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Abstract

The rehabilitation of civil structures has been gaining importance during the last decades.
Owing to their mechanical, corrosion resistance and lightweight properties, Carbon Fibre-
Reinforced Polymers (CFRP) present an excellent solution to strengthen Reinforced Concrete
(RC) structures, being the Near-Surface Mounted (NSM) one of the main used techniques
because of a better protection of the FRP against external agents. During their service life, civil
structures are submitted to cyclic temperatures due to the day and night cycles, which can affect
the durability of the strengthening system. It is therefore of outmost importance to study how
these actions can affect the NSM CFRP-concrete bond performance to properly design the

strengthening systems and avoid premature failures.

In this thesis, the sustained-loading bond behaviour of NSM CFRP-concrete joints has been
evaluated from experimental and numerical points of view. A numerical methodology based on
a finite differences model has been implemented to predict the instantaneous global response
of the bonded joints. To verify the numerical model, an experimental programme on the
instantaneous behaviour of NSM CFRP-concrete specimens was performed through single shear
tests until failure. Different values of groove thicknesses and bonded lengths were tested to
study the effect of these parameters on the global response of the bonded joint in terms of
failure mode and ultimate load. A parametric study was then performed to investigate the effect

of the main parameters of the bond-slip law in the ultimate load and effective bonded length.

Afterwards, the effect of high service temperature and sustained loading on the creep
behaviour of the bonded joint was studied through (i) single shear tests in NSM CFRP-concrete
specimens, and (ii) tensile tests on epoxy adhesive specimens. Five experimental series were
carried out inside a climatic chamber under different service temperatures for 1000 hours. In
the sustained loading tests, the effect of the sustained load level, the groove thickness and the
bonded length were studied. Results showed that the evolution of strain (in the adhesive) and
slip at the loaded end (in the NSM CFRP-concrete specimen) increased with the average

temperature and the sustained load level.

Thereafter, after sustained loading tests, instantaneous tests were carried out until failure

for all the specimens to study the residual capacity of the specimens. An overall slight decrease
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on the mechanical properties of the bonded joints (ultimate load and stiffness) and the adhesive

(tensile strength and elastic modulus) were observed.

Finally, the numerical procedure developed to predict the instantaneous behaviour of the
bonded joint was adapted to calculate the creep behaviour of the NSM CFRP-concrete joints by
implementing the degradation of the bond-slip law with time. From this numerical
methodology, the evolution of slip at the loaded end with time was obtained for each specimen

configuration and was compared with the experimental results.
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Resum

Durant les ultimes deécades, la rehabilitacio d’estructures civils ha adquirit especial
importancia. Els materials compostos de fibra de carboni i matriu polimérica (en anglés, Carbon
Fibre Reinforced Polymers, CFRP) s’han introduit en el sector com a solucié excel-lent per al
refor¢ estructural de formigd armat, gracies a les seves propietats mecaniques, la seva
resisténcia a la corrosio i la seva lleugeresa. La técnica del reforg inserit al recobriment (en
anglés, Near-Surface Mounted, NSM) ha resultat ser una de les principals metodologies
emprades gracies a la proteccié de I'FRP envers als agents externs. No obstant aix0, la durabilitat
del reforg extern es pot veure afectada durant la seva vida util, ja que les estructures es troben
sotmeses a agents externs com carregues sostingudes i temperatures cicliques degudes al cicle
dia-nit. Per tal de dissenyar correctament el sistema de reforg i evitar fallades prematures per
desenganxament del CFRP, és extremadament important estudiar com aquestes accions poden

afectar a 'adheréncia entre el formigd i el refor¢ NSM CFRP.

Aquesta tesi presenta un estudi del comportament de la unié adherida NSM CFRP-formigd
des d’un punt de vista experimental i numeéric. Inicialment, es va dissenyar una metodologia
numerica basada en un model de diferéncies finites per a predir la resposta global instantania
de les unions adherides. Posteriorment, per a verificar el model numeric, es va realitzar una
campanya d’assajos experimentals per estudiar 'adheréncia de la uni6 NSM CFRP-formigé a
través d’assajos d’adheréncia fins a la ruptura. Es van assajar espécimens amb diferents valors
d’amplada de regata i de longituds adherides per investigar I'efecte d’aquests parametres en la
carrega ultima i el mode de falla de la unié adherida. Mitjangant la metodologia numeérica, es va
realitzar un estudi paramétric per investigar la influéncia dels principals parametres de la llei
adherencia-lliscament en la carrega ultima i en la longitud d’adhesié efectiva de les unions

adherides.

A continuacio, es va estudiar I'efecte de diferents temperatures de servei i nivells de carrega
sostinguda en la fluéncia de la unié adherida a través de (i) assajos d’adheréncia d’espécimens
NSM CFRP-formigé i (ii) assajos a traccid d’especimens d’adhesiu epoxid. Es va realitzar un total
de cinc campanyes experimentals. Els especimens es van assajar dins d’una cambra climatica
combinant tres nivells de carrega sostinguda i diverses temperatures durant 1000 hores. Dels
resultats experimentals es va observar que I'evolucié de la deformacié unitaria (en adhesius) i
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de lliscament a I'extrem carregat (en especimens NSM CFRP-formigd) augmentava a mesura que

la temperatura mitjana de la cambra i el nivell de carrega sostinguda augmentaven.

Tot seguit, els especimens sotmesos a assajos en servei es van assajar fins a ruptura per tal
d’estudiar-ne la capacitat residual d’aquests. D’aquests assajos es va observar un decreixement
general de les propietats mecaniques de les unions adherides (en termes de carrega ultima i

rigidesa) i dels especimens d’adhesiu (en termes de resisténcia a traccid i modul elastic).

Finalment, el procediment numeéric desenvolupat per a predir el comportament instantani
de les unions adherides va ser adaptat per al calcul del comportament a llarg termini de la unié
NSM CFRP-formigé a partir de laimplementacié de la degradacié de la llei adheréencia-lliscament
amb el temps. Amb aquesta metodologia numerica es va calcular I'evolucié del lliscament a
I’extrem carregat amb el temps per a cada configuracio d’espécimen i es va fer la comparacio

amb el corresponent assaig experimental.
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Resumen

A lo largo de las ultimas décadas, la rehabilitacion de estructuras civiles ha ganado especial
importancia. Los materiales compuestos de fibra de carbono y matriz polimérica (en inglés, Fibre
Reinforced Polymers, FRP) se han introducido en el sector como solucién excelente para el
refuerzo estructural de hormigén armado, gracias a sus propiedades mecanicas, su resistencia
a la corrosion y su ligereza. La técnica del refuerzo insertado en el recubrimiento (en
inglés, Near-Surface Mounted, NSM) ha resultado ser una de las principales metodologias
empleadas gracias a la proteccion del FRP frente agentes externos. La durabilidad del refuerzo
externo se ve afectada durante su vida util, puesto que las estructuras estdn sometidas a
agentes externos como son las cargas sostenidas y temperaturas ciclicas debidas al ciclo dia-
noche. Para disefiar correctamente los refuerzos con NSM CFRP vy evitar fallos prematuros de
adherencia, es extremadamente importante estudiar cdmo estas acciones pueden afectar a la
adherencia del refuerzo.

Esta tesis presenta un estudio del comportamiento de la unién adherida NSM CFRP-
hormigdn desde un punto de vista experimental y numérico. Inicialmente, se disefid una
metodologia numérica basada en un modelo de diferencias finitas para predecir la respuesta
global instantdnea de las uniones adheridas. Posteriormente, se realizd una campafia de
ensayos experimentales de especimenes NSM CFRP-hormigén a cortante hasta el fallo para
verificar el modelo numérico. Se ensayaron especimenes con diferentes valores de anchura de
regata y de longitudes adheridas para investigar el efecto de estos pardmetros en la carga ultima
y el modo de falla de la unién adherida. Mediante la metodologia numérica, se realizé un estudio
paramétrico para investigar la influencia de los principales parametros de la ley adherencia-
deslizamiento en la carga ultima y la longitud adherida efectiva de las uniones.

A continuacion, se estudié el efecto de las temperaturas de servicio y la carga sostenida en
lafluenciade la unidon adherida a partir de (i) ensayos de adherencia en
especimenes NSM CFRP-hormigdn y (ii) ensayos a traccion de especimenes de adhesivo epoxi.
Se realizé un total de cinco campafias experimentales dentro. Los especimenes se ensayaron
dentro de una cdmara climatica combinando distintos niveles de carga sostenida y varias
temperaturas de servicio durante 1000 horas. De los resultados experimentales se pudo

observar que la evolucion de la deformacion unitaria (en especimenes de adhesivo)
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y deslizamiento en el extremo cargado (en especimenes NSM CFRP-hormigén) aumentaba a
medida que la temperatura mediana de la cdmara y el nivel de carga sostenida aumentaban.

Seguidamente, los especimenes sometidos a carga mantenida se ensayaron hasta rotura para
evaluar la capacidad residual de la union. De los ensayos, se observd un decrecimiento general
de las propiedades mecanicas de las uniones adheridas (carga ultima y rigidez) y de los
especimenes de adhesivo (resistencia a traccién y médulo elastico).

Finalmente, el procedimiento numérico desarrollado para predecir el comportamiento
instantdneo de las uniones adheridas fue adaptado para calcular la fluenciaen la
uniéon NSM CFRP-hormigén a partir de la implementacion de la degradacion de la ley adhere—
ncia-deslizamiento con el tiempo. A partir de esta metodologia numérica se obtuvo la evolucion
de deslizamiento en el extremo cargado con el tiempo para cada configuracion de espécimen y

se comparo con el correspondiente ensayo experimental.
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PART I: Introduction




1 Introduction

1.1 Overview and motivation

Rehabilitation and strengthening of infrastructures and existing buildings represents an
effective action to extend their service life and to reduce the environmental impact associated
to raw materials consumption and associated procedures. Consequently, an increase in the
economic efforts for rehabilitation and maintenance is expected to take place in the next years,
in front of the budged addressed to new construction. For this reason, there is a need of taking
advantage of the new emerging technologies to mitigate deterioration and efficiency manage
maintenance efforts on civil structures. In this sense, novel materials such as Fibre Reinforced
Polymers (FRP) have appeared as new reinforcing materials and for strengthening of existing
structures.

FRP materials present an attractive combination of mechanical properties, ease of assembly
and durability, in comparison with other traditional materials. FRP materials have several
advantages compared to steel, for example, their higher tensile strength and resistance against
corrosion. On the other hand, FRP materials have several disadvantages, being the cost of
manufacturing and their low fire resistance.

As a result of their growing application, some code proposals and recommendations for the
design of reinforced concrete (RC) structures reinforced or strengthened with FRP have already
been published, and it is foreseen their introduction in the new modification of Eurocode 2 [1].
The structural behaviour of concrete elements strengthened with FRP greatly depends on the
bond behaviour of the joint concrete-FRP, in which an epoxy adhesive is generally used. The
bond behaviour under static loading at ambient temperature has been extensively studied in
the last years. However, concrete structures are often subjected to dynamic loading and harsh
environmental conditions that may affect their durability and long-term performance.

Nowadays, several applications have been developed to reinforce or strengthen structures
with FRPs, using them as unique material or in combination with concrete. Along the last
decades, FRP materials have been extensively studied as external reinforcement of concrete
structures. Externally Bonded Reinforcement (EBR) consists of bonding a FRP sheet or laminate
onto the concrete surface using an adhesive, usually an epoxy adhesive. EBR are easy to install

and they can significantly increase the carrying capacity of an existing structure. But on the other



hand, EBR are more affected to environmental conditions. Another well-known strengthening
technique is the Near-Surface Mounted (NSM), in which a groove is cut in the concrete structure
and afterwards, it is filled with an adhesive and the FRP is inserted. This strengthening method,
in comparison with the EBR, provides a better anchorage capacity and a better protection of the

FRP strip against external agents such as environment conditions or vandalism.

1.2 Objectives of the PhD

The main objective of this PhD thesis is to study, from an experimental and numerical point
of view, the effects of different environmental and loading conditions on the bond behaviour of
NSM FRP-concrete joints to provide analytical expressions that can evaluate the effectiveness
of the given strengthening system.

This main goal is divided into six sub-objectives that will be addressed along with the thesis:

1. The study of the effect of the specimen configuration in terms of bonded length and
groove thickness on the global behaviour of the bonded joint.

2. Theinvestigation of the influence of the shape and the main parameters of the bond-slip
law on the global behaviour of the bonded joint.

3. Develop a numerical model to predict the instantaneous response of the NSM CFRP-
concrete joints.

4. The study of the creep behaviour and the residual tensile strength of an epoxy adhesive
under the combination of sustained loading and different service temperatures (steady
and cyclic).

5. The study of the creep behaviour and the residual bond capacity of NSM CFRP-concrete
joints under the combination of sustained loading and service temperatures.

6. The proposal of a numerical procedure to predict the bonded joint response with time

under sustained loading and room conditions.

1.3 Thesis layout

This thesis is written as a compendium of articles, each of them being presented in a chapter.
Initially, the state-of-the-art is presented in Chapter 2 where a detailed study of the current
state of the art is carried out.

In Chapter 3, the methodology followed in the experimental campaigns carried out in this

thesis is presented. In this section, the characterization of the materials, the instantaneous and



sustained loading tests of NSM CFRP-concrete specimens are described. Furthermore, the
numerical models developed to predict the instantaneous and the time-dependent response
are presented in this chapter.

Chapter 4 presents the first article of the thesis, where the instantaneous behaviour of NSM
CFRP-concrete specimens is studied and a numerical methodology is developed to predict the
monotonic bonded joint response. The second paper of the thesis is presented in Chapter 5
where the experimental performance of NSM CFRP-concrete joints under sustained loading is
presented and a numerical methodology is adapted to predict the time-dependent behaviour
of the bonded joints. Chapter 6 provides the third paper, where the behaviour of an epoxy
adhesive under different service conditions is studied through sustained tensile tests. In Chapter
7 the fourth article of this thesis is shown. This paper aims to study the bond behaviour of NSM
CFRP-concrete specimens under the combination of sustained loading and high service
temperatures.

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 thesis.



PART Ill; Literature review and

methodology




2 Literature review

2.1 Introduction

Thanks to the excellent resistance against temperature and corrosion, high durability and low
cost, concrete is widely used as a construction material in civil engineering. Even though civil
structures are designed for a long service life, external agents, such as environmental
conditions, seismic activities or changes on the load requirements can lead to rehabilitation and

strengthening [2,3].

2.2 Fibre Reinforced Polymers (FRP) in civil engineering

Owing to their excellent properties, nowadays Fibre Reinforced Polymers (FRP) are used in
an wide range of sectors, such as aerospace and aircraft, wind, construction, marine and
medical, among others [4]. FRP materials present excellent mechanical properties, which allow
enhancing the carrying capacity of the structure. Furthermore, they are corrosion resistant, and
in terms of installation, FRP materials are easier to install due to their low weight, leading to a
reduction of assembling time.

In this subsection, a summary of FRP components, mechanical properties and typical

applications of FRP materials in civil engineering is shown.

2.2.1 FRP components

FRP materials are composed by: fibres, which provide the strength to the composite, and the

matrix, which acts as the bonding agent among fibres [5].

Fibres

The fibres provide strength and toughness to the FRP. Typically, four fibre types can be found
in FRPs: carbon, glass, aramid and basalt.

Carbon fibres are manufactured from heating fibres without the presence of oxygen. This
process removes the non-carbon atoms and obtains a long inter-locked chain of carbon atoms.
FRPs made of carbon fibres (CFRP) are widely used for strengthening concrete structures, due
to their stiffness and tensile strength. Furthermore, they present high resistance against
corrosion. The main disadvantages of carbon fibres may be that they are electrically conductive,

hence, in case of contact with steel, they may create galvanic corrosion [6].



Glass fibres are made of filaments of glass, obtained from melting and moulding processes.
Their use is very extended in the FRP materials, mainly because of their low production cost,
high tensile strength, and good chemical resistance. On the other hand, this type of fibres
presents lower fatigue resistance and stiffness, and higher brittleness than CFRP [7].

Aramid fibres are organic fibres formed by a long chain of synthetic polyamide and are
created from a solution of PPTA (p-phenylene terephthalamides) polymer and sulfuric acid [8].
This type of fibre is characterized by its heat-resistance and lightness, compared with carbon
and glass fibres. Regarding their mechanical properties, they present relatively higher tensile
strength but lower elastic modulus in comparison with carbon fibres and steel. Compared with
the other types of FRP, AFRP exhibit lower compressive and shear strengths [7,9].

Basalt fibres are obtained from crushed basalt, that is heated until melting. This fibre type
has better mechanical properties than glass fibres and is cheaper than the carbon fibre [7]. The
main disadvantages of the BFRP are the difficulty of the heating process and the quality control
of the fibres [10].

Matrix

The matrix acts as bonding agent among fibres. Usually, the matrix is made of a thermoset, a
polymer that is hardened by a curing process. The thermosetting polymers have high thermal
stability at service temperature, and have better chemical resistance, compared to the
thermoplastics. The most used types of thermoset adhesives are polyester, vinylester and
epoxy. Polyester and vinylester have similar performing characteristics, although vinylester
provides higher tensile strength and resistance to corrosion. On the other hand, epoxy adhesive
is the most expensive option, but it has excellent bond properties, low shrinkage during curing
time and good chemical resistance. The main disadvantage of thermoset adhesives is that their
properties are highly affected at temperatures above their glass transition temperature (7g)

[7,9].



2.2.2 Mechanical properties of FRP materials

The constitutive stress-strain relationship of the most typical FRP types and steel according

to fib Bulletin 90 [11] is shown in Figure 2.1.
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Figure 2.1: Uniaxial tensile stress-strain diagrams of FRP materials compared to steel [11].

As observed, FRP materials present a higher tensile strength and generally a lower elastic
modulus in comparison to steel. Furthermore, their stress-strain behaviour is linear until failure

[12], leading to a brittle rupture, instead of the ductile failure of steel.

2.2.3 Applications of FRP materials in civil engineering

Due to FRPs’ excellent mechanical properties, their use in civil structures has been widely
extended during the last years. Three main applications are distinguished: as core materials to
build a complete structure, as strengthening system of an existing element (Figure 2.2a) or as

internal reinforcement of concrete elements (i.e. as substitute of traditional steel, Figure 2.2b).

(@) (b)

Figure 2.2: Examples of the use of FRP materials as (a) strengthening method and (b)

reinforcing method [5].



2.3 FRP for strengthening concrete structures

Strengthening systems allow enhancing the carrying capacity of the concrete structure during
its service life, becoming an optimal solution for rehabilitation and repair of buildings and civil
infrastructure. In this section, the two main strengthening methods used in civil engineering

(Externally Bonded Reinforcement, EBR, and Near-Surface Mounted, NSM) are presented.

2.3.1 Externally Bonded Reinforcement (EBR)

The EBR technique consists of bonding FRP strips or sheets onto the tensile concrete surface,
previously roughened to improve the bond performance, with a structural adhesive, usually
being an epoxy resin. The most commonly used FRP material used in the EBR application is the
CFRP, being GFRP and AFRP only used in specific situations.

The EBR can be applied either by wet lay-up (FRP laminate cured in-situ onto the concrete
surface) or prefabricated (precured FRP bonded onto concrete). The wet lay-up system is
typically used to strengthen concrete elements in one or more directions, such as in columns or
beams. The prefabricated system consists of bonding a unidirectional laminate or strip of FRP,
previously manufactured and cured, with an adhesive to a flat surface.

The main advantage of the EBR technique is the simplicity of installation and the adaptability
of the technique. It can be applied in many circumstances, for example, for wrapping a column
to enhance its confinement level or for strengthening a beam or slab to enhance its flexural or

shear behaviour, as can be seen in Figure 2.3.

(b)

Figure 2.3: Examples of EBR installation [13,14].



Although EBR is a common strengthening technique used in civil engineering, the main failure
mode of concrete flexural elements strengthened with EBR FRP is the debonding of the FRP,
providing a very brittle failure, and besides, not recommendable in terms of safety. Because the
failure is debonding of the strengthening element, the FRP does not reach its ultimate capacity
[15] and further anchorage mechanisms need to be developed.

On the other hand, one of the main disadvantages of this technique is that the FRP is exposed
to the environmental conditions and external agents. In particular, the exposition of the
adhesive to ambient temperatures can decrease its bond properties. Other bonding agents,
such as cementitious adhesives, may provide higher resistance to high temperatures although
it is not recommended to use them under cyclic loading due to the lower shear strength and

brittleness [16].

2.3.2 Near Surface Mounted (NSM)

The Near Surface Mounted (NSM) technique started to be used during the 40s, however, the
NSM application with FRP materials has only been studied during the last two decades. The NSM
consists of cutting a groove along the concrete surface, filling it with adhesive and introducing
the FRP reinforcement so that the FRP reinforcement is completely coated by the adhesive.
Figure 2.4 shows an example of application of a NSM FRP reinforcement on a two-way RC slab:

in Figure 2.4a the adhesive is inserted into the groove, and Figure 2.4b shows the installation of

the CFRP bar into the groove.
(a) (b)

Figure 2.4: Examples of NSM installation: (a) installation of the epoxy adhesive and (b)

installation of CFRP bar [17].
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The shape of the NSM FRP reinforcement that can be used with this technique can be either
rectangular/square strips or round bars. Sharaky et al. [18,19] performed an investigation on
the effect of the shape and material of the FRP reinforcement on the instantaneous behaviour
of the bonded joint. The study concluded that GFRPs can be used in most of the applications of
the NSM, although their lower tensile strength and stiffness than CFRP implies the use of higher
cross-sectional areas and grooves. Furthermore, it was observed that bars with a textured
surface increased the ultimate load around 34% compared to bars with a smoother surface. A
typical cross-section of the grooves and FRP materials of the NSM technique is shown in Figure

2.5.
(a) (b)

FRP bar Adhesive FRP strip Adhesive

bg

Figure 2.5: Cross-section of NSM systems using: (a) using a bar and (b) using a strip [20].

De Lorenzis et al. [21], and Sena et al. [22] extensively studied the NSM technique, concluding
that NSM has several advantages over EBR technique. Although the laminates used in the NSM
have smaller dimensions than those used in the EBR, the bonded perimeter/area of the
reinforcement ratio is higher than in the EBR, improving the efficiency of the FRP material
(Seracino et al. [23]) because the confinement provided by surrounding concrete makes the FRP
less prone to debond [22,24]. FRP laminate also is less affected by unfavourable environmental
conditions. Besides, no surface conditioning is needed, except for the cutting of the groove, and
can be easily pre-stressed, making it more attractive for its application in the construction

industry.

2.4 Instantaneous bond behaviour of FRP-concrete joints

The instantaneous bond behaviour of the FRP-concrete joint is typically characterized by a
mechanical test from which the most relevant properties of the joint can be obtained. In this
sub-chapter, the most typical test set-ups, together with a summary of the bond failure modes

are explained. Then, the ultimate load and effective bonded length are defined, and the most
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relevant models are presented. The local and global bond behaviour of the FRP-concrete joint
are next explained, and some of the most used bond-slip models available in the literature for
EBR and NSM SYSTEMS are shown. Finally, the concept of fracture energy is introduced and

some of the most well-known analytical models are presented.

2.4.1 Test set-up

Nowadays, the bond capacity of the FRP-concrete interface can be evaluated by using
different test setups, being the most accepted ones the single-shear test [25,26], the double-
shear test [27], and the beam test [28].

The pull-out single-shear test consists of bonding an FRP laminate on the lateral surfaces of
the concrete block, then pulling the FRP while the movement of the concrete block is restricted,
or vice versa. This type of test has been adopted by many researchers due to its simplicity
[15,22,26], however, in this methodology, the load is usually applied eccentrically with respect
to the centroid of the specimen, causing an attempt of rotation of the concrete block. Some
researchers [19,29] proposed more complex geometries for the concrete block to avoid these
eccentricities, but the resultant block was not that operable.

The double shear test was proposed to solve the eccentricity problem [27,30]. In this test,
two FRPs are bonded on opposite surfaces of the concrete element, creating a symmetry of
loading. However, this test is much more difficult to control because the imperfections of both
surfaces can cause unavoidable asymmetries.

Finally, in the beam test [15,31], two prismatic blocks are connected by a hinge in the
compression flange and the FRP laminate is bonded on the tensile surface of the concrete
specimens. The shortest bonded length side is used to register the slip and strain during the
test, while the longest side works as an anchorage.

Figure 2.6 presents the classification of tests set-up proposed by Yao et al. [15].
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Figure 2.6: Classification of bond tests according to Yao et al. [15].

2.4.2 Bond failure modes of the bonded joint
The control of the failure modes of the bonded joint is crucial for an adequate structural
design. The main bond failure modes of the FRP-concrete joint [21,32,33] are shown in Figure

2.7 and briefly explained below.

Cohesive failure on
concrete

Cohesive failure on
adhesive

Failure at the interface

, : .\ Failure at the interface
FRP/adhesive _ I

-\ adhesive/concrete

Adhesive/ \ FRP

Figure 2.7: Failure modes for the NSM reinforcement [32].

Concrete

- Interfacial bond failure between the FRP and the adhesive: The interfacial bond failure
between the FRP and the adhesive is mainly due to the lack of adhesion between these
two surfaces, which can be caused by the smoothness of the laminate’s surface or an

inappropriate spread of the adhesive through the laminate [34,35].
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- Interfacial bond failure between the adhesive and the concrete: This failure mode also
derives from a lack of adhesion between these two elements. In this case, the surface
treatment of the concrete may be the main responsible. Having a high level of roughness
in the concrete implies better contact with the adhesive layer [35-37].

- Cohesive failure in the adhesive: This failure is achieved when the shear stress applied to
the specimen surpasses the shear strength of the adhesive. This failure mode has only
been observed NSM strengthening systems using strips with a roughened surface
[38,39].

- Cracking of the concrete element: In this failure mode, the splitting of concrete is
attained when the concrete element cannot withstand the tensile and shear stresses
transferred from the FRP strengthening system [40].

- Rupture of the FRP: When the FRP reaches its tensile stress before debonding takes
place. This type of failure is more common when strips are used, rather than laminates
or bars, because they have less cross-sectional area and higher perimeter/area ratio. In
this failure mode, despite being brittle, it is desired because the FRP attains its tensile

strength [35,41,42].

2.4.3 Ultimate load and effective bonded length models

The ultimate load of the FRP-concrete joint is of outmost interest for calculating the
withstanding capacity of the bonded joints. In the last decades, much research has been focused
to obtain analytical expressions to easily calculate the ultimate load. Moreover, the concept of
effective bonded length, proposed by Maeda et al. [43] and defined as the minimum length to
develop the maximum load of the bonded joint, has attracted the attention of the scientific
community to predict the maximum shear strength of the FRP-concrete joint.

In the following two sub-sections, the main existing models in the literature for the ultimate
load and effective bonded length of the FRP-concrete joint are introduced.

Ultimate load empirical models

A pragmatic and reliable method for calculating the bond strength of the joint is needed. In
this sense, many research can be found, being analytical expressions usually adjusted to given
experimental results [23,25,43—-47]. From these empirical formulation, standards are proposed
to establish a common procedure to design this type of joints, being nowadays the most used

standards the ACI 440.2R [48], the CNR-DT 200 R1 [49] and the fib [50].
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A summary of the most important bond strength models is presented in Table 2.1 for EBR
and in Table 2.2 for NSM bonded joints. These equations provide the maximum shear strength
(or ultimate load) of the bonded joint, considering that the load is applied in pure shear mode,
hence, no bending moments are considered.

Effective bonded length empirical models

The effective bond length is the minimum bonded length needed for reaching the ultimate
load. In other words, it is the length needed for having the complete strain profile along the
bonded length of the FRP, as further explained in chapter 4. Having a longer bonded length does
not imply an increase of strength, but a shifting of the strain profile along the bonded FRP,
causing an increase of slip between the FRP and the concrete. On the other hand, a shorter
bonded length implies that the joint will not reach its maximum bond load, and that the strain
profile will not be completely developed.

As for the case of the ultimate load, several authors have defined analytical expressions
adjusted from their experimental results. Standards such as the fib Bulletin 90 [50], CNR-DT 200
R1 [51], ACI 440.2R [48] and the SA [52] have proposed analytical expressions to calculate the
effective bonded lengths of EBR and NSM systems. The most important expressions are

summarised in Table 2.1 for EBR and in Table 2.2 for NSM.
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Table 2.1: Bond strength models for EBR systems.
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Table 2.2: Bond-strength models for NSM strengthening systems.

Model Ultimate load (P.)

Effective length (Le) Parameters
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2.4.4 Local bond behaviour of the bonded joint

The bond law, often referred as the bond-slip law or interface law, is the relationship
between the bond shear stress of the joint and the relative displacement between the FRP and
the concrete. A commonly accepted approximation of the bond behaviour for a NSM
strengthening system is a bilinear law, consisting of three main stages: elastic, softening and

debonding [25,57], as it is shown in Figure 2.8.

Bond shear stress [T]‘\
Elastic Softening Debonding
zone zone zone
Tmazx
Ke Ks
>
S Sf slip [ ]

Figure 2.8: Bilinear bond-slip law [58].

In the elastic zone, the bond shear stress increases linearly with the slip until reaching the
bond shear strength. At this point, the joint starts to damage, entering in the softening stage,
where the bond shear stress decreases linearly with the slip. Finally, when the bond shear stress
becomes null, the section of the bonded joint is in the debonding stage.

Yuan et al. [59] considered that a more representative bond-slip law would have an additional
stage in between the elastic and the softening ones, called hardening (Figure 2.9). This stage

represents a decrease in the ascending stiffness of the curve before reaching the shear strength.

21



Bond shear stress {T]A Elastic Softening Debonding

zone zone zone

Hardening

Tmax

»>
81 Sf slip [ 5]

Figure 2.9: Bond-slip law including a hardening stage [59].

Borchert et al. [60], in turn, proposed a bond-slip law where the debonding branch considers
friction between CFRP and concrete through a residual bond shear strength (), a non-linear
ascending branch and a plateau of the bond shear stress when the slip is between s: and s..

Figure 2.10 presents the bond-slip proposed in [60].
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Figure 2.10: Bond-slip law proposed in Borchert et al. [60].

