leads to a fully cured
network (near to Ty-) enhanced the mechanical properties because of the reactivation of
cross-linking of the non-complete cured epoxy adhesive.

e The largest benefit of post-curing on epoxy compressive strength took place for post-curing
temperature equal to 40 °C.

The increase in the mechanical properties of epoxy at curing or post-curing temperatures
below or near to the Ty of epoxy can be attributed to the fact that the degrees of cross-linking
between the epoxy’s molecules has increased, thus having the consequence of an increase in

To.
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Abstract

The use of fiber-reinforced polymer (FRP) for flexural strengthening of reinforced concrete
(RC) beams has become a popular strengthening technique. Significant amount of work is
available on the short-term flexural behavior of RC beams strengthened with near-surface
mounted (NSM) technique. However, their time-dependent flexural behavior, specifically under
high service temperature, has not yet been addressed. This paper presents an experimental
work to evaluate the time-dependent behavior of NSM carbon FRP (CFRP)-strengthened RC
beams. The experimental program included 23 beams, where the effect of different parameters
such as strengthening (CFRP) ratio, steel reinforcement ratio and applied temperature (20 °C
and 50 °C) have been considered. Experimental results show that the effect of strengthening
ratio is significant on the flexural short-term response of the beams, while minor effects are
found on the time-dependent deflections. On the other hand, increasing the service
temperature has no significant effect on the short-term tests, but it produces a large increase
in the time-dependent deflection of the specimens. Finally, an analytical procedure for the
prediction of time-dependent deflections, which is based on the age-adjusted effective modulus
method (AEMM), is presented. Good agreement between the experimental results and
analytical predictions on time-dependent deflections is shown.

Keywords: NSM FRP-strengthening, long-term load, service temperature, time-dependent

deflections

6.1 Introduction

Strengthening of reinforced concrete (RC) structures may become necessary due to different
reasons such as increase in the service loads, design code changes, earthquake activities,

deficiencies resulting from environmental effects (e.g. corrosion), changes in the occupancy of
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buildings, etc. [2,3]. In the last decades, fiber-reinforced polymer (FRP) materials have been
accepted to be used in two of the principal strengthening techniques for RC elements, namely
externally bonding reinforcement (EBR) and near-surface mounted (NSM) systems. In the EBR
reinforcing technique, the FRP sheets or laminates are bonded to the tensile concrete surface
of the damaged member. In the NSM technique, grooves are cut in the tensile face of the RC
element where the FRP strips/bars are inserted and bonded. Therefore, due to the confinement
provided by surrounding concrete and epoxy, NSM FRP-strengthening technique is less exposed
to aggressive environment (and other detrimental effects) and less prone to premature
debonding [5,6,30,48].

RC elements are usually subjected to long-term loads that can affect their structural
performance in terms of time-dependent deflections, loading capacity and failure mode [80-
82,206]. Time-dependent deflections are a function of the loading history (and its effect on the
concrete mechanical properties), age of concrete at the time of loading, the magnitude and
duration of the long-term load and material properties. Within material properties, creep and
shrinkage of concrete, which are dependent on environmental conditions, are of main
importance [83].

Significant amount of work has been done to study the time-dependent behavior of EBR FRP-
strengthened RC elements [82,105-110], where different amounts of carbon FRP (CFRP) ratio
and long-term load levels were considered. The results showed that larger time-dependent
deflections were obtained when higher levels of long-term load were applied. Besides, the
contribution of CFRP-strengthening systems to RC elements under flexural long-term loading
was not significant when compared to elements under flexural instantaneous loading [82,107].

Unlike the EBR FRP-strengthened system, few works exist in the literature regarding the time-
dependent behavior of NSM FRP-strengthened RC beams [111-114]. Sena-Cruz et al. [111],
experimentally studied the time-dependent behavior of slab specimens strengthened with NSM
CFRP strips. The load was applied in two steps, first 40% of long-term load was applied for a
duration of 78 days, later the load increased to 100% for a duration of 55 days. The results
showed that the majority of time-dependent deflection occurred at the first step of the loading.
Moawad et al. [114] experimentally studied the time —dependent behavior of different series of
NSM CFRP-strengthened RC beams with different loading histories and sectional properties.
Results showed the influence of the loading sequences and levels of loading in combination with

the other parameters. The specimens with higher concrete strength resulted in a larger ratio of
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time-dependent deflections to instantaneous deflection. Moreover, for the strengthened
specimens with compression steel reinforcement, the effectiveness of NSM strengthening was
more pronounced in reducing the deflections. Finally, the effect of the long-term load on the
residual flexural capacity of NSM CFRP-strengthened RC beams was experimentally studied
[112] and an analytical work to predict the time-dependent response of the specimens was
presented [113]. With increase in the long-term load, the residual capacity of beams decreased.
Furthermore, all specimens failed by end debonding, but for higher long-term load, the end
debonding occurred in longer bonded length with larger bond deterioration. In addition, the
same trend in time-dependent strain evolution in FRP was observed from both experimental
data and analytical procedures.

The structures under long-term loading are usually exposed to temperature variation during
the different seasons of the year. Being epoxy adhesives the most common ones used in NSM
strengthening, and due to their nature, special attention should be given to high service
temperature (near or beyond the glass transition temperature, Ty, of the epoxy adhesive) [7-
9,207]. In this sense, the instantaneous behavior of NSM FRP-strengthened RC beams under
room temperature [49,55,56,75,76,208-211] and elevated temperature (fire conditions)
[161,163,165,166,169] has received considerable attention, but less work has been done on the
effect of high service temperature [36,37,191].

According to the literature, few works have been performed to study the time-dependent
behavior of NSM FRP-strengthened RC members, and, to the best of authors knowledge, none
of them account for the effect of high service temperature on the time-dependent deflections
and structural performance. Therefore, the purpose of the present study is to investigate the
time-dependent behavior of NSM CFRP-strengthened RC beams subjected to room temperature
(20 °C) and high service temperature (50 °C). To this end, a total of 23 beams were cast, where
the effect of different parameters was considered (i.e. level of strengthening (CFRP ratio), steel
reinforcement ratio and applied temperature (20 °C and 50 °C)). Experimental results are
presented and discussed in terms of instantaneous load-deflection curves, time-dependent and
total deflections, time-dependent strain in concrete, failure modes, residual flexural strength of
tested specimens and aging effect. Furthermore, an analytical procedure to predict the time-
dependent deflection in NSM CFRP-strengthened RC beams is presented. The analytical

procedure is based on the age-adjusted effective modulus method (AEMM) [83,84].
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6.2 Experimental program

6.2.1 Test matrix and test setup

The experimental program included 23 RC beams distributed in three series as follows (see
Table 6.1): 10 beams were tested under short-term load and were considered as reference
specimens (Series 1), 10 beams were tested under long-term load to examine their time-
dependent behavior (Series 2) and, finally, 3 beams were cast and rested in the laboratory
(without any loading) to be tested at the end of the long-term experimental program. Series 1
and Series 2 were divided into two groups to evaluate the effect of steel reinforcement ratio (ps
=0.79% and 1.14% for Group 1 and 2, respectively). Group 1 included two control beams and
four NSM CFRP-strengthened RC beams, with two different amounts of CFRP-strengthening,
subjected to 20 °C and 50 °C. In Group 2, two control beams and two NSM CFRP-strengthened
RC beams, strengthened with three CFRP strips, were subjected to 20 °C and 50 °C.

Specimens’ designation reads X-Y-Z-T, where X indicates the type of loading (ST standing for
short-term load, LT standing for long-term load and AG meaning aging effect). Moreover, Y
denotes the type of beam (CB meaning control beam, and SB1S and SB3S referring to
strengthened beams with one and three CFRP strips, respectively). Furthermore, Z indicates the
Group that specimen belongs to (i.e. thus indicating the steel reinforcement ratio). Finally, T
stands for the testing temperature. For instance, ST-CB-1-20, refers to the control beam in
Group 1 (ps = 0.79%) tested under short-term loading at 20 °C. Furthermore, LT-SB3S-2-50 refers
to a beam strengthened with three CFRP strips from Group 2 (ps = 1.14%) and tested under long-
term loading at 50 °C.

The beams were tested under a four-point bending configuration (see Figure 6.1). The
sectional dimensions of the beams were 140 x 180 mm and the total and clear length of
specimens were 2400 mm and 2200 mm, respectively. Specimens in Group 1 were reinforced
with two steel rebars with a diameter of 10 mm and two steel rebars with a diameter of 6 mm

in the tension and compression side of the beam, respectively (ps = 0.79%).
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Table 6.1. Text matrix for long-term loading.

Testing Temperature

Steel reinforcement

Total CFRP area

Series Loading type Grou Beam ID No. of CFRP strips
8P P () ratio, p: (%) P (mm?)

ST-CB-1-20 20 - -
ST-CB-1-50 50 - -
ST-SB1S-1-20 20 1 14

Group 1 0.79
ST-SB1S-1-50 50 1 14
ST-SB3S-1-20 20 3 42

Series 1 Short-term

ST-SB3S-1-50 50 3 42
ST-CB-2-20 20 - -
ST-CB-2-50 50 - -

Group 2 1.14
ST-SB3S-2-20 20 3 42
ST-SB3S-2-50 50 3 42
LT-CB-1-20 20 - -
LT-CB-1-50 50 - -
LT-SB1S-1-20 20 1 14

Group 1 0.79
LT-SB1S-1-50 50 1 14
. LT-SB3S-1-20 20 3 42

Series 2 Long-term

LT-SB3S-1-50 50 3 42
LT-CB-2-20 20 - -
LT-CB-2-50 50 - -

Group 2 1.14
LT-SB3S-2-20 20 3 42
LT-SB3S-2-50 50 3 42
AG-CB-1-20 20 - -
Series 3 Aging Groupl AG-SB1S-1-20 20 0.79 1 14
AG-SB3S-1-20 20 3 42
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In Group 2, rebars with a diameter of 12 mm and 8 mm were used in tension and compression
side of the beam, respectively (ps= 1.14%). To avoid shear failure, stirrups with a diameter of 8
mm were placed every 75 mm in all beams. Furthermore, to strengthen the beams in flexure,
and following fib Bulletin 90 [1] recommendations, grooves with dimensions of 6 x 15 mm were
cut in the soffit of the beams, and strips with dimensions of 1.4 x 10 mm were introduced using
an epoxy adhesive. Moreover, a 5 x 15 mm notch was created in the midspan of all beams to
act as a crack initiator. For Series 1 and 3 (short-term load before and after aging), the flexural
test was performed under displacement control at a rate of 0.6 mm/min, whereas for Series 2

(long-term load), concrete blocks and steel plates were used as deadweight (see Figure 6.1b).

Figure 6.1. Details of the tested beams: (a) Short-term setup, (b) Long-term setup and (c)

Beam sections (dimensions in mm).
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6.2.2 Instrumentation

Beam instrumentation is shown in Figure 6.2. A set of linear vertical displacement
transducers (LVDTs) were placed in the beam to register the movement of the beam. One LVDT
was used in the midspan of the beam to measure the central deflection (LVDT1). In Series 1 and
3 (subjected to short-term loading), two LVDTs (LVDT 2 and 3) were placed at supports sections
to measure the supports settlement. In addition to LVDTs, one strain gauge was installed in the

midspan of the specimens to register the strain at the top fiber of concrete (SGc).

Figure 6.2. Beams instrumentation: Position of the linear vertical displacement transducers

(LVDTs), concrete strain gauges, temperature gauges, heating system and insulation system.

In those specimens subjected to the temperature, heating blankets (installed to the soffit of
the beam) were used to heat up the beams up to the target temperature (i.e. 50 °C). The heating
process was controlled by proportional integral derivative (PID) controller, and Type-T
thermocouples, installed between the heating blanket and the soffit of the beam, were used as
temperature controller sensor. In order to ensure a better heat distribution along the beam, an
isolation system was used. To monitor and record the temperature during the heating process
and flexural testing, different temperature gauges were installed on concrete surface at the top
and bottom of the beam, on the surface of the CFRP (it was installed before introducing FRP into
the grooves) and on the surface of epoxy adhesive (see Figure 6.2). The beams were left to be
heated-up for 24 hours prior to testing (in both short-term and long-term load) until the average
temperature in the soffit of the beam was stabilized to the target value. A general view of short-

term and long-term load setup is shown in Figure 6.3.
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Figure 6.3. General view of experimental setup and heating system: (a) Short-term load setup

and (b) Long-term load setup.

6.2.3 Temperature and humidity

Registration of laboratory conditions (temperature and humidity) started the day of concrete
casting and continued till the end of the experimental program. An average temperature and
humidity of 19.6 °C and 64% were registered, respectively (see Figure 6.4a). In addition, the
evolution of temperature and humidity of beams under 50 °C was registered during the heating
(24 hours prior to testing) until the end of the long-term loading. Average values for

temperature and humidity read 50.4 °C and 16%, respectively (see Figure 6.4b).

Figure 6.4. Registers on temperature and humidity: (a) Laboratory condition and (b) Inside the

beam at 50 °C.
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6.2.4 Materials

Concrete

The specimens were cast in the structural laboratory with ready-mix concrete. The cement
type was 1-42.5R, with a content of 390 kg/m3. The maximum aggregate size was 12 mm, and
the water/cement ratio was 0.41. A viscosity modifier and underwater admixture were used to
improve workability. In order to determine the mechanical properties of concrete, cylinder
specimens with 300 mm nominal height and 150 mm nominal diameter were used. The
compressive strength (fc), tensile strength (f:) and modulus of elasticity (Ec) of the concrete were
determined according to UNE-EN 12390-3 [137], UNE-EN 12390-6 [138], and ASTM C469 [139]

standards, respectively. The mechanical properties of concrete at different ages is summarized

in Table 6.2.
Table 6.2. Concrete mechanical properties.
Concrete age Compressive strength, f. Tensile strength, f; Modulus of elasticity, E.
(days) (MPa) (MPa) (GPa)
902 48.1 (2.3%)¢ 3.7 (6.0%)¢ 41.2 (5.3%)¢
200b 48.3 (2.2%)¢ 3.7 (9.0%)¢ 41.9 (4.5%)¢
430¢ 53.7 (0.8%)¢ 3.6 (9.4%)¢ 47.6 (1.9%)¢

2 Age at short-term test of Series 1

b Age at long-term test of Series 2

¢ Age at residual flexural test of Series 2 and short-term test of Series 3
d Coefficient of variation (CoV) indicated in brackets.

The time-dependent behavior of the concrete was determined according to ASTM C512-02
[140]. To this end, four cylindrical specimens (150 mm diameter and 450 mm height) with an
embedded strain gauge were manufactured. Two of the four cylinders were kept at 20 °C and
the other two were heated up to 50 °C. Each pair of concrete cylinders was stacked on a loading
frame and loaded with a long-term load level of 0.35fc (the same long-term load level in all
specimens). The long-term load was applied at the same time as the beams.

To measure free shrinkage strain in concrete (&sn), two concrete prisms, having the same
concrete beam section (180 x 140 mm) and 1 m length, were instrumented with an embedded
strain gauge and left unloaded at the same temperature and humidity as beam specimens. The
strain evolution with time for both shrinkage specimens (at 20 °C and 50 °C) is shown in Figure
6.5a. For the specimen submitted to 50 °C, heating started at the same time as heating of the
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long-term specimens (Series 2). The effect of heating on concrete shrinkage is clearly visible. In
the shrinkage specimen subjected to 50 °C, the thermal strain was also considered in the strain
registration. Registers of maximum shrinkage at the end of long-term loading are summarized
in Table 6.3, with shrinkage corresponding to the heated specimen being 35% higher than that
of the specimen at laboratory conditions.

The concrete creep coefficient was obtained according to Eq. (6.1):

gc(t' to) - scs(t' to) — & (to)
sci(to)

where t is the loading time, to is the concrete age at the start of loading, ¢« (t,to) is the concrete

(6.1)

Pc (t' tO) =

creep coefficient, & (t,to) is the total concrete strain, . (t,to) is the concrete shrinkage strain
and & (to) is the instantaneous concrete strain caused by the long-term load.

Due to technical issues in the setup of the concrete creep specimen subjected to 50 °C, the
concrete creep coefficient was experimentally determined only for specimens at 20 °C (see
Figure 6.5b). Existing formulation from fib Model Code 2010 [83] was used to estimate the
concrete creep coefficient for the concrete at 50 °C. Experimental values and analytical
prediction of concrete creep coefficient are presented in Table 6.3. For comparison purposes,
analytical prediction on concrete creep coefficient of specimen subjected to 20 °C is also

included.

Figure 6.5. Experimental time-dependent behavior of concrete: (a) Strain in shrinkage

specimens at 20 and 50 °C and (b) Creep coefficient at 20 °C.
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Table 6.3. Concrete creep coefficient and shrinkage strain.

Concrete creep coefficient, ¢

Temperature Experimental shrinkage
fib Model Code 2010
(°C) Experimental strain, s (L€)
[83]
20 0.80 0.60 563
50 -1 2.64 759

I Not available due to failure in setup.

Steel reinforcement

Mechanical properties of steel bars were obtained from tension tests based on UNE-EN ISO
15630-1 [141]. The yielding strength (fy), the ultimate strength (fu) and the modulus of elasticity
(Es) were 586.4 MPa (CoV=2.3%), 707.7 MPa (CoV=1.7%) and 205.1 GPa (CoV=1.0%)

respectively.

CFRP strips

CFRP strips, consisting of unidirectional carbon fibers (with a volume content fiber higher
than 68%) held together by an epoxy vinyl ester resin matrix, were used for strengthening the
specimens [20]. The mechanical properties of the CFRP strips were obtained according to 1SO
527-5 [142] recommendations. An ultimate tensile strength (fu,rre) of 2251.4 MPa (CoV = 3.2%),
an ultimate tensile strain (gurre) of 0.0133 (CoV = 7.2%), and a modulus of elasticity (Erre) of

169.5 GPa (CoV = 6.3%) were obtained [191].

Epoxy adhesive

The adhesive used in this study is a high performance, solvent-free, thixotropic, and grey two-
component epoxy adhesive specially developed for bonding CFRP to concrete under the
commercial name of S&P 220 HP. According to the manufacturer’s product data sheet [143],
the components A (resin) and B (hardener) should be mixed at a ratio of 2:1 by weight, and the
suggested curing duration is 7 days. Tensile properties of the epoxy adhesive were determined
by 1ISO-527-1 [144] specifications (see Table 6.4) [207]. To evaluate the effect of temperature on
mechanical properties of the epoxy, the specimens were tested under 20 °C and 50 °C. The
tensile strength (fuepoxy) and elastic modulus (Eepoxy) at 50 °C decreased by 30% and 47%,
respectively, when testing temperature changed from 20 °C to 50 °C. Moreover, the glass

transition temperature (Ty) of epoxy was also determined with differential scanning calorimetry
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(DSC) [145] and dynamic mechanical analysis (DMA) [146]. According to test results, the T, of
epoxy was in the range of 53.9 °C—65.3 °C [191].

Table 6.4. Mechanical properties of epoxy adhesive [207].

Testing temperature (°C)  fu,epoxy (MPa) Furepory-50 ] Fuepoxy-20 Eepoxy (MPa) Eepoxy-50 / Eepoxy-20
20 28.0 (0.4%)° X 8102.4 (0.8%)> -
50 19.6 (3.6%)> 4289.6 (2.3%)? 0.53

0.7
a Coefficient of variation (CoV) indicated in brackets.

The creep coefficient of epoxy adhesive (@epoxy) Was also evaluated at 20 and 50 °C (see Figure
6.6). Three levels of long-term load (causing 20%, 40% and 60% of epoxy ultimate strain, 0.0035,
obtained from tensile test) were applied to the specimens for a duration of 40 days (1000 h),
which is similar to the duration used in the literature [7,101,103,104]. The long-term loading
was applied through a gravity loading system with a lever arm with a magnification factor of 4
[7,212]. The temperature and humidity conditions applied during the epoxy tensile creep tests
were the same as those of the beams. For each temperature, two specimens were tested, and
all specimens included two strain gauges (one at each side). The creep coefficient of epoxy
adhesive was obtained according to Eq. (6.2):

Eepoxy (tr to) — Eepoxy (to)
Eepoxy (to)

(pepoxy(t; to) = (6.2)

where €gepoxy (t,to) is the epoxy adhesive strain with time and gepoxy (to) is the epoxy adhesive
strain at the loading moment.

According to experimental results, epoxy creep coefficient at 20 °C was affected by the
sudden drop in humidity and temperature in the laboratory taking place around 200 hours after
loading (see Figure 6.6a). Besides, specimens tested at 50 °C failed after a few hours of loading

(see Figure 6.6b).
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Figure 6.6. Creep coefficient of epoxy adhesive at: (a) 20 °C and (b) 50 °C.

6.2.5 Test procedure

In this experimental program, 4 loading stages were considered. In stage 1, the beams of
Series 1 were tested under four-point bending configuration (see Figure 6.1a) to obtain their
short-term flexural response. Tests were performed under displacement control mode at a rate
of 0.6 mm/min.

In stage 2, prior to long-term test, beams were subjected to pre-loading in order to ensure a
level of cracking corresponding to the service load. To this end, beams in Series 2 were subjected
to two loading/unloading cycles up to service load level, Psr. The service load was calculated by
limiting the stress in compressed concrete (0:<0.6fc) and steel reinforcement (0s<0.8fy) [155].
For this pre-loading stage, the same test setup and loading rate as in stage 1 was used.

In stage 3, after the pre-loading, specimens in Series 2 were moved to the long-term loading
frames (Figure 6.1b) and the long-term load was applied for a duration of 200 days. The long-
term load was chosen to obtain a concrete compressive stress of 0.35 fc, so that linear creep
behavior of concrete was ensured by being under the fib Model Code 2010 limitation [83].

Finally, in stage 4, and after the long-term test, specimens in Series 2 were tested up to failure
to evaluate their residual flexural strength. Additionally, specimens of Series 3, that were resting
in the laboratory for aging, were tested to obtain their short-term flexural response. In this

stage, the same test setup and loading rate as in stages 1 and 2 was used.
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6.3 Experimental results and discussions

6.3.1 Short-term tests results

Results of short-term flexural tests (Series 1) are presented in Figure 6.7 in terms of load
versus midspan deflection curves. In each curve, three phases can be distinguished: i) an initial
linear behavior representing the elastic behavior of the uncracked element; ii) a second phase,
starting at the cracking load (P.r), where stiffness decreases and load can be increased up to
yielding of steel reinforcement; and iii) a post-yielding phase up to failure. For the case of
unstrengthened beams (CB), no significant differences between yielding load (Py) and ultimate
load (P.) exist. For the case of strengthened beams, load can be further increased after steel
yielding until the ultimate load. Experimental results of short-term tests (Series 1) are presented
in Table 6.5. As a general result, the increase in the CFRP-strengthening ratio produces an
increase in stiffness in the post-cracking and post-yielding stages, which results in larger yielding
loads, Py, and ultimate loads, Pu. According to results presented in Table 6.5, larger benefits of
the CFRP-strengthening system were obtained in beams with lower steel reinforcement ratio,
as expected and depicted by the comparison between the strength increase ratios of specimens
in Groups 1 and 2. Finally, no significant effect of temperature is visible in the load-deflection
curves. The similarity in short-term responses between specimens tested at 20 °C and 50 °C can
be attributed to the fact that 50 °C was below the T, of the epoxy (53.9 °C < Ty < 65.3 °C) and

epoxy adhesive was post-cured and therefore its mechanical properties improved [9,191,207].

Figure 6.7. Load-deflection curves of specimens in Series 1: (a) Group 1 (ps = 0.79%) and (b)

Group 2 (ps = 1.14%).
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Table 6.5. Experimental results of specimens in Series 1 under short-term load.

Specimen ID P (kN) Py (kN) P, (kN) Strength increase ratio @ Failure mode b
ST-CB-1-20 7.43 30.75 34.28 - cc
ST-CB-1-50 7.00 30.00 33.57 - CC

ST-SB1S-1-20 7.82 36.88 45.50 1.33 FR

ST-SB1S-1-50 6.00 35.36 45.15 1.34 FR

ST-SB3S-1-20 8.85 46.50 71.40 2.08 FR

ST-SB3S-1-50 6.75 45.25 70.00 2.09 FR
ST-CB-2-20 6.70 37.89 41.84 - cc
ST-CB-2-50 5.95 38.71 42.10 - CC

ST-SB3S-2-20 9.60 53.36 75.10 1.79 FR

ST-SB3S-2-50 8.20 51.00 77.68 1.85 FR

aRatio of ultimate load of strengthened beam to ultimate load of the control unstrengthened beam of
the same group.
b CC = concrete crushing after steel yielding; FR = FRP rupture.

Representative images of failure modes are shown in Figure 6.8. Unstrengthened control
beams, with and without temperature, failed by concrete crushing (CC) after steel
reinforcement yielding. Besides, all strengthened beams failed by FRP rupture, irrespective of
the applied temperature and the CFRP-strengthening ratio, and no premature bond failure took
place. It should be mentioned that results may change if different test configurations and/or

larger temperatures were applied [191].

Figure 6.8. Representative views of failure modes of specimens in Series 1.

6.3.2 Pre-loading

Before the application of the long-term load, specimens of Series 2 were subjected to a pre-
loading stage, consisting in two cycles of loading/unloading. First, the specimens were loaded
up to the service load level (Pser); then, two cycles were applied between the minimum load (2

kN) and maximum load (service load). Table 6.6 shows the experimental data from the pre-
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loading stage for all of the specimens in Series 2. Finally, the specimens were rested to relax at
laboratory conditions for 1 day prior to the application of the long-term load. Deflections were
continuously registered, even during the relaxation period, so that the permanent deflection
after a one-day relaxation (6p,0) could be computed. Figure 6.9 presents representative load-
deflection curves for the pre-loading process of LT-SB3S-1-20 and LT-SB3S-2-50. In this Figure,

P.7 stands for level of long-term load to be applied in long-term tests.

% i ' % P =30.0 kN
ser= :
P_ =27.1kN ~
30 | ser N 30
25 25
Z 20 Z20¢
= S|P =158kN
B1slp BasF
l « 2 |
10 | 10
51 1 5
. ——LT-SB3S-1-20| . |—LT-sB3s-2-50/ |
0 2 4 6 8 10 0 2 4 6 8 10
(a) Deflection (mm) (b) Deflection (mm)

Figure 6.9. Representative load-deflection curves for pre-loading process for specimens: (a) LT-

SB3S-1-20 and (b) LT-SB3S-2-50.

Table 6.6. Experimental results for pre-loading stage in Series 2.

Specimen ID Pser (kN) P (kN) 6p,0 (mm)
LT-CB-1-20 2.14
204
LT-CB-1-50 2.14
LT-SB1S-1-20 2.21
24.8 13.8 .
LT-SB1S-1-50 2.32
LT-SB3S-1-20 1.93
e — 27.1 FE
LT-SB3S-1-50 1.93
LT-CB-2-20 2.22
26.5 -
LT-CB-2-50 2.05
15.8
LT-SB3S-2-20 1.86
I 30.0 -
LT-SB3S-2-50 1.67

6.3.3 Time-dependent tests results

Following the pre-loading stage, beams in Series 2 were placed according to the setup shown

in Figure 6.1b to be tested under long-term loading. The vertical transducer at midspan section
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allowed registering the evolution of deflection due to long-term load. Similarly, the evolution of

concrete strains was also recorded.

Deflections

The evolution of the total deflection (6tr) with time is presented in Figure 6.10. The total
deflection results from the addition of the permanent deflection after pre-loading stage (6p,0),
the instantaneous deflection after the application of the long-term load (6ins) and the time-
dependent deflection due to long-term load (8ts). The markers in the vertical axis in Figure 6.10
represent the permanent deflection after pre-loading stage (6p,0). Additionally, time-dependent
deflections (6t4) are presented in Figure 6.11. According to experimental results, summarized in
Table 6.7, the increase of the CFRP-strengthening ratio in specimens tested at 20 °C resulted in
a decrease in the three components of the total deflection (i.e. 6p,0, dins and 6:a), irrespective of
the steel reinforcement ratio. This is due to the increase in the tensile reinforcement stiffness
and due to the same long-term load being applied in all specimens of the same group (i.e. long-
term load to be applied was the same for control specimens and specimens with CFRP-

strengthening).

Figure 6.10. Total deflection of beams in Series 2: (a) Group 1 (ps = 0.79%) and (b) Group 2 (ps =
1.14%).

131



Figure 6.11. Time-dependent deflection of beams in Series 2: (a) Group 1 (ps = 0.79%) and (b)
Group 2 (ps = 1.14%).

Experimental results on specimens tested at 50 °C revealed that the application of a high
service temperature (50 °C) did not have remarkable effects on the instantaneous deflection
after the application of the long-term load (6ins), when compared to that of specimens at 20 °C.
However, the application of high service temperature had a clear effect on time-dependent
deflections (6w), irrespective of the steel reinforcement ratio. In this sense, in Group 1, the time-
dependent deflection in unstrengthened control beam (LT-CB-1-50) increased by 60% because
of the application of 50 °C, and this percentage increase up to 85% for strengthened beams with
either one or three strips (i.e. LT-SB1S-1-50 and LT-SB3S-1-50). Likewise, in Group 2, the time-
dependent deflection increased by 86% and 100% in unstrengthened control beam (LT-CB-2-50)
and strengthened beam (LT-SB3S-2-50), respectively. It should be mentioned that similar time-
dependent deflections were obtained within the same Group of specimens tested at 50 °C, so
that the time-dependent response of the strengthened beams approached to the
unstrengthened beam.

An initial explanation lies in the larger concrete time-dependent properties (i.e. shrinkage
and creep coefficient) at 50 °C. Based on experimental values for concrete shrinkage in prism
specimens (see Figure 6.5a), the total shrinkage of the specimens from the day of loading
increased from 100 pe at 20 °C to 240 pe at 50 °C. Furthermore, according to analytical
predictions presented in Table 6.3, concrete creep coefficient increased from 0.60 to 2.64,
showing a 340% difference. A secondary cause can be the detrimental effect of temperature on
both instantaneous and time-dependent mechanical properties of the epoxy adhesive. In this

sense, short-term values of epoxy tensile strength (fu,epoxy) and elastic modulus (Eepoxy) decreased

132



by 30% and 47%, respectively, when epoxy was submitted to 50 °C (see Table 6.4). Additionally,
higher creep coefficients were found for epoxy at 50 °C (see Figure 6.6). Nevertheless, it should
be mentioned that the effect of higher temperature on the time-dependent behavior of
concrete seems to be dominant, as the time-dependent deflections of the unstrengthened
control beams in Groups 1 and 2 subjected to temperature (i.e. LT-CB-1-50 and LT-CB-2-50) were
increased by 60% and 86%, respectively.

It should be mentioned that the fluctuations observed in the evolution of deflection at 20 °C
(Figures 6.10 and 6.11) were probably due to large humidity variations taking place at the
structural laboratory (see Figure 6.4a). For the case of heated specimens (submitted to 50 °C),
minimum fluctuations in humidity were observed, because of the good performance of the
heating and isolation systems (see Figure 6.4b).

The normalized deflections of the specimens (8ot / Sins tot), Where Sins,tot = Sins + 8p,0, are shown
in Figure 6.12. According to experimental results, larger normalized deflections were obtained
in specimens strengthened with three strips, and similar normalized deflections were obtained
for beams strengthened with one strip and their counterpart unstrengthened beam. This is due
to lower instantaneous deflections (&instor) for beams with three strips and similar time-
dependent deflections (6:) for beams within the same Group. This effect is more clear when

deflections of specimens under 50 °C are analyzed.

Figure 6.12. Ratio of total to instantaneous deflection of beams in Series 2: (a) Group 1 (os =

0.79%) and (b) Group 2 (ps = 1.14%).
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Table 6.7. Deflections from long-term load.

