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Preface Vv

Preface

Fiber-reinforced polymers (FRP) are more and more commonly employed
for structural strengthening existing structures of both reinforced concrete
(RC) and masonry. Since FRP are externally bonded on a concrete or masonry
substrate, the issue of adhesion on those materials generally controls the
effectiveness of strengthening in members stressed either in bending or shear.

Understanding the behaviour of FRP-to-concrete joints tested under pull-
out actions is of paramount importance for describing the key mechanical
properties of the adhesive interface between FRP and concrete, which plays a
key role in the possible debonding failure of externally strengthened beams.

With this aim the present dissertation deals with the theoretical models and
the experimental results related to the behaviour of the FRP-to-concrete
adhesive interface. It consists of eight chapters:

The first chapter introduces the topic of the use of fiber-reinforced polymer
(FRP) for the design and the construction of Externally Bonded FRP Systems
for Strengthening Existing Structures. Particular attention is paid to the issue of
the adhesion of external FRP reinforcement applied to concrete elements. A
brief state of the art referring to national and international literature is also
reported. The aims and the outline of this doctoral thesis are clarified.

In the second chapter an analytical model will be firstly presented for
determining both shear and normal stresses throughout the adhesive interface
in the linear range. The main parameters that govern the phenomenon of
adhesion will be analyzed. The nonlinear behaviour of the FRP-to-concrete
interface will be also addressed by discussing the ultimate bearing capacity of
FRP laminates bonded on concrete members.
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The third chapter presents the experimental program that was conducted to
compare the interface behavior, under monotonic and cyclic actions, of two main
types of commercial external FRP reinforcement, namely sheets and plates. In
particular, the set-up designed to perform the 58 bond tests is accurately described
and the main results obtained, with particular reference to the strains recorded on
each reinforcement during the test, are reported and discussed.

The fourth chapter presents two alternative methods of identification of
interface laws defined respectively direct method (DirIM) and indirect method
(IndIM). The comparison between the bilinear bond laws obtained by both
methods showed the greater effectiveness of IndIM method than the DirIM
one. Moreover, an extensive interpretation of the experimental readings made
by the method IndIM allowed to obtain useful results to define a proposal for
updating the instructions CNR-DT200/2004.

The fifth chapter describes the intermediate debonding phenomenon, due
to the detachment of the reinforcement between the cracks in the concrete
member. The main contributions from the national and international literature,
related to both the theoretical interpretative models and the results of tests
performed on full-scale member, are collected. A comparison between
theoretical and experimental results highlights that it is necessary to continue
with further investigations on the geometric and mechanical parameters
governing the phenomenon, and, at the same time, to validate the design
formulas currently in use on the basis of the latest experimental results.

In the sixth chapter a statistical procedure for the Calibration of resistance models
from experimental data, in accordance with the guidelines provided in Eurocode 0 is
presented. The procedure has been implemented on the basis of the results of the
bond tests carried out and analyzed in the third and fourth chapters, and based on the
results of tests on full-scale members found in literature and discussed in the fifth
chapter. The application of the procedure allowed a proposal for updating the design
formulae provided in the Instructions CNR-DT200 (2004) to be formulated.

In the seventh chapter, the results obtained by applying the IndIM
procedure to obtain simplified bond laws and the statistical procedure
calibrating the bond strength relationships were summarized and integrated, in
order to prepare an updating proposal for instructions CNR-DT200 (2004).

In the eighth chapter the conclusions of the dissertation were summarized
as well as the expected future developments downstream of the activity.
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Chapter 1 - Introduction

The job of the engineer is to design a durable and economical construction,
which, once erected, however begins to deteriorate under environmental and
user influences. At times the deterioration is excessive due to human mistakes
at the designing stage or execution errors during construction. After a certain
time, the construction will not be able anymore to fulfil its function. To
enlarge the lifetime of a construction, maintenance, repair and retrofitting, and
sometimes more structural interventions and strengthening are required.

For these purposes, several different techniques, some deduced from
practical experience, some based on scientific research, were developed. One
of these techniques is the externally bonding of reinforcements, which is a
versatile and reversible technique based on the principles of minimize
resource consumption.

The basic principle of externally bonded reinforcement is very simple.
Additional reinforcement, in most cases for carrying tensile forces, is added to
the structure by bonding it onto the structures elements. Several material
families can be used: not only classical steel plates, but also new high grade
Fibre Reinforced Polymers (FRP). These materials consist of fibres embedded
in a resin matrix. Different fibre types can be used, but most commonly
carbon, glass or basalt are applied. The corresponding composites are
indicated as CFRP, GFRP or BFRP.

This chapter introduces a brief state of the art on the use of FRP for the
design and the construction of Externally Bonded FRP Systems for
strengthening existing structures.
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1.1 GENERAL REMARKS

In this section the causes leading to strengthening intervention on structures
are catalogued, some research activities on composites materials are briefly
mentioned and the main codes available for the strengthening techniques with
FRP are recalled. Furthermore, the main strengthening systems and
interventions are classified. Finally interesting applications of externally
bonded FRP for seismic retrofit is cited.

1.1.1 The causes of strengthening interventions

Three main groups of causes may lead to the use of externally bonded
reinforcement:
— users,
— constructors
— environmental conditions and disasters.

The increase of the bearing capacity or the change in utilization are typical
examples of causes induced by the users (e.g. increase in traffic load and
volume on bridges, changing in usage of buildings, etc). Also bad
maintenance or protection by the user often lead to additional repairing works,
which might be done by externally bonded reinforcement.

The second group of causes is linked with mistakes or faults by the
constructors. As examples can be given lacks in: structural design and details;
execution methods and workmanship; soil investigation and foundation;
quality of the used materials.

The third group of causes contains the damage introduced by aggressive
environmental conditions (e.g. severe corrosion) or disasters. (e.g. damage due
to fire, explosions and earthquakes).

Externally bonded reinforcement can be used for strengthening, repairing
and stiffening and all types of structures can be treated: evidently concrete
structures, but also masonry and wooden structures. However, up to now,
mainly concrete structures have been dealt with. A lot of scientific research
has already been done in that area, combined with practical experience
gathered from worldwide applications.
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1.1.2 Research activities composite materials

The use of composite materials for structural strengthening of civil
structures and infrastructures began with some pioneering application at the
middle of the ‘80s (Meier, 1987) of the past century.

Plenty of experimental work and theoretical investigations have been
carried out in the following years with the aim of demonstrating the feasibility
of strengthening civil structures by means of composite materials (Swamy et
al., 1987; Meier, 1995). However, composite materials were already widely
used in other fields of structural engineering, such as aerospace (Hart-Smith,
1973), aeronautics and, later, and automotive. Thus, the initial research
activities about the possible use of composites in civil structures were not
mainly focused on the behavior of composites themselves. They were rather
intended at addressing two main issues regarding, on the one hand, the
different behavior of composites with respect to more traditional materials
(basically, steel) commonly used as a reinforcement in civil structures
(Arduini & Nanni, 1997; Naaman et al., 2001; Triantafillou et al., 2001) and,
on the other hand, the aspects related to the adhesive connection of the FRP
laminates to the concrete (or masonry) substrate (Téljsten, 1997; Neubauer &
Rostasy, 1997). Indeed, since FRP laminates are externally bonded on a
concrete or masonry substrate, the issue of adhesion on those materials
generally controls the effectiveness of strengthening in members stressed
either in bending or shear (Motavalli & Czaderski, 2007).

The main findings of the research activities carried out in the ‘90s have
been contributed to guidelines (ACI 440-2R-02, 2002 updated in 2008; fib
bulletin 14, 2001 in updating stage; CNR-DT200, 2004 in updating stage) for
designing FRP-based strengthening intervention of RC and masonry members.

1.1.3 FRP strengthening systems and interventions

The FRP systems suitable for external strengthening of structures may be
mainly classified as:
— Pre-cured systems, which are manufactured in various shapes, by
pultrusion or lamination. They are directly bonded to the structural
member to be strengthened.
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—  Wet lay-up systems which are manufactured with fibers lying in one or
more directions, as FRP sheets or fabrics. They are impregnated with
resin at the job site and simultaneously applied to the support.

This classification is significant for practical applications but also for some
aspects that will be analyzed and discussed in this Thesis. Therefore, two FRP
reinforcement systems will be briefly called plates and sheets respectively.

A stated above all kinds of elements can be strengthened: concrete beams,
concrete slabs, masonry walls (Velazquez et. al., 2000), wooden beams
(Triantafillou, 1998). Clearly, the designer must be aware of the specific
properties and characteristics of the materials involved.

As concerns the concrete reinforced (RC) structures, externally bonded
reinforcement can be mainly used for bending and shear strengthening of
beams and columns. Moreover very good results can be obtained for the
confinement of the columns.

From the seismic standpoint, the driving principles of the FRP intervention
strategies should be to increase the strength and the ductility of the structure,
keeping in mind that stiffness irregularities cannot be solved by applying FRP.

The FRP strengthening may be regarded as a selective intervention
technique that could allow:

— increasing the flexural capacity of deficient members, with and
without axial load, through the application of composites with the
fibers placed parallel to the element axis;

— increasing the shear strength through the application of composites
with the fibers placed transversely to the element axis;

— increasing the ductility (or the chord rotation capacity) of critical
zones of beams and columns through FRP wrapping (confinement);

— 1improving the efficiency of lap splice zones, through FRP
wrapping;

— preventing buckling of longitudinal rebars under compression
through FRP wrapping;

— increasing the tensile strength of the panels of partially confined
beam-column joints through the application of composites with the
fibers placed along the principal tensile stresses.

In the following applications of externally bonded FRP for seismic retrofit
are briefly cited.
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1.1.4 Seismic retrofit

An important field of application of externally bonded CFRP is the seismic
retrofit of concrete columns and piles. After the great Hanshin-Awaji
Earthquake in January 1995 in the region of Kobe, Japan, the use of CFRP
laminates for seismic upgrading of existing structures noticeably increased.
Many buildings and structures were destroyed by the strong earthquake due to
a lack of ductility and shear capacity in the horizontal direction. The
magnitude of the earthquake and the extent of the damage was much heavier
than foreseen in the Japanese standards at that moment, which made the
engineers aware of the need of seismic retrofitting of existing similar
structures. Attention was focused on the improvement of the shear capacity
and the ductility of columns and piers (Katsumata et. al., 1998; Horii et. al.,
1998). Also in other earthquake sensitive regions, e.g. California, USA,
research is going on (Chaallal & Shahawy, 2000; Emmons et. al., 1998a,
1998Db).

By wrapping CFRP sheets around columns and piers, the ductility and the
shear capacity of the system can be increased significantly (Mutsuyoshi et. al.,
1999; Saadatmanesh et. al., 1996; Saadatmanesh et. al., 1997a). Especially
circular cross sections can easily be wrapped with the flexible CFRP sheets,
but with the appropriate preparation, i.e. rounding of the corners, also
rectangular cross sections can be treated. The great advantage of the system is
the fact that the strengthening works can be done while the structure or the
building remains in operation and that only minor changes to the geometry are
required.

Similar strengthening interventions were recently performed in L’Aquila
(Italy), after the fatal earthquake occurred in April 2009. In particular, such
interventions (see www.reluis.it) were performed on RC structures in order to
increase the shear resistance of the ends of beams and columns as well as the
ductility of the beam-column node where the greatest requirements of ductility
occur due to combined compression and flexure. Some schemes of the
strengthening intervention are reported in Figure 1.1 and an example is
showed in Figure 1.2.
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- L
.

(a) Wrap diagonally with unidirectional (b) Biaxial carbon fiber sheet centered on
sheets on corner node the face of the corner node

P

(c) Confinement of the column in a corner (d) Shear reinforcement in U shape at the
node end of the beams in the corner node

Figure 1.1 - FRP strengthening interventions for seismic retrofit (www.reluis.it)
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Figure 1.2 - FRP strengthening intervention for a beam column node
(Picture by courtesy of M. Di Ludovico)
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1.2 THE DEBONDING MECHANISMS

When strengthening reinforced concrete members with FRP composites,
the role of bond between concrete and FRP is of great relevance due to the
brittleness of the failure mechanism by debonding (loss of adhesion).
According to the capacity design criterion, such a failure mechanism shall not
precede flexural or shear failure of the strengthened member.

The loss of adhesion between FRP and concrete may concern both
laminates or sheets applied to reinforced concrete beams as flexural and/or
shear strengthening. As shown in Figure 1.3, debonding may take place within
the adhesive, between concrete and adhesive, in the concrete itself, or within
the FRP reinforcement (e.g. at the inteface between two adjacent layers
bonded each other) with different fiber inclination angles. When proper
installation is performed, because the adhesive strength is typically much
higher than the concrete tensile strength, debonding always takes place within
the concrete itself with the removal of a layer of material, whose thickness
may range from few millimeters to the whole concrete cover.

Debondin 7 J
in the cungrete f / // / Cl:lncreha
Debonding between / / /
concrete and adhesive . 4___, Ldhesive
Debonding

Debonding in
the reinforcement

Figure 1.3 - Debonding between FRP and concrete (CNR-DT200/2004).

1.2.1 The debonding failure mode

Bonding between FRP laminates and concrete emerged as a cutting-edge
issue from the first decade of research activities on composite materials for
civil structures. In particular, several failure modes due to loss of adhesion
between the externally bonded FRP element and the concrete substrate have
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been observed experimentally and recognized as specific features of this kind
of members (Meier, 1995; Bonacci, 1996).

As a matter of principle, the following seven failure modes have been
defined in the scientific literature (Teng et al., 2002):

a) flexural failure by FRP rupture;

b) flexural failure by crushing of compressive concrete;

¢) shear failure;

d) concrete cover separation;

e) plate end interfacial debonding;

f) intermediate flexural crack induced interfacial debonding;

g) intermediate flexural-shear crack induced interfacial debonding.

The last three failure modes are actually related to debonding failure of the
FRP laminate from the concrete substrate. Local failure possibly induced by
irregularities in the substrate surface can be also observed. Figure 1.4
represents those failure modes pointing their typical position throughout the
FRP-to-composite adhesive interface.

S S T T T T S S SN S N T SR N

YA WS/ VIS WA\ W N\ W

= o == = — %\: — =
| | /

A "
‘I
,‘
S | o
End deb(;ndmg Intermediate Debonding iIldHCG_d Shear crack-induced
debonding by a local irregularity debonding

Figure 1.4 - Possible debonding failure modes in RC beams externally strengthened by FRP
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1.3 RESEARCH ACTIVITIES ON BOND

In this section some analytical studies on bond laws and theoretical bond
strength models are recalled. Some experimental works are also cited.

These three issues represent the main topics examined and discussed in this
Thesis. Thus, additional details are reported within each chapter of the Thesis,
specific to the corresponding topic, in order to better contextualize the
contents of the research activities studied and analyzed.

1.3.1 Analytical studies on bond laws

Analytical studies have been carried out for determining the actual
distribution of stresses throughout the adhesive interface. In particular, well-
established elastic models, already used within the framework of structural
mechanics, have been proposed as simplified practical methods for
determining both shear and normal (peeling) stresses at the FRP-to-concrete
interface (Roberts, 1989; Malek et al., 1998; Rabinovich & Frostig, 2000).
However, those simplified methods were generally based on the assumption of
an elastic behaviour of the above mentioned interface. Although this
assumption can be considered under service loads, it cannot be generally
accepted for the load values close to the onset of debonding. Micro-cracking
phenomena develop as the levels of the interface stresses cannot be resisted by
concrete, resulting in a highly nonlinear behaviour for the FRP-to-concrete
interface which can be modelled by means of several possible relationships
between interface stresses and displacements (Lu et al, 2005). Consequently,
more advanced numerical models have been also proposed for simulating the
actual distribution of stresses looking after the various fracture phenomena
developing in concrete beneath the adhesive interface (Rabinovich & Frostig,
2000; Faella et al., 2008a).

1.3.2 Theoretical bond strength models

More recently, several models have been proposed in the scientific
literature for predicting the strength of beams against both plate end
debonding and intermediate-debonding (Smith & Teng, 2001; Teng et al.,
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2003). They generally derive by mechanical observations carried out on the
behaviour of FRP laminates glued on concrete blocks (Téljsten, 1996) and
tested in pullout with the aim of measuring some relevant quantities like the
ultimate strength at debonding and the axial strain distribution throughout the
FRP bonded length (Chajes et al., 1996).