Depending on the considered bond-slip law, the prediction of the joint’s strength will be
somehow different. The most common methodology to represent the bond-slip law is to use a
piecewise function, where the stages of the bond-slip can be calculated through their own
equation. A list of the most used bond-slip models for EBR and NSM is presented in Table 2.3

and Table 2.4, respectively.

22



€C

Table 2.3: Bond-slip models for EBR systems in the literature.

Model Ascending branch Descending branch Parameters
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Note: parameters of each bond-slip law are defined in their respective references.
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Table 2.4: Bond-slip models for NSM systems in the literature.

Model Ascending branch Descending branch Parameters
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To experimentally obtain the bond-slip law of the bonded joint, several authors have used
strain gauges bonded along the FRP to register the strain profile of the reinforcement so as to
calculate the average shear stress and slip between two subsequent strain gauges (Figure 2.11)

[35,53,70-72].

[y S—

o

Figure 2.11: Location of the strain gauges used in Ferracuti et al. [70].

The shear stress between two strain gauges can be calculated using Eq. 2.1,

B Ar(erivn — &)
Ltgiture (xf,i+1 - xf,i)

Tiz1/2 = (2.1)

where Er and Ar are the elastic modulus and cross-section area of the FRP, Lgg;yre is the
perimeter of the failure surface, &fis the strain measured by a strain gauge and x is the position
in the bonded length. In case of EBR, L¢g;re €quals to the width of the laminate, by, while in
case of NSM, it is equal to 2 * (bf + ta) + (tf + ta) [73], where tq and trare the thicknesses of
the adhesive layer and of the FRP strip, respectively.

The slip (s) along the FRP can be obtained from integration of the strain profile using Eq. 2.2.
(&ri+1 — &7,0) (g1 — Xp) (2.2)
(Xir1 — %) 2

Finally, the average slip between two gauges can be calculated using Eq. 2.3. As a result, the

2
s(x) = s(xi41) — + & (X1 — X))
experimental bond 7 -slip s law can be obtained.
_ S(xi+1) + S(xi) (2 3)

Si+1/2 = 2

2.4.5 Global behaviour of the bonded joint

The global load-slip behaviour of the bonded joint can be experimentally obtained by simply
measuring the load applied on the specimen and the relative slip between the FRP and the
concrete block. Yuan et al. [74] and Ali et al. [75] proposed analytical solutions for the governing

differential equation of an EBR and an NSM CFRP-concrete joint, respectively. The differential
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equation governing the bonded joint is obtained from the stress equilibrium between the FRP
and the concrete, and is expressed using Eq. 2.4,

ﬁ _ T(S) * Lper

=0, (2.4)
dx Af

where Lper is the perimeter of the FRP strip or laminate.

In these analytical models, no bending moments were considered and a bilinear slip law was
assumed.

In the instantaneous test of the bonded joint, as the load applied increases, the bonded joint
will gradually experience different stages. All the stages of the load-slip curve for a specimen
with a bonded length longer than Les and a bilinear bond-slip law is shown in Figure 2.12, and
the bond shear stress profile of the FRP at each stage of the load-slip curve is shown in Figure

2.13.
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Figure 2.12: Stages of the load-slip curve of considering a bilinear local bond-slip

relationship.
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In the following sub-sections, each stage of the global behaviour of the bonded joint will be

explained.

Elastic stage A-B: During this stage, the local behaviour of each section of the bonded
length is in the ascending branch of the bond-slip law. Hence, during this stage, the load-
slip stiffness is elastic and linear. The last point of the elastic stage is the point B (see Figure
2.12), where the loaded end reaches the bond shear strength (7,4, ) of the bond-slip law.
Elastic-softening stage B-C: Once point B is reached, the loaded end section of the joint will
be in softening branch, because the slip in the loaded end (which, in turn, equals to the
total slip), is higher than s;. Then, as the applied load keeps growing, the sections near the
loaded end will start damaging and entering to the softening stage. In all sections lying in
the softening branch, the transferred local shear stress between FRP and concrete is lower
than the bond shear strength. Consequently, the stiffness of the global load-slip curve will
decrease as well. In Figure 2.13, it can be seen that during the stage B-C, the activated
length (bonded length that is transferring bond shear stress) increases until the point C is
reached. Once the point C is achieved, the shear stress profile is fully developed, meaning
that the joint has reached its ultimate load, hence, the activated length is equal to the
effective bond length (L.sf). For bonded lengths shorter than L., the point C will not be
reached because not enough bonded length will be available to develop the complete
strain profile.

Softening stage C-D: At point C, the slip at the loaded end is equal to the maximum slip (sy)
meaning that the loaded end is completely damaged and cannot transfer any more
stresses. The load carrying capacity of the bonded joint reaches its maximum capacity,
therefore as the slip in the loaded end continues increasing, the load carried by the bonded
joint does not experience any increase. The stage C-D ends when the free end starts to
transfer shear stress and as a consequence, the activated length is reduced. Beyond this
point, the load starts to reduce (point D).

Debonding stage D-E-F: In this stage the activated length decreases causing a reduction on
the load carried by the bonded joint until the remaining bonded sections are completely
damaged (point F). This stage cannot be experimentally observed, due to the brittleness

of the failure.
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2.4.6 Fracture energy
The fracture energy of the bonded joint is the dissipated energy by the joint until the
debonding, and is defined as the area under the local bond-slip law [25,76]. Fracture energy is

calculated using Eq. 2.5.

Sf
Gy = J. Tds (2.5)
0
Considering a bilinear bond-slip law (Figure 2.14), the fracture energy can be easily obtained
from Eq. 2.6.
1
Gf = E'L—maxSf (26)

Bond shear stress [7] A

Trrr.u:r F-—-

Gy

» slip| s
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Figure 2.14: Fracture energy in a bilinear bond-slip law.
The calculation of the fracture energy has become a key parameter in the strength

predictions of the joint. A summary of the most important empirical equations for calculating

the fracture energy of strengthening systems is shown in Table 2.5.
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Table 2.5: Existing fracture energy expressions in the literature.

Author Fracture energy Parameters

7

JSCE [77] Gf = W

2.25 — by /b,
Lu et al. [44] G = 0.308B,./7, = == ST
4 W et bv= a5 7 b /b,

Neubauer et al. [47] Gr = ¢t ferm cr = 0.204
P
Savoia et al. [65] Gr =—5-—— -
2bFEfts
h
Zhang et al. [68] Gr = 0.40y 0422 f0-619 y = t_g
g
~0352
Dai et al. [53] Gr = 0.446 (t_a) fc,o'236(Eftf)o'023 )
a
=T
fib Bulletin 90 [11] Gr = kK2B2f2)° Yoo 1+ Dbe/be
k=025-0.17

FC = 1(safetyfactor)
ks = 0.023/0.037

B,k (pre-impregnated/post
witG
CNR DR-200R1 [51] Gy = Fc V femFeem impregnated laminate)

|2 =by/b,
Pu = 1+ bb,
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2.5 Bond behaviour of FRP-concrete joints under service

conditions

Civil structures are exposed to the combination of sustained loading and high service
temperature. To accurately design FRP strengthening systems, the effect of these service
conditions on the mechanical properties of the materials and the global behaviour of the
bonded joint need to be further investigated. In the following sections, the existing studies
regarding the effects of sustained loading and service temperature on the CFRP, the adhesive

and the bonded joint are presented.

2.5.1 Effect of sustained loading

Effect on the CFRP

CFRP strips under sustained loading experience an increase of the tensile strain with time of
the CFRP strip, which can cause a decrease of its elastic modulus with time. The ACI 440.2R [48]
suggests calculating the long-term effect of the CFRP by using the concept of effective elastic

modulus, which is determined by Eq. 2.7,

Ef (o)

where E¢(t) is the effective elastic modulus at a time t, and Ef(t,) is the elastic modulus at

E:(t) = (2.7)

t = 0. The creep coefficient, quf, is calculated using Eq. 2.8,
€r(t) — € (to)
€r(to)

where €¢(t) and € (t,) are the strains at a certain and at the initial time, respectively.

br(t) = (2.8)

The long-term properties of CFRP strips have been studied in [78-82]. Yamaguchi et al [81]
and Malvar [82] concluded that for a 50-year period, the strength of the CFRP must be multiplied
by 0.9. Furthermore, Ascione et al. [79] observed that CFRP strips were practically insensitive to
creep deformation, being the creep strain only 2% higher than the instantaneous strain after
500 days. Using the experimental data obtained in Ascione et al. [79], Mazzotti et al. [80],

calibrated Eq. 2.9 to calculate the creep coefficient (¢)Ef) of the CFRP with time.

quf(t) = 0.02 <1 - exp%to> (2.9)

From Eq. 2.9 it can be noticed that for t = o, Ef will only decrease 2% of its initial value.
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The higher the sustained load levels are, the higher the creep deformations will be.
Eventually, sustained loading can lead to the tensile failure of the FRP. This type of failure is
commonly known as creep rupture. Goertzen et al. [78] performed an experimental campaign
based on tensile and flexural tests of CFRP dog-bone and rectangular specimens, respectively,
where specimens were loaded until the 77% of their ultimate load, observing no creep rupture.
From this study, it was concluded that CFRP under ambient conditions (30 °C) are highly resistant
to creep failure. Standards such as the fib Bulletin 90 [83] and the ACI 440.2R [48] consider CFRP
can withstand stress levels up to 80% of the tensile strength.

Effect on the adhesive

Structural adhesives are designed to transmit the load from the structure to the FRP
strengthening system. Among the range of types of structural adhesives, epoxies are the most
widely used for civil engineering applications. Epoxy adhesives present a viscoelastic behaviour,
meaning that they can develop time-dependent strains under sustained loading.

Some examples of investigations on the creep behaviour of epoxy adhesives can be found in
the literature. For instance, Findley et al. [84] observed that creep behaviour can be described

in three stages, presented in Figure 2.15.
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Figure 2.15: Stages of the creep behaviour [84].

As observed in Figure 2.15, the adhesive experiences an instantaneous strain £(t,) due to
loading, followed by a primary creep stage with a non-linear increase of the strain, a secondary
stage, where the adhesive strain grows linear with time, and a third stage with a steep increase

of strain until the failure is attained.
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Majda et al. [85] and Meshgin et al. [86] performed sustained tensile and shear tests,
respectively, at room conditions and under a maximum sustained load level of 65% the tensile
strength (in Majda et al [85]) and a 62% the shear strength (in Meshgin et al. [86]). Both studies
concluded that creep in the adhesive increases with the increase of the sustained load level,
which can eventually lead to failure in cases with high sustained loading levels. Furthermore,
these studies calibrated rheological models with the experimental results to obtain empirical
expressions to predict the adhesive behaviour with time.

Emara et al. [87] studied the strain evolution in the adhesive under sustained loading and
different environmental conditions. From the evolution of strain, the creep compliance was
calculated, observing a linear viscoelastic behaviour for sustained loading levels until 60% the
tensile strength; however, this limit decreased as the service temperature and humidity
increased. Furthermore, a creep function was calibrated from the experimental creep
coefficients.

Time-dependent behaviour of CFRP-concrete bonded joints

To study the time-dependent behaviour of CFRP-concrete bonded joints under sustained
loading, several studies have performed experimental programmes using pull-out single shear
tests to study the slip evolution and strain redistribution in EBR [80,88] and NSM systems [60,73]
with time.

In the field of EBR strengthening systems, Gullapalli et al. [88] tested EBR CFRP-concrete
specimens under a sustained load level of 80% the ultimate load and two different temperatures
(room temperature and 40 °C). The authors concluded that the proposal presented by Chen et
al. [25] is suitable for instantaneous conditions but the accuracy decreases when experimental
tests are performed under sustained loading and high temperatures.

Mazzotti et al. [80] experimentally studied the redistribution of the bond shear stress along
the CFRP, loading EBR CFRP strengthened concrete elements up to 50% their ultimate load
during 930 days. Furthermore, a model to calculate the evolution of the creep coefficient (¢,
Eqg. 2.11) with time was adjusted and used to reduce the stiffness of the elastic branch of the

bond-slip law (K, (t,ty), Eq. 2.10),

_ Ke(to)
Ketto) =101 St 0) (2.10)
—t
¢ (t) = 1.65 <1 - expm) (2.112)
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where t is expressed in days. The creep function was assumed to be asymptotic, thus, it was
unable to predict the third branch of the creep behaviour.

Other studies such as Borchert et al. [60] and Emara et al. [73] studied the time-dependent
behaviour of NSM CFRP strengthening systems under sustained loading. Borchert et al. [60]
performed sustained loading tests with different load levels (40%, 60% and 80% the ultimate
load) and curing times of the adhesive, obtaining a range of creep functions. It was observed
that the creep effect increased with the load applied while decreased with the curing time.

In this study, the authors proposed an analytical model to predict the evolution of the bond-
slip law under sustained loading. This analytical model was based on the decrease of the
stiffness of the elastic stage, while the stiffness of the softening branch remained unaffected.

Figure 2.16 presents the degradation of the bond-slip law suggested by the authors.

Normalised bond stress,
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Figure 2.16: Evolution of bond-slip law proposed in Borchert et al. [60].

In this model, two creep coefficients need to be calibrated to damage the bond-slip law with
time, one decreasing the bond shear strength (zmax) and a second one increasing the slip at the

maximum shear strength (s;).

The authors specified that only the ascending branch of the bond-slip law could be simulated,
otherwise, the fracture energy of the joint (G¢) would increase with time, which was physically
not possible.

Emara et al. [73] carried out an experimental campaign on sustained loading tests of NSM
CFRP-concrete pull-out single-shear specimens and tensile adhesive specimens, under sustained
load levels of 25% and 50% the ultimate load during 40 days at room conditions. Figure 2.17

shows the set-up used for sustained loading tests in [73].
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Figure 2.17: Experimental set-up for tests under sustained load used in Emara et al. [73].

In both studies a steep increase in the slip at the loaded end was observed in all the
specimens, being higher as higher was the sustained load level.
Emara et al. [73] adopted Borchert’s damaging model [60] to a bilinear bond-slip law, where

the stiffness of the ascending branch was reduced with time, as it is shown in Figure 2.18.
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Figure 2.18: Evolution of the bond-slip law proposed in Emara et al. [73].

The authors calculated the creep coefficient with time from the evolution of tensile strain in
the adhesive, which was used to reduce the stiffness of the ascending branch [80]. A good
agreement between the numerical and the experimental results in terms of evolution of slip at

the loaded end with time was obtained.
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2.5.2 Service temperature effect

Temperature effect on CFRP strips

The viscoelastic polymer used as a matrix in CFRP are strongly affected by temperature [83].
However, the fib Bulletin 90 suggested that the service temperature should be lower than the
Ty of the CFRP. Commercial FRP elements are composed by matrix with a Ty ranging between
130 and 140 °C, therefore service temperatures have a negligible effect on the mechanical
properties of FRP materials.

Cao et al. [89] and Nardone et al. [90] investigated the effect of temperature on CFRP strips
through tensile tests under different moistures and temperatures, concluding that CFRP
laminates experienced a decrease of 30% on the tensile strength when the temperature was 70
°C, however, no significant change on the stiffness was observed. This study also concluded that
specimens submitted to temperature cycles from -15°C to 36°C showed slight decreases on the
tensile strength and elastic modulus.

Temperature effect on the adhesive

Adhesives are very sensitive to environmental conditions. Their performance and mechanical
properties drop when the ambient temperature increases [87]. Through adhesive single-lap
shear tests under different temperatures, Galvez et al. [91] observed that temperatures until 72
°C can cause a post-curing effect on the adhesives, increasing their cross-links and,
consequently, enhancing their mechanical properties, however, after long exposures, the elastic
modulus and the tensile strength decreased.

The effect of the exposure to different environmental conditions has been also investigated
by Silvaet al. [92], where adhesive dog-bone specimens were left under different
environmental conditions for 480 days and tested afterwards until failure. From this study, it
was concluded that the Ty decreased after exposure of the specimens to chlorides and freeze-
thaw cycles (between -18 and +20°C) and increased after the exposure to thermal cycles
(between -15 and +60°C). Additionally, an increase in the mechanical properties was observed
after the temperature cycles due to the post-curing effect.

Ferrier et al. [93] suggested that the service temperature should be around 15 °C lower than
the glass transition temperature of the adhesive to avoid high creep effects on the structural
epoxy.

Regarding the study of the combined effect of temperature and sustained loading on the

adhesive behaviour, studies such as Costa et al. [94-96] and Emara et al. [87] observed that the
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higher the sustained load level and ambient temperatures, the higher the decrease on the
mechanical properties and the increase of strain with time were obtained. Furthermore, Silva
et al. [97] observed that the sustained loading response was highly dependent on the curing
time, being greater the strain evolution when the curing time decreased.

Temperature effect on the FRP-concrete joints

Several experimental studies have been carried out in order to understand the effect of
temperature conditions on the time-dependent behaviour of the bonded joint. Dai et al. [98]
compared the experimental results presented in [99-103] finding that when the ambient
temperature is close to the Ty of the adhesive, the interfacial fracture energy decreases
significantly. Moreover, for temperatures lower than Ty, the relationship between the fracture

energy and the temperature is still not clear, as can be seen in Figure 2.19.
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Figure 2.19: Effect of the temperature on the interfacial energy [98].

The effect of temperature conditions has been also studied in Ferrier et al. [93,104] for
double-shear bond specimens strengthened with EBR FRP a under sustained loading and
temperatures ranging from 20 to 60°C, finding that temperature was highly affecting the
ultimate capacity of the bonded joint, and for sustained load levels up to 40% of the ultimate
load the creep was linear viscoelastic.

Gullapalli et al. [88] focused their study on the effect of service conditions on the bond
performance of concrete elements strengthened with EBR. Specimens were submitted under
40°C and loaded at 80% their ultimate load for 87 hours. Another example of experimental study
was carried out by Jeong et al. [105-107] where concrete elements strengthened with EBR CFRP
laminates were loaded under a sustained load level of 45% of the carrying capacity and service
temperatures (21 °C and 30 °C). Both studies stated that the combination of sustained loading
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and service temperature had an increasing effect on the activated length and the ultimate load
of the bonded joint.

Borchert et al. [60] and Emara et al. [108] studied the long-term response of the NSM
strengthening systems under service temperatures. Both authors observed an increasing
evolution on the slip and strain in the CFRP strip with time caused by creep, being higher as the
temperature and sustained load level increased. Borchert et al. [60] concluded that for long
curing time of the resin, the load capacity of the NSM CFRP-concrete joint increased as well.

Emara et al. [108] concluded that ambient temperature was affecting more to the bonded
joint response in comparison with the humidity, and that the combination of a relative humidity
of 90%, an ambient temperature of 40°C and a sustained load level of 50% of the ultimate load,
caused the failure of the bonded joint.

With the aim of studying the effect of day-night cycles, some authors carried out long-term
tests under cyclic environmental conditions [109-112]. Fernandes et al. [109] submitted NSM
CFRP-concrete specimens to different ambient conditions and exposure times. An increase of
8% on the ultimate load was observed for specimens under thermal cycles ranging between
20°C and 80°C, which was explained because of a possible post-curing effect of the bonded joint
during the exposure time.

On the other hand, Gamage et al. [110-112] studied the response of specimens submitted to
cyclic temperatures ranging between 20-50°C, 90% of RH and sustained loading levels of 25%
and 35% of the ultimate load. These studies concluded that the major effect on the carrying
capacity of the bonded joint was during the initial 2000 hours (around 22% of reduction on the
ultimate load) and beyond this point, a negligible reduction was observed. Furthermore, it was
observed that specimens under a high number of thermal cycles experienced a concrete cover
failure, while specimens under low number of thermal cycles, failure was attained in the

concrete-adhesive interface.
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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 thesis. The chapter is structured into three main sections: material

characterisation, instantaneous monotonic behaviour and sustained loading behaviour.

3.1 Material characterization

All materials involved in the bonded joint (CFRP, adhesive and concrete) were mechanically
evaluated, in terms of elastic modulus and strength, following the corresponding standards
[113-118], along the different experimental series. Additionally, the curing degree and the glass

transition temperature of the adhesive were also characterized.

3.1.1 CFRP laminate

The CFRP strips used in this thesis were Sika CarboDur S NSM 1030, provided by the
company SIKA AG. The strips were composed by unidirectional carbon fibres with an epoxy
matrix, having a cross-section of 10 mm x 3 mm. The CFRP strips were provided at the beginning
of the thesis in one single batch. From this batch, six CFRP specimens of 350 mm length were
characterized according to ISO 527-5 standard [114]. Tests were carried out in a servo-hydraulic
testing machine Servosis MUE-60T under displacement control at a rate of 2 mm/min. The
instrumentation consisted of two strain gauges bonded at each side of the laminate and a load
cell of 100 kN capacity to register the applied load.

Figure 3.1a shows a typical image of the failure of the CFRP specimens obtained in the
tensile tests, while Figure 3.1b shows the stress-strain curve obtained for all the tested CFRP
strips. A tensile strength of 3.2 GPa (with Standard Deviation, SD = 68.3 MPa) and an elastic
modulus of 169.3 GPa (SD = 13.1 MPa) were obtained.
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Figure 3.1: (a) Failure of the CFRP strip in the tensile test and (b) stress-strain curve

obtained from the instantaneous characterization.

In this thesis, the long-term properties of the CFRP strips were not studied due to their good

resistance to creep under long-term loading [50].

3.1.2 Adhesive

The adhesive used in this thesis was the bi-component thixotropic epoxy resin Sika-30
provided by the company SIKA AG. In all cases, the epoxy components were mixed with a resin-

hardener ratio of 3:1 at ambient temperature and were cured for 12 days.

Instantaneous and sustained loading tensile tests were performed to evaluate the
mechanical properties of the adhesive, while Dynamic Mechanical Analysis (DMA) and
Differential Scanning Calorimetry (DSC) tests were carried out to investigate its thermophysical

properties.

Instantaneous mechanical characterization
The instantaneous mechanical behaviour of the adhesive was investigated through tensile
tests until failure according to 1ISO 527-2 [113]. Six dog-bone resin specimens with a cross-
section of 10 mm x 5 mm were cast and cured for 12 days at 20 °C. Tensile tests were performed
in an MTS Insight 5 kN testing machine at a displacement rate of 1 mm/min. The instrumentation

consisted of one extensometer and two strain gauges placed at both sides of the middle section
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of the specimen. The test setup and instrumentation are shown in Figure 3.2a, and the stress-

strain curves obtained from the instantaneous tests are shown in Figure 3.2b.
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Figure 3.2: Tensile instantaneous test of the adhesive.

From the instantaneous characterization, an average tensile strength and maximum strain
of 27.2 MPa (SD = 4.5 MPa) and 2770 ue (SD = 711 pe) were obtained, respectively. The average
elastic modulus obtained was 10.7 GPa (SD = 471.4 MPa).

Thermophysical characterization

The thermophysical properties of the adhesive were studied through DSC and DMA tests
after 12 days of curing at 20 °C [118].

The DSC method applies an increase of temperature to the specimen and measures the
physical and chemical changes in the material through the enthalpy of reaction so as to obtain
Ty [78,79]. Figure 3.3 shows the results obtained from the seven DSC tests performed during the
curing process. At the curing stage, the specimen releases energy in an exothermal process,
causing a decrease in the enthalpy of reaction, calculated as the area between the baseline and

the peak in Figure 3.3.

46



—0 hours
Enthalpy of —1 hour
reaction —5 hours
22 hours
46 hours
—6 days
—12 days

Heat flow [W/g]
(=}

50 100 150 200 250 300
Temperature [°C]

Figure 3.3: DSC carried out during the curing time.

On the other hand, in the DMA test a cyclic non-destructive stress with a constant frequency
is applied to the adhesive specimen while the temperature increases with time. Three different
methods to measure the Ty can be used from this test: the storage modulus (£’), the loss
modulus (E”’) and the loss factor (tan(8)). The storage modulus (E’) is the material’s capacity to
store energy and is defined as the elastic part of the viscoelastic behaviour of the material. The
loss modulus (E”) represents the loss of energy during one loading cycle and is defined as the
viscous part of the viscoelastic behaviour of the material. The loss factor (tan(6)) is obtained
from the ratio £”’/E’ [80]. The temperatures applied during the DMA test ranged between 20°C
and 100°C with an increasing rate of 2°C/min. In this thesis, the non-destructive stress applied
to the adhesive specimen was a cyclic displacement of 10 um at a frequency of 1 Hz [80]. From
the DSC tests, a Ty of 53.1°C and a curing degree a of 96.3% were obtained, while from the DMA
a Ty ranging between 50.8°C and 57.5°C was obtained. Further details regarding the

thermophysical characterization of the material are presented in Chapter 6 (Paper C).

3.1.3 Concrete
Instantaneous mechanical characterization
The concrete used to cast the blocks was provided by the company Arids Bofill SA. The
concrete blocks used for the instantaneous characterization of the NSM CFRP-concrete
specimens were cast from the first batch, and those devoted to the sustained loading campaigns
were cast from the second batch. In both cases, the concrete had a maximum aggregate size of

12 mm, the consistency was fluid, and the expected compressive strength was 30 MPa. The
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mechanical properties of concrete were tested though compressive and indirect tensile tests on
six concrete cylinders of 300 mm x 150 mm, in accordance with the ASTM C469 / C469M-10
[115] and UNE 12390-3 [116]. The results obtained from the mechanical instantaneous

characterization are presented in Table 3.1.

Table 3.1: Mechanical properties of the concrete casted during the thesis.

Compressive

N¢ of Tensile strength Elastic modulus Poisson
strength .
Batch [MPa] [GPa] ratio
[MPa]
1 36.86 (SD = 2.50 5.72(SD=0.44 46.86 (SD = 0.11 (SD
MPa) MPa) 5.30 GPa) =0.005)
5 33.80(SD=1.86 4.84 (SD =0.19 33.14(SD=1.6 0.11 (SD
MPa) MPa) GPa) =0.010)

Figure 3.4a shows the typical failure mode obtained from the compressive test and Figure
3.4b presents the stress-strain curves obtained from the cylindrical specimens tested under

compression.
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Figure 3.4: (a) Concrete specimen tested under compression test and (b) results from the

compression tests.

Mechanical characterization under sustained loading
To study the creep behaviour of concrete under sustained loading, two 300 mm x 150 mm
cylinders from the first batch were submitted to a sustained compressive load of 40% the

compressive strength, according to ASTM C 512/C 512M [117]. The strain caused by creep after
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1000 hours of testing was around 187 pe (in compression). Therefore, in this thesis it was
assumed that sustained loading does not have an effect on the concrete.

The shrinkage of concrete was measured through two strain gauges placed inside two
concrete blocks (one of 200 mm x 200 mm x 300 mm and one of 200 mm x 200 mm x 370 mm)
and were kept under laboratory conditions for 1900 hours. It could be observed that de increase
of strain due to the shrinkage was around 30 pe at the end of the test. Therefore, from this test

it could be concluded that shrinkage is not causing any important effect on the concrete block.

3.1.4 NSM CFRP-concrete specimen preparation

In this thesis, the preparation of the NSM CFRP-concrete specimens was carried out according
to the following steps:

1. Concrete blocks of 200 mm x 200 mm x 300 mm and 200 mm x 200 mm x 370 mm were cast
and cured for 28 days. During the curing process, specimens were covered with blankets and
periodically watered. Moulds were removed after one week from casting and specimens
were kept under laboratory conditions until testing.

2. NSM grooves were cut with an electric saw after 15 days of curing. The grooves’ depth was
15 mm in all the specimens, while groove thicknesses of 7.5 mm and 10 mm were cut to
study the effect of the adhesive layer thickness. The thickness of 7.5 mm was set to satisfy
the fib 90 [11], where the groove dimensions must be between 1.5 and 2 times the FRP size,
and the second was set to satisfy the ACI 440.2R [48] requirement which stablishes that the
groove thickness must be at least 3 times the laminate thickness.

3. CFRP strips were cut from a continuous roll provided by SIKA company. To study the effect
of the bonded length, three values were tested, 150 mm, 225 mm and 300 mm. Unbonded
lengths of 20 mm and 50 mm were left at the loaded end and the free end, respectively.

Figure 3.5 depicts the positioning of the CFRP strip in the concrete element groove.
20 mm Bonded length 50 mm 200 mm

<~ =

Figure 3.5: Positioning of the CFRP strip in the bonded joint.
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4. The next step is to mix adhesive in a resin-hardener ratio of 3:1 by weight and mixed for 5
minutes.

5. The bonded length is limited in the groove with cardboard pieces wrapped with Teflon tape
in order to avoid the adhesive to spread along the joint. Once the adhesive is prepared, it is
poured into the groove.

6. Finally, the CFRP strip is carefully inserted into the groove and the depth position is
measured at the loaded and free ends to ensure that the strip is aligned with the concrete
specimen.

7. To cure the adhesive of the bonded joint, specimens were left for 12 days under laboratory

conditions.

3.2 Instantaneous bond behaviour of the NSM FRP-concrete joint

In order to experimentally investigate the bond behaviour of different NSM CFRP-concrete
joints’ configurations, three bonded lengths (150 mm, 225 mm and 300 mm) and two groove
thicknesses (7.5 mm and 10 mm) were used. Four specimens were tested for each specimen
configuration, giving a total of 16 specimens tested under pull-out single shear test.

A numerical methodology based on a finite differences model was designed to predict the
instantaneous load-slip curve for each bonded joint configuration. Furthermore, from the
numerical methodology, the distribution of slip, strain, and bond shear stress along the FRP
were obtained. This study is developed and further detailed in Chapter 4 (Paper A).

In the following sections, the setup and the instrumentation of the monotonic tests are
presented. Furthermore, the numerical methodology developed in this thesis to calculate the

instantaneous bond behaviour of NSM CFRP-specimens is explained.

3.2.1 NSM CFRP-concrete monotonic setup

In this thesis, single-shear will be adopted as instantaneous set-up, because of its simplicity
and reliability. In order to obtain more similar conditions to a real application, the concrete block
will be partially confined [15,72,119,120]. As a consequence, a slight rotation of the block is
allowed.