Deflections (mm)

Specimen ID btot / Gins,tot
Sins Sins tot = Oins + Op,0 Std,max® Stot = Oins,tot + Otdmax
LT-CB-1-20 431 6.45 1.44 7.89 1.22
LT-CB-1-50 4.36 6.50 2.31 8.81 1.36
LT-SB1S-1-20 4.15 6.36 1.24 7.6 1.19
LT-SB1S-1-50 4.31 6.63 2.30 8.93 1.35
LT-SB3S-1-20 3.16 5.09 1.18 6.27 1.23
LT-SB3S-1-50 3.48 5.41 2.20 7.61 1.41
LT-CB-2-20 4.39 6.61 1.17 7.78 1.18
LT-CB-2-50 4.55 6.60 2.18 8.78 1.33
LT-SB3S-2-20 3.17 5.03 1.07 6.1 1.21
LT-SB3S-2-50 3.44 5.11 2.14 7.25 1.42

a Maximum time-dependent deflection from Figure 6.11

Concrete strain

The total and time-dependent strain at the top fiber of concrete at the midspan section (see
the position of SGc in Figure 6.2) is shown in Figures 6.13 and 6.14 respectively. Similar to
evolution of total and time-dependent deflections, strengthening with larger amounts of CFRP
ratio resulted in a reduction in total and time-dependent concrete strain. In addition, the
application of high service temperature produced a sharp increase in the time-dependent
concrete strain. For instance, for unstrengthened control beams in Group 1 (LT-CB-1-50) and
Group 2 (LT-CB-2-50), the time-dependent concrete strain was increased by 65% and 77%,
respectively. For strengthened beams in Group 1 (LT-SB1S-1-50 and LT-SB3S-1-50) the
percentage increased up to 79% and 88%, respectively. Furthermore, in strengthened
specimens belonging to Group 2 (LT-SB3S-2-50), the time-dependent concrete strain was
increased by 136%. According to the results from unstrengthened beams, and similar to the
evolution of time-dependent deflections, time-dependent strains in concrete were mostly

affected by concrete time-dependent properties and how they depend on service temperature.
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Figure 6.13. Top fiber concrete total strain evolution: (a) Group 1 (os = 0.79%) and (b) Group 2
(0s = 1.14%).

Figure 6.14. Top fiber concrete time-dependent strain evolution: (a) Group 1 (ps = 0.79%) and
(b) Group 2 (ps = 1.14%).

6.3.4 Residual flexural strength and aging effect

Following long-term tests, specimens in Series 2 were tested up to failure to evaluate their
residual flexural strength. The initial deflection prior to the post long-term tests was obtained
by registering the ultimate permanent deflection (6,,.u) after removing the long-term load. In
addition, specimens in Series 3 were also tested up to failure to evaluate the aging effect on
their instantaneous load-deflection response. Figure 6.15 shows representative load-deflection
curves, and detailed results are listed in Table 6.8.

The ultimate permanent deflection (6yu) was used to plot the load-deflection curves of
specimens in Series 2 during their testing up to failure after long-term loading (see Figure 6.15).

According to the results presented in Table 6.8, it is worthy to mention that the ultimate
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permanent deflection of specimens subjected to 50 °C was larger than that of specimens at 20

°C, which was in agreement with the trend in time-dependent deflections.

Figure 6.15. Representative load-deflection curves for the analysis of residual flexural strength
and aging effect: (a) Unstrengthened control beams in Group 1, (b) Strengthened beams with

one strip in Group 1, (c) Strengthened beams with three strips in Group 1.

The comparison between results in Series 1 and Series 2 (black and red lines in Figure 6.15,
respectively) allows accounting for the residual strength of the beams after long-term load. For
the case of unstrengthened control beams, similar yielding loads and post-yielding behavior
were obtained. The differences in their ultimate deflection can be attributed to the failure mode
(concrete crushing) and the values for concrete compressive strain at failure. For the case of
strengthened beams, in general slightly higher values for yielding load and post-yielding stiffness
were found for the case of beams submitted to previous long-term load, irrespective of the
temperature applied during the long-term tests. It should be mentioned that failure mode for

strengthened beams remained to be FRP rupture, except for the case of beams strengthened
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with three strips in Group 2 (LT-SB3S-2-20 and LT-SB3S-2-50). In these latter cases, premature
cracking initiated in the compression zone of the specimens and, due to the increase in
deflection (and curvature), FRP rupture took place (see Figure 6.16). This change in failure mode
from FRP rupture (FR) to concrete crushing followed by FRP rupture (CC-FR) may be the cause
of lower ultimate loads.

Table 6.8. Results for the analysis of residual flexural strength and aging effect.

Specimen ID Py (kN) P, (kN) Stiffness ° 6p,u (mm) Failure mode b
(kN/mm)
LT-CB-1-20 30.43 34.17 3.30 3.30 cc
AG-CB-1-20 30.91 34.42 1.41 - cC
LT-CB-1-50 29.50 34.05 3.06 5.30 cc
LT-SB1S-1-20 37.25 46.03 3.23 3.60 FR
AG-SB1S-1-20 38.68 49.28 1.75 - FR
LT-SB1S-1-50 35.72 44.90 2.90 4.48 FR
LT-SB3S-1-20 47.00 72.85 3.64 2.63 FR
AG-SB3S-1-20 47.26 71.56 2.12 - FR
LT-SB3S-1-50 46.48 69.80 3.46 4.01 FR
LT-CB-2-20 38.00 41.07 3.58 2.48 cC
LT-CB-2-50 38.48 42.73 3.47 4.29 cC
LT-SB3S-2-20 53.57 74.41 441 2.80 CC-FR
LT-SB3S-2-50 52.46 73.00 4.20 3.38 CC-FR

2 Computed as the slope of load-deflection curve between long-term load level and service load level.
b CC = concrete crushing after steel yielding; FR = FRP rupture; CC-FR = Concrete crushing followed by
FRP rupture.

The effect of long-term loading is also visible in the initial stiffness of the load-deflection

curves. Beams in Series 2 being partially cracked derived in the elastic slope lying between the
un-cracked and cracked stages. The stiffness presented in Table 6.8 was computed as the ratio
between load and deflection corresponding to the long-term load level and the service load
level. Initial stiffness of specimens subjected to long-term loading (Series 2) were, by far, the
largest ones (see Figure 6.15 and Table 6.8). This behavior is similar to what happened during
the pre-loading stage, where two cycles of loading/unloading were applied. Finally, the effect
of high service temperature is reflected in the reduction of initial stiffness, when compared to

specimens tested at 20 °C. This is again a consequence of larger concrete time-dependent
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properties causing larger ultimate permanent deflections after the removal of the long-term
load (6p,u).

For the analysis of the aging effect, results in Series 1 and Series 3 (black and blue lines in
Figure 6.15, respectively) should be compared. Similar to what was found in the analysis of the
residual strength after long-term load, identical load-deflection curves were obtained for
unstrengthened control beams and slightly larger yielding loads and post-yielding stiffness were
found for strengthened beams. Failure modes of aged beams did not change when compared

to that of Series 1.

Figure 6.16. Representative view of failure modes of the specimens in Series 2 and 3.

6.4 Analytical predictions on time-dependent deflections

In this section, an analytical procedure based on Gilbert [84] is used to predict time-
dependent deflections of CFRP NSM strengthened RC elements. Within the procedure, the age-
adjusted effective modulus method (AEMM) is used in the cross-sectional analysis to determine
how stresses, strains and curvatures vary with time due to creep and shrinkage of concrete. A
schematic view of beam cross-section is shown in Figure 6.17a. Furthermore, in both types of
loading (i.e. short-term and long-term), a linear distribution of strains was assumed (see Figure

6.17b).

Figure 6.17. Time-dependent analysis: (a) Schematic view of beam cross-section and (b)

Instantaneous and long-term strains and curvatures in a cracked section.
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Assuming a linear strain distribution (as shown in Figure 6.17b), the instantaneous response
of a cracked section, in terms of instantaneous maximum concrete compressive strain (€o) and

initial section curvature (ki), can be calculated as follows:

Eoi = EC(AI — BZ) (63)
AM,; + BN,

K= —o T (6.4)
E.(Al — B?)

where Mir and Nir are the moment and axial force applied at the beginning of the long-term
loading, respectively (N.r = 0 for RC sections under flexural moment only). Moreover, A is the
area of the transformed section, and B and / are the first and second moments of inertia of the
area of the transformed section, respectively. Furthermore, E. is the modulus of elasticity of
concrete.

Based on Gilbert [84], the variation with time (i.e. time-dependent) of the maximum concrete

compressive strain Aeo (t,to) and section curvature Ak (t,to) can be calculated as follows:
B, (t, to)AM(t, to) + I, (¢, to)AN(t, ty)
Eq(t,t0) (Ac(t, to)le (8, to) — BZ(t, to))

A (t,to)AM(t, to) + Bo(t, to)AN(t, to)

Ee(t,t0)(Ae(t, to)le(t, to) — BZ(t, to))

where t is the age of specimen at the moment considered in days and to is the age of specimen

Agy(t,to) =

(6.5)

AK(t, to) =

(6.6)

at the beginning of long-term loading in days. In Egs. 6.5 and 6.6, Ae (t,to) is the area of the
transformed section, and Be (t,to) and /e (t,to) are the first and second moments of inertia of the
area of the transformed section, respectively. Finally, AM (t,to) and AN (t,to) are the restraining
force and moment to prevent free development of creep and shrinkage in concrete, and can be
calculated as:

AN(t,ty) = Eo(t, to)[@c (€, to) (Aco; — Bekey) + €sn(t, to)Ac] (6.7)
AM(t, t0) = Eo(t, o) [@c (8, to) (—Beeg; + Ick;) — € (t, to) B ] (6.8)
where Acis the area of the concrete section, and Bcand /. are the first and second moments of
inertia of the area of the concrete section (without considering the steel reinforcement),
respectively. The instantaneous maximum concrete compressive strain (o) and initial section
curvature (ki) can be computed from Egs. 6.3 and 6.4, respectively. In addition, ¢ (t,to) and
&sn(t, to) are the concrete creep coefficient and shrinkage, and Ee (t,to) is the effective modulus of

elasticity of concrete. In this work, fib Model Code 2010 [83] predictions for concrete creep
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coefficient and shrinkage were assumed. Besides, in applying the AEMM, the effective modulus

of elasticity of concrete can be obtained as bellow:
E

1+ x(@ to)o(t, to)

where y (t,to) is the reduction factor for concrete creep coefficient, which can be taken as 0.8

E.(t, ty) = (6.9)

for normal strength concrete [82,84,106,109].

It should be mentioned that, in addition to the explicit mention of Ee(t,to) in Egs. 6.5-6.8, the
effective modulus of concrete should also be taken into account for the calculation of
geometrical properties of the transformed section, by updating the time-dependent steel
modaular ratio, ns(t,to), and time-dependent FRP modular ratio, nrre (t,to), as follows:

ng(t, o) = Es/E.(t, to) (6.10)
nprp (6, to) = Eppp (L, to) /Ee (8, to) (6.11)
where Es is the modulus of elasticity of steel reinforcement and Erre (t,to) is the modulus of

elasticity of FRP.

6.4.1 Comparison with experimental results

In this section, analytical predictions following the previously presented methodology are
compared to experimental results on time-dependent deflections (shown in Figure 6.11). For
the analytical predictions, average values for registers on temperature and humidity during the
long-term load (see Figure 6.4) were used for determining the concrete creep coefficient and
shrinkage following fib Model Code 2010 [83]. In addition, the effect of temperature on
mechanical properties of concrete was considered according to fib Mode Code 2010 [83]. It
should be mentioned that temperature gradient in the height of the section causes an additional
curvature/deflection that should be taken into account [84]. In this study, due to uniform
heating, the difference in temperature between the bottom and top fibers was about 5 °C, thus
causing a negligible extra curvature/deflection.

Comparisons of predicted and experimental time-dependent deflections are shown in
Figures 6.18-6.20. According to the results, the analytical predictions at 20 °C underestimate the
time-dependent deflection, especially for the unstrengthened control beam with lower steel
reinforcement ratio (LT-CB-1-20 with ps = 0.79%). Focusing on the prediction of the time-
dependent deflections in specimens under a high service temperature, in general, analytical
predictions overestimate the time-dependent deflection especially for those of the

unstrengthened control beams (LT-CB-1-70 and LT-CB-2-70). It is worthy to mention that the
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presented analytical methodology could be also applied to members subjected to cyclic
temperatures, as for instance day-night or summer-winter. In that case, the temperature and

humidity histories should be considered as an input in the analytical model.

Figure 6.18. Analytical predictions and experimental time-dependent deflections for
unstrengthened control beams: (a) Group 1 (LT-CB-1-20 and LT-CB-1-50) and (b) Group 2 (LT-
CB-2-20 and LT-CB-2-50).

Figure 6.19. Analytical predictions and experimental time-dependent deflections for
strengthened beams in Group 1 having: (a) one CFRP strip (LT-SB1S-1-20 and LT-SB1S-1-50) and
(b) three CFRP strips (LT-SB3S-1-20 and LT-SB3S-1-50).
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Figure 6.20. Analytical predictions and experimental time-dependent deflections for

strengthened beams in Group 2 (LT-SB3S-2-20 and LT-SB3S-2-50).

6.5 Conclusions

The present experimental work aims to study the long-term performance of NSM CFRP-
strengthened RC beams under different service temperatures. An experimental campaign
consisting of 23 NSM CFRP-strengthened RC beams was performed, where beams with different
steel reinforcement ratios and different amounts of CFRP-strengthening ratio were loaded for
200 days. After that, post long-term tests were carried out to analyze the residual flexural
strength as well as the ageing effect. Besides, an analytical procedure for the prediction of time-
dependent deflections is presented and compared to experimental results.

As a general conclusion, temperature did not affect the instantaneous flexural performance
of NSM CFRP-strengthened RC beams, but had a significant effect on their time-dependent
behavior and ultimate permanent deflections. More detailed conclusions are presented next.

From the short-term tests, the following conclusions can be drawn:

e The increase in the service temperature up to 50 °C had no significant effect on the load-
deflection response of the specimens. This can be attributed to this temperature being
below the Ty of epoxy adhesive and to an additional possible post-curing of the epoxy
adhesive.

e The application of a high service temperature did not affect failure modes, and
unstrengthened beams failed by concrete crushing after yielding of the steel reinforcement

whilst strengthened beams failed by FRP rupture.
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From the long-term tests and analytical predictions, the following conclusions can be drawn:
The increase in the temperature from 20 °C to 50 °C had an effect on the time-dependent
behavior of concrete (larger shrinkage and creep coefficient) and epoxy resin (larger creep
coefficient).

Under 20 °C and the same value of long-term load, lower time-dependent deflections were
obtained for beams with larger amounts of FRP-strengthening ratio, as expected. However,
for testing temperature equal to 50 °C, the increase in the strengthening ratio did not have
a significant effect on the time-dependent deflections and the time-dependent response of
the strengthened beams approached that of the unstrengthened beams.

The effect of temperature on the time-dependent behavior of concrete appeared to be the
dominant factor in time-dependent response of RC beams.

Analytical predictions based on AEMM and fib Model Code 2010 were in a good agreement
with experimental data.

From the residual flexural strength tests and aging specimens, following conclusions can be

drawn:

Similar to time-dependent deflections, the ultimate permanent deflection of specimens
subjected to 50 °C was larger than that of specimens at 20 °C.

When compared to short-term and aging specimens, no significant change was observed in
the residual strength of unstrengthened control beams. On the other hand, for the
strengthened beams, a slight increase in yielding load and post-yielding stiffness were found.
Failure mode of the strengthened specimens with higher reinforcement was changed from
FRP rupture to concrete crushing followed by FRP rupture. The rest of the specimens had
the same failure mode as in short-term testing.

The largest initial stiffness was observed for the specimens subjected to long-term load.
Furthermore, the specimens subjected to temperature had lower initial stiffness due to

larger permanent accumulated deflections.
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Abstract

This paper presents an experimental work to investigate the effect of fatigue loading and high
service temperature on the flexural performance of near-surface mounted (NSM) carbon fiber-
reinforced polymer (CFRP)-strengthened reinforced concrete (RC) beams. The experimental
program included 11 beams, where the effect of the strengthening (CFRP) ratio (0.06% and
0.18%), fatigue load level (R1=0.57 and R2=0.38) and applied temperature (20 °C and 70 °C) have
been considered. Experimental results on fatigue tests showed that high service temperature
resulted in an increase in deflections and reduction in the stiffness of the specimens along the
test. Moreover, the application of fatigue cycles with larger amplitude resulted in the failure of
the specimens (by steel rupture), whilst specimens submitted to lower fatigue amplitude
survived to the fatigue cycles. The NSM CFRP-strengthening helped to postpone the final failure
of strengthened RC beams after steel reinforcement rupture during the fatigue test. Besides,
damage due to fatigue derived in lower residual yielding and ultimate load in the post-fatigue
test.

Keywords: Fatigue, NSM CFRP-strengthening, temperature, experimental

7.1 Introduction

Rehabilitation of civil structures needs attention in order to increase their lifetime and load-
carrying capacity. These structures can be degraded by environmental factors and repeated
loading (e.g. fatigue) that transfers to the structural members along a certain period and
frequency [213-215]. Fatigue failure of a structural element is defined as a progressive
cracking/damaging in the materials composing the element up to fracture under repeated
loading. Unlike short-term loading, fatigue loading causes a reduction in stiffness of the system
due to stress/strain accumulation in the materials that may lead to a failure in the system before

reaching its ultimate capacity [116,215,216].
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In the last decades, fiber-reinforced polymer (FRP) materials, available in different types and
shapes, have been promoted to strengthen distressed structures. Nowadays, different
techniques are used in FRP-strengthened structures, namely externally bonded reinforcement
(EBR) and near-surface mounted (NSM) techniques [217], being the later the most recent one.
In this technique, grooves are cut in the concrete surface and then the FRPs are inserted into
these grooves using a proper adhesive. When compared to the EBR system, the NSM technique
has several advantages such as: no need for surface treatment, less susceptible to
environmental conditions, less prone to vandalism and good finished surface, among others
[5,30].

Due to the nature of epoxy adhesives typically used in the NSM FRP-strengthening technique,
their mechanical properties can be affected by the application of temperature variations or
constant temperature approaching the glass transition temperature (7;) of the adhesive
[8,9,149,207]. Although a significant amount of work on the flexural behavior of NSM FRP-
strengthened RC beams under short-term loading exists [5,6,30,43,47,56,218], few studies
addressing the effect of high service temperature have been published [36,37,191].

Regarding the fatigue behavior of the FRP-strengthened RC beams, a significant amount of
work has been done for the EBR FRP-strengthening system [118,119,123-128,219], whereas less
literature exists for the case of NSM FRP-strengthening [67,69,120-122]. The fatigue behavior
of RC beams strongly depends on the stress range in steel reinforcement. According to the
literature, fatigue life decreases if the fatigue load level or/and the fatigue cycle amplitude are
increased [67,118-120], and vice versa [121,122].

Existing studies confirm that fatigue life of EBR CFRP-strengthened beams is higher, when
compared to unstrengthened control beams, because of the relief of stresses in internal steel
reinforcement [123]. However, the inclusion of EBR CFRP-strengthening has no effect on failure
mode, and unstrengthened and strengthened beams fail by steel reinforcement rupture
[118,119,123-126], as a result of the stress/strain accumulation in the steel reinforcement. Steel
rupture is occasionally followed by a deboning of FRP laminate from concrete surface. Focusing
on the effect of environmental conditions on the fatigue performance, fatigue life of EBR CFRP-
strengthened specimens is reduced when subjected to the hot-wet environmental conditions
[127], and any increase in the corrosion degree (which is more common in old bridge structures)
results in a reduction in the fatigue life in both strengthened and unstrengthened beams [128].

Moreover, the effect of temperature was studied in [219], where the application of 50 °C had
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no effect on the fatigue behavior of EBR CFRP-strengthened specimens. However, their post
fatigue residual strength slightly improved due to possible post-curing in the epoxy adhesive at
that temperature [219].

Similarly, results on the fatigue performance of NSM FRP-strengthened RC elements confirm
the extension in fatigue life of strengthened specimens and the steel reinforcement rupture
failure mode [67,69,120]. However, unlike EBR systems, no debonding occurred after steel
rupture [136]. In fact, NSM technique has shown better fatigue performance than EBR
technique in those cases where comparative studies have been performed [55,65,136]. Finally,
different types of NSM bars and strips [67,69,120] and bonding material [121] have been
considered in the evaluation of the fatigue behavior of NSM FRP-strengthened RC elements. In
this sense, for a given level of load, sandblasted rods performed better than spirally wound rods
[69], and strips performed even better [120]. Besides, a better fatigue performance was
observed when cementitious adhesives were used, in comparison to epoxy adhesives, and this
was attributed to the better bond and stress transfer between the CFRP strips and concrete
[121].

According to the literature, there is a significant amount of work in evaluating the effect of
fatigue loading on the performance of EBR FRP-strengthened RC beams, that reduces when we
focus on NSM FRP-strengthened RC elements. Besides, to the best of authors knowledge, the
analysis on the effect of high service temperature on the fatigue response of NSM carbon FRP
(CFRP) strengthened RC beams has not been addressed yet. In this work, an experimental
program to investigate the fatigue behavior of NSM CFRP-strengthened RC beams subjected to
room temperature (20 °C) and high service temperature (70 °C) is presented. To this end, a total
of 11 beams were tested where different parameters were considered: (i) CFRP-strengthening
ratio, (ii) testing temperature and (iii) fatigue load range. The fatigue tests were programed up
to 2 million cycles if failure does not occur before, with a frequency of 2Hz. Experimental results
are presented and discussed in terms of instantaneous load-deflection response of the
reference beams, cyclic load-deflection response and evolution of deflection, stiffness, concrete
strain and dissipated energy along fatigue cycles. Finally, post-fatigue behavior of the beams

and failure modes are also analyzed.
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7.2 Experimental program

7.2.1 Materials

Concrete

All the beams were casted using the same batch of ready-mix concrete in laboratory
conditions with conventionally vibrating procedure. The cement type was I1-42.5R, with a
content of 320 kg/m3, the maximum aggregate size was 12 mm, and the water/cement ratio
was 0.5. To improve concrete workability, a viscosity modifier was used. The experimental
compressive strength (fc), tensile strength (fi), and modulus of elasticity (Ec) of concrete were
determined at different ages of concrete at room temperature, so that concrete properties were
tracked along the whole experimental campaign. To this end, cylinder specimens with 300 mm
nominal height and 150 mm nominal diameter were used to determine the f, f;, and E.
according to UNE-EN 12390-3:2003 [137], UNE-EN 12390-6:2010 [138], and ASTM C469-87
[139] standards, respectively. For each test, three specimens were used. Concrete mechanical
properties at different ages are shown in Table 7.1.

Table 7.1. Concrete mechanical properties.

Concrete age Compressive strength, f. Tensile strength, f; Modulus of elasticity, E.
(days) (MPa) (MPa) (GPa)
31 32.2 (2.2%)P 3.1(1.2%)P 37.7 (4.2%)P
1072 40.7 (2.2%)° 3.5 (6.8%)° 38.0 (5.6%)°
150 41.1 (2.5%)° 3.8 (3.6%)° 39.9 (3.8%)°
204 41.4 (4.8%)° 3.7 (8.3%)P 39.0 (7.6%)P

a Age at first fatigue test.

b Coefficient of variation (CoV).

Steel reinforcement

In this work, ribbed steel bars with a diameter of 6 mm, 8 mm and 10 mm were used. The
tensile mechanical properties of steel bars were obtained from tension tests based on UNE-EN
ISO 15630-1 [141]. For each diameter, three samples were tested. Results on the yielding stress

(fy), the ultimate stress (fu) and the modulus of elasticity (Es) are reported in Table 7.2.
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Table 7.2. Tensile mechanical properties of steel bars.

Bar diameter  Yielding stress f, (MPa) Ultimate stress, f, (MPa) Modulus of elasticity, Es (GPa)

(mm)
6 553.8 (1.6 %)? 703.5 (1.9%)> 203.6 (0.8%)?
8 536.7 (3.3%)? 698.1 (1.9%)> 196.4 (3.0%)?
10 544.1 (2.9%)? 666.0 (1.6%)> 202.1 (5.5%)2

a Coefficient of variation (CoV).

CFRP strips

CFRP strips, consisting of unidirectional carbon fibers (with a volume content fiber higher
than 68%) held together by an epoxy vinyl ester resin matrix, were used for strengthening the
specimens [20]. The CFRP strips had a cross-section of 1.4 x 10 mm and their tensile mechanical
properties were obtained from five CFRP samples, according to ISO 527-5 [142]
recommendations. An ultimate tensile strength (fi,rrp) of 2251.4 MPa (CoV = 3.2%), an ultimate
tensile strain (eu,rrp) 0f 0.0133 (CoV = 7.2%), and a modulus of elasticity (Erzp) of 169.5 GPa (CoV
=6.3%) were obtained [191].

Epoxy adhesive

In this study, a high performance, solvent-free, thixotropic, and grey two-component epoxy
adhesive specially developed for bonding CFRP to concrete was used. According to the
manufacturer’s product data sheet [143], the components A (resin) and B (hardener) should be
mixed at a ratio of 2:1 by weight. The glass-transition temperature (T,) of epoxy was determined
by differential scanning calorimetry (DSC) [145] and dynamic mechanical analysis (DMA) [146].
The epoxy specimens were tested after a curing time at laboratory conditions of 12 days.
According to test results, the Ty of epoxy was in the range of 53.9 °C—65.3 °C [191].

Tensile strength (fuepoxy) and elastic modulus (Eepoxy) Of the epoxy adhesive were determined
by testing dog-bone specimens following 1ISO-527-1 [144] specifications. Furthermore, in order
to evaluate the effect of temperature on mechanical properties of the epoxy adhesive,
characterization tests were performed at 20 °C and 70 °C. The mechanical properties of epoxy

adhesive are summarized in Table 7.3 [207].
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Table 7.3. Mechanical properties of epoxy adhesive tested at different temperatures [207].

Testing
fu,epoxy (M Pa) fu,epoxy—70 /fu,epoxy—ZOa Eepoxy (MPa) Eepaxy—70 / Eepoxy—zaa
temperature (°C)
20 28.0 (0.4%)P - 8102.4 (0.8%)b -
70 2.7 (3.7%)b 0.1 271.5 (4.8%)P 0.03

aDefined as the ratio between the property value at 70 °C and the reference property value at 20 °C.

b Coefficient of variation (CoV).

7.2.2 Test program and configuration

The experimental program included 11 beams divided into two series, where the effect of
different parameters was studied, namely: (i) strengthening ratio (i.e. one and three CFRP
strips), (i) temperature (i.e. 20 and 70 °C) and (iii) R ratio (i.e. 0.57 and 0.38). In this sense, R
ratio is defined as the ratio between minimum load and maximum load of the fatigue cycle. In
Series 1, three beams were considered as reference beams to be tested under short-term
loading in order to define the fatigue load level to be applied to beams in Series 2 (see Table
7.4). Among these three reference beams, one beam was unstrengthened and the other two
beams were strengthened with one and three CFRP strips, respectively. All beams in Series 1
were tested at 20 °C. In Series 2, eight beams were tested under different fatigue loading levels
and temperatures. This series was divided into two groups, according to the temperature
applied during the fatigue test (Groups 1 and 2 refer to beams tested at 20 °C and 70 °C,
respectively). Each of these two groups included four beams, three of them tested with a R ratio
equal to 0.57 and one of them with an R ratio equal to 0.38 (see Table 7.4).

The fatigue load level was defined based on the yielding stress of the reinforcing steel (fy) of
the reference beams under short-term loading (Series 1). In this sense, for the fatigue level R1,
the minimum fatigue load (Pmin) and the maximum fatigue load (Pmax) were those causing the
stress in reinforcing steel to be equal to 40% and 70% of its yielding stress (fy) at the
corresponding reference beam, respectively, which led to a R ratio equal to 0.57. For the fatigue
level of R2, this range was between 30% and 80% of f, of the corresponding reference beam,
respectively, which led to a R ratio equal to 0.38. The maximum load was limited to be less than
the load causing 80% of steel yielding stress (fy), according to ACI 440.2R [99].

Specimens’ designation reads X-Y-Z, where X denotes the type of beam (CB standing for
control beam, and SB1S and SB3S referring to beams strengthened with one and three CFRP

strips, respectively). Furthermore, Y stands for the testing temperature. Finally, Z indicates the
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loading type (ST standing for short-term loading, and R1 and R2 referring to fatigue loading with
different Rratios). For instance, CB-20-ST, refers to the control beam tested at 20 °C under short-
term loading. Furthermore, SB3S-70-R1 refers to a beam strengthened with three CFRP strips
and tested at 70 °C under fatigue loading with R=0.57.

Table 7.4. Test matrix for fatigue loading.

Age of No. of CFRP Testing
R
Series Group Beam ID concrete @ CFRP area Temperature
ratio
(days) strips (mm?2) (°C)
CB-20-ST 104 - - -
Series 1 - SB1S-20-ST 138 1 14 20 -
SB3S-20-ST 170 3 42 -
CB-20-R1 107 - - 0.57
SB1S-20-R1 142 1 14 0.57
Group 1 20
SB3S-20-R1 171 3 42 0.57
SB3S-20-R2 199 3 42 0.38
Series 2
CB-70-R1 126 - - 0.57
SB1S-70-R1 158 1 14 0.57
Group 2 70
SB3S-70-R1 184 3 42 0.57
SB3S-70-R2 206 3 42 0.38

2 Age of concrete at the beginning of fatigue test.

The beams were tested under a four-point bending test configuration (see Figure 7.1). The
beams were 2400 mm long (clear span of 2200 mm), 140 mm wide and 180 mm deep. The
loading span and shear span were 700 mm and 750 mm, respectively. Two longitudinal steel
bars with 10 mm of diameter (2d10) were used in the tension side of the beam, resulting in a
reinforcement ratio, ps, of 0.79%. Moreover, 206 were used in the compression side of the
beams. All beams had shear reinforcement consisting of steel stirrups with a diameter of 8 mm
placed every 75 mm. In the strengthened beams, CFRP strips with a cross-section of 1.4 x 10
mm and a bonded length of 1950 mm were used. In order to mount the CFRP strips, grooves
with dimensions of 6 x 15 mm were cut in the soffit of the beams. In those beams were more
than one groove was needed the distance between grooves was set based on fib Bulletin 90 [1]
recommendations. Finally, during the cutting of the grooves, a notch (5 mm wide and 15 mm

deep) was created at midspan in order to act as a crack initiator.
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Figure 7.1. Four-point bending test configuration: (a) Test setup and (b) Cross-section details

(all dimensions in mm).

7.2.3 Instrumentation

The instrumentation used for the presented experimental work is shown in Figure 7.2. A
linear vertical displacement transducer (LVDT) with 100 mm stroke (with linearity error of
$0.10% F.S.) was used in the midspan of the beam to measure the central deflection (LVDT1).
Moreover, two LVDTs with 25 mm stroke (with linearity error of £0.10% F.S.) were used in both
support (LVDT2 and LVDT3) in order to measure the possible supports settlement in all of the
tests. Furthermore, the strain at the top fiber of concrete was measured with a strain gauge
(with a gauge length of 60 mm) that was installed in midspan of the specimens (SGc¢ in Figure

7.2). Finally, a load-cell of 125 kN was used to register the applied load.
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Figure 7.2. Instrumentation adapted in the beams.

Some specimens needed to be conditioned (i.e. heated up to 70 °C) prior to fatigue testing.
In those cases, heating blankets installed to the soffit of the beams were used. A proportional
integral derivative (PID) controller was utilized for controlling heating process, and Type-T
thermocouples, installed between the heating blanket and the soffit of the beam, were used as
temperature controller sensor. An isolation system (rock wool with aluminum foil) was used in
order to speed up the heating process and reach to a uniform temperature along the beam.
Temperature gauges were used to monitor and register temperature at different points: on the
concrete surface at the top and bottom of the beam, on the surface of the CFRP and on the
surface of epoxy adhesive (see Figure 7.2). The temperature gauges on the surface of the CFRP
were installed prior to introducing the strip into the groove, and a thin protection layer was
applied in order to protect them from the wet environment during curing of the epoxy adhesive.
The heating process started almost 24 hours prior to fatigue testing until the average
temperature in the soffit of the beam was stabilized to its target value. During fatigue testing,
the PID controller ensured the temperature to be constant along the test. The evolution of the
temperature during the heating process and the fatigue test of one of the beams is shown in
Figure 7.3. Although there was a small difference between temperature at the concrete top and
concrete bottom, the temperature gradient did not affect the outcome of the research carried
out. In addition, a general view of test setup for a beam under temperature is shown in Figure

7.4.
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Figure 7.3. Registered temperatures during the heating process and the fatigue test; Note:

temperature gauge on epoxy surface failed during the heating phase.

Figure 7.4. General view of test setup.