1.3.3 Experimental results analysis and understanding

Understanding the behaviour of FRP-to-concrete joints tested under pull-
out actions is of paramount importance for describing the key mechanical
properties of the adhesive interface between FRP and concrete, which plays a
key role in the possible debonding failure of externally strengthened beams.
Thus, advanced testing and monitoring techniques have been also used for a
deeper investigation of the behaviour of those joints (Czaderski et al., 2010).
The experimental results obtained by the mentioned pull-out tests can be
considered for identifying the non-linear relationships connecting interface
stresses and displacements (Faella et al., 2009a). In particular, a bilinear
elastic-softening relationship between the interface shear stress and the
corresponding displacements is often used for the FRP-to-concrete interface.
The elastic branch of that stress-strain relationship results from the elastic
behaviour of both the adhesive layer and the concrete substrate, mainly
stressed in shear. The slope of such an elastic branch (namely, the slip
modulus according to Lee et al, 1999) is generally much smaller than the
value corresponding to the ratio between the shear modulus of the resin and its
thickness, as it would be determined by assuming a fully stiff behaviour of the
concrete block (Faella et al., 2002c).

A closed-form analytical solution has been derived in Faella et al. (2002c)
for the distribution of both shear stresses and relative slips in FRP-to-concrete
joints with a bilinear adhesive interface. Further advances have been proposed
by Lu et al. (2005), while the influence of different assumptions on the shape
of the stress-slip relationship (i.e. bilinear, linearly softening, rigid-plastic, and
so on) is discussed in both Chen & Teng (2001b) and Wu et al. (2002).
However, the fracture energy Gg (Tiljsten, 1996) is the key parameter
characterizing any various shear-stress-interface-slip relationship. The
ultimate pull-out strength of the FRP-to-concrete joints is controlled by that
parameter as well as the axial stiffness of the plate and the bonding length. A
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limit value of the bonding length beyond which no further increases of the
ultimate pull-out force can be observed; it is generally referred as “transfer
length” (Bizindavyi & Neale, 1999). Some concepts of Fracture Mechanics
are more and more employed in modelling the overall behaviour of both FRP
laminates connected to concrete blocks (Yuan et al., 2007) and RC beams
externally strengthened by FRP (Rabinovitch & Frostig, 2001; Achintha &
Burgoygne, 2008; Faella et al. 2007a,b,c,d).
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Chapter 2 - Theoretical models

An analytical formulation for modelling the behaviour of the FRP-to-
concrete adhesive interfaces is presented and discussed in the present section.
The general analytical model will be firstly presented for determining both
shear and normal stresses throughout the adhesive interface in the linear
range. The main parameters that govern the phenomenon of adhesion will be
analyzed. The nonlinear behaviour of the FRP-to-concrete interface will be
also addressed by discussing the ultimate bearing capacity of FRP laminates
bonded on concrete members. The behaviour of FRP-to-concrete joints in the
linear range is examined in the first subsection. Then, the aspects more
directly related at the ultimate behaviour are addressed in the second one.

2.1 FORMULATION IN THE LINEAR RANGE

2.1.1 A general analytical model

A simplified model (Martinelli et al., 2011) is formulated in the present
section with the aim of simulating the behaviour of FRP plates bonded on
concrete and tested in pull-out, simulating how both the in-plane (namely,
“slip”) and out-of-plane displacement components develop throughout the
FRP length. It is based on the following assumptions:

- the FRP laminate is simulated as a Bernoulli beam;
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- the adhesive layer is modelled as a bi-dimensional elastic domain in plane
deformations.

The generalized forces N, V, M applied on the transverse section of the
laminate at the abscissa z and the interface stresses (shear t and normal o,
respectively) are represented in Figure 2.1. The following equilibrium
equations can be stated between those force and stress components:

Cé—jszfb.:o : (2.1)

av

Y byo, 2.2)

LZ—A:+¢].%—V:O | (23)
MV M+dM

I e

A

A A

Figure 2.1. - Forces on the segmental FRP laminate element

The parameters v, w and ¢ completely describe the displacement field of
the laminate and the following compatibility equations relate them to the axial
strain ¢ and the curvature y (Figure - 2.2):

g 2.4

dz ’ 24)
_do

/1/_ dZ ) (25)
dv

=- (2.6)

Z .
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Figure - 2.2. Displacements components of the segmental element

The interface slip s, namely the axial displacement at the bottom chord of
the laminate transverse section, can be also related to the displacement
components represented in Figure - 2.2:

ty
s:w+?¢) . 2.7)

Finally, the usual (generalized) stress-strain relationships can be introduced
for the laminate modelled as a Bernoulli beam:

N=EAe=Eb ¢, (2.8)
bt
M :Elfz:EfTZ , (29)

where EAr and El; are respectively the axial and flexural stiffnesses which
can be assumed for the laminate transverse section. Based on the second
assumptions reported at the beginning of this section, The following
equilibrium equations can be written for the infinitesimal 2D element of resin
within the adhesive layer (Figure 2.3):
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oo, 01,
—=+ =0
oy, Oz,

ar)/z aO-zz — 0

oy, 0Oz,

where y, and z, are the Cartesian coordinates of the infinitesimal areal

element of resin.

FRP laminate
Adhesive | H )

Figure 2.3. - General plane stress-state for an infinitesimal element of the adhesive layer

The corresponding strain measures can be expressed as functions of the

displacement field v,(ya,Za) € Wa(Ya,Za) Within the adhesive layer:

— 8‘}0
Syy - ay
ow,
gZZ =
0z,

T, o,

where y, and z, are the Cartesian coordinates of the infinitesimal areal
element of resin. Finally, the following elastic relationships can be stated

between stresses and strains:
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1
g}’y :E_ [O-yy _Va .Gzz}

1
822 :E_a.|:o-zz _Va 'O-yyj' (212)
y. = Zy =2-(1+va)-2fy

where E, and G, are the elastic properties of the adhesive layer. In this
formulation, it connects the FRP reinforcement to a stiff substrate representing
the concrete element. The upper bound of this layer is connected to that
reinforcement and some compatibility equations should be written for
introducing this physical constraint into the mathematical model. Thus, the
three equations (2.10)-(2.12) can be worked out for deriving a relationship
between the displacement components v,(0,z,) and wy(0,z,) and the
corresponding stress components Gy,(0,z,) and 14,(0,z,). A key assumption can
be introduced for simplifying the analytical expressions of the interface
stresses, considering a constant value of the shear stress throughout the
adhesive thickness (Rabinovich & Frostig, 2000):

r,=7,(2,)=1,(2), (2.13)

Consequently, the second one of the two equations in (2.10) leads to the
following simplification in terms of the normal stress in longitudinal direction:

oo,
0z

a

=0:>0'ZZ=fl(ya):>JZZ=O. (2.14)

The last implication derives by the assumption of zero axial stress on the
initial section of the layer adhesive.

Further simplifications can be introduced looking after the first equations in
(2.10) and introducing therein the stress-strain relationship and the
compatibility equation within the adhesive layer:
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d d
o, (vrz,)=-] dTZ” dy+g(z,)=- dea vo+ai(z.) (2.15)

and

O, \Ver2, 1 d z,
£ (ya,za)=¥— E dTZy +g1]g ). (2.16)

a a

The transverse component of the displacement field can be derived by
further integration:

1 dr g(z,)
d - dy =
v es,) = jg = I[ E, i7" E Jy
2.17
=v(z,)-p e de +g(z”)ya 47
E dz 2 E

a

and the value of the unknown function g; can be finally derived by
imposing zero value to the displacement at the bottom interface (y,=t,):

1 dr, 1} gl(za)
-0
v(z,)- L a2t 0 (2.18)
E, dr, t,
gl(za)Z—t -V(Za)+gg : (2.19)

Consequently, the following explicit expressions can be written for Gyy, €y

and v, described in (2.15), (2.16) and (2.17), by introducing the expression of
g1 given by equation (2.19):

dTa ta_zya v Za
£y (Vur2)=— ( E )— (t ) (2.20)

a
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dr, (t,-2y,\ E,
Uyy(yaaza):Ea-5yy(yaaza):—dz .(—2 j—zv(za), 2.21)
y dr, [t —y
= J1oZde |y e e Fa |y,
v, (¥.2,) v(Za)( ta} - ( T Jya (2.22)

Shear strain and stress can be related according to the following
relationship:

7,.(2,)= T”((;Z”) (2.23)

a

and, considering the compatibility equation involving shear strains, further
transformations can be carried out by introducing the compatibility equation
in (2.11):

ov, ow,
7, (2.)= o oy (2.24)

The first derivative of the longitudinal displacement w, of the inside the
adhesive layer can be written as follows:

ow v, 1,(z,) dv v d’t, (t, -y
a — __~a__49\a)_ 7 | -+ |——a .|« ~-a
o, 7:(2) &= G, d [ taj i | 2E ) 32

and the corresponding function w, can be derived by integrating eq. (2.25)
and introducing a zero-displacement condition for y,=t, (namely, at the bottom
of the adhesive layer):

T,\Z, d ¢ 2
Wa(ya,Za)=— é )(ta_ya)+d_:'(?a_ya+)2’}_;]+

a

d2 ¢ 3 t 2 3
+ z;a . a _ aVa + Va
d* \12E, 4E  6E,

(2.26)
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The above relationship can be utilized for deriving the expression of the
axial displacements beneath the laminate (y,=0):

t, t> d’r, t, dv
e (2.27)

0,z,)= =——-.7 +
Wil02) =B = e Y Y

as well as equation (2.22) can be utilized for recognizing that the
corresponding transverse component v,(0,z,=z) is equal to v(z).

dTa ta_zya v Za
%(ya,za)=Ea-Eyy(ya,za)=Ea-{dZ [ T ]— (t )} (2.28)

a

E, t dr,

O-y(Z):O-W (O’Za):_v(za)' t” +Ea‘ dz

a

(2.29)

The rotation field ¢(z) of the laminate element can be then easily defined
through equation (2.6) and the generalized strain fields can be determined by
means of equation (2.4) and (2.5).

The above equations can be finally combined for deriving a unique
differential equation in terms of interface shear stresses. A first equation can
be obtained by differentiating eq. (2.7) and introducing (2.4), (2.6) and (2.8).
After a further differentiation and introducing the definition of interface slip
provided by eq. (2.27), the following differential relationship between the
shear stress and the transverse displacements can be obtained:

G, _d27a+Ga.d3V+ G, -tz-d4T”—0 530
Etp, * d 2 df 12E, ° d* (2.30)

Another relationship is obtained by differentiating equation (2.3) and
introducing equation (2.2), (2.4), (2.5) and (2.9) for expressing both the
bending moment and the shear force in terms of transverse displacements and
interface (shear and normal) stresses. The final expression of an equation in
terms of tr and v (and their derivatives) can be obtained introducing equation
(2.29):
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bty +4) dr, Ebt; a'v Ep,
2 dz 12 d

a

y=0 (2.31)

The two equations (2.30) and (2.31) can be easily combined for deriving
the following eighth-order differential equation in terms of interface shear
stresses:

a Z-_ a+ ____a
36 12)E df

G d’r, (17 it 1) G, d'r,
a 2
Esift, dz

Ett’ d°% E,Gt’t} 4° (2.32)
_ ey 4T Tydaly 4T,

=0
12-E, dz° 144-E} d7°

Finally, an expression of the displacement function v as a function of the
interface shear stresses can be derived by solving equation (2.31) and
introducing the (2.30):

e 312 +3-1,0,+1," dr, ~ E;tt’ d’r, . E 't} dr,
6F dz 6EG, dz* 72-Ea2 dz’

a

(2.33)

Eight boundary conditions are needed for the problem at hand and they can
be symbolically written as follows:

Taleg =0 7|, =0, (2.34)
N(0) N(L)

w0 g4, “t7F 4, (2.35)

M|_,=0, M|_ =0, (2.36)

Vi.,=0, V., =0. (2.37)
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The results of the analysis carried out by means of this model are

completely controlled by the following non-dimensional parameters:

10

I

®L=10
G4/ 12E£0.05
ot=1.0

ta/ts

0.5
1.0
2.0

(2.38)

(2.39)

(2.40)

(2.41)

4

10

Figure 2.4 - Possible distributions of interface shear stresses throughout the adhesive interface
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Tyy

E 0 L=10
L G 12ES0.05
. wt=1.0
T.5
taltg

: 0.5
[ 1.0
esr 2.0

-1lo0 L

Figure 2.5 - Possible distributions of interface normal stresses throughout the adhesive

interface

2.1.2 Possible simplifications of the general model

The general model formulated in the previous section can be simplified
considering further assumptions about the geometric and mechanical
assumptions.

In particular, a key simplification derives in the case of negligible thickness
tr of the FRP laminate, if compared, for instance, with a suitable reference
value of the length. In particular, it is possible to demonstrate that the six-
order equation (2.32) can be reduced by uncoupling the equations (2.30) and
(2.31):

2

7 S+, =0, (2.42)
/4

d*v E,

dz4+12.tt3V=0’ (2.43)

a’f
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Under the mathematical point of view, the above simplification derives
from the condition wt;—0 for which ever value of the non dimensional
parameters listed at the end of section 2.1. It means that the thickness of the
FRP laminate is much smaller than the characteristic length of the problem o,
which is the main argument of the solutions of the general equation (2.32).
The uncoupled boundary conditions for eq. (2.42) simplify as a consequence
of the condition wt;—0, turning in a completely uncoupled expressions:

N(O) ds N(L) ds
= Ept Tal, ST Eby & @44
7Oty Azl 7Oty Azl
ST wLl=5.0
Ga'12EF0.1
ta/tp=1.0

t\)tf

.00
0io
1.00

¥

1 2 3 4 5

Figure 2.6 - Interface shear stress for a thin FRP laminate

A sound demonstration about how equation (2.32) reduces to (2.42)-(2.43)
in the case of wtr—0, can be obtained by means of some mathematical
transformations of both the equation (2.32) and the boundary conditions
(2.34)-(2.37) in dimensionless form. These transformations, as well as the
discussion of the slight modifications in the out-of-plane stress regime, are
omitted herein for the sake of brevity.
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2.2 SOLUTIONS IN THE NONLINEAR RANGE

The assumption introduced in the subsection 2.1.2 for simplifying the general
eighth-order equation formulated in subsection 2.1.1 can be generally assumed as a
reasonable trade-off between the (good) accuracy of the obtained model and the
(higher) simplicity of its equations. The approximation introduced by the
supplementary assumption is generally accepted especially in the nonlinear range,
as further uncertainties are introduced by the fracture behaviour of concrete which
cannot be covered by the complex assumptions leading to equation (2.32).

Thus, the nonlinear response of FRP-to-concrete joints under pull-out actions
can be analyzed by assuming the problem described by equation (2.42) with the
boundary conditions in (2.44). Since the nonlinear response is now of interest,
equation (2.42) can be slightly modified for considering the possibility of a
nonlinear relationship t,=1(s). Moreover, eq. ( 2./) can be written in terms of
axial strains € in the FRP laminate by introducing equation (2.8):

de  7(s) _

& E, (2.45)

and, considering the relationship between axial strains and interface slip
derided at the end of the subsection 2.1.2 , the following relationship can be
written for generalizing eq. (2.42) to the nonlinear range:

d’s ()
a5, "y,
Ay (2.46)

The bilinear shear-stress-interface-slip relationship is considered herein as a general
relationship for the nonlinear response of the interface between FRP and concrete:

—k, s |s| <s,
T(S) =3—k, '(Su —|S|)-Sign(s) Sy < |s| <s, (2.47)
0 |s| >s,

where all symbols are represented in Figure 2.7. For the sake of simplicity,
only the monotonic behaviour with s>0 will be considered in the following
elaborations.
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T
T
k | = max
¢ Sel
b)
K = _‘max
Tmax u

Se| Su S

Figure 2.7 - Bilinear shear-stress-interface-slip relationship (fib - bulletin 14, 2001)

Consequently, two second order differential equations can be obtained by
introducing the two nonzero branches of the relationship (2.47) within the
general equation (2.46). In particular, under low load levels, the condition
0<s<s, yields throughout all the bonding length and the equation (2.46) can be
written in the following form in terms of interface slips s:

L s5=0. (2.48)

dz

Considering a pull-out force P applied at the end (z=L) of the bonding
length, the following boundary conditions can be written after eq. (2.44):

ds ds P

W= = 0 &, = = .
= dz|_, = odz|., E/b,

Simple mathematical transformations (whose details are omitted herein)
lead to the following solution in terms of interface shear stresses:
P cosh[w-z]
b, sinh(a)L)
which can be easily turned in terms of interface slips s considering the
expression describing the linear elastic branch in eq. (2.47). This solution can
be accepted for values of the shear strength |r| <7, Or, in order words, for

&

(2.49)

T=—0

(2.50)

X

pull-out forces lower than P:
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T
F,=-m.p 2.51
1=, Y (2.51)

leading to an interface slip s=s¢ in z=L. As P>Pg, two different parts of the
adhesive interface can be recognized. In the first part, namely for 0<z<z.<L,
the values of the interface slips s keep smaller than the elastic threshold sg. In
the second part, for z,<z<L, the interface slips s are in the range (s, su), and
the following solution can be derived by integrating the two differential
equations:

2

C;i‘ —w-s,=0 for 0<z<z,<L, (2.52)
z
2

d SZ + kin s kjn .S for Z61<Z§L' (2.53)