Monotonic tests until failure were carried out in a servo-hydraulic Servosis MUE-60T testing
machine under displacement control at a rate of 0.2 mm/min. The set-up used consisted of a 60

mm wide rigid steel plate vertically fixing the top surface of the concrete block and a second 50
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mm wide steel plate horizontally fixing the concrete bock to avoid the rotation of the specimen.
The set-up was designed to admit different specimen configurations in terms of concrete block
length and bonded lengths, allowing also to test other strengthening techniques such as the
EBR. Figure 3.6a shows the set-up used for the instantaneous test, while Figure 3.6b shows a
lateral view of the set-up, and Figure 3.6c a detailed view of the FRP position on the concrete

groove.

(a) (b) (@

SECTION A-A'
200 mm
200 mm
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” > 7.50r 10 mm

>
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Figure 3.6: (a) Set-up used for the instantaneous test of the NSM CFRP-concrete specimens,
(b) lateral view of the instantaneous test set-up and (c) detailed view of the groove and FRP

dimensions.

A steel clamp made of S220 steel (with a yield strength of 300 MPa and an ultimate strength
of 400 MPa) was designed to grip the strip. This clamp admitted laminate thicknesses until 100
mm and it was designed to resist a maximum load of 130 kN to not surpass the yield strength of
the steel. To grip the CFRP strip, 6 steel bolts of quality 8.6 were tightened at 110 N-m of torque
and the gripping plates were made of knurled steel. To avoid unexpected failures, a safety factor
of 2.0 was applied, therefore, instantaneous tests would not be allowed to surpass loads higher
than 65 kN. To avoid damaging the CFRP strip during the test, aluminium tabs of 2 mm x 10 mm

x 100 mm were bonded onto the CFRP surface. Figure 3.7 presents a scheme of the steel clamp.
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Figure 3.7: (a) Dimensions of the steel clamp and (b) sections of the clamp.

3.2.2 Instrumentation of the monotonic tests

The instrumentation used in the tests consisted of one load cell of 100 kN to register the load

applied to the specimen and one LVDTs was placed at the loaded end to measure the slip.

Additionally, the Digital Image Correlation (DIC) technique was used to study the
redistribution of strain in the front surface of the specimen during the test. The DIC system has
been proved to be an effective tool for measuring displacements and strains in concrete
elements [121-123], and consists of applying a speckle pattern to the area of interest (AOI) and
taking pictures along the tests. Afterwards, using a correlating software, all the speckles in the
surface are tracked to obtain the movement of each point of the AOI. The frequency of image
acquisition used during the test was of 1 image/second. The camera used a diaphragm aperture
of f/5.6, a resolution of 2452 x 2056 pixels, a focal length of 23 mm and the closing of the
diaphragm was set at 1.000 psec. One 2D system, consisting of one camera placed perpendicular
to the area of interest to capture the in-plane displacements, and one 3D system, consisting of
two cameras placed at 125 mm distance one from each other and focusing to the same AOI,
were installed. The distance between the cameras and the front surface of the specimen was
840 mm in both cases (2D and 3D). Figure 3.8 shows the location of the cameras used in the

instantaneous tests.
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Figure 3.8: DIC system installed in the instantaneous test.

To assess the quality of the speckle pattern, and therefore the accuracy of the DIC system,
the well-known Mean Intensity Gradient (MIG) parameter, proposed by Pan et al. [124], was
calculated. The MIG calculates the difference of grey-scale colour between two consecutive
pixels of the AOI, quantifying the level of gradient of the images. The higher the MIG value is,
the higher contrast has the image, and therefore, more accuracy will be found in the correlation.

The MIG value is calculated using Eq. 3.1,

L X0 af (xp)| (3.1)

MIG =
W xH

where W and H are the width and height in pixels, respectively, and Af(x;) is the gradient of
colour between two consecutive pixels. To correlate the images recorded during the
instantaneous tests, the correlation softwares VIC 2D and VIC 3D were used to calculate the
displacements and strain fields of the AOI. Table 3.2 presents the parameters used in the
correlation for the 2D and 3D systems in terms of subset size, stepsize, correlation criteria, the

ratio mm/pixels and the MIG value.
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Table 3.2: Correlation parameters of the 2D and 3D systems.

Subset Stepsize . . .
System . . Correlation criteria mm/pixel MIG
[pixels] [pixels]
2D 21 5 ZNCC*! 0.114 33.04
32.09 (left)
3D 29 7 ZNCC*? *2 and 25.18
(right)

*1 ZNCC = Zero-Normalized Cross-Correlation.
*2 the relationship mm/pixel cannot be determined because the value varies in the AOI.

To compare the results of both systems, the strains in the vertical direction calculated are
shown in Figure 3.9 for a specimen with a bonded length of 225 mm and a groove thickness of

10 mm.

(a) (b) ()

Microstrain [ge) Microstrain [1i¢]
0 0 5000
1 4000 4000
50 50
E Qoo E 3000
E £
5100 £100
3 2000 G 2000
3 3
° °
5 5
o 150 1000 @ 150 1000
2 0
200 200
-1000
0 20 40 5 %0 o
Distance from the groove [mm) Distance from the groove [mm]

Figure 3.9: (a) Area of interest (AOI) of the NSM CFRP-concrete specimens and the

comparison of the strain fields obtained with the (b) 2D and (c) 3D systems.

The 3D system allowed to calculate the out of the plane displacements, but in terms of in-
plane displacements very similar results were obtained in comparison with the 2D system. From
Figure 3.9 it can be seen that the strain values measured by both systems were around 4500 pe.
Furthermore, both systems measured correctly the compressive struts generated in the

specimen surface. Even though the use of a 3D system allows to register out of the plane
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displacements, a higher computational capacity and calculation time is needed to correlate the
AOI points. For these reasons, only results obtained from the 2D system were presented in

Chapter 5.

3.2.3 Numerical prediction of the instantaneous behaviour

A numerical procedure was developed to predict the instantaneous response of the bonded
joint until failure. This numerical process was developed using the software Matlab and was
based on solving the differential equation governing the bonded joint through an iterative
procedure based on a finite differences model. This model was conceived to be very adaptable

to different bond-slip laws.

This model was calibrated with the experimental results and allowed to obtain the load-slip
curve, strain, stress and slip distributions along the bonded length. The main steps followed in

the numerical methodology were:

1. Initially, a slip at the loaded end is defined.

2. The load profile along the FRP is calculated using the bond-slip law.

3. From the load distribution, the strain in the FRP and the concrete can be calculated.

4. The strain in the free end is compared to a threshold (close to zero), if it’s higher, another

iteration increasing the load at the loaded end is performed, if it's lower, the present
iteration finishes and the slip at the loaded end is increased to obtain a new combination
of values load-slip.
5. The numerical procedure is repeated until the slip at the loaded end is higher than the
value of slip defined by the user.
Figure 3.10 shows the steps followed in the numerical methodology to calculate the

instantaneous response of the bonded joint.
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Figure 3.10: Scheme of the numerical methodology to calculate the instantaneous

behaviour of the bonded joint.

The numerical model is further detailed and compared with the experimental data in Chapter

4 (Paper A).

3.3 Sustained-loading bond behaviour of the NSM FRP-concrete
joint

Finally, the third part of the methodology, carried out in Chapters 5, 6 and 7 (papers B, C and
D, respectively), consisted of studying the response of the adhesive and NSM CFRP-concrete
joints under the combination of sustained loading and different high service temperatures from
an experimental and numerical point of view.

In total, five experimental series were carried out along the thesis, studying the effect of
different high service temperatures. Each experimental series consisted of nine adhesive
specimens (under 15%, 30% and 50% of the tensile strength) and eight NSM CFRP-concrete
specimens (under 15% and 30% of the ultimate load) under the same environmental conditions.
Experimental series 1 (20 °C) and 2 (40 °C) aimed to investigate the effect of steady temperature

conditions on the specimens’ behaviour, while the objective of series 3A (18-38 °C), 3B (22-
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43 °C) and 4 (20-40 °C) was to study the effect of thermal cycles of the global behaviour. In
addition, to study the effect of the preconditioning on the specimens’ bond response, no
preconditioning stage was applied to series 4. Even though the experimental series for the
adhesive and the pull-out specimens were the same, in paper C, the experimental series were
labelled as “C + number of series”, and in paper D, were labelled as “S + number of series”. Table
3.3 presents the list of experimental series carried out during the thesis.

Table 3.3: Experimental series carried out in the thesis.

Series Tem!aerature Preconditioning Objec:ive T°C Test duration
function [24 h] [°C] [hours]
s1/c1 Steady Yes 20.0 1000
s2/c2 Steady Yes 40.0 1000
S3-A/ C3-A Cycles 24 h Yes 18.0-38.0 600
S3-B/ C3-B Cycles 24 h Yes 22.0-43.0 1000
S4/ca Cycles 24 h No 20.0-40.0 1000

Note: the nomenclature SX is used for adhesive specimens and CX for NSM CFRP-concrete

specimens.

3.3.1 Sustained loading tests of adhesive specimens

To study the creep behaviour of the adhesive used to bond the strengthening system to the
concrete element, adhesive specimens were submitted to sustained tensile loading tests for
1000 hours. Following the ISO 527-2 [113], dog-bone adhesive specimens with a cross-section
of 5 mm x 10 mm were cast and cured for 12 days at 20 °C.

The set-up used in the sustained loading tests is presented in Figure 3.11. A lever arm with a

magnification factor of 4.0 applied the gravity load onto the specimen.
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Figure 3.11: Tensile sustained-loading test set-up for adhesive specimens.

The instrumentation consisted of two strain gauges bonded at each side of the mid-section
of the specimen. In addition, to measure the temperature on the specimens’ surface, a
temperature strain gauge was bonded to one specimen that was kept inside the climatic
chamber without any sustained load.

In series C1, C3 (A and B) and C4, three sustained loading levels corresponding to the 15%,
30% and 50% the tensile strength, previously obtained from the instantaneous characterisation,
were studied. For each sustained loading level, three specimens were tested to validate the
obtained results while one specimen was left unloaded. In series C2, to study the dependence
of the creep and the sustained load level, additional sustained loads of 5%, 10%, 15%, 20%, 30%,
40% and 50% the tensile strength were tested for 1000 hours. The sustained load levels
represent the range of values of sustained loading that bonded joints are submitted under
service conditions. In total, 52 adhesive specimens were tested in all the experimental series,
10 specimens in each series C1, C3 (A and B) and S4, and 22 specimens in series C2.

Chapter 6 (Paper C) shows further details of the experimental configuration and presents the

results obtained from the tests carried out.
3.3.2 Sustained loading tests of NSM CFRP-concrete specimens

The effect of sustained loading and service temperature on the bonded joint behaviour was
studied through single shear tests under a constant gravity load for 1000 hours. In each
experimental series, eight NSM CFRP-concrete specimens combining two bonded lengths (150

mm and 225 mm), two groove thicknesses (7.5 mm and 10 mm) and two sustained load levels
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(15% and 30% the ultimate load of the specimen) were tested. These sustained load levels
represent load range that the CFRP-concrete joint can undergo in a flexural configuration under
service conditions. In total, 32 NSM CFRP-concrete specimens were tested under sustained

loading in five experimental series under steady and cyclic temperatures (detailed in Table 3.3).

The setup of the experimental tests was based on the instantaneous test setup, previously
described in chapter 3.2.1, which was adapted to a level arm with a magnifying factor of 8.3.
Since the sustained load applied to the specimens was much lower than in the instantaneous
tests, steel clamps were designed based on the instantaneous clamp, but scaled to the level of
load used for the sustained loading test. Figure 3.12a presents the experimental set-up used in

the sustained loading tests and Figure 3.12b depicts a schematic lateral view of the set-up.
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Figure 3.12: (a) Set-up used for the sustained loading tests and (b) schematic lateral view of

the set-up.

The instrumentation used in this test consisted of one Linear Variable Differential
Transformer (LVDT) placed at the loaded end to register the relative displacement between the
CFRP strip and the concrete element, and a load cell to obtain the load applied to the specimen.
Moreover, to measure the temperature inside the bonded joint, a temperature strain gauge was
bonded onto the CFRP strip of one spare specimen without sustained loading. The rotation of
the lever arm caused by the sustained load was controlled through a strain was bonded onto

the CFRP strip that registered the evolution of axial strain with time. Figure 3.13 presents the
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variation of load in % for each block tested under sustained load in the experimental series S1.

The rest of experimental series presented similar results.
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Figure 3.13: Variation obtained from the strain gauges in specimens (a) NSM-150-10-15, (a)
NSM-150-7.5-15, (a) NSM-150-10-30, (a) NSM-150-7.5-30, (a) NSM-225-10-15, (a) NSM-225-
7.5-15, (a) NSM-225-10-30 and (a) NSM-225-7.5-30 from series S1.

It can be observed that in all the cases, the sustained load measured by the strain gauge
slightly reduces with time, probably caused by creep of the set-up. However, the percentage of
decrease in load with time after 1000 hours was lower than 0.9 %.

The acquisition system was programmed for two stages: (i) during the initial two hours, all
measurements were recorded at an acquisition frequency of 5 Hz; (ii) afterwards,
measurements were recorded every 5 minutes for 10 seconds at a frequency of 5 Hz.

The study of the experimental behaviour of the NSM CFRP-concrete specimens under the
combination of sustained loading and high service temperatures is presented in Chapters 5 and

7 (Papers B and D).
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3.3.3 Numerical prediction of the sustained loading response

The numerical procedure developed in Chapter 4 to predict the instantaneous response was
adapted to calculate the response of the NSM CFRP-concrete specimens under sustained
loading. The creep effect caused by the sustained loading was considered damaging the bond-
slip law in terms of decreasing the stiffness and the bond shear strength. Figure 3.14 shows the

evolution of the bond-slip law adopted for specimens which are under sustained loading.
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Figure 3.14: Evolution of the bond-slip law under sustained loading.

The proposed numerical methodology is presented as an extension of the one presented for
the instantaneous behaviour, but this time, the value of the load is constant through the test.
Once the governing equations are solved for a time t, the numerical method degrades a bond-
slip law to redistribute the bond shear stress along the bonded joint, then, a new iteration step
starts for a new time t. Figure 3.15 shows the sequence of steps followed to calculate the

bonded joint response under sustained loading.
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Figure 3.15: Flowchart of the steps followed in the numerical procedure for specimens

under sustained loading.

The degradation of the bond-slip stiffness is calibrated with the experimental creep results
of adhesive specimens, and the reduction of the bond shear strength (zmax) is experimentally
adjusted to the NSM CFRP-concrete specimens tested in series S1.

The proposed model is extensively detailed in Chapter 5 (Paper B), where the calibration of
the degradation of the bond-slip law is further explained and the numerical results are

compared with the experimental results.
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Abstractk The mear-surface mounted (WN5M) technique with fiber meinforced polymer (FRFP)
reinforcement as strengthening system for concrete structunes has been broadly studied durning
the last years. The efficiency of the NSM FEP-to-concrete jomt haghly depends on the bond between
both maberials, which 15 charackerzed by a local bond—shp law. This paper studies the effect of the
shape of the local bond-slip law and its parameters on the global response of the NSM FREFP joint
in terms of load capacity, effective bond length, slip, shear stress, and strain distribution along the
bonded kength, which ane essential parameters on the strengthening design. A numerical procedune
based on the finite difference method to solve the governing equations of the FRP-to-concrete joint
i& developed. Pullout single shear specimens are tested in order to experimentally validate the
numerical results. Finally, a parametric study is performed. The effect of the bond—shear strength ship
at the bond strength, maximum slip, and frichion branch on the parameters previously described is
presented and discussed.

Keywords: CFRP; NSM; bond behavior; structural behavior; material charackerzation;
numerical modeling

4.1 Introduction

The use of fibre reinforced polymer (FRP) materials for strengthening existing concrete
structures has been widely studied during the last years because of the potential advantages of
these materials compared to the conventional ones [4]. The most commonly used techniques
for strengthening reinforced concrete (RC) structures with FRPs are the so-called externally
bonded reinforcement (EBR) and near-surface mounted (NSM) reinforcement. While in the EBR
methodology the FRP reinforcement is bonded on the exterior face of the structural element,
in the NSM system the FRP is installed into groves cut in the concrete cover where it is bonded
with the appropriate adhesive. The NSM technique has attracted the attention of researchers

and industry in recent years due to several potential advantages compared to the EBR system,

65



such as no need of specific surface preparation except grooving, better anchorage capacity,
better protection in front of external agents like fire or vandalism, and no relevant change in
the aesthetics of the structural element [19].

A number of research works have been carried out in order to obtain analytical solutions of
the differential equations governing the bond performance of the FRP-to-concrete joint. This
differential equation is based on the local bond—slip behaviour, relating the bond and slip at
every point along the bonded length. For the EBR technique, for instance, Yuan et al. proposed
an analytical solution based on a local bilinear bond—slip law in [67] and a trilinear bond—slip
one with an exponential descending branch in [54]. In a later work, Ali et al. [68] adapted Yuan’s
analytical solution to the NSM strengthening system. Even though these authors proposed
closed form equations to calculate the global bond behaviour, these are not always easy to
implement and are only suitable for specific local bond—slip laws.

In recent years, experimental and numerical studies have provided solutions to the global
bond behaviour of the EBR strengthening technique [23,44,87-91], although less attention has
been paid to the NSM strengthening systems [28,55]. Focusing specifically on the
characterization of the local bond behaviour of NSM FRP-to-concrete joints, several bond—slip
laws have been proposed in the literature, with different shapes and stages. Some examples are
the models proposed by Sena et al. [28], Borchert et al. [55], Zhang et al. [22], and Seracino et
al. [36]. The effect of their differences on the structural bond response and design implications
is not always straightforward, thus, development of numerical tools that allow obtaining and
comparing the response for different models is of main interest.

The aim of this paper is to study the effect of the shape of the local bond—slip law on the
global bond behaviour of NSM FRP strengthening systems. For this purpose, a numerical
procedure based on finite difference method is proposed to solve in a general way the
differential equation that characterizes the bond behaviour of the FRP-to-concrete joint, which
can be applied independently of the specific local bond—slip law. The numerical results are then
verified by comparison between numerical and experimental results. Finally, a parametric study
to evaluate the effects of the parameters defining the local behaviour of the NSM FRP

strengthened bonded joint is carried out.
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4.2 Bond Mechanisms in NSM FRP Strengthening Systems

In the NSM FRP strengthening system, the forces are transferred from the FRP material to
the internal faces of the concrete groove through its perimeter in contact with the adhesive.
This way, there are two main issues improving the transfer of stresses with respect to the EBR
reinforcement: the higher ratio of the area of the perimeter in contact with the adhesive to the
FRP area, and the transmission to the concrete material through a confined zone in the interior
of the slot in the concrete cover.

The global bond stress-slip response for NSM strips subjected to a pull-out force is generally
characterized by an initial, relatively stiff, linear behaviour, followed by a nonlinear curve up to
the maximum value of the bond stress (bond strength), after which the originated damage
causes a softening branch. Moreover, in NSM strengthening systems, it has been observed the
activation of a friction component for relatively large slips as an extension of the softening
branch [4,55,92-94]. The presence of a friction branch has been also reported in the bond
behaviour of other strengthening materials as fibre reinforced cementitious matrix composites
(FRCM) [95,96].

The bond mechanisms generated in the NSM FRP technique can lead to several types of
failure modes, which are mainly influenced by the bonded length, FRP surface and shape, groove
configuration, materials mechanical properties and adhesive properties [15,97]. In general, the
failure modes can be grouped into three main categories: failure at the FRP-adhesive interface,
failure at the epoxy—concrete interface, and adhesive cover splitting [4].

The global bond stress-slip performance of an NSM FRP strip bonded to a concrete block is
the result of the local bond-slip behaviour at every point along the bonded length, which can
be considered the constitutive model characterizing the bond behaviour of the NSM FRP
element. Different models and shapes can be found in the literature for these local laws, and

the assessment of their results is the main objective of this paper.

4.3 Assessment of the Bond-Slip Response of NSM FRP

4.3.1 Governing Equation and Global Response

In the pull-out single shear test (pull-push test), the load is transferred from the FRP to the

concrete through the adhesive. Figure 4.1a shows the stress equilibrium of an infinitesimal
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element of FRP NSM concrete element of length dx. Figure 4.1b shows the stress equilibrium of

the FRP-adhesive interface in an infinitesimal element of length dx.

a) b)
dx
Of «—— n—— O+ dof D —
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Figure 4.1: Stress equilibrium (a) in the FRP-concrete joint, and (b) in the FRP-adhesive

interface.

From stress equilibrium between FRP and concrete, and the FRP-adhesive interface, Eq. 4.1
and Eq. 4.2 can be obtained,
Ade'f + ACdO'C = 0, (41)

% - —T(S);fL”” =0, (4.2)
where oy is the stress in the FRP, Aris the FRP area, calculated as the product of the FRP
thickness (t7) by the FRP width (wy), oc is the stress in the concrete, Ac is the area of concrete,
1(s) is the bond—slip law of the joint, and Lper is the is the intermediate perimeter in the adhesive.
The slip of the bonded joint can be defined as the relative displacement between the FRP and
the concrete element.
S = uf —u, (4.3)
where s is the slip, usis the FRP displacement and uc is the concrete displacement. Using the
constitutive equations of the FRP and the concrete, Eq. 4.4 and Eq. 4.5 are obtained,

ds _0f O a4
dx_gf Ec_Ef E’ (4.4)

d*s 1do 1do,

(4.5)

where Efis the elastic modulus of the FRP, &¢is the strain in the FRP, E. is the elastic modulus
of the concrete, and &c is the strain in the concrete.

Finally, by substituting Eq. 4.1 and Eq. 4.2 into Eq. 4.5, the differential equation governing the
bond-slip behaviour of a NSM FRP-to—concrete bonded joint is:

d?s(x) L 1 1 0 P
— * _ = .
dx? T(S) per Ef « Af Ec « Ac ’ ( )

68



It is worth mentioning that usually the second term in the parenthesis corresponding to the

concrete properties is much lower than the first and can be neglected (Ko et al. [125]).

Eqg. 4.6 can be solved analytically using the boundary conditions
& =0atx =0, (4.7)
s =s(Ly) atx = Ly, (4.8)
where & is the strain in the FRP at the free end, L» is the bonded length, and s(Ls) is the applied
slip at the loaded end.

This differential equation can be solved for specific shapes of the local bond-stress slip law
[74]. In the rest of cases a numerical procedure is required.

The numerical model implemented in this work is based on the finite difference method and
aims to solve the governing equation of the bonded joint for any type of local bond-slip law.
Following this methodology, the bonded length (Ls) is discretized into n uniform small
increments of length Ax = Ls/n. The increments are delimited by n+1 points, which position is
defined by x; = i-Ax (i = 0,1, ...n) (Figure 4.2). The procedure is based on an incremental slip
methodology that pretends to simulate a usual experimental test under monotonic increase of
the loaded end slip (this way, possible snap-back effect after maximum load is not reproduced
in the simulations, Zou et al. [126]). Starting from the loaded end and moving towards the free
end, the procedure calculates, for every studied point, the slip and the load transmitted
between two adjacent sections. For a certain value of slip at the loaded end, an iterative process
is carried out in which P(j,1) is a lower bound value of the initial load at the loaded end at
iteration j. P(j,1) is used to calculate the corresponding strain in the FRP (rrp), the strain in the
concrete (&c), and the bond—shear stress (1) using the bond—slip law at the loaded point. Still, at
iteration j, the load at every point i, P(j,i), is calculated using Eq. 4.9 along the FRP and towards
the free end, by:

P(G,i) =P(,i —1) —t(,i — 1) * Lpep * Ax, (4.9)

Figure 4.2: Scheme of the discretization along the FRP.
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From the load profile obtained using Eq. 4.9, the strain distribution in the concrete and the
FRP can be obtained, and, subsequently, the slip profile along the FRP is calculated as
s(,i)=s@,i—1)— (ef - ec) * AX, (4.10)
Increments of P at the loaded end are applied until convergence is attained, which happens
when the &f at the free end is less than a prescribed tolerance, set to be a value close to zero.
Once convergence is achieved, the corresponding load is registered and the process is repeated
for a new value of slip at the loaded end, defined as s(j+1,1). At this point, the iterative
procedure is again repeated. The procedure finishes when all the points of the load—slip curve

are calculated. Figure 4.3 shows the flowchart of the numerical procedure.
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Figure 4.3: Scheme of the discretization along the FRP.

4.3.2 Comparison of the Numerical Results with Existing Analytical Solutions

In order to verify the numerical procedure developed, a comparison with analytical solutions
available for some specific laws is presented in this section. For the sake of simplicity, only the
analytical solution for the bilinear bond—slip law proposed by Yuan et al. [74] is taken as a
reference, considering a bond—shear strength ( zmax) of 15 MPa, a slip at the bond—shear strength

(s1) of 0.1 mm and a maximum slip (sy) of 1.13 mm. These values have been chosen according to
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experimental results available in the literature. Four different situations are simulated by
modifying the bonded length (L, = 200 and 400 mm) and the FRP area (Af= 14 and 30 mm?). The
results, presented in Figure 4.4, show good agreement between the analytical and the numerical

solutions, and therefore the suitability of the developed procedure.

T
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40~ Numerical Ml
I, — A,=30mm” L, =400 mm |
— A,=30mm? L, = 200 mm
—A, =14 mm® I =400 mm
Z A= 14 mm? L, =200 mm-
o —
o
©
Q
-
.
1.5 2 25 3 3.5

Slip at the loaded end, s (mm)

Figure 4.4: Comparison between the analytical and the numerical models.

4.4 Bond-Slip Behaviour at a Local Level

In this work, six different models (Table 4.1) based on two of the most widely accepted
constitutive laws for bond characterization of NSM FRP systems (the Bilinear law [57] and
Borchert law [60]) are considered. The study focuses on the effect of the combination of their
parameters on the structural global response of the bonded joint. From the bilinear law, four
combinations are studied: i) a bilinear (BL) model; ii) a linear descending (LD) model, which does
not consider the initial elastic branch; iii) a two stage bond—slip law with a non-linear ascending
branch (TSANL) model, with the aim to study the effect of the shape of the ascending branch;
and iv) a bilinear plus friction (BLF) model, with the purpose to obtain the effect of friction in a
bilinear bond—slip law. On the other hand, from Borchert law (BO), one additional modification

is proposed, consisting in suppressing the original bond—shear strength plateau (BONP).
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Table 4.1: Equations of the bond-slip models used in the parametric study.

Bond-slip model Equation
Linear Descending (LD)
s (sf—s)
T *— s>0ands < s
‘L'(S) — max Sf f
O, s = Sf
Sf slip
Bilinear (BL) s
TT |( Tmax * g’ §s<S$;
7(s) = (sr =)
T — s>s;ands < s
{ max (S _ 51) 1 f

S1 Sf slip
Bilinear-friction (BLF)

T

Tiil(l @

T

Gy
N

51 33 Sfslip

Two-stage ascending

non-linear (TSANL)

T

Tmaz

51 5f stip

Borchert (BO)

T

Tmax

81 89 83 Sfslip

( Tmax * i’
| S
T(s) = 1 T =)
max (S _ Sl)
t Tr)
( NEAY
-
T(s) = (sr—s)
me oy =50
\ 0,
7(s)
S o
|( Tmax * (g) ,
Tmaxt
- | (Tmax - Tf)
lfmax BCED) * (s —s1),
Tf,

s 2 ¢

s <58

s>s;ands < S5

s = S3

s< 8

s>sjands < sf

S 2 s

5<s8;
s=s;and s < s,
s>s,and s < S5

s = S3
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Borchert no plateau (s1 =

(s
s2) (BONP) () )
s
i Trnax * <—> ,  s<s
Tma i Sl
= Tmax — T
Tmax—M*(s—sl), s>s;ands < sg
Ty Gf (Sf - Sl)
= \ Tr, S 2 83
51 83 Sfslip

Note: T = bond—shear stress; s = slip; Tmax= bond—shear strength; s; = slip when the bond—shear strength
is achieved; s, = final slip of the plateau; s3 = initial slip of the friction plateau; sy = maximum slip of the
bonded joint; 17 = friction bond—shear stress; a = experimental parameter that control the shape of the

bond-slip law.

4.5 Global Bond-Slip Response for Different Local Bond-Slip Laws

The main objective of this section is to evaluate the influence of the local bond law on the
global behaviour of the FRP laminates bonded to concrete as NSM strengthening system, when
subject to a pull-out force, using the numerical model described in Section 3, and the bond-slip

laws introduced in Section 4.2.

4.5.1 Parameters Used

The values of the parameters that define the different local bond-slip laws, as well as the
properties of materials and characteristics of specimens have been chosen according to
previous experimental campaigns found in the literature [24,31,41,57,60,127], with the aim to
simulate conditions as realistically as possible.

The elastic modulus of the laminate and concrete are 150 GPa and 33 GPa, respectively. The
concrete block cross-section is 200 x 200 mm and the groove thickness and width are 5 mm and
15 mm, respectively. The bonded length (L») has been set as 200 mm, and the laminate section
is 1.4 x 10 mm.

Regarding the bond—slip parameters, bond—shear strength has been set as 15 MPa, and the
corresponding slip as 0.1 mm. In bond-slip models that have a friction branch, ts has been
defined as the 35% of Tmax. The initial point of the plateau of BO model is s; = 0.8 - s,, and the
experimental parameter « is 0.31 [60].

Another parameter that is crucial for the simulations is the fracture energy (Gjy), typically
defined as the area under the bond-slip law [25]. In those bond-slip laws with a friction branch,

Gris calculated according to Haskett et al. [76], as the area under the ascending and descending
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stages of the bond—slip law, without taking into account the friction stage, as illustrated in Figure

4.5. A value of 8.5 N/mm has been set for Grin all the models [41,57,127].
T

Tmax | - - -

T L J--

e

slip

S3 Sf

Figure 4.5: Fracture energy obtained from the bond-slip law.

n
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The comparison between the studied bond-slip laws is shown in Figure 4.6. As indicated
before, it can be observed that the bond—shear strength (zmax) is 15 MPa, and the corresponding

slip (sz)is 0.1 mm, except for the LD model, which does not consider s:.

20 -
—LD
—BL
15 -- BLF
—TSANL
- —BO
- - BONP
S0 —_—
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5 \
0
0 0.5 1 15
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Figure 4.6: Comparison of the bond—slip models.