7.2.4 Loading procedure

Specimens in Series 1 were tested under short-term load under displacement control at a
rate of 0.6 mm/min up to failure. As mentioned before, these specimens were used to define
the maximum and minimum fatigue loads (Pmax and Pmin, respectively) of specimens in Series 2.
The fatigue tests were performed in three different steps as below (see Figure 7.5):
e Step 1: The beams were loaded up to the maximum fatigue load (Pmax) under displacement

control at a rate of 0.6 mm/min (black line in Figure 7.5).
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e Step 2: The beams were unloaded up to the average fatigue load (Pave = (Pmax+ Pmin)/2) under
displacement control at a rate of 0.6 mm/min (red line in Figure 7.5).

e Step 3: In this step, the fatigue load was applied through a sinusoidal loading path with a
frequency of 2 Hz and a pre-defined amplitude (Pamp = Pmax - Pave). This step was conducted
under force control. The fatigue test duration was programmed to either 2 million cycles or

failure of the beam, whichever occurs first (blue line in Figure 7.5).

Figure 7.5. Fatigue loading procedure.

7.3 Results and discussions

7.3.1 Short-term tests results

The results of specimens of Series 1 (short-term test) (i) allowed the definition of the fatigue
loads (Pmax and Pmin) to be applied to specimens in Series 2 and also (ii) were used for comparison
purposes with results obtained on the specimens that experienced the post-fatigue stage.
Experimental load-midspan deflection curves of specimens in Series 1 are shown in Figure 7.6,
where three phases can be observed: (i) uncracked phase, with a linear elastic behavior until
cracking load (P«) is attained; (ii) cracking phase, where stiffness gradually decreases as the load
increases up to the yielding of steel reinforcement; and (iii) post-yielding phase up to failure. In
this last phase no significant increase in load can be observed for the unstrengthened beam,
whilst relevant load increase is observed for strengthened beams. The increase in the
strengthening (CFRP) ratio had no significant effect on the cracking load (Pc), whilst larger

yielding load (Py) and ultimate load (P.) were obtained in the specimen with larger strengthening
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ratio, as expected (see Figure 7.6a). In this sense, the yielding and ultimate loads of specimen
SB1S-20-ST were 20% and 47% larger than those of specimen CB-20-ST, while for the specimen
with three strips (SB3S-20-ST) the percentages rose up to 51% and 108%, respectively. Finally,
it should be mentioned that the unstrengthened beam failed by concrete crushing, whilst
specimens strengthened with one and three laminates failed by CFRP rupture and intermediate
concrete cover separation, respectively. Further discussion about the failure modes is provided

in Section 7.3.4.

Figure 7.6. Short-term load-deflection curves (Series 1): (a) Effect of strengthening ratio, (b),

(c) and (d) definition of Pmax and Pmin

7.3.2 Fatigue tests results
Values for Pmin and Pmax applied to fatigue tests of specimens in Series 2 are depicted in
Figures 7.6b-7.6d and summarized in Table 7.5. It should be mentioned that Pmin and Pmax

computed from results on short-term tests at 20 °C were applied to fatigue tests at both testing

temperatures (20 °C and 70 °C).
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Table 7.5. Details on fatigue load levels.

Specimen ID P2 (kN) Prmin (kN) Prmax (KN) Pave? (kN) Pamp® (kN) R4
CB-20-R1
B 27.7 111 19.4 15.3 4.1 0.57
CB-70-R1
SB1S-20-R1
B 33.1 13.3 23.2 18.3 4.9 0.57
SB1S-70-R1
SB3S-20-R1
B 419 16.8 29.4 23.1 6.3 0.57
SB3S-70-R1
SB3S-20-R2
B 419 12.6 33.7 23.1 10.6 0.38
SB3S-70-R2

3P, of the reference short-term test in Series 1
b Average fatigue load defined as: Pave = (Pmax + Pmin)/2
¢ Amplitude of fatigue cycles defined as: Pamp = Pmax - Pave

dRzl‘:’min/Pmax

Cyclic load-deflection response

Cyclic load-deflection responses of specimens in Series 2 are shown in Figures 7.7-7.10. In
every figure, two graphs are presented. Figures 7.7a-7.10a correspond to the initial load-
deflection response before cyclic loading (steps 1 and 2 of the fatigue loading procedure
presented in section 7.2.4), and Figures 7.7b-7.10b correspond to the cyclic load versus
normalized deflection (with respect to deflection of first cycle) curves (step 3 of the fatigue
loading procedure described in section 7.2.4).

The effect of temperature on the flexural behavior prior to fatigue loading can be assessed
in Figures 7.7a-7.10a. In all the cases, the application of a high service temperature (70 °C)
resulted in lower cracking loads (P) and an increase in the deflection prior to fatigue loading.
In this sense, a comparison of the deflections prior to fatigue loading is presented in Figure 7.11,
where the greatest effect of temperature corresponds to specimen strengthened with three
strips (SB3S-20-R1 vs SB3S-70-R1). On the other hand, unstrengthened control beams (CB-20-
R1 and CB-70-R1) show the lowest variation. This behavior could be partially attributed to lower
P values, and therefore lower M (i.e. cracking moment), leading to lower Mc/M ratios which
are related to larger deflections. Besides, a possible reduction in the effectiveness of the

strengthening system due to the application of a working temperature beyond the Ty of the
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epoxy adhesive can also be affecting. This may be related to a reduction in the stiffness of the

epoxy adhesive [220].

Figure 7.7. Fatigue response of specimens CB-20-R1 and CB-70-R1: (a) Initial load-deflection
response prior to cyclic loading and (b) load versus normalized deflection curves during cyclic

loading.

Figure 7.8. Fatigue response of specimens SB1S-20-R1 and SB1S-70-R1: (a) Initial load-deflection
response prior to cyclic loading and (b) load versus normalized deflection curves during cyclic

loading.
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Figure 7.9. Fatigue response of specimens SB35-20-R1 and SB3S-70-R1: (a) Initial load-deflection
response prior to cyclic loading and (b) load versus normalized deflection curves during cyclic

loading.

Figure 7.10. Fatigue response of specimens SB3S-20-R2 and SB3S-70-R2: (a) Initial load-
deflection response prior to cyclic loading and (b) load versus normalized deflection curves

during cyclic loading.
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Figure 7.11. Initial deflections prior to cyclic loading; Note: percentages refer to the variation

in the deflection due to the effect of temperature.

The effect of cyclic loading and temperature on the flexural response of specimens in Series
2 can be assessed in Figures 7.7b-7.10b, where the cyclic load versus normalized deflection
curves are plotted. In these subfigures, solid lines correspond to specimens tested at 20 °C while
dashed lines refer to specimens tested at 70 °C. In all the cases, normalized deflections increased
gradually as the fatigue loading progressed, and larger increments were found in specimens
tested at 70 °C, which is in line with results presented in [127]. It is worth to mention that a large
portion of fatigue deflections occurred at first 50,000 cycles and after that, the rate of deflection
increase slowed down, as observed in [121,122,125,126,213,214].

Moreover, specimens tested under an R ratio equal to 0.57 (i.e. R1) did not fail during the
application of 2 million cycles. However, special attention should be given to specimen SB1S-70-
R1, which experienced a large jump in the normalized deflection at about 1.5 million cycles (see
Figure 7.8b). This jump was attributed to a reduction in the effectiveness of the strengthening
system that may be due to the reduction in mechanical properties of epoxy adhesive at higher
temperature. In this scenario, the value of Pmax applied to SB1S-70-R1 (Pmax = 23.2 kN) was larger
than the load causing 80% of steel yielding stress (fy) of the control beam CB-20-ST, thus
exceeding the limitation proposed by ACI 440.2R [99]. As a consequence, a possible
accumulation of damage in steel reinforcement may have occurred.

On the other hand, specimens tested under an R ratio equal to 0.38 (i.e. R2) did not survive
the programmed 2 million cycles and failed by steel reinforcement rupture. It should be

mentioned that once rupture of the steel reinforcement took place, the integrity of the system
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was provided by the NSM CFRP-strengthening strips. In this sense, for specimen SB3S-20-R2 the
steel reinforcement rupture took place at 411,220 cycles, and after that the NSM CFRP-
strengthening was involved alone in order to resist the fatigue loading; from this point on, large
increases in the curvature (deflection) occurred and the beam failed at 492,600 cycles. In the
case of specimen under temperature (i.e. SB35-70-R2), rupture of steel reinforcement took
place at 340,890 cycles and the beam failed at 417,720 cycles. Therefore, NSM CFRP-
strengthening improved the fatigue life of the system by 20% and 22.5% for SB3S-20-R2 and
SB3S-70-R2, respectively. Besides, the application of temperature (70 °C) shortened the fatigue
life of the specimen by 15% (compare the fatigue life of SB3S-20-R2 and SB3S-70-R2).

Results on fatigue tests at specific number of cycles are reported in Table 7.6.
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Table 7.6. Fatigue tests results.

Fatigue life

E tot,acc, disskJ

Specimens ID Failure mode @ Cycle Savet (Mmm) K4 (kN/mm) Eave® (HE)
(cycles) (kN-m)
1 6.5 4.6 -718
50,000 7.5 4.0 -778
. 500,000 8.1 3.7 -867
CB-20-R1 >2,000,000 Not failed 1432
1,000,000 8.5 3.7 -907
1,500,000 8.7 3.6 -937
2,000,000 8.8 3.5 -968
1 7.0 4.4 -775
50,000 8.5 3.8 -887
. 500,000 9.4 3.8 -1051
CB-70-R1 >2,000,000 Not failed 1462
1,000,000 9.7 3.8 -1152
1,500,000 9.9 3.8 -1200
2,000,000 10.1 3.7 -1229
1 7.3 4.2 -646
50,000 8.2 3.8 -691
500,000 8.7 3.6 -751
SB1S-20-R1 >2,000,000 Not failed 1991
1,000,000 9.1 3.6 -803
1,500,000 9.3 3.6 -829
2,000,000 9.3 3.6 -864
1 8.5 3.8 -741
50,000 9.6 3.4 -838
. 500,000 10.4 3.4 -982
SB1S-70-R1 >2,000,000 Not failed 2394
1,000,000 10.7 3.4 -1061
1,500,000 14.9 3.1 -1113
2,000,000 16.8 3.0 -1164
SB3S-20-R1 >2,000,000 Not failed 2845 1 7.9 4.7 -700
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50,000 9.1 4.1 771

500,000 9.6 4.0 -858

1,000,000 9.8 4.0 -888

1,500,000 9.9 4.0 -905

2,000,000 10.1 4.0 -931

1 9.1 41 -887

50,000 10.1 3.8 -1030

SB35-70-R1 >2,000,000 Not failed 3375 500,000 11.1 37 1204
1,000,000 11.5 3.7 -1295

1,500,000 11.7 3.7 -1369

2,000,000 12.0 3.6 -1405

1 8.4 4.0 -657

50,000 9.5 3.6 -708

SB3S-20-R2 492,600 SR 1933 300,000 10.1 3> 753
400,000 10.2 3.5 -761

417,720 12.1 3.3 -798

492,600 21.9 1.6 -1127

1 9.9 3.7 -898

50,000 11.5 3.3 -1027

SB35-70-R2 417,720 SR 2266 300,000 12.7 3.3 -1216
400,000 15.8 2.9 -2178

417,720 22.2 1.6 -2548

2 SR=Steel reinforcement rupture

b Total accumulated dissipated energy at the end of the fatigue test
¢ Average deflection

d Stiffness

e Average concrete strain
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Average normalized deflection

With the aim at analyzing the evolution of deflection due to fatigue, the average normalized
deflection, daven, has been defined as the average value of deflections corresponding to Pmin and
Pmax in each cycle normalized with respect to the value at first cycle (i.e. the value of &ave for first
cycle reported in Table 7.6). The evolution of dave,n along fatigue loading is shown in Figure 7.12.
According to results presented in Figure 7.12a, the presence of NSM CFRP-strengthening helped
to reduce the detrimental effects of fatigue loading and, thus, lower values of Saven were
obtained. Furthermore, the application of a high service temperature (70 °C) negatively affected
the fatigue performance of both unstrengthened and strengthened specimens. Besides, the
large jump in deflection taking place in specimen SB1S-70-R1 at around 1.5 million cycles is
clearly visible in Figure 7.12a (see red dash line in Figure 7.12a). The effect of R ratio on Saven
can be analyzed from results presented in Figure 7.12b. In this case, although similar patterns
were obtained during the initial cycles of the fatigue tests, specimens under lower R ratios failed
by steel rupture and experienced a sudden increase in Save,n prior to final failure (see green lines
in Figure 7.12b). The failure in these specimens can be explained by the combination of having
a lower R ratio and a larger maximum fatigue load, Pmax, that in this case was equal to the upper
limit stated in ACI 440.2R [99]. This is in accordance with [67,118-120], who observed that the
increase in Pmax and/or the decrease in R ratio results in a reduction of fatigue life with

specimens failing by steel rupture.

Figure 7.12. Evolution of average normalized deflection (Saven): (a) Effect of strengthening ratio
and temperature and (b) Effect of R ratio and temperature in beams with same NSM CFRP-

strengthening ratio.
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In order to clearly compare the effect of NSM CFRP-strengthening ratio, temperature and R
ratio on the average normalized deflection (8aven), a bar diagram is presented in Figure 7.13,
where Save,n is compared at three different cycles: i) at 417,720" cycle, where SB3S-70-R2 failed;
ii) at 492,600 cycle, where SB3S-20-R2 failed and iii) at 2 million cycle, corresponding to the
end of the fatigue test. The comparison of the first set of data (deflections at 417,720 cycle)
shows that higher service temperature, applied individually to specimens having an R ratio of
0.57, had no significant effect at that number of cycles (specimen SB35-20-R1 vs SB35-70-R1),
whereas the change to lower R ratios in specimens at 20 °C had a larger impact on the fatigue
performance (specimen SB3S-20-R1 vs SB3S-20-R2). In fact, specimen SB3S-20-R2 had already
experienced steel rupture at that cycle as a consequence of the high damage produced by Pmax.
Finally, the application of temperature and lower R ratios in a combined manner had
catastrophic consequences, causing the failure of the beam (specimen SB3S-20-R1 vs SB3S-70-
R2). Results of the second set of data (deflections at 492,600 cycle) confirm that R ratio had
the major effect. Finally, the third set of data confirms that, for an R ratio equal to 0.57, the
application of a high service temperature was affecting the fatigue performance of control and
strengthened beams in a controlled manner. Special attention should be given to specimen
SB1S-70-R1, which experienced and unexpected jump in deflections at 1.5 million cycles, as

explained before.

Figure 7.13. Comparison of average normalized deflections (Saven). *The value of average

normalized deflection corresponds to the ultimate one (8u,aven).
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Stiffness

Fatigue loading has an effect on the stiffness on any structural member, as it consists on a
cyclic load being repeated for a long period of time. Thus, evaluation of the stiffness variation
during a fatigue test is of paramount importance as the degradation in the stiffness may
influence the serviceability of the strengthened system [213]. In this section, the evolution of
stiffness along the fatigue loading is analyzed. To this end, the stiffness (K) is calculated based
on the behavior of the member within the loading and unloading paths of a cycle [121,122,126],

as follows:

K, = fmaxi=Pmini (7.1)

6max,i— Smin,i
where Omaxi and Smin,i are the deflections corresponding to Pmaxi and Pmin,i at the ith cycle. A

schematic view of this procedure is shown in red lines in Figure 7.14.

Figure 7.14. Schematic view of stiffness calculation.

The evolution of the stiffness (K) along the fatigue tests is shown in Figure 7.15 and also
reported in Table 7.6. According to experimental results, a big drop in stiffness happened during
the first cycles, which corresponded to the increase in deflections shown in Figure 7.12.
Afterwards, stiffness tends to stabilize, with specimens tested at 20 °C showing larger stiffness
than those tested at 70 °C. The same stiffness reduction tendency was observed in [127].
Besides, specimens under a larger R ratio showed larger stiffness (both unstrengthened and

strengthened specimens), irrespective of the applied temperature. Furthermore, the increase
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in the strengthening ratio resulted in a higher stiffness in the specimens in comparison to
unstrengthened control beams. The big drop in stiffness of specimen SB1S-70-R1 around the 1.5
million cycles corresponds to the big jump in deflection shown in Figure 7.12a. Similarly, failure

of specimens with low R ratio (i.e. R2=0.38) is visible in Figure 7.15b.

Figure 7.15. Evolution of stiffness (K): (a) Effect of strengthening ratio and temperature and (b)

Effect of R ratio and temperature in beams with same NSM CFRP-strengthening ratio.

Average normalized concrete strain

Measurements from the strain gauge on the top fiber of concrete (see Figure 7.2) allow
plotting the evolution of average normalized concrete strain (€ave,n), as presented in Figure 7.16.
Similar to the case of deflections, the average normalized concrete strain has been defined as
the average value of concrete strain corresponding to Pmin and Pmax in each cycle normalized
with respect to the value at first cycle (i.e. the value of €ave for first cycle reported in Table 7.6).
According to experimental results, strengthening ratio did not have a considerable effect on the
evolution of the normalized concrete strain along fatigue test. On the other hand, for the
specimens under fatigue load level of R1, the increase in the testing temperature resulted in an
increase of 20% in the €u,aven (see Figure 7.16a). Finally, no significant differences can be found
in the earlier stage of the evolution of average normalized concrete strain (€ave,n) Whatever the
R ratio is. However, specimens under low R ratio (i.e. R2=0.38) experienced a sudden increase

in Eave,n prior to the final failure (see Figure 7.16b).
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Figure 7.16. Evolution of average normalized concrete strain (€aven): (a) Effect of strengthening
ratio and temperature and (b) Effect of R ratio and temperature in beams with same NSM CFRP-

strengthening ratio.

Accumulated dissipated energy

One of the most important aspects of structural performance under fatigue loading is the
ability of a member to adequately dissipate energy [221]. Dissipated energy (Ediss) within a
fatigue cycle is calculated as the area of the hysteric load-deflection curve at that cycle.
Therefore, the accumulation/addition of the individual dissipated energies of each cycle will
result in the total dissipated energy in the fatigue test. The evolution of accumulated dissipated
energy (Eaccaiss) along the fatigue loading is shown in Figure 7.17, in order to evaluate the effect
of strengthening ratio, temperature and fatigue load level. Furthermore, the total accumulated
dissipated energy at the end of fatigue test (Etot,accaiss) is reported in Table 7.6. According to
experimental results, an increase in the CFRP-strengthening ratio derived in larger total
accumulated dissipated energy, as expected. In this regard, taking results for specimen CB-20-
R1 as the reference value, the Etot,acc,diss Was increased by 39% and 99% for SB1S-20-R1 and SB3S-
20-R1, respectively. Similarly, the application of a high service temperature (i.e. 70 °C) and larger
amplitudes in the fatigue loading (i.e. lower values of R ratio) corresponded also to larger
amounts of total accumulated dissipated energy. It should be mentioned that the effect of
temperature was more pronounced in strengthened RC beams. This is a sign of temperature

affecting the efficiency of the strengthening system.
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Figure 7.17. Accumulated dissipated energy (Eaccdiss) versus number of cycles.

7.3.3 Post-fatigue residual strength

After finishing the fatigue loading, the surviving specimens from Series 2 were unloaded and
then tested up to failure in order to evaluate their residual strength. A comparison of load-
deflection responses of specimens from Series 1 and 2 is shown in Figure 7.18. Furthermore, the
detailed results are shown in Table 7.7, where Ps and &c are the cracking load and the
corresponding deflection; P, and &, are the yielding load and the corresponding deflection; Py
and éu are the ultimate load and the corresponding deflection and &, is the plastic deflection,
which was registered immediately after the unloading process of the fatigue test.

The value of 6, defines the origin of the post-fatigue load-deflection response and it has been
measured after unloading the beams (residual plastic deflection after the fatigue cycles).
According to experimental results, plastic deflections, &, generally increased when the
temperature changed from 20 °C to 70 °C. It should be mentioned that the largest value of 6,
was registered in specimen SB1S-70-R1 (6,=11.3 mm) as a result of steel having worked at high
levels of strains during the fatigue cycles, as explained in previous sections. The residual flexural
strength depended on the level of accumulated fatigue damage in the beams. In this sense,
similar values of P, were found for short-term specimens (Series 1) and corresponding
specimens in Series 2 under 20 °C. This is a sign of low damage in steel due to fatigue loading.
On the contrary, larger differences between P, in short-term specimens (Series 1) and
specimens in Series 2 under 70 °C depict that steel reinforcement was damaged at the end of
fatigue tests (i.e. at the beginning of post-fatigue tests). The largest reduction in P, was observed

in specimen SB1S-70-R1, and read 25%. This is in accordance with the largest deflection and
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reduction in stiffness due to fatigue testing experienced by this same specimen (see Figures
7.12a and 7.15a). An additional evidence of the damage accumulated in the steel reinforcement
of specimen SB1S-70-R1 can be found in the value of Py, which was much lower than P, of the
reference short-term specimen in Series 1 (SB1S-20-ST). To conclude, fatigue loading under
large R ratio (R1) and 20 °C did not have significant effect on the residual strength of the
specimens. However, the residual strength was affected by the application of 70 °C during the

fatigue tests.

Figure 7.18. Short-term and post-fatigue load-deflection curves.
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Table 7.7. Short-term and post-fatigue test results.

Specimen Fatigue life Load (kN) Deflections (mm) Failure
ID (cycles) Per P, Py Ecr 6y bu ép mode ®
CB-20-ST - 7.4 27.7 30.5 1.0 12.5 56.8 - cC
CB-20-R1 >2,000,000 7.42 26.1 311 1.22 13.2 61.0 4.2 cC
CB-70-R1 >2,000,000 5.7° 25.4 30.0 1.02 13.9 41.4 5.4 cc
SB1S-20-ST - 7.4 33.1 45.0 0.9 14.6 53.0 - FR
SB1S-20-R1  >2,000,000 7.82 331 45.1 0.72 14.7 52.4 3.8 FR
SB1S-70-R1  >2,000,000 5.92 25.0 28.8 0.8° 21.2 30.0 11.3 SR
SB3S-20-ST - 8.6 419 63.5 0.8 15.1 51.7 - ICCS
SB3S-20-R1  >2,000,000 8.62 424 68.3 0.72 15.9 58.4 3.8 ICCS
SB3S-70-R1  >2,000,000 6.2 38.3 60.6 0.82 13.8 41.4 15 cc
SB3S-20-R2 492,600 9.12 - - 0.82 - - - SR
SB3S-70-R2 417,720 6.62 - - 0.82 - - - SR

2 P, and 6. were calculated based on initial branch of the load-deflection curve prior to fatigue
loading in Figures 7.7a-7.10a.
b CC=concrete crushing; FR=FRP rupture; SR=steel reinforcement rupture; ICCS=intermediate

concrete cover separation.

7.3.4 Failure modes

Failure modes of specimens in Series 1 (short-term loading) and Series 2 (instantaneous post-
fatigue loading in those specimens that survived fatigue loading) are detailed in Table 7.7, and
representative images are shown in Figure 7.19. According to experimental results, failure mode
for unstrengthened beams did not change due to the application of a fatigue loading; therefore,
the unstrengthened beams in Series 1 and 2 failed by concrete crushing (CC) after steel yielding.
It should be mentioned, however, that a large strain was observed in specimens CB-20-R1 and
CB-70-R1 (see zoom view regarding to specimen CB-70-R1 in Figure 7.19). Regarding the
specimens strengthened with one CFRP strip, experimental results confirm that fatigue loading
at 20 °C did not cause significant damage, so that specimens SB1S-20-ST and SB1S-20-R1
experienced same failure mode, i.e. FRP rupture (FR). Similar behavior was observed in [55].
However, the application of a higher temperature during the fatigue tests caused a change in
failure mode, and specimen SB1S-70-R1 failed by steel reinforcement rupture (SR). This is an

evidence of a highly demanded steel reinforcement, due to bond deterioration, during fatigue
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loading. This bond deterioration in the beam was also clear from load-deflection response in
Figure 7.18, where the ultimate load of this strengthened beam was smaller than corresponding
unstrengthened control beam. Finally, the negligible damage caused in steel due to fatigue
loading under 20 °C was also confirmed in failure modes of specimens strengthened with three
strips, so that specimens SB3S-20-ST and SB3S-20-R1 failed by intermediate concrete cover
separation (ICCS), which was due to unstable diagonal crack that propagated along the height
of the section. It should be mentioned that specimens subjected to a lower R ratio (R2) did not
survive the programmed fatigue test (i.e. failed by SR during the fatigue loading) and, therefore,
they cannot be included in the analysis of the post-fatigue failure mode. However, for illustrative

purposes, a representative image has been included in Figure 7.19.

Figure 7.19. Representative failure modes of the tested specimens.

7.4 Conclusions

The present experimental work aimed to study the effect of fatigue loading on the flexural
performance of NSM CFRP-strengthened RC beams under two different service temperatures.
An experimental campaign consisting of 11 specimens (3 beams tested under short-term loading
as reference specimens and 8 beams tested under fatigue loading) was performed, where
beams with different amounts of CFRP-strengthening ratio, different fatigue load level and
different temperature were loaded for 2 million cycles or failure, whichever happens first, at a
frequency of 2 Hz. After that, post fatigue tests were carried out to analyze the residual flexural
strength.

As a general conclusion, the increase in the testing temperature resulted in a decrease in the
stiffness and the residual strength. Besides, due to bigger hysteric loops, specimens under 70 °C
showed a larger amount of accumulated dissipated energy. Based on the test configuration and
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setup adopted, the NSM strengthening system showed a good fatigue flexural performance
when subjected to testing temperature beyond the Ty of the epoxy adhesive.
A list of detailed conclusions from the experimental tests is presented next:

e Specimens tested under a large R ratio (R1=0.57) could withstand the whole fatigue test (i.e.
2 million cycles), whilst rupture of steel reinforcement during fatigue loading took place for
low R ratios (R2=0.38).

e Asthe fatigue test progressed, the deflection and concrete strain increased and the stiffness
decreased, with the larger rates of variation corresponding to the initial stages of cyclic
loading. Besides, in general, the NSM CFRP-strengthened RC beams showed a better fatigue
performance when compared to unstrengthened control beams.

e The effect of temperature was more pronounced when combined with low R ratio.
Therefore, the combined effect of both parameters should be considered in evaluating the
fatigue life of the members.

e NSM CFRP-strengthening helped to postpone the failure of the beam during fatigue loading
after steel reinforcement rupture. In this sense, fatigue life was extended in about 22%.

e larger CFRP-strengthening ratios and higher testing temperature resulted in larger
dissipated energy, whereas R ratio had the opposite effect.

e The residual strength of the specimens depended on the level of fatigue damage. In this
sense, residual strength decreased for NSM CFRP-strengthened specimens under 70 °C,
especially for the strengthened beam with low CFRP ratio.

e Fatigue testing did not affect post-fatigue failure mode of unstrengthened beams. For the
case of strengthened beams under R1, the application of 70 °C during the fatigue loading

caused the change in post-fatigue failure mode.
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8 Discussion

This chapter presents the discussion of the main results obtained from the thesis. The
discussion is presented in four sections, according to the four journal papers presented in the

thesis.

8.1 Instantaneous flexural behavior of NSM CFRP-strengthened

RC beams under service temperature

The instantaneous behavior of NSM FRP-strengthened members may be affected by high
service temperature when epoxy adhesives are used as bonding material. Paper A was focused
on experimentally studying the effect of different service temperatures (20 °C, 40 °C, 60 °C, 70
°C and 85 °C), CFRP strengthening ratios (0.06%, 0.12% and 0.18%) and compressive strengths
of concrete (31.8 MPa and 40.8 MPa) on the instantaneous flexural behavior of NSM CFRP-
strengthened RC beams. According to experimental characterization, the Ty of the epoxy
adhesive used in the experimental program ranged between 53.9 °C and 65.3 °C, with a mean
value equal to 59.6 °C. If fib Bulletin 90 [1] recommendations on EBR-strengthening are followed
(no recommendations are given for NSM), this means that temperature should be limited to 40
°C to avoid premature debonding of the strengthening system. In this sense, results of the
present experimental program on NSM CFRP-strengthened RC beams under 40 °C have shown
that temperature had no significant effect on neither the load-deflection responses of the
specimens nor their failure mode (which remained to be FRP rupture as for the tests at 20 °C),
whatever the CFRP-strengthening ratio is (see Figure 8.1). This is attributed to possible post-
curing of the epoxy adhesive that can improve its mechanical and physical properties. The
opposite behavior was found for strengthened beam tested at 70 °C. Furthermore,
unstrengthened (reference) beam tested at 70 °C (i.e. specimen CB-2-70) experienced a
reduction in cracking load and stiffness in comparison to the corresponding beam at 20 °C (i.e.
specimen CB-2-R), as shown in Figure 8.2. However, the application of 70 °C in the CFRP-
strengthened RC beam (i.e. specimen SB2S-2-70) resulted in a decrease in the ultimate load
when compared to SB2S-2-R (see Figure 8.2) and failure mode changing from FRP rupture to
FRP end debonding (when compared to SB2S-2-R). The reason for premature debonding is

related to a decrease in mechanical properties of the adhesive (70 °C is beyond the T, of the
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epoxy adhesive), which ended affecting the bond performance of the strengthening system.
With all this, results from this experimental program revealed that service temperature for NSM
CFRP-strengthened RC beams under instantaneous loading should be limited according to the

Ty of the epoxy adhesive.

Figure 8.1. Effect of lower temperature (40 °C) on the experimental load-deflection curves of

specimens: (a) CB-1, (b) SB1S-1, (c) SB2S-1 and (d) SB3S-1.
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Figure 8.2. Effect of higher temperature (70 °C) on the experimental load-deflection curves of

specimens.

In addition to experimental work, a systematic procedure was conducted to consider the
effect of concrete shrinkage on the analytical prediction of the instantaneous behavior of FRP-
strengthened RC beams. In this sense, analytical predictions demonstrate that concrete
shrinkage has a significant influence on the instantaneous response of RC beams. The
representative specimens are shown in Figure 4.8. According to the predictions, a considerable
shift in the load-deflection response takes place in the case of specimens with larger shrinkage.
Besides, good agreement between analytical predictions and experimental results was also

observed (see Figure 4.11).

8.2 Effect of curing, post-curing and testing temperatures on

mechanical properties of epoxy adhesive

Due to the nature of epoxy adhesives, their mechanical and physical properties are affected
by temperature history, from the first moment of casting till the moment of being used. In this
sense, epoxies used in NSM CFRP-strengthened structures are usually exposed to temperature
variations along their service life, so that their mechanical properties can be modified, thus
affecting the effectiveness of the strengthening system. For this reason, Paper B aimed to study
the effect of curing, post-curing and testing temperatures on mechanical properties of an epoxy

adhesive. The range of temperatures chosen for the study was in line with temperatures applied
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in the experimental program presented in Paper A in order to deeply understand the effect of
temperature on the instantaneous response of the tested specimens. Besides, the effect of

curing and post-curing temperature on Ty of the epoxy was also evaluated.

DSC tests were performed to determine the Ty of different samples of epoxy adhesive that
had different curing and post-curing temperatures (20 °C, 50 °C and 70 °C). According to
experimental results, presented in Figure 8.3, the Ty value of the epoxy cured at room
temperature (20 °C) was 54.9 °C (mid-point temperature, Tm, in DSC test). Besides, Ty increased
when the curing or post-curing temperature raised to 50 °C, whilst the application of 70 °C
during the curing or post-curing process derived in a reduction in the Ty of the epoxy adhesive.
These results confirm the existence of an upper bound value for the Ty, that corresponds to Tye.
In this sense, T, has been acknowledged to increase as the conditioning (i.e. curing or post-
curing) temperature increases, arriving at its maximum value when the conditioning
temperature equals Ty~. From that point on, the increase in the conditioning temperature
results in a decrease in the T;3[195,197,199]. According to results presented in Figure 8.3, the

Ty Of the epoxy resin used in this experimental program is in the range of 50 °C to 70 °C.

Figure 8.3. Effect of curing and post-curing temperature on the T, of the epoxy adhesive.

In what follows, results on the study of the effect of testing temperature on the mechanical
properties of the epoxy adhesive are presented. Experimental results, presented in Figure 8.4,

show that the progressive increase in testing temperature from 20 °C to 85 °C was followed by
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a decrease in epoxy mechanical properties. It should be highlighted that a dramatic decrease in
mechanical properties was observed for testing temperature near the T, of the epoxy adhesive
(See Figure 8.4), and tensile and compressive strengths tested at 85 °C reduced to around 7%

and 12%, respectively, of their reference value at 20 °C.