2 : 2 = u
dz”  Et, Et,

with the following boundary conditions:

o =% —o0 g =s, (2.54)
z=0 dZ 0 z=2z,
ds, ds,
Sl z=2z, = Sl z=z, E = Z (2'55)

The following solution in terms of interface shear stress t involves the
parameter z,<L, describing the length of the elastic part of the bonding length:

cosh[a)-z]
— 0<z<z,
cosh[w-z, |
7| = cos| @, (z-z,) |+ (2:36)
- o z,<z<L
_ﬁ. Sln|:a)in (Z -z, ):‘ . tanh[a)ze,]

where
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= |= . (2.57)
for

Figure 2.8 shows two typical distributions of shear stresses in the a) linear
and b) nonlinear range of the behaviour of the adhesive interface described by

the bilinear relationship in eq. (2.47).
It is worth noting that z.| can actually range in the interval [Zej min, L):

V4

= max {0; Zel,deb} (2.58)

el,min

in which z 4ep 1s the value of z leading to t(L)=0 (or s(L)=s.):

cos [a)m (L ~Z, deb )} - \/kkj -sin [a)m (L ~Zy dob )} . tanh[a» zel’deb] =0 (2.59)

1.00

[T/ Tmax

0.80

0.60

0.40

0.20

0.00 ; 7 ; T
0.00 0.20 0.40 0.60 0.80 1.00
z/L

Figure 2.8 - Typical distribution of interface shear-strength in the linear and nonlinear range
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2.2.1 Key parameters related to the ultimate strength

The case of z¢ 4v=0 is of particular relevance, as it represents the condition
of debonding initiation (namely, s(L)=s,) with t(0)=tm.. A characteristic
length Lt can be defined in that case by means of equation (2.59):

7 /Eftf
cos[cq}ngtf.]:O = L, X (2.60)

Under the mechanical standpoint, this characteristic value has a paramount
conceptual meaning. It represents the border between “short” and “long”
anchorage length. In particular, the general expression of the force F>F
corresponding to a given position of z. can be derived by integrating the shear
stresses in equation (2.56):

F=zr_5b.-

max "~ f

+
Q. w

m

{Sin @, (L=2,)  cos@, (Lz,)- tanh w} (2.61)

It can be applied if and only if Z¢je [Zelmin, L) (namely, the interface slip s
1S Sei <s<sy). In the case of z,=L equation (2.61) reduces to (2.51). On the
contrary, when z.=z¢ 4.v=0 the following expression can be derived for the
pull-out force:

sinw, L t b
_ inZeff __ "max”f __
Fdeb - Tmaxbf ’ @ - PN - bf ' \/Tmax ’ (Su Sy ) ) Eftf (262)

in in

Since generally s, >>s. the value Fq, is only slightly lower than the
maximum strength F,x which can be evaluated by applying the theory of
Fracture Mechanics (Téljsten, 1996) (or either as a maximum on z. of the for
Fineq.(2.61)):

F = bf . /2GF ~Eftf = bf T S ~Eftf . (2.63)

They can be assumed as coincident in the approximation of rigid-softening
behaviour in considered Figure 2.8.
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Note that equation (2.63) can be applied only if Ly > Leg being Legr, the
effective transfer length. If L, < L.sra smaller value of the ultimate force has
to be expected according to the following relationship:

L L
Fu=\2G,E 1, -bf'L—b'[z‘L—bH

eff eff

(2.64)

2.2.2 Energy approach for the bond strength model

It is worth summarize the main steps showed by Téljsten (1994) to obtain
the equation (2.63) through the theory of Fracture Mechanics

The maximum transferable load for bonded connections subjected to pure
shear can also be determined by using an energy approach (Téljsten, 1994;
Browsens 2001).

Figure 2.9 shows a bonded connection subjected to pure shear. A crack
with length a is present in the concrete. The energy required for crack growth
must be delivered as release of elastic energy U,. If the adherents are free to
move during crack propagation, work 4r is done by the external load F.

Crack growth is initiated when

ii(AF _Ue):ld_W:G

b, da b da ' (2.65)

where

Ué. is the Elastic energy stored in the structure (Nm)
Ar is the Potential energy of the external load (Nm)
W is the Energy for crack propagation (Nm)

by is the Width of the laminate (m)

da is the Infinitesimal crack length (m)

G is the Fracture energy (Nm/m?)
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Figure 2.9 - Pure shear case (Taljsten, 1994)

The fracture energy r is defined as the energy per area unit to bring a
connection into complete failure. During the action of the load F, the load
application points undergo a relative displacement 6 = 6; + d,. When the crack
length increases with da, this displacement will increase with d6. The work
Ar, done by the external force is Fdo.

Expression (2.27) can be rewritten as

da da

Gf=Li(AF—U€):l(Fd5 dUe],

b, da b (2.66)

The deformations are elastic and as long as there is no crack growth, the
displacement & is proportional to the load, 6 = FC, (see Figure 2.10). C is the
compliance (inverse of the stiffness) of the structure. The elastic energy stored
in the structure is

U, = F~5=%~F2~c, (2.67)

1
° 2
Using (2.67) in (2.66) leads to

P& e L% pedt |- ,
Oa da 2 Oa da ) 2b0a (2.68)

G, -~
b

[ oC dF 1 _,0C dFj F*oC
f
[

and thus:
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’ (2.69)

>
8

Figure 2.10 - Load - displacement relationship [Browsens, 2001]

Under the hypothesis that the concrete member has a stiffness much larger
than the reinforcement the compliance C can be written as

Il +a

C=—"—o, (2.70)
E A,

and

a_C~ 1

da EA,° (2.71)

Using (2.71) in (2.69) the maximum force before debonding can be
expresses as:

F,, =b2E1,G, , (2.72)

which coincides with the formula mentioned in (2.63).
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Chapter 3 - Experimental testing and results

The effectiveness of externally bonded fibre reinforced polymer (FRP)
laminates for strengthening existing reinforced concrete (RC) structures is
strictly related to the bond of FRP reinforcement to the concrete substrate that,
as stated in the previous chapter, depends on the mechanical and geometrical
properties of the materials.

Although numerous experimental works have been carried out to
investigate this aspect, experimental data concerning cyclic tests on both FRP
sheets and plates applied on concrete specimens are still lacking. Thus a first
series of single shear tests (SSTs) under both monotonic and cyclic actions,
without inversion of sign, were performed on concrete prismatic specimens
reinforced with CFRP sheets or plates. A further set of bond tests has been
performed on concrete specimens reinforced with CFRP plates under
monotonic actions, in order to significantly enrich the existing database of
tests on EBR carbon plates.

In order to evaluate and compare the influence of cyclic external actions on
the bonding behavior of sheets and plate reinforcements, the results provided
by monotonic and cyclic tests are reported and discussed in this chapter. In
particular, force-displacement relationships as well as axial strains and shear
stresses recorded along the FRP reinforcement are reported; the influence of
the load path on the FRP debonding behavior is also examined.

In the first section an overview of most common bond test techniques is
reported and discussed; in the second section the experimental program is
summarized; the most significant results achieved by bond tests performed are
showed and discussed in the last two sections.



34 Chapter III - Experimental testing and results

3.1 OVERVIEW OF TESTING TECHNIQUES

Yao et al. (2005) classified the existing test set-ups into the following
types: (a) double-shear pull tests; (b) double-shear push tests; (c) single-shear
pull tests; (d) single-shear push tests; and (e) beam (or bending) tests. These
arrangements are based on the definition of the loading condition of the element
and on the symmetry of the system (a double or single test refers to the
contemporaneous loading of two or one FRP reinforcement applied on the
specimen sides). Collectively, the first four test methods, may also be referred
to as pull tests, as the plate is always directly pulled by a tensile force. Pull-
pull (a) and push-pull (d) test set-up have been the most popular test methods.
In the plate end debonding failures in FRP flexural- strengthened RC beams
with longitudinal plates as well as debonding failures in FRP shear-
strengthened RC beams with transverse plates, the bond strength model
developed from pull tests is directly applicable. Furthermore, in intermediate
crack-induced debonding failures in FRP flexural- strengthened RC beams
with longitudinal plates, the stress state in the critical region of the beam is
also closely similar to that of the concrete prism in a single-shear pull test.

In order to extend the results of bond tests to various types of strengthening
(flexural, shear, torsion), the pull-pull test set-up (a and c) are probably the
configuration giving the loading condition more similar to the actual one in RC
elements, but it is also the most difficult to realize with a reliable set-up.
Furthermore the test setup (a), as well as (b) could lead to underestimate the
bond strength due to the influence of detailing (Blontrock et al., 2002; Ceroni et
al., 2008). On the contrary, the push-pull test (d), where the concrete is in
compression, is more simple to realize; moreover it gives comparable
predictions of the bond strength, if the pushing force is applied on the concrete
block sufficiently far from the external reinforcement (Yao et al., 2005).
Indeed, if the compressed area of concrete is too extended, the volume of
material involved in the debonding failure can be lower and, thus, the related
fracture energy decreases.

Asymmetrical schemes (¢ and d) are in general preferable to the
symmetrical ones (a and b) mainly because the latter are more influenced by
the alignment detailing of the two strengthened sides. Moreover the specimen
symmetry is however lost when the debonding starts on one side and prevents
from following correctly the post-peak behaviour.
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Asymmetrical push-pull test set-ups (d) are commonly realized by
positioning a single concrete block in a stiff steel frame with an upper plate
compressing the specimen, while the end of the FRP reinforcement, glued on
one side, is clamped in the grips of a tensile machine (Nigro et al., 2008c;
Savoia et al. 2009; Ceroni and Pecce, 2010). An alternative configuration can
be also realized by fixing the end of the concrete block, placed horizontally,
and applying tension to the FRP reinforcement with an hydraulic jack (Yao et
al., 2005; Mazzotti et al., 2009). Asymmetrical pull-pull test set-ups (c) can be
realized by installing metallic threaded rods inside the concrete specimen
which can be clamped in the testing machine grips (Bilotta et al. 2011a).

Therefore asymmetrical single-shear test setup (¢ or d) appear to be
promising candidate as a standard set-up for determining the FRP-to-concrete
bond strength and were therefore adopted in the experimental results
presented in the following sections.
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3.2 EXPERIMENTAL PROGRAM

In this section the experimental program is only briefly summarized to
provide an overview of the experimental activities carried out.

A total of 58 SST tests in four sets (i.e. I-12 tests, II-16 tests, I1I-12 tests,
IV-18 tests) were performed on CFRP plates (38) and sheets (20) applied on
two opposite longitudinal faces of 29 concrete prisms.

Concrete mix was specifically designed to obtain low compressive concrete
strength to simulate the FRP application on existing concrete. Compressive
tests were performed at 28 days after casting: the cylinder mean strength, /.,
was equal to 23.82 MPa, 21.46 MPa, 26.00 MPa and 19.00 MPa for set I, II,
IIT and IV respectively.

CFRP Young’s moduli, £ were obtained by means of tensile flat coupon
tests: their mean values were between 110-220 GPa for plates and 170-240
GPa for sheets.

Prior to FRP installation, the concrete surface was treated by sand paper
(sets I, II, III) or by bush hammering (set IV), in order to eliminate the mortar
till the aggregate became clear. Primer was always used to consolidate the
concrete surface except for specimens of set VI.

The main parameter of experimental tests as the concrete compressive
strength; the specimen width; the FRP type, geometry and mechanical
properties are summarized in Table 3.1. As concerns the FRP Young modulus
in Table 3.1 is reported the average of the values obtained by means of 5
tensile tests for each type of FRP; hence in brackets the coefficient of
variation is reported.

Further details related to experimental tests of each set can be founded in
the following two sections of this chapter and in Nigro et al. (2008c), Savoia
et al. (2009), Bilotta et al. (2009a), Bilotta et al. (2011a).
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Table 3.1 - Experimental debonding load values (58 SST tests).
CONCRETE FRP
58 SST test Cylinder Prism|Fiber Young Bond

*cyclic test

mean width

type modulus Width Thickness length

strength
.fcm bc Ef bf tf Lb
Set Labels
[Mpa]  [mm] [Gpa] [mm]  [mm]  [mm]
ool PMI23|PCrase | 2382 150 [Plate 1715, S0 14
Nigro et al. 400
(2008c) ~ SM1-2-3|SC*4-56 | 23.82 150 |Sheet 216t 100  0.166
PM7-8-9 | PC*10 250
Set II 21.46 150 |Plate 171(s 50 1.4
€ _14- *
Lo tests  MI3-14-15 | PC*16 125
Bilotta et al.
(2009a) SM7-8-9 | SC*10 100
21.46 150 |Sheet 2167, 100 0.166
SM13-14-15 | SC*16 50
Vla-2a-3a 400
Set TII 26.00 150 |Plate 180 80 1.2
€
12 tests V1b-2b-3b 100
Savoia et al.
m;gloa()z ) 4 V18a-19a-20a 400
26.00 150 [Sheet 241 100 0.166
V18b-19b-20b 100
C-1.25x100-1-2-3 17105 100 1.25
C-1.40X100-1-2-3 2214y 100 1.4
ey C-1.30X60-1-2-3 175005 60 13
Bilosto of al 19.00 160 |Plate 300
(2010a) ~ C-1.60X100-1-2-3 10915, 100 1.6
C-1.20X100-1-2-3 16645, 100 12
C-1.70X100-1-2-3 141, 100 1.7
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Note that the test set-up adopted for the set VI is different from that
adopted for other sets. In particular with regard to the classification given in
Yao et al (2005) test set-up of the sets I, II and III is of type SST near end
supported (NES — i.e. test setup d, see 3.1 ), while for the set VI the type SST
far end supported (FES — i.e. test setup c, see 3.1 ) was adopted. From a
theoretical point of view the differences should be negligible due to the high
stiffness of the concrete block (Browsens, 2001).

Finally it is worth noting that several strain gauges were applied along the
FRP laminates in order to measure axial strains during the bond test (see
Figure 3.1b,c). These experimental readings allow theoretical models of the

adhesion laws to be to verified or calibrated, as detailed showed in the chapter
4.

t

FRP

hcrre

he

Concrete

Ay
lc (a)
FRP laminate/sheet

lb' ' ] L Strain gauge

>

0 40 120 180 240 300 340 380
— f — 1

320 360 400 (b)

Figure 3.1 - Test set-up scheme (a) — strain gauges distributions: scheme (b) and photo (c)
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3.3 BOND TESTS ON FRPS UNDER MONOTONIC AND
CYCLIC ACTIONS

The flexural strength of reinforced concrete (RC) members can be
significantly increased by externally bonded fiber reinforced polymer (FRP)
sheets and plates (referred to in the following as “laminates” for brevity). This
strengthening method has become very popular worldwide in the past decade,
due to the well-known advantages of FRP composites over other materials
such as their high strength/stiffness-to-weight ratio and excellent corrosion
resistance (ACI 440.2R-08 2008).

Ideally, RC members strengthened with externally bonded FRP laminates
could fail either under compressive concrete crushing or FRP tensile rupture.
In reality, debonding of FRP laminates from concrete substrate controls the
FRP failure in most cases, unless appropriate local measures are taken to
prevent it. In order to avoid debonding failure, which is brittle, a fundamental
understanding of FRP bonding behavior is essential: several theoretical
scientific contributions have been proposed by researchers in recent years
concerning both the behavior of the FRP-to-concrete interface and the
evaluation of the interface stresses (Ueda and Dai 2005; Dai et al. 2005a).
Moreover, many experimental tests have been carried out to evaluate both
bond strength and effective bonding length (Chajes et al. 1996; Bizindavyi et
al. 1999; Brosens et al. 2001; Yao et al. 2005). In particular, the influence of
FRP stiffness, width and bond length as well as concrete compressive strength
and surface treatments has been investigated in depth (Brosens et al. 2001; De
Lorenzis et al. 2001; Faella et al. 2002a,b; Savoia et al. 2003; Guo et al. 2005;
Lu et al. 2005; Faella et al. 2007e; Nigro et al. 2008c). Both theoretical and
experimental contributions have led to the development of design guidelines
and codes (ACI 440.2R-08 2008; CNR-DT200/2004 2004; fib bulletin 14
2001). Such guidelines are mainly based on the results of monotonic bond
tests, while many strengthened structures are subjected to fatigue loads (i.e.
roads and railways bridges) or to shorter but more intense cyclic actions such
as seisms. In particular, in these cases the FRP-concrete interface is subject to
cyclic stresses which could lead to premature debonding failure.
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Thus some researchers have recently begun to investigate the fatigue
performance of the FRP-concrete interface (Kobayashi et al. 2003; Dai et al.
2005b; Bizindavyi et al. 2003; Diab et al. 2007). Nevertheless, at present,
bond tests under cyclic actions performed on CFRP sheets applied on concrete
blocks are not as numerous as monotonic ones, and particularly lacking are the
cyclic tests performed on CFRP plates. Furthermore, few studies are available
on debonding phenomena under few cycles at very high force levels, typical
occurring during earthquakes. During seisms, FRP instability in compression
may start before debonding; however in some cases (i.e. statically determinate
bridge beams and slabs), FRP laminates may be always in tension. Ko and
Sato (2007) showed that the load-displacement curves recorded during cyclic
tests basically traced the load-displacement curves related to monotonic
counterpart tests even if plastic displacements and stiffness reduction were
observed due to the partial debonding imposed by the repeated unload/reload
cycles. Finally, they showed that partial debonding under cyclic loads does not
affect the FRP reinforcement debonding force if adequate bond length is
provided.