4.5.2 Load-Slip Response
The comparison of the load—slip curves obtained from each bond-slip law is shown in Figure
4.7. Overall, two main tendencies can be observed. The first one (Figure 4.7a), followed by LD,
BL and TSANL models, achieve a maximum load, which remains constant as the slip in the loaded
end increases until failure. This plateau is obtained because the maximum activated length is
attained when the slip in the loaded point is equal to s;, meaning that this point does not carry
load anymore (debonding). Therefore, the load capacity will remain constant and the slip will
keep increasing until failure. In the second trend (Figure 4.7b), followed by BLF, BO, and BONP
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models, the load increases up to the maximum carrying capacity, where a sudden decrease
takes place followed by a residual (friction) bond force. The difference between these two
trends falls to the effect of the friction branch of the local bond-slip law after the loaded point
reaches debonding.

Focusing on the initial part of the load—slip curve (interior plot in Figure 4.7) it can be seen
that the LD model shows the highest stiffness, because the ascending branch of the bond-slip
law has an infinite stiffness. Besides, it can be observed that bond—slip models with a non-linear
ascending branch (TSANL, BO, and BONP) exhibit a stiffer branch of the load—slip curve than BL
and BLF models caused by the fact that for a fixed value of s: the area under the ascending
branch is greater in those cases with non-linear tendency.

40 (@) 0 (b)
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Figure 4.7: Comparison of the load—slip curves, (a) shows LD, BL and TSANL models, and (b)
shows BLF, BO, and BONP models.

4.5.3 FRP Strain, Bond-Shear Stress and Slip along the Bonded Length

Following the numerical procedure, the FRP strain, bond—shear stress and slip can also be
obtained. Figure 4.8 shows the response along the bonded length for the different laws (loaded
end at x =0 mm, free end at x = 200 mm) evaluated at the situation of imminent failure (marked
with a red dot in Figure 4.7). For 7.5 mm grooved specimens, the failure point was defined as
the point before the load drops to 0, and for 10 mm grooved specimens, the failure was defined

as the maximum load point.
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Figure 4.8: (a) FRP slip, (b) bond—shear stress, and (c) FRP strains along the bonded length

for the different bond—slip models.

From Figure 4.8a it can be observed that the shape of the bond—slip law has a small effect on
the slip profile along the FRP. It can also be seen that BLF, BO and BONP exhibit slightly higher
values for the slip at the loaded end. Furthermore, the slip at the free end equals to 0 for the LD
model, contrarily to the rest of models, which show a small value of slip.

An evident difference between the models with and without friction can be observed in the
bond stress distribution along the bonded length (Figure 4.8b). Models that include friction still
transmit bond—shear stress after the softening stage, whilst the other models exhibit a
completely damaged zone, where no load is transmitted. Hence, for friction bond—slip models,
the increase of the area under the bond—shear stress profile allows the joint to carry more load
even though the zone near the loaded end is damaged.

Figure 4.8c shows the FRP strain distribution. In models without friction, the strain profile
stabilizes when the maximum load is attained. On the other hand, strain values in the FRP do
not stabilize for BLF, BO, and BONP models, because of the load keeps increasing after the

loaded end surpasses the softening stage.
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4.6 Experimental Program

In this section, an experimental program is presented and the results, in terms of load-slip
curves are discussed. Then, a relatively simple methodology to obtain the bond—slip law from
the experimental load—slip curve is presented. Finally, the theoretical results obtained from the

numerical procedure are compared to experimental values.

4.6.1 Material Properties

The concrete used in the experimental campaign has been characterized according to the
UNE 12390-3 [116] and the ASTM C469 / C469M-10 standard [115]. From the characterization
tests on 150 X 300 mm cylindrical specimens, a compressive strength of 36.9 MPa and an elastic
modulus of 46.8 GPa were obtained.

Carbon-FRP (CFRP) strips with 3 x 10 mm cross-section were used in the experimental
campaign. Their mechanical properties were tested according to I1SO 527-5 [114], obtaining an
elastic modulus of 169.3 GPa and a tensile strength of 3205.9 MPa.

The bi-component epoxy resin used in this program was tested according to the ISO 527-2
standard [113] after 12 days of curing under 202C and 55%RH, obtaining an elastic modulus of
10.7 GPa and a tensile strength of 27.9 MPa.

4.6.2 Experimental Details

4.6.2.1 Parameters of the Study

Four different NSM configurations were tested, combining two different groove thicknesses
(7.5 mm and 10 mm) and two different bonded lengths (150 mm and 225 mm). Four specimens
were tested per each configuration, giving a total of 16 specimens tested in a pull-out single
shear test.

The fib Bulletin 90 [11] limits the deepness of the groove in order to avoid epoxy cover
splitting. ACI 440.2R [69], in turn, suggests that the groove thickness should be, at least, 3 times
the laminate thickness. In order to study the effect of the resin layer thickness, two groove
thicknesses were defined in this study: 10 mm and 7.5 mm. The first one was set according to
the ACI 440.2R requirement, whilst the second groove thickness was chosen to satisfy the fib
[50] condition that establishes that the minimum groove dimensions must be 1.5 or 2 times the

laminate size.
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Regarding the effect of the bonded length, Seracino et al. [23] used bonded lengths between
100 mm and 350 mm and concluded that the minimum Lb to achieve the maximum carrying
capacity was 200 mm. Furthermore, Zhang et al. [46] tested NSM strengthened concrete
elements with bonded lengths between 25 and 350 mm. From their study, it was observed that
the experimental effective bonded lengths for the different specimens were between 150 and
175 mm.

The bonded lengths used in this experimental campaign were chosen to be above and below
the values suggested in [23] and [46], in order to validate if the finite differences model is able

to predict the response for short and long bonded lengths.

4.6.2.2 Test Setup

In order to study the effect of the bonded length and the groove thickness, four pull-out
single shear configurations were designed. Four specimens were tested for each configuration
defined in Table 4.2.

Table 4.2: Characteristics of the specimens.

Bonded length Groove Maximum
Specimen ID Failure mode
(mm) thickness (mm) load (kN)
NSM -150-10 150 10 43.85 F-A
NSM —225-10 225 10 54.74 F-A
NSM -150-7.5 150 7.5 47.14 C
NSM —225-7.5 225 7.5 57.71 C

Note: F-A = FRP-adhesive interface, C = cohesive failure in the concrete.

The specimens were identified as NSM — L — t;, where Ly stands for the bonded length and
ty for the groove thickness. The tests were carried out under a single shear test configuration,
as shown in Figure 4.9. The specimen was rigidly fixed with a 60 mm wide plate to avoid
translation in the vertical direction and also perpendicularly in the opposite side with a 50 mm
plate to avoid rotation. At the top of the specimen a length of 50 mm was left unbonded to
avoid stress concentrations in that zone [26]. The concrete block dimensions used on the short-
bonded length specimens were 200 x 200 x 300 mm, and for the long-bonded length specimens
200 x 200 x 370 mm. A servo-hydraulic Servosis MUE-60T testing machine was used to apply

the load. The test was performed under displacement control with a speed of 0.2 mm/min. One
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LVDT was placed in the loaded end to measure the relative displacement between the CFRP

strip and the concrete.

a) b)

60 mm™—

310 mm

Figure 4.9: (a) scheme of the set-up for the pull-out single shear test, and (b) picture of the

tests.

4.6.3 Experimental Results

The results obtained from the experimental tests are shown in Figure 4.10, where the

average load-slip curves for the four tested configurations are presented.
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Figure 4.10: Experimental results from the single shear tests.

Failure loads for the narrowest groove specimens were slightly higher than for those with the
widest grooves: the failure load of NSM-150-7.5 was 7.1% higher than NSM-150-10, and NSM-
225-7.5 failure load was 10.0% higher than in the NSM-225-10 case. Besides, differences in the
failure load can be observed: 10 mm grove thickness specimens failed in the FRP-adhesive

interface while 7.5 mm grove thickness specimens failed in the resin—concrete interface.
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As can be observed, in specimens with 10 mm groove thickness, after reaching the maximum
load, the slip continued increasing although the load decreased, which could be interpreted as
all the bonded length being activated and damaged, as well as friction effect taking place. On
the other hand, failure of the specimens with 7.5 mm groove was sudden and instantaneous:
after reaching the maximum load, the load capacity dropped abruptly with no friction effects.
For this reason, in this study, two different bond—slip laws have been defined: a bilineal law for
the case of 7.5 mm groove specimens and a bilineal plus friction law for the case of 10 mm
groove specimens. Finally, it should be noticed that the slip at the end of the elastic stage and
at the maximum load was similar both for specimens with 10 mm and 7.5 mm groove thickness.

Regarding the effect of the bonded length, it can be seen that the initial tendency of the load—
slip curves was the same for both bonded lengths. On the other hand, as the bonded length
increased, the maximum load carrying capacity increased as well. Increasing the bonded length
50% caused a load increase of 24.8% and a 22.4% for specimens with 10 mm and 7.5 mm groove

thickness, respectively.

4.6.4 Bond-Slip Law Adjusted to the Experimental Results

From the experimental tests results, a bilinear bond—slip law could be obtained from the
load-slip curves [108] for specimens with 7.5 mm groove and 10 mm groove. For the case of
specimens with 7.5 mm groove thickness, the slip at the bond strength (s:) was obtained at the
end of the linear branch of the load—slip, whilst the maximum slip (sy) could be estimated from
the slip where the maximum load was achieved (Figure 4.11). Once s: and sy were estimated,
the value of the bond—shear strength (zmax) was obtained from a least-squares approach that

estimated the optimum value of zmaxto obtain the experimental load until Pmax.
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Figure 4.11: Bond—slip law parameters obtained from the load—slip curve for 7.5 mm

grooved specimens.

For specimens with 10 mm groove thickness, which present a frictional stage after the
maximum load is achieved, a trilinear bond—slip model with a friction branch has been adopted.
In this model, s: and sf are assumed equal to the values obtained for the 7.5 mm grooved
specimens. Once the values of s; and sy are defined, the methodology to calculate zmax is the
same as that defined for 7.5 mm grooved specimens. The friction bond—shear strength (t7) was
defined as 35% of zmax, following the reccomendations in [60].

Figure 4.12 shows the two adjusted bond-slip laws, for 7.5 mm and for 10 mm groove

specimens, with their corresponding parameters.
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Figure 4.12: Experimental bond-slip laws for the NSM with 7.5 mm and 10 mm thickness

grooves.
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It can be observed that for the specimens with 7.5 mm groove thickness, zmax is higher than

for specimens with 10 mm groove thickness, implying higher fracture energy and justifies the
higher maximum load experimentally obtained.

4.6.5 Comparison between Experimental and Numerical Results

By introducing the previously obtained bond—-slip laws and the materials’ mechanical
properties in the finite differences model, the theoretical load—slip curves of the bonded joints

are obtained. The comparison between the theoretical and experimental behaviour is shown in

Figure 4.13.
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Figure 4.13: Comparison between the experimental (continuous lines) and the theoretical

(dashed lines) values for the NSM with (a) 10 mm and (b) 7.5 mm groove thickness.

As expected, a close agreement between the predicted response and the experimental values
is observed. Focusing on Figure 4.13a (10 mm groove thickness), it can be seen that the
ascending stages of the load-slip curves and the maximum loads are correctly predicted,
although the experimental results show a smoother decrease of the load once the maximum
load is attained than the evolution predicted by the theoretical model. In the case of Figure

4.13b (7.5 mm groove thickness), the ascending branch and the maximum load are also correctly
predicted.

4.7 Parametric Study

In the previous section, the bilinear and bilinear + friction bond—slip laws were implemented
in the finite differences model. In this section, a parametric study is performed using the six

different bond—slip models defined in Section 4.2 (Table 4.1) to better investigate the influence
of other modifications of the bond-slip law.
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The effect of four bond—slip law parameters on the maximum load (Pmax) and on the effective
bonded length (Les) are studied. The studied parameters are: i) the bond—shear strength (Tmax),
ii) the slip at the bond—shear strength (s:), iii) the maximum slip (sf) and iv) the friction bond—
shear strength (7). Lesr is defined here as the bonded length needed to withstand the maximum
stabilized load, therefore, it is only applicable to bond—slip models without friction branch.
Computationally, the calculation of Lessis measured from the first point that achieves st until the

point that has less than 3% of the maximum FRP strain [75].

4.7.1 Effect of the Bond—Shear Strength (tmax)

Using the numerical model, the load—slip curve, and the slip, bond—shear stress and FRP
strain profile along the bonded length are obtained. For the sake of brevity, only the response
of the BL model is shown in Figure 4.14, however, the trends observed for the BL model can be
extrapolated to the other bond—slip models. A range of Tmax between 10 MPa and 20 MPa has
been considered taking tmaxo = 10 MPa as a reference for normalization of results and, being sf
=1.13mm, s1=0.1 mm, s2=0.12 mm, and 7y = 5.25 MPa.

In Figure 4.14, the curves are represented for the situation where the slip at the loaded end
arrives at sy. It is clearly seen that Pmax increases with Tmax (Figure 4.14a). This is because an
increase of tmax implies an increase of Gy, thus, a higher load is needed to damage the bonded
joint. In Figure 4.14b, where the slip profile is shown, it can be observed that as the Tmax
increases, the activated bonded length decreases. At x = 200 mm the slip in the free end when
Tmax is 10 MPa, is equal to 0.0091 mm, but when Tmax is 20 MPa, the slip in the free end is
negligible, meaning that the activated length decreases with the increase of Tmax.

In Figure 4.14c the bond stress profile is represented. In that case, it can be seen that as Tmax
increases, the bond—shear profile becomes narrower because every segment along the bonded
length is able to transfer a larger bond—shear force. Finally, as the bond—shear strength (Tmax)
increases, the strain in the loaded end increases as well (Figure 4.14d). It is worth noticing that

as the bond—shear strength capacity increases, the activated bonded length decreases.

83



(@) | (6)

B
o
o

r___ =10 MPa
X

ma

—_—7___=15MPa
X

ma

r__ =20 MPa
X

ma.

-

Slip, s (mm)
o
W

0 1 2 3 0 100 200

Slip, s (mm) Position, x (mm)

(c) 55 x10%  (d)

a)

P
N
=]

FRP strain, ¢ (ue)

Bond shear stress, 7 (M

100 200 0 100 200
Position. x (mm) Position. x (mm)

o

Figure 4.14: (a) Load-slip curve, (b) slip along the FRP, (c) bond—shear stress along the FRP,
and (d) strains along the FRP for three values of bond—shear strength and a bilinear bond—slip

law.

In Figure 4.15, the increase of the maximum load is depicted in function of the increase of
the Tmax, previously normalized with respect to Tmaxo = 10 MPa. In general terms, a practically
linear increase of the maximum load with the bond—shear strength can be observed for all the
models. This is due to the fact that increasing tmax without changing the value of sy causes a
linear increase of the fracture energy (Gj), leading to a situation where a higher load is needed
to damage the bonded joint.

Moreover, it can be seen that LD, BL, and TSANL models show very similar results, meaning
that these models are analogously affected by the increase of the bond—shear strength. These
models show an increase of Pmax of 41% when Tmax is 20 MPa. Finally, BLF, BO, and BONP, show
lesser effect on the maximum load than the other models, because of the friction branch, which
remains constant for all the cases. Although these models increase their Gy, the increase of the
area under the bond-slip curve is smaller than in the non-friction cases. The increase of Pmax in
these models arrives to 30% when tmax is 20 MPa. Finally, the BLF model is slightly less affected
than BO and BONP models, because of the non-linear ascending branch of Borchert models,

which experience a higher increase of Gf when tmax increases.
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Figure 4.15: Variation of Pmax versus Tmax.

The influence of tmax On the effective length, Lesy, is shown in Figure 4.16 for models without
friction. In general, a decrease of its value is observed as Tmax increases, as expected: if the bond—
shear strength increases, every finite element of the bonded length can transfer a larger shear
force, hence, less bonded length is needed to transfer the total load. It is worth noticing that
the three models behave in a very similar way, indicating that assuming either the one stage
model, the bilinear model or the model with a non-linear ascending stage, does not provide a

difference on the effective bonded length for different bond strengths.

Lef’fﬁ
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Figure 4.16: Variation of Leg versus Tmax.

4.7.2 Effect of the slip at the bond-shear strength (s:)
A range for s: between 0.1 mm and 0.5 mm has been considered, taking s1,0 = 0.1 mm for
normalization of results, and keeping Tmex = 15 MPa. The value of the Gf when s3,0 = 0.1 mm is

equal to 8.5 N/mm. In order to meet the new value of s1, Grvaries between 8.5 N/mm and 10.9
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N/mm, depending on the model considered. In BO model, the difference between s; and sz has
been kept constant for all cases. The linear descending (LD) model is not included because the
slip at the bond—shear strength is 0, and if this point is shifted horizontally, it would become a
bilinear (BL) model.

The results are plotted in Figure 4.17 in terms of increment of the maximum load with respect
to the increment of s1. As observed, in all models the load increment is considerably small (with
a maximum variation of 8.9%). For the BL model, no effect on the maximum load is obtained for
a substantial increment of si, because tmax and s¢ are constant, and therefore, the fracture

energy (Gy) remains the same.
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Figure 4.17: Variation of Pmax versus si.

In the case of the BLF model, the maximum load decreases as the s1 increases. Even though
the fracture energy (Gy) remains constant for all the si1 values, as can be seen in Table 4.3, the
area under the total bond shear-slip curve, considering the three stages (elastic, softening and
friction) sligthly decreases with the increment of si. It should be noticed, however, that the
maximum load decrease only arrives up to 3% of the initial load.

It is also seen that bond—slip models that have a non-linear ascending branch (TSANL, BO,
and BONP models) exhibit an some increase on the maximum load (Pmax), caused by the increase
of area under the elastic stage curve from the shifting of s1. This effect can be observed in Table
4.3 through an increment of the fracture energy (Gy) with the increase of s:. It should be noticed
that the variation of the fracture energy for TSANL and BONP models is the same, therefore, in
Table 4.3, only BONP model is showed. In BO and BONP cases, the increase of the fracture

energy is mitigated by the decreasing of friction area between sz and sf (Table 4.1): since the
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value of syis kept constant and s; increases, the value of s3 shifts horizontally, causing a reduction

of area between sz and s.

Table 4.3: Variation of fracture energy for the BONP, BO and BLF models.

BONP BO BLF
s1 /G —G G -G G -G
si[mm] — (M) +100 <u> +100 <M> +100
S1,0 Gro Gro Gro
010 1 0% 0% 0%
020 2 4.64 % 6.85 % 0%
030 3 9.29 % 13.71% 0%
040 4 13.94 % 20.56 % 0%
050 & 18.59 % 27.42 % 0%

The TSANL model is more affected by the modification of s1 than the other models, since it
does not have a friction branch and the total area under the bond-slip law will not decrease
with the shifting of sz, and the increase of the fracture energy will not be mitigated. The increase
of Gyin the TSANL model is the same as in the BONP model, since the definition of Gs has been
considered as in Figure 4.5.

Figure 4.18 shows the variation of the effective bonded length with s: for TSANL and BL
models. The effective bonded length (Les) increases as s: increases. Since higher slips are
obtained in the elastic stage, a longer bonded length will be activated and Leg will increase.

Moreover, the BL model is more sensitive to the variation of s: than the TSANL model,
because the change in the non-linear ascending branch of the TSANL model slightly increases
the area under the elastic branch, improving the resistance of the joint under in this stage. This

way, the increase of slip caused by the s;: shifting is mitigated by this increase of resistance.
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Figure 4.18: Variation of Leg versus si.

4.7.3 Effect of the maximum slip (sy)

Fixing the values of the bond—shear strength (tmax) and the slip at the b\ond shear strength
(s1) to 15 MPa and 0.1 mm, respectively, and setting the fracture energy (Gy) to the values
obtained in Section 4.7.1 (ranging between 8.5 N/mm and 11.33 N/mm) for each model, the
values of the initial maximum slip (sfo) are between 0.70 mm and 0.75 mm. Because the bond-—
slip models have different shapes, and therefore, different values of Gy, the maximum slip, which
satisfies the conditions of tmax and s1, will be different for each bond—slip law, as seen in Figure

4.19.

_ TSANL
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Figure 4.19: Variation of Pmax versus s.
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Overall, in Figure 4.19 it can be seen that all the models show an increasing tendency of Pmax
with s5, because as st increases, Gy increases as well. The LD model presents exactly the same
curve as the BL, since in both cases Gy is the same. Moreover, as indicated in previous
subsections, models without friction branch—such as LD, BL, and TSANL—are more sensitive to
the increase of s because the shifting of the slip affects directly to Gy, Pmax increases up to 41%
when s¢is the highest value. It is worth noticing that the TSANL is slightly less sensitive because
the area under the elastic branch is higher than in LD and BL models, causing that the increment
of syaffects proportionally less to Grand Pmax, around 13% when sfis the maximum value. As for
the models with friction branch—BLF, BO, and BONP—increase the Pmax caused by the shifting
of syis diminished by the effect of the friction branch in the total area as indicated in previous
subsections.

Figure 4.20 shows that Lefs increases with the increase of sy for all models. A higher sfallows
the bonded joint to have higher slips while transferring load, and consequently, more bonded
length is activated. LD model exhibits the highest influence of srand BL model is the less affected

model.

1 1.2 1.4 1.6 1.8 2

Figure 4.20: Variation of Leg versus sr.

4.7.4 Effect of the friction branch (ty)

Only BLF, BO, and BONP (with friction branch) models are included in this section. The bond—
slip law parameters are set to Tmax = 15 MPa, s; = 0.1 mm, and Gy = 8.5 N/mm. The bond-shear
stress of the friction branch ranges between 10% and 40% of tmax, therefore ts will vary between

1.5 MPa (tf0) and 6 MPa.
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Figure 4.21 shows the variation of Pmax With the increase of . It can be seen that all models

present the same almost linear rising tendency, as expected. For example, for an increase of 2.5

times tzo (i.e. 7= 3 MPa), the increase of Pmax is around 17%, while for 4 times 170 (17 = 6 MPa),

Pmax increases around 35%.
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Figure 4.21: Variation of Pmax versus .

4.8 Conclusions

A study on the effect of the local bond-slip law characterizing the material bond behaviour

and its parameters on the global structural bond response of NSM FRP strengthened RC

elements has been presented. A numerical method has been developed in order to being able

to solve the governing equations of the bonded joint for any type of bond—slip law.

From the comparison between the results of the different bond—slip laws, the following

conclusions are obtained:

In models not including a friction branch after softening, a maximum value of load is
attained, which stabilizes for a certain value of the bonded length. In contrast, in models
with friction component, the load continuously increases up to a certain slip beyond
which only the friction component remains. Furthermore, models with non-linear
ascending branch show a stiffener initial load—slip response.

The non-linear ascending branch effect on the maximum load is practically negligible.
Small differences of Pmax are observed between BL and TSANL models, and BLF and BONP

models, respectively.
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- The shape of the bond-slip law has a small effect on the slip profile along the FRP.
However, the bond stress and slip distribution at maximum state along the bonded

length is strongly affected by the friction branch.

From the comparison between numerical and experimental results, it can be concluded that:

- Aclose agreement between the finite differences model and the experimental results is
obtained. The comparison between the load—slip curves obtained experimentally and
numerically showed that the ascending part is correctly predicted until failure.

- A somewhat larger maximum load of around 7-10% was obtained for specimens with
7.5 mm groove thickness compared to those with 10 mm. As the groove thickness
decreased, the maximum load of the bonded joint increased.

- Specimens with 10 mm groove thickness showed a behaviour indicating the existence of
a friction branch in their local bond law and the failure was in the FRP-adhesive interface.
Conversely, the behaviour of 7.5 mm groove thickness specimens was properly described

using a bilinear function, while the failure was in the resin—concrete interface.

From the parametric study carried out, the following conclusions can be drawn:

- As the bond-shear strength increases, the maximum load grows, and conversely, the
effective bonded length decreases.

- The slip at the bond shear strength, sz, has a small effect on the maximum load and an
increasing effect on the effective bonded length.

- The maximum load and the effective bonded length increase with the maximum slip.
Moreover, bond-slip laws without friction branch are much more sensitive to the shifting
of the maximum slip.

- The presence of a friction stage in the local bond behaviour causes an increase on the
maximum load. As the bond—-shear strength on the friction branch increases, the

maximum load increases as well.
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« In sustained loading tests, higher slip was obtained as sustained loading increased.

» A time-dependent model was proposed to predict the behaviour of the bonded joint.
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5.1 Introduction

The durability of Reinforced Concrete (RC) structures can be effectively enhanced by
employing strengthening techniques such as Externally Bonded Reinforcement (EBR) or Near-
Surface Mounted (NSM) reinforcement using Fibre Reinforced Polymer (FRP) strips and bars.
Recently, the NSM FRP technique has drawn scientific and industry attention thanks to several
advantages it exhibits compared to the EBR FRP technique such as better anchorage capacity
and not needing any surface preparation except for grooving [21,128]. Despite this, the main
concern when designing NSM FRP strengthened RC structures is to avoid their premature

debonding failure.
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Although the short-term bond behaviour of the NSM FRP-concrete joint has been widely
studied [22,29,41,75,127,129], less attention has been paid to its long-term performance.
However, this is an important area as damaging effects caused by long-term external actions
can affect and modify the mechanical performance of the NSM FRP-concrete bonded joint.

In recent years, some authors have experimentally studied the bond behaviour of EBR FRP-
concrete joints under sustained loading conditions (Mazzoti et al. [130], Ferrier et al. [93], Jeong
et al. [106] and Dash et al. [131]). These studies observed that environmental conditions and
sustained loading over time had an important effect on the strengthening system’s
performance. For instance, decreases in the thermomechanical material properties of the
bonded joint and strain redistribution along the FRP were observed when elevated
temperatures and high sustained loads were applied to EBR FRP-concrete specimens.

On the other hand, only a few studies into the response of NSM FRP concrete elements
under different sustained load levels have been carried out. In one such study, Borchert et al.
[60] analysed NSM FRP-concrete joints under sustained load and different temperatures and
proposed a local bond-slip law for the bonded joint that included a friction branch; adopted
from the bond-slip law of deformed reinforcing steel bars [132]. Moreover, they proposed a
time-dependent bond-slip law (Figure 5.1) where, to consider the long-term effects, the
stiffness of the ascending branch, the bond shear strength (tmax) and the residual strength (1)
were reduced with time.

Emara et al. [73,108], in turn, carried out an experimental study on NSM FRP-concrete
elements under sustained loads and different ambient conditions. Their results showed that the
combination of high service temperature and high humidity significantly affected the bond
behaviour of the joint and so they proposed a damage model for a bilinear bond-slip law, where
the stiffness of the ascending branch was reduced with time.

Both models proposed that the softening branch did not vary with time in order to avoid
unrealistic increases of fracture energy. Figure 5.1 shows the initial bond-slip laws (black curves)
and the time-dependent bond-slip laws (red curves) proposed in Borchert et al. [60] (Figure

5.1a) and Emara et al. [73] (Figure 5.1b).
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Figure 5.1: Time-dependent bond-slip laws proposed in (a) Borchert et al. [60] and (b)

Emara et al. [73].

It has been widely accepted that the long-term deformations observed in NSM CFRP-concrete
joints take place mainly due to the creep performance of the adhesive [73]. Therefore, several
studies focussing solely on the creep behaviour of the adhesive under sustained loading and
different ambient temperatures can be found in the literature (Costa et al. [94-96], Majda et al.
[85], Meshgin et al. [86] and Emara et al. [87]). These studies presented the experimental results
of tensile tests of resin specimens under sustained loading and concluded that high sustained
load levels, together with the ambient conditions and curing times, have an important effect on
the thermomechanical properties of the resin. Jeong et al. [105,106] and Emara et al. [73,87]
used the creep coefficient obtained from the long-term adhesive tensile tests to predict the
behaviour of FRP-concrete bonded joints under sustained loading. From these studies, higher
creep coefficients and strains were observed for specimens under high sustained loading levels
and high temperatures and humidity. Moreover, Emara et al. [87] observed a linear viscoelastic
behaviour of the adhesive up to 60% of the tensile strength under laboratory conditions. On the
other hand, Borchert et al. [60,133] obtained a creep coefficient from an experimental
programme on resin specimens under single shear tests. Results showed a high increase in the
resin strain after 1000 hours at 202C for specimens under 40% of the maximum load.

From this literature review, it can be concluded that even though the long-term behaviour
of adhesives under sustained loading has received considerable attention, there is still a lack of
knowledge on the overall behaviour of the NSM CFRP-concrete joints under sustained loading
and, therefore, more research work needs to be developed in this field.

This paper aims to contribute to the study of the bond behaviour of Carbon-FRP (CFRP) strips

bonded to concrete elements under sustained loading. For this purpose, an experimental
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programme consisting of eight NSM CFRP-concrete elements and nine resin specimens under
sustained loading and laboratory conditions (202C and 55% RH) has been carried out inside a
climatic chamber. A previous experimental programme to evaluate the instantaneous
behaviour of the bonded joint and the adhesive behaviour is performed through pull-out and
tensile tests, respectively. A numerical methodology has been proposed to analytically predict
the bond behaviour of the NSM CFRP-concrete joint under sustained loading. The presented
methodology proposes a time-dependent bond-slip law that has been calibrated with the
experimental results obtained from the NSM CFRP-concrete and resin tests. Finally, the
numerical results obtained from the methodology presented here are shown and conclusions

are drawn.

5.2 Experimental behaviour of the adhesive

In this section, the tensile behaviour of the adhesive used in the NSM CFRP-concrete joint
(Sika 30) is characterized through an instantaneous experimental campaign to obtain the
corresponding tensile strength and elastic modulus, and a sustained-loading experimental

programme designed to study the adhesive’s behaviour under service conditions.

5.2.1 Instantaneous behaviour

To characterize the instantaneous behaviour of the adhesive, six dog-bone resin specimens
were cast and cured in accordance with ISO 527-2 [113]. Tensile tests were performed in an
MTS Insight 5 kN testing machine at a test speed of 1 mm/min. The instrumentation consisted
of one extensometer and two strain gauges placed at both sides of the middle section of the

specimen. The test setup and instrumentation are shown in Figure 5.2.