Figure 8.4. Effect of temperature on mechanical properties of epoxy adhesive: (a) Tensile

behavior and (b) Compressive behavior.

The improvement or reduction in the performance of a NSM joint submitted to temperature
has been traditionally attributed to the effect of the heating process of the NSM joint to the
target testing temperature, being this heating process understood to act as a post-curing
process for the epoxy resin. Therefore, understanding the effect of curing and post-curing

temperatures on mechanical properties of the epoxy resin is of importance.

In this sense, tension and compression tests were performed on epoxy resin samples that
were cured at different temperatures (-15 °C, 20 °C, 50 °C and 70 °C). Experimental results,
presented in Figure 8.5, showed that mechanical properties (tensile strength, fiepoxy, and
compressive strength, gc,epoxy) progressively increased as curing temperature increased below
Tg-. On the contrary, curing the epoxy at temperature beyond the Ty resulted in a reduction in
mechanical properties, which was due to possible thermal degradation on the epoxy adhesive.
Similar results have been found in the literature [197]. It should be mentioned that curing at
-15 °C had some detrimental effects on the mechanical properties of epoxy adhesive. In fact, at
this temperature, the curing process could not be initiated and after 7 days of curing, the epoxy

was still soft. As a result, the curing time was shortened, when compared to that of other
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specimens, probably leading to an un-complete cure in the epoxy resin. Therefore, in cold

regions, a special preparation might be required to cure the epoxy adhesives.

Figure 8.5. Effect of curing temperature on mechanical properties of epoxy adhesive.

As deduced from previous analysis, and also highlighted in the literature, epoxy adhesives
cured at ambient temperature may suffer from a not complete cross-linking, that can be
reactivated with a post-curing process [189,200,201,205]. Therefore, the fourth part of the
experimental program was aimed at analyzing the effect of post-curing temperature on

mechanical properties of the epoxy adhesive.

According to experimental results, presented in Figure 8.6, the application of a post-curing
process at a temperature up to 60 °C was beneficial for tensile properties (fu,epoxy), due to an
increase in the cross-linking degree. However, for temperatures higher than 60 °C, a reduction
in tensile strength was observed. In the case of compressive loading, the increase in the post-
curing temperature from 20 °C to 40 °C resulted in an increase in the compressive strength
(Ocuepoxy). On the other hand, for post-curing temperatures beyond 40 °C, a decrease in the

compressive mechanical properties took place.
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Figure 8.6. Effect of post-curing temperature on mechanical properties of epoxy adhesive.

Experimental data from the study of the effect of curing, post-curing and testing temperature
on the epoxy resin (Paper B) supports results obtained from instantaneous flexural tests of NSM
CFRP-strengthened RC beams under different temperatures (presented in Paper A). In this
sense, no considerable differences in the load-deflection curves for beams subjected up to 60
°C were obtained, and no premature debonding was observed in their failure modes. However,
the application of temperatures beyond 60 °C, resulted in a change in failure mode (premature
end debonding) and a reduction in their ultimate load capacity. It is worthy to remind that Ty
of the epoxy used in this experimental program was in the range of 50 °C to 70 °C. Therefore,
based on experimental results presented in Papers A and B, it is confirmed that epoxy has a very
important role in the load carrying capacity of NSM CFRP-strengthened RC elements, especially

when temperature approaches its Ty.

8.3 Long-term flexural behavior of NSM CFRP-strengthened RC

beams under service temperature

Although FRP-strengthening methodology has been implemented in a large number of
practical projects worldwide, uncertainty about its long-term performance under the effect of
long-term loading may pose an obstacle for their more widespread use. Long-term effects on
NSM CFRP-strengthened RC elements are not only related to creep and shrinkage of concrete,

but there is also a potential creep of the strengthening system (mainly in the epoxy adhesive).
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Besides, creep and shrinkage of concrete are dependent on environmental conditions, which at
the same time affect the mechanical properties of the epoxy adhesive. For all these reasons,
Paper C aimed to evaluate the flexural time-dependent behavior of NSM CFRP-strengthened RC
beams under different temperatures (20 °C and 50 °C). A total of 23 beams were cast, where
the effect of different CFRP-strengthening ratios (prre = 0.06% and 0.18%) and steel

reinforcement ratios (ps = 0.79% and 1.14%) was also considered.

Instantaneous flexural tests on beams serving as reference specimens confirmed that if
applied temperature is below T, of the epoxy adhesive, negligible effects on the load-deflection
curve and failure mode are expected. In this sense, failure by concrete crushing was observed
for unstrengthened beams, whilst FRP rupture occurred in CFRP-strengthened beams
(irrespective of the CFRP ratio, the steel reinforcement ratio and the applied temperature).

These results are in line with results presented in Papers A and B.

The study of long-term effects on NSM CFRP-strengthened RC beams was preceded by the
characterization of the time-dependent behavior of involved materials at the two target
temperatures (20 °C and 50 °C). According to measurements on concrete free shrinkage strains,
shrinkage corresponding to the heated specimen (50 °C) was 35% larger than that of specimen
at 20 °C. Moreover, the application of 50 °C resulted in an increase by 340% of the creep
coefficient of concrete (based on analytical calculation) and a dramatic increase in the creep
coefficient of epoxy adhesive (that resulted in failure of epoxy specimens tested at 50 °C before

the end of the programmed time-dependent loading).

The characterization of the long-term performance of materials was followed by the study of
the flexural long-term performance of NSM CFRP-strengthened elements. In this regard, Figure
6.11 shows the time-dependent deflections of the specimens during 200 days (i.e. duration of
the long-term loading). According to these results, the largest rate of increase in time-
dependent deflections took place at the beginning of the long-term loading, irrespective of the
CFRP-strengthening ratio, the steel reinforcement ratio and the applied temperature. Focusing
on specimens tested at room temperature (20 °C), larger time-dependent deflections were
obtained for specimens with lower CFRP-strengthening ratio (irrespective of the steel
reinforcement ratio), as expected. Moreover, the application of 50 °C resulted in a significant
increase in the time-dependent deflections, as a consequence of the combination of larger

concrete shrinkage and creep, larger creep of epoxy and lower epoxy mechanical properties. To
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be more precise, long-term deflections of unstrengthened specimens increased by 60% and 86%
for psequal to 0.79% and 1,14%, respectively. For the case of specimens with ps equal to 0.79%,
the percentage increased to 85% whatever the value of prre is. Finally, specimens strengthened
with ps equal to 1,14% and prre equal to 0.18% withstood 100% larger time-dependent

deflections as a consequence of the application of 50 °C.

It should be highlighted that the application of 50 °C during the long-term test resulted in
similar time-dependent deflections for specimens with same steel reinforcement ratios,
irrespective of the presence or not of CFRP-strengthening and the number of CFRP strips. This

may be a sign of time-dependent behavior of concrete being the dominant factor.

The evolution of time-dependent strain at the top fiber of concrete at the midspan section
(shown in Figure 6.14) behaves in a manner similar to that of time-dependent deflections, thus

confirming results from instrumentation being coherent.

According to the results from both instantaneous and long-term loading, the CFRP-
strengthening ratio had a significant effect on the instantaneous responses of the RC beams,
while it had a minor effect on the time-dependent deflections of the specimens. On the other
hand, the application of temperature (50 °C) had no considerable effect on the instantaneous
load-deflection responses of the specimens, while the same level of temperature resulted in
large time-dependent deflections in the specimens. Considering that in real-life civil structures,
the members are normally subjected to the long-term loads and higher temperature, their

effects on the structural response of the members should be considered.

With the aim at analyzing the effect of long-term loading on the residual strength of the
beams, the beams were loaded up-to-failure after long-term tests. In this sense, no considerable
change was observed in the residual strength of the unstrengthened beams, whilst a slight
increase was found in the yielding load and post-fatigue stiffness of the NSM CFRP-strengthened
beams. Furthermore, in the case of strengthened beam with ps equal to 1,14% and prre equal to
0.18%, the failure mode was changed from FRP rupture to concrete crushing followed by FRP

rupture.

To complement the experimental work, an analytical model was implemented to predict the
long-term flexural behavior of NSM CFRP-strengthened RC beams. The model is based on AEMM

and includes the effect of temperature on the time-dependent properties of materials. For
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illustrative purposes, comparison of experimental data and analytical predictions for specimens

strengthened with three strips are presented in Figure 8.7, where good agreement is observed.

Figure 8.7. Comparison between analytical predictions and experimental time-dependent

deflections for strengthened beams with three strips: (a) ps = 0.79% and (b) ps = 1.14%.

8.4 Fatigue behavior of NSM CFRP-strengthened RC beams under

service temperature

Proper design of RC structures should not only account for their instantaneous and long-term
performance, but also for the effects of fatigue loading. In this sense, a significant amount of
work exists in the literature on the fatigue performance of NSM FRP-strengthened RC beams,
but to the best of author knowledge, none of the published research accounted for the effect
of high service temperature. Therefore, Paper D aimed to expand the experimental database on
the flexural behavior of NSM CFRP-strengthened RC beams under fatigue loading and to present
the first study on the effect of high service temperature on their fatigue performance. To meet
the first objective, an experimental program was performed that considered different CFRP-
strengthening ratios (prrr = 0.06% and 0.18%) and different R ratios (R1= 0.57 and R2=0.38). For
the second objective, the aforementioned experimental program was expanded to include the
analysis of the effect of applied temperature (20 °C and 70 °C). As a result, the experimental

program included a total of 11 beams.

Flexural instantaneous tests performed to three specimens (one unstrengthened beam (CB)

and two beams strengthened with one (SB1S) and three (SB3S) CFRP strips) allowed to
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determine the maximum and minimum loads to be applied in the fatigue tests (Pmax and Pmin,
respectively). It should be mentioned that values of Pmax and Pmin, presented in Table 8.1, did

not change for the different testing temperatures (20 °C and 70 °C).

Table 8.1. Fatigue load levels.

Specimen ID Prmin (kN) Prmax (kN) Re
CB-R1 11.1 19.4 0.57
SB1S-R1 13.3 23.2 0.57
SB3S-R1 16.8 29.4 0.57
SB3S-R2 12.6 33.7 0.38

aR:Pmin/Pmax

Experimental results on fatigue tests showed that specimens submitted to the large R ratio
(R1=0.57) withstood the programed fatigue test (2 million cycles at a frequency of 2 Hz), whilst
the application of a low R ratio (R2=0.38) resulted in fatigue life reducing to almost 500 thousand
cycles. These results on fatigue life are applicable to both applied temperatures (20 °C and 70

°().

For a better comparison of experimental results, deflections during the fatigue tests are
presented as normalized values (6ave,n) With respect to their value at the first fatigue cycle (see
Figure 8.8). In addition, experimental results on evolution of stiffness (K) along the fatigue test
are presented in Figure 8.9. To better check the differences in fatigue behavior, plots of
normalized deflections have been limited to a maximum value of 2 and plots of stiffness have
been limited to a minimum value of 2.5 kN/mm. Plots without these limitations can be found in

Figures 7.12 and 7.15.

According to results of specimens tested under the large R ratio (R1=0.57) and submitted to
20 °C, the existence of larger CFRP-strengthening ratio resulted in lower normalized deflections
and larger stiffness (see results on R1 specimens in Figures 8.8a and 8.9a). Besides, the
application of a high service temperature (70 °C) negatively affected the fatigue performance of
both unstrengthened and strengthened specimens, thus resulting in larger normalized
deflections and lower stiffness (see results on R1 specimens in Figures 8.8b and 8.9b). Special
attention should be given to the specimen strengthened with one CFRP strip, which experienced

a big jump in deflection and stiffness at around 1.5 million cycles.
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Figure 8.8. Evolution of normalized deflection (Save,n) for specimens tested at: (a) 20 °C and (b)

70 °C.

Finally, experimental results on specimens under the low R ratio (R2=0.38) confirm the
dramatic reduction in fatigue life, thus observing a rapid increase in deflections and decrease in
stiffness as a consequence of failure by steel reinforcement rupture (see results on R2
specimens in Figures 8.8 and 8.9). The failure in these specimens can be explained by the
combined effect of low R ratio and a larger maximum fatigue load, Pmax. Besides, the application

of 70 °C speeded the damage of the specimen, which is reflected as the shortest fatigue life.

Figure 8.9. Evolution of stiffness (K) for specimens tested at: (a) 20 °C and (b) 70 °C.

To conclude the analysis of results on fatigue testing, the ability of specimens to adequately
dissipate energy is analyzed. According to experimental results, the increase in the CFRP-

strengthening ratio, the application of high service temperature (70 °C) and the application of
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the low R ratio (R2=0.38) resulted in larger amounts of total accumulated dissipated energy (see
results in Figure 7.17). It should be mentioned that the effect of temperature was more
pronounced in strengthened RC beams, which is a sign of temperature affecting the efficiency

of the strengthening system.

Finally, the residual strength of the specimens that survived the fatigue loading was analyzed,
and those specimens were immediately tested up to failure after the end of the fatigue test.
Results on these up-to-failure tests are compared in Figure 8.10 to instantaneous flexural
performance of reference beams (i.e. those beams whose results were used to define Pmax and
Pmin for the fatigue tests). The initial point in the load-deflection curves of specimens that
underwent fatigue test corresponds to the plastic deflection (6,) after unloading the beams. As
it can be seen, no considerable change was observed in the load-deflection response of the
control unstrengthened beams (CB), except of larger ultimate deflection (see Figure 8.10a), and
failure mode consisted on concrete crushing after steel reinforcement yielding in all cases. For
NSM CFRP-strengthened beams with one CFRP strip tested at 20 °C, the fatigue test did not have
any relevant effect on the post-yielding load-deflection curve (see Figure 8.10b). However, the
application of 70 °C during fatigue tests resulted in much lower values for yielding and ultimate
loads. This was due to the fact that this specimen experienced a big jump during the fatigue
loading and, therefore, more damage was accumulated in steel reinforcement. In this sense,
this specimen experienced the largest value of 6,. In the cases of short-term and post long-term
loading at 20 °C, failure mode consisted on FRP rupture after yielding of steel reinforcement,
whilst for the beam tested at 70 °C, failure mode was steel rupture due to the accumulated
damage during the fatigue loading. Finally, results on NSM CFRP-strengthened RC beams with
three CFRP strips are presented in Figure 8.10c. In this case, specimen submitted to fatigue
loading at 20 °C experienced a slight increase in ultimate load, and had the same failure mode
as the instantaneous reference specimen (intermediate concrete cover separation). Specimen
submitted to fatigue loading at 70 °C experienced a reduction in the ultimate load and a change

in failure mode from intermediate concrete cover separation to concrete crushing.
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Figure 8.10. Residual strength of specimens: (a) CB-R1, (b) SB1S-R1 and (c) SB3S-R1.
8.5 Concluding remarks

The aim of this PhD thesis is to evaluate the effect of temperature on the instantaneous,
time-dependent and fatigue flexural response of NSM CFRP-strengthened RC beams. To this
end, a first experimental program was designed to evaluate the effect of different temperatures
(i.e. 20 °C to 85 °C), below and beyond the T, of the epoxy adhesive, on the instantaneous
behavior of the strengthened flexural elements. According to the experimental results, no
considerable change was observed in the load-deflection response of specimens tested up to
60 °C, with specimens failing by FRP rupture. However, increasing the temperature to 70 °C
resulted in a slight reduction in the ultimate load and a change in failure mode to end
debonding. It should be highlighted that values for temperature that mark the line between the
two different failure modes fall within the range of values of the T, of the epoxy adhesive (Ty
was tested to be in the range of 53.9 °C - 65.3 °C). Furthermore, analytical predictions that
considered the effect of concrete shrinkage on the short-term response of RC beams were
performed. In this sense, the results showed that large concrete shrinkage had a detrimental
significant influence on the response of the specimens, which was in agreement with

experimental results.

In light of the effect of testing temperature on the instantaneous flexural performance of
NSM CFRP-strengthened RC beams, and being this effect attributed to the temperature-
dependent performance of the epoxy resin, a second experimental program was designed to
evaluate the effect of curing, post-curing and testing temperatures on the mechanical
properties and Ty of the epoxy adhesive. Experimental results showed that Ty was in the range
of 50 °Cto 70 °C. As a result, curing or post-curing the epoxy at temperatures below Ty~ resulted
in an increase in the Ty of epoxy, whilst the application of curing or post-curing temperatures
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larger than Ty derived in smaller values of T,. Furthermore, a clear effect of testing temperature
was observed, where the mechanical properties of epoxy progressively decreased when testing
temperature was increased, especially when testing temperature was near or beyond the T, of
the epoxy adhesive. Finally, results on the effect of curing and post-curing temperatures
demonstrated that conditioning up to Ty~ improved the mechanical properties of the epoxy
adhesive, whilst conditioning beyond this temperature had the opposite behavior. These results
are related to the achievement of a complete cross-linking between the molecules of the epoxy
(for curing and post-curing temperatures below Ty~) and a possible thermal degradation (for
curing and post-curing temperatures beyond Tye). Results from this experimental program fully

support results from the instantaneous flexural tests.

Based on results obtained in the first and second experimental program, a third experimental
program was designed to analyze the effect of temperature (50 °C) on the time-dependent
behavior of NSM CFRP-strengthened RC beams. Experimental results confirmed that high
service temperature had a significant influence on the time-dependent deflections of the
specimens, due to different reasons such as: (i) large shrinkage strain and creep coefficient of
concrete at 50 °C; (ii) reduction in the mechanical properties (tensile strength and modulus of
elasticity) of the epoxy adhesive at 50 °C and (iii) large creep coefficient of epoxy adhesive at 50
°C. However, although mechanical performance of the epoxy adhesive under high service
temperature and long-term loading contributes to the larger time-dependent deflections, the
effect of temperature on time-dependent properties of concrete (concrete shrinkage and creep)
seemed to be dominant. Finally, time-dependent deflections were analytically predicted with a
methodology based on AEMM. The registers of temperature and humidity were used to
determine concrete creep coefficient and concrete shrinkage, following fib Model Code 2010
[83]. Analytical results were in good agreement with experimental time-dependent deflections,

thus confirming the accuracy of the developed method.

Finally, the effect of a high service temperature (70 °C) on the fatigue performance of NSM
CFRP-strengthened RC beam was also investigated. Experimental results showed that the
application of 70 °C resulted in larger deflections and lower stiffness during the fatigue loading.
Furthermore, it was also observed that increasing the applied temperature resulted in a
reduction of the effectiveness of the strengthening system, which led to damage accumulation

in the steel reinforcement. However, the reduction in the effectiveness of the strengthening
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system depended on the CFRP-strengthening ratio. Moreover, the application of fatigue cycles
with larger amplitudes (i.e. the application of lower R ratios) was the responsible of specimens
notwithstanding the programmed fatigue test and failing by steel reinforcement rupture. It
should be mentioned that the combined effect of higher fatigue load and higher temperature

resulted in the most premature failure of the strengthened beams.
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PART IV: Concluding remarks and

future works




9 Conclusions

During the last decades, the tendency toward using FRP materials to strengthen RC structures
and enhance their structural capacity has widely increased. In this sense, due to its stunning
performance, the NSM strengthening technique has been promoted to be one of the most
efficient ones. Even though this technique has several advantages when compared to other
existing strengthening systems, premature debonding is still a matter of concern, especially
when epoxy adhesives (being viscoelastic in nature) are used. In this sense, the mechanical
properties of the bonding material may be affected by different loading types (long-term and
fatigue) and environmental conditions (high service temperature), which can result in a

reduction in the efficiency of the strengthening system.

The main objectives of this PhD thesis were to study the instantaneous, time-dependent and
fatigue flexural performance of NSM CFRP-strengthened RC beams under high service
temperature. To this end, instantaneous flexural tests on NSM CFRP-strengthened RC beams
were performed to evaluate the effect of different temperatures, different CFRP ratios and
different concrete compressive strengths on the load-deflection response and failure modes.
Besides, analytical predictions on the instantaneous load-deflection curves were also presented,
where the effect of shrinkage and temperature were accounted for. The time-dependent
flexural performance of NSM CFRP-strengthened RC beams under high service temperature was
evaluated in a second experimental program, where the effect of high service temperature,
steel reinforcement ratio and CFRP strengthening ratio was analyzed. In this experimental work,
the time-dependent behavior of the involved materials was also studied. Furthermore, an
analytical work, based on AEMM, was also presented to predict the time-dependent deflections
of the tested beams. To continue, a third experimental program was performed to evaluate the
fatigue flexural behavior of NSM CFRP-strengthened RC beams. The parameters of the
experimental program were the service temperature, the CFRP strengthening ratio and the
cyclic loading level. To conclude the experimental work carried out in this thesis, resin
specimens were also tested in tension and compression to study the effect of curing, post-curing

and testing temperature on its mechanical and physical (Ty) properties.

In the following, the main conclusions of the thesis are presented. It should be highlighted
that conclusions are presented in chronological order.
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9.1 Effect of temperature variation on the instantaneous flexural

behavior of NSM CFRP-strengthened RC beams

The influence of high service temperature on the instantaneous flexural performance of NSM
CFRP-strengthened RC beams was presented in Paper A. Based on the data presented, the
following conclusions can be drawn:

e For the given test configuration, the NSM system showed excellent behavior as no end
debonding took place up to 60 °C (53.9< Ty <65.3).

e The application of temperature up to 60 °C did not have a considerable effect on the load-
deflection curves of the specimens. This was due to possible post-curing of epoxy adhesive.

e The application of a temperature beyond the Ty of the epoxy adhesive resulted in a reduction
of the stiffness and the ultimate load capacity of the beams. In this sense, the bond capacity
of the strengthening system appears to be affected by the reduction of epoxy mechanical
properties, thus affecting the efficiency of the strengthening system.

e The application of temperature up to 60 °C did not have an effect on the failure modes of
unstrengthened and strengthened beams, and all strengthened specimens failed by FRP
rupture. On the contrary, specimens tested at 70 °C failed by premature end debonding,
which was evidence of the detrimental effect of temperature on the capacity of the joint.

e Analytical predictions on the short-term load-deflection response of NSM CFRP-
strengthened RC beams were obtained, which included the effect of shrinkage. According to
analytical predictions, higher concrete shrinkage affects the instantaneous performance of
the flexural element leading to lower cracking moment and flexural stiffness. Comparison
between analytical predictions on the load-deflection curves and experimental results

confirmed the accuracy of the model.

9.2 Effect of temperature on mechanical properties and T, of

epoxy adhesive

The effect of curing, post-curing and testing temperatures on mechanical properties and Ty
of the epoxy adhesive was presented in Paper B.

Curing and post-curing affected T, differently depending on the value of the curing and post-
curing temperature. In this sense, when curing and post-curing of an epoxy adhesive takes place
at a temperature below Ty, Ty increases as the curing (or post-curing) temperature increases.
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On the contrary, when curing (or post-curing) takes place at a temperature beyond Ty, Ty

decreases as the curing (or post-curing) temperature increases.

From the analysis of the effect of testing temperature on mechanical properties of the epoxy
adhesive, the following conclusions can be drawn:

e Tensile mechanical properties of the epoxy adhesive progressively decreased for larger
values of testing temperature. In this sense, a sharp reduction was observed at temperature
near or beyond the Ty of the epoxy adhesive and, due to the complete rubbery state of the
epoxy, the elastic modulus was almost negligible.

e The inclusion of an extra cycle of post-curing barely affected the mechanical properties of
epoxy specimens.

From the analysis of the effect of curing temperature on mechanical properties of the epoxy
adhesive, the following conclusions can be drawn:

e Curing temperatures below Ty~ improved the epoxy mechanical properties because of the
cross-linking promotion. On the other hand, curing temperatures beyond Ty resulted in a
reduction in epoxy mechanical properties due to a possible thermal degradation on the
adhesive.

e No considerable effect of an extra post-curing process was observed, which was due to
stabilization of epoxy because of post-curing taking place at the same temperature as the
curing process.

From the analysis of the effect of post-curing temperature on mechanical properties of the
epoxy adhesive, the following conclusions can be drawn:

e Similar to curing temperature, post-curing the epoxy at a temperature below the Ty,
enhanced the mechanical properties because of the reactivation of cross-linking of the non-
complete cured epoxy adhesive.

e The largest benefit of post-curing on epoxy tensile strength took place for post-curing

temperature equal to 60 °C, whilst for epoxy compressive strength it happened at 40 °C.

9.3 Time-dependent behavior of NSM CFRP-strengthened RC

beams under high service temperature

The long-term performance of NSM CFRP-strengthened RC beams under different service
temperatures was studied in Paper C.

From the short-term tests, the following conclusion can be drawn:
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Similar to the short-term test results presented in Paper A, the application of 50 °C did not
have a significant effect on the load-deflection responses of the specimens and had no effect
on the failure mode, as unstrengthened control beams failed by concrete crushing and NSM
CFRP-strengthened RC beams failed by FRP rupture, irrespective of applied temperature
being equal to 20 °C or 50 °C. This can be attributed to possible post-curing of the epoxy
during the loading time, as applied temperature was below the T, of the epoxy adhesive.
From the long-term tests and analytical predictions, the following conclusions can be drawn:
The increase in the temperature to 50 °C resulted in larger concrete shrinkage, concrete
creep coefficient and epoxy creep coefficient.

The increase in the CFRP-strengthening ratio produced lower time-dependent deflections in
specimens tested at 20 °C submitted to the same long-term load. However, CFRP-
strengthening was not significantly affecting time-dependent deflections for testing
temperature equal to 50 °C, so that the time-dependent response of the strengthened
beams approached that of the unstrengthened ones.

The effect of temperature on the time-dependent behavior of concrete appeared to be the
dominant factor in the time-dependent response of RC elements.

Analytical predictions on the time-dependent deflections obtained from an analysis based
on the AEMM and fib Model Code 2010 were in a good agreement with experimental data.

From the residual flexural strength tests and aging specimens, the following conclusions can

be drawn:

Permanent deflections were registered after the removal of the long-term loads. In this
regard, and similar to time-dependent deflections, larger permanent deflections were
obtained in those beams that withstood a temperature of 50 °C during their long-term
loading.

The residual strength of unstrengthened control beams was similar to that of short-term
specimens and aging specimens. For the case of strengthened beams, however, the trend

change and a slight increase in the yielding load and the post-yielding stiffness was observed.
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9.4 Fatigue performance of NSM CFRP-strengthened RC beam

under high service temperature

The effect of fatigue loading on the flexural performance of NSM CFRP-strengthened RC
beams under different service temperatures was investigated in Paper D. From the
experimental tests, the following conclusions can be drawn:

e For a large R ratio (R1=0.57) no failure was observed during fatigue loading (i.e. 2 million
cycles), whilst for a low R ratio (R2=0.38), the specimens failed by steel reinforcement
rupture during the fatigue loading.

e Aprogressive increase in deflections and concrete strain, and decrease in stiffness took place
along the application of the fatigue cycles. It should be mentioned, however, that the largest
rates of variation were observed at the initial stages of the fatigue loading.

e In general, the NSM CFRP-strengthened RC beams showed a better fatigue performance
when compared to unstrengthened control beams.

e The combined effect of temperature and low R ratio was found to be catastrophic for NSM
CFRP-strengthened RC members’ fatigue life.

e NSM CFRP-strengthening helped to postpone the failure of the beam during fatigue loading
after steel reinforcement rupture.

e Larger CFRP-strengthening ratios and testing temperature resulted in larger dissipated
energy.

e The residual strength of the specimens was inversely proportional to the level of fatigue
damage. In this sense, the residual strength decreased for specimens submitted to fatigue
loads at 70 °C.

e Post-fatigue failure mode of unstrengthened beams was not affected by fatigue testing. For
strengthened beams, post-fatigue failure mode changed from FRP rupture to steel rupture

in the case of the application of 70 °C and a high R ratio (R1=0.57).
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10 Future works

Based on the work carried out in this thesis, the following suggestions for future work are drawn:

To study the effect of cyclic temperature (day/night) on time-dependent behavior of NSM
FRP-strengthened RC beams.

To study the effect of temperature on the time-dependent behavior of NSM FRP-
strengthened RC beams where different bonded joints have been assigned (i.e. groove
dimensions, bars/strips size).

To evaluate the effect of higher levels of long-term load, combined with temperature, on
the time-dependent behavior of NSM FRP-strengthened RC beams, to examine the influence
of nonlinear creep of materials.

To develop a numerical model to simulate the time-dependent behavior of NSM FRP-
strengthened RC beams under different service temperatures.

To expand the fatigue experimental program in order to consider the influence of groove
dimensions and bars/strips size.

To develop a numerical model that includes the temperature effects on the fatigue
performance of NSM FRP-strengthened RC beams.

To investigate whether the inclusion of anchorages may help to postpone the fatigue failure

of NSM FRP-strengthened RC beams.
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Abstract: This paper presents a study of the effect of high service temperature (near or beyond glass
transition temperature (Tg) of structural epoxy adhesive) on the behavior of near-surface mounted
(NSM) carbon fiber-reinforced polymer (CFRP)-strengthened reinforced concrete (RC) beams. The
study includes experimental work as well as analytical and numerical analysis. To this end, fourteen
beams have been tested up to failure in two different series. In series 1, specimens with three different
CFRP areas have been tested at two different temperatures (i.e., 20 and 40 °C). In series 2, and
with the aim of evaluating the effect of higher temperatures, only one CFRP area was tested under
four different temperatures (i.e., 20, 60, 70, and 85 °C). Experimental results are evaluated in terms
of load—deflections, failure modes, and bond performance. Furthermore, the experimental load-
deflection curves are satisfactorily compared to both analytical predictions and finite element (FE)
numerical simulations. In both cases, shrinkage and temperature effects on the short-term response
of flexural elements have been accounted for. No significant reduction in stiffness and ultimate load
was observed for specimens being tested up to 60 °C (in the range of epoxy Tg), showing FRP rupture
failure in all of them. For specimens under 70 and 85 °C, the failure mode changed from FRP rupture
to FRP end debonding and concrete crushing, respectively.

Keywords: NSM strengthening; carbon fiber reinforced polymer; epoxy adhesive; temperature;
experimental; shrinkage

1. Introduction

In the past decades, fiber-reinforced polymer (FRP) materials have been produced
in different configurations and have been widely used for different purposes, such as
the strengthening of reinforced concrete (RC) structures. Currently, externally bonded
reinforcement (EBR) and near-surface mounted (NSM) are the two most used strengthening
techniques in civil structures. In the EBR technique, the FRP is bonded to the previously
prepared concrete surface, usually with an epoxy resin, while in the NSM technique, a
groove is cut in the concrete cover and the FRP bar or strip is inserted and bonded using
groove filler, which is typically an epoxy adhesive or a cement grout. The improvement
of the bond performance, along with higher protection against potential aggressive en-
vironmental exposure and vandalism actions, are some of the advantages of the NSM
technique [1-3].

The performance of the NSM strengthening system relies on the bond capacity of the
joint between concrete and FRP material, which in turn depends on the properties of the
adhesive (usually epoxy resin), among other parameters. Typically, epoxy adhesives can
be affected by temperature, as near or beyond the glass transition temperature (Tg), their
mechanical properties may change [4-7]. This may lead to a decrease of its performance
and premature debonding and therefore to a not complete exploitation of the strengthening
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system. In this sense, some limitations on the working temperature of these strengthening
systems exist. According to fib Bulletin 90 [8], to avoid any considerable change in the
adhesive properties in the service condition, the maximum temperature should be 20 °C
less than Tg. In this same line, Michels et al. [9] summarized the various design codes
provisions to define the service temperature in FRP strengthened RC structures to be 10 to
20 °C less than Ty, whilst Klamer et al. [10] suggested the service temperature to be limited
to 10 °C less than Tg. Furthermore, Ferrier et al. [11] limited the service temperature to
be 15 °C less than Ty for avoiding temperature effects in the creep of epoxies with lower
range of Tg (Tg < 55 °C). Moreover, other studies [12,13] limited the maximum temperature
to 10 °C less than T, to avoid premature debonding of FRP sheets from concrete surface.
These limitations are related to the EBR technique, while for the NSM technique, less
information is available, and no specific limitation has been stated.