The present section focuses on the influence of cyclic actions on bond
behavior of FRP reinforcement in tension. In particular, the effects exerted on
FRP reinforcement by seismic actions of different magnitudes (i.e. a few
cycles at different load levels) were investigated by a series of Single Shear
Tests (SSTs). Monotonic tests were also performed to compare the bonding
behavior of FRP sheets and plates under monotonic and cyclic actions. The
influence of FRP bond length is also discussed.

3.3.1 Experimental program for cyclic bond tests

As stated above, various experimental set-ups were previously used to
determine FRP-to-concrete bond strength (Yao et al. 2005). Both numerical
(Chen et al. 2001a) and experimental studies have shown that different test
set-ups can significantly change the experimental results. Nevertheless, at
present no consensus on a standard test procedure has been still reached. The
experimental results obtained by SST have shown a minor data scattering
procedure (Yao et al. 2005, Savoia et al. 2008, 2009). The SST procedure was
adopted in the present study for the bond tests. In particular, 28 SST tests were
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performed on CFRP sheets and plates applied on two opposite longitudinal
faces of 14 concrete prisms made up with the same nominal dimensions:
width b, = 150 mm, height . = 200 mm and length /. = 500 mm. Further
geometrical dimensions of the specimens are reported in Figure 3.2: h.prer =
50 mm is the height of the concrete free edge (hcrrer = he - hy Where k. is the
concrete prism height and /4, is the height of the support block), /5 is the bond
length, Lrrer = 100mm is the un-bonded length of FRP, b= 100 mm and b,=
50mm are the FRP widths of sheets and plates respectively, #= 0.166 mm and
tr = 1.4 mm are the corresponding thicknesses. Sheets and plates were
specifically selected to investigate the performance of reinforcements with a
low or high value of axial stiffness. The un-bonded length Lpgzz = 100mm
was adopted to avoid anomalous failure mode such as cracking in the concrete
prism (Yao et al. 2005).

It

_ try
= h. 200 mm
Ib Lrree thREl FRP b, 150 mm
o I[. 500 mm
< lFREE 100 mm
Concrete hepree 45 mm

.y

Figure 3.2 - Specimen dimensions

The concrete aggregates were characterized by a maximum diameter D,
= 31.5 mm and consistency class S.3 (according to BS EN 206-1:2000).
Concrete mix design was specifically designed to obtain low compressive
concrete strength to better simulate the FRP application on existing structural
members that need to be strengthened. Compressive tests were performed at
28 days after casting: cylinder mean strength relating to two batches was f.,, =
22.5 MPa.

CFRP Young’s modulus were obtained by means of tensile flat coupon
tests on CFRP sheets and plates respectively: their mean values were Erg =
216 GPa and E;p = 171 GPa for sheets and plates respectively; the ultimate
mean strains were &, = 1.5% for sheets and g, = 1.2% for plates;_ultimate
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strength mean values were f;, s = 3240MPa for sheets and f;, » = 2052 MPa for
plates. Prior to FRP installation, the concrete surface was treated by both sand
paper to eliminate the mortar till the aggregate became clear, and primer to
consolidate the concrete surface.

As illustrated in the setup scheme (Figure 3.3), tests were carried out with a
servo-hydraulic testing machine (MTS810). Metallic tabs were installed at the
end of FRP reinforcement in order to ensure adequate clamping in the test
machine grip. To block the specimen in the machine a steel frame was
designed. Several strain gauges were applied along the FRP laminates in order
to measure axial strains during the bond test (see Figure 3.4). Each test is
identified by a label “XY n”: X indicates the type of reinforcement (P=Plate;
S=Sheet), Y the type of action (M=Monotonic; C=Cyclic), n is the progressive
test number.

Lateral view Frontal view Laboratory view
Figure 3.3 - Test setup layout.
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Figure 3.4 - Strain gauges (tests on sheets)

To investigate the influence of the reinforcement bond length, 15, on the
interface behavior under cyclic actions, different /, values were assumed in the
experimental program. In particular, effective bond lengths, /.jcnr, were first
computed for both sheets and plates according to relationships suggested by
CNR-DT200 (2004) (i.e. 106mm and 262mm, for sheets and plates,
respectively). Three different values were adopted for plates and sheets:
400mm, 250mm, and 125mm (i.e. higher, about equal to, and lower than
legronr, Tespectively) for plates; and 400mm, 100mm and 50mm for sheets. In
all, 18 monotonic tests on CFRP reinforced concrete specimens were
performed under displacement control as reported in Table 3.1. Monotonic
tests were performed with different test speeds (0.001mm/s, and 0.003mm/s
for plates and sheets, respectively) since plates and sheets are characterized by
different stiffness; thus similar load speeds were adopted in the tests (about 10
N/sec).

Once the mean debonding load value, P, 1, had been determined through
monotonic tests, a total of 10 cyclic tests were performed. Three different
cyclic load paths were adopted in the experimental program (see Table 3.2):

One test (PC _4) was performed with three series of five cycles of load-
unload starting from 15% of P up to 30%, 50% and 70% of P,
respectively.

Eight tests (PC 5, PC_6, PC 10, PC 16 and SC 4, SC 5, SC 10, SC _16)
were performed with four series of ten cycles of load-unload starting from
15% of Ppax.ar up to 30%, 50%, 70% and 90% of P,y s respectively.
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One test (SC_6) was performed with 300 cycles of load-unload between
70% and 90% of Pux ur.

Table 3.2 - Test load paths

. . L, fem
Actions Cycle details Test [mm] [MPa]
PM 1 PM 2 PM 3 400 23.82
Monotonic
up to failure - PM 7 PM 8 PM 9 250 21.23
(v=0.001 mm/s)
PM 13 PM 14 PM 15 125 2123
15 cycles
n up t0 70% Pyasur 5 cycles: 15 - 30% of P, 1
= (v=0.1 kN/s) 5 cycles: 15 - 50% of P, 1
> n 5 cycles: 15 - 70% of Py i PC 4 400 23.82
o +
A mfnotgnoig lreloiji;lg 15% OF Py ¢ - failure
v =0.001 mm/s
40 cycles 10 cycles: 15 - 30% Of Py s PC 5 PC 6 400 23.82
up t0 90% Ppuaxrr 10 cycles: 15 - 50% of Py pr - -
(v=0.1kN/s) 10 cycles: 15 - 70% Of Pyu 0
+ 10 cycles: 15 - 90% of P, a1 PC_10 250 21.23
monotonic reloading + )
(v=0.001 mm/s) 15% of P40 - failure PC_16 125 21.23
SM1SM2SM3 400 23.82
Monotonic
up to failure - SM7SM 8 SM9 100 21.23
(v =0.003 mm/s)
SM_ 13 SM 14 SM_15 50 21.23
40 cycles 10 cycles: 15 - 30% of Py us SC 4 SC 5 400 23.82
g up t0 90% Ppacyr 10 cycles: 15 - 50% of Pygxr - a
= (v=0.1 kN/s) 10 cycles: 15 - 70% of Py ar
é + 10 cycles: 15 - 90% of P, ar SC_10 100 21.23
» |monotonic reloading + )
(v =0.003 mm/s) 15% of P40 - failure SC_16 50 21.23
300 cycles
up t0 90% Ppuaxar 300 cycles: 70 - 90% of Py s
(v=0.1 kN/s)
SC 6 400 23.82
+ + —
monotonic reloading ~ 15% 0f Py - failure
(v=0.003 mm/s)




Chapter III - Experimental testing and results 45

Cyclic load paths “a” and “b” were adopted to simulate a seismic event
(low number of cycles) of different intensity; cyclic load path “c” was adopted
to evaluate the extent of the influence of cycle number on bond behavior.
Cyclic actions were provided in a force control (i.e. 100 N/sec); each cyclic
test ended with a monotonic reloading stage starting from 15% of P,y up to
failure under displacement control.

3.3.2 Load - displacement behavior

The main experimental results are herein reported with reference to both
monotonic and cyclic tests performed on specimens with FRP bond length /, =
400 mm. Results of tests performed on specimens with FRP bond length lower
than 400 mm are given in the section related to the comparisons between
different bond lengths. For each test we report the first debonding load, Py,
that identified the beginning of debonding, the maximum load recorded during
the test, Puqy, and the mean load value Pj, obtained as the average of local
peak load values recorded after Py Furthermore, we examine the
displacement corresponding to the first debonding load, wy, the ultimate
displacement w,, and mean values of w, for identical monotonic tests, w, .

3.3.2.1 Monotonic tests on plates and sheets with [, = 400mm

The experimental load-displacement relationships related to FRP plates and
sheets reinforced specimens are shown in Figure 3.5a,b; the displacements, w,
were computed with reference to the loaded end of the CFRP laminate (by
integrating the strain recorded along the reinforcement). Three LVDTs were
installed (see Figure 3.6a); from experimental records it results that no
significant differences were observed on integrating the strain recorded along
the reinforcement or using data from LVDTs, as shown in Figure 3.6b.
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25 25
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/\ - ! PV
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(a) Plates (b) Sheets

Figure 3.5 - Experimental load-displacement relationships

Plate-reinforced specimens showed a substantially equal slope of the load-
displacement curves up to the first debonding load value Py: on specimen
PM 2 the maximum first debonding load value of Py = 21.78 kN was
recorded, slightly higher than those recorded on the other two specimens, Py =
18.99 kN and Py = 19.18 kN for PM 1 and PM 3, respectively. The
displacement corresponding to the debonding load, wy;, was about 0.11mm,
0.14mm and 0.12mm for PM_1, PM 2 and PM 3, respectively.

Sheet-reinforced specimens also showed a substantially equal slope of the
load displacement curves up to P;; which were on average about 21.5 kN. The
displacements corresponding to the debonding load, wy, achieved a mean
value of about 0.14mm.

Once Py was achieved, both on plates and sheets, the P-w relationships
showed a pseudo-constant trend up to the ultimate displacement w,: the mean
values were w, ) = 0.60mm and w,) = 1.56mm for plates and sheets,
respectively; the significant difference between these values is due to the
lower strain values achieved by plates at debonding than those achieved by
sheets. In the range wy-w, the load achieved different peak values due to the
transfer of the effective bond length along the wide bonded zone of FRP. The
mean loads, P, were 19.76 kN and 19.84 kN on average for plates and sheets
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respectively; the maximum peak loads, P.., were 20.86 kN and 21.49 kN.
The main experimental results are summarized in Table 3.3.

Finally, it is noted that all tested specimens failed due to debonding in
concrete (DB-C) referring to failure type classification reported in Yao et al.
(2005) (see Figure 3.7 and Figure 3.8).

25
P [kN] $C_10
20 [T T
15
E 10
5
0 w [mm]
0.00 0.10 0.20 0.30 0.40
(b) Displacements comparison
Figure 3.6.

Figure 3.7 - Specimen after test and typical failure mode
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Figure 3.8 - Failure mode: debonding in concrete (DB-C)

Table 3.3 - Monotonic test results

FRP Type 1b fcm Label Pfd PfdM Pmax Pmax,MPdm Pdm,M Wfd Wfd,M Wy Wu,M

[mm] [MPa] [kN] [kN] [kN] [kN] [kN] [kN] [mm][mm][mm][mm]
Plates PM_118.99 20.10 19.40 0.11 0.56
tr=14mm 400 23.82 PM_221.7819.9821.7820.86 19.7919.760.14 0.12 0.63 0.60
b=50 mm PM 319.18 20.71 20.09 0.12 0.61
Sheets SM_119.18 21.41 19.30 0.10 1.61
tr=0.166 mm 400 23.82 SM_221.8121.4921.8121.49 19.4519.840.20 0.14 1.42 1.56
by=100mm SM 321.24 21.24 20.78 0.13 1.65

3.3.2.2 Cyclic tests on plates with I, = 400mm

The first test under cyclic actions, PC 4, was performed with an initial
series of five cycles between 3kN and 7kN (respectively about 15% and 30%
of Paxm). The P-w curve is reported in Figure 3.9 (bold curve) and compared
with those related to monotonic tests PM 1, PM 2 and PM_3.
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Figure 3.9 - Experimental load-displacement relationships: Test PC_4

The P-w curve shows that FRP-concrete interface behavior was still elastic
between 15% and 30% of P, even if negligible residual displacements, 4,
were recorded after load-unload cycles (see Table 3.4). The residual
displacements are computed as the difference between displacements before
and after cycles at the same load; they indicate the damage of the interface
between concrete and FRP (e.g. the higher the residual displacement, the
lower is the stress transfer). A second series of five load cycles between 3kN
and 10kN (i.e. up to 50% of P i) and between 3kN and 15 kN (i.e. up to
70% of Ppun) were then performed. For these cycles larger residual
displacements were recorded, ranging between 0.0025 mm and 0.0050 mm
(i.e. 0.42% and 0.83% of the mean ultimate displacement w, ), = 0.60 mm
achieved during monotonic tests). The test ended with a monotonic load path
starting from a load of 3kN (i.e. 15% of Py, 1) up to the failure load. During
this step the bonding behavior was very similar to that observed during the
monotonic tests. This was clearly due to the low number and maximum load
of cycles (i.e. 5 cycles and 70% of P ). The first debonding load was
unaffected by cyclic actions; its value, Py = 20.01 kN, was very similar to the
mean value, Py = 19.98 kN, recorded during monotonic tests. Maximum
load, Py, and the ultimate displacement, w,, were also slightly affected by
cyclic actions (see Table 3.5). Based on such results, we performed two
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further tests, PC_5 and PC_6 (see Figure 3.10a,b) with the same load path (see
Table 3.2): 10 instead of 5 was the number of cycles for each series and 90%
P oy instead of 70% Pyqrn the maximum load reached during the cyclic test

phase.

Table 3.4 - Residual displacements A after load-unload cycles

Test  Cycle details A [mm] % w,
5 cycles: 15 - 30% P n --- ---
PC 4 5cycles: 15-50% Pucu 0.0025  0.42%
S cycles: 15 - 70% P ucu 0.0050 0.83%
10 cycles: 15 -30% Ppoers - ---
PC 5 10 cycles: 15 -50% P,er 0.0038  0.63%
=~ 10cycles: 15-70% P, 0.0045  0.75%
10 cycles: 15-90% P, 0.0607 10.12%
10 cycles: 15 -30% Py - ---
PC 6 10 cycles: 15-50% P,upr 0.0003  0.05%
— 10 cycles: 15-70% Pucpr  0.0062 1.03%
10 cycles: 15-90% P,pnr  0.0822 13.70%
10 cycles: 15 -30% Py - ---
SC 4 10 cycles: 15 - 50% Py - ---
= 10cycles: 15-70% Ppr  0.0051 0.33%
10 cycles: 15-90% P, 0.0129  0.83%
10 cycles: 15-30% Ppoers - ---
SC 5 10 cycles: 15 -50% Ppoers - ---
— 10cycles: 15-70% P,upe 0.0024  0.15%
10 cycles: 15 -90% P 0.0225 1.44%
SC 6 300 cycles: 70 - 90% P,y 0.0910  5.83%

The first series of 10 load-unload cycles was between 3 kN and 7 kN,
approximately 15% and 30% of Py, um, respectively. For these load levels the
FRP-concrete interface behavior was elastic and the residual displacements
were negligible. No visible cracks were observed during cyclic series between
15% and 50% of Py or between 15% and 70% of P n. By contrast,
significant residual displacements, 4, were recorded after the load-unload
cycles (see Table 3.4). During the last series of 10 load-unload cycles between
3 kN and 19 kN (i.e. 90% of P,.um) the large displacements at the FRP-
concrete interface denoted the beginning of the debonding phenomenon.
Debonding was also highlighted by the formation of cracks, visible to the
naked eye, along the lateral edges of FRP plates.
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Table 3.5 - Cyclic test results

Total no.
FRP Type 1b fcm Label Ofcycles Pfd Pmax Pdm Wya Wy
[mm] [MPa] [kN] [kN] [kN] [mm] [mm]
Plates PC 4 15 20.01 21.55 20.50 0.06 0.56
tr=1.4 mm 400 23.82 PC 5 40 19.00 19.49 19.00 0.35 0.63
b=50 mm PC 6 40 18.47 19.01 18.68 0.39 0.52
Sheets SC 4 40 20.96 21.69 20.64 0.21 1.86
tr=0.166 mm 400 23.82 SC 5 40 20.45 20.74 20.16 0.20 1.75
b= 100mm SC 6 300 20.14 22.11 20.72 0.42 1.81
25 25
P [kN] PC_5 P [kN] PC_6
20 - _PM_3
i1 PM_2
15
10 f
5
0 w [mm] 0 w [mm]
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70

(a) Test PC_5 (b) Test PC_6
Figure 3.10 - Experimental load-displacement relationships

Note that the debonding phenomenon started in each case during the last
series of cycles. Comparison with the counterpart monotonic tests (Table 3.3)
shows that the cyclic actions reduced the debonding load by about 10%. Such
a reduction in load probably corresponds to a reduction in the reinforcement
bond length due to partial debonding of reinforcement during the load cycles,
as better shown by profiles of strain and shear stresses reported in the
following sections. By contrast, ultimate displacements recorded in monotonic
and cyclic tests seemed approximately equal because they are the result of
different strain profiles.
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3.3.2.3 Cyclic tests on sheets with [b = 400mm

In order to compare the experimental results between plates and sheets, two
tests on sheets (SC 4 and SC_5) were performed, adopting the same load path
followed during tests PC 5 and PC 6 (see Table 3.2). The P-w relationships
are reported in bold and compared to monotonic counterparts SM_1, SM_2
and SM_3 in Figure 3.11a,b: negligible residual displacements at the FRP-to-
concrete interface were recorded after load-unload cycles up to 70% of Py -
On the other hand, residual displacements recorded during the last series of
cycles were more meaningful (the mean value of the two tests was about
0.0177mm — 1.13% of w,,5) but lower than the counterpart recorded on plates.
Tests ended with a monotonic reloading path from 3kN up to failure. The first
debonding was observed during this phase and the Py, load value was slightly
lower than those recorded during monotonic tests (SM_1, SM_2 and SM_3).
As opposed to the experimental outcomes of tests on plates (PC_5 and PC 6)
neither values of P,, and P,, nor ultimate displacements, w,, were
significantly affected by cyclic actions on sheet-reinforced specimens (see
Table 3.5).