Dog-bone

Extensometer ;
resin sample

Strain gauge

Figure 5.2: Test setup and instrumentation of adhesive tensile tests.
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The average tensile strength obtained from the instantaneous tests was 27.2 MPa (with a
Standard Deviation, SD = 4.5 MPa) and the average maximum strain was 2770 pe (SD = 711 pe).
The average elastic modulus obtained was 10.7 GPa (SD = 471.4 MPa). The average and

enveloping stress-strain curves are presented in Figure 5.3.

30

5} ——Mean curve
— Envelope curves

0 ‘
0 1000 2000 3000 4000
Strain [p€]

Figure 5.3: Stress-strain curve of the instantaneous adhesive tensile test.

5.2.2 Sustained loading response

5.2.2.1 Test setup

To characterize the behaviour of the adhesive under sustained loading, nine dog-bone resin
specimens were cast and cured following ISO 527-2 [113]. Three sustained loading levels were
applied: 15%, 30% and 50% of the tensile strength previously obtained in the instantaneous
tests. Three specimens were tested for each load level. Tests were performed inside a climatic

chamber under 55% RH and 202C for 1000 hours.

The experimental setup for the adhesive sustained-loading test is shown in Figure 5.4. The
loads were applied using a lever arm with a magnifying factor of 4. Two strain gauges were

bonded at each side of the mid-section.
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Figure 5.4: Experimental test set-up of the adhesive characterization under sustained

loading.

5.2.2.2  Experimental results
Figure 5.5 shows the evolution of the axial strain during time for the three levels of sustained
loading. Continuous curves represent the average trends from three different samples, while

dashed curves correspond to the maximum and minimum enveloping values.
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Figure 5.5: Evolution of strain in the resin along time.

Creep behaviour is defined as a continuous increase of strain under a sustained loading and
is usually divided into three stages. The first, also called primary stage, is characterized by a high
non-linear increase of strains at a decreasing rate. During the second stage, a linear increase of
strain is observed. Finally, the third stage is recognised by an increase of strain at a growing rate
until failure [84]. In Figure 5.5, two main stages can be identified: the primary stage, where an

early high increase of strain can be observed after loading, and the secondary stage, where the
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increase of strain follows a more linear trend. As expected, as the sustained loading level
increases, the strain in the adhesive becomes greater and increases at a higher rate.
Furthermore, the final strain results of specimens loaded at 50% of their tensile strength (3124
Ue) are even higher than the ultimate strain obtained from the instantaneous characterization.
This phenomenon was also observed by Costa et al. [94], who attributed this effect to the fact
that during the sustained-loading tensile tests the resin specimens reorganize their internal
structure and thus withstanding the load without failing.

The creep compliance J(t), defined as the strain caused by a unit of sustained load,
determines whether a viscoelastic material behaves in a linear or non-linear manner with

respect to the applied stress. It is calculated as:

Jc(®) = 6Ol (5.1)

0o
where g(t) is the tensile strain during time and go is the applied stress. The creep compliance for
the different sustained loading levels is presented in Figure 5.6. Specimens under 15% and 30%
of the tensile strength show similar curves, meaning that the strain can be considered
proportional to the applied load and that the resin specimens presented a linear viscoelastic

behaviour for sustained loading levels up to 30%.
On the other hand, the creep compliance curve for specimens under 50% of the tensile
strength is higher than that of the other two load levels. This indicates that the behaviour of

specimens under a sustained load of 50% is not in the linear viscoelastic stage.
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5.2.2.3  Adjustment of a creep function
Figure 5.6 depicts the increment with time of the strain under sustained loading due to

creep.
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Figure 5.6: Experimental creep compliance curves of the adhesive at 15%, 30% and 50% of

the tensile strength.

The creep coefficient was calculated according to Eq. (5.2) for the different load levels,

e(t) —e(to)
&(to)

where £(t) is the strain along time and &(to) is the strain at the loading moment. Since the

®(t) = (5.2)

adhesive behaved in a linear viscoelastic stage for a sustained load up to 30% of the tensile
strength, the creep coefficient was calculated from the average values obtained from the

specimens loaded at 15% and 30% depending on the time. Its values are presented in Table 5.1.

Table 5.1: Creep coefficient obtained from the sustained loading resin tests.

Time [hours] 1 10 100 1000
D(t) 0.04 0.1 0.3 0.7

A power function was adjusted to the experimental creep coefficient values, and has been
defined as:

@(t) = 0.046 * t%4° (5.3)

where tis the elapsed time in hours. This function was adjusted until t = 1000 hours, which was

the duration of the test.
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5.3 Bond behaviour of NSM CFRP-concrete joint under sustained

loading

This section aims to study the NSM CFRP-concrete bonded joint response under sustained
loading. First, the instantaneous behaviour of the bonded joint under a monotonic load until
failure is characterised through pull-out tests. The maximum load and failure mode are obtained
for each bonded joint configuration.

Next, an experimental study of the bonded joint response for 1000 hours at 202C and 55%
RH is presented. Two different load levels, 15% and 30% of the maximum load, two different
groove sizes, 7.5 and 10 mm, and two bonded lengths, 150 and 225 mm, are evaluated.

All specimens were loaded under a pull-out single shear test configuration. The increase of
slip, defined as the relative displacement between the CFRP laminate and the concrete block, is
presented and discussed. The concrete blocks sizes were 200 mm x 200 mm x 300 mm for the
short-bonded lengths (L» = 150 mm) and 200 mm x 200 mm x 370 mm for the long-bonded
lengths (Lo = 225 mm and 300 mm).

5.3.1 Material properties

All specimens were cast from the same concrete batch. Concrete compressive strength and
elastic modulus were characterized following ASTM C469 / C469M-10 [115] and UNE 12390-3
[116] standards, obtaining a result of 33.0 MPa (3 specimens, SD = 1.8 MPa) and 33.1 GPa (3
specimens, SD = 1.6 GPa) respectively.

CFRP Sika CarboDur S NSM 1030 strips of 10 mm x 3 mm were used. Six CFRP specimens
were characterized according the ISO 527-5 standard [114], obtaining a tensile strength of 3.2
GPa (SD = 68.3 MPa) and an elastic modulus of 169.3 GPa (SD = 13.1 MPa).

The Sika 30 bi-component epoxy resin (previously characterized in Section 5.2) was used as

the adhesive in this experimental campaign.
5.3.2 Instantaneous bond behaviour of the NSM CFRP-concrete joint

5.3.2.1 Experimental parameters
To study the short-term behaviour of NSM CFRP-concrete joints, specimens combining two
bonded lengths (L»), 150 mm and 225 mm, and two groove thicknesses (tz), 7.5 mm and 10 mm,

were tested until failure. This section presents an extension of the experimental campaign
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presented in GOmez et al. [134]. Four specimens were tested for each pull-out configuration. To
further study the effect of the bonded length, two additional NSM CFRP-concrete specimens
with Lp =300 mm and t; = 10 mm were also tested. As such, a total of 18 specimens were tested
under monotonic loading. Each specimen was labelled ST-Ls-t4, where ST stands for Short-Term
test, L» for bonded length in mm, and t; the groove thickness in mm.

The ACI 440.2R [48] proposes that groove thickness should be equal to or greater than three
times the laminate thickness. That said, fib Bulletin 90 [50] establishes a minimum groove
dimension of 1.5 or 2 times the laminate size to avoid epoxy cover splitting. To study the effect
the thickness of the adhesive, two groove thicknesses were used in the experimental
programme: 7.5 mm and 10 mm. Taking into account that the laminate thickness is 3.0 mm, the
7.5 mm groove thickness was set to satisfy the requirement of the fib, whilst the 10 mm groove
thickness was selected to meet the ACI 440.2R requirements. Therefore, two adhesive
thicknesses were studied: 3.5 mm for the 10 mm grooved specimens, and 2.25 mm for the 7.5
mm grooved specimens. The groove height was set to 15 mm for all cases to comply with the
ACI 440.2R and fib requirements of 1.5 times the height of the NSM strip.

Several experimental studies examining the effect of the bonded length and the laminate size
[23,35,46,67] have been carried out and concluded that the minimum bonded length to achieve
the maximum capacity of the bonded joint for laminate sizes similar to those used in this
experimental programme ranges between 150 mm and 250 mm. Therefore, the bonded lengths
used in the experimental campaign were chosen to be lower and upper bond values of those

suggested in the literature.

5.3.2.2 Test setup
Tests were carried out under a pull-out single shear configuration. The short-term setup
used in the monotonic tests and a schematic drawing of the setup are shown in Figure 5.7a and

Figure 5.7b, respectively.
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Figure 5.7: (a) Set-up of the pull-out single shear test and (b) scheme of the set-up.

The top surface of the concrete block was clamped with a 60 mm-wide steel reaction
element [26]. To avoid premature failure, the concrete blocks were internally reinforced with

four 10 mm in diameter steel bars.

5.3.2.3 Instrumentation

The instrumentation used in the monotonic pull-out tests consisted of one LVDT placed at
the loaded end to capture the relative displacement between the CFRP strip and the concrete
element.

Additionally, a Digital Image Correlation (DIC) system was installed to register the
displacement and strain field of the front surface of the bonded joint during the test. The DIC
system has been proven to be an effective tool for measuring displacements and strains in
concrete elements [121,123,135]. A 2D system, consisting of a single camera, was placed
perpendicular to the surface of interest to capture the in-plane displacements. Speckle patterns
were applied to the samples’ front surfaces. Correlation software was used to track all points of
the defined surface to obtain the corresponding displacement and strain field. The camera used
had a diaphragm aperture of /5.6, and the closing of the diaphragm was 1.000 usec. The image
acquisition frequency used in the test was 1 image/second and the camera’s recording
resolution was 2452 x 2056 pixels and focal length 23 mm, thus obtaining a conversion factor
of 0.114 mm/pixel in the area of interest. A subset of 21 pixels, a step size of 5 pixels, and a Zero-

Normalized Cross-Correlation (ZNCC) criteria were used for correlating the images.
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5.3.2.4

Experimental results

The load-slip curves obtained from the short-term tests are shown in Figure 5.8, and the

average maximum load and failure mode obtained for each NSM CFRP-concrete specimen

configuration are presented in Table 5.2.
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Figure 5.8: Experimental average load-slip curves for the short-term pull-out tests.

Table 5.2: Experimental results of the short-term pull-out tests.

Nomenclature Ly [mm] tg [mm] Maximum load [kN] Failure mode
ST-150-10 150 10 41.9 F-A
ST-150-7.5 150 7.5 45.1 C
ST-225-10 225 10 53.3 F-A
ST-225-7.5 225 7.5 58.6 C
ST-300-10 300 10 62.8 F-A

Note: F-A = FRP-adhesive interface, C = cohesive failure in the concrete.

It can be observed that for relatively low load levels, while all the specimens followed the

same initial trend, differences in the maximum load were obtained. The maximum load

increased with the bonded length. It is worth noting that for the 10 mm grooved specimens, the

increase in maximum load between specimens with L, = 150 and 225 mm (ST-150-10 and ST-

225-10, respectively) was 27.3%, while the increase between specimens with L, = 225 and 300

mm (ST-225-10 and ST-300-10, respectively) was 17.7%, indicating that, even though the
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maximum load increases with the bonded length, this increment is not proportional to the
bonded length.

On the other hand, for the same bonded length, specimens with a groove thickness of 10 mm
generally achieved a lower maximum load than the 7.5 mm grooved specimens. Additionally,
the failure mode was different: 10 mm grooved specimens showed a failure in the FRP-adhesive
interface (Figure 5.9a), while 7.5 mm grooved specimens presented a cohesive failure in the

concrete (Figure 5.9b).

(b)

Figure 5.9: (a) Failure in the FRP-adhesive interface and (b) cohesive failure in the concrete.

This behaviour could be attributed to the different shear stiffness (Gs x ts, Where Gg is the
shear modulus of the adhesive and t; is the adhesive thickness) of the adhesive, which would
be higher for the 10 mm grooved specimens and therefore the strain transmitted to the
concrete would be lower than in 7.5 mm grooved specimens.

To better understand the differences between the failure modes of the 10 mm and 7.5 mm
grooved specimens, Figure 5.10a and Figure 5.10b present the strain fields in the vertical
direction at the maximum load obtained with the DIC 2D system, for an ST-225-10 specimen
and an ST-225-7.5 specimen, respectively. In Figure 5.10, red lines represent the groove
position, and positive values of strain refer to compressive stresses, while negative values

indicate tensile stresses.
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Figure 5.10: Strain field in the vertical direction measured by the DIC 2D system for (a) a 10

mm grooved specimen and (b) a 7.5 mm grooved specimen.

It can be observed that a maximum strain value of 2000 e and 4500 ue was obtained in the
concrete surface for the 10 mm and 7.5 mm grooved specimens, respectively. This indicates
that, probably, the 7.5 mm grooved specimens achieved their maximum concrete compressive
capacity, whilst in the 10 mm grooved samples, the maximum compressive strain of concrete
was not achieved.

After the maximum load was achieved, in the 10 mm grooved specimens, because of the
residual friction between the FRP and the adhesive, the bonded joint withstood a residual load
that smoothly decreased as the slip between the FRP and the concrete increased. This behaviour
was not observed in the 7.5 mm grooved specimens, which failed suddenly. Specimens with Lp
=300 mm and ty = 10 mm also failed by the FRP-adhesive interface, but this time small cracks
started to appear in the concrete surrounding the groove, indicating that the compressive stress

carried out by the concrete was probably close to the compressive strength.

5.3.3 Sustained loading response of NSM CFRP-concrete specimens

Eight specimens were tested under a pull-out single shear test configuration, in laboratory
conditions and under sustained loading for 1000 hours. NSM CFRP-concrete specimens

combined two bonded lengths, 150 mm and 225 mm, two groove thicknesses, 7.5 mm and 10
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mm and two levels of sustained load, 15% and 30% of the maximum load obtained from the

short-term tests.

5.3.3.1 Test setup and instrumentation
Figure 5.11a shows the setup used in the sustained-loading tests while Figure 5.11b shows
a schematic drawing of the setup. The setup used was an adaptation of the short-term setup,

with a lever arm with a multiplying factor of 8.3.

(a) (b)
. 540 mm 75_mm
——
AL //
[ 60 mm éi 3
— ::2_111: L T 2
—_ )| ;:E: .
—tL I | I X 315 mm
o ‘%jﬁiﬁl,@mm,

Figure 5.11: (a) Image of the set-up for the sustained-loading pull-out test and (b) scheme

of the set-up.

The instrumentation for each specimen consisted of one LVDT placed at the loaded end to
capture the slip between the FRP and the concrete and one strain gauge placed at the unbonded
loaded end of the laminate to measure the FRP strain either during the loading process or along

the testing period.

5.3.3.2  Experimental parameters

Table 5.3 summarizes the characteristics and loads for the specimens. Each specimen was
labelled LT-Lb-tg-%Pu, where LT stands for Long-Term and the rest of parameters are the same

as those previously defined in Section 5.3.2.1.

Table 5.3: NSM CFRP-concrete specimens tested under sustained loading.
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Nomenclature Ly [mm)] tg [mm] Applied load [kN] % P, experimental
LT-150-10-15 150 10 6.4 14.6
LT-150-7.5-15 150 7.5 6.5 13.8
LT-150-10-30 150 10 12.8 29.3
LT-150-7.5-30 150 7.5 14.1 30.0
LT-225-10-15 225 10 8.2 14.9
LT-225-7.5-15 225 7.5 8.9 15.5
LT-225-10-30 225 10 15.2 27.8
LT-225-7.5-30 225 7.5 17.5 30.3

It is worth noting that, even though the load levels applied to the specimens were the same

for the 7.5 mm and 10 mm grooved specimens, the maximum load (P.) for both groove

thicknesses was different. Therefore, the load corresponding to 15% or 30% of P, was different

for specimens with different groove thicknesses.

5.3.3.3  Experimental results

Figure 5.12a presents the evolution of slip and Figure 5.12b the increase of slip with time for

all the NSM CFRP-concrete specimens. Continuous curves represent the 10 mm grooved

specimens, and dashed lines the 7.5 mm grooved specimens.
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Figure 5.12: (a) Total slip at the loaded end and (b) increment of slip with time.
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Overall, two main stages in the behaviour of the bonded joints can be identified; a first stage
with a high increase of slip with time, and a second stage where the increase of slip becomes
more linear [73]. As expected, the specimens loaded at 30% of P, experienced higher slips than
those loaded at 15% of Pu.

Focusing on Figure 5.12b, short-bonded length specimens under 30% P, (red curves)
experienced a higher increase of slip with time than their long-bonded length counterparts
(green curves) despite being subjected to similar load levels (%P.). This high increase of slip
could be attributed to the fact that the short-bonded length specimens developed a higher
average bond shear stress along the FRP, causing more damage to the bonded joint. On the
other hand, it can be observed that for a sustained loading level of 15% P., the specimens
present very similar increases of slip regardless of their bonded length.

Regarding the effect of the groove thickness, similar increases of slip at the loaded end were
obtained for specimens with equal bonded lengths and sustained load levels. In general, the 7.5
mm grooved specimens experienced a higher increase of slip, caused by the fact that they were
loaded at higher loads, than their 10 mm counterparts. However, the LT-150-10-30 specimen
obtained a higher increment of slip than LT-150-7.5-30, showing a change in the previous

tendency for wider adhesive layers in combination with shorter bonded lengths.

5.4 Numerical methodology to calculate the NSM CFRP-concrete

joint response under sustained loading

5.4.1 Instantaneous bond behaviour of the NSM CFRP-concrete specimens

Based on the short-term bond-slip response, the parameters of idealized typical bilinear
bond-slip laws were adjusted using the experimental bond-slip response results [134]. The

resulting laws are reproduced in Figure 5.13.
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Figure 5.13: Bond-slip laws obtained from the experimental monotonic tests.

For the 7.5 mm grooved specimens (with an adhesive layer of 2.25 mm), a bilinear bond-slip
law was considered, since a rather sudden failure was obtained once the maximum load was
attained. However, for the 10 mm grooved specimens (with an adhesive layer of 3.5 mm), a
bilinear bond-slip law including a friction stage was considered to take into account the residual
load stage observed during the failure.

As observed in Figure 5.13, in comparison with 10 mm grooved specimens, the adjusted bond
shear strength (tmax) was higher for specimens with 7.5 mm groove thickness and which is
justified by the higher maximum load experimentally obtained.

Figure 5.14 presents the theoretical load-slip curves (dashed lines) obtained from a numerical
integration procedure, (considering the local bond-slip laws presented in Figure 5.13), in
comparison with the experimental results (continuous lines) obtained from the pull-out short-
term tests. A general good agreement between the numerical and experimental data can be

observed.
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Figure 5.14: Comparison of experimental and numerical results for (a) 10 mm grooved

specimens and (b) 7.5 mm grooved specimens.

5.4.2 Numerical prediction of the bond behaviour under sustained loading

5.4.2.1 Numerical procedure

The proposed numerical procedure is based on a Finite Differences Model (FDM) and departs
from the numerical methodology previously developed for instantaneous bond-slip behaviour.

The methodology divides the bonded length of the FRP-concrete joint into small increments
of length, Ax, so as the position, x, of all points at which the equilibrium equations will be
assessed is defined. Starting from the loaded end and moving towards the free end, the
procedure calculates, for each studied point and for a certain load level, the slip and the load
transmitted by Ax taking into account the degradation of the bond-slip law with time (see
Section 5.4.2.2 for further details).

The differential equation governing the bond-slip behaviour of an NSM FRP-to-concrete
bonded joint is [74,75]:

d?s(x)  T(S) * Lper
dxz Ef * Af

=0 (5.4)

where Efis the FRP modulus of elasticity, Ay is the FRP cross-section, t(s) is the local bond-slip
law of the joint and Lperis the intermediate perimeter of the adhesive layer [73], calculated using
Eq. 5.5,

Lper = 2% (bp +to) + (¢ + t,) (5.5)

where by is the strip width, tris the strip thickness and t, is the adhesive thickness.
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Initially the process defines a load and a slip at the loaded end, which is then used to calculate
the strain in the FRP (&5), the strain in the concrete (&c) and the bond shear stress () using the
bond-slip law. The load P at every section along the FRP can be calculated as:

P(,i) =P(,i—1) —t(,i = 1) * Ly, * Ax (5.6)

In Eq. 5.6, the subscript “i” indicates the current point being studied, and the subscript “i-1”
refers to the previous studied point, towards the loaded end. Subscript “j” indicates the iteration
for a time t. P(j,1) is the sustained load applied to the bonded joint. From the load profile
obtained, the strain distribution in the concrete and the FRP can be calculated. Then, the slip
profile is calculated as:

s, D) =s@,i—1) — (g — &) * Ax (5.7)

The convergence condition is that &7 at the free end must be less than a minimum tolerance,
set to be a value close to zero. Otherwise, a new iteration is needed; an increment of slip at the
loaded end is added and the process is repeated until the convergence criterion is achieved.
Once the equilibrium at time t;i is achieved, the next time step is analysed and the time-
dependent bond-slip law is modified. As the numerical procedure is designed for a sustained-
load test, the load in the loaded end is kept the same as in the previous step.

The numerical procedure is illustrated in Figure 5.15. The red dashed rectangular area
indicates the procedure for the instantaneous behaviour, while the steps outside this area refer

to the time-dependent degradation of the bond-slip response.
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Figure 5.15: Flowchart of the numerical procedure.

5.4.2.2 Proposed time-dependent bond-slip law

As observed in the experimental results, the NSM CFRP-concrete joint experiences an
increment of slip with time under sustained loading. In this work, this effect is attributed to a
reduction in time-dependent effective stiffness (Ke(t)) and bond shear strength (Tmax(t)), which
are defined similarly as in [60,73]. To avoid an unrealistic increase of fracture energy, the
softening branch of the proposed time-dependent bond-slip law is maintained as the softening
branch at to [136]. Figure 5.16 shows the approximate shapes for the resultant time-dependent
bilinear (Figure 5.16a) and bilinear plus friction (Figure 5.16b) bond-slip laws, where s3,0 is the
initial slip at the bond shear strength tmax, and si,1 is the slip at the bond shear stress at ti. Black

and red curves represent the bond-slip laws at to and t;, respectively.
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Figure 5.16: Time-dependent bond-slip models: (a) a bilinear model and (b) a bilinear plus

friction model.

The proposed model is governed by two parameters: a creep coefficient @(t) that reduces
the effective stiffness, and a strength reduction coefficient (f(t)) that reduces the bond shear
strength.

The reduction of the stiffness of the ascending branch of the bond-slip law is carried out by
using the Effective Modulus Method (EMM), as follows:

Ke,O

1+ o)

where Ke(t) is the time-dependent stiffness at time t and Keo is the initial stiffness. As the

K.(t) = (5.8)

stiffness of the bond-slip law is mainly dependent on the adhesive creep behaviour, the creep
coefficient @(t) has been determined from the resin tests under sustained loading.
On the other hand, the bond shear strength 7,,,,(t) is reduced with time as:
Tmax (£) = Tmaxo - () (5.9)

where Tmaxo is the initial bond strength at loading, and a(t) is defined as:

a(t) = (510)

1
1+ f()
with f(t) being a strength reduction coefficient. The coefficient f(t) is obtained from the

experimental results and it is shown in Figure 5.17 for specimens under 30% of P..
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Figure 5.17: Strength reduction coefficient evolution with time for each specimen.

The shape of these curves can be described by a power function as follows:
f®) = a-tf (5.11)
where tis the elapsed time in the sustained loading test in hours, a is a scaling factor and 8 is a

parameter that controls the rate of growth of the function.

5.4.2.3 Calibration of the strength reduction factor parameters a and 6

The calibration of parameters o and 8 has been performed by means of the least-square
differences method and the obtained f(t) coefficient is shown in Figure 5.17 in continuous
lines. The resultant time-dependent bond-slip law is presented in Figure 5.18 for specimens LT-

150-7.5 loaded at 30% (Figure 5.18a) and 15% (Figure 5.18b) at different time steps (0, 250, 500,
750 and 1000 hours).
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Figure 5.18: Evolution of the local bond-slip law with time for (a) LT-150-7.5-30 and (b) LT-
150-7.5-15 specimens.
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A red dot indicates the stress-slip situation of the loaded end. For specimens under 30% of
Py, the loaded end has already surpassed the point of tmaxat t =0 h (Figure 5.18a). However, for
specimens loaded at 15% of P., the strength reduction does not affect the overall time-
dependent behaviour because the loaded end did not reach the maximum bond shear strength
Tmax, @S is observed in Figure 5.18b. This effect was noticed in all specimens loaded at 15% P..
Since the values obtained for 8 ranged between 0.35 and 0.55, for the sake of simplicity an
average value of 0.45 is adopted. With this simplification, a comparison between the numerical
and experimental values of the slip at the loaded end is shown in Figure 5.19. Continuous and
dashed lines represent the experimental and numerical values, respectively. A general good

agreement can be observed between the experimental data and the numerical predictions.
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Figure 5.19: Comparison of the experimental and numerical slip at the loaded end (a) for 10

mm grooved specimens and (b) for 7.5 mm grooved specimens obtained in the present study.

5.4.2.4 Application of the numerical methodology to other experimental studies

In this section, the proposed methodology is extended to predicting the experimental results
presented in [73], which was focused on the effect groove thickness, bonded length and
sustained loading level have on the behaviour of NSM CFRP concrete specimens under sustained
loading and room conditions. In that study, a different epoxy adhesive type (E; = 6600 MPa, fia
=20 MPa), CFRP material (Ef = 160 GPa, ff. = 2400 MPa) with a different section (10 mm x 1.4

mm), groove thicknesses (5 mm and 10 mm), bonded lengths (60 mm, 90 mm and 120 mm) and
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sustained load levels (25% and 50% of P.), were used. Specimens were labelled L-S-G, where L
stands for the bonded length, S the sustained load level and G the groove thickness.
Values of the parameter a are obtained (as indicated in the previous section) considering 8 =

0.45, and the resultant theoretical evolution of slip with time is shown in Figure 5.20, together

with the experimental values.
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Figure 5.20: Comparison between the numerical and experimental values for specimens

with (a) L = 60 mm, (b) Lo =90 mm and (c) Ls = 120 mm obtained in [73].

Since the strength reduction coefficient is dependent on the applied load, the average bond
shear stress (tavg) is taken as a reference variable:
P

Tavg =
Ly - Lper

(5.12)

and compared to the previously obtained parameter a (Table 5.4). As expected, a general

increasing trend of a with the increase of taw is observed, although two ranges of tavg can be

identified, each one for the two different experimental campaigns.
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Table 5.4: Values of a and tavg obtained considering 8 = 0.45.

Specimen ax 100 Tavg [MPa]
LT-L150-t10-P30 3.9 2.7
LT-L150-t7.5-P30 3.2 3.2
LT-L225-t10-P30 0.7 23
LT-L225-t7.5-P30 0.9 2.5
L60-S50-G5 6.0 6.5
L60-S50-G10 5.5 6.0
L90-S50-G5 4.0 5.4
L90-550-G10 3.0 5.0
L120-S50-G5 4.0 4.1
L120-S50-G10 2.5 3.7

In order to propose a model suitable to be extrapolated to other results, a non-dimensional

parameter Tavg/Tmox is defined. In Figure 5.21, the relationship between a and Tavg/Tmax is shown.
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Figure 5.21: Relationship between a - Tavg/ Tmax.

Regardless of the scatter of the data, an ascending tendency can be observed, meaning that
as the average shear stress in the bonded joint increases a, and consequently the strength
reduction coefficient, increase as well, causing a higher reduction on the time-dependent bond
strength. Even though a relationship between a and Tavg/Tmex has been observed in this study,
as it was based on a limited number of specimens, more experimental tests should be carried
out to further assess this relationship. Finally, it should be mentioned that due to the nature of
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the pull-out single shear configuration test, the possible effect of cracking is not directly included
in the tests. Cracking in beams is a phenomenon taking place at relatively low loads and crack
spacing tends to decrease as the load increases. For considering cracking effect, new series of
tests with different bonded lengths should be carried out to compare the influence on the

response.

5.5 Conclusions

This work aimed to study the behaviour of NSM CFRP-concrete bonded joints under sustained
loading and laboratory conditions. Pull-out and dog-bone adhesive specimens were subjected
to sustained loading for 1000 hours. A numerical procedure based on FDM to predict the bond
behaviour under sustained loading based on a time-dependent local bond-slip was proposed
and validated. Based on the analysis of the experimental results and corresponding range of
parameters presented in this work the following conclusions are drawn.

From the adhesive specimens tested under tensile sustained loading, it can be concluded
that:

- Adhesive specimens loaded up to 30% of P, were under a linear creep stage, meaning

that the creep behaviour did not depend on the applied load.

- A creep coefficient was adjusted with a power function from specimens loaded at 15%
and 30% of Pu.

From the sustained loading tests of the NSM CFRP-concrete specimens, the following

conclusions can be drawn:

- As expected, specimens under 30% of P. experienced a higher increase of slip in
comparison to specimens under 15% of P..

- Short-bonded length specimens under 30% of P. experienced a higher increase of slip
than long-bonded length specimens. However, no effect of the bonded length was
observed in specimens under 15% of P..

From the proposed numerical procedure with which to model the NSM CFRP-concrete joint

bond response under sustained loading, it can be concluded that:

- A time-dependent bond slip law based on a strength reduction factor and a creep
coefficient is proposed to predict the behaviour of the bonded joint.

- The strength reduction factor was adjusted through a power function defined by two

parameters: a and 8. While parameter 8 could be experimentally adjusted to a mean
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value of 0.45, an increasing relationship between the average bond stress normalized
with the bond shear strength, tavg/ Tmax, and parameter a was able to be identified.

- Specimens under 15% of P, were not affected by the strength reduction factor. In these
cases, the time-dependent behaviour was only governed by the creep coefficient.

- Further experimental tests at service loading levels are needed to better explore the
relationship between tavg/ Tmaxand a.

The experimental series carried out and the corresponding selected range of parameters

allowed the conclusions above to be reached. However, further research is needed to expand

the number of tests and parameters.
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Abstract

Structural adhesives are commonly used to bond Fibre Reinforced Polymer (FRP) materials
to Reinforced Concrete (RC) structures so they can withstand service conditions. This paper
presents an experimental study on the combined effect of sustained loading and service steady
and cyclic temperatures on the thermophysical and mechanical properties of an epoxy adhesive.