Focusing on the existing experimental work, the flexural behavior of NSM strength-
ened concrete beams under room temperature have been widely studied in the litera-
ture [14-20], while the structural performance of this technique under elevated tempera-
ture and high service temperature is still an open topic that needs detailed research. The
fire resistance of FRP-strengthened RC flexural elements has been analyzed in different
studies [21-30]. Results from these works showed that the efficiency of the NSM method
was better than EBR technique, and the thicker layers of the insulation system helped signif-
icantly reduce the temperature in the concrete and the adhesive. As a result, failure in the
interface between laminate and concrete was postponed and, therefore, the durability of the
system increased. A deep state-of-the-art review on the performance of FRP-strengthened
RC elements exposed to fire conditions can be found in [31].

Compared to fire resistance, the performance of FRP-strengthened RC flexural ele-
ments exposed to high service temperature has been hardly investigated. The behavior
of four different EBR strengthened RC beams under three different temperatures (i.e., 20,
50, and 70 °C), was studied and analyzed in [32]. Results showed that the failure load of
the specimens was not significantly affected by temperature. However, a change in the
failure interface took place for specimens with shorter anchorage length exposed to higher
temperature (70 °C). Similar results were obtained in [33], who applied temperatures in
the range of 20 to 80 °C and concluded that the load capacity of EBR-strengthened beams
subjected up to 62 °C was slightly decreased, whilst the application of larger temperatures
(from 70 °C on) resulted in a reduction in load capacity of approximately 20% of its nominal
capacity at room temperature. Moreover, the application of larger temperatures made the
failure mode change from cohesive in concrete to adhesive at the concrete—epoxy interface.
Moving from beams to slabs, Silva et al. [34] studied the flexural performance of concrete
slabs strengthened with the NSM technique under service temperature (up to 80 °C). Ac-
cording to this work, the maximum ultimate load capacity was observed in a slab under
40 °C, which was attributed to possible post-curing in epoxy adhesive, and the increase in
the temperature up to 80 °C was followed by a decrease of the ultimate capacity of the slab
of about 12%. In addition, the specimens subjected to 80 °C failed by cohesive failure at the
epoxy, while in the rest of the specimens, the failure mode was concrete crushing. Focusing
on EBR adhesive double lab joints with a wet lay-up system, Ferrier et al. [35] investigated
the effect of temperature (ranging from —40 to 120 °C). According to the experimental
results, the increase of temperature was followed by an increase of the slip between joint
elements that made the specimens failed at lower loads.

In addition to experimental work, finite element methods have been also widely
used to simulate the FRP-strengthened beams and columns under different loading and
environmental conditions [36—43]. In these studies, different types of FRP material (i.e.,
carbon, glass, and basalt) have been considered as NSM or EBR reinforcement, and both
the flexural and shear performance of the strengthened members have been validated. It
should be noted that these studies correspond to specimens under room and fire conditions.

According to the literature, it is seen that there are a limited number of studies related
to the flexural performance of NSM FRP-strengthened RC beams under high service
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temperature, which justifies the need for further research in this field. The present work
aims at studying the effect of relatively high service temperature (near and beyond Tg)
on the flexural performance of NSM carbon FRP (CFRP)-strengthened RC beams when
different strengthening areas of CFRP are used. For this purpose, an experimental program
has been carried out, and results are analyzed in terms of flexural behavior, failure modes,
and bond performance along the FRP laminate. Additionally, experimental results are
also compared to analytical predictions and numerical simulations with the finite element
method. The influence of shrinkage and temperature on the short-term response of the
specimens was included in both analytical calculations and numerical predictions.

2. Experimental Program
2.1. Experimental Test Setup

The experimental program included fourteen specimens divided into two series
(Table 1). Series 1 included eight beams, which were distributed as follows: two control
beams (exposed to 20 and 40 °C) and six NSM CFRP-strengthened beams (exposed to 20
and 40 °C) with three different areas of CFRP. In series 2, unlike series 1, only one CFRP-
strengthening ratio was used, and four different temperatures were applied (20, 60, 70, and
85 °C). The beams were tested under a four-point bending configuration (Figure 1). The
beams had a rectangular cross-section of 140 x 180 mm and a total length of 2400 mm. The
clear span was 2200 mm and the shear span was 750 mm, thus leading to a flexural span
of 700 mm. Two ribbed steel bars with a diameter of 12 mm were utilized as longitudinal
reinforcement on the tension side, while two ribbed steel bars with the diameter of 8 mm
were used on the compression side. The shear span and some portion of the flexural span
were reinforced with $8 mm steel stirrups every 75 mm to avoid shear failure. All beams
had a 5 mm wide and 15 mm deep notch at midspan (to act as a crack initiator at this
specific position).

Table 1. Details of the tested specimens.

Test Concrete FRP

E)g;:ngn;al Beam ID Temperature Compressive Dimension No. of Strips CF(iI:né; ea

paig e Strength (MPa)  w x h (mm?)

CB-1-R 20 - - -

CB-1-40 40 - - -

SB1S-1-R 20 1.4 x 10 1 14

. SB1S-1-40 40 1.4 x 10 1 14

Series 1 SB2S-1-R 20 318 14 x 10 2 28

SB2S-1-40 40 1.4 x 10 2 28

SB35-1-R 20 1.4 x 10 3 42

SB3S-1-40 40 1.4 x 10 3 42

CB-2-R 20 - - -

CB-2-70 70 - - -

. SB25-2-R 20 1.4 x 10 2 28

Series 2 SB2S-2-60 60 408 14 x 10 2 28

SB2S-2-70 70 1.4 x 10 2 28

SB2S-2-85 85 1.4 x 10 2 28

The same CFRP strip, having a thickness of 1.4 mm and a width of 10 mm, was used
in all the strengthened beams, but different configurations of the strengthening system
were considered (see Figure 1). The bonded length of the CFRP strips was 1950 mm for all
specimens. Grooves of size 6 x 15 mm were cut using a sawing machine. After cutting
them, the grooves were completely cleaned with air pressure to make sure there was no
dust inside the grooves.
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Figure 1. Beam details (dimensions in mm).

The specimens were designated as X-Y-Z, where X denotes the type of beam (CB for
control beams with no strengthening system, SB1S for beams strengthened with one CFRP
strip, SB2S for beams strengthened with two CFRP strips, and SB3S for beams strengthened
with three CFRP strips), Y indicates the series of specimens, and Z is the temperature
applied to the beam (where R refers to room temperature equal to 20 °C). For example,
SB15-1-R refers to the strengthened beam with one strip in series 1 of specimens at 20 °C.
Details of the specimens are shown in Table 1.

Beams to be tested at high temperature were submitted to a heating process before
instantaneous testing. The heating was applied on the tension face of the beam by using
silicone rubber fiberglass-reinforced heating blankets. An insulating support was used
to hold the heating blankets in contact with the tension face of the beam. A proportional
integral derivative (PID) controller was utilized for the heating process, and Type-T ther-
mocouples, located between the heating blankets and the concrete surface, were used
as temperature controlling sensors. The evolution of temperature with time at different
locations is shown in Figure 2. Tests started after the stabilization of temperature (see
Figure 2), which remained constant along the test. Temperature strain gauges located at
different points of the beam section allowed the registering of temperature along both the
heating process and flexural test.

(a) SB3S-1-40 {b) SB25-2-60
" : 2 ] 63
60 -+ ! £ —~ 58.8°C
= i _® R dR e 5 57.8°C
Fo— i . [ ! 0
s ¥ : @7 || & S0t : 57.5°C
2 a0t —— r 24% || 3 4] '
2 : 39.2°C g _____________________ IL __-381°C
i 2 ' g 30 e I A Ll e I ek i
|'-’ —4— Concrete bottom right : T @ Epoxy surface ™ g
20 3 1 8 Ll 20 £7 Concrete bottom left 1.
~— Concrete bottom left i —4— CFRP surface :E
hs © Concrete bottom right 18
10 —— CFRP surface ! g 10 + ~ = = Concrete top right :f,a
i
0 I I I I H 6 } ‘l- - Con:ret? top left : :ﬁ
0 5 10 . 15 20 25 0 5 10 15 20 2
Time (hr) Time (hr)

Figure 2. Evolution of temperature with time at different locations of specimens (a) SB35-1-40 and (b) SB2S5-2-60 (before and
during loading).
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In all the cases, a hydraulicjack applied the load onto the specimens through a spreader
beam. The load was applied under displacement control mode at a rate of 0.6 mm/min.

2.2. Instrumentation

Five linear vertical displacement transducers (LVDTs) were used to record the verti-
cal displacements, and two other LVDTs were utilized to measure the settlement of the
supports. Due to the use of heating blankets in the soffit of the beam, two LVDTs were
installed to the side faces of the beam under each loading point. Furthermore, end slips
of the NSM CFRP strip were measured with two horizontal LVDTs (see Figure 3a). The
measurements from horizontal LVDTs were almost negligible in all specimens.

P/2 P/2

N
l l EQJ-QQ
>
-l
CFRP strip Temperature Temperature Heating
LVDT9 / 7 gauges LVDT8
— 2 - — |

Support to 2 B 3 Thermocouple &
hold the blankets ,f:[ § ,3[
Q 3 Q —H
(a) | 750 3| ss0 | ss0 3 750 |Controller

400 50 50 50 50 50 50, 50 50 40 4030302015
’ | e
SGf13  SGf11  SGfY  SGf7  SGf5 SGf3 SGff

=~} [=-} @ =] (=] |-} @ (==} -] @ @= B E @&

SGT SGff4  SGIM2 SGIH0  SGB  SG

(b)

Figure 3. Test configuration: (a) position of linear vertical displacement transducers (LVDTs), temper-
ature gauges, thermocouples, and heating system; (b) strain gauges along the carbon fiber-reinforced
polymer (CFRP) laminate in specimens SB1S-1-R and SB1S-1-40 (dimensions in mm).

A strain gauge was installed at the midspan section of specimens on FRP surface (SGf)
to assess strain variation with load. Furthermore, to evaluate the bond behavior between
the CFRP strip and concrete, 14 additional strain gauges (SGf1 to SGf14) were installed
along the strengthening strip for SB15-1-R and SB1S-1-40 specimens (see Figure 3b). To
avoid reducing the bonded surface, the strain gauges were installed in both sides of the
strip (i.e., alternate in front and back of the strip).

Moreover, to record the temperature variation, temperature gauges (thermocouples)
were installed in specimens under temperature at the surface of the concrete at the top and
soffit of the beam and inside the groove. The temperature variations were recorded during
the heating process as well as during the flexural tests. The position of the thermocouples
is shown in Figure 3a. A general overview of test scene, along with the elements of the
heating system (PID controller and heating blanket) is shown in Figure 4.
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Beam setup

Heating blanket PID controller

Figure 4. General overview of test scene and elements of the heating system.

2.3. Materials

The specimens were cast in lab conditions with conventionally vibrating procedure.
Two different concrete batches were used. For concrete of series 1, the cement type was
[-42.5R, with a content of 390 kg/m?, the maximum aggregate size was 12 mm, and the wa-
ter /cement relationship was 0.46. For concrete of series 2, the cement type was I-42.5R, with
a content of 333 kg/m?, the maximum aggregate size was 10 mm, and the water/cement
relationship was 0.48. In both series, a viscosity modifier and underwater admixture were
used to improve workability. The experimental compressive strength, tensile strength, and
modulus of elasticity of concrete were determined from three cylinder tests (300 mm high
and 150 mm diameter) according to UNE-EN 12390-3:2003 [44], UNE-EN 12390-6:2010 [45],
and ASTM C469-87 [46] standards, respectively. According to the test results, for series
1 of specimens, an average compressive strength of 31.8 MPa (CoV = 6.6%), an average
tensile strength of 4.2 MPa (CoV = 2.3%), and an average modulus of elasticity of 31.5 GPa
(CoV =7.8%) were obtained. Furthermore, for series 2 of specimens, the compressive
strength, tensile strength, and modulus of elasticity were 40.8 MPa (CoV = 2.8%), 5.2 MPa
(CoV =0.5%), and 29.4 GPa (CoV = 0.8%), respectively.

The mechanical properties of steel bars were obtained from tension tests based on
UNE-EN ISO 15630-1 [47]. The yielding stress and the modulus of elasticity were 573.2 MPa
(CoV =1.1%) and 200.8 GPa (CoV = 0.7%), respectively.

The CFRP laminates used in the experimental work consisted of unidirectional carbon
fibers (with a volume content fiber higher than 68%) held together by an epoxy vinyl ester
resin matrix [48]. The mechanical properties were obtained according to ISO 527-5:2009 [49]
recommendations. An ultimate tensile strength of 2251.4 MPa (CoV = 3.2%), an ultimate
tensile strain of 0.0133 (CoV =7.2%), and modulus of elasticity of 169.5 GPa (CoV = 6.3%)
were obtained.

A two-component epoxy adhesive was used to bond the CFRP strip to a concrete
groove. According to the manufacturer’s product guide specification [50], the components
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A and B should be mixed at a ratio of 2:1 by weight. In addition, the proposed curing
time was 7 days. However, in this study, the specimens were tested after 12 days of epoxy
curing at room temperature.

Mechanical properties of the epoxy adhesive were assessed according to ISO-527-
1 [51]. A modulus of elasticity of 7.1 GPa (CoV = 7.8%) and tensile strength of 30.4 MPa
(CoV =4.3%) were obtained.

As mentioned previously, the aim of this study is to evaluate the effect of high service
temperature on the flexural behavior of NSM CFRP-strengthened beams. Therefore, char-
acterization of the glass transition temperature (Tg) of the epoxy adhesive is of interest.
According to the literature, there are two different well-known methods to obtain T of the
adhesive: differential scanning calorimetry (DSC) [52] and dynamic mechanical analysis
(DMA) [53]. The DSC technique provides information about changes in physical, chemical,
and heat capacity of the adhesive. In this experimental program, isothermal DSC tests were
carried out using the DSC Q2000. A heating rate of 10 °C/min was applied using nitrogen
as the purge gas at 50 mL/min. The temperature range was between 25 and 80 °C. To
determine T, three temperatures were measured: the extrapolated onset temperature (T¥),
the mid-point temperature (Trn), and the extrapolated end temperature (Te). The DMA test
is an alternative method to determining the T and viscoelastic properties of polymeric
materials. In this study, a METTLER TOLEDO DMA /SDTA861e analyzer with a 3-point
bending test configuration and 45 mm between supports was utilized. The specimens were
subjected to a heating rate of 2 °C/min within a temperature range of 30 to 100 °C. A 5 pum,
constant displacement amplitude was applied at a frequency of 1 Hz. Ty was obtained
by analyzing the storage modulus (E’), the loss modulus (E”), and the loss factor (tand)
as functions of temperature. In the present work, both methods (DSC and DMA) were
utilized to determine the T after 12 days of curing time at room temperature. According
to the test results, presented in Table 2, Tg cannot be considered as a unique temperature,
but rather, it should be considered as a range of temperatures, as stated elsewhere [9]. The
results of DSC and DMA tests are plotted in Figures 5 and 6, respectively. According to
these results, T was in the range of 53.9-65.3 °C.

Table 2. Results of DSC and DMA methods.

Methodology DSC DMA
T¢ Tm Te Storage Modulus (E') Loss Modulus (E”) Loss Factor (tand)
Tg (°O) 53.9 55.2 55.9 56.2 57.7 65.3
0.1
0.05 +
0 =
§ -0.05 +
E, 0.1 +
B 015 +
T
0.2 +
-0.25
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Temperature (°C)

Figure 5. Differential scanning calorimetry (DSC) test results.



Polymers 2021, 13, 920

8 of 22

10000 1

o~ =+ = Loss factor (tan delta)

Storage modulus (E')

1 \ | = = = Loss modulus (E")

5000

Modulus (MPa)
°
Tan (&)

20 30 40 50 60 70 80 90 100 110

Temperature (°C)

Figure 6. Dynamic mechanical analysis (DMA) test results.

3. Results and Discussion

In this section, experimental results are presented and discussed in terms of load-
deflection curve, failure mode, and strain distribution along the CFRP strips. Analytical
predictions for the load—deflection relationship are also presented.

In the analytical work, equilibrium of forces and moments is applied, where the
following assumptions have been considered: (i) strain compatibility; (ii) Bernoulli’s
hypothesis; (iii) perfect bond, and (iv) the parabola-rectangle stress—strain curve defined in
Eurocode 2 [20]. Based on this, theoretical moment—curvature is determined for uncracked
and cracked sections and, finally, the moment—curvature relationship is derived as the
interpolation between cracked and uncracked sections, according to CEB-FIP Model Code
1990 [54]. Afterwards, an analytical load—deflection curve is obtained from an integration
of curvatures. It should be noted that shrinkage previous to loading has been found to
affect the load—deflection behavior of RC members [55-58]. This influence has also been
experienced in the NSM FRP-strengthened beams included in this work. Therefore, a
systematic procedure is applied to account for this effect in the analytical predictions for
their load—deflection relationship.

3.1. Shrinkage Effects on Instantaneous Deflection of Concrete Beams

Concrete shrinkage is a reduction in its volume due to moisture loss. This reduction
starts after casting the concrete and depends on the water/cement ratio, ambient humidity,
shape of aggregates, mixture properties, curing method and temperature, and geometry
of specimens, among other parameters. In plain concrete without reinforcement, this
shortening would happen without any restrictions. However, in the case of reinforced
concrete, the presence of the embedded reinforcement acts as an impediment to free
shrinkage. As a result of the restrain provided by the reinforcement, compressive and
tensile loads appear in the reinforcement and the concrete, respectively, therefore causing
unsightly cracks in concrete. Additionally to these premature cracks, in those cases where
non-uniform distribution of reinforcement in section depth exists, an additional curvature
can be observed [58].

Shrinkage is an important parameter in predicting the long-term deflection of RC
flexural members, although depending on the amount of shrinkage and reinforcement ratio,
it may have a significant influence even in the short-term behavior of RC elements [55-58].
Considerable shrinkage can be developed in concrete elements before testing unless special
attention to the curing method and conditions is paid. With increasing the shrinkage at
early age of concrete, tensile stresses are developed in concrete due to the restrain caused
by internal reinforcement. This causes a reduction in the cracking moment of the flexural
element and a shift on the bare bar response and therefore an increase in deflections.
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In this work, shrinkage before flexural loading was assessed since shrinkage strain
recorded from the day of casting was significantly higher for specimens in series 2 (344 p¢)
when compared to that of series 1 (88 ).

The original uncracked and cracked responses (moment-curvature relationships) of a
flexural specimen without considering the shrinkage are shown in Figure 7 (black lines).
The corresponding uncracked and cracked additional curvatures due to shrinkage can be
calculated according to [59]:

@ _ AucrAMucr + BucrANucr (1)
e Ec(Aucrlucr - Bthcr)
- AcrAMcr + BcrANcr (2)

P = T E (Al — B2)

where E, is the modulus of elasticity of concrete, A, is the area of uncracked transformed
section, and By, and I, are the first and second moments of inertia of the area of the un-
cracked transformed section, respectively. Moreover, A¢;, By, and I, are the corresponding
values for the cracked transformed section. Furthermore, AM and AN are the restraining
moment and axial force against shrinkage.

ANyer = —EcespAcucr 3)
AMyer = Ecssth,ucr (4)
AN = —EcegpAcer 5)

AMy = Ecssth,cr (6)

where g, is the shrinkage in concrete and A. and B, are the area of concrete and the first
moment of inertia of the area of concrete (ignoring steel as shrinkage takes place only
in concrete).
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Figure 7. Flexural response of beam with and without shrinkage.

To account for the effect of shrinkage, these uncracked (¢..r) and cracked (¢.r) addi-
tional curvatures are applied, so that the black dash lines in Figure 7 are shifted to the right
(red dash lines). To find the additional moment due to shrinkage (AMyy,), the intersection
point between red dash lines is obtained (point B). This means that if shrinkage of the
flexural element is accounted for, point B should be the origin of the moment—curvature
response. Hence, a reduction in the cracking moment equal to AMg;, should be applied
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(moving from black solid line to red solid line in Figure 7). Then, point A should be shifted
to the origin of the absolute coordinate system (moving from the red solid line to the blue
solid line in Figure 7). Finally, the blue solid line is the final moment—curvature response
of the beam when shrinkage effects are considered. It can be observed that if shrinkage is
accounted for, the cracking moment reduces from M., to M., s, and additional deflections
appear due to an extra curvature.

Representative comparisons between the analytical predictions of load—deflection
curves for beams (both unstrengthened and strengthened) of the present work, with and
without considering the effect of shrinkage are presented in Figure 8. A larger difference
between the two predictions exists for those beams of series 2, as expected.

(a) CB-1-R (b) SB1S-1-R
70 70
60 + 60 +
g s+ R e T T
T a0+ T a0 + /
S 8
30 + 30 + —
R 4 (NN NN O I gsh=ope | ||| .| / |7 Eh=0pe
T = €sh = 88 pe
— _Esh= —&sh=
10 A €sh =88 pe i .|
0 ‘ ! ’ ‘ y * 0 : : : ; : :
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Deflection (mm) Deflection (mm)
(c) CB-2-R (d) SB2S-2-R
70 70 —
60 - e R s v
2 5o+ € sof g
B 40+ g T a0+ 7
S / S /
30 - / 30 + [/
20 & ,’I' _____ gsh=0 ue 20 + //' """ €h=0 ue
6 /) —€sh=344 pe 10 475 ——&sh =344 pe
0 f } t } t | 0 t t t t + t
0 10 20 30 40 50 60 70 ] 10 20 30 40 50 60 70
Deflection (mm) Deflection (mm)

Figure 8. Analytical predictions of load-deflection curves with and without accounting for the
shrinkage effect for specimens (a) CB-1-R; (b) SB1S-1-R; (c) CB-2-R; and (d) SB2S-2-R.

3.2. Load—Deflection Curves

The experimental load versus midspan deflection of the specimens of the present work
is presented in Figure 9. As a general description, an initial linear behavior is observed
that represents the elastic behavior of the flexural element. Once the cracking load is
attained, the stiffness of the system decreases, and the load can be further increased until
the yielding load; after this yielding load, the stiffness drops dramatically. From the
yielding point onwards, no considerable increase in the ultimate capacity of control RC
beams (unstrengthened) is found, whilst the ultimate capacity of strengthened beams is
increased. In this sense, with the increase in the strengthening level (i.e., CFRP area), a slight
increase of the cracking load was observed (see Table 3). In the strengthened specimens, the
stiffness of load—deflection curves was relatively higher than in the RC beams, as expected.
Moreover, the yielding (Py) and ultimate (P,) loads of the strengthened specimens were
accordingly increased, irrespective of the applied temperature (see Figure 9).
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Figure 9. Effect of temperature on the experimental load—deflection curves of specimens (a) CB-1;
(b) SB1S-1; (c) SB25-1; (d) SB35-1; (e) CB-2; and (f) SB2S-2.

Table 3. Experimental results and analytical predictions.

Cracking Load, Yielding Load, Py Ultimate Load, P, Ultimate CFRP Strain, Failure Mode 1
Beam ID P¢ (kN) (kN) (kN) &,, FrRp (Mmm/mm)
Exp. Analyt.  Exp. Analyt. Exp. Analyt. Exp. Exp. Analyt.

CB-1-R 6.53 7.98 39.90 41.29 41.87 42.59 - CcC CcC

CB-1-40 5.51 7.48 39.68 41.07 43.39 42.23 - CcC CcC
SB1S-1-R 7.11 7.97 44.90 44.68 53.44 54.57 0.0139 FR FR
SB1S-1-40 6.07 7.47 44.69 44.36 53.63 54.39 0.0142 FR FR
SB25-1-R 7.21 7.96 49.40 47.90 66.50 65.04 0.0132 FR FR
SB2S-1-40 6.12 7.46 49.27 47.68 64.06 64.19 0.0134 FR FR
SB35-1-R 7.56 7.95 56.80 51.29 77.04 74.74 0.0127 FR FR
SB3S-1-40 6.41 7.45 55.60 51.03 76.77 73.39 0.0124 FR FR

CB-2-R 3.69 6.17 38.59 38.12 41.71 39.72 - CcC CcC

CB-2-70 2.12 4.66 37.76 37.64 40.26 39.14 - CcC CcC
SB25-2-R 4.79 5.67 48.21 4451 63.36 62.27 0.0131 FR FR
SB2S-2-60 2.09 4.45 47.88 43.99 63.39 59.35 0.0119 FR FR
SB2S-2-70 1.82 4.15 46.70 43.80 60.86 56.21 0.0103 ED FR
SB2S-2-85 1.68 3.69 46.47 43.70 56.72 55.24 -2 CcC FR

! Failure modes. CC: concrete crushing after steel yielding; FR: FRP rupture; ED: end debonding; 2 Strain gauge failed during the loading.
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According to Figure 9, small differences can be observed between the load—deflection
curves of specimens in series 1 when the temperature was increased from 20 to 40 °C. In
this sense, the application of 40 °C derived in a slight reduction of the stiffness in load-
deflection curves, which is in accordance with results presented in [32-34]. This reduction
in stiffness was followed by a slight decrease in the ultimate capacity of the beams. In
series 2, the application of a temperature that is approaching and even exceeding the epoxy
T (i-e., 60 to 85 °C) generated a small reduction in the stiffness of the specimens. Moreover,
the ultimate capacity of the beams in this series decreased by 3.48%, 3.95%, and 10.45%
for CB-2-70, SB25-2-70, and SB2S-2-85, respectively. No change was observed in SB25-2-60
specimen. In unstrengthened beams, the increase in the temperature derived in a reduction
of the cracking load and stiffness of system (see Figure 10). This reduction has been also
observed in strengthened beams, where the increase in the temperature (near or beyond Ty)
was followed by bond decrease and, subsequently, the efficiency of strengthening system
was slightly reduced, thus making beams more susceptible to premature debonding.

(a) (b)
80 40
70 + 35 1
Zz 60 = 30
x .
= 50 + = 25 + ——B-2-R
o 40 + o 20 + CB-2-70
= \ - —sB25-2-R
30 t —CB-2-R B-2-70 43 1 —SB25-2-60
20 ——sB25-2-R ——$B25-2-60 10 1 P
10 + ——SB25-2-70 ——SB2S-2-85 57T —SB2S-2-85
0 } - - } } - - 0 :
0 10 20 30 40 5 60 70 80 0 10 20
Deflection (mm) Deflection (mm)

Figure 10. Effect of temperature on the experimental load—deflection curves of series 2 of specimens: (a) Total view;

(b) Zoom in view.

Experimental results in terms of cracking load (P,), yielding load (P,), ultimate load
(Py), ultimate CFRP strain (g, rrp), and failure modes are presented and compared to
analytical predictions in Table 3. For the analytical predictions, the effect of temperature on
normal weight concrete properties is considered following the equations proposed in fib
Model Code 2010 [60], which is said to be valid for temperatures ranging approximately
from 0 to 80 °C:

fem(T) = fem(1.06 —0.003T) @)
fCt/SP(T) = fct,sp(1~06 - 0003T) (8)
E.(T) = Ec(1.06 — 0.003T) )

where feu(T), fetsp(T), and E((T) are the compressive strength, the splitting tensile strength,
and the modulus of elasticity of concrete at temperature T (in °C), respectively. Moreover,
fem. fet sp, and E. are the compressive strength, the splitting tensile strength, and the modulus
of elasticity of concrete at T = 20 °C, respectively.

The mechanical properties of steel reinforcement and CFRP strips were not modified
to include any effect of temperature because they are not sensitive to this range of temper-
atures [25,26,31,61]. For CFRP material, the ultimate strain (stress) value obtained from
experimental results was used in analytical predictions.

To complement the comparison between experimental results and analytical predic-
tions presented in Table 3, experimental and analytical load—deflection curves are compared
in Figure 11. According to the figure, good agreement between experimental results and
analytical predictions can be observed in terms of the cracking load, yielding load (and
their corresponding deflections), and stiffness of the system before and after cracking
load and after yielding load, thus meaning that shrinkage and temperature were correctly
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accounted for in the analytical work. However, it should be noted that some differences
exist between experimental and analytical ultimate load and deflections.
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Figure 11. Comparison between experimental and analytical predictions on load—deflection curves of specimens (a) CB-1-R;
(b) CB-1-40; (c) SB1S-1-R; (d) SB1S-1-40; (e) SB2S-1-R; (f) SB2S-1-40; (g) SB3S-1-R; (h) SB3S-1-40; (i) CB-2-R; (j) CB-2-70;
(k) SB2S-2-R; (1) SB25-2-60; (m) SB2S-2-70; and (n) SB2S5-2-85.

3.3. Failure Mode

According to Table 3, control unstrengthened beams of both series (i.e., CB-1 and CB-2,
at different temperatures) failed by concrete crushing in the compression zone of the beam
after steel yielding. On the other hand, FRP rupture (after yielding of steel reinforcement)
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was the failure mode of all strengthened beams of series 1. This means that with the
application of 40 °C, the anchorage length of the CFRP strips was long enough to avoid
FRP debonding failure, and the effect of the application of temperatures within this range
is negligible. In series 2 of specimens, the application of 60 °C (i.e., specimen SB25-2-60)
resulted in FRP rupture failure mode, while the application of 70 °C (i.e., specimen SB2S-
2-70) lead to failure by CFRP end debonding. To conclude, in specimen SB25-2-85 (i.e.,
application of 85 °C), concrete was initially crushed in the compression zone of the section
and, as a result, the load suddenly dropped without end debonding. This unexpected
behavior can be due to a change in concrete mechanical properties, FRP, and epoxy at
high service temperatures. As a general comment regarding the failure mechanism of
the specimens, the increase in the temperature may be followed by a reduction of the
efficiency of the strengthening system and, subsequently, it can lead to changes in the
failure mechanism of the system (changing from FRP rupture to FRP debonding or even
concrete crushing). Representative images of experienced failure modes are shown in
Figure 12. It should be noted that in those cases where FRP rupture took place, it was
subsequently followed by the detachment of the concrete around the FRP laminate.

ED (SB2S-2-70) CC (SB2S-2-85)

Figure 12. Experimental failure modes.

As previously mentioned, fib Bulletin 90 [8] recommends limiting the maximum
temperature to avoid premature failure in EBR-strengthened systems. According to experi-
mental observations, as long as the temperature is sufficiently lower than Ty, no premature
failure was observed. On the contrary, the application of a temperature exceeding the Tg
resulted in end debonding failure mode (i.e., specimen SB25-2-70). It should be noted that
no premature failure (i.e., end debonding) occurred when temperature in the range of Ty
was applied (T = 60 °C), thus showing a good performance related to end debonding for the
NSM strengthening system. Nevertheless, it must be noted that additional experimental
work is needed to confirm the findings of the experimental program presented in this
communication.

3.4. Strain Distribution along the CERP Strip

The distribution of strains along the CFRP strips can give useful information about
the bond behavior (i.e., the force distribution between the CFRP and concrete interface)
and its influence on cracking phenomena. Instrumentation with strain gauges presented in
Figure 3b allowed the register of strains at several sections along the CFRP strip in SB1S-
1-R and SB1S5-1-40 specimens. Experimental strain distributions along half of the CFRP
laminate of these specimens are plotted at different levels of load in Figure 13. Experimental
results show that the increase in temperature was followed by an increase of strains in the
strip. In addition, in both specimens, the strain in the CFRP strip increased dramatically



Polymers 2021, 13, 920

15 of 22

after yielding of the longitudinal steel reinforcement. The available fluctuation in the strain
distributions may be related to the appearance and opening of new cracks.

(a) T 15000
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10707 >« T > Steel Yield
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Figure 13. Strain distributions along one half of the CFRP strip at different levels of load for specimens
(a) SB1S-1-R and (b) SB1S-1-40.

4. Finite Element Analysis

Nonlinear finite element (FE) analysis of control and CFRP-strengthened beams sub-
jected to four-pointed loads was carried out to compare with the results obtained from
the experimental work. A three dimensional FE model was created using the well-known
commercial FE program ABAQUS [62].

4.1. Description of FE Model

FE models include concrete, steel reinforcements (longitudinal and stirrups), CFRP
strips, and epoxy. Concrete and epoxy are modeled by an eight-node linear hexahedral
solid element with reduced integration (C3D8R), steel reinforcements are modeled by a
two-node linear 3D truss element (T3D2), and FRP strips are modeled by a two-node linear
beam (B31). A mesh convergence analysis was performed to select the optimum mesh
sizes for different parts involved in the FE model. In this study, it was observed that the
meshing refinement was not sensitive after having the maximum mesh size of 25 mm for all
elements except epoxy that had 10 mm mesh size. By taking advantage of symmetry in two
perpendicular planes, only a quarter of the beam was modeled. Boundary conditions of the
experimental test set-up were considered. Finite element mesh along with the boundary
conditions is shown in Figure 14.
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Loading point

Z-symmetric

X-symmetric
Figure 14. Finite element mesh of simulated beam (one quarter).