25 25
P [kN] sC_4 P [kN] SC_5

0 w‘[mm] 0 _w [mm]

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

(a) Test SC 4 (b) Test SC 5
Figure 3.11 - Experimental load-displacement relationships

In order to evaluate the extent of the influence of cycle number at high load
level on bond behavior, the load path of the SC 6 test (see Table 3.2) was
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substantially different from the other cyclic tests: 300 load-unload cycles
between 15 kN (about 70% of P,x) and 19 kN (about 90% of Pyuxa). The
test ended with a monotonic reloading path from 15% of P, up to failure.
In this stage the maximum load (P,.) was 22.11 kN and the ultimate
displacement (w,) 1.81 mm (Figure 3.12).

25

P [kN] SC_6

SC_6
SM_3

TasmLl

0 T T w‘[mm]

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Figure 3.12 - Experimental load-displacement relationships: Test SC 6

After each load-unload cycle, residual displacements 4 were recorded.
After 300 cycles the residual displacement was 0.0910 mm (5.88% of wy, u).
No significant exterior damage was recorded during the cyclic actions except
for a very small crack after about 130 cycles. The main effect of the increased
number of cycles was premature debonding at a load of 19 kN, about 10% less
than Pg o while no differences were observed in terms of Py, Puax and
ultimate displacements w, (see Table 3.5). Figure 3.13 and Figure 3.14 show
the comparison between the P-w relationships recorded during the final
monotonic reloading step of cyclic tests on plate- and sheet-reinforced
specimens respectively.
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Figure 3.13 - Comparison of experimental P-w relationships: Plates 1b=400mm
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Figure 3.14 - Comparison of experimental P-w relationships: Sheet 1b=400mm

The P-w relationship of cyclic test PC 4 shows negligible residual
displacement after cyclic actions. Furthermore, the slope of the ascending
branch, the first debonding P4 load value, the first debonding displacement
wyy value and ultimate displacement w, were very close to those of their
monotonic counterparts, as shown also in Table 3.3 and Table 3.5. However,
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the P-w relationships of PC_5 and PC_6 tests showed a different trend: due to
premature debonding, significant residual displacements were observed after
cyclic actions of about 0.06 and 0.08 mm respectively (i.e. about 10% and
14% of wyu1); the slope of the ascending branch was lower than that achieved
in monotonic tests due to damage at the FRP-to-concrete interface. Finally, the
debonding load was about 90% of Py (1.€. 19 kN).

As regards the tests performed on sheet-reinforced specimens, only on
specimen SC_6 was a significant influence of the cyclic actions observed. The
residual displacement recorded after the 300 cycles (about 0.10mm — 6.4% w,,,
due to premature debonding) and the lower slope of the ascending branch
confirmed damage at the FRP-to-concrete interface. Nevertheless, the ultimate
displacement (w, = 1.81 mm) and maximum load (P, = 22.11 kN) were very
close to those recorded on monotonic tests.

3.3.3 Axial strain and shear stress profiles

The behavior of the FRP-to-concrete interface was analyzed by plotting the
experimental axial strains ¢;(z) measured by means of strain gauges during the
test along the FRP reinforcement (see Figure 3.4). The interface shear stresses
7,(z) were evaluated by the following relationship between two strain gauges at
distance 4z;:

Ey—&

=B (3.1)

1

where E and 7, are FRP Young’s modulus and thickness, respectively.

The most significant results related to tests performed on plates are
summarized in Figure 3.15.

The strain profiles related to monotonic test PM_2 showed a maximum
strain value &, =~ 0.002 (about 17% of ultimate strain provided by tensile flat
coupon tests) at the loaded end of the CFRP plate; a decreasing trend with an
approximately exponential law was recorded along the reinforcement except
for the strains related to the debonding load value, Pg. At this load the
curvature of &z curve changes its sign at a shear stress peak value of about 5.5
N/mm? (see Figure 3.15a,b). By using the strain profile at Py; an experimental
effective bond length, /.4 of about 150 mm may also be estimated..
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Figure 3.15 - Experimental strain and stress profiles: plates
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Consistently with what observed by the P-w relationships, cyclic actions up
to 70% of Py (test PC_4) did not particularly affect the interface behavior
between concrete and the FRP plate as shown in Figure 3.15¢. Indeed, we
observed only a slight transfer of shear stresses along the interface with a
reduction in the peak value (see Figure 3.15d). By contrast, test PC_6 clearly
showed that cyclic actions up to 90% of Py, caused premature debonding
(see Figure 3.15¢). In the wide zone of debonded FRP reinforcement the strain
profiles assumed a constant trend and hence the corresponding shear stresses
were equal to zero. Furthermore, the shear stress profiles in the remaining
FRP-bonded zone were almost constant, lower than peak values recorded
during monotonic tests (see Figure 3.15f). Moreover, Figure 3.15e,f confirms
that during the cyclic phases of the test the FRP bond length /, = 400mm,
greater than the effective one, /= 150mm, allowed the interface stresses to
be transferred from initially loaded to unloaded zones.

The strain profiles recorded on sheet-reinforced specimens and the
corresponding shear stress profiles are reported in Figure 3.16 on the left and
right side respectively. The strain profiles of the SM_2 monotonic test (see
Figure 3.16a) showed a lower experimental FRP sheet effective bond length
(about 80mm) than that recorded during the counterpart PM 2 monotonic
tests performed on plates (about 150mm). Furthermore, the maximum strain
(&nax = 0.006) was about 40% of ultimate strain provided by tensile flat
coupon tests, clearly higher than that recorded during test PM 2 (guux =
0.002). Since plates are about eight times thicker than sheets and the ratio
between Young moduli very close to unity (i.e. E;g/E;p=1.26), this result
confirms that reinforcement thickness particularly affects debonding behavior.
Indeed, the greater the thickness, the higher the increase in the shear and
normal stresses at the FRP-to-concrete interface (Oehlers and Moran 1990,
Tounsi et al. 2009). At different load levels, the shear stress profiles recorded
on monotonic tests (see Figure 3.16b) followed a descending trend along the
reinforcement with a maximum value at the loaded reinforcement end. With
reference to the monotonic reloading step after cyclic action, Figure 3.16d
clearly shows a migration of shear stresses at the interface within the effective
bond length (80mm); such shear stress migration along the reinforcement
increased after 300 cycles between 70% and 90% of P i (see Figure 3.16f)
due to debonding propagation along the FRP-concrete interface.
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Figure 3.16 - Experimental strain and stress profiles: sheets
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3.3.4 Influence of bond length

A further series of 16 SST tests (i.e. 12 monotonic and 4 cyclic tests) was
performed to obtain insight into the influence of a low number of cycles (i.e.
according to load path “b”) on interface behavior at debonding by changing
the reinforcement bond lengths, /,. Effective bond lengths according to the
relationships suggested by CNR-DT200/2004, /. cnr, by Teng et al. (2001),
le Teng (recalled in ACI 440.2R-08,) by fib Bulletin 14, /.4, as well as those
adopted in the new series of tests are summarized in Table 3.6; the ratio I 7es /
l..cnr 18 also reported in the right-hand column in Table 3.6.

Table 3.6 - Effective bond lengths

le,CNR le,Teng (ACI) le,ﬁb

(2004) (2001) (2001)

b,Test lb,Test / 1e:,CNRlb,Te:st / le,Teng (ACI)lb,Test / le,ﬁb

mm] % % %
[mm] [mm] [mm]
Sheet 100 95 110 78
t=0.16mm 105 91 128
be= 100mm 50 47.5 55 39
Plate 250 95 110 78
tr=14mm 262 227 320
b= 50 mm 125 475 55 39

The first debonding load, Py, and the maximum load recorded during tests,
P, are reported in Table 3.7 and Table 3.8 for monotonic and cyclic tests,
respectively.

Experimental load-displacement relationships in tests performed on plate-
reinforced specimens PM 7, PM 8, PM 9 (/, = 250 mm) and PM 13,
PM 14, PM 15 (I, = 125 mm) are shown in Figure 3.17a,b, respectively. The
same relationships are reported for sheet-reinforced specimens SM_7, SM_ 8,
SM 9 (I, = 100 mm) and SM_13, SM_14, SM 15 (/, = 50 mm) in Figure
3.18a,b, respectively.

As shown in Table 3.7, P, values recorded in tests performed on plates
clearly point out that bond length /, = 125 mm led to debonding loads very
close to those recorded on 250 mm bonded plates. By contrast, P, values
recorded on 50-mm bonded sheet-reinforced specimens were lower than those
achieved with /, = 100mm. Moreover, Figure 3.15a and Figure 3.16a show
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that the effective bond lengths (/) experimentally evaluated in monotonic
tests with /, = 400 mm were about 150 mm and 80 mm for plates and sheets,
respectively. Such values were computed with reference to the strain profiles
related to the post-elastic stage of bond behavior. Thus the design equations
provided by the technical literature and the main international codes for
evaluating effective bond lengths proved conservative, especially for plate-

reinforced specimens.

Table 3.7 - Experimental debonding load values - Monotonic tests

1b fcm Pmax Pmax,M Pfd Pfd,M
FRP type mm] [MPa] 2 W kN KN kN
PM 7 19.02 17.28
Plate 250 21.23 PM_8 19.84 18.77 18.02 17.36
o4 PM 9 17.46 16.79
b= 50 mm PM 13 19.46 19.46
125 21.23 PM 14 19.30 19.83 19.30 19.83
PM 15 20.73 20.73
SM_7 19.40 19.40
Sheet 100 21.23 SM_8 20.38  20.79 20.38  20.79
= 0.166 mm SM 9 22.60 22.60
be= 100mm SM 13 16.88 16.88
50 21.23 SM_ 14 21.19 19.03 18.08 17.99
SM 15 19.02 19.02

Table 3.8 - Experimental debonding load values — Cyclic tests

Ly fom Py
FRP type mm  [MPa] Label kN
Plates 250 2123 PC_10 17.14
tr=1.4 mm
b=50 mm 125 2123  PC_16 19.98
Sheets 100 2123 SC 10 20.71
tr=0.16 mm

50 2123 SC 16 18.03

bs= 100mm
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Figure 3.18 - Experimental load-displacement relationships: Sheets (a) ,=100mm (b) l,=50mm

The experimental load-displacement relationships related to cyclic tests
performed on plate-reinforced specimens PC 10 and PC 16 and sheet-
reinforced specimens SC 10 and SC_16 are reported in bold and compared
with those related to equivalent monotonic tests in Figure 3.19 and Figure
3.20, respectively. After cycling, bonding behavior very similar to monotonic
tests was observed during the final monotonic load path. Even if the
reinforcement bond lengths were significantly low (i.e. about 50% of the
theoretical effective one), cyclic test outcomes confirmed that the influence of
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load-unload cycles up to 70% of P,..x was negligible for CFRP sheets and
plates. This effect was due to the elastic behavior characterizing the FRP-
concrete interface up to the above load level. Moreover, a further low number
of load-unload cycles (i.e. 10 cycles) up to 90% of P, did not particularly
affect the bonding capacity of CFRP reinforcement.
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Figure 3.19 - Experimental load-displacement relationships: Plates (a) [;=250mm (b) ,=125mm
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Figure 3.20 - Experimental load-displacement relationships: Sheets (a) I,=100mm (b) 1,=50mm
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3.3.5 Summary and conclusions

Compared with monotonic tests, there have been few bond tests under
cyclic actions performed on CFRP sheets applied on concrete blocks.
Particularly lacking are cyclic tests performed on CFRP plates and few studies
are available on debonding phenomena under few cycles at high force levels,
which typically occur during earthquakes. A series of cyclic SST bond tests
under both monotonic and cyclic actions, without inversion of action sign,
were performed to analyze both the influence of different load paths (few
cycles, typical of seismic actions) and the effect of FRP bond lengths on bond
behavior between FRP reinforcement and the concrete substrate. The
experimental outcomes showed the following:

— the influence of few load-unload cycles up to 70% of Pum Was
negligible in terms of bond stiffness and strength for CFRP sheets both
for higher and lower bond lengths than theoretical effective ones);
similar results were obtained for plates, even if experimental effective
bond lengths were significantly lower than theoretical ones;

— a small number of load-unload cycles (i.e. a total of 40 cycles) up to
90% of P induced shear stress migration along the reinforcement
with a reduction in peak values due to interface damage; however, this
phenomenon did not substantially affect debonding loads in the case of
bond lengths exceeding the effective ones;

— the design equations provided by the main international codes to
predict the effective bond lengths were in good agreement with
experimental results for sheets and more conservative for plates.
Indeed, experimental effective bond lengths obtained by strain
readings were lower (about 150mm) than theoretical ones (between
227mm and 320mm);

— experimental tests showed that the reduction in bond length up to
about 50% of the theoretical effective length induced a comparable
reduction in maximum debonding load on specimens subjected to
monotonic or cyclic action.
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3.4 BOND TESTS ON FRP SHEETS AND PLATES

Further tests performed on concrete specimens reinforced with CFRP
plates under monotonic actions, in order to significantly enrich the existing
database of tests on EBR carbon plates are reported in this section.

The experimental tests were carried out in the framework of a Round Robin
Tests organized by Laboratories University Network of seismic engineering
(ReLUIS) supported by the Department of the Civil Protection (Reluis 2005
Grant — Task 8: Innovative materials for the vulnerability mitigation of
existing structures) and a Round Robin Tests organized by the European
Network for Composite Reinforcement supported by the fib Task Group 9.3.

3.4.1 Experimental program for bond tests on plates (Italian RRT)

A total of 12 SST tests were performed on CFRP plates (6) and sheets (6)
applied on longitudinal faces of concrete prisms. Concrete mix was
specifically designed to obtain low compressive concrete strength to simulate
the FRP application on existing concrete. Compressive tests were performed
at 28 days after casting: the cylinder mean strength, f.,, was equal to 26.00
MPa.

CFRP Young’s moduli, E; were obtained by means of tensile flat coupon
tests on CFRP sheets and plates respectively: their mean values were about
180 GPa for plates and about 240 GPa for sheets (see Table 3.9).

Prior to FRP installation, the concrete surface was treated by sand blasting
in order to eliminate the mortar till the aggregate became clear. Primer was
always used to consolidate the concrete surface.

Tests were carried out under a servo-hydraulic testing machine (MTS810)
with displacement control. The specimens were positioned vertically and
blocked in the machine by using a steel frame: a C-shaped upper flange was
connected to the reacting element by means of four steel rods. The system has
been designed to minimize the eccentricity between the traction axis and the
reaction element (see Figure 3.21). Metallic tabs were installed at the end of
FRP reinforcement in order to guarantee an adequate clamping in the test
machine grip. Several strain gauges were applied along the FRP laminates in
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order to measure axial strains during the bond test (see Figure 3.21). The main
parameter of experimental tests (i.e. concrete compressive strength, specimen
width, FRP type and geometry) are summarized in Table 3.9

00

Figure 3.21 - Test Set-up
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34.1.1

Debonding load and failure modes

The failure load, Py, recorded during the tests are summarized in Table
3.9. Moreover, the experimental behavior of FRP-to-concrete interface was
analyzed by plotting the experimental axial strains €;(z) measured by means of
strain gauges along the FRP reinforcement; in particular, the strain profiles
recorded at the first debonding load value, Py, are reported for each test in

Figure 3.22 and Figure 3.23, for sheets and plates, respectively.