Four experimental series consisting of nine adhesive tensile dog-bone specimens were tested
under sustained loading and temperatures ranging between 18°C and 43°C for a duration of
1000 hours. Moreover, the residual properties of the adhesive have been evaluated through
instantaneous tensile tests and Differential Scanning Calorimetry (DSC) after sustained loading
tests.

Results showed a significant increase in strain with time, a reduction in the mechanical
properties, and an increase in the glass transition temperature and curing degree of the
adhesive after the exposure at service conditions and sustained loading.

From this work it could be concluded that the combination of sustained loading and service
temperatures have a significant effect on the creep behaviour of the adhesive, and cyclic
temperatures have a greater effect on the adhesive even though the average temperature is
below the steady temperature.

Keywords: Epoxy adhesive, Creep behaviour, High-temperature properties, Thermal analysis,

Mechanical testing.

122


mailto:cristina.barris@udg.edu

6.1 Introduction

The use of adhesives in civil structures is an excellent solution to bond Fibre Reinforced-
Polymers (FRP) to concrete elements [17,137-139]. Externally Bonded Reinforcement (EBR)
[25,44,70,74] and Near Surface-Mounted (NSM) [21-23,76] have become the most prevalent
strengthening techniques in this field. In both cases, cold-curing adhesives are the most widely
used bonding agents thanks to their ease of use and good mechanical properties after a short
curing time. Because the role that structural adhesives play is essential for the adequacy and
durability of a concrete-FRP joint, their mechanical properties and effect on the behaviour of
bonded joints has been widely studied [30,93,140-143]. These studies concluded that the
properties of an adhesive directly affect the load carrying capacity and failure mode of the
bonded joint.

In real service conditions, along with sustained loading, structural adhesives can be subjected
to harmful environmental conditions, which can change their mechanical properties and the
durability of the concrete-FRP joint. Therefore, it is extremely important to study how these
external actions change the behaviour of structural adhesives. To investigate the mechanical
behaviour of a structural adhesive under different environmental conditions, Emara et al. [87]
performed an experimental programme combining service temperatures, degrees of humidity
and sustained loading levels. Their study concluded that the combination of high service
temperature and sustained loading had an important effect on the tensile creep behaviour of
the adhesive, whereas relative humidity had a lower effect on the adhesive’s performance.
Ferrier et al. [93], in turn, found that the service temperature of the adhesive should be around
15°C lower than the glass transition temperature (Ty) in order to avoid significant creep effects.
Other studies have focussed on the mechanical and physical properties of structural adhesives
after exposure to different environmental conditions. Hence, Silva et al. [92,97] carried out an
experimental programme on dog-bone tensile tests of adhesive specimens after exposing them
to different environmental conditions during 120, 240 and 480 days. Their study concluded that
specimens exposed to water with chlorides and freeze-thaw cycles experienced a decrease in
the Ty, while specimens under thermal cycles experienced an increase in the tensile strength,
elastic modulus and Ty, caused by the post-curing effect of the resin. The post-curing effect on
structural adhesives due to environmental conditions was also investigated by Moussa et
al. [144,145]. In their studies, dog-bone adhesive specimens were submitted to cyclic

temperatures ranging from 30°C to 60°C during an exposure time of 14 hours that resulted in
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an increase in the mechanical properties due to post-curing effect on the adhesive. According
to [144], the more thermal energy transmitted to the adhesive due to the increment of
temperature, the greater the number of molecular links, therefore causing an increase in the
adhesive’s strength, curing degree (a) and Ty .

The mechanical behaviour of structural adhesives under sustained loading has also been
studied from analytical and numerical points of view [85,86,94,143,146]. The evolution of the
mechanical properties of adhesives is defined by analytical expressions that are based on
rheological models and adjusted from experimental results.

Most of the previous studies focussed on constant service conditions. However, less
attention has been paid to the study of cycles of temperature, which may be more
representative of real-life conditions, where civil structures are subjected to cyclic temperature
conditions due to the day-night cycle. In particular, the combined effect of sustained loading
and cyclic thermal conditions has been studied for CFRP-steel joints [147-149] and FRP-concrete
joints [88,105,107,110,112,131,150-152], but there is still a lack of knowledge on how cyclic
environmental conditions specifically affect the mechanical behaviour of the adhesive with
time.

The present study aims to contribute to the understanding of the effect of cyclic service
temperature conditions on epoxy adhesives for structural strengthening of RC structures
through sustained loading tensile tests. Four experimental series studying two steady service
temperatures and three cyclic temperatures were carried out, giving a total of 52 specimens.
After the tensile sustained loading tests, instantaneous tensile tests were carried out to obtain
the residual strength and elastic modulus of the studied adhesive. Finally, Differential Scanning
Calorimetry (DSC) analyses were performed to study the influence of steady and cyclic service

conditions on the adhesive thermophysical properties.

6.2 Instantaneous characterization of the adhesive

The adhesive used was the bi-component thixotropic epoxy resin Sika 30. The components
were mixed with a resin-hardener ratio of 3:1 at ambient temperature and cured for 12 days.
Since this adhesive is commonly used to bond FRP laminates or steel plates to concrete, it is
composed of (approximately) 55% silica quartz filler, which provides a high elastic modulus in

comparison with other epoxy resins. According to the manufacturer, for a curing time of 7 days
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under +15°C, the tensile strength and elastic modulus of the epoxy resin are 26 MPa and 11.2

GPa, respectively.

6.2.1 Maechanical characterization

The tensile strength and the elastic modulus were obtained from the instantaneous tests of
six dog-bone specimens following 1ISO 527-2 specifications [113]. The tests were performed in
an MTS Insight 5 kN testing machine at a test speed of 1 mm/min (Figure 6.1). The
instrumentation consisted of two strain gauges bonded at each side of the mid-section of the

specimen and one extensometer to measure the evolution of strain during the test.

Figure 6.1: Set-up for the instantaneous tensile test of adhesive specimens.
A tensile strength (fi) of 26.1 MPa (with a Standard Deviation, SD, of 4.5 MPa), an elastic
modulus (Eq) of 10.7 GPa (with an SD of 471.4 MPa) and a maximum strain of 2770 ue (with an

SD of 711 ue) were obtained.

6.2.2 Thermophysical characterization

DSC and Dynamic Mechanical Analysis (DMA) tests were performed after 12 days of curing
at 20°C [118]. The DSC method is used to measure the physical and chemical changes in the
material when an increase of temperature is applied to the specimen. During the curing process,
the specimen releases energy in an exothermal process, causing a decrease in the enthalpy of
reaction. The enthalpy of reaction is measured by integrating the area between the peak
corresponding to the curing and a baseline, as is shown in Figure 6.2a. The curing degree «a is

defined as:
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Hr t=0 — Hr
Q== T (6.1)
Hr,t:o

where H: is the enthalpy of reaction in J/g and Hr,=0 is the residual enthalpy at curing time t =
0 hours. Moreover, from the DSC test, the Ty can be obtained according to [118,153].

On the other hand, the DMA test consists of applying a cyclic non-destructive stress to the
adhesive specimen at a constant frequency and an increasing temperature with time. This test
measures the Ty through three different methods: the storage modulus (£’), the loss modulus
(E”) and the loss factor (tan(6)). The storage modulus is defined as the elastic part of the
viscoelastic behaviour of the material and is the material’s capacity to store energy. The loss
modulus is defined as the viscous part of the viscoelastic behaviour of the material and
represents the loss of energy during one loading cycle. The loss factor, or damping, is calculated
as the ratio between E””and £’ [154]. The temperatures tested in the DMA ranged between 20°C
and 100°C with a heating rate of 2°C/min. A cyclic displacement of 10 um at a frequency of 1 Hz
was applied to the specimen [154].

Figure 6.2a and Figure 6.2b show the results obtained from the DSC and the DMA,

respectively.
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Figure 6.2: Results from the (a) DSC test and the (b) DMA test.
From the DSC tests, Ty was 53.1°C, the enthalpy of reaction at t = 0 hours was H-o0 = 88.76
J/g, and the enthalpy at t = 12 days was H; = 3.29 J/g, giving a = 96.3%. From the DMA test, the
Ty calculated from the onset of the storage modulus curve drop, the loss modulus peak and loss

factor peak (tan(8)) was 53.7°C, 50.8°C and 57.5°C, respectively.
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6.3 Experimental time-dependent behaviour of the adhesive

An experimental programme consisting of four experimental series was performed under
sustained loading and different temperature conditions and a relative humidity of 55% inside a
climatic chamber. Sustained loading was applied through a gravity loading system with a lever
arm with a magnification factor of 4 (Figure 6.3). The instrumentation consisted of two strain

gauges, each one bonded at one side of the mid-section.

Figure 6.3: Set-up of the sustained loading test.

Adhesive specimens were named C-%fw, where C stands for the experimental series and %fta
indicates the percentage of tensile strength (fw) applied as sustained loading (Table 6.1).

For each of the four series, three sustained loading levels were tested, corresponding to 15%,
30% and 50% of fia. Additionally, in one of the experimental series, supplementary levels of 5%,
10%, 20% and 40% of fi, were tested. At each load level, three specimens were tested and one
reference specimen (R) was left unloaded, giving a total of 52 adhesive specimens.

Series C1 and C2 were performed at steady temperatures of 20°C and 40°C, respectively,
while series C3-A, C3-B and C4 were executed in different temperature cycles, as detailed in
Table 6.1. The maximum average service temperature was set to be around 15°C lower than Ty
for all series [93].

In all series except for C4, a seven-day preconditioning stage coincident with the temperature
function of the sustained loading test was applied in order to acclimatize the specimens. In
series C4, specimens were loaded at the same time as the initiation of the temperature cycles
in order to study the effect of preconditioning. Moreover, in C4 the temperature function was
triangular, meaning that the objective temperature was steadily increasing or decreasing (see

Figure 6.4), without any horizontal plateau.
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For series C3, two different phases were applied. In phase A (C3-A), a range of temperatures

very similar to those of C4 (18-38°C, compared to 20-40°C in C4), but with a trapezoidal

temperature cycle were applied (see Figure 6.4). This phase was finalised at 600 hours because

the amplitude of strain caused by the thermal cycle stabilized. After that, to study the behaviour

of the specimens under a change on the climatic conditions, the specimens were subjected to

the phase B (C3-B) conditions, where the objective trapezoidal cyclic temperature was increased

from 22°C to 43°C.

Table 6.1: Experimental series.

Average
Load level Specimens’ temperatu Test
Temperature
[% of P.] Precond surface reof the  duratio
Series function Phase
(n2 of -itioning temperature specimen’ n
[24 h]
specimens) [°C] surface [hours]
[°c]
15 (3)/30
c1  (3)/50(3)/ Steady Yes - 20 20 1000
R (1)
5(3)/10
(3)/15
(3)/20
Cc2 (3)/30 Steady Yes - 40 40 1000
(3)/40
(3)/50(3)/
R(1)
15(3)/30 A 18-37 26.9 600
Cc3 (3)/50(3)/  Trapezoidal Yes
R (1) B 23-43 33.7 1000
15 (3)/30
ca (3)/50 (3)/ Triangular No - 20-40 30.0 1000
R (1)
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Figure 6.4 shows the comparison between the temperature measured on the specimens’

surface (black curve) and the objective temperature (red curve) of every experimental series

under cyclic temperature.
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Figure 6.4: Temperature cycles applied in the experimental series (a) C3-A, (b) C3-B and (c)
ca.

In the C3 series, some differences can be observed between the objective ascending
temperature (red line) and the surface temperature of the specimen (black line). This could be
attributed to a combined effect between the programmed rate of variation and the thermal
inertia of additional materials in the chamber during the test. The softer slope of the ascending

branch (in °C/min) in the cycles of series C4 compared to C3 allowed the specimens to more

precisely follow objective cycle.

6.3.1 Evolution of strain with time

Figure 6.5 presents the evolution of axial strain in the adhesive specimens at the different
sustained loading stages (detailed in Table 6.1) for each series. Each curve was obtained as the
average of the three specimens tested at the given sustained loading level. In Figure 6.5c, the
dashed grey line indicates the end of the test, while black crosses in Figure 6.5b, Figure 6.5d and

Figure 6.5e indicate the failure of the specimens.
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Figure 6.5: Evolution of strain obtained in experimental series (a) C1, (b) C2, (c) C3-A, (d) C3-
B and (e) C4.

Regardless of the temperature conditioning (steady or cyclic temperature), an initial stage
with a high increase of strain and a second stage where the increase of strain tends to be lower
and more constant can be observed. Some specimens eventually experienced a high increase of
strain that led to failure. In the following sub-sections, the effect of sustained loading, high

service temperature, preconditioning and thermal cycles is further analysed and discussed.

6.3.1.1  Effect of sustained loading

The increase in sustained loading causes a general increment of the time-dependent strain,
as expected. Furthermore, specimens under 15% of fiw did not fail during the test, even though
specimens C4-15 developed a significant increment of strain during the first temperature cycle
due to the lack of preconditioning. For sustained loading levels of 30% of fis, only specimens C4-
30, failed after a few hours of loading. Finally, for specimens loaded at 50% of fts, only C1 and

C3-A specimens endured until the end of the test, developing a final strain of 3120 ue and 5345
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ue for C1 and C3-A, respectively. In contrast, C2, C3-B and C4 specimens under 50% of f:, failed
after 11 hours, 197 hours and 7 hours, respectively.

In some specimens, the time-dependent strain was higher than the instantaneous ultimate
strain. This effect was also observed in [87]. Costa et al. [94] attributed this phenomenon to a
continuous reorganization of the internal structure of the adhesive, allowing it to withstand

higher deformations than the ultimate strain under instantaneous load.

6.3.1.2  Effect of high service temperature

The strain level increased with the increase in temperature (C2 series in Figure 6.5b compared
to C1 series in Figure 6.5a). Furthermore, specimens under 40°C experienced the highest strain
with time of all the experimental series, which is because the average temperature during the
test was also the highest [60,87]. In this series, no failure was obtained in specimens under

sustained loading levels up to 40% of fi..

6.3.1.3  Effect of the preconditioning period

A preconditioning stage of seven days was applied to all the experimental series except series
C4, where significantly higher strains were observed in their first thermal cycle in comparison
with the others. Furthermore, C4 specimens failed after 12 hours (when the first peak
temperature of 40°C was achieved), and 7 hours (when the temperature was 22.7°C) for loading

levels of 30% and 50% of fi, respectively.

6.3.1.4 Effect of thermal cycles on the overall time-dependent behaviour

The effect of temperature cycles on the evolution of the tensile strain can be identified in
series C3 and C4 (Figure 6.5c¢, Figure 6.5d and Figure 6.5e) through relatively small oscillations
of strain at every cycle. The amplitude of strain related to temperature cycles, caused by the
thermal expansion and contraction of the adhesive, was observed not to be significant
compared to the mean value of the time-dependent strain, especially in the stage where creep
tends to a constant slope. However, to better identify the effect of thermal cycles on the time-
dependent strain behaviour, Figure 6.6 represents the increment of adhesive strain with time
occurring after instantaneous deformation (Ae€) for experimental series C1, C2, C3-A and C3-B,

at the loading levels of 15 and 30% of fi..
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Figure 6.6: Increment of strain with time for specimens under (a) 15% of fi and (b) 30% of
fra.

It is observed that the strain response of series C3-A (cyclic temperature between 18°C and
37°C with average value of 26.9°C) lies between that of the C1 and C2 series (steady
temperature conditions, at 20°C and 40°C, respectively), as was to be expected.

However, for the case of C3-B (cyclic temperature between 23°C and 43°C with an average
value of 33.7°C), the mean time-dependent strain clearly surpassed the trend indicated by the
C2 series in specimens under 30% of fia (C3-B-30) at t = 540 hours and at around 1000 hours the
C3-B-15 specimens reached the C2 trend. Even though the average temperature in C3-B was
lower than the steady temperature in C2, the fact that the maximum temperature of the C3-B
series was higher than 40°C, might have caused more molecular motion which degraded the
secondary bonds of the adhesive thus increasing the strain in the specimen [144] and,
consequently, increasing the creep behaviour of the adhesive. Furthermore, it should be
remembered that the C3-B series was previously loaded under C3-A thermal condition for 600
hours, hence, the initial stage with high creep deformation due to loading had already taken
place during the C3-A thermal period. The fact that during the stage with a rather constant slope
the C3-B specimens showed higher value of Ag, might indicate that the temperature cycles

caused greater damage to the specimens (measured as strain increment in this work).

6.3.1.5 Effect of the thermal cycles on the strain amplitude
To further study the effects of sustained loading on strain oscillations caused by the thermal
cycles, the evolution of ascending amplitude of strain (Acq) and the descending amplitude of

strain (Aeq) at each cycle was measured. Aeq and Aeq were calculated as the strain difference
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between the lower and upper temperatures at each thermal cycle (valley to peak for the
ascending amplitude and peak to valley for the descending one). Results are presented in Figure

6.7 for experimental series C3-A, C3-B and C4.
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Figure 6.7: Evolution of the strain amplitude obtained in the adhesive specimens in
experimental series (a) C3-A, (b) C3-B and (c) C4.

In general, for sustained loadings of 30% and 50% of fi, the ascending amplitude is higher
than the descending one, due to the effect of creep on the adhesive. This effect cannot be
noticed in specimens loaded at 15% of fi,, probably because, in this case, the effect of creep is
not so relevant.

Furthermore, the difference between Acq and A+ decreases with time which might be
attributed to the stabilizations of the creep effect in its secondary stage. However, for the case
of specimens C3-A-50, loaded at 50% of fi, the difference between A¢qand Agd is maintained
until the end of the test, showing that for higher load levels, creep effects play an important role

on the strain behaviour.
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Regarding the effect of preconditioning (Figure 6.7c), as was previously observed in Figure
6.5e, high oscillations of strain were obtained during the initial thermal cycles. In particular, C4-
15 specimens experienced an Aeq = 2890 ue. This value has not been included in Figure 6.7c for
scaling reasons. Beyond the second thermal cycle, the specimens were better conditioned and
the amplitude of strain decreased, obtaining a lower amplitude of strain in comparison to C3-A

and C3-B.

6.3.2 Evolution of creep compliance with time
Creep compliance, J(t), provides information about the linearity of the viscoelastic behaviour
of adhesive with respect to the load applied. J(t) was obtained by dividing the adhesive tensile

strain g(t) by the applied stress oo [155]:

Je(y = 22 (6.2)

0o

Figure 6.8 presents the creep compliance curves for each experimental series. Continuous
blue, red and black curves stand for specimens under 15%, 30% and 50% of fi, respectively.
Additionally, for the C2 series, dashed blue, red, and black curves represent specimens under
5%, 10% and 20% of f: and the dotted blue line represent specimens under 40% of fi.

In the C1 series, similar creep compliance values were obtained for specimens under 15% and
30% of fi, while it was slightly higher for the C1-50 specimens, indicating a linear viscoelastic
behaviour for specimens at room temperature conditions until sustained loading levels up to
30% of ft.

As the service temperature increased, higher values of creep compliance were obtained. For
example, in the C2 series, specimens under 30% of fia showed a Jc (t = 1000 hours) value of 1047
MPa, compared to 184.5 MPa™l, obtained in C1. Furthermore, it was also observed that for the
C2 series similar curves were obtained for sustained loading levels ranging between 5% and 15%
of fia. For higher sustained loading levels, higher creep compliance curves were obtained,
meaning that the linear viscoelastic behaviour can be assumed for sustained loading levels up
to 15% of fia. By comparing the C2 series with C1, it can be seen that the maximum loading level
that can be included in the viscoelastic behaviour decreases as service temperatures increases.

In the experimental series C3-A, where cyclic temperature conditions were applied, slightly
different creep compliance curves were obtained for all load levels. Although small but some
difference is appreciated between specimens loaded at loaded at 15% and 30% when compared

to C1. Moreover, from comparison between C3-A and C3-B series, it can be seen that as the
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average service temperature increased, higher values of creep compliance were obtained, as
expected.

In the non-preconditioned series C4, the increase in temperature during the first cycles
caused high values of strain to develop in the adhesive and, consequently, high values of creep

compliance were obtained.
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Figure 6.8: Creep compliance curves obtained in experimental series (a) C1, (b) C2, (c) C3-A,

(d) C3-B and (e) CA4.

6.4 Post-long-term mechanical and thermophysical behaviour of

the adhesive specimens

To study the effect of high service temperatures and sustained loading on the mechanical
and thermophysical properties, tensile tests and DSC tests were performed in each

experimental series after the sustained loading tests.
For the experimental series C3-A, before C3-B series started, one adhesive specimen under
15% fia Was maintained at room conditions (20°C +/- 1°C) to study the post-long-term behaviour.

Moreover, to study the effects of the temperature cycles on the adhesive’s response, one

135



specimen was kept inside the climatic chamber without sustained loading during the

experimental series C3-A and C3-B.

6.4.1 Results from the mechanical characterization

Tensile tests until failure were performed for all specimens that did not fail during the

sustained loading tests to study the effect of sustained loading and service conditions on the

load carrying capacity of adhesive.

Table 6.2 shows the mechanical properties obtained from the post-sustained instantaneous

loading tests (Eq.rand fia,i7), and the ratio with the instantaneous values previously obtained in

Section 6.2.1(E; and fia).

Table 6.2: Tensile strength and stiffness of adhesive specimens after long-term tests.

Series Specimen ftar [MPa] fiasr Eo.r [MPa] Eaur
fia E,
C1-R-PLT-15 21.8 (SD =1.89) 0.83 9147.5 (SD =561.3) 0.85
Cc1 C1-R-PLT-30 22.5(SD =1.55) 0.86 9030.0 (SD = 302.6) 0.84
C1- R-PLT-50 22.0 (SD =2.60) 0.84 8815.5 (SD = 344.8) 0.82
C2-R-PLT-15 24.2 (SD=0.4) 0.92 8907.1 (SD = 555.2) 0.83
C2  C2-R-PLT-30 22.5(SD = 1.8) 0.86 7573.0 (SD = 677.1) 0.71
C2- R-PLT-50 - - - -
C3-A-R-PLT-15 23.2 0.88 8984.0 0.84
C3-A  C3-A-R-PLT-30 * * * *
C3-A- R-PLT-50 * * * *
C3-B-R-PLT-15 24.1 (SD = 2.65) 0.92 9284.4 (SD =2106.2) 0.87
C3-B-R-PLT-30 23.3 (SD = 2.96) 0.89 8521.8 (SD =1154.3) 0.79
C3-B
C3-B-R-PLT-50 - - - -
C3-B- R-PLT-NL 26.85 1.03 10294.3 0.96
C4-R-PLT-15 20.1(SD = 1.1) 0.77 7928.9 (SD = 497.7) 0.74
C4  C4-R-PLT-30 - - - -
C4- R-PLT-50 - - - -
Note: “-” indicates that the specimen failed during the sustained loading test and “*” indicates

that the specimen was not tested post-long-term because it was used in series C3-B.
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Overall, all specimens subjected to sustained loading experienced a decrease in the
mechanical properties of the adhesive, both in the tensile strength and the elastic modulus. In
general, when increasing the level of sustained loading, the mechanical properties decreased.
The specimen subjected to thermal conditions but unloaded (C3-B-R-PLT-NL) did not suffer any
reduction in their tensile strength that should be taken into account, and kept almost the same
elastic modulus (ratios of 1.03 and 0.96 were obtained for E, and f, respectively).

Taking series C1 as a reference, it can be generally observed that specimens from series C2
presented slightly higher fi,,.7 and lower Eq 7. The increase in fio,.r could be explained because of
a post-curing effect taking place at high temperatures (always below the Tg), while the reduction
of Eq.7 could be explained because these specimens underwent longer time-dependent strains
once the specimen was unloaded which induced a less stiff response.

Results from the specimens in the C3-A series (cyclic temperature between 18°C and 37°C
with average value of 26.9°C) fell between those of the C1 and C2 series. Specimens from series
C3-B obtained similar fi,,.r as the specimens in C2. Even though the average temperature in
series C3-B was lower than temperature in series C2, the maximum temperature of the thermal
cycle in C3-B caused a post-curing effect which resulted in a similar value of fiq 7.

From the experimental series C4, only specimens under 15% of fi, could be tested. In this
case, a substantial decrease in the mechanical properties was observed in the post-long-term

tests, which could be attributed to the lack of preconditioning of these specimens.
6.4.2 Results from thermophysical characterization

Table 6.3 shows H;, @ and Ty calculated from the DSC tests performed after each experimental

series and at the reference time of 12 days (R), previously shown in Section 6.2.2.
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Table 6.3: Enthalpy of reaction (H;), curing degree (a) and glass transition temperature (Tg)

obtained from the DSC test after each experimental series.

Series
R Cc1 Cc2 C3-A C3-B ca
H: [)/g] 33 31 1.7 1.9 0 2.6
a [%] 96.3 96.6 98.0 97.9 100 97.1
Ty [°C] 53.1 53.1 56.7 59.7 65.4 58.9

The curing degree « obtained in the C1 series after the sustained loading test was slightly
higher than the value obtained in the instantaneous characterization, while no difference in Ty
was observed. In the rest of the experimental series, where specimens were subjected to higher
temperatures than in C1, the curing degree was higher, indicating some post-curing effect. This
increasing effect was also observed in Ty, which increased with the service temperature (C2
compared to C1). Hence, it can be stated that relatively high service temperatures might cause
more cross-links to develop between the molecules of the adhesive specimen, thus increasing
the glass transition temperature [92,142,144,145]. Regarding the effect of the temperature
cycles, it can be seen that higher Ty values were obtained in comparison with the C2 series, as
was observed in Silva et al. [92]. From comparisons between the C3-A and C3-B series, it can be
seen that the higher increase of T, was obtained as higher temperature cycles were applied (C3-

B compared to C3-A).

6.5 Conclusions

The present work aimed to study the behaviour of a structural adhesive under sustained
loading and different steady and cyclic temperature service conditions. For that purpose, four
experimental series of sustained loading tensile tests were carried out. In each series, nine
specimens were subjected to different levels of sustained loading (15%, 30% and 50% of the
tensile strength) for 1000 hours inside a climatic chamber. The service temperature conditions
were modified for each series in order to observe their influence on the tensile response of the
adhesive. From the sustained loading tests, the following conclusions can be drawn:

- The tensile strain in the adhesive increased with the service temperature and sustained

loading, as would be expected.
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- Only specimens from the experimental series C1 (steady temperature at 20°C) and C3-A
(cyclic temperature between 18°C and 38°C) were able to withstand a load level of 50% of
fta until the end of the test (1000 hours and 600 hours, respectively).

- The lack of a preconditioning stage caused high values of strain in the C4 series, leading to
premature failure in specimens under 30% and 50% of f:.

- Higher strains were obtained in comparison with the ultimate instantaneous strain due to
the reorganization of the internal structure of the adhesive specimens with time.

- Inthe experimental C1 series, a linear creep stage could be assumed for sustained loading
levels up to 30% of the tensile strength, while in the experimental C2 series (steady
temperature at 40°C), a linear viscoelastic behaviour was observed for specimens under
sustained loading levels between 5% and 15% of fa.

- Thermal cycles in C3-B caused a higher increase of strain than expected, considering the
average temperature of the cycles. Additionally, temperature cycles caused oscillations of
strain in the specimens. That said, however, these strain variations were not significant in
comparison with the evolution of strain with time.

- The strain amplitude observed in the specimens decreased with time, becoming higher as
the sustained load level increased.

Additionally, tensile and DSC tests were performed to study the mechanical and
thermophysical properties of the adhesive before and after service conditions. From this, the
following conclusions can be stated:

- Ageneral decrease of the mechanical properties was observed in the tensile tests after the
sustained loading.

- A general increase in Ty and a was observed after the sustained loading tests. A higher
increase in Ty was observed in specimens that were subjected to cyclic temperature (C3-A,
C3-B, C4) compared to the series held under steady temperatures (C1 and C2).

- Asthe average temperature in the experimental series increased, the value of Ty increased

as well.
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Abstract

Nowadays, one of the foremost procedures for strengthening concrete structures is the Near-
Surface Mounted (NSM) technique. This paper presents an experimental study on the effect
sustained loading and different service temperatures (steady and cyclic) have on NSM Carbon
Fibre-Reinforced Polymer (CFRP)-concrete bonded joints and their post-sustained loading load-
slip behaviour. Four experimental campaigns using eight NSM CFRP-concrete specimens were
performed by employing two different service load levels (15% and 30% of the ultimate load)
and combining two groove thicknesses (7.5 and 10 mm) and two bonded lengths (150 and 225
mm). Two steady state temperatures (20 and 40 °C) and two cyclic service temperatures
(ranging between 20 and 40 °C) were programmed. The slip obtained was proportional to the
sustained load level. Furthermore, higher slips were registered for specimens under higher
mean temperatures in the cycle. After 1000 hours of sustained load testing, the specimens were
tested under monotonic loading until failure (post-sustained loading tests). In general, the ratio
between the post-sustained loading ultimate load and the instantaneous ultimate load was
close to the unity, although some differences were perceived in series S2 (steady 37.7 °C) with
a mean increase of 6.3 %, and series S3-B (cyclic temperature ranging between 24.6 and 39.2°C)
with a mean reduction of 9%.

Keywords: CFRP; NSM; Bond; Sustained Loading; Temperature.
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7.1 Introduction

The use of Fibre-Reinforced Polymers (FRP) to strengthen concrete structures has been
steadily gaining popularity over the last decades. Externally Bonded Reinforcement (EBR) and
Near-Surface Mounted (NSM) techniques are currently the most well-known methodologies
employed to enhance the load-carrying capacity of civil structures. Standards and guidelines
such as the fib Bulletin 90 [11], the ACI 440.2R-17 [69], and the CNR-DT 200 R1/2013 [51] have
already approved the design of FRP strengthening systems for concrete structures.

Even though the short-term bond behaviour of EBR and NSM methodologies has been
extensively studied over the past decades, less attention has been paid to their behaviour under
service conditions. External circumstances, such as sustained loading or environmental
temperature conditions, can cause significant damage, either to the concrete [156-158] itself
or to the strengthening system during its service life, which can then lead to a reduction of the
load-carrying capacity, resulting in premature bond failures [88,109,159]. It is extremely
important, therefore, to investigate the behaviour of FRP strengthening systems under real
service environmental conditions.