Considering perfect bond, steel reinforcements and CFRP strips are embedded inside
the concrete and epoxy, respectively. In order to address this condition, the embedded
region function of ABAQUS is used. Moreover, the tie constraint function is assumed
to simulate the interaction in the interface between epoxy and concrete. The selection
of these interfacial behaviors is based on the fact that the bond was good enough and
bond failure took place only in one of the beams of the present experimental program
(i.e., specimen SB25-2-70). As a result of this, specimen SB25-2-70 is not included in the
numerical simulations.

Similar to the case of analytical predictions presented in Section 3.1, the effect of
shrinkage is also addressed in the numerical simulations. To this end, an initial extra
deflection due to shrinkage (calculated following Section 3.1) is applied to the middle of
the beam in a separate step. Afterwards, the main flexural load is applied in a displacement
control mode through a rigid plate to avoid any extra deformation along the loading.

4.2. Materials Definition

Steel reinforcement is modeled as an isotropic bilinear elasto-plastic material, while
epoxy is modeled as isotropic linear elastic material and CFRP is modeled as brittle material
(with ultimate strain value obtained from experimental results). Moreover, to simulate the
inelastic behavior of concrete, concrete damage plasticity (CDP) is used. This continuum,
plasticity-based, damage model for concrete is applicable to different loading conditions
and can be utilized for concrete with embedded reinforcement [62]. This model assumes
that the two main failure mechanisms are tensile cracking and compressive crushing.
Therefore, the evolution of the failure surface is controlled by two hardening variables
linked to the failure mechanisms under tension and compression loading. The required
material parameters for the definition of the CDP model are dilation angle (), flow poten-
tial eccentricity (¢), the ratio of the biaxial compressive stress to the uniaxial compressive
stress (0p0/0¢0), the ratio of the second stress invariant on the tensile meridian to that on
the compressive meridian (K;), and viscosity (y). In this numerical study, these parameters
are considered as ¢ = 36°, € = 0.1, opp/0c9 = 1.16, K. = 0.67, and y = 0.0005.

The concrete stress—strain compression relationship is modeled according to Eurocode
2 [63]. Moreover, the tensile post-cracking behavior of concrete is modeled according to
Torres et al. [64], where a1 and &, are two dimensionless coefficients that define the tensile
post-cracking stress—strain relationship of concrete (see Figure 15). In this study, based on
the loading condition, a1 was assumed to be equal to 0.4 and based on section properties,
ap was assumed to be in the range of 13 to 15.

The effect of temperature is applied directly in the definition of materials’ properties,
following the same strategy as in the analytical work (see Section 3.2). The effect of temper-
ature on epoxy material is considered according to the experimental results presented in [7].
This assumption is based on the fact that the possible effect of the heating process, taking
place before the main flexural test, is not included in the experimental load-deflection
responses obtained in the laboratory (i.e., the system is zeroed before testing).
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Table 4. Comparison between numerical predictions and experimental results.

O¢
fee tension
(o 2% 9
| E; | s
Ect Uz.Ec¢
Ec e
compression

Figure 15. Equivalent stress—strain relationship for tensioned concrete [64].

4.3. FE Results

The comparison between numerical predictions and experimental results is presented
in Figure 16 and Table 4. In all cases, the FE model reasonably predicts the experimental
behavior of beams under flexural load. Slightly higher initial stiffness is observed in the
numerical simulation when compared to experimental curves, with a mean difference
in deflections of 7.15% observed at the service load level [8]. In terms of yielding and
ultimate loads, differences of only 3% and 2.9% are observed, respectively, with the same
failure mode in both experimental work and numerical simulations. In this sense, it should
be highlighted that concrete crushing was the predicted failure mode in the numerical
simulation of specimen SB2S-2-85, which coincides with experimental observation. This
would confirm that the negative effect of temperature on the mechanical properties of
concrete and epoxy leads to an unexpected concrete crushing failure mode.

Deflection at

Yielding Load, Py

Ultimate Load, P,

Beam ID S];g;\ge Serv1:r<:l Ir;lo)ad, ds ](30}5: (KN) ](30}:: (KN) ]()(;of)f Failure Mode !
Exp.  Numeric. Exp. Numeric. Exp. Numeric. Exp.  Numeric.
CB-1-R 20.57 7.04 5.99 14.91 39.90 39.15 1.88 41.87 41.22 1.55 CcC CcC
CB-1-40 19.82 6.65 6.07 8.72 39.68 39.11 1.44 43.39 40.75 6.08 CcC cC
SB15-1-R 21.37 6.70 5.93 11.49 44.90 43.39 3.36 53.44 55.86 4.53 FR FR
SB1S-1-40 20.59 7.01 5.94 15.26 44.69 43.18 3.38 53.63 53.73 0.19 FR FR
SB25-1-R 22.12 6.10 5.82 4.59 49.40 49.99 119 66.50 68.20 2.56 FR FR
SB25-1-40 21.32 6.60 5.78 12.42 49.27 48.83 0.89 64.06 66.07 3.14 FR FR
SB35-1-R 22.85 6.02 5.67 5.81 56.80 54.11 4.74 77.04 78.77 2.25 FR FR
SB35-1-40 22.01 5.97 5.51 7.71 55.60 53.76 3.31 76.77 74.38 3.11 FR FR
CB-2-R 26.28 9.98 9.99 0.10 38.59 36.95 4.25 41.71 40.78 223 CcC cCc
CB-2-70 24.64 10.20 10.05 1.47 37.76 36.38 3.65 40.26 39.60 1.64 cC CcC
SB25-2-R 29.20 10.31 9.55 7.37 48.21 47.49 1.49 63.36 64.24 1.39 FR FR
SB25-2-60 27.04 9.94 9.65 2.92 47.88 45.71 4.53 63.39 58.72 7.37 FR FR
SB25-2-85 25.63 9.52 9.51 0.11 46.47 44.34 4.58 56.72 55.55 2.06 CcC CcC
Mean diff. (%) 7.15 Mean diff. (%) 2.98 Mean diff. (%) 2.93

! Failure modes. CC: concrete crushing after steel yielding; FR: FRP rupture.
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Figure 16. Comparison between experimental and numerical work of specimens (a) CB-1-R; (b) CB-1-40; (c) SB1S-1-R; (d)
SB1S-1-40; (e) SB2S-1-R; (f) SB25-1-40; (g) SB3S-1-R; (h) SB35S-1-40; (i) CB-2-R; (j) CB-2-70; (k) SB25-2-R; (1) SB25-2-60; and

(m) SB2S-2-85.

5. Conclusions

In the present work, an experimental program to study the influence of high service
temperature on the flexural performance of NSM CFRP-strengthened RC beams is pre-
sented. The experimental results are compared to analytical and numerical predictions.
Based on the data presented, the following conclusions can be drawn:

e No considerable differences can be observed in the load—deflection curve when speci-
mens are subjected to 40 °C (i.e., series 1). This behavior can be attributed to 40 °C
being far below the T of the epoxy resin.
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e Inseries 2, as a result of the increase in temperature near or beyond the Tg, the stiffness
and the ultimate load of strengthened and unstrengthened specimens decreased. The
interface bond capacity between epoxy and concrete could have been affected, and
the efficiency of the strengthening system showed some reduction, thus making the
beam to be more prone to experience end deboning failure.

e In both series of specimens, the failure mode of the control unstrengthened beams
was concrete crushing after steel yielding. For the strengthened beams under 20, 40,
and 60 °C, the failure mode was FRP rupture. With the increase of temperature up to
70 °C, the beam failed by end debonding. Finally, specimens under 85 °C experienced
concrete crushing and, as a result, the load suddenly dropped without giving place to
end debonding. This failure mode can be attributed to the reduction in mechanical
properties of concrete and epoxy when submitted to higher temperature.

e No end debonding or significant reduction in ultimate load occurred for specimens
being tested up to 60 °C, thus showing a good performance of the NSM strengthening
system.

e  The application of temperature exceeding the epoxy Ty generated a small reduction
in the stiffness of the specimen and a decrease by 3.48%, 3.95%, and 10.45% in the
ultimate capacity of beams CB-2-70, SB25-2-70, and SB2S-2-85, respectively.

e  The effect of temperature on the experimental bond behavior of specimen at 40 °C was
studied in one of the strengthened beams (i.e., SB15-1 specimens). With the increase
in the temperature, strains (and stresses) in the CFRP strip increased.

e A systematic procedure was applied to consider the effect of shrinkage in short-term
response of the specimens. It was observed that the increase in the concrete shrinkage
resulted in a reduction of the elements’ stiffness and cracking load. Good agreement
was observed between analytical predictions and experimental results.

e A simple but trustable FE model accounting for initial shrinkage and effects of tem-
perature was created to be compared with experimental work. In all cases, numeri-
cal models correctly predict the experimental load—deflection responses and failure
modes.
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ARTICLE INFO ABSTRACT

Keywords: Structural cold-curing adhesives are widely used to strengthen Reinforced Concrete (RC) structures with Fibre
Epoxy adhesive Reinforced Polymers (FRPs). The performance of these adhesives, and therefore the performance of the
Temperature strengthening system, may be affected by temperature, as ambient-cured structural adhesives usually have low
Ez;:lirmg glass transition temperature (Ty). This paper presents a comprehensive experimental investigation on the in-
T, fluence of temperature on mechanical properties and T of a structural epoxy adhesive. The experimental pro-

gram was divided in four groups of specimens. In Group 1, the effect of curing and post-curing temperature on T,
of the epoxy adhesive was investigated. In Groups 24, the effects of testing temperature, curing temperature and
post-curing temperature, respectively, on adhesive mechanical properties were studied. Experimental results
confirm that curing and post-curing temperature affected T, differently depending whether the applied tem-
perature was below or beyond the epoxy T. Similar behavior was observed in the mechanical properties of the
epoxy, as they showed improvements when curing process (curing and post-curing) temperature was below T,
and they were negatively affected when curing process temperature was beyond T, Besides, tensile and

Mechanical properties

compressive mechanical properties were negatively affected by testing temperatures beyond 20 °C.

1. Introduction

Structural epoxy adhesives are widely used to bond Fiber Reinforced
Polymers (FRPs) to concrete in both Externally Bonded Reinforcement
(EBR) and Near-Surface Mounted (NSM) strengthening techniques
[1,2]. The performance of the strengthened structure will depend on the
bonded joint, whose behavior has been acknowledged to be partially
governed by the mechanical properties of the adhesive [3-5].

In civil engineering applications adhesive joint is typically cured at
ambient temperature. Accordingly, cold-curing adhesives are the most
widely used, as its use is easier and they present good mechanical
properties after the required curing time (which depends on the curing
agent and temperature). It is a feature of commonly used ambient-cured
structural adhesives to have glass transition temperatures (Tg) ranging
between 40 °C and 70 °C [6]. Being T, defined as the temperature range
where a thermosetting polymer changes from a glassy to a rubbery state,
(i.e. the temperature ranges over which the mobility of the polymer
chains increases significantly) [7], these relatively low values of T, can
be a limiting factor because these adhesives can exhibit substantial
changes in their mechanical properties if working temperature

* Corresponding author.
E-mail address: younes.jahani@udg.edu (Y. Jahani).

https://doi.org/10.1016/j.conbuildmat.2022.126698

approaches its T, [8-14]. As a consequence of the reduction in the
adhesion strength of the epoxy as the T range is approached, a reduction
in the stiffness and ultimate capacity of the FRP-strengthened element
can take place and the failure mode can change [8,15-19].

A reduced number of studies have investigated the influence of
testing temperature on the mechanical properties of cold-curing epoxy
adhesive typically used in civil engineering [9-20]. Firmo et al. [9]
presented an experimental work to assess the mechanical properties of a
commercial epoxy adhesive typically used in civil engineering at
different temperatures (from 20 °C to 120 °C). The results showed that
mechanical properties were significantly affected by testing tempera-
tures larger than T, (T = 47 °C), as the shear and the tensile strength of
epoxy were reduced to around 30% of their corresponding ambient
strengths. Additionally, the shear and the tensile modulus were almost
negligible for tests at 50 °C. These results are similar to those obtained in
other studies on epoxy adhesives with larger T, values used in other
applications, such as aerospace industry [10-12]. As an example, Banea
et al. [10,11] investigated the effect of testing temperature on the me-
chanical properties of an epoxy adhesive having a T, value equal to
150 °C. In these studies, four different temperatures were applied during
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testing (i.e. room temperature, 100, 150 and 200 °C), and experimental
results showed a reduction in the tensile strength and an increase in the
ductility when testing temperature was increased. The maximum
reduction was observed for testing temperatures near to and beyond Ty,
where the adhesive was in rubbery state. Similarly, Wu [12] studied the
influence of testing temperature on mechanical properties of an epoxy
whose T, equals 177 °C. According to their experimental results,
increasing the testing temperature produced a decrease in both the
tensile strength and the elastic modulus. It should be noted that the rate
of loss of the mechanical properties was sharply increased for testing
temperature beyond T, Besides, Reis [13] presented a comparative
study on the effect of testing temperature (ranging from 23 to 90 °C) on
compressive strength of epoxy polymer mortar and unsaturated poly-
ester mortar (mixture of a quartz foundry sand with the thermoset resin
binder). Although both materials experienced a decrease in their me-
chanical properties when testing temperature was increased, epoxy
polymer mortars were more sensitive to temperature changes than un-
saturated polyester mortars. This temperature dependency was related
to the T of the resins used.

In addition to testing temperature, curing and post-curing proced-
ures can also affect the structural performance of an epoxy adhesive, in
terms of the value of T; and the epoxy mechanical properties [21-30].
Michels et al. [21] studied the effect of different curing conditions and
mixing processes on mechanical properties of three different epoxy ad-
hesives. Specimens exposed to accelerated curing (consisting in
exposing the epoxy specimens to an elevated temperature, 90 °C, for a
period of 25 min just after casting) showed higher porosity, which
appeared to be the cause of their apparent lower tensile properties. The
higher porosity can be attributed to a faster development of strength and
stiffness, that finally affects to the cross-linking process, thus showing
the influence of the cure-kinetics. Mixing the epoxy under vacuum
reduced the porosity of both specimens (with and without accelerated
curing) leading to higher tensile properties. Similar results were ob-
tained in Cruz et al. [22]. It has been shown in the literature that longer
curing times are needed for lower curing temperatures. This effect,
which is of high importance in cold-curing epoxy adhesives, is a
consequence of the vitrification of the network that takes place when the
resin is cured at a temperature below the ultimate glass transition of the
completely cross-linked resin. As a result, the resin is in a glassy but
uncured state, so that cross-linking reaction has slowed down dramati-
cally and it may take a long time before the ultimate properties of the
adhesives are reached. This dependency was confirmed for cold-curing
epoxy adhesives in Lapique and Redford [23] and Moussa et al. [24].
For the case of Lapique and Redford [23], they obtained same me-
chanical properties with 4 h curing at 64 °C and 28 days curing at room
temperature. For the case of Moussa et al. [24], epoxy cured at low
temperatures of 5 °C to 10 °C required a 3-days curing period for
attaining the full curing, whereas few hours (3.7 h to 1.6 h) were needed
for curing temperatures in the range of 35 °C to 60 °C. Lahouar et al [25]
investigated the evolution of epoxy T, under four different curing tem-
peratures (i.e. 20, 50, 82 and 108 °C). According to their results on DSC
tests, the T, increased gradually by increasing the curing temperature.
However, this increase in Ty had an upper bound value, as curing beyond
82 °C had no effect on T This upper bound value corresponds to the
glass transition temperature of the fully cured network (T,s), at which
the resin reaches its maximum degree of cross-linking. The existence of a
T upper bound value (Tg,,) was also confirmed in a study from Carbas
et al. [26], who studied the effect of the curing temperature on the
mechanical properties and T of three different structural epoxy adhe-
sives. For each adhesive, samples of the bulk adhesive were cured at
various temperatures and T, was measured by a dynamic mechanical
analysis using an in-house developed apparatus. It should be mentioned
that the main concern of the applied method is related to thermody-
namics and the existence of a temperature gradient in the adhesive.
Therefore, the speed of the test should be a compromise value that en-
sures a homogeneous temperature distribution in the specimen and
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avoids causing a post-curing in the specimen. Once T, was determined at
various curing temperatures, Tgo, could be determined. In addition to the
determination of the Ty, values for the three adhesives, results of their
experimental program confirmed that, as far as the curing temperature
was below Ty, any increase in the curing temperature derived in an
increase in the mechanical properties and T,. On the contrary, for curing
temperatures above Ty, the mechanical properties and T, decreased.
Although these findings are in agreement with [27-29], it should be
mentioned that Ty is a kinetic parameter that depends on the heating rate
and on the measurement conditions [26]. Experimental work presented
in [26] was complemented with a second program presented in Carbas
et al. [30], where the effect of post-curing was analyzed. Post-curing
process can be of high importance for the case of cold-curing epoxy
adhesives. It may be the case that an un-complete cure in the epoxy resin
exists because of the longer curing time needed, especially if they are
cured at ambient temperature. In this case, the reactivation of the cross-
linking process of the epoxy can take place if a post-curing process is
applied. In this sense, experimental results presented in [30] showed
that the effect of post-curing at temperature below Ty, depended on
whether the cross-linking process was complete or not. Finally, post-
curing above Tg, produced thermal degradation that caused a pro-
gressive decrease in mechanical properties and T,. According to the
literature [7,21,23,25,26,31,32], cross-linking plays an important role
in the mechanical performance of an epoxy. In this sense, results pre-
sented in Michel and Ferrier [7] confirmed that cross-linking of an epoxy
resin is found to be an irreversible process, so that larger T, values are
obtained when curing at higher temperatures and its value does not
change when the polymer is exposed back to a lower temperature.
Similar results were obtained in [21].

This paper presents part of a larger experimental program on the
flexural behavior of NSM FRP-strengthened Reinforced Concrete (RC)
beams tested at different temperatures. Specifically, the main objective
of this paper is the assessment of a commercial structural epoxy adhesive
commonly used for RC strengthening and retrofitting with FRP mate-
rials. To this end, a comprehensive experimental program was per-
formed to evaluate the influence of the temperature on mechanical
properties (namely the uniaxial tensile strength (cy,), the tensile elastic
modulus (E), the uniaxial ultimate compressive load (F.,), the uniaxial
compressive strength (6,)) and Tg of a structural epoxy adhesive.
Different curing temperatures, post-curing temperatures and testing
temperatures have been considered. The experimental program is
described and the main results are presented and discussed.

2. Experimental program
2.1. Material

The adhesive used in this study is a high performance, solvent-free,
thixotropic, and grey two-component epoxy adhesive specially devel-
oped for bonding Carbon Fiber Reinforced Polymers (CFRP) on concrete,
that is traded under the commercial name of S&P 220 HP. According to
the manufacturer’s product data sheet [33], the components A
(Bisphenol A and Bisphenol F based resin) and component B (hardener,
with a mixture of amines) should be mixed at a ratio of 2:1 by weight,
and the suggested curing duration is 7 days. Furthermore, the nominal
elastic modulus, compressive strength and T, of epoxy declared by the
manufacturer are 7.1 GPa, 81 MPa and 58.2 °C, respectively. The
mixture of epoxy adhesive is shown in Fig. 1.

2.2. Specimens curing process and testing configuration

In this experimental program, 4 groups of specimens were consid-
ered. Group 1 comprised those specimens used for determining the effect
of curing and post-curing temperature on T, of the epoxy adhesive.
Groups 2, 3 and 4 comprised those specimens used for evaluating the
effect of testing temperature (Group 2), curing temperature (Group 3)
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Fig. 1. Epoxy adhesive mixture.

and post-curing temperature (Group 4) on mechanical properties of the properties (i.e. Group 2), CT refers to specimens tested to analyze the
epoxy adhesive. The specimens were designated as X-Y-Z. In this influence of curing temperature on epoxy mechanical properties (i.e.
designation X indicates the testing group, so that TG refers to specimens Group 3) and PT refers to specimens tested to determine the influence of
tested to determine the Ty (i.e. Group 1), TT refers to specimens tested to post-curing temperature on epoxy mechanical properties (i.e. Group 4).
study the influence of testing temperature on epoxy mechanical In the proposed specimens’ designation, Y indicates the curing process
Table 1
Details of the experimental program.
Group Specimen ID Number of specimens Curing process Curing process temperature (°C) Test Testing temperature (°C)
Group 1 TG-C-20 1 See Fig. 2a 20 Glass transition temperature of epoxy ~ According to standard
TG-C-50 1 50
TG-C-70 1 70
TG-PC-50 1 50
TG-PC-70 1 70
Group 2  TT-TEN-20 3 See Fig. 2b 20 Tensile strength and elastic modulus 20
TT-TEN-40 3 20 40
TT-TEN-50 3 20 50
TT*-TEN-50 3 50 50
TT-TEN-60 3 20 60
TT-TEN-70 3 20 70
TT*-TEN-70 3 70 70
TT-TEN-85 3 20 85
TT-COM-20 3 20 Compressive strength 20
TT-COM-40 3 20 40
TT-COM-50 3 20 50
TT*-COM-50 3 50 50
TT-COM-60 3 20 60
TT-COM-70 3 20 70
TT*-COM-70 3 70 70
TT-COM-85 3 20 85
Group 3  CT-TEN-(-15) 3 See Fig. 2¢ -15 Tensile strength and elastic modulus 20
CT-TEN-50 3 50 20
CT*-TEN-50' 3 50 20
CT-TEN-70 3 70 20
CT*-TEN-70” 3 70 20
CT-COM-(-15) 3 -15 Compressive strength 20
CT-COM-50 3 50 20
CT*-COM-50' 3 50 20
CT-COM-70 3 70 20
CT*-COM-70” 3 70 20
Group 4  PT-TEN-40 3 See Fig. 2d 40 Tensile strength and elastic modulus 20
PT-TEN-50 3 50 20
PT-TEN-60 3 60 20
PT-TEN-70 3 70 20
PT-TEN-85 3 85 20
PT-COM-40 3 40 Compressive strength 20
PT-COM-50 3 50 20
PT-COM-60 3 60 20
PT-COM-70 3 70 20
PT-COM-85 3 85 20

! Curing at 50 °C for 7 days and later exposed to a one-day post-curing at 50 °C.
2 Curing at 70 °C for 7 days and later exposed to a one-day post-curing at 70 °C.
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type (C for curing and PC for post-curing) for specimens of Group 1 and
refers to mechanical test type (TEN for tension test and COM for
compression test) for specimens of Groups 2-4. Finally, Z denotes the
temperature. For example, TG-C-50, refers to a specimen that was cured
at 50 °C and tested in order to determine the value of T, (Group 1).
Similarly, PT-TEN-70 refers to a specimen that was post-cured at 70 °C
and tested in order to analyze the effect of post-curing temperature
(Group 4) on tensile properties of the epoxy adhesive. It should be
mentioned that the asterisk symbol appearing in some specimens’
designation shows one extra day of post-curing. All specimens were
tested at the age of 12 days. Curing and post-curing periods with target
temperature different from 20 °C lasted 7 days and 1 day, respectively.
Details on the curing process and testing configuration of each group are
presented below and summarized in Table 1:

e Group 1: effect of curing and post-curing temperature on T,

This group includes a total of 5 specimens, whose curing and post-
curing temperatures varied with the aim at analyzing its effect on the
T, of the epoxy adhesive. One specimen was cured at room temperature
(20 °C) for 12 days as a reference sample (TG-C-20) (see black line in
Fig. 2a. Two other specimens were cured for 7 days under the target
temperature (50 °C and 70 °C) to be later left 5 more days at 20 °C before
testing the Ty (TG-C-50 and TG-C-70) (see blue line in Fig. 2a. To
conclude, two specimens were initially cured for 9 days at 20 °C, after
which a post-curing process of one-day under the target temperature
(50 °C and 70 °C) was applied, that was finally followed by a cooling-
down process for 2 days at 20 °C prior to T, testing (TG-PC-50 and
TG-PC-70) (see red line in Fig. 2a.

e Group 2: effect of testing temperature on mechanical properties

This group includes a total of 48 specimens whose testing tempera-
tures varied to evaluate its effect on epoxy adhesive mechanical prop-
erties. The specimens were cured at 20 °C for 11 days (see black line in
Fig. 2b. After this curing process, specimens were heated to the target
temperature for one-day (20, 40, 50, 60, 70 and 85 °C) to be finally
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tested under tension and compression. It should be mentioned that the
one-day heating process previous to testing should be considered as a
one-day post-curing process. Furthermore, two additional configura-
tions (marked with asterisk symbol) were considered where an addi-
tional one-day post-curing at the target temperature (50 and 70 °C) was
applied (see red line in Fig. 2b.

e Group 3: effect of curing temperature on mechanical properties

This group includes a total of 30 specimens whose curing tempera-
ture varied with the aim at evaluating its effects on epoxy adhesive
mechanical properties. Immediately after being cast, specimens were
moved to the chamber to be cured at different target temperatures (-15,
50 and 70 °C) for a period of 7 days. After this curing phase, specimens
were left at 20 °C for 5 days before testing (see black line in Fig. 2¢c. As in
previous group, two additional configurations (marked with asterisk
symbol) were exposed to a one-day post-curing at target temperature
(50 and 70 °C) and cooled-down again at 20 °C (see red line in Fig. 2c.

e Group 4: effect of post-curing temperature on mechanical properties

This group includes a total of 30 specimens that were post-cured at
different temperatures to evaluate its effect on epoxy adhesive me-
chanical properties. In this last group, the specimens were cured at 20 °C
for 9 days, to be later exposed to a one-day post-curing at different target
temperatures (40, 50, 60, 70 and 85 °C) and a final cooling-down at
20 °C before testing (see Fig. 2d.

2.3. Test procedures

2.3.1. Differential scanning calorimetry test

The differential scanning calorimetry (DSC) technique [34] was used
to calculate the T, of the epoxy adhesive after different curing and post-
curing conditions (Group 1 of the experimental campaign). For each
curing condition, one specimen was tested. The DSC technique provides
information about changes in physical, chemical, and heat capacity of
the adhesive which may lead to important information about their

Fig. 2. Diagram of the curing processes. (a) Group 1; (b) Group 2; (c) Group 3; and (d) Group 4.
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thermal history (i.e. the temperature that epoxy undergoes), stability,
processing conditions, progress of chemical reactions and possible
changes in mechanical properties [34]. The dynamic DSC tests were
carried out using the DSC Q2000 machine. A heating rate of 10 °C/min
was applied using nitrogen as the purge gas at 50 mL/min. The tem-
perature range was between 20 and 80 °C. To determine Ty, and ac-
cording to ASTM E1356-08 [34], the extrapolated onset temperature
(Tp and the extrapolated end temperature (T,) were measured. The mid-
point temperature (Ty,), computed as the mean between Tyand T, is the
most commonly used as the glass transition temperature [34].

2.3.1.1. Tension test. Tensile properties of the epoxy adhesive were
determined following ISO-527-1 [35] specifications. To this end, dog-
bone specimens were manufactured following the geometry and di-
mensions shown in Fig. 3a and tested under displacement-control at a
speed of 1 mm/min. For each curing condition, three specimens were
tested. The test setup is shown in Fig. 3b. As mentioned in section 2.2,
specimens of Group 2 were heated to the target testing temperature for a
duration of 24 h prior to testing and, once temperature was stabilized,
the test was performed. To allow the curing process, a thermal chamber
was mounted on the testing machine (see Fig. 3b). Two strain gauges
located at the back and front sides of the specimens and one axial
extensometer with a 25 mm gauge length were used to measure the
strain during the tension tests. Furthermore, two thermocouples (one to
measure the environmental temperature inside the thermal chamber
and the other glued on the surface of specimen) were used to measure
the temperature before and during the test. In each specimen, registers
of loads were transformed to stresses by using the mean cross-section
area from three different measurements. The tensile elastic modulus
was obtained from the slope of axial stress—strain curve between 0.05%
and 0.25% of the maximum tensile strain [35]. Details of the specimens
and test setup are shown in Fig. 3.
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2.3.1.2. Compression test. The compressive strength of the epoxy ad-
hesive was determined according to EN 196-1 [36], with the aim at
following the same standard used by the epoxy manufacturer. According
to EN 196-1 [36], 80 mm length prism having a 40x40 mm? cross-
section should be used for determining the epoxy compressive
strength (see Fig. 4a and 4b. During the compression test, the load
should be increased smoothly, under force-control, at a ratio of 2400 +
200 N/s until fracture. Similar to tension tests, also for compression
specimens, three specimens were considered for each curing condition.
The test setup is shown in Fig. 4c. Two centralized steel plates, with
dimensions of 40x40 mm?, were placed at the top and the bottom of the
specimen to transfer the load. Moreover, a spherical hinge was located at
one loading side to avoid the effect of any possible eccentricity during
loading. Similar to tension tests, a thermal chamber was mounted on the
testing machine for the curing process (see Fig. 4c. One strain gauge was
installed to measure the evolution of specimen’s longitudinal strain.
However, data obtained from the strain gauge were not reliable due to
the earlier detachment and peeling in the surface that took place during
the loading. Therefore, only the ultimate compressive strength of spec-
imens was finally evaluated. Similar to tension tests, two thermocouples
(one to measure the environmental temperature and the other glued on
the surface of the specimen) were used to record the temperature before
and during the test. The ultimate compressive strength of epoxy was
calculated by dividing the ultimate load by initial contacted surface
area. Due to possible unavoidable variations in dimensions of the
specimens, measurements of the area were taken for each specimen
prior to testing. Details of the specimen and test setup are shown in
Fig. 4.

Fig. 3. Details of the tension test. (a) specimen dimensions; (b) Test setup inside the thermal chamber.
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Fig. 4. Details of the compression test. (a) Typical mould; (b) specimen dimensions; and (c) Test setup inside the thermal chamber.

3. Results and discussions
3.1. Effect of curing and post-curing temperature on Ty

Results of the DSC tests performed on specimens of Group 1 are
presented in Fig. 5a in the form of curves showing the variation of the
heat flow versus temperature. It is acknowledged that the change of the
heat flow versus temperature curve is related to an absorption of energy
and can, therefore, be an indicator of a possible change in the physical
state of the resin. Considering that the Ty is defined as the temperature at
which the physical state of the resin changes from the glassy state into
the rubbery state, it has been accepted that Ty is in the range of the
temperatures limiting the change in the baseline of the curve. It should

be mentioned that in some of the curves presented in Fig. 5a, an enthalpy
relaxation peak can be observed immediately after the T, range. This is
an indication that physical aging has occurred [37]. It is worth noting
that physical aging occurs in an amorphous polymer held below its Tj.

Table 2
Experimental values of T; from DSC tests.
Specimens ID TG-C- TG-C- TG-C- TG-PC- TG-PC-
20 50 70 50 70
T, (°C) 54.9 59.4 47.1 63.5 49.6
Difference with Tgat 20 °C - 8 —14 16 -10

(%)

Fig. 5. (a) Results from DSC tests (b) Evolution of T as a function of the curing and post-curing temperatures.
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According to experimental results presented in Table 2, the Tg value of
the epoxy cured at room temperature (specimen TG-C-20) was 54.9 °C.
Based on this, two different behaviors can be observed in Fig. 5a: curing
or post-curing the specimens at a temperature below epoxy T (i.e.
specimens cured (and post-cured) at 50 °C of the present experimental
program) resulted in a shift to the right of the peak in the heat flow
versus temperature curve; contrarily, curing or post-curing the speci-
mens at a temperature beyond epoxy T, (i.e. specimens cured (and post-
cured) at 70 °C of the present experimental program) resulted in a shift
to the left of the peak in the heat flow versus temperature curve. This
shifts to the right and left are therefore indicating an increase and
reduction of the T value, respectively. These two different trends can
also be observed in Fig. 5b, where the dashed line represents the T, value
of the specimen cured at room temperature (TG-C-20), and the black and
red solid lines represent the evolution of T, for specimens that were
cured and post-cured, respectively. When curing or post-curing of an
adhesive takes place at a temperature below Ty, Ty increases as the
curing temperature increases. On the contrary, when curing or post-
curing of an adhesive takes place at a temperature above Ty, Ty de-
creases as the curing temperature increases [24,26,28]. This change in
epoxy Ty is due to possible variations in the degree of cross-linking (i.e.
possible thermal degradation or oxidative cross-linking) in the epoxy
adhesive [7,12,30-32]. Based on this, and according to experimental
results, for the epoxy adhesive studied in this paper, the curing tem-
perature that leads to the fully cured network (Tg.,) should be between
50 °C and 70 °C. Table 2 summarizes the experimental values of the T,
and its percentages of variation with respect to reference specimen
(specimen TG-C-20).