Table 3.9 - Experimental debonding load values.

Concrete Concrete

FRP

FRP FRP FRP Test

Fiber

cylinder prism Young width height bond failure type
mean  width modulus length load
strength
Label fem b E¢ by te Iy Prest
[MPa] [mm] [MPa] [mm] [mm] [mm] [kN]
Vla 180000 80 1.200 400 30.14 plate
V2a 180000 80 1.200 400 33.56 plate
V3a 180000 80 1.200 400 32.47 plate
Vi1b 180000 80 1.200 100 28.33 plate
V2b 180000 80 1.200 100 27.58 plate
V3b 180000 80 1.200 100 30.29 plate
26.00 150
Vl18a 241000 100 0.166 400 24.00 sheet
V19a 241000 100 0.166 400 24.96 sheet
V20a 241000 100 0.166 400 23.65 sheet
V18b 241000 100 0.166 100 21.84 sheet
V19 241000 100 0.166 100 21.49 sheet
V20b 241000 100 0.166 100 21.91 sheet
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Figure 3.22 - Strain profiles along FRP sheets: bond lengths 400mm (a) and 100 mm (b)
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Figure 3.23 - Strain profiles along FRP plates: bond lengths 400 mm (a) and 100 mm (b)
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Figure 3.22a,b shows the strain profiles for sheets reinforcement
characterized by bond length, /,, equal to 400mm and 100 mm respectively.
The strain profiles showed in each case a decreasing trend with an
approximately exponential law along the reinforcement. The maximum strain
at FRP loaded end ranged between 0.39%-0.62% and rapidly dropped to zero
along the reinforcement. In particular, the distance from FRP end at which
strains equal to zero are recorded represents the experimental effective bond
length value, /4 This effective bond length resulted in each case lower than
100 mm. Such result is consistent with the theoretical effective bond length
values computed according to the relationships suggested by CNR-

/E 1,
DT200/2004 and fib bulletin 14, [, e m = # , and by Teng et al.

E.t
2001, L, reng (recalled in ACI 440.2R-08), ;. .. = # ) ranging between
89 mm and 99 mm.

Strain profiles recorded along FRP plates at debonding loads are reported
in Figure 3.23a,b for bond length equal to 400 mm and 100 mm respectively.
The maximum strain at FRP loaded end ranged between 0.10%-0.20%. They
were significantly less than those recorded in the case of sheets (i.e. more than
3 times), also in the case of bond length higher than the theoretical effective
ones, varying in the range of 206 mm -229 mm. Such result is clearly due to
the higher stiffness of plates; indeed, the FRP stiffness, Estr is the main
parameter influencing the effective strain reduction in the debonding
phenomenon (i.e. the maximum strain due to debonding is proportional to the

factor JIU(EL,)). However, considering that  the ratio

(1 L/ (Et,) )Shem /(4 1/ (E ) )plates of FRP reinforcements investigated in the

experimental tests is about 2.50, it is clear that the use of plates strongly
influences the performances of reinforcement in terms of debonding strain.
Indeed, the greater the thickness, the higher the increase in the normal and
shear stresses at FRP to concrete interface and consequently the probability of
premature debonding occurrence (Oehlers and Moran, 1990; Tounsi et al.,
2009).
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3.4.2 Experimental program for bond tests on plates (European RRT)

The experimental program consisted in 18 bond tests on plates. Concrete
specimens were made up with the same nominal dimensions and cast in the
same batch: width 5. = 160 mm, height 4. =200 mm and length /. = 400 mm.

A low concrete strength was used in this experimental program to simulate
the application on existing RC buildings in which poor quality concrete is
usually found. For 1 m’ of concrete the following components were used:
1250 kg of gravel 4/14, 965 kg of coarse sand, 350 kg of Cem I 42.5 and 230
kg of water. Three compressive tests were performed on cylinder specimens at
28 days after casting: the cylindrical mean compressive strength was f.,, = 19
MPa and the mean Young's modulus was 18.6 GPa. Further compressive tests
carried out on concrete cubes (side 150 mm) 200 days after casting (i.e. at test
time) gave a mean cubic strength R., = 23 MPa; three-point bending tests
provided a mean tensile strength equal to f.,,, = 2.5 MPa. Two opposite sides
of each concrete specimen were strengthened, but each reinforcement was
tested separately. Thus each concrete specimen was used for two tests.

The test setup is depicted in Figure 3.24a; a Single Shear Test (SST) was
adopted in order to reduce the effects of detailing. Indeed, the SST is the most
commonly used test (Yao et al., 2005; Ferracuti et al., 2008; Savoia et al.,
2009; Dai et al., 2005;Wu et al., 2001), even if additional stresses may be
induced in the FRP external reinforcements due to a possible eccentricity of
the applied load. However, for FRP sheets, it was shown (Yao et al., 2005) that
low rotations (about 2°) do not significantly influence the results in terms of
debonding load. For laminates the influence of detailing could be greater, but
lower than 10% as shown by literature bond tests (Savoia et al., 2009).

The bond tests were carried out with a servo-hydraulic testing machine;
steel pipes were installed at the end of FRP reinforcement in order to ensure
adequate clamping in the grips of the testing machine. The specimen was
blocked at the lower base of the testing machine by a couple of steel bars
embedded in the concrete prism and bolted to a system of steel plates fixed in
the lower grips. According to this set-up, the concrete block was also loaded in
tension too (pull-pull SST - i.e. test setup c, see 3.1 ). All tests were
performed in displacement control with a speed of 0.003 mm/s. Several strain
gauges were applied along both types of FRP reinforcements in order to
measure axial strains (see Figure 3.24b).
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Figure 3.24 - (a) Test setup; (b) Strain gauge positions (dimensions in mm)

The bond tests on EBR systems were carried out on concrete prisms
strengthened by six different types of CFRP plates (3 tests per plate type). The
notation of specimens is A-x-y, where A refers to the reinforcement material (“C”
for carbon), x identifies plates thickness, #; and width, b and y distinguishes the
ordinal number of tests (“1”, “2” or “3”), as given in Table 3.10. The plates'
bonded length was in every case /, = 300 mm. Before the application of the
FRP reinforcement, the concrete surface was first treated by bush hammering.
Note that the primer installation on concrete surface was adopted only for C-
1.70x100 as explicitly suggested by the manufacturer.
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Table 3.10 - FRP geometrical and mechanical properties (EBR)

Label Ef (cov te E¢-As fu (cov) Adhesive
[GPa] [mm] [kN] [MPa] Type
C-1.30x60 175 (19%) 1.30 13650 3194 (30 A
C-1.60x100 109 (150 1.60 17440 1453 (9o B
C-1.20x100 166 (49 1.20 19920 3011 (20 C
C-1.25x100 171 20 1.25 21375 2856 (10%) A
C-1.70x100 141 (19) 1.70 23970 2637 (3% D
C-1.40x100 221 (4o 1.40 30940 2955 (s A

All plates were glued with the epoxy adhesives recommended and supplied
by the manufacturers; specialized workers prepared the mixtures and applied
the FRP systems. As concerns the FRP systems glued with the same resin,
only one mixture was produced in order to make the bond procedure uniform.
According to the manufacturers' technical sheets the tensile strength of
adhesives ranged between 25-30 MPa, Young’s modulus in tension between
4500-5000 MPa, and the compressive strength greater than 90 MPa.

The main geometrical and mechanical parameters of FRP plates are
summarized in Table 3.10: Young’s modulus, Ej thickness #; axial stiffness,
ErAy, and tensile strength, f;. The mechanical properties are the averages
obtained by experimental tensile tests on five specimens; in particular, Young’s
modulus was computed referring to strains in the range of 0.1-0.3%. The
variation coefficients (CoV) are also reported in brackets on Table 3.10;
specimens are listed by increasing axial stiffness. The width of the
reinforcement was by = 100 mm for all specimens except for the type C-
1.30x60 for which b= 60 mm; this corresponds to shape ratios b/b. of 0.63 or
0.38.

3.4.2.1 Debonding load and failure modes
The experimental maximum loads, Pp.x, recorded on each specimen are

reported in Table 3.11 along with the mean value of the maximum load, P

and the CoV of each triplet of specimens. Table 3.11 also reports the mean
values of the maximum laminate tensile stress, fu, the efficiency factor

defined as 1 =fu /fs and the average shear stresses, 7, computed by

max

dividing the mean failure load by the whole bonded surface (bsx /) of plates.
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(b)

Figure 3.25 - Debonding mode of EBR specimens: a) debonding in concrete (DB/C); b)
debonding at laminate adhesive interface (DB-E); c) splitting of concrete (SP); d) debonding
in concrete + splitting of concrete (DB-C/SP).

Table 3.11 - Experimental debonding loads for EBR systems

. Failure Proax P CoV fia n T nax
Specimen mode [KN] [%]  [MPa]  [%]

[KN] [MPa]
C-1.30x60-1 DB-C 33.18
C-1.30x60-2 DB-C/E 29.86 31.64 53 406 13 1.76
C-1.30x60-3 DB-C 31.88
C-1.60x100-1 DB-C/E 49.41
C-1.60x100-2 DB-C/E 39.87 44.64 15.1 279 19 1.49
C-1.60x100-3 SP 47.72%*
C-1.20x100-1 DB-C 49 .85
C-1.20x100-2 DB-C 48.05 50.17 4.6 418 14 1.67
C-1.20x100-3 DB-C/SP 52.60
C-1.25x100-1 DB-C 41.25
C-1.25x100-2 DB-C 38.14 39.70 5.5 318 11 1.32
C-1.25x100-3 SP 32.68*
C-1.70x100-1 DB-C 54.79
C-1.70x100-2 SP 51.41%* 54.68 0.3 322 12 1.82
C-1.70x100-3 DB-C 54.57
C-1.40x100-1 DB-C 48.40
C-1.40x100-2 DB-C 35.90 45.98 19.8 328 11 1.53
C-1.40x100-3 DB-C 53.64

DB-C = debonding in concrete, DB-E = debonding at plate/epoxy interface, SP = splitting of concrete
* not considered in the mean value of debonding strength because of splitting failure
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Typical debonding failures with detachment of a thin layer of concrete
were observed on most specimens (see Figure 3.25); in few cases was splitting
failure in the concrete block observed. Note that the failure loads
corresponding to splitting failure were not taken into account for the

calculation of the average bond strength, P,

. - Low 717 values were attained in
each case (i.e. in the range of 11%-20%).

The maximum experimental scatter is about 5% for four types of plates,
while it is 15% and 20% for the C-1.60x100 and C-1.40x100 types,
respectively. As concerns C-1.60x100, this scatter seems to be related to the
product itself as confirmed by the scatter recorded also for Young’s Modulus
(see Table 3.10). As regards C-1.40x100, a similar scatter had already been
found by tests performed elsewhere on identical specimens in the framework
of the same RRT (personal communication by Mazzotti C., 2010).

In Figure 3.26 the effectiveness of each EBR type against plate axial stiffness
(Er4)) is plotted; the graph indicates an ascending trend for values of E,4, lower
than 20,000 kN; for higher values of £r4 the trend becomes quite constant.

60 P, [KN] debonding load
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°
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® C-1.25x100
4+ C-1.20x100 ErAr
-1. X
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0 T T T 1
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Figure 3.26 - Experimental loads vs. E¢ A¢
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The results of specimens C-1.30x60 and C-1.25x100, produced by the
same manufacturer and bonded with the same adhesive, indicate that, for very
similar values of E¢ and tg, the use of plates with a larger width (i.e. 100 mm
vs. 60 mm) induced a load increase of only 25%. The non-proportional
increase in bond strength with the area of the FRP reinforcement is related to
the non-proportional growth of the concrete involved in the stress transfer.
This effect in the theoretical formulation is generally taken into account by the
shape factor (Yao et al., 2005).

Moreover, the failure loads of C-1.25x100 are anomalous compared with
plate C-1.20x100, which is supplied by a different manufacturer and applied
with a different adhesive: the latter is slightly stiffer than the former, but
showed a failure load 20% larger. This anomalous behavior, clearly shown in
Figure 3.26, is probably due to the different adhesive properties, as discussed
in the following.

Finally, plates C-1.60x100 and C-1.40x100 attained similar debonding
loads (i.e. about 45-46 kN, see Table 3.11), even if the axial stiffness of the
latter is significantly higher (+75%). It is worth noting that plate C-1.40x100
is glued with the same adhesive as C-1.25x100.

3.4.2.2 Load - displacement behavior

The experimental load-slip (P-s) curves are reported in Figure 3.27 for each
specimen; the experimental curves of specimens of each series were very low
scattered. The slip is computed by integrating the experimental strains
recorded by strain gauges applied on the plates.

An initial linear branch was observed on almost all the experimental curves
up to about 25 kN-30 kN. At this load, except for C-1.25x100 and C-
1.40x100, a sudden increase in slip is recorded probably due to initial local
plate debonding.

Plates C-1.40x100, C-1.25x100, C-1.30x60 are produced by the same
manufacturer and glued with the same adhesive. P-s curves show that plate C-
1.40x100 is more deformable than C-1.60x100 despite its higher stiffness and
plate C-1.25x100 is more deformable than C-1.20x100 which has comparable
axial stiffness. Thus, the adhesive may well be the cause of the different
behaviour of these plates compared with other similar types.
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Figure 3.27 - Experimental loads plotted vs. displacements
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In Figure 3.28 the mean shear stress, 7 = P/ (b/, -Lb), is plotted versus the

normalized slip, s*=(P, ‘L, )/ (E f-Af). This normalization allows us to

annul the differences in slopes evidenced in the P-s curves due to the axial
stiffness of the reinforcements, hence to highlight only the effect of the by/b,
ratio (Figure 3.28a, specimens with different widths and same adhesive) or only
the adhesive (Figure 3.28b, specimens with different adhesive and same width).
In particular, Figure 3.28a shows that, when the b/b. ratio decreases (C-
1.30x60), the concrete volume per unit of FRP width involved in the bond
mechanism is greater and hence the stiffness of the whole concrete-FRP
system increases. Moreover, Figure 3.28b shows that plate C-1.60x100,
despite its lower axial stiffness, shows a stiffer global behaviour.
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1.5 A 154
1.30x60_1 1.40x100_1
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Figure 3.28 - Normalized load-slip curves:
a) specimens glued with the same adhesive;
b) specimens with the same width.

3.4.2.3 Distribution of strains

The strain profiles along the reinforcement are plotted in Figure 3.29 for
one specimen of each triplet and at different loads (i.e. for a load step of 5 kN
up to failure). Note that the first point is not a strain gauge record but it is
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computed as P/E/y. Figure 3.29 shows that starting at loads of about 25-30
kN in most specimens, the first strain gauge applied on the bonded length
starts providing strains very close to the P/E/y ratio; this means the shear
stress-slip law is at the end of the softening stage, hence the beginning of
debonding in this part. Moreover, in the following 40 mm the shear stress-slip
law is in the softening stage and thus the stress transfer is still active. By
contrast, at the same load a significant increase in strains in the plates' central
part (i.e. 50-150 mm from the loaded end) is observed. In this part the strain
distribution becomes almost constant, meaning that the shear stresses are no
longer transferred. Finally, the strain profile at the end (150 — 300 mm from
the loaded end) shows that the bond mechanism is still in the elastic phase.
Therefore, the strain distribution in the central part of the plates seems to be
anomalous. This behavior could be caused by a macro-cracking in the
concrete block that occurs at about 25-30 kN and between 50 and 100 mm.
Indeed, macro-cracks form when the tensile strength of concrete is exceeded
because of the tensile load applied to the specimen. Moreover, due to this
loading condition, specimens strengthened with C-1.25x100 and C-1.40x100
show significant strains at the end as well (see Figure 3.29d and f).

However, in most specimens, at 25-30 kN the strain distribution moves along
the plate up to 200-250 mm and the strains at the end of the plate are very low at
the failure condition too. This means that the bonded length (300 mm) is
comparable with the effective one (fib bulletin 14, 2001, Chen and Teng, 2001).

3.4.3 Summary and conclusions

The experimental bond tests presented in this section showed that the
maximum efficiency of CFRP plates was only 20%. In general the increasing
of stiffness leads to have higher loads, but a loss of efficiency; indeed larger
transversal area do not lead to have a proportional increasing of ultimate load.

Moreover, higher values of thickness cause a larger scatter of results, the
debonding load is not directly proportional with the reinforcement stiffness, and
lower values of the ratio bf/bc do not determine proportional reduction of load.