The effect of sustained loading in NSM CFRP strengthening systems was experimentally
evaluated in Emara et al. [73] and Gomez et al. [160] for room conditions. In both studies,
sustained loading caused a substantial increase in the relative slip between the CFRP and
concrete, although the load applied was much lower than the ultimate load of the bonded joint.
From these investigations, numerical models based on the degradation of the bond-slip law of
the bonded joint were proposed to predict their sustained loading behaviour.

On the other hand, high service temperatures have been proved to significantly affect the
performance of FRP strengthening systems. In general, dramatic decreases in the bond strength
and stiffness of the joint have been observed when temperatures are close to the glass
transition temperature (7,) [100,159,161-166], along with an increase in the bonded length
needed to carry the maximum load [162,164], a redistribution in the FRP strain [100,162,165],
and a change in the failure mode [100,166].

Furthermore, because service temperatures do not remain constant with time in real
applications but rather oscillate during the day-night cycle and during the different seasonal
weather conditions, it is crucial that the effects such cyclic temperatures might have on the
structural response of the bonded joint are investigated. Fernandes et al. [109] performed

durability tests of NSM CFRP-concrete specimens under cyclic temperature (20 to 80 °C)
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conditions for six months and obtained a significant variation in the stiffness and a similar value
of the ultimate load in comparison with the instantaneous values. On the contrary, when Lee et
al. [88,167] studied the effect cyclic temperature conditions have on concrete elements
strengthened with NSM CFRP rods using temperature cycles ranging from -15 to 55 °C they
detected a decrease in the ultimate load of the bonded joint as the temperature cycles being
applied were increased.

Several other experimental studies focused their investigations on the effects of the
combination of sustained loading performance and high service temperatures, evaluating their
impact on the activated length, the residual strength, and the stiffness of the bonded joint.
Some contributions [105,131] have concluded that the combination of high service temperature
with sustained loading caused an increase in the overall strength of the EBR bonded joint, while
others [88,110,112] observed a reduction in the EBR joint strength.

In the field of NSM strengthening, only a few investigations on the subject of the combination
of sustained loading and high service temperatures are to be found in the literature. For
instance, Borchert et al. [60] observed a loss of the load carrying capacity which was attributed
to the creep effect caused by the combination of both factors, while Emara et al. [108]
concluded that service conditions greatly affected the bonded joint performance, causing a
significant increase in the slip with time between the CFRP and the concrete element.
Nevertheless, less attention has been paid to the effect of cyclic environmental conditions, such
as day-night cycles, and these may prove crucial for a better understanding of the bond
behaviour of FRP strengthening systems.

This paper aims to contribute to the understanding on how steady and cyclic service
temperature conditions affect the sustained loading bond response of NSM CFRP-concrete
elements through an experimental programme using sustained loading single-shear tests. The
effects the service load level, temperature, groove thickness and preconditioning have are
presented and discussed. Furthermore, following the sustained loading tests, monotonic tests
have been carried out to investigate the residual strength, stiffness and failure mode of the

bonded joints.
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7.2 Experimental programme

Four experimental series (S1 to S4) - each consisting of eight specimens - were performed
under sustained loading (ST) and different service temperatures at 55% relative humidity (RH).
Two different service loads were applied (15% and 30% of the ultimate load of the NSM CFRP-
concrete joint) which represent the range of load values that the CFRP-concrete joint can
undergo in a flexural configuration under service conditions. Furthermore, two steady-state and
two cyclic service temperatures were programmed. Their bond response was studied by
analysing the slip between the CFRP and concrete with time.

The instantaneous bond behaviour of the NSM specimens was experimentally investigated
and presented previously by Gomez et al. [134]. The ultimate loads (P.), stiffnesses (Ke) and
failure modes that were obtained have been summarised in Table 7.1. Specimens are labelled
as I-Lp-tg, where I stands for instantaneous test, and L» and t; are the bonded length and groove

thickness, respectively.

Table 7.1: Experimental results of the instantaneous pull-out tests.

Groove

Bonded length, . Ultimate load, P, Stiffness, K¢ Failure
Nomenclature L [mm] thickness, [kN] [kN/m] mode
’ to [mm]
I-150-10 150 10 43.9 172.8 F-A
I-150-7.5 150 7.5 47.1 183.5 C
[-225-10 225 10 54.7 175.4 F-A
1-225-7.5 225 7.5 57.7 181.7 C

Note: F-A = failure in the FRP-adhesive interface; C = cohesive failure in the concrete.

All the specimens that did not fail during the sustained loading (SL) were tested using a
monotonic pull-out configuration to investigate the residual mechanical characteristics of the

bonded joints and were called post-sustained loading (PSL) specimens.
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7.2.1 Specimen characteristics

In each experimental series eight NSM CFRP-concrete specimens combining two groove
thicknesses (7.5 and 10.0 mm) and two bonded lengths (150 and 225 mm) were loaded under
two sustained load levels (15% and 30% of the instantaneous ultimate load, P.). Concrete blocks
measuring 200 mm x 200 mm x 300 mm and 200 mm x 200 mm x 370 mm were used for short
and long bonded length specimens, respectively. Figure 7.1a shows a lateral view of the setup
for the single shear test and Figure 7.1b presents a detailed view of the groove dimensions and

the CFRP strip into the groove.

SECTION A-A'
200 mm
200 mm
LR
50 mm -
. H ) & sl
Ly 370 mm & 10 mm
A
15 mm
50 mmi & 5]
|
{ 3 mm
| & . »
o ‘ 7.50r 10 mm | &

B a—
200 mm

(a) (b)
Figure 7.1: (a) lateral view of the setup and (b) detailed view of the groove dimensions and

CFRP strip position.

For each experimental series, the concrete blocks were cast with a standard ready-mix
concrete supplied by a local company and cured for 28 days under laboratory conditions. Once
the concrete had cured, 15 mm deep grooves were then cut and cleaned. The adhesive was
prepared by mixing a 3:1 ratio of resin and hardener, as indicated by the manufacturer. Next,
CFRP strips were carefully introduced into the grooves and then the NSM CFRP-concrete
specimens were subsequently cured for 12 days under laboratory conditions before testing.

The specimens under sustained loading were called S-SL-Ls-t;-%P., where S stands for the
series number, SL for Sustained-load, Ly and t; are the bonded length and groove thickness,

respectively, and %P, the percentage of ultimate load applied as sustained load.
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The residual response of the NSM CFRP-concrete joint after SL was evaluated for all the
specimens by employing an instantaneous pull-out test until failure at room temperature (20 °C
and 55% RH). Each specimen was then called S-PSL-Lp-tg-%Pu, where PSL stands for post-
sustained-loading and the rest of the parameters representing the same as those previously
defined above. It should be noted that the specimens from series S3-B were those from the S3-
A series, therefore, only the S3-B series specimens’ PSL behaviour following the sustained-

loading (SL) tests could be studied.

7.2.2 Material properties

All the concrete blocks were cast from the same concrete batch. Following the ASTM S3-A69
/ S3-A69M-10 [115] and UNE 12390-3 [116] standards, a concrete compressive strength of 33.0
MPa (with Standard Deviation, SD = 1.8 MPa) and an elastic modulus of 33.1 GPa (SD = 1.6 GPa)
were obtained.

CFRP Sika CarboDur S NSM 1030 strips of 10 mm x 3 mm were used. A tensile strength of 3.2
GPa (SD = 68.3 MPa) and an elastic modulus of 169.3 GPa (SD = 13.1 GPa) were obtained
following the I1SO 527-5 standard [114]. To measure the thermophysical properties of the
adhesive, Differential Scanning Calorimetry (DSC) tests were performed after 12 days of curing
at 20°C [118]. A Ty of 53.1 °C and a curing degree () of 96.3% were obtained.

The adhesive used in the experimental campaigns was Sika 30 bi-component epoxy resin,
which had been previously characterized according to the ISO 527-2 standard [113]. The tensile
strength and elastic modulus were, respectively, 26.1 MPa (SD = 4.5 MPa) and 10.7 GPa (SD =
471.4 MPa).

7.2.3 Test set-up and instrumentation

All tests were performed using a direct pull-out shear configuration. The test set-up for the
sustained loading tests consisted of adapting the set-up applied in the instantaneous
characterization of the NSM CFRP-concrete joint [160] by using a steel lever arm with a
magnifying factor of 8.3 (Figure 7.2a). For the PSL tests, the instantaneous characterization set-

up was used (Figure 7.2b).
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(a) (b)

Figure 7.2: Set-up used for (a) SL tests; (b) PSL tests.

For the SL tests, the instrumentation consisted of one LVDT (Linear Variable Differential
Transformer) placed at the loaded end to measure the relative displacement between the CFRP
and the concrete, and one strain gauge bonded at the loaded end to register the load applied
to the bonded joint. To measure the internal temperature of the bonded joint, a temperature
strain gauge was bonded onto the CFRP surface, inside the NSM groove, of a dummy specimen,
which was also kept inside the climatic chamber during the tests, in each of the series. Another
temperature strain gauge was bonded onto the NSM groove surface of the same dummy
specimen to measure the temperature on the specimen’s surface. In the case of the post-
sustained loading monotonic tests, the instrumentation consisted of one LVDT placed at the

loaded end.

7.2.4 SL experimental series

The details of each experimental series are listed in Table 7.2, i.e., where the cycle function
(steady for constant objective temperature and cyclic for 24h-periodical temperature cycles),
whether the specimens were preconditioned (or not) before loading, the objective temperature
in the climate chamber, the temperature measured on the specimen's surface, the temperature
measured inside the NSM groove (attached to the CFRP) and the duration of the test are

presented.
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Table 7.2. Details of experimental series.

Temperatur . L. T°C on the . Test
. . Preconditi Objective . T°Cin the NSM .
Series e function . o o specimen’s . duration
oning T°C [°C] [°C]
[24 h] surface [°C] [hours]
s1 Steady Yes 20.0 19.9 18.7 1000
S2 Steady Yes 40.0 40.1 37.7 1000
18.0-38.0 18.0-36.9 17.8-33.9
S3-A Cycles 24 h Yes 2 L L 600
(28.0) (26.9) (25.6)

22.0-43.0 23.0-43.0 24.6-39.2

S3-B Cycles 24 h Yes? 1000
y (32.5)1 (33.7)* (31.3)*
20.0-40.0 19.6 -39.5 21.9-31.9
sS4 Cycles 24 h No 1 1 1 1000
(30.0) (30.1) (26.8)

! Mean temperature indicated in brackets; > Preconditioning consisted of the temperature

regime of the previous experimental series (S3-A).

In the experimental series S1 (previously presented in Gémez et al. [160]) and S2, specimens
were tested under steady temperatures, while in series S3 and S4, trapezoidal and triangular
24-hour temperature cycles, respectively, were applied (Figure 7.3). Experimental series S3 was
split into two different steps. First, specimens were subjected to an objective temperature cycle
ranging between 18.0 and 38.0 °C (S3-A) and then, after 600 hours of testing and without any
unloading, the same specimens were subjected to a new objective temperature cycle ranging
between 22.0 and 43.0 °C (S3-B). Series S1-S3 were subjected to a thermal preconditioning
before loading which consisted of acclimatizing the specimens to the objective temperature for
seven days. In series S4, the specimens were loaded without undergoing any previous
preconditioning stage.

Figure 7.3 shows the details of the objective temperature (red curve), the temperature on
the specimen’s surface (blue curve) and the temperature inside the NSM groove (black curve)
for all series. As observed, the temperature on the specimen’s surface was generally lower than
the objective temperature for both steady and cyclic temperature series, basically due to
thermal inertia effects. Furthermore, in the cyclic temperature series, the mean temperature

measured inside the NSM groove was between 1.3 and 3.3 °C lower than on the specimen’s

148



surface, while in the steady temperature cycles this difference did not occur. Finally, in the S3

series, with a trapezoidal shape for the objective temperature, the temperature inside the NSM

groove reached higher values than in the S4 series where a triangular shape was programmed

as the objective temperature.
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Figure 7.3. Temperature in the experimental series: (a) S1; (b) S2; (c) S3-A; (d) S3-B; (e) S4.

7.3 SL bond behaviour of NSM CFRP-concrete specimens

The evolution of slip with time was obtained from the sustained loading tests in all series, as

seen in Figure 7.4.
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Figure 7.4: Slip at the loaded end obtained in series (a) S1; (b) S2; (c) S3-A; (d) S3-B; (e) S4.

Overall, two different stages were identified in the slip evolution with time for all

experimental series: an initial stage with a high non-linear increase in slip and a second stage

where the slip evolution tended to increase at a lower and constant rate with time. In the

following subsections, the effects of the sustained load level, thermal effects, preconditioning

and groove size are discussed.

7.3.1 Effect of sustained

load levels

The effect of sustained load levels can be clearly observed in Figure 7.4 for all the

experimental series, i.e., as expected, the higher the sustained load, the higher the slip and

increment of slip. This effect was observed regardless of the temperature conditioning, bonded

length or groove size. Moreover, the specimens under 30% P, experienced approximately

double the slip than the under 15% P. specimens. This linearity in the slip with respect to load

was also observed in Emara et al. [108].
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7.3.2 Thermal effects

7.3.2.1 Effect of steady temperatures

The effect of different steady temperatures on the slip behaviour can be observed by
comparing series S1 (with a steady 18.7 °C inside the NSM groove, Figure 7.4a) and S2 (37.7 °C,
Figure 7.4b). As expected, higher slips were obtained in the S2 series which could be attributed
to the effect temperature has on the creep behaviour of the adhesive [108]. Furthermore, of all
the experimental series it was the S2 specimens that showed the highest increments of slip;
albeit with the only exception being the S4 specimens which experienced a significant increase
in the slip in the first cycles which is attributed to the lack of preconditioning (see Section 3.2.3).
In contrast, series S1, with the lowest temperature, experienced the smallest effect on the creep
behaviour of the bonded joint. This behaviour was likewise observed in Emara et al. [108], where

the highest increases of slip were obtained in specimens subjected to the highest temperatures.

7.3.2.2  Effect of cyclic temperatures

The temperature cycles in series S3-A, S3-B and S4 caused important fluctuations in the
evolution of slip as a result of the thermal effects on the materials. These slip oscillations were
relatively high in comparison with the increase in slip due to the sustained loading effect,
especially in those cases under 15% Py where the evolution of slip was small.

In Figure 7.5, the comparison of the slip evolution between the S1 (with a steady temperature

in the NSM groove of 18.7 °C) and S3-A (with a cyclic temperature of 17.8-33.9 °C) series is

presented.
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Figure 7.5. Comparison of the slip evolution with time obtained in series S1 and S3-A for

groove thicknesses of: (a) 7.5 mm; (b) 10 mm.
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It can be observed that, in general, similar mean evolutions of slip were obtained in both
series despite the temperature cycles applied in S3-A. This could be explained by the fact that
in series S3-A, the average temperature measured in the NSM groove (25.6 °C) was relatively
far away from the Ty of the adhesive (53.1 °C), thus leading to a small influence in comparison
with the effect of sustained loading.

On the other hand, Figure 7.6 depicts a comparison between the evolution of slip in the S3-
A series with its trapezoidal cyclic temperature between 17.8 and 33.9 °C and a mean
temperature of 25.6 °C, and the S3-B with the same shape for the temperature cycles but

ranging between 24.6 and 39.2 °C and with a mean value of 31.3 °C.
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Figure 7.6. Comparison of the slip evolution with time obtained in series S3-A and S3-B for

groove thicknesses of: (a) 7.5 mm; (b) 10 mm.

Comparison between these series seems to indicate a somewhat greater influence of
temperature in the S3-B series, mainly in those cases loaded at 30% P., which could be
attributed to the higher mean and maximum temperatures in the S3-B series and being closer
to the Ty of the adhesive.

Finally, Figure 7.7 depicts the comparison of the slip evolution with time between S2, (with a
steady temperature of 37.7 °C) and S3-B (with a trapezoidal cyclic temperature between 24.6

and 39.2 °C and a mean temperature of 31.3 °C).
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Figure 7.7. Comparison of the slip evolution with time obtained in series S2 and S3-B for
groove thicknesses of: (a) 7.5 mm; (b) 10 mm.

The lower values of slip obtained in the S3-B series could be attributed to the fact that the
mean temperature in S3-B was 6.4 °C lower than that of the S2 series, even though the peak
temperature of the cycle was slightly higher than the steady temperature in S2 (see Table 7.2).

To sum up, in general terms the effect the temperature exerted on the sustained loading
behaviour became more significant as the average temperature in the NSM CFRP-concrete joint

moved closer to the Ty of the adhesive.

7.3.2.3  Effect of preconditioning

As shown in Figure 7.4, results from series S4 indicate that the thermal preconditioning of
the specimens had a significant effect - particularly important in the first temperature cycles -
on the bonded joint response. This behaviour was also observed in [60] where a very high
increase in FRP strain was observed in specimens under a sustained load of 40% P., when the
temperature was raised from 20 to 50 °C. However, after around three cycles, the slip evolution
stabilized and similar increases of slip with time were obtained among the S1, S3-A and S4 series,
probably because the average temperatures inside the NSM groove were relatively low (18.7 °C

for series S1, 25.6°C for S3-A and 26.8 °C for S4).
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7.3.3 Effect of groove thickness

While in the previous sections the comparisons were made among different series, in this
section the effect of the groove thickness is analysed. Since the instantaneous slip caused by the
percentage of sustained load is different for 7.5 and 10 mm groove thicknesses, to better
compare its effect, the evolution of the slip increase, defined as the slip occurring after the
instantaneous slip (4s), is presented in Figure 7.8 for the different series. For series S4 (Figure
7.8d), the instantaneous slip was taken three first cycles after the test started to avoid the effect

of the preconditioning.
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Figure 7.8: Increment of slip at the loaded end obtained in (a) S1 series; (b) S2 series; (c) S3-

A series; (d) S3-B series; (e) S4 series.

In general, the effect of the groove thickness was small in comparison with other parameters
such as the sustained load level. At t = 1000h, the maximum difference in slip evolution between
the specimens with different groove thicknesses was found in S2 series for specimens loaded at
30% Pu and with a bonded length of 225 mm. This was equal to 0.016 mm.

In series S1, slightly higher increases of slip were obtained in specimens with narrower

grooves, probably because more sustained loads were applied to the 7.5 mm specimens
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compared to the 10 mm ones [160]. However, in the S2 and S3-B series, where temperature had
a more significant effect, as the average temperature increased, the 10 mm specimens
experienced higher slips than the 7.5 mm specimens did, especially those under 30% P.. This
might be attributed to more of the adhesive surface being in contact with the ambient

temperature, thus causing greater damage to the bonded joint.

7.4 PSL bond behaviour of NSM CFRP-concrete specimens

The residual bond response of the NSM CFRP-concrete specimens after sustained loading, in
terms of ultimate load (Puprst), stiffness (Kerst) and post-sustained loading (PSL) failure mode,
was studied using instantaneous pull-out tests until failure. Table 7.3 presents the ratio of Py,psi,
obtained from the PSL tests, with respect to the value of the instantaneous P, for each
experimental series. Due to gripping/un-gripping operations during long-term and subsequent
pull-out tests, four specimens experienced a premature FRP failure in the zone of the gripping
system (S1-PSL-225-10-15, S1-PSL-225-10-30, S1-PSL-225-7.5-30, S2-PSL-150-7.5-15). While the
results from these specimens have been considered non-representative and consequently
removed from the analysis of ultimate load, they were, however, retained for the stiffness
comparisons (since the initial part of the curve could be used).

Table 7.3. PSL results.

Pypsi  Kepsi

Series Specimen P, K,
S1-PLT-150-10-15 1.05 0.95
S1-PLT-150-7.5-15 0.95 0.94
S1-PLT-150-10-30 1.03 0.84
S1-PLT-150-7.5-30 0.99 0.90

> S1-PLT-225-10-15 * 1,11
S1-PLT-225-7.5-15 0.95 0.78
S1-PLT-225-10-30 * 0,93
S1-PLT-225-7.5-30 * 0,81
S2-PLT-150-10-15 1.08 1.02

>2 $2-PLT-150-7.5-15 * 1.02
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S2-PLT-150-10-30 1.10 0.85

S2-PLT-150-7.5-30 1.03 0.65
S2-PLT-225-10-15 1.06 0.79
S2-PLT-225-7.5-15 1.07 0.92
S2-PLT-225-10-30 1.12 0.67
S2-PLT-225-7.5-30 0.98 0.57
$3-B-PLT-150-10-15 1.07 1.05

$3-B-PLT-150-7.5-15 0.93 0.95
$3-B-PLT-150-10-30 0.89 0.90
S3-B-PLT-150-7.5-30 0.86 0.77

S3-B

S3-B-PLT-225-10-15 0.88 0.89
S3-B-PLT-225-7.5-15 0.97 0.96
$3-B-PLT-225-10-30 0.96 0.61
$3-B-PLT-225-7.5-30 0.80 0.71
S4-PLT-150-10-15 0.91 0.94
S4-PLT-150-7.5-15 0.97 1.10
S4-PLT-150-10-30 0.99 0.82
S4-PLT-150-7.5-30 0.99 0.88

> S4-PLT-225-10-15 1.01 0.99
S4-PLT-225-7.5-15 1.04 0.89
S4-PLT-225-10-30 0.92 0.73
S4-PLT-225-7.5-30 1.06 0.60

7.4.1 Effect on the ultimate load and failure mode

Overall, no significant differences were obtained in the PSL ultimate load compared to the
instantaneous characterization values (the mean ratio of all specimens being equal to 0.99).
Likewise, ratios close to the unity were observed when analysing the global results of groups of
specimens under either 15% or 30% P..

Some aspects should be highlighted when analysing the different series. For instance, series
S1 does not present any significant effects from the sustained loading conditions, despite
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presenting a mean global reduction of Purs. lower than 1%, and no relevant differences being
observed either for load values or bonded length and groove thickness. Some differences,
however, can be identified in series S2 and S3-B. For example, series S2 presents a mean global
increment of 6.3% (probably due to the post-curing effect on the adhesive) with similar values
for the two load levels, and a slightly more pronounced increment for the 10 mm groove
thickness (9%) than for the 7.5 mm thickness (3%). Meanwhile, for S3-B in terms of temperature
cycles, an 8% global reduction can be seen. This influence is greater in the specimens loaded at
30% Pu (12% reduction) than in those loaded at 15% P. (4% reduction), which might indicate
that there the temperature cycles exert some influence, albeit mainly for the higher sustained
load value. On the other hand, with a final global mean value of the ratio close to the unity, no
clear tendencies are observed in series S4 with temperature cycles but without preconditioning.
The results presented are in accordance with the observations made in Fernandes et al. [109],
where small decreases of the ultimate load were observed in specimens subjected to outdoor
environmental conditions (around 12%).

As for the failure mode of the NSM CFRP-concrete joint, no differences were generally
obtained in comparison with the instantaneous characterization, with the main failure mode
being the cohesive failure in the concrete for specimens with a 7.5 mm groove thickness and
failure in the FRP-adhesive interface for specimens with a 10 mm groove thickness. However,
specimens S3B-PSL-150-10-30 and S3B-PSL-225-10-30 experienced a failure in the adhesive-
concrete (A-C) interface, which indicates a decrease in the bond at the interface. Figure 7.9
shows two examples of failure modes obtained from PSL tests: a failure in the A-C interface
obtained in specimen S3-B-PSL-225-10-30 (Figure 7.9a), and a cohesive concrete failure

obtained in specimen S3-B-PSL-225-7.5-30 (Figure 7.9b).
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(a) (b)

Figure 7.9. (a) S3-B-PSL-225-10-30 failure in the A-C interface; (b) S3-B-PSL-225-7.5-30

cohesive failure in the concrete.

7.4.2 Effect on the stiffness

The PSL load-slip load is illustrated in Figure 7.10 (black curve) together with the load-slip
curves obtained in the instantaneous characterization (blue curve) for specimens PSL-225-10-
30 from each series (S1, S2, S3-B and S4). Note that in Figure 7.10a, the specimen experienced
a premature failure in the CFRP strip (marked with an X in Figure 7.10). A reduction in the initial
stiffness was observed in all specimens, but there was an overall recovery as the load in the
instantaneous test surpassed the value of the sustained loading. This effect is attributed to the
unloading-loading path as a combination of damage and creep effects. During the sustained
loading tests, the activated length was lower than the total bonded length (L») and,
consequently, the effects of sustained loading affected only part of Ls. Subsequently, as the load
was increased in the monotonic PSL test, as the load increased, the activated length increased
and moved towards the free end and joint stiffness was recovered because this zone had not

been activated during the sustained loading test.
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Figure 7.10: Comparison between the instantaneous behaviour and the post-SL behaviour

of the specimen PSL-225-10-30 in (a) S1, (b) S2, (c) S3-B and (d) S4.

When the observed values of all the specimens are considered, the global overall reduction
of the stiffness was about 14% (see Table 7.3). This reduction was more noticeable for
specimens loaded under 30% of the initial ultimate load, and, in particular, those from series S2,
thus showing that the higher the sustained load level and average temperature are, the greater
the decrease in stiffness is. These observations agree with the results presented in Fernandes
et al. [109], where a significant decrease in the stiffness of the bonded joint was observed in

specimens under cyclic environmental conditions.

7.5 Conclusions

The present work experimentally studied the bond behaviour of an NSM CFRP-concrete joint
under sustained loading and different service temperature conditions. Four experimental
campaigns consisting of eight NSM CFRP-concrete pull-out single shear tests (SL tests) were
performed under sustained loading for 1000 hours inside a climatic chamber at different

temperature conditions, combining steady and cyclic objective temperatures. After that, post-
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sustained loading tests (PSL tests), where the specimens were tested under monotonic loading

until failure, were carried out.

From the SL tests the following conclusions can be drawn:

Overall, the slip values obtained in specimens under 15% and 30% P, were proportional
to the applied load;

Similar slips were obtained in specimens with short and long bonded lengths under a
sustained loading level of 15% Py;

Higher slips were obtained in the 10 mm grooved specimens in comparison with the
7.5 mm grooved specimens under high steady temperatures;

Significant slip oscillations, caused by the thermal expansion of the materials, were
observed in series with temperature cycles;

As the mean temperature of the thermal cycle increased, so too did the slip at the
loaded end;

Specimens under temperature cycles (S3-A, S3-B and S4) experienced increases of slip
that ranged between S1 and S2 slips, since the temperatures in the NSM groove fell
between 20 and 40 °C;

The decisive effect of the preconditioning cycles was observed during the initial loading
days as the specimens that had been submitted to preconditioning temperature cycles

experienced lower increases in slip during the first temperature cycles.

From the PSL tests the following conclusions can be drawn:

The ratio of the PSL ultimate load with respect to the initial instantaneous ultimate load
was globally close to unity. However, some differences were observed in series S2 with
its global increment of 6.3% and in series S3-B with a global reduction of 8%;

Overall, no change in the failure modes were observed in the instantaneous post-
sustained loading tests;

A global reduction in the initial stiffness in the load-slip curve was observed, followed
by its recovery at higher loads as the load of the PSL test surpassed the value of the

sustained loading.
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During their service life, civil structures are submitted to a combination of sustained loading
and cyclic environmental conditions. This study has helped to appreciate and understand the
effect thermal cycles have in constantly loaded CFRP-concrete joints. The bonded joints have
been shown to be affected by creep and have their mechanical properties reduced. Therefore,
it can be concluded that environmental conditions must be taken into account when designing
of CFRP strengthened civil structures.

While this study limited the sustained loading tests to 1000 hours, further studies would need
to extend this further, especially for higher average temperatures where the high increases of

slip were observed in this work.

161



8 Discussion

This chapter presents the discussion of the results obtained through the different parts of the
thesis. The discussion is divided into four parts that correspond to the four articles presented in

this thesis.

8.1 Bond behaviour of NSM CFRP-concrete specimens under

monotonic instantaneous loading

The instantaneous bond behaviour of NSM CFRP-concrete specimens is highly affected by the
geometrical and mechanical parameters of the bonded joint. Moreover, the definition of the
local bond-slip law can derive in a different global load-slip response. Paper A was focused on
studying, from a numerical point of view, the effect of the main parameters of several bond-slip
laws (the bond-shear strength and its corresponding slip, the maximum slip, and the friction
branch) on the global response of the bonded joint, in terms of ultimate load, effective bonded
length, slip, strain and bond shear stress distributions, and load-slip curves. Additionally,
experimental instantaneous single shear tests of NSM CFRP-concrete specimens were carried
out combining two bonded lengths and two groove thicknesses.

A numerical procedure based on a finite differences model was proposed to solve the
differential equation of the NSM CFRP-concrete joint bond response. Using this numerical
methodology, a parametric study on the effect of the bond-slip law on the global behaviour of
the bonded joint was performed. Six bond-slip laws taken from the literature were implemented
and compared in terms of load-slip response and slip, bond shear stress and strain profiles along

the bonded length, shown in Figure 8.1.

162



40 @ 20 (b)

w
o
w
o

Load, P (kN)
N
o

Load, P (kN)
N
o

Y
o

Slip, s (mm) Slip, s (mm)
Figure 8.1: Comparison of the load-slip curves obtained using (a) bond-slip laws not

including a friction stage and (b) bond-slips including a friction stage.

It was observed that significant differences were obtained in models including a friction
branch, where the ultimate load did not stabilize with the increase of the bonded length,
contrarily to the specimens not including a friction stage, where a stabilization of the ultimate
load was observed. This was caused by the fact that when the bonded joint started to debond,
the unbonded length was still transmitting force, increasing the carrying capacity of the bonded
joint until failure. Furthermore, from Figure 8.1 it can be seen that bond-slip laws with the
steeper ascending elastic branches (LD, BO and BONP), showed the highest stiffness on the load-
slip curve.

Furthermore, from the numerical procedure, the slip, the strain in the FRP and the bond shear
stress distribution along the bonded joint were calculated at the situation of imminent failure

using each of the bond-slip laws, presented in Figure 8.2.
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Figure 8.2: (a) Slip, (b) bond shear stress and (c) FRP strain distributions obtained using the

different bond-slip laws.

As observed in Figure 8.2a, the shape of the bond-slip law had a small effect on the slip profile
along the FRP. Furthermore, an evident difference between the models with and without
friction can be observed in the bond stress and the strain distributions along the bonded length
(Figure 8.2b and Figure 8.2c, respectively).