3.2. Effect of testing temperature on mechanical properties

In this section, results from tension and compression tests on speci-
mens of Group 2 are presented and analyzed to study the effect of testing
temperature on mechanical properties of the epoxy adhesive.

Regarding to the tension tests, Fig. 6a shows the axial tensile stress
versus strain curves, for one representative specimen of each testing
temperature. From Fig. 6a it can be observed that specimen tested at
room temperature (TT-TEN-20) showed an almost perfect linear
behavior up to failure. With the application of higher testing tempera-
ture (but still below Ty), the initial linear behavior was followed by a
non-linear one before specimen’s failure. Lately, when testing temper-
ature was beyond Ty, the stress-strain curves became highly non-linear
and properties were greatly affected, as a result of the rubbery behavior
of the epoxy. Same behavior was observed in [9-13].

Experimental results in terms of tensile strength and elastic modulus
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are presented in Table 3 and Fig. 6b. It can be observed that, the increase
of the testing temperature was followed by a monotonic decrease in
tensile strength and elastic modulus, with the most remarkable reduc-
tion taking place when testing temperature changed from 50 °C to 60 °C
(epoxy Ty being within this range of temperatures). From this testing
temperature on, the elastic modulus was almost negligible. These results
are in agreement with previous studies on cold-curing epoxy adhesives
[9,20].

According to the test matrix (Table 1, two additional configurations
were considered whose curing included a one-day post-curing (speci-
mens TT*-TEN-50 and TT*-TEN-70 in Table 1 and red line in Fig. 1b. As
mentioned before, the process of heating prior to testing should be
considered as a post-curing and therefore, in specimens TT*-TEN-50 and
TT*-TEN-70 two cycles of post-curing were applied. According to the
experimental results, no significant effect of an extra cycle of post-curing
was observed in the tensile strength and elastic modulus of the epoxy
resin (see Fig. 7 and Table 3. This might be a sign of the resin achieving a
stable situation after the first post-curing, so that no additional evolution
of the mechanical properties was possible. A representative typical
failure mode under tension test (rupture near to the mid-section of the
specimens) is shown in Fig. 8a.

In addition to tensile properties, behavior under compression was
also evaluated under different testing temperatures. Fig. 9a shows the
compressive load versus deflection curves for one representative spec-
imen of each testing temperature. Although one strain gauge was
installed in every specimen, the peeling of specimen external surface
invalidated the registered data. Therefore, deflections presented in
Fig. 9a correspond to the movement between grips of testing machine. In
general, as observed in tension tests, the increase in the testing tem-
perature was followed by a more flexible response and a decrease of the

Table 3
Tensile strength and elastic modulus for specimens tested at different temper-
atures (average + standard deviation).

Specimens Tensile strength, 6, O/ Elastic modulus, E E/E2
D (MPa) Ou20 ' (MPa) !
TT-TEN-20 28.0 £ 0.1 - 8102.4 + 67.0 -
TT-TEN-40 23.0 £ 0.2 0.82 5520.8 + 179.0 0.68
TT-TEN-50 19.6 + 0.7 0.70 4289.6 + 100.7 0.53
TT*-TEN-50 19.7 + 0.3 0.70 4128.7 +£ 0.1 0.51
TT-TEN-60 6.9 + 0.2 0.25 673.2 £+ 24.5 0.08
TT-TEN-70 2.7+0.1 0.10 271.5 £12.9 0.03
TT*-TEN-70 2.8 + 0.0 0.10 273.9 + 2.1 0.03
TT-TEN-85 1.9 +0.0 0.07 2475+ 1.8 0.03

! Defined as the ratio between the property value under the specific curing
process and the reference property value (i.e. TT-TEN-20 tested at 20 °C)

Fig. 6. Effect of testing temperature on tensile mechanical properties of the epoxy resin. (a) Representative stress—strain curves; (b) Evolution of tensile strength and

elastic modulus.
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Fig. 7. Effect of additional post-curing on tensile mechanical properties of specimens in Group 2. (a) Representative stress—strain curves; (b) Evolution of tensile

strength and elastic modulus.

Fig. 8. Typical failure modes (a) Tension test; (b) Compression test.

Fig. 9. Effect of testing temperature on compressive mechanical properties of the epoxy resin. (a) Representative load-deflection curves; (b) Compressive strength

and ultimate compressive load.

ultimate compressive load.

Averaging the experimental value of ultimate compressive load over
the initial area of contact allowed determining the compressive strength
of each specimen. Experimental results of compressive properties (ulti-
mate compressive load and compressive strength) are presented in
Table 4 and Fig. 9b. According to these results, compressive strength was
almost halved for testing temperatures equal to 60 °C, and the reduction

rate highly increased beyond 60 °C.

With the aim at analyzing the possible effect of the inclusion of an
extra cycle of post-curing phase in the curing process of the specimens,
and similar to what was done for tension tests, two additional configu-
rations were considered (specimens TT*-COM-50 and TT*-COM-70 in
Table 1 and red line in Fig. 1b. According to experimental results pre-
sented in Table 4 and Fig. 10, the extra cycle of post-curing resulted in a
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Table 4
Ultimate compressive load and compressive strength for specimens tested at
different temperatures (average + standard deviation).

Specimens Ultimate Fey Ultimate compressive 6y
D compressive load, /Fey 20 strength, o, (MPa) /Gecu 20 1
Fou (KN) !

TT-COM-20  128.4 + 0.4 - 79.9 £ 0.1 -

TT-COM-40  96.9 + 4.7 0.75 60.5 + 2.6 0.76

TT-COM-50 79.3 £ 1.7 0.62 49.0 + 0.6 0.61

TT*-COM- 82.2 + 0.7 0.64 51.8 £ 0.5 0.65
50

TT-COM-60 70.6 + 1.8 0.55 44.2 + 1.0 0.55

TT-COM-70  38.9 £ 0.7 0.30 24.4 £0.1 0.31

TT*-COM- 36.1 +1.6 0.28 22.4 £0.7 0.28
70

TT-COM-85  15.9 +1.2 0.12 9.9 + 0.7 0.12

Defined as the ratio between the property value under the specific curing process and
the reference property value (i.e. TT-COM-20 tested at 20 °C)

Fig. 10. Effect of additional post-curing on compressive mechanical properties
of specimens in Group 2.

small variation in the ultimate compressive load and compressive
strength, which can be attributed to typical scatter in experimental
results.

A representative typical failure mode of the compressive specimens
is shown in Fig. 8b.
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3.3. Effect of curing temperature on mechanical properties

With the aim at analyzing the effect of curing temperature on the
mechanical properties of the epoxy resin, results on specimens of Group
3 are presented and discussed in this section.

Experimental results in terms of tensile strength and elastic modulus
of epoxy cured at different temperatures are presented in Fig. 11 and
Table 5, and compared to results on specimens TT-TEN-20, belonging to
Group 2, which were cured and tested at 20 °C. From this comparison it
can be observed that curing the specimens at —15 °C (CT-TEN-(—15))
had no significant effect on epoxy tensile strength and had some detri-
mental effects on the elastic modulus. The application of —15 °C during
curing, in fact, postponed the initiation of curing, as 7 days after being
casted, epoxy resin was still soft. Same observations were reported in
[7,38]. These observations suggest that, due to cold temperature post-
poning the initiation of curing, suitable considerations should be taken
into account in the cold weather regions to facilitate the adhesive curing
process.

According to experimental results on tensile strength and elastic
modulus, the increase of curing temperature below Tg,, promotes the
increase of cross-linking, which results in the increase of the perfor-
mance of the adhesive (specimen CT-TEN-50). On the contrary, curing at
temperatures above Ty, possibly produces thermal degradation on the
adhesive, which results in a decrease of its mechanical properties
(specimen CT-TEN-70). These results confirm that mechanical proper-
ties and the T, properties have similar behaviors.

In addition to previous specimens, two more configurations were
also tested whose curing process was followed by a one-day post-curing
(specimens CT*-TEN-50 and CT*-TEN-70). Experimental results on
tension tests presented in Table 5 and Fig. 12 revealed that the post-
curing process did not highly affect the mechanical properties of the

Table 5
Tensile strength and elastic modulus for specimens cured at different tempera-
tures (average + standard deviation).

Specimens ID  Tensile strength, 6, 64 /0w 20  Elastic modulus, E E/E 3
(MPa) ! (MPa) !
CT-TEN- 27.7 £ 0.7 0.99 7601.9 + 56.3 0.94
(-15)
TT-TEN-20 28.0 £ 0.1 - 8102.4 + 67.0 -
CT-TEN-50 31.5+ 1.0 1.13 7992.0 + 372.8 0.99
CT*-TEN-50 29.8 +0.1 1.06 7124.9 £ 516.1 0.88
CT-TEN-70 30.3+£1.1 1.08 6892.5 + 176.4 0.85
CT*-TEN-70 29.0 £ 2.2 1.04 6808.0 + 60.2 0.84

Defined as the ratio between the property value under the specific curing process and
the reference property value (i.e. TT-TEN-20 tested at 20 °C)

Fig. 11. Effect of curing temperature on tensile mechanical properties of the epoxy resin. (a) Representative stress—strain curves; (b) Evolution of tensile strength and

elastic modulus.
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Fig. 12. Effect of additional post-curing on tensile mechanical properties of specimens in Group 3. (a) Representative stress-strain curves; (b) Evolution of tensile

strength and elastic modulus.

adhesive used in this experimental program. It should be mentioned that
a large scatter in experimental results on elastic modulus can be
observed for the specimen with an additional post-curing (specimens
CT*-TEN-50 and CT*-TEN-70). These results, along with experimental
results on specimens of Group 2 having an additional post-curing pro-
cess (TT*-TEN-50 and TT*-TEN-70), indicate that the application of a
post-curing process at a temperature equal to that of the curing process
produces no evolution in mechanical properties, because of the stability
in the epoxy resin.

Compression tests were also performed to study the possible influ-
ence of curing temperature on the compressive mechanical properties of
the epoxy resin. Results of these tests are presented in Table 6 and
Fig. 13a. The increase in the curing temperature to values below epoxy
T, (i.e. up to 50 °C of the present experimental program) resulted in a
monotonic increase of epoxy ultimate compressive load and compres-
sive strength. On the other hand, when curing temperature was beyond
epoxy Tg (i.e. 70 °C), a decrease in the compressive mechanical prop-
erties was observed. Besides, and according to results on additional
specimens with one-day post-curing (specimens CT*-COM-50 and CT*-
COM-70), no significant differences were observed between compres-
sive mechanical properties of specimens with and without the post-
curing process (see Fig. 13b.

3.4. Effect of post-curing temperature on mechanical properties

In this section, results on mechanical properties of specimens of
Group 4 are presented and discussed, with the aim at analyzing the effect
of a post-curing process at different temperatures (ranging from 20 °C to
85 °C) on mechanical properties of specimens that were previously

Table 6
Ultimate compressive load and compressive strength for specimens cured at
different temperatures (average + standard deviation).

Specimens Ultimate Fo Ultimate Oeu
D compressive load, /Feu 20 compressive /Gcu20 1
Foy (kN) ! strength, o, (MPa)

CT-COM- 120.2 + 2.0 0.94 76.2 £ 1.5 0.95
(-15)

TT-COM-20 128.4 + 0.4 - 79.9 £ 0.1 -

CT-COM-50 128.7 £ 6.2 1.00 83.7 £ 3.6 1.05

CT*-COM- 127.2 + 5.4 0.99 83.2 + 3.0 1.04
50

CT-COM-70 111.8 +1.8 0.87 70.7 £ 1.7 0.88

CT*-COM- 107.9 + 6.0 0.84 69.7 £ 2.5 0.87
70

Defined as the ratio between the property value under the specific curing process and
the reference property value (i.e. TT-COM-20 tested at 20 °C)
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cured at room temperature (i.e. 20 °C). Therefore, specimens TT-TEN-20
and TT-COM-20, from Group 2, are considered as the reference ones.

Experimental results on tensile properties of specimens in Group 4
are presented in Fig. 14 and Table 7, where the mean value and standard
deviation are also included. As highlighted in the literature
[12,29,30,39], epoxy adhesives cured at ambient temperature may
suffer from a not complete cross-linking, that can be reactivated with a
post-curing process. This was confirmed by experimental results of
Group 4, as tensile strength monotonically increased with the increase in
the post-curing temperature, and elastic modulus tended to a constant
value. However, for post-curing temperatures larger than 60 °C, an
abrupt decay in tensile strength and a more sharped reduction on elastic
modulus were observed in specimens post-cured at 70 °C, thus indi-
cating that T, of the adhesive might be in the range of 60 °C to 70 °C.
Finally, results on elastic modulus for specimens post-cured at 85 °C
continued their downward trend, whilst a groundless increase in tensile
strength was observed.

The effect of post-curing on compressive mechanical properties of
the epoxy adhesive is shown in Fig. 15 and Table 8. From Fig. 15 it can
be observed that the increase in the post-curing temperature from 20 °C
to 40 °C resulted in an increase in the ultimate compressive load and
compressive strength. On the other hand, for post-curing temperatures
beyond 40 °C, a decrease in the compressive mechanical properties took
place, with no meaningful changes and results falling within the same
range of reference specimen (TT-COM-20).

4. Conclusion

In the present work, a comprehensive experimental program was
performed to evaluate the effect of temperature (i.e. testing tempera-
ture, curing temperature and post-curing temperature) on the mechan-
ical properties and the T, of an epoxy adhesive.

From the analysis of the effect of temperature on the measured T, of
the epoxy adhesive (specimens in Group 1), it can be concluded that
curing and post-curing temperature affected T, differently depending
whether the applied temperature was below or beyond the epoxy Tge.

From the analysis of the effect of testing temperature on mechanical
properties of the epoxy adhesive (specimens in Group 2), the following
conclusions can be drawn:

e The falling trend in tensile mechanical properties experienced the
largest decrease when testing temperature exceeded the T of the
epoxy adhesive. Besides, for testing temperatures beyond 60° C, due
to complete rubbery state of the epoxy, the elastic modulus was
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Fig. 13. (a) Effect of curing temperature on compressive mechanical properties of the epoxy resin; (b) Effect of additional post-curing on compressive mechanical
properties of specimens in Group 3.

Fig. 14. Effect of post-curing temperature on tensile mechanical properties of the epoxy resin. (a) Representative stress—strain curves; (b) Evolution of tensile
strength and elastic modulus.

Table 7
Tensile strength and elastic modulus for specimens post-cured at different
temperatures (average + standard deviation).

Specimens Tensile strength, 64, Ow /On20  Elastic modulus, E E/E 5
D (MPa) ! (MPa) !
TT-TEN-20 28.0 £0.1 - 8102.4 + 67.0 -
PT-TEN-40 295+ 1.6 1.05 7896.9 + 625.5 0.97
PT-TEN-50 30.3+1.8 1.08 7834.9 + 119.8 0.97
PT-TEN-60 31.3+0.7 1.12 7668.1 + 566.6 0.95
PT-TEN-70 28.0 £ 1.6 1.00 7212.0 + 548.1 0.89
PT-TEN-85 30.0+ 1.5 1.07 6584.8 + 95.3 0.81

Defined as the ratio between the property value under the specific curing process and
the reference property value (i.e. TT-TEN-20 tested at 20 °C)

almost negligible. For the compression tests, this large reduction
took place at the temperature equal 70 °C.
e The inclusion of an extra cycle of post-curing barely affected the

mechanical properties of epoxy specimens. . . . .
Fig. 15. Effect of post-curing temperature on compressive mechanical prop-

erties of the epoxy.
From the analysis of the effect of curing temperature on mechanical poxy

properties of the epoxy adhesive (specimens in Group 3), the following

. . degradation on the adhesive that resulted in a decrease of its me-
conclusions can be drawn:

chanical properties.

e No significant effect of an additional post-curing process was
observed. This may be due to stabilization of epoxy because of post-
curing at the same curing temperature.

e Curing temperatures below Ty, resulted in larger mechanical prop-
erties because of the cross-linking promotion. On the other hand,
curing temperatures beyond Ty, produced a possible thermal

11
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Table 8
Ultimate compressive load and compressive strength for specimens post-cured at
different temperatures (average + standard deviation).

Specimens Ultimate Fey Ultimate compressive 6y

D compressive load, /Fey 20 strength, o, (MPa) /Gecu 20 1
Fey (KN) !

TT-COM-20  128.4 + 0.4 - 79.9 £ 0.1 -

PT-COM-40 140.1 +£ 2.7 1.09 88.2+1.7 1.10

PT-COM-50  135.1 + 2.6 1.05 84.2 +1.0 1.05

PT-COM-60  128.4 + 2.6 1.00 80.8 £1.9 1.01

PT-COM-70  130.6 + 2.6 1.02 81.7 £ 0.3 1.02

PT-COM-85 124.0 + 2.8 0.97 76.5 £ 2.1 0.96

Defined as the ratio between the property value under the specific curing process and
the reference property value (i.e. TT-COM-20 tested at 20 °C)

From the analysis of the effect of post-curing temperature on me-
chanical properties of the epoxy adhesive (specimens in Group 4), the
following conclusions can be drawn:

e Post-curing the epoxy at a temperature below the temperature that
leads to a fully cured network (near to Ty,,) enhanced the mechanical
properties because of the reactivation of cross-linking of the non-
complete cured epoxy adhesive.

e The largest benefit of post-curing on epoxy compressive strength
took place for post-curing temperature equal to 40 °C.

The increase in the mechanical properties of epoxy at curing or post-
curing temperatures below or near to the T, of epoxy can be attributed to
the fact that the degrees of cross-linking between the epoxy’s molecules
has increased, thus having the consequence of an increase in Tg.
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ABSTRACT

The use of fiber reinforced polymer (FRP) for flexural strengthening of reinforced concrete (RC) beams has
become a popular strengthening technique. Significant amount of work is available on the short-term flexural
behavior of RC beams strengthened with near-surface mounted (NSM) technique. However, their time-dependent
flexural behavior, specifically under high service temperature, has not yet been addressed. This paper presents an
experimental work to evaluate the time-dependent behavior of NSM carbon FRP (CFRP)-strengthened RC beams.
The experimental program included 23 beams, where the effect of different parameters such as strengthening
(CFRP) area, steel reinforcement ratio and applied temperature (20 and 50 °C) have been considered. Experi-
mental results show that the effect of strengthening area is significant on the flexural short-term response of the
beams, while minor effects are found on the time-dependent deflections. On the other hand, increasing the
service temperature has no significant effect on the short-term tests, but it produces a large increase in the time-
dependent deflection of the specimens. Finally, an analytical procedure for the prediction of time-dependent
deflections, which is based on the age-adjusted effective modulus method (AEMM), is presented. Good agree-

ment between the experimental results and analytical predictions on time-dependent deflections is shown.

1. Introduction

Strengthening of reinforced concrete (RC) structures may become
necessary due to different reasons such as increase in the service loads,
design code changes, earthquake activities, deficiencies resulting from
environmental effects (e.g. corrosion), changes in the occupancy of
buildings, etc. [1,2]. In the last decades, fiber reinforced polymer (FRP)
materials have been accepted to be used in two of the principal
strengthening techniques for RC elements, namely externally bonding
reinforcement (EBR) and near-surface mounted (NSM) systems. In the
EBR reinforcing technique, the FRP sheets or laminates are bonded to
the tensile concrete surface of the damaged member. In the NSM tech-
nique, grooves are cut in the tensile face of the RC element where the
FRP strips/bars are inserted and bonded. Therefore, due to the
confinement provided by surrounding concrete and epoxy, NSM FRP-
strengthening technique is less exposed to aggressive environment
(and other detrimental effects) and less prone to premature debonding
[3-6].

RC elements are usually subjected to long-term loads that can affect
their structural performance in terms of time-dependent deflections,

* Corresponding author.
E-mail address: marta.baena@udg.edu (M. Baena).

https://doi.org/10.1016/j.compstruct.2022.116106

loading capacity and failure mode [7-10]. Time-dependent deflections
are a function of the loading history (and its effect on concrete me-
chanical properties), age of concrete at the time of loading, the magni-
tude and duration of the long-term load and material properties. Within
material properties, creep and shrinkage of concrete, which are depen-
dent on environmental conditions, are of main importance [11].
Significant amount of work has been done to study the time-
dependent behavior of EBR FRP-strengthened RC elements [9,12-17],
where different amounts of carbon FRP (CFRP) area and long-term load
levels were considered. The results showed that larger time-dependent
deflections were obtained when higher levels of long-term load were
applied. Besides, the contribution of CFRP strengthening systems to RC
elements under flexural long-term loading was not significant when
compared to elements under flexural instantaneous loading [9,13].
Unlike the EBR FRP-strengthened system, few works exist in the
literature regarding the time-dependent behavior of NSM FRP-
strengthened RC beams [18-21]. Sena-Cruz et al. [18], experimentally
studied the time-dependent behavior of slab specimens strengthened
with NSM CFRP strips. The load was applied in two steps, first 40 % of
long-term load was applied for a duration of 78 days, later the load
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increased to 100 % for a duration of 55 days. The results showed that the
majority of time-dependent deflection occurred at the first step of the
loading. Moawad et al. [19] experimentally studied the time —dependent
behavior of different series of NSM CFRP-strengthened RC beams with
different loading histories and sectional properties. Results showed the
influence of the loading sequences and levels of loading in combination
with the other parameters. The specimens with higher concrete strength
resulted in a larger ratio of time-dependent deflections to instantaneous
deflection. Moreover, for the strengthened specimens with compression
steel reinforcement, the effectiveness of NSM strengthening was more
pronounced in reducing the deflections. Finally, the effect of the long-
term load on the residual flexural capacity of NSM CFRP-strengthened
RC beams was experimentally studied [20] and an analytical work to
predict the time-dependent response of the specimens was presented
[21]. With increase in the long-term load, the residual capacity of beams
decreased. Furthermore, all specimens failed by end-debonding, but for
higher long-term load, the end-debonding occurred in longer bonded
length with larger bond deterioration. In addition, the same trend in
time-dependent strain evolution in FRP was observed from both
experimental data and analytical procedures.

The structures under long-term loading are usually exposed to tem-
perature variation during the different seasons of the year. Being epoxy
adhesives the most common ones used in NSM strengthening, and due to
their nature, special attention should be given to high service temper-
ature (near or beyond the glass transition temperature, Ty, of the epoxy
adhesive) [22-25]. In this sense, the instantaneous behavior of NSM
FRP-strengthened RC beams under room temperature [26-34] and
elevated temperature (fire conditions) [35-39] has received consider-
able attention, but less work has been done on the effect of high service
temperature [40-43].

According to the literature, few works have been performed to study
the time-dependent behavior of NSM FRP-strengthened RC members,
and, to the best of authors knowledge, none of them account for the
effect of high service temperature on the time-dependent deflections and
structural performance. Therefore, the purpose of the present study is to
investigate the time-dependent behavior of NSM CFRP-strengthened RC
beams subjected to room temperature (20 °C) and high service tem-
perature (50 °C). To this end, a total of 23 beams were cast, where the
effect of different parameters was considered (i.e. level of strengthening
(CFRP area), steel reinforcement ratio and applied temperature (20 and
50 °C)). Experimental results are presented and discussed in terms of
instantaneous load-deflection curves, time-dependent and total

Table 1
Text matrix.
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deflections, time-dependent strain in concrete, failure modes, residual
flexural strength of tested specimens and aging effect. Furthermore, an
analytical procedure to predict the time-dependent deflection in NSM
CFRP-strengthened RC beams is presented. The analytical procedure is
based on the age-adjusted effective modulus method (AEMM) [11,44].

2. Experimental program
2.1. Test matrix and test setup

The experimental program included 23 RC beams distributed in
three series as follows (see Table 1): 10 beams were tested under short-
term load and were considered as reference specimens (Series 1), 10
beams were tested under long-term load to examine their time-
dependent behavior (Series 2) and, finally, 3 beams were cast and res-
ted in the lab (without any loading) to be tested at the end of the long-
term experimental program. Series 1 and Series 2 were divided into two
groups to evaluate the effect of steel reinforcement ratio (p = 0.79 % and
1.14 % for Group 1 and 2, respectively). Group 1 included two control
beams and four NSM CFRP-strengthened RC beams, with two different
amounts of CFRP strengthening, subjected to 20 and 50 °C. In Group 2,
two control beams and two NSM CFRP-strengthened RC beams,
strengthened with three CFRP strips, were subjected to 20 and 50 °C.

Specimens’ designation reads X-Y-Z-T, where X indicates the type of
loading (ST standing for short-term load, LT standing for long-term load
and AG meaning aging effect). Moreover, Y denotes the type of beam
(CB meaning control beam, and SB1S and SB3S referring to strengthened
beams with one and three CFRP strips, respectively). Furthermore, Z
indicates the Group that specimen belongs to (i.e. thus indicating the
steel reinforcement ratio). Finally, T stands for the testing temperature.
For instance, ST-CB-1-20, refers to the control beam in Group 1 (p =
0.79 %) tested under short-term loading at 20 °C. Furthermore, LT-SB3S-
2-50 refers to a beam strengthened with three CFRP strips from Group 2
(p = 1.14 %) and tested under long-term loading at 50 °C.

The beams were tested under a four-point bending configuration (see
Fig. 1). The sectional dimensions of the beams were 180 x 140 mm and
the total and clear length of specimens were 2400 mm and 2200 mm,
respectively. Specimens in Group 1 were reinforced with two steel re-
bars with a diameter of 10 mm and two steel rebars with a diameter of 6
mm in the tension and compression side of the beam, respectively (p =
0.79 %). In Group 2, rebars with a diameter of 12 mm and 8 mm were
used in tension and compression side of the beam, respectively (p = 1.14

Series Loading type Group Steel reinforcement ratio, p (%) Beam ID Testing Temperature (°C) No. of CFRP strips Total CFRP area (mm?)
Series 1 Short-term Group 1 0.79 ST-CB-1-20 20 - -
ST-CB-1-50 50 - -
ST-SB1S-1-20 20 1 14
ST-SB1S-1-50 50 1 14
ST-SB3S-1-20 20 3 42
ST-SB3S-1-50 50 3 42
Group 2 1.14 ST-CB-2-20 20 - -
ST-CB-2-50 50 - -
ST-SB3S-2-20 20 3 42
ST-SB3S-2-50 50 3 42
Series 2 Long-term Group 1 0.79 LT-CB-1-20 20 - -
LT-CB-1-50 50 - -
LT-SB1S-1-20 20 1 14
LT-SB1S-1-50 50 1 14
LT-SB3S-1-20 20 3 42
LT-SB3S-1-50 50 3 42
Group 2 1.14 LT-CB-2-20 20 - -
LT-CB-2-50 50 - -
LT-SB3S-2-20 20 3 42
LT-SB3S-2-50 50 3 42
Series 3 Aging Group 1 0.79 AG-CB-1-20 20 - -
AG-SB1S —1-20 20 1 14

AG-SB3S-1-20 20 3 42
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Fig. 1. Details of the tested beams: (a) Short-term setup; (b) Long-term setup and (c) Beam sections (dimensions in mm).

%). To avoid shear failure, stirrups with a diameter of 8 mm were placed
every 75 mm in all beams. Furthermore, to strengthen the beams in
flexure, and following fib Bulletin 90 [45] recommendations, grooves
with dimensions of 6 x 15 mm were cut in the soffit of the beams, and
strips with dimensions of 1.4 x 10 mm were introduced using an epoxy
adhesive. Moreover, a 5 x 15 mm notch was created in the midspan of
all beams to act as a crack initiator. For Series 1 and 3 (short-term load
before and after aging), the flexural test was performed under
displacement control at a rate of 0.6 mm/min, whereas for Series 2
(long-term load), concrete blocks and steel plates were used as dead-
weight (see Fig. 1b).

2.2. Instrumentation

Beam instrumentation is shown in Fig. 2. A set of linear vertical
displacement transducers (LVDTs) were placed in the beam to register
the movement of the beam. One LVDT was used in the midspan of the
beam to measure the central deflection (LVDT1). In Series 1 and 3
(subjected to short-term loading), two LVDTs (LVDT 2 and 3) were
placed at supports sections to measure the supports settlement. In
addition to LVDTs, one strain gauge was installed in the midspan of the
specimens to register the strain at the top fiber of concrete (SG¢).

In those specimens subjected to the temperature, heating blankets
(installed to the soffit of the beam) were used to heat up the beams up to
the target temperature (i.e. 50 °C). The heating process was controlled
by proportional integral derivative (PID) controller, and Type-T
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Fig. 2. Beams instrumentation: Position of the linear vertical displacement transducers (LVDTs), concrete strain gauges, temperature gauges, heating system and

insulation system.

thermocouples, installed between the heating blanket and the soffit of
the beam, were used as temperature controller sensor. In order to ensure
a better heat distribution along the beam, an isolation system was used.
To monitor and record the temperature during the heating process and
flexural testing, different temperature gauges were installed on concrete
surface at the top and bottom of the beam, on the surface of the CFRP (it
was installed before introducing FRP into the grooves) and on the sur-
face of epoxy adhesive (see Fig. 2). The beams were left to be heated-up
for 24 h prior to testing (in both short-term and long-term load) until the
average temperature in the soffit of the beam was stabilized to the target
value. A general view of short-term and long-term load setup is shown in
Fig. 3.

2.3. Temperature and humidity

Registration of lab conditions (temperature and humidity) started
the day of concrete casting and continued till the end of the experi-
mental program. An average temperature and humidity of 19.6 °C and
64 % were registered, respectively (see Fig. 4a). In addition, the evo-
lution of temperature and humidity of beams under 50 °C was registered
during the heating (24 h prior to testing) until the end of the long-term
loading. Average values for temperature and humidity read 50.4 °C and
16 %, respectively (see Fig. 4b).

2.4. Materials

2.4.1. Concrete

The specimens were cast in the structural lab with ready-mix con-
crete. The cement type was I-42.5R, with a content of 390 kg/m>. The
maximum aggregate size was 12 mm, and the water/cement ratio was
0.41. A viscosity modifier and underwater admixture were used to

improve workability. In order to determine the mechanical properties of
concrete, cylinder specimens with 300 mm nominal height and 150 mm
nominal diameter were used. The compressive strength (f.), tensile
strength (f) and modulus of elasticity (E.) of the concrete were deter-
mined according to UNE-EN 12390-3 [46], UNE-EN 12390-6 [47], and
ASTM C469 [48] standards, respectively. The mechanical properties of
concrete at different ages is summarized in Table 2.

The time-dependent behavior of the concrete was determined ac-
cording to ASTM C512-02 [49]. To this end, four cylindrical specimens
(150 mm diameter and 450 mm height) with an embedded strain gauge
were manufactured. Two of the four cylinders were kept at 20 °C and the
other two were heated up to 50 °C. Each pair of concrete cylinders was
stacked on a loading frame and loaded with a long-term load level of
0.35f; (the same long-term load level in all specimens). The long-term
load was applied at the same time as the beams.

To measure free shrinkage strain in concrete (eg), two concrete
prisms, having the same concrete beam section (180 x 140 mm) and 1 m
length, were instrumented with an embedded strain gauge and left
unloaded at the same temperature and humidity as beam specimens. The
strain evolution with time for both shrinkage specimens (at 20 °C and
50 °C) is shown in Fig. 5a. For the specimen submitted to 50 °C, heating
started at the same time as heating of the long-term specimens (Series 2).
The effect of heating on concrete shrinkage is clearly visible. In the
shrinkage specimen subjected to 50 °C, the thermal strain was also
considered in the strain registration. Registers of maximum shrinkage at
the end of long-term loading are summarized in Table 3, with shrinkage
corresponding to the heated specimen being 35 % higher than that of the
specimen at lab conditions.

The concrete creep coefficient was obtained according to Eq. (1):

Fig. 3. General view of experimental setup and heating system: (a) Short-term load setup and (b) Long-term load setup.
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Fig. 4. Registers on temperature and humidity: (a) Lab condition and (b) Inside the beam at 50 °C.