Therefore the experimental results have showed that the effectiveness of
the strengthening system has to be evaluated also in function of the axial
stiffness: very high values of stiffness can be not useful to increase sensibly
the failure load of the strengthened elements and can be uneconomical.
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Figure 3.29 - Strain distribution along the EBR reinforcement: a) C-1.30x60; b) C-
1.60x100; ¢) C-1.20x100; d) C-1.25x100; e) C-1.70x100; f) C-1.40x100



Chapter IV - Analysis of the experimental results 79

Chapter 4 - Analysis of the experimental results

The bond between Fiber Reinforced Polymers (FRP) and concrete substrate
is a key aspect for the effectiveness of the External strengthening of
Reinforced Concrete (RC) beams by FRP systems, both cured in situ (sheets)
and the preformed (plates). Therefore plenty of research activities have been
carried out for better understanding the debonding phenomenon and several
theoretical and experimental contributions were provided. The fracture energy
is a basic parameter governing the debonding problem, nevertheless assessing
its value is not sufficient for reproducing the overall behavior of the FRP-to-
concrete interface for modeling problems such as, for instance, intermediate
debonding. Thus an accurate local bond-slip model, taking into account the
different behavior of sheet and plates, is of fundamental importance in the
modeling of FRP- strengthened RC structures.

The present chapter is aimed at identifying bond laws for sheets and plates
through an Indirect Identification Method (IndIM - Faella et al. 2009a), based
on the wide collection of results attained from the experimental tests showed
and discussed in the chapter 3.

A simplified shape for the bond law (bilinear elasto-softening) was chosen
on the basis of the observations of some previous studies available literary and
taking into account the possibility of exploiting closed-form solutions to the
problem of adhesion. The consistency of IndIM method and the robustness of
the assumption on the bond law shape was showed by a comparison, in terms
of axial strains throughout the bonded length, between theoretical predictions
and the corresponding measured values. Finally the advisability of assessing a
bond law for the plates different from that for the sheets was clearly showed.
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4.1 BOND INTERFACE RELATIONSHIPS

4.1.1 Identification methods

The FRP-to-concrete interface behavior is often described by its fracture
energy Gr, which the ultimate load Fp,,x observed in pull-out tests is directly
related to. Though, assessing the G value is not sufficient for reproducing the
overall behavior of the FRP-to-concrete interface for modeling problems such
as, for instance, intermediate debonding in RC beams externally strengthened
by FRP reinforcement (Faella et al. 2008a). Thus an accurate local bond—slip
model is of fundamental importance in the modeling of FRP-strengthened RC
structures.

As showed in the chapter 3, the pull test delivers the ultimate load of the
FRP-to-concrete interface, but also can provide useful information on the local
bond-slip behavior of the interface if axial strains of the FRP reinforcement
are measured with closely spaced strain gauges. Indeed, the shear-stress-
relative-slip relationship, describing the FRP-to-concrete interface law, can be
identified starting from the values of the strains recorded during the tests at
different load levels.

Commonly, the shear stress of a particular location along the FRP-to-
concrete interface can be found using a difference formula, whereas the
corresponding slip can be found by a numerical integration of the measured
axial strains of the FRP.

In particular the interface shear stresses 1i(z) can be obtained by the
variation of axial stresses, and thus strains, throughout the FRP by the
following relationship between two strain gauges at distance Az;:

& —&

Ti:T'Ef'tf (4.1)

where Ef and t; are FRP Young’s modulus and thickness, respectively.
Typical shear stress profiles assessed for sheets and plates, respectively, are
reported in Figure 4.1 -a,b. Note that, at the loaded end of the reinforcement,
shear stresses assessed for loads close to the debonding of the reinforcement
are lower than those assessed for lower loads. This indicates that in this zone
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of the reinforcement the shear stress-slip law is in the softening stage typical
of a post-elastic behaviour.
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Figure 4.1 - Shear stresses assessed on sheet (a) and plate (b) reinforced specimens

On the other hand, assuming for the sake of simplicity that concrete strain
is negligible with respect to FRP counterpart, the slip values corresponding to
the shear stress values obtained by Eq. (4.1) can be calculated by integrating
the axial strains measured during the test by the following relationship:

5k+1 + gk

11+1_z

(% —x,) (4.2)

Therefore the bond law at the FRP-to-concrete interface can be obtained by
calculating the shear stresses using Eq. (4.1) (considering the strains recorded
by the first two gauges - e.g. at 400mm and 380 mm in Figure 3.1) and the
corresponding slips using Eq. (4.2) (considering all the strain gauges applied
on the FRP reinforcement). In this way the experimental interface law is
obtained directly with respect to values of shear stresses and relative slips
based on experimental strains (see Figure 4.2).
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Figure 4.2 - Experimental bond law at the FRP-to-concrete interface: sheet (a) and plate
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Moreover, the couples of values (El,?j) can be “directly” used to calibrate

the 1-s relationship through a numerical regression, such as the least square
method. This method (hereinafter called DirIM — Faella et al, 2009a) is very
simple, but it does not often produce accurate local bond-slip curves. In
particular the shear stress deduced from axial strains can be not reliable due to
sensitivity to the distance between strain gauges in the averaging procedure
needed for estimating shear stresses. Consequently the method can noticeably
underestimate the values of fracture energy and provide bond-slip curves,
attained from different tests, substantially diverse.

In this regard, Ferracuti et al. (2007a) presented a procedure to calibrate
non-linear FRP-to-concrete interface laws from experimental results of bond
tests: strains along the composite are used to obtain shear stress—slip data,
whereas the maximum transmissible force is used to prescribe the value of
fracture energy, Gr, of interface law. Hence, the non-linear interface law is
obtained by a DirIM, taking into account of a restraint on Gy in the calibrating
procedure. The interface law is then used to simulate the tests and a good
agreement between numerical and experimental results are showed.
Nevertheless, the distribution of shear stresses cannot be directly compared
with data provided by the pull out tests, because both interface shear stresses
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and local displacements cannot be directly measured during the usual pull-out
tests.

In Lu et al (2005), some existing bond—slip models was presented and
assessed using the results of some pull tests on simple FRP-to-concrete
bonded joints, leading to the conclusion that a more accurate model,
unaffected by such uncertainties, is required. For this reasons three new bond—
slip models of different levels of sophistication were proposed, highlighting a
novel aspect in calibrating the models on the predictions of a meso-scale finite
element model. Through following comparisons with the test database, all
three bond—slip models are shown to provide accurate predictions of both
ultimate load and the strain distribution in the FRP reinfocement. In particular
it was showed that, while a more precise bond-slip model should consist of a
curved ascending branch and a curved descending branch (see also Savoia et
al., 2003 and Ferracuti et al., 2007a), also other shapes such as a bilinear
model can be used as a good approximation.

Among the three models proposed in Lu et al 2005, the last is just
represented by a bilinear law, identified by the following relationships for
determining the three parameters Tmax, Se and s,:

Tmax :lslgwf;’ (43)

s, =0.0158, 1, (4.4)
2.G, 2:0308-p-f

- - v =0.41-8 -f . 4.5

Su Tmax 1'5 'ﬂw '~f; ﬁw \/7 ( )

where f; is the tensile strength of the concrete and By, is a well-known
geometrical factor (as function of the ratio between the width of the FRP and
the concrete member which the FRP is applied on). Slightly dissimilar
expressions were suggested in literature for this factor (Lu et al 2005, Teng et
al., 2002, CNR DT200, 2004, fib bulletin2001), but the difference between the
expressions is however very small and all the mentioned equations are suitable
for practical applications. Note that, for simplicity and uniformity, some
relationships were formally rewritten.

It is worth observe that the relationships (4.3), (4.4) and (4.5) were assessed
by using the experimental results of bond tests performed on sheets (i.e. wet-
lay-up system characterized by thickness ranging between 0.133mm and
0.5mm for one or three layers). Very few experimental data was related to
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tests performed on plates (i.e. preformed system characterized by thickness
ranging between Imm and 2mm) whereas the reinforcement thickness
particularly affects debonding behavior: indeed, the greater the thickness, the
higher the increase in the normal and shear stresses at FRP to concrete
interface and consequently the probability of premature debonding occurrence
(Oehlers and Moran, 1990; Tounsi et al., 2009). Even if the numerical analysis
may take into account this parameter, the comparison performed with the
experimental data appears clearly lacking from this point of view.

By contrast, recently (Bilotta et al., 2011b), in order to assess a design
formulation to predict the plate end debonding load in RC elements
strengthened with Externally Bonded Reinforcement (EBR) made of FRP
materials by means of a statistical analysis, the experimental debonding loads
of several bond tests available in literature have been collected and joined
with the results of test showed in the Chapter 3. The procedure is reported and
exhaustively discussed in the Chapter 6. The proposed design formulation (see
also Chapter 7) is based on a detailed and consistent statistical analysis
performed according to the ‘design by testing’ procedure suggested in the
Eurocode 0 (EN1990, 2002). Cured in-situ (sheets) and preformed (plates)
FRP systems have been distinguished to better exploit the performance of the
former ones, as concerns the plate end debonding failure. The following
relationship, widely accepted in international literature and similar in structure
to that at present adopted in the Italian code CNR DT 200/2004, unified for
both for sheets and plates, was calibrated for the theoretical prediction of the
maximum plate end debonding load:

Pf,max =IBL 'bf '\/2'Ef 'tf Ty =:8L bf\/zEf 'tf 'kG 'kb\/fcm 'fctm (4.6)

E, t,
L= 27 ff (4.7)
2-b, /b,
k, = /L (4.8)
1+b, /b,
L L, . ,
=b. |2t i L <L,; =1 otherwise
B, LE( Lej f L<L; B (4.9)
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fom and f, being the compressive (cylindrical) and tensile strengths of
concrete, kg a coefficient regarding the experimentally calibrated fracture
energy, ky, is the counterpart of the well-known geometrical factor By
discussed above, and Pp also is a familiar factor, taking into account the
reduced bond strength when the bond length is lower than the effective one
(Teng et al, 2002). Finally E¢ and t¢ are the Young modulus and the thickness
of the FRP, respectively.

The calibrating procedure provided kg values equal to 0.077 and 0.063, for
sheets and plates respectively, indicating that the specific fracture energy
obtained for sheets is higher than that obtained for plates (of at least 20%).
Note that, in this case, the fracture energy values obtained by the calibrating
procedure are independent of the bond law shape. For further details see
Chapter 6.

Therefore, it is clear that Lu et al. (2005) suggested an expression for
assessing the interface relationship and consequently the energy fracture value
that takes into account the strength of the concrete, but completely neglects
the influence of the reinforcement properties, in particular the FRP thickness.
This assumption, regardless of the value of B, lead to same values of
maximum shear stress for plates and sheets applied on the same concrete.

Considering the test data related to the sets I, II and III (for each of which
both sheets and plates were applied on concrete blocks made of the same
concrete - see Table 3.1), the relationships (4.3), (4.4) and (4.5) provide the
values of Tmax, Se, Su and Gy reported in Table 4.1, separately for plates and
sheets. The fracture energy Gr is evaluated assuming the bilinear bond law
(see (4.13) for brevity)

Table 4.1 - Bond law key parameters according to Lu et al 2005 for Sets LILIII

sheets plates
Tmax Se Su Gr Tmax Se Su Gr
[Mpa]l [mm] [mm] [N/mm] [Mpal [mm] [mm] [N/mm]
Set I 3,15 0.032 0,53 0,84 4,93 0.049 0,53 2,05
Set 11 2,98 0.030 0,52 0,77 4,65 0.047 0,52 1,88
Set 111 3,31 0.033 0,54 0,90 3,96 0.040 0,54 1,29
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Note that for same concrete strength, the parameters obtained for the plates
are higher than those obtained for the sheets only due to the higher value of
the width factor By, which in this case is always greater for the plates.

Such a result, exactly opposite to the outcomes recalled above and better
discussed in the Chapter 6, indicates the advisability of assessing a bond law
for the plates different from that for the sheets.

However a simplified elasto-softening bi-linear relationship can reproduce
the key aspects of the interface behaviour, as pointed out by the comparative
study carried out by Lu et al. (2005), through only three mechanical
parameters completely identifies such relationship (i.e. maximum shear stress
Tmax, Ultimate slip s,, and elastic stiffness k.). Obviously knowledge of Gy,
derived by solving equations (2.63) (or (2.64) if necessary), is not sufficient
for determining such parameters and a reliable calibrating procedure must be
used to asses the relationship from the experimental strains measured during
the test.

In order to address such question an Indirect Identification Method
(hereinafter called IndIM — Faella et al, 2009a) can be pursued to calibrate an
interface relationship starting from the availability of axial strain evolution in
FRP plate at different load levels up to debonding failure: once a bi-linear
interface relationship has been assigned, the corresponding theoretical strain
distributions can be evaluated and compared with experimental data; the
procedure is iterative and ends when the difference between theoretical and
experimental strains is less then a prefixed tolerance (Faella et al., 2003).

On this subject, in Faella et al 2008a,b the key aspects of identifying the
interface stress-strain relationship by wusing experimental results were
presented and how best to utilize experimental data obtained through pull-out
tests for calibrating the 1-s relationship at the FRP-to-concrete interface was
widely discussed. In particular a comparison between the results provided by
two possible approaches for completely identifying the interface law, the
above-mentioned DirIM method and the IndIM method proposed in Faella et
al, 2003, was showed.

With reference to the results of some experimental tests (see Chapter 3)
both DirIM and IndIM have been applied in order to plot the 1-s relationship
and derive the corresponding specific fracture energy Gr, computed by
totalling up the area under the bi-linear curve.
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Table 4.2 shows that IndIM leads to specific fracture energy Gr larger than
those computed by DirIM in almost all analyzed cases. Moreover, the values
of Gr obtained with IndIM are as stable as the measured failure loads Pie,
confirming the superior accuracy of IndIM with respect to DirIM. Some of the
most representative bi-linear interface relationships obtained by applying both
DirIM and IndIM are reported in Figure 4.3.

Table 4.2 - Specific fracture energy GF: (DirIM) Vs (IndIM)
Label PM1 PM2 PM3 SM1 SM2 SM3
Gr (DirIM) 0.45 120 086 0.66 086 048
Gr  (IndIM) 0.73 1.75 1.03 0.66 0.67 0.72
Gr (tnamy/Gr, ey~ 1.61 1.46 1.20  0.99 0.78 1.50

7 DirIM s 7 IndIM 1S
: [MPa] sML1-Did | [MPa] SM_1 - IndIM

| . — - - —SM_2-DirlM IN! — - - —SM_2-IndIM
5 5

. \ .
4 ,/ N 4
3 / RN 3
2 / 2
1 > N 1
\ N \ .

0 ‘ 0 s

0.00 0.10 0.20 0.30 s [mm] 040  0.00 0.10 0.20 0.30 s [mm] 0.40

Figure 4.3 - Bi-linear interface relationship: (DirIM) Vs (IndIM).

The two methods lead to results that could be even significantly different,
especially in terms of ultimate slips (Nigro et al., 2008a). Furthermore, the
ascending branches of DirIM curves are characterized by a lower slope with
respect to IndIM

Comparisons between the theoretical and experimental values of the axial
strains throughout the FRP plate are reported, for different values of load test,
in Figure 4.4. The results are referred to test SM_3. The theoretical strain

values have been obtained by closed-form solutions reported in Faella et al.
(2003)
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Figure 4.4 - Theoretical and experimental strains: (DirIM) Vs (IndIM)

The theoretical values of strains obtained assuming the interface
relationship identified though IndIM are much closer to the observed ones
than the values which can be derived assuming the t-s relationship calibrated
by means of DirIM. Thus at all as an alternative to the method DirIM, the
IndIM again revealed the most accurate way of identifying nonlinear FRP-to-
concrete interface laws on the basis of experimental data. Moreover, it is
worth observing that the experimental data seem to be simulated with good
accuracy even if a simplified adhesion law (i.e. a bilinear adhesion law) is
assumed.

Thus, based on such results and the outcomes of Yao et al. (2005),
Ferracuti et al. (2007a), Faella et al. (2009a) and Bilotta et al. (2011b), the
IndIM procedure and the bilinear shape for the bond law will be extensively
utilized with the final aim of calibrating bilinear interfaces laws, as stable as
possible, and assessing their reliability for sheets and plates, separately.
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4.2 APPLICATION OF THE INDIM METHOD

The IndIM method was applied therein on the results of the experimental
campaign (see Chapter 3) involving both plates and sheets FRP reinforcement.
Results related to tests performed with cyclic load path (see Table 3.1) were
not considered for these analyses. For clarity, the general expressions of the
bilinear law will briefly defined in the subsection 4.2.1 , the IndIM procedure
will shortly be outlined in 4.2.2 ,and finally the results are showed and
discussed in the subsection 4.2.3 .