The shape of the bond-slip law had a negligible effect on the slip distribution along the FRP
and very small differences were observed in the load-slip curves. However, a continuous
increase on the FRP strain and a plateau on the bond shear stress after the initiation of the
debonding were observed for bond-slip laws including a friction stage.

In order to validate the numerical procedure, four pull-out single shear test configurations
were tested instantaneously compared to the numerical results. From the experimental results,
it was observed that specimens with a groove thickness of 7.5 mm obtained a maximum load
around 7-10% higher compared to the specimens with a groove thickness of 10 mm. This was
attributed to the fact that the shear stiffness of the 10 mm grooved specimens was higher than
7.5 mm grooved specimens therefore the strain transmitted to the concrete was lower.
Furthermore, an increasing effect on the ultimate load was observed as the bonded length
increased: specimens with a bonded length of 225 mm obtained an average increase on the

ultimate load of 29.2% in comparison to specimens with a bonded length of 150 mm.

164



Regarding the failure mode, specimens with a groove thickness of 7.5 mm obtained a
cohesive failure within the concrete, causing a sudden drop of the load, while specimens with a
groove thickness of 10 mm faced a failure in the FRP-adhesive interface which derived in a
constant decrease of load as the slip increased. The difference on the failure mode was
attributed to the fact that the cross-section of the 7.5 mm groove was lower in comparison with
the 10 mm groove, which means that higher strain was transmitted to the concrete, which lead
to the cohesive failure. For specimens with a 10 mm groove thickness, which presented a

frictional stage after achieving the ultimate load, a bilinear bond-slip law with a friction stage is
assumed.

From the experimental observations, a local bilinear bond-slip law was adjusted to the bond
behaviour of specimens with a groove thickness of 7.5 mm. For specimens with a groove
thickness of 10 mm, a bilinear plus friction bond-slip law was considered to take into account
the effect of a frictional stage at the debonding phase. Implementing the calibrated bond-slip
laws in the finite differences model, the resultant load-slip curves were obtained for each

specimen configuration. Figure 8.3 shows the comparison between numerical and experimental

load-slip curves for each NSM CFRP-concrete configuration.
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Figure 8.3: Comparison between the numerical and experimental load-slip curves for (a)

specimens with a 10 mm groove thickness and (b) specimens with a 7.5 mm groove thickness.

From Figure 8.3, it can be seen that the numerical results presented a close agreement with

the experimental results in terms of stiffness and ultimate load.

The parametric study performed on this investigation combined six bond-slip laws and
studied the effect of the bond shear strength ( zmax) and its corresponding slip (sz), the maximum

slip (sy) and the friction bond shear strength (7). A range of values was provided for each study
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variable and the ultimate load and the effective bonded length were evaluated for each case.

Figure 8.4 shows the parameters studied in the parametric study.
T
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Figure 8.4: Main parameters of the BL and BLF models.

The bond shear strength (zmax) had an increasing effect on the fracture energy, with the
consequent increase on the ultimate load of the bonded joint. On the other hand, the effective
bonded length decreased as expected, as higher local bond shear strength, less bonded length
is needed to carry the total load.

The corresponding slip at the bond shear strength (s:) had a small effect on the ultimate load
since the shifting of this point caused very small variations of the fracture energy. On the other
hand, a slight increase on the effective bonded length could be observed because higher slips
are obtained in the elastic stage.

An increase in the maximum slip (sy) also implied an increase in the fracture energy. As a
consequence, sy had an increasing effect on the ultimate load and the effective bonded length.
Bond-slip laws including a friction stage were less affected by the increase of s;, since the total
area under the bond-slip law experienced a lower decrease.

The friction bond-shear stress () had a clear increasing effect on the ultimate load because
the points of the bonded joint that were debonded could still transfer some shear load to the
bonded joint. Furthermore, it was observed that the increase in the bond shear strength caused
an increase on the area under the bond-slip law (fracture energy, Gy) which led to an increase
on the ultimate load of the bonded joint.

This article demonstrated the importance of the correct calibration of the local behaviour of
the bonded joint. The shape and parameters (bond shear strength and its corresponding slip,
the maximum slip and the friction stage) of the bond-slip law has an enormous effect on the
load-slip curve and the strain, stress and slip profiles of the bonded joint. This study also showed
that by implementing a numerical model based on a finite differences model, it is possible to
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accurately predict the instantaneous response of NSM CFRP-concrete specimens independently

on the bond-slip law shape.

8.2 Effect of sustained loading on NSM CFRP-concrete specimens

Service conditions such as sustained loading have been proved to have an important effect
on the bonded joint performance. Paper B aimed to study the bond behaviour of NSM CFRP-
concrete joints and the tensile behaviour of an epoxy adhesive under a service sustained load
levels (15% and 30% the ultimate load for NSM CFRP-concrete specimens, and 15%, 30% and
50% the tensile strength for the adhesive specimens) for 1000 hours under 20 °C and 55% RH
from experimental and numerical points of view.

To study the instantaneous experimental behaviour of NSM CFRP-concrete specimens, the
experimental campaign presented in paper A was extended and specimens with a groove
thickness of 10 mm and a bonded length of 300 mm were tested. For specimens with a groove
thickness of 10 mm, it was observed that the ultimate load did not stabilize with the increase of
the bonded length, meaning that friction was increasing the total load transmitted by the
bonded joint.

The adhesive was initially characterized by using instantaneous tensile tests, obtaining a
tensile strength of 27.2 MPa and an elastic modulus of 10.7 GPa. In the sustained loading tensile
tests of the adhesive, the evolution of strain, creep compliance and creep coefficient were
obtained. In general terms, the higher sustained load was, the higher evolution of strain was
observed. The final strain obtained in the sustained loading test was higher than that obtained
in the instantaneous test, probably due to an internal structural reorganization that allowed to
withstand the load without failure. Figure 8.5 presents the creep compliance curves obtained

for the three sustained loading levels.
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Figure 8.5: Creep compliance curves obtained from epoxy specimens under 15%, 30% and

50%the ultimate tensile strength.

The creep compliance curves of specimens under 15% and 30% were coincident, while the
curve of specimens under 50% was clearly higher, indicating that the adhesive presented a linear
viscoelastic behaviour until sustained load levels of 30% the tensile strength. Therefore, a power
function to represent the increase of the creep coefficient with time could be adjusted for
adhesive specimens under sustained loading levels up to 30% the tensile strength.

Regarding the pull-out single shear test results, it could be observed that as the bonded
length increased, the ultimate load increased as well. However, it is worth noticing that the
increase of ultimate load between specimens with L, = 150 mm and Ly = 225 mm, the increase
of load was 27.3%, while the increase between specimens with L, =225 mm and Ly = 300 mm,
the increase of load was 17.8%

in Figure 8.7 it can be seen that the NSM CFRP-concrete specimens under sustained loading
also present an initial stage with a high non-linear increase of slip, followed by a second stage
where the evolution of slip became more linear. Furthermore, it was observed that specimens
under 30% the ultimate load, obtained higher evolutions of slip in comparison with specimens
under 15% P., as expected. Regarding the effect of the groove thickness, specimens with a
groove thickness of 7.5 mm obtained slightly higher evolution of slips than 10 mm grooved
specimens. This was attributed to the fact that specimens with narrower grooves were loaded
under a higher sustained load, because the ultimate instantaneous load was higher in
comparison with wider grooved specimens. From the comparison of specimens with different
bonded lengths, specimens under 30% the ultimate load and a short bonded length (150 mm)
experienced higher increases of slip with time. This effect was explained because shorter

bonded joints are exposed to a higher average bond shear stress, which can cause more damage
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on the bonded joint with time. On the other hand, no effect of the bonded length of the joint
was observed in specimens under 15% the ultimate load.

Using the numerical methodology developed in paper A, a degradation model of the bond-
slip law was proposed and implemented to take into account the creep behaviour of the bonded
joint. The damage model was based on the concept of a degradation of the ascending stiffness
due to creep and a strength reduction factor. The creep coefficient ($p(t)) was previously
adjusted from the experimental results of the adhesive specimens under sustained load. On the
other hand, the strength reduction coefficient was proposed as a power function (a-tf) that was
calibrated from the NSM CFRP-concrete specimens under sustained loading. The strength
reduction coefficient did not affect specimens under 15% the ultimate load because in these
cases the bond shear stress at the loaded end did not reach the bond shear strength. Figure 8.6
presents the degradation model of the bond-slip law assumed in paper B, together with the

equations of the evolution of stiffness (Ke) and bond shear strength ( zmax) with time (t).
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Figure 8.6: Degradation of the bond-slip law under sustained loading with time.

The parameter 8 is a coefficient affecting the bond strength. In this paper, it was
experimentally adjusted to a mean value of 0.45. On the other hand, an increasing relationship
between the parameter a and the average bond stress normalized with the bond shear strength
was defined and calibrated to experimental results in each situation. Numerical and
experimental results were compared in terms of evolution of slip at the loaded end with time.
Figure 8.7 shows the comparison of the evolution of slip numerically and experimentally

obtained.
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Figure 8.7: Comparison of the experimental and numerical evolutions of slip for (a)

specimens with 10 mm groove thickness and (b) specimens with 7.5 mm groove thickness.

A close agreement between the numerical and experimental results was observed. However,
the numerical model was adjusted for the selected range of parameters, therefore, there is a
need to expand the number of test and study variables to further investigate this topic.

To sum up, this paper presented a numerical methodology that can predict the NSM CFRP-
concrete response under sustained loading and room conditions. This methodology is its highly
adaptable to many test configurations and environmental conditions. Furthermore, an
experimental programme on sustained loading tensile tests and pull-out single-shear specimens
at room temperature has been presented. From this study it has been seen that the sustained
tensile tests of adhesive specimens provide a good prediction on the reduction of the stiffness

of the bond-slip law of the FRP-concrete joint with time.

8.3 Adhesive specimens under the combination of sustained

loading and service temperatures

It is well-known that the adhesive is the most sensitive material of the bonded joint to service
conditions. The combination of sustained loading and service temperatures near the glass
transition temperature of the adhesive can cause a dramatic decrease on the thermomechanical
properties of the material, which can directly affect the carrying capacity of the structure.

Paper C aimed to experimentally study the effect of steady and cyclic service temperatures
on the evolution of the axial strain of adhesive dog-bone specimens. In total, five experimental

series consisting of sustained tensile loading tests were performed under three load levels (15%,
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30% and 50% the tensile strength) for 1000 hours in a climatic chamber. The first experimental
series was previously presented in paper B, and in this paper the results are compared with the
other experimental series. Furthermore, to study the effect of service conditions on the residual
behaviour of adhesive specimens, Differential Scanning Calorimetry (DSC) and monotonic
tensile tests until failure were carried out after sustained loading tests.

In series C1 and C2, specimens were submitted under steady service temperatures of 20 °C
and 40 °C, while in series C3-A, C3-B and C4, temperature cycles of 18-38 °C, 22-43 °C and 20-40
°C were applied to the specimens, respectively.

Figure 8.8 presents the evolution of strain with time for all the experimental series. From the
strain evolution, a primary stage with a high non-linear increase of strain and a second stage

with a more linear evolution of strain were observed. As expected, as the sustained load level

increased, the time-dependent strain increased as well.
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Figure 8.8: Increase of strain with time in series (a) C1, (b) C2, (c) C3-A, (d) C3-B and (e) CA4.

Service temperature had a noticeable effect on the evolution of axial strain with time: the
higher average temperature was, the higher the time-dependent strain was obtained.

Moreover, only specimens from series with lower service temperatures (series C1 and C3-A
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under 20 °C and 18-38 °C, respectively) were able to withstand 50% the tensile strength, while
in the other series, with temperatures closer to the Ty, specimens at this sustained load level
failed after some hours of loading. This was probably because the combination of sustained
loading and high service temperatures caused a high increase of time-dependent strain which
could not be withstood by the adhesive.

From the creep compliance curves showed in paper B, it was observed that in series C1 (20
°C) specimens presented a linear viscoelastic stage under sustained loading levels up to 30% the
tensile strength. In the experimental series C2, it was observed that the linear viscoelastic
behaviour could be assumed for sustained loading levels between 5% and 15% the tensile
strength. Therefore, it was concluded that as the temperature in the epoxy increased, the upper
limit of the linear viscoelastic behaviour decreased.

Focussing on the study of temperature cycles, it was observed that the adhesive specimens
experienced strain oscillations with the thermal cycles. However, the amplitude of these
oscillations was not significant in comparison with the total evolution of strain with time. These
strain oscillations were higher as the sustained load level was higher, and a general decrease of
the amplitude of strain was observed with time.

The time-dependent strain obtained in specimens from C3-B series (under temperature
cycles) was higher than expected, considering that the average temperature of the thermal cycle
was lower in comparison with temperature from series C2. The fact that the maximum
temperature in series C3-B (43 °C) was higher than the temperature un series C2 (40 °C) might
have caused more molecular motions in the specimens which damaged more the specimen.

Specimens without preconditioning (C4 series) presented a very high increase of strain during
the first thermal cycles. Moreover, the lack of preconditioning caused the failure of all
specimens under 30% and 50% the tensile strength after few hours of loading.

After the sustained loading tests, epoxy specimens that did not fail were tested under
monotonic tensile tests, and a DSC tests were performed to study their residual mechanical and
thermophysical properties, respectively.

From the tensile tests, a decrease on the tensile strength and elastic modulus were generally
observed with respect to the instantaneous characterization before sustained loading.
Furthermore, it was observed that as the sustained load level increased, the mechanical

properties reduced.
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In comparison with series C1, specimens from series C2 obtained slightly higher tensile
strengths attributed to the post-curing effect that took place at high service temperature.

Regarding the series with temperature cycles, specimens from series C3-A obtained a tensile
strength and elastic modulus that ranged between that of series C1 and C2, probably because
the average temperature of the thermal cycle also ranged between the temperatures in C1 and
C2. On the other hand, specimens from C3-B obtained similar results as the specimens in C2
even though the average temperature of the thermal cycle was lower than the temperature in
C2. The maximum temperature of the thermal cycle caused a post-curing effect on the adhesive
specimens, increasing their tensile strength. Finally, from the comparison of specimens from C4,
a substantial decrease on the mechanical properties due to the lack of preconditioning was
observed.

From the DSC tests carried out after sustained loading tests, the curing degree (a) and the T,
were obtained for each specimen tested. The values of Ty and a increased after sustained
loading tests, indicating a post-curing effect developed during loading. Specimens that were
subjected to thermal cycles obtained higher increases of Ty than specimens under steady
temperatures. As the average temperature increased, Ty increased as well, which was attributed
to a higher post-curing creating more cross-links between the molecules of the adhesive.

This study has shown that the creep response of this epoxy adhesive specimens is strongly
affected by environmental conditions and sustained loading. The higher the sustained load
levels and average temperatures are applied to the adhesive specimens, the higher the strain
with time is obtained. Moreover, this study has highlighted the importance of the
preconditioning period before loading.

Finally, this investigation has proved that the thermomechanical properties of the adhesive
are highly affected by service conditions, which is especially important to correctly design FRP

strengthening systems.
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8.4 NSM CFRP-concrete bond response under the combination of

sustained loading and service temperatures.

The mechanical properties of epoxy adhesives dramatically decrease once the temperature
approaches the Ty of the material. For exposure temperatures lower than Ty, the decrease of
the adhesive’s mechanical properties can be really significant (investigated in Paper C) and it
results necessary to investigate how is this affecting the global behaviour of the NSM CFRP-
concrete joint.

The objective of Paper D was to investigate the bond response of the NSM CFRP-concrete
joint under service sustained load levels (15% and 30% the ultimate load) and different service
temperatures below the Ty (steady and cyclic temperatures) for 1000 hours from an
experimental point of view. Moreover, instantaneous Post-Sustained-Loading tests (PSL) were
carried out after each series to evaluate the change on the instantaneous response. The first
experimental series under sustained loading was previously presented and discussed in paper
B, in this paper, the comparison with other experimental series will be performed.

Since the experimental programme of NSM CFRP-concrete specimens under sustained
loading was performed simultaneously with the sustained tensile tests of adhesive specimens,
five experimental series were carried out in total. Figure 8.9 shows the objective temperature
(red curves), the temperature on the specimens’ surface (blue curves) and temperature inside

the groove (black curves) for each experimental series.
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The temperature on the specimens’ surface was slightly lower than the objective
temperature due to thermal inertia effects. Furthermore, in the series with thermal cycles, the
temperature inside the NSM was lower than the surface’s temperature, but in series under

steady temperatures, this difference of temperature was not significant.

Figure 8.10 depicts, for each experimental series, the evolution of slip at the loaded end for

all the specimen’s configurations.
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Figure 8.10: Slip at the loaded end obtained in series (a) S1, (b) S2, (c) S3-A, (d) S3-B and (e)
S4.

As a general trend, NSM CFRP-concrete joints at the higher environmental temperatures
obtained the higher slips at the loaded. NSM CFRP-concrete specimens under cyclic
temperatures experienced slip oscillations with time caused by the thermal expansion of the
materials. These slip oscillations were relatively high in comparison with the increase of slip with
time, as observed in the tensile sustained loading tests of adhesive specimens (paper C).

From the comparison of specimens loaded at 15% and 30% the ultimate load in series S1, it
could be seen that the slip was proportional to the load applied, indicating that the creep
behaviour did not depend on the sustained load level, therefore, they presented a linear
viscoelastic behaviour.
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In all the experimental series, specimens with different bonded lengths and a sustained
loading level of 15% ultimate load obtained similar slips. This could be caused because
specimens at this load level experienced a linear viscoelastic behaviour. From the creep
compliance curves of obtained from the tensile sustained loading tests of adhesive specimens
(paper C), it was observed that in experimental series S2 (or C2 in paper C) the linear viscoelastic
behaviour could be considered until a sustained load level of 15% ultimate load.

Overall, specimens with different groove thickness obtained a similar slip evolution, however,
in series S2, specimens with a groove thickness of 10 mm obtained higher slips those with a
groove thickness of 7.5 mm. Furthermore, the slip differences were higher as the sustained load
level increased as well. Therefore, as the load level and the ambient temperature increased,
higher differences of slip were observed and temperature had more effect on specimens with
thicker layers of adhesive.

Experimental series under cyclic temperatures (S3-A, S3-B and S4) obtained increases of slip
ranging between the results obtained in experimental series S1 and S2. This was attributed to

the fact that the average temperature in the temperature cycles laid between 20 °C and 40 °C.

The effect of the preconditioning stage was studied through the experimental series S4. In
this experimental series, a very high increase of slip was observed when the sustained load was
applied and thermal cycles were applied. On the other hand, experimental series which were

submitted under a preconditioning stage obtained a much lower increase of slip with time.

With the objective to study the residual behaviour of the NSM CFRP-concrete joint,
monotonic instantaneous tests until failure were carried out under pull-out single shear
configuration after 1000 hours of sustained loading. Figure 8.11 shows the load-slip curves
obtained from the Post-Sustained-Loading (PSL) test for the specimen PSL-225-10-30 in each

experimental series.
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Figure 8.11: Comparison between the instantaneous behaviour and the post-SL

behaviour of the specimen PSL-225-10-30 in series (a) S1, (b) S2, (c) S3-B and (d) S4.

Comparing the load-slip curves obtained in the PSL tests and the curves obtained from the
instantaneous characterization, a significant decrease on the stiffness could be observed in the
linear ascending stage. As both the average service temperature and the sustained load
increased, the reduction of stiffness increased as well, as expected. Moreover, it was observed
that when the load in the PSL test surpassed the sustained load level, the stiffness recovered
because this part of the bonded joint was not damaged during the sustained loading test.

In the PSL tests of series C1 and C4, similar ultimate loads to the instantaneous
characterization values were obtained. This was attributed to the fact that the average
temperature of the cycle (25.6 "C) was similar to the temperature in C1 (20 °C). On the other
hand, specimens from series C2 and C3-B experienced an average decrease on the ultimate load
of 6.3% and 8.0%, respectively. This indicates that the damage induced by the combination of
sustained loading and high service temperature lead to a small decrease on the ultimate

capacity of the bonded joint.

177



Regarding the failure mode, no change was observed in the PSL tests in comparison with the
instantaneous characterization. Specimens with a groove with of 7.5 mm obtained a cohesive
failure in the concrete, while specimens with a groove thickness of 10 mm obtained the failure
in the FRP-adhesive interface.

This paper has proved the importance of the study of the creep behaviour of NSM CFRP-
concrete joints. It has been proved that sustained loading has an important effect on the service
response of the bonded joint in terms of increase of slip with time.

Furthermore, this study evidenced the effect of service conditions on the instantaneous
response of NSM CFRP-concrete specimens. From the PSL tests, it could be observed that the
monotonic behaviour is significantly affected, especially in terms of stiffness, being higher as

higher temperatures and sustained load levels were applied.

8.5 Concluding remarks

In this sub-section, the main contributions from the previous four sections are presented and
further compared.

The instantaneous behaviour of the NSM CFRP-concrete bonded joint can be adequately
predicted by the numerical methodology presented in Chapter 4. This methodology was
extended to the time-dependent behaviour of the joint through a degradation model of the
bond-slip law (Chapter 5). The creep behaviour of the adhesive was considered the main agent
of the damaging model. Results between numerical and experimental data showed good
agreement, although the model should be further calibrated with more experimental results, so
as to validate the proposed equation.

Comparing the experimental results of the combination of sustained loading and
environmental conditions (Chapter 4.3 and Chapter 4.4), similarities in the shape of the strain
evolution (epoxy specimens) and slip evolution (NSM specimens) could be observed: a primary
stage with a high non-linear increase of slip or strain was observed, followed by a secondary
stage where the increase became more linear. However, it might seem that adhesives were
slightly more affected by environmental conditions than bonded joints. For instance, in the
experimental series S4/C4, adhesive specimens loaded at 30% tensile strength failed after some

ours of loading, while the NSM CFRP-concrete specimens did not fail after 1000 hours of loading.
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This could be probably attributed to a more aggressive exposure to thermal conditions in the
case of the adhesive rather than in the NSM joint.

The application of temperature cycles has been proved to have a noticeable effect on the
response of adhesive and NSM CFRP-concrete specimens. Significant strain and slip oscillations
were observed with time in adhesive and NSM CFRP-concrete specimens, respectively. In both
cases, for temperature cycles with an average temperature of 26.9 °C, the slip and strain
evolutions obtained from the experimental series under thermal cycles laid between the cases
from the experimental series under steady temperatures (20 °C and 40 °C). However, for cyclic
temperatures with a higher average temperature (32.5 °C), the strain evolution in the adhesive
specimens was similar to the specimens under 40 °C, while NSM CFRP-concrete specimens
experienced an increase of slip between the experimental series under steady temperatures.

Finally, regarding the residual capacity of the specimens after the exposure to high service
temperatures and sustained loading, adhesive and NSM CFRP-concrete specimens experienced
an overall decrease on the mechanical properties (tensile strength and elastic modulus for the
adhesive, and ultimate load and stiffness for the NSM CFRP-concrete specimen). This means
that there is a direct relationship between the adhesive strength and the carrying capacity of
the bonded joint, therefore, the study of the effect of service conditions on adhesive and NSM

CFRP-concrete specimens is complementary.
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PART IV: Concluding remarks and

future works
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9 Conclusions

During the last decades, NSM strengthening systems using FRP materials have emerged as an
excellent solution to strengthen RC structures and enhance their structural capacity. In
comparison with other strengthening techniques, NSM technique presents some advantages
such as a better anchorage capacity and better protection against environmental conditions. A
number of studies have been focused on the analysis of the instantaneous capacity of the NSM
FRP-concrete bonded joints, however, these joints need to be designed for long-term conditions
considering, in addition to sustained loading, environmental conditions such as temperature
(steady increments/decrements of temperature and/or thermal cycles).

The main objective of the thesis was to study the time-dependent bond behaviour of
concrete elements strengthened with CFRP using the NSM technique, under different
environmental conditions (steady and cyclic temperatures), from an experimental and
numerical point of view.

Instantaneous bond tests were performed to evaluate the effects of several parameters on
the load-slip behaviour and mode of failure. The main studying parameters were the bonded
length and groove thickness. From the obtained experimental results, a numerical model was
implemented to reproduce the bond behaviour of the NSM CFRP-concrete joint, which is an
essential requirement to consider in design methods.

To study the time-dependent behaviour of the adhesive and NSM CFRP-concrete specimens,
sustained loading tests at different service temperatures were performed. Five experimental
series were performed at different steady and cyclic temperatures combining two service
sustained load levels. These tests were carried out inside a climatic chamber for 1000 hours,
and afterwards, an instantaneous test was performed to study the residual capacity of the
specimens.

Finally, the numerical methodology developed to calculate the instantaneous behaviour of
NSM CFRP-concrete joints was used to implement a degradation model of the bond-slip law. In
this way, the time-dependent behaviour of the bonded joints could be predicted with time and

compared with the experimental data.
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9.1 Numerical model and experimental validation of the

instantaneous bond behaviour of NSM CFRP-concrete joints

The instantaneous behaviour of the NSM CFRP-concrete joints was studied from a numerical
and experimental point of view in paper A. From comparison between the results of different
local bond-slip models, it was concluded that:

- Models not including a friction stage achieved a maximum load in the load-slip curve, while
models including a friction stage did not attain a stabilization of the maximum load.

- Models with non-linear ascending branch showed a stiffener initial load-slip response,
although the effect on the maximum load was negligible.

From comparison with experimental results, it was observed that:

- Aclose agreement between the numerical and the experimental results in terms of load-
slip curves were obtained for all the specimens’ configurations.

- The groove thickness could determine whether the failure will be in the FRP-adhesive
interface, with the presence of a friction stage (10 mm groove thickness specimens), or in
the concrete layer, in a sudden manner (7.5 mm groove thickness specimens).

From the parametric study, it was observed that that as the bond shear strength increases, the

ultimate load of the bonded joint increases as well, and the effective bonded length decreases.

9.2 Experimental time-dependent behaviour of the adhesive

The response of NSM CFRP-concrete joints under the combination of sustained loading and
environmental conditions was experimentally studied in papers B and D. The main conclusions
are presented below:

- Service conditions, especially ambient temperature, have been proved to have damaging
effect on the performance of NSM CFRP-concrete bonded joints with time.

- Adhesives under a sustained loading level up to 30% and at room conditions, experiment
a linear viscoelastic behaviour, while specimens at 40 °C, only specimens until 15%
experiment a linear viscoelastic behaviour.

- Eventhough the studied range of temperatures are below the glass transition temperature
of the adhesive, noticeable increases of strain are measured with time.

- Significant strain oscillations are observed in specimens under cyclic temperatures.
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Specimens under the highest thermal cycles are more affected than specimens at 40 °C,
even though the average temperature of the thermal cycle is lower.

The preconditioning of the adhesive specimens to the environmental conditions before
loading is crucial. The lack of it will cause major increases of strain during the initial hours
after loading, and in some cases, leading to creep failure.

An increase on the Ty and the @, and a reduction of the tensile strength and the elastic

modulus are observed after sustained loading tests.

9.3 Experimental time-dependent behaviour of NSM CFRP-

concrete joints

The response of NSM CFRP-concrete joints under the combination of sustained loading and

environmental conditions was experimentally studied in papers B and D. The main conclusions

are presented below:

As expected, as the sustained load level and the temperature increased, the evolution of
slip increased as well.

For the temperature range and load levels considered in this study, the creep behaviour of
the bonded joint was more affected by the temperature than the sustained loading level.
Similar evolutions of slips at the loaded end were observed for all specimens under 15% of
Py, regardless of the bonded length.

Slightly higher slips were obtained in specimens with narrower grooves at 20 °C, although
at 40 °C, specimens with wider grooves experience the highest slips, which might be caused
by the fact that more adhesive was in contact with the ambient temperature.

Cyclic temperatures highly affected the creep response of the bonded joint. The level of
effect was mainly determined by the average temperature of the thermal cycle.

The lack of a preconditioning stage caused high increases of slip during the initial hours.
After sustained loading, NSM CFRP-concrete specimens experienced a decrease on the
stiffness of the monotonic load-slip, being higher as the sustained load level and the
temperature were higher. On the other hand, they seemed not to be affected in terms of

carrying capacity and failure mode.
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9.4 Numerical prediction of time-dependent behaviour of NSM

CFRP-concrete response

The numerical procedure developed in this thesis was proved to give accurate predictions on

the time-dependent performance of NSM CFRP-concrete specimens. The main conclusions were

presented in paper B, and they can be summarized as follows:

The numerical procedure correctly predicted the evolution of slip measured in the
experimental series carried out in this thesis. Additionally, the model was validated with
existing results in the literature, providing accurate results in all the cases.

The calibration of the creep coefficient with the tensile sustained loading tests of adhesive
specimens seemed to give a good prediction on the damage model of the bond-slip law
with time.

The strength reduction factor could be adjusted using a power function and calibrated with
the experimental results of the NSM CFRP-concrete specimens under sustained loading
and room conditions.

This numerical methodology can be a good strategy to easily predict the behaviour of NSM
CFRP-concrete joints due to the ease of implementation and the adaptability to any test

configuration and bond-slip law.
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10 Future works

Based on the findings of this work, several suggestions for future investigations are drawn.

- Tostudy the effect of the combination of cyclic temperature in combination with different
humidity levels (inside a climatic chamber and outdoor exposition) and to develop further
studies under real-life environmental conditions.

- Tofurtherinvestigate the tensile behaviour of the adhesive under different environmental
conditions to understand how temperature and humidity can modify the limits of its linear
viscoelastic behaviour. Furthermore, this work could be expanded to different types of
adhesives (e.g. cementitious adhesives), test configurations and test durations.

- Toinvestigate the effects of the environmental conditions and sustained loading in NSM
strengthening systems using other FRP materials (such as GFRP), other shapes (squared or
round), and other types of adhesives (with other mechanical and physical properties).

- To study the applicability of the numerical procedure developed in this thesis to take into
account the effects of steady and cyclic temperature.

- The numerical methodology could also be adapted to calculate the response of NSM CFRP-
concrete specimens under a non-linear viscoelastic behaviour. This would allow to
extrapolate the applicability of the numerical model to predict the bond behaviour under
many other testing conditions, such as high temperatures, humidity levels and water

immersion.
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