Table 2

Concrete mechanical properties.
Concrete age Compressive Tensile strength, Modulus of
(days) strength, f. (MPa) fr (MPa) elasticity, E. (GPa)
90° 48.1 (2.3 %)° 3.7 (6.0 %)’ 41.2 (5.3 %)°
200" 48.3 (2.2 %)” 3.7 (9.0 %)" 41.9 (4.5 %)°
430° 53.7 (0.8 %)° 3.6 (9.4 %)! 47.6 (1.9 %)

@ Age at short-term test of Series 1.

b Age at long-term test of Series 2.

¢ Age at residual flexural test of Series 2 and short-term test of Series 3.
4 Coefficient of variation (CoV) indicated in brackets.

et 10) — €cs(1,10) — €ci(to)
eci(t[))

?.(t,10) = @
where t is the loading time, t; is the concrete age at the start of
loading, ¢.(t,tp) is the concrete creep coefficient, e.(t,tp) is the total
concrete strain, £.(t,tp) is the concrete shrinkage strain and e(tp) is the
instantaneous concrete strain caused by the long-term load.

Due to technical issues in the setup of the concrete creep specimen
subjected to 50 °C, the concrete creep coefficient was experimentally
determined only for specimens at 20 °C (see Fig. 5b). Existing formu-
lation from Model Code 2010 [11] was used to estimate the concrete
creep coefficient for the concrete at 50 °C. Experimental values and
analytical prediction of concrete creep coefficient are presented in
Table 3. For comparison purposes, analytical prediction on concrete

creep coefficient of specimen subjected to 20 °C is also included.

2.4.2. Steel reinforcement

Mechanical properties of steel bars were obtained from tension tests
based on UNE-EN ISO 15630-1 [50]. The yielding strength (f,), the ul-
timate strength (f,) and the modulus of elasticity (E;) were 586.4 MPa
(CoV = 2.3 %), 707.7 MPa (CoV = 1.7 %) and 205.1 GPa (CoV = 1.0 %)
respectively.

2.4.3. CFRP strips

CFRP strips, consisting of unidirectional carbon fibers (with a vol-
ume content fiber higher than 68 %) held together by an epoxy vinyl
ester resin matrix, were used for strengthening the specimens [51]. The
mechanical properties of the CFRP strips were obtained according to ISO
527-5 [52] recommendations. An ultimate tensile strength (f, rrp) of
2251.4 MPa (CoV = 3.2 %), an ultimate tensile strain (g, rrp) of 0.0133
(CoV = 7.2 %), and a modulus of elasticity (Eprp) of 169.5 GPa (CoV =
6.3 %) were obtained [40].

2.4.4. Epoxy adhesive

The adhesive used in this study is a high performance, solvent-free,
thixotropic, and grey two-component epoxy adhesive specially devel-
oped for bonding CFRP to concrete under the commercial name of
S&P220HP. According to the manufacturer’s product data sheet [53],
the components A (resin) and B (hardener) should be mixed at a ratio of
2:1 by weight, and the suggested curing duration is 7 days. Tensile



Y. Jahani et al.

Composite Structures 300 (2022) 116106

Fig. 5. Experimental time-dependent behavior of concrete: (a) Strain in shrinkage specimens at 20 and 50 °C and (b) Creep coefficient at 20 °C.

Table 3
Concrete creep coefficient and shrinkage strain.

Temperature Concrete creep coefficient, ¢, Experimental shrinkage
°C train,
Co Experimental ~ Model Code strain, s, (ke)
2010 [11]
20 0.80 0.60 563
50 - 2.64 759

1 Not available due to failure in setup.

properties of the epoxy adhesive were determined by iSO-527-1 [54]
specifications (see Table 4) [24]. To evaluate the effect of temperature
on mechanical properties of the epoxy, the specimens were tested under
20 °C and 50 °C. The tensile strength (fy epoxy) and modulus of elasticity
(Eepoxy) at 50 °C decreased by 30 % and 47 %, respectively, when testing
temperature changed from 20 °C to 50 °C. Moreover, the glass transition
temperature (T) of epoxy was also determined with differential scan-
ning calorimetry (DSC) [55] and dynamic mechanical analysis (DMA)
[56]. According to test results, the T, of epoxy was in the range of
53.9-65.3 °C [40].

The creep coefficient of epoxy adhesive (¢epoxy) was also evaluated at
20 and 50 °C (see Fig. 6). Three levels of long-term load (causing 20 %,
40 % and 60 % of epoxy ultimate strain, 0.0035, obtained from tensile
test) were applied to the specimens for a duration of 40 days (1000 h),
which is similar to the duration used in the literature [22,57-59]. The
long-term loading was applied through a gravity loading system with a
lever arm with a magnification factor of 4 [22,60]. The temperature and
humidity conditions applied during the epoxy tensile creep tests were
the same as those of the beams. For each temperature, two specimens
were tested, and all specimens included two strain gauges (one at each
side). The creep coefficient of epoxy adhesive was obtained according to
Eq. (2):

& (1, 10) — €.(to)

2
2 (o) (2)

qaepox,v (ta tﬂ) =
where ¢, (t,tp) is the epoxy adhesive strain with time and &, (tp) is the
epoxy adhesive strain at the loading moment.
According to experimental results, epoxy creep coefficient at 20 °C

Table 4
Mechanical properties of epoxy adhesive [24].

was affected by the sudden drop in humidity and temperature in the lab
taking place around 200 h after loading (see Fig. 6a). Besides, specimens
tested at 50 °C failed after a few hours of loading (see Fig. 6b).

2.5. Test procedure

In this experimental program, 4 loading stages were considered. In
stage 1, the beams of Series 1 were tested under four-point bending
configuration (see Fig. 1a) to obtain their short-term flexural response.
Tests were performed under displacement control mode at a rate of 0.6
mm/min.

In stage 2, prior to long-term test, beams were subjected to pre-
loading in order to ensure a level of cracking corresponding to the ser-
vice load. To this end, beams in Series 2 were subjected to two loading/
unloading cycles up to service load level, Pg,. The service load was
calculated by limiting the stress in compressed concrete (o, < 0.6f,) and
steel reinforcement (o5 < 0.8f,) [61]. For this pre-loading stage, the same
test setup and loading rate as in stage 1 was used.

In stage 3, after the pre-loading, specimens in Series 2 were moved to
the long term loading frames (Fig. 1b) and the long-term load was
applied for a duration of 200 days. The long-term load was chosen to
obtain a concrete compressive stress of 0.35 f, so that linear creep
behavior of concrete was ensured by being under the Model Code 2010
limitation [11].

Finally, in stage 4, and after the long-term test, specimens in Series 2
were tested up to failure to evaluate their residual flexural strength.
Additionally, specimens of Series 3, that were resting in the lab for
aging, were tested to obtain their short-term flexural response. In this
stage, the same test setup and loading rate as in stages 1 and 2 was used.

3. Experimental results and discussions
3.1. Short-term tests results

Results of short-term flexural tests (Series 1) are presented in Fig. 7 in
terms of load versus midspan deflection curves. In each curve, three
phases can be distinguished: i) an initial linear behavior representing the
elastic behavior of the uncracked element; ii) a second phase, starting at

Testing temperature (°C) Tensile strength, fi, epoxy (MPa)

Suepoxy-50 / fuepoxy-20

Modulus of elasticity, Eepox, (MPa) Eepoxy-50 / Eepoxy-20

20 28.0 (0.4 %)” -
50 19.6 (3.6 %)* 0.7

8102.4 (0.8 %)” -
4289.6 (2.3 %)” 0.53

2 Coefficient of variation (CoV) indicated in brackets.
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Fig. 6. Creep coefficient of epoxy adhesive (a) at 20 °C and (b) at 50 °C.

Fig. 7. Load-deflection curves of specimens in Series 1: (a) Group 1 (p = 0.79 %) and (b) Group 2 (p = 1.14 %).

the cracking load (P.), where stiffness decreases and load can be
increased up to yielding of steel reinforcement; and iii) a post-yielding
phase up to failure. For the case of unstrengthened beams (CB), no
significant differences between yielding load (Py) and ultimate load (Py)
exist. For the case of strengthened beams, load can be further increased

Table 5
Experimental results of specimens in Series 1 under short-term load.
Specimen ID P, P, P, Strength increase Failure
(kN) (kN) (kN) ratio * mode "
ST-CB-1-20 7.43 30.75 34.28 - CC
ST-CB-1-50 7.00 30.00 33.57 - CC
ST-SB1S- 7.82 36.88 45.50 1.33 FR
1-20
ST-SB1S- 6.00 35.36 45.15 1.34 FR
1-50
ST-SB3S- 8.85 46.50 71.40 2.08 FR
1-20
ST-SB3S- 6.75 45.25 70.00 2.09 FR
1-50
ST-CB-2-20 6.70 37.89 41.84 - CC
ST-CB-2-50 5.95 38.71 42.10 - CC
ST-SB3S- 9.60 53.36 75.10 1.79 FR
2-20
ST-SB3S- 8.20 51.00 77.68 1.85 FR
2-50

@ Ratio of ultimate load of strengthened beam to ultimate load of the control
unstrengthened beam of the same group.
> CC = concrete crushing after steel yielding; FR = FRP rupture.

after steel yielding until the ultimate load. Experimental results of short-
term tests (Series 1) are presented in Table 5. As a general result, the
increase in the CFRP strengthening area produces an increase in stiffness
in the post-cracking and post-yielding stages, which results in larger
yielding loads, Py, and ultimate loads, P,. According to results presented
in Table 5, larger benefits of the CFRP strengthening system were ob-
tained in beams with lower steel reinforcement ratio, as expected and
depicted by the comparison between the strength increase ratios of
specimens in Groups 1 and 2. Finally, no significant effect of tempera-
ture is visible in the load-deflection curves. The similarity in short-term
responses between specimens tested at 20 °C and 50 °C can be attributed
to the fact that 50 °C was below the T of the epoxy (53.9 °C < Ty <
65.3 °C) and epoxy adhesive was post-cured and therefore its mechan-
ical properties improved [24,25,40].

Representative images of failure modes are shown in Fig. 8.
Unstrengthened control beams, with and without temperature, failed by
concrete crushing (CC) after steel reinforcement yielding. Besides, all
strengthened beams failed by FRP rupture, irrespective of the applied
temperature and the CFRP strengthening area, and no premature bond
failure took place. It should be mentioned that results may change if
different test configurations and/or larger temperatures were applied
[40].

3.2. Pre-loading

Before the application of the long-term load, specimens of Series 2
were subjected to a pre-loading stage, consisting in two cycles of



Y. Jahani et al.

Composite Structures 300 (2022) 116106

Fig. 8. Representative views of failure modes of specimens in Series 1.

Table 6

Experimental results for pre-loading stage in Series 2.
Specimen ID Py, (kN) Ppr (kN) 8p,0 (mm)
LT-CB-1-20 20.4 13.8 2.14
LT-CB-1-50 2.14
LT-SB1S-1-20 24.8 2.21
LT-SB1S-1-50 2.32
LT-SB3S-1-20 27.1 1.93
LT-SB3S-1-50 1.93
LT-CB-2-20 26.5 15.8 2.22
LT-CB-2-50 2.05
LT-SB3S-2-20 30.0 1.86
LT-SB3S-2-50 1.67

loading/unloading. First, the specimens were loaded up to the service
load level (Pg,); then, two cycles were applied between the minimum
load (2 kN) and maximum load (service load). Table 6 shows the
experimental data from the pre-loading stage for all of the specimens in
Series 2. Finally, the specimens were rested to relax at lab conditions for
1 day prior to the application of the long-term load. Deflections were
continuously registered, even during the relaxation period, so that the
permanent deflection after a one-day relaxation (6p0) could be
computed. Fig. 9 presents representative load-deflection curves for the
pre-loading process of LT-SB3S-1-20 and LT-SB3S-2-50. In this Figure,
Py stands for level of long-term load to be applied in long-term tests.

3.3. Time-dependent tests results

Following the pre-loading stage, beams in Series 2 were placed ac-
cording to the setup shown in Fig. 1b to be tested under long-term
loading. The vertical transducer at midspan section allowed regis-
tering the evolution of deflection due to long-term load. Similarly, the
evolution of concrete strains was also recorded.

3.3.1. Deflections

The evolution of the total deflection (&) with time is presented in
Fig. 10. The total deflection results from the addition of the permanent
deflection after pre-loading stage (5p,0), the instantaneous deflection
after the application of the long-term load (6jns) and the time-dependent
deflection due to long-term load (&¢). The markers in the vertical axis in
Fig. 10 represent the permanent deflection after pre-loading stage (6p,0).
Additionally, time-dependent deflections (5;) are presented in Fig. 11.
According to experimental results, summarized in Table 7, the increase
of the CFRP strengthening area in specimens tested at 20 °C resulted in a
decrease in the three components of the total deflection (i.e. 8p,0, 6ins and
8d), irrespective of the steel reinforcement ratio. This is due to the in-
crease in the tensile reinforcement stiffness and due to the same long-
term load being applied in all specimens of the same group (i.e. long-
term load to be applied was the same for control specimens and speci-
mens with CFRP strengthening).

Experimental results on specimens tested at 50 °C revealed that the
application of a high service temperature (50 °C) did not have remark-
able effects on the instantaneous deflection after the application of the
long-term load (5js), when compared to that of specimens at 20 °C.
However, the application of high service temperature had a clear effect
on time-dependent deflections (6;4), irrespective of the steel reinforce-
ment ratio. In this sense, in Group 1, the time-dependent deflection in
unstrengthened control beam (LT-CB-1-50) increased by 60 % because
of the application of 50 °C, and this percentage increase up to 85 % for
strengthened beams with either one or three strips (i.e. LT-SB1S-1-50
and LT-SB3S-1-50). Likewise, in Group 2, the time-dependent deflection
increased by 86 % and 100 % in unstrengthened control beam (LT-CB-
2-50) and strengthened beam (LT-SB3S-2-50), respectively. It should be
mentioned that similar time-dependent deflections were obtained
within the same Group of specimens tested at 50 °C, so that the time-
dependent response of the strengthened beams approached to the
unstrengthened beam.

An initial explanation lies in the larger concrete time-dependent

Fig. 9. Representative load-deflection curves for pre-loading process for specimens: (a) LT-SB3S-1-20 and (b) LT-SB3S-2-50.
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Fig. 10. Total deflection of beams in Series 2: (a) Group 1 (p = 0.79 %) and (b) Group 2 (p = 1.14 %).

Fig. 11. Time-dependent deflection of beams in Series 2: (a) Group 1 (p = 0.79 %) and (b) Group 2 (p = 1.14 %).

Table 7
Deflections from long-term load.
Specimen ID Deflections (mm) Srot/ Bins,
s Omstor=Ois + O Stot = Bins.tor + o
5p,0 maxu 5td,max
LT-CB-1-20 4.31 6.45 1.44 7.89 1.22
LT-CB-1-50 4.36 6.50 2.31 8.81 1.36
LT-SB1S- 4.15 6.36 1.24 7.6 1.19
1-20
LT-SB1S- 4.31 6.63 2.30 8.93 1.35
1-50
LT-SB3S- 3.16 5.09 1.18 6.27 1.23
1-20
LT-SB3S- 3.48 5.41 2.20 7.61 1.41
1-50
LT-CB-2-20 4.39 6.61 1.17 7.78 1.18
LT-CB-2-50 4.55 6.60 2.18 8.78 1.33
LT-SB3S- 3.17 5.03 1.07 6.1 1.21
2-20
LT-SB3S- 3.44 5.11 2.14 7.25 1.42
2-50

@ Maximum time-dependent deflection from Fig. 11.

properties (i.e. shrinkage and creep coefficient) at 50 °C. Based on
experimental values for concrete shrinkage in prism specimens (see
Fig. 5a), the total shrinkage of the specimens from the day of loading
increased from 100 pe at 20 °C to 240 pe at 50 °C. Furthermore,

according to analytical predictions presented in Table 3, concrete creep
coefficient increased from 0.60 to 2.64, showing a 340 % difference. A
secondary cause can be the detrimental effect of temperature on both
instantaneous and time-dependent mechanical properties of the epoxy
adhesive. In this sense, short-term values of epoxy tensile strength (f,,
epoxy) and tensile modulus of elasticity (Eepoxy) decreased by 30 % and 47
%, respectively, when epoxy was submitted to 50 °C (see Table 4).
Additionally, higher creep coefficients were found for epoxy at 50 °C
(see Fig. 6). Nevertheless, it should be mentioned that the effect of
higher temperature on the time-dependent behavior of concrete seems
to be dominant, as the time-dependent deflections of the unstrengthened
control beams in Groups 1 and 2 subjected to temperature (i.e. LT-CB-
1-50 and LT-CB-2-50) were increased by 60 % and 86 %, respectively.

It should be mentioned that the fluctuations observed in the evolu-
tion of deflection at 20 °C (Figs. 10 and 11) were probably due to large
humidity variations taking place at the structural lab (see Fig. 4a). For
the case of heated specimens (submitted to 50 °C), minimum fluctua-
tions in humidity were observed, because of the good performance of the
heating and isolation systems (see Fig. 4b).

The normalized deflections of the specimens (¢t / Sins,tor), Where Sins,
tot = Oins + Op,0, are shown in Fig. 12. According to experimental results,
larger normalized deflections were obtained in specimens strengthened
with three strips, and similar normalized deflections were obtained for
beams strengthened with one strip and their counterpart unstrength-
ened beam. This is due to lower instantaneous deflections (Sins,tor) for
beams with three strips and similar time-dependent deflections (5,) for
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Fig. 12. Ratio of total to instantaneous deflection of beams in Series 2: (a) Group 1 (p = 0.79 %) and (b) Group 2 (p = 1.14 %).

beams within the same Group. This effect is more clear when deflections
of specimens under 50 °C are analyzed.

3.3.2. Concrete strain

The total and time-dependent strain at the top fiber of concrete at the
midspan section (see the position of SG¢ in Fig. 2) is shown in Figs. 13
and 14 respectively. Similar to evolution of total and time-dependent
deflections, strengthening with larger amounts of CFRP area resulted
in a reduction in total and time-dependent concrete strain. In addition,
the application of high service temperature produced a sharp increase in
the time-dependent concrete strain. For instance, for unstrengthened
control beams in Group 1 (LT-CB-1-50) and Group 2 (LT-CB-2-50), the
time-dependent concrete strain was increased by 65 % and 77 %,
respectively. For strengthened beams in Group 1 (LT-SB1S-1-50 and LT-
SB3S-1-50) the percentage increased up to 79 % and 88 %, respectively.
Furthermore, in strengthened specimens belonging to Group 2 (LT-
SB3S-2-50), the time-dependent concrete strain was increased by 136
%. According to the results from unstrengthened beams, and similar to
the evolution of time-dependent deflections, time-dependent strains in
concrete were mostly affected by concrete time-dependent properties
and how they depend on service temperature.

3.4. Residual flexural strength and aging effect

Following long-term tests, specimens in Series 2 were tested up to
failure to evaluate their residual flexural strength. The initial deflection
prior to the post long-term tests was obtained by registering the ultimate

permanent deflection (6p,) after removing the long-term load. In addi-
tion, specimens in Series 3 were also tested up to failure to evaluate the
aging effect on their instantaneous load-deflection response. Fig. 15
shows representative load-deflection curves, and detailed results are
listed in Table 8.

The ultimate permanent deflection (§,,) was used to plot the
load-deflection curves of specimens in Series 2 during their testing up to
failure after long-term loading (see Fig. 15). According to the results
presented in Table 8, it is worthy to mention that the ultimate perma-
nent deflection of specimens subjected to 50 °C was larger than that of
specimens at 20 °C, which was in agreement with the trend in time-
dependent deflections.

The comparison between results in Series 1 and Series 2 (black and
red lines in Fig. 15, respectively) allows accounting for the residual
strength of the beams after long-term load. For the case of unstrength-
ened control beams, similar yielding loads and post-yielding behavior
were obtained. The differences in their ultimate deflection can be
attributed to the failure mode (concrete crushing) and the values for
concrete compressive strain at failure. For the case of strengthened
beams, in general slightly higher values for yielding load and post-
yielding stiffness were found for the case of beams submitted to previ-
ous long-term load, irrespective of the temperature applied during the
long-term tests. It should be mentioned that failure mode for strength-
ened beams remained to be FRP rupture, except for the case of beams
strengthened with three strips in Group 2 (LT-SB3S-2-20 and LT-SB3S-
2-50). In these latter cases, premature cracking initiated in the
compression zone of the specimens and, due to the increase in deflection

Fig. 13. Top fiber concrete total strain evolution: (a) Group 1 (p = 0.79 %) and (b) Group 2 (p = 1.14 %).
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Fig. 14. Top fiber concrete time-dependent strain evolution: (a) Group 1 (p = 0.79 %) and (b) Group 2 (p = 1.14 %).

Fig. 15. Representative load-deflection curves for the analysis of residual flexural strength and aging effect: (a) Unstrengthened control beams in Group 1; (b)
Strengthened beams with one strip in Group 1; (c) Strengthened beams with three strips in Group 1.

(and curvature), FRP rupture took place (see Fig. 16). This change in
failure mode from FRP rupture (FR) to concrete crushing followed by
FRP rupture (CC-FR) may be the cause of lower ultimate loads.

The effect of long-term loading is also visible in the initial stiffness of
the load-deflection curves. Beams in Series 2 being partially cracked
derived in the elastic slope lying between the un-cracked and cracked

11

stages. The stiffness presented in Table 8 was computed as the ratio
between load and deflection corresponding to the long-term load level
and the service load level. Initial stiffness of specimens subjected to long-
term loading (Series 2) were, by far, the largest ones (see Fig. 15 and
Table 8). This behavior is similar to what happened during the pre-
loading stage, where two cycles of loading/unloading were applied.
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Table 8
Results for the analysis of residual flexural strength and aging effect.
Specimen ID Py, P, Stiffness * (kN/ Spu Failure
(kN) (kN) mm) (mm) mode "
LT-CB-1-20 30.43 34.17 3.30 3.30 CcC
AG-CB-1-20 30.91 34.42 1.41 - CC
LT-CB-1-50 29.50 34.05 3.06 5.30 CC
LT-SB1S- 37.25 46.03 3.23 3.60 FR
1-20
AG-SB1S- 38.68 49.28 1.75 - FR
1-20
LT-SB1S- 35.72 44.90 2.90 4.48 FR
1-50
LT-SB3S- 47.00 72.85 3.64 2.63 FR
1-20
AG-SB3S- 47.26 71.56 2.12 - FR
1-20
LT-SB3S- 46.48 69.80 3.46 4.01 FR
1-50
LT-CB-2-20 38.00 41.07 3.58 2.48 CC
LT-CB-2-50 38.48 42.73 3.47 4.29 CcC
LT-SB3S- 53.57 74.41 4.41 2.80 CC-FR
2-20
LT-SB3S- 52.46 73.00 4.20 3.38 CC-FR
2-50

@ Computed as the slope of load-deflection curve between long-term load level
and service load level.

b CC = concrete crushing after steel yielding; FR = FRP rupture; CC-FR =
Concrete crushing followed by FRP rupture.

Finally, the effect of high service temperature is reflected in the reduc-
tion of initial stiffness, when compared to specimens tested at 20 °C. This
is again a consequence of larger concrete time-dependent properties
causing larger ultimate permanent deflections after the removal of the
long-term load (6p,.).

For the analysis of the aging effect, results in Series 1 and Series 3
(black and blue lines in Fig. 15, respectively) should be compared.
Similar to what was found in the analysis of the residual strength after
long-term load, identical load-deflection curves were obtained for
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unstrengthened control beams and slightly larger yielding loads and
post-yielding stiffness were found for strengthened beams. Failure
modes of aged beams did not change when compared to that of Series 1.

4. Analytical predictions on time-dependent deflections

In this section, an analytical procedure based on Gilbert [44] is used
to predict time-dependent deflections of CFRP NSM strengthened RC
elements. Within the procedure, the age-adjusted effective modulus
method (AEMM) is used in the cross-sectional analysis to determine how
stresses, strains and curvatures vary with time due to creep and
shrinkage of concrete. A schematic view of beam cross-section is shown
in Fig. 17a. Furthermore, in both types of loading (i.e. short-term and
long-term), a linear distribution of strains was assumed (see Fig. 17b).

Assuming a linear strain distribution (as shown in Fig. 17b), the
instantaneous response of a cracked section, in terms of instantaneous
maximum concrete compressive strain (e¢;) and initial section curvature
(x7), can be calculated as follows:

BMyr + INyz
i — 3
€0 E.(Al - B) 3

AMy7 + BN,z
= Aoy & By 4
N TR (Al - BY) “)

where My and Ny are the moment and axial force applied at the
beginning of the long-term loading, respectively (N = 0 for RC sections
under flexural moment only). Moreover, A is the area of the transformed
section, and B and I are the first and second moments of inertia of the
area of the transformed section, respectively. Furthermore, E. is the
modulus of elasticity of concrete.

Based on Gilbert [44], the variation with time (i.e. time-dependent)
of the maximum concrete compressive strain Agg(t,tp) and section cur-
vature Ax(t,tg) can be calculated as follows:

B, (1, 1) AM(1,1,) + L.(t,10) AN(1, 19)

Ado(t ) = AL 1 )Lt 10) — B2t 10))

)

Fig. 16. Representative view of failure modes of the specimens in Series 2 and 3.

Fig. 17. Time-dependent analysis. (a) Schematic view of beam cross-section and (b) Instantaneous and long-term strains and curvatures in a cracked section.
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At 10)AM(1,19) + B.(t, 1) AN(t, 19)
E.(t,10)(A.(2,10)L(1,10) — B2(t, 1))

where t is the age of specimen at the moment considered in days and
tp is the age of specimen at the beginning of long-term loading in days. In
Egs. (5) and (6), Ae(t,tp) is the area of the transformed section, and B(t,
to) and L(t,tp) are the first and second moments of inertia of the area of
the transformed section, respectively. Finally, AM(t,tp) and AN(t,ty) are
the restraining force and moment to prevent free development of creep
and shrinkage in concrete, and can be calculated as:

Ak(t,1y) = (6)

AN(1,19) = E.(t,10)[0.(t, 10) (AcEoi — Bek;) + € (2, 10)Ac] @)

AM(1,t9) = Eo(t,10) (¢, 10) (= Betor + Lex;) — ean(t, 10) Be] ®

where A, is the area of the concrete section, and B, and I, are the first
and second moments of inertia of the area of the concrete section
(without considering the steel reinforcement), respectively. The
instantaneous maximum concrete compressive strain (gp;) and initial
section curvature (x;) can be computed from Egs. (3) and (4), respec-
tively. In addition, ¢.(t,tp) and &g (t,tp) are the concrete creep coefficient
and shrinkage, and E,(t,tp) is the effective modulus of elasticity of con-
crete. In this work, Model Code 2010 [11] predictions for concrete creep
coefficient and shrinkage were assumed. Besides, in applying the
AEMM, the effective modulus of elasticity of concrete can be obtained as
bellow:

E.(t,t) = L
’ 1+ x(t,10)e.(t,10)
where y(t,tg) is the reduction factor for concrete creep coefficient,

which can be taken as 0.8 for normal strength concrete [9,12,16,44].
It should be mentioned that, in addition to the explicit mention of

E.(t,tp) in Egs. 5-8, the effective modulus of concrete should also be

taken into account for the calculation of geometrical properties of the

transformed section, by updating the time-dependent steel modular
ratio, ns(t,tp), and time-dependent FRP modular ratio, ngrp (t,tp), as
follows:

ny(t,10) = Ey/E.(t, 1)

9

(10)

nprp(t,t0) = Epgp(,10) /Ee(1, o)

where E; is the modulus of elasticity of steel reinforcement and
Errp(t,tp) is the modulus of elasticity of FRP.

(1)

4.1. Comparison with experimental results

In this section, analytical predictions following the previously
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presented methodology are compared to experimental results on time-
dependent deflections (shown in Fig. 11). For the analytical pre-
dictions, average values for registers on temperature and humidity
during the long-term load (see Fig. 4) were used for determining the
concrete creep coefficient and shrinkage following Model Code 2010
[11]. In addition, the effect of temperature on mechanical properties of
concrete was considered according to Mode Code 2010 [11]. It should
be mentioned that temperature gradient in the height of the section
causes an additional curvature/deflection that should be taken into ac-
count [44]. In this study, due to uniform heating, the difference in
temperature between the bottom and top fibers was about 5 °C, thus
causing a negligible extra curvature/deflection.

Comparisons of predicted and experimental time-dependent de-
flections are shown in Figs. 18-20. According to the results, the analyt-
ical predictions at 20 °C underestimate the time-dependent deflection,
especially for the unstrengthened control beam with lower steel rein-
forcement ratio (LT-CB-1-20 with p = 0.79 %). Focusing on the pre-
diction of the time-dependent deflections in specimens under a high
service temperature, in general, analytical predictions overestimate the
time-dependent deflection especially for those of the unstrengthened
control beams (LT-CB-1-70 and LT-CB-2-70). It is worthy to mention
that the presented analytical methodology could be also applied to
members subjected to cyclic temperatures, as for instance day-night or
summer-winter. In that case, the temperature and humidity histories
should be considered as an input in the analytical model.

5. Conclusions

The present experimental work aims to study the long-term perfor-
mance of NSM CFRP-strengthened RC beams under different service
temperatures. An experimental campaign consisting of 23 NSM CFRP-
strengthened RC beams was performed, where beams with different
steel reinforcement ratios and different amounts of CFRP strengthening
area were loaded for 200 days. After that, post long-term tests were
carried out to analyze the residual flexural strength as well as the ageing
effect. Besides, an analytical procedure for the prediction of time-
dependent deflections is presented and compared to experimental
results.

As a general conclusion, temperature did not affect the instantaneous
flexural performance of NSM CFRP-strengthened RC beams, but had a
significant effect on their time-dependent behavior and ultimate per-
manent deflections. More detailed conclusions are presented next.

From the short-term tests, the following conclusions can be drawn:

Fig. 18. Analytical predictions and experimental time-dependent deflections for unstrengthened control beams. (a) Group 1 (LT-CB-1-20 and LT-CB-1-50) and (b)

Group 2 (LT-CB-2-20 and LT-CB-2-50).
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Fig. 19. Analytical predictions and experimental time-dependent deflections for strengthened beams in Group 1 having: (a) one CFRP strip (LT-SB1S-1-20 and LT-

SB1S-1-50) and (b) three CFRP strips (LT-SB3S-1-20 and LT-SB3S-1-50).

Fig. 20. Analytical predictions and experimental time-dependent deflections
for strengthened beams in Group 2 (LT-SB3S-2-20 and LT-SB3S-2-50).

e The increase in the service temperature up to 50 °C had no significant
effect on the load-deflection response of the specimens. This can be
attributed to this temperature being below the T of epoxy adhesive
and to an additional possible post-curing of the epoxy adhesive.

e The application of a high service temperature did not affect failure
modes, and unstrengthened beams failed by concrete crushing after
yielding of the steel reinforcement whilst strengthened beams failed
by FRP rupture.

From the long-term tests and analytical predictions, the following
conclusions can be drawn:

e The increase in the temperature from 20 °C to 50 °C had an effect on
the time-dependent behavior of concrete (larger shrinkage and creep
coefficient) and epoxy resin (larger creep coefficient).

Under 20 °C and the same value of long-term load, lower time-
dependent deflections were obtained for beams with larger
amounts of FRP strengthening area, as expected. However, for
testing temperature equal to 50 °C, the increase in the strengthening
area did not have a significant effect on the time-dependent de-
flections and the time-dependent response of the strengthened beams
approached that of the unstrengthened beams.

14

e The effect of temperature on the time-dependent behavior of con-
crete appeared to be the dominant factor in time-dependent response
of RC beams.

e Analytical predictions based on AEMM and Model Code 2010 were in
a good agreement with experimental data.

From the residual flexural strength tests and aging specimens,
following conclusions can be drawn:

e Similar to time-dependent deflections, the ultimate permanent
deflection of specimens subjected to 50 °C was larger than that of
specimens at 20 °C.

e When compared to short-term and aging specimens, no significant

change was observed in the residual strength of unstrengthened

control beams. On the other hand, for the strengthened beams, a

slight increase in yielding load and post-yielding stiffness were

found.

Failure mode of the strengthened specimens with higher reinforce-

ment was changed from FRP rupture to concrete crushing followed

by FRP rupture. The rest of the specimens had the same failure mode
as in short-term testing.

e The largest initial stiffness was observed for the specimens subjected
to long-term load. Furthermore, the specimens subjected to tem-
perature had lower initial stiffness due to larger permanent accu-
mulated deflections.
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