4.2.1 Bilinear bond-law relationship

As stated above, for the analysis performed in this chapter, the simple but
effective bilinear model is taken because closed-form solutions are available
for a such shape of the interface law, as extensively shown in Faella et al
(2003). This model is defined by the following well-known relationships (see
also Figure 4.5):

r=r,~ if s<s, (4.10)
S€

r=r TS e g <s<s, (4.11)
Su_Se

r=0 if  s>s5,, (4.12)

defining, obviously, the following relationship for the fracture energy:
G, =—mo v (4.13)

In these relationships, three parameters identify the bond law: the
maximum shear stress, Tmax, the corresponding slip, s., and the ultimate slip,
su, Which the interface shear stress can be considered null beyond.
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rnmx

ke Gr

Se Su s

Figure 4.5 - Bilinear (elastosoftening) law at the FRP-to-concrete interface

4.2.2 Indirect Identification Method (IndIM)

Since relevant measures of shear stresses and corresponding relative strains
cannot be directly drawn out by pull-out tests, an alternative procedure using
the experimental measures in terms of axial strain values gg;; recorded at
distance z; under the force F; (see Figure 3.1) can be adopted for “indirectly”
calibrating the t-s interface relationship. In particular, for each set, q, of
parameters Tma, Se and s, a given interface law is defined, and the
corresponding theoretical value €5, ;; of the axial strain developed in the FRP
plate at a distance z; under the force F; can be evaluated. Even if numerical
procedures, such as finite differences, can generally be utilized, the choice of a
bilinear bond law allowed the closed-form solutions to be used (Faclla et al.,
2003) taking also into account, if necessary, the influence of the parameter
bond length, L, in the solution of the problem. Consequently, the following
constraint condition can be imposed upon the value of q to be sought for
identifying the interface relationship

Fo(a.L)=Fnr, (4.14)

where F°P

v 1s the corresponding experimental value. Moreover, once the
theoretical values of the axial strains &g, ;; have been expressed for every
available load step /; and measure station at abscissa z;, the optimal value of
the vector of parameters can be evaluated through a numerical regression on

the measured values ¢, j; of the axial strains developed in FRP
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n m

g=argmin > | el ~ e, (2, Frq) | (4.15)
q

i=1 j=I

Consequently, the indirect identification procedure of the interface
relationship can be regarded as a constrained optimization problem described
by the two equations (4.14) and (4.15).

4.2.3 IndIM procedure results

Prior to show the results obtained by applying the identifying method is
worth noting that all the monotonic tests mentioned above were repeated three
times; this means that in Table 3.1 can be readily identified groups of three
tests for which the bond law should theoretically be equal. The interface laws
were assessed separately for each test and plotted for each homogeneous
group in Figure 4.6 and Figure 4.7 (for sheets and plates — set I and II) and in
Figure 4.8 and Figure 4.9 (for the set III).

Note that all relationships reported were based on experimental results not
differently affected by the type of test set-up, because the tests (sets I, II and
IIT) were all performed in a NES-SST scheme (i.e. test setup d, see 3.1 ).
Moreover the identification law was not reported if it was considered not
reliable, i.e. when the relationship (4.15) gave values lower than a prefixed
tolerance equal to about 10 depending on the number of strain gauges and
the number of the load level considered (optimal values were those lower than
10).

For each set of three tests interface laws very similar have been obtained.
This is confirmed by the mean values and the corresponding coefficients of
variation (CoV) of the parameters Tmax, Se and s, reported for each group of
three tests in Table 4.3. In particular the CoVs of 1, and s, are often very
low (about 10% that represents a typical value of CoV for problems involving
the strength of the concrete), and sometimes less than 5%. By contrast the
CoVs of the elastic slip, s. , corresponding to the maximum shear stress, Tmax,
are quite high. This indicates that the bond behaviour in the elastic stage is not
perfectly approximated by a linear branch.
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Figure 4.6 - Bilinear bond law for sheets (t=0.166 mm) of set I (a) and II (b,c)
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Figure 4.7 - Bilinear bond law for plates (t;= 1.4 mm) of set I (a) and II (b,c)
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Figure 4.8 - Bilinear bond law for sheets (t; = 0.166 mm) of set III: (a) I, = 400 mm, (b) I, = 100
mm
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Figure 4.9 - Bilinear bond law for plates (t;= 1.2 mm) of set III: (a) I, =400 mm; (b) l,= 100 mm

The robustness of the results obtained by the IndIM method can be easily
showed by a comparison, in terms of axial strains throughout the bonded
length, between theoretical predictions and the corresponding measured values
under the various load levels. Figure 4.10 and Figure 4.11 show the results of
this comparison for sheets and plates, respectively. The axial strains evaluated
assuming the interface relationships calibrated through the IndIM procedures
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are very close to the experimental one for low load levels and enough precise
for higher load levels due to the constraint condition (4.14), which is a key
statement for the identification problem at hand. Consequently, the bond laws

are showed be particularly reliable.

Table 4.3 - Bond law key parameters calibrated by the IndIM method on SST test results.

sheets plates

Set test Se Su Timax test Se Su Timax
[MPa] [mm] [mm)] [MPa] [mm] [mm]

PM1 0.03 0.20 3.92 | SMI 0.01 0.30 4.62
PM2 0.03 0.20 3.89 | SM2 0.02 0.24 4.87

I| pPMm3 0.03 0.18 435 | SM3 0.01 0.23 5.04
mean 0.03 0.19 4.05 | mean 0.01 0.26 4.84
CoV 0% 6% 6% CoV 43% 15% 4%
PM7 0.01 0.27 4.18 | SM7 0.03 0.20 545
PMS8 0.03 0.33 423 | SMS8 0.01 0.23 5.16
PM9 0.02 0.22 4.24 | SM9 0.03 0.29 547
mean 0.02 0.27 4.22 | mean 0.02 0.24 5.36
I CoV 50% 20% 1% CoV 49% 19% 3%
PM13 0.02 0.21 3.53 | SM13 0.01 0.24 4.34
PM14  0.01 0.25 3.73 | SM14 0.01 0.29 4.55
PM15 0.02 0.24 3.94 | SM15 0.01 0.25 4.45
mean 0.02 0.23 3.73 | mean 0.01 0.26 4.45
CoV 35% 9% 5% CoV 0% 10% 2%
Vla 0.01 0.20 4.01 | Vl18a 0.01 0.28 5.16
V2a 0.01 0.26 3.61 | V19a 0.01 0.32 5.11
V3a 0.01 0.20 3.30 | V20a 0.01 0.30 5.26
mean 0.01 0.22 3.64 | mean 0.01 0.30 5.18
I CoV 0% 15% 10% | CoV 0% 7% 1%
Vib 0.02 0.30 3.06 | V18b 0.02 0.34 6.16
V2b 0.01 0.27 3.56 | V19b - - -
V3b - - - V20b 0.01 0.21 5.86
mean 0.02 0.29 3.31 | mean 0.02 0.28 6.01
CoV 47% 7% 11% | CoV 47% 34% 3%
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Figure 4.10 - Comparison between theoretical and experimental strains: sheets of set |
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Figure 4.11 - Comparison between theoretical and experimental strains: plates of set 111
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In Figure 4.12 and Figure 4.13 the bond laws identified on the same
material are plotted together to show that, correctly, the IndIM method
provides the same interpretation of the experimental data even for different

bond lengths.
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Figure 4.12 - Bilinear bond law for set I, II: (a) sheets (t; = 0.166 mm); (b) plates (t;= 1.4 mm)
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Figure 4.13 - Bilinear bond law for set I1I: (a) sheets (t; = 0.166 mm); (b) plates (t;= 1.2 mm)
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Table 4.4 finally shows the average values of Tn.x, S. and s, by type of
material. It may firstly be noted that elastic slip, s., corresponding to the
maximum shear stress, Tmax, and the ultimate slip, s,, are on average the same
for sheets and plates (although the dispersions of the values obtained by the
identifying method are somewhat high). Conversely the values of maximum
shear stress obtained for sheets bond laws are always higher than those
obtained for plates interface relationships, of about 30% in average. Clearly
the same differences are attained in terms of fracture energy. Such results are
in a agreement with those shown in the Chapter 6 (see also Bilotta et al.,
2011b) and confirm the unreliability of predictions provided by the
relationships (4.3), (4.4) and (4.5) given in Lu et al (2005) (see Table 4.1).

Table 4.4 - Mean values of key parameters calibrated by the IndIM method on SST test results.

sheets plates
set Se Su Tmax Se Su Tmax
test
[Mpa] [mm] [mm] [Mpa] [mm] [mm]

mean 0.02  0.25 4.88 imean 0.02 023 4.00
CoV 57% 13% 9% [CoV_ 38% 41% 7%
mean 0.01  0.29 5.51 mean 0.01 0.25 3.51
CoV 37% 17% 9% [CoV 37% 18% 10%

I-1I

I

Moreover, the bilinear bond laws obtained by using the averages of the
values of Tmax, Se and s, reported Table 4.4 for the sets I and II (very similar
concrete strength) are plotted in Figure 4.14a,b for sheet and plates
respectively. Such laws, compared with those obtained by using the averages
of the corresponding values of Tax, Se and s, reported in Table 4.1 (Lu et al
2005), show not a very good agreement. Same comparisons are showed in
Figure 4.15 with reference to the values of Tn.x, Se and s, attainable by using
the only bilinear law provided in CNR-DT200 (2004) for sheets and plates.
This bilinear law shows a better agreement in the case of plates. Finally Figure
4.16 shows the lower difference between the bond law experimentally
identified and that herein proposed, attainable by using the same relationships
provided in CNR-DT200 (2004) modified to separately consider sheets and
plates, according to Bilotta et al. (2011b). Note that s, = 0.25mm (see Table
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4.4) was assumed instead of s, = 0.2mm suggested in CNR-DT200 (2004).
Further details on these relationships are reported in the Chapter 7.
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Figure 4.14 - Comparisons of bilinear bond laws: IndIM vs Lu et al (2005) for (a) sheets; (b) plates
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Figure 4.15 - Comparisons of bilinear bond laws: IndIM vs CNR-DT200 (2004) for (a) sheets;
(b) plates
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Figure 4.16 - Comparisons of bilinear bond laws: IndIM vs Bilotta et al. (2011) for (a) sheets;
(b) plates

Moreover, Table 4.4 clearly show that s.<<s,. Thus from (2.57)

kin — ( max l) ~ max . (4-16)

T S
Le_ﬁ :E- (4.17)

(4.18)

providing the effective bond length.



102 Chapter IV - Analysis of the experimental results

Figure 4.17 shows the reliability of this formulation based on the experimental
results of bond tests performed on both plates (Figure 4.17a) and sheets
(Figure 4.17b) already reported above in Figure 3.22a and Figure 3.23a
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Figure 4.17 - Strain profiles along FRP: (a) plates; (b) sheets



Chapter IV - Analysis of the experimental results 103

4.3 SUMMARY AND CONCLUSIONS

Theoretical strength models available in literature, predicting debonding
load for two macro type of FRP systems, i.e. the cured in situ (sheets) and the
preformed (plates) separately, have been considered. The comparison between
the relationships showed that the specific fracture energy of the sheets can be
higher than that of the plates. Anyway assessing the specific fracture energy,
by this relationships, is not sufficient for reproducing the overall behavior of
the FRP-to-concrete interface for modeling problems. On the other hand,
simplified and accurate bond models available in literature, do not seem to
take into account the different performance of sheets and plates. Thus a more
accurate local bond—slip model revealed of fundamental importance to model
FRP- strengthened RC structures.

Consequently bond laws for sheets and plates have been separately
identified through an indirect identification method (IndIM). The identifying
procedure was applied on a wide collection of experimental results attained by
pull tests during which not only the load but also the corresponding axial
strains of the FRP reinforcement were measured. A simplified shape for the
bond law (bilinear elasto-softening) was chosen on the basis of the
observations of some previous studies available literary and taking into
account the possibility of exploiting closed-form solutions to the problem of
adhesion.

Both the consistency of IndIM method and the robustness of the
assumption on the bond law shape was showed by a comparison, in terms of
axial strains throughout the bonded length, between theoretical predictions
and the corresponding measured values. Even if the uncertainness in
accurately identifying the parameter s. indicated that the bond behaviour in
the elastic stage was not perfectly approximated by a linear branch, the result
obtained by assuming a bilinear law were satisfying.

Finally, several bond law relationships, identified by three parameter (i.e.
the maximum shear stress, tmax, the corresponding elastic slip, se, and the
ultimate slip, s, ), have been compared. The elastic and ultimate slips, s, and s,
respectively, are on average the same for sheets and plates, although the
dispersions of the values obtained by the identifying method are somewhat
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high. Conversely the values of maximum shear stress, Tmax, oObtained for sheets
bond laws are always higher than those obtained for plates interface
relationships, of about 30% in average. Clearly the same differences are
attained in terms of fracture energy. Such results are in agreement with the
theoretical strength models available in literature for predicting debonding of
sheets and plates separately, confirming the advisability of assessing a bond
law for the plates different from that for the sheets.
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Chapter 5 - Debonding failure of FRP strengthened
RC members

In the introductive chapter of this thesis (Chapter 1) a detailed
classification proposed by (Teng et al., 2002) has been reported to define the
variety of debonding failure modes observed in tests on reinforced concrete
(RC) beams strengthened by bonding fibre reinforced polymer (FRP)
reinforcements to their tension face.

Anyway the failure modes can be broadly classified into two types: (a)
those associated with high interfacial stresses near the ends of the bonded
plate; and (b) those induced by a flexural or flexural-shear crack away from
the plate ends.

The first type of failures (plate-end debonding) has been extensively
studied by researcher in the past, as this was the most commonly observed
mode of debonding failure for steel-plated RC beams, leading to many
strength models also for FRP-plated RC beams.

The second type of failures (intermediate debonding) are more likely for
FRP-plated RC beams. Thus, in the last years, several studies have been
devoted to the occurrence of this failure mode, but to date definitive solutions
have not been reached. However, various proposals have been derived from
simplified mechanical models and calibrated by means of experimental results
available in the scientific literature.

The most known plate-end debonding strength models will briefly recalled in
this chapter, which will more concerned with the intermediate debonding
phenomenon. Numerical simulations (Faella et al., 2008a) performed to simulate
and, thus, further investigate both the debonding phenomena are also discussed.
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5.1 DEBONDING FAILURE TYPES FOR RC BEAMS AND
SLABS

Innovative techniques based on the external application of Fibre
Reinforced Plastic (FRP) laminates (sheets or plates) are interesting
alternatives to traditional solutions for strengthening Reinforced Concrete
(RC) structures. Along with high structural effectiveness, composite materials
are light and easy to install, their application does not entail loss of space and,
in some cases, can be performed without interrupting the use of the structure.
However, the high performances of FRP materials often cannot be properly
exploited, since a typical failure is the debonding of the external
reinforcement, namely the loss of bond at the concrete/FRP interface. This
makes the bond strength at the interface a key issue in the strengthening
design procedure.

Based on existing studies, a schematic representation of seven typical
failure modes observed in tests is shown in Teng et al. (2002): (a) flexural
failure by FRP rupture; (b) flexural failure by crushing of compressive
concrete; (c) shear failure; (d) concrete cover separation; (e) plate end
interfacial debonding; (f) intermediate flexural crack induced inter- facial
debonding; and (g) intermediate flexural-shear crack induced interfacial
debonding. For a full discussion of each of these failure modes, the reader is
referred to Teng et al. (2002).
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Figure 5.1 - Failure modes of RC beams flexurally-strengthened with an FRP soffit plate.
(Teng et al. 2002)

Tests have shown that the load carrying capacity of RC beams flexurally-
strengthened with an FRP plate bonded to the tension face is often limited by
one of the debonding failure modes. The observed modes of debonding in
FRP-plated beams can be broadly classified into two types: (1) those
associated with high interfacial stresses near the ends of the bonded plate
(failure modes (d) and (e)) which are collectively referred to as plate end
debonding; and (2) those induced by a flexural or flexural-shear crack away
from the plate ends (failure modes (f) and (g)) which are collectively referred
to as intermediate crack-induced debonding (or simply intermediate crack
debonding or IC debonding). Similarly, where a flexural crack is emphasised,
intermediate flexural crack debonding is referred to as IFC debonding.
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Plate end debonding failures involve the separation of the FRP plate,
starting at or near a plate end. Of the two possible plate end debonding failure
modes, concrete cover separation (failure mode (d)) involving the detachment
of the FRP plate together with the concrete cover has been much more
commonly reported.

Intermediate debonding has been observed only in a much more limited
number of tests and has received much less research than plate end debonding.
In particular, no reliable strength model appears to have been developed to
predict such failures.

One of the reasons for this lack of attention has been due to the fact that in
RC beams strengthened with a tension face steel plate, due to the much greater
stiffness of the steel plate, IC debonding was not found in laboratory tests.
That is, for steel plated beams, plate end debonding failures are much more
likely. The situation is, however, different with FRP plates, whose strength-to-
stiffness ratio is much higher than that of steel plates. As a result, the FRP
plate/sheet used for a particular strengthening application is generally much
thinner and /or softer than a corresponding steel plate of equivalent total
tensile capacity and is much less likely to debond at plate ends.

The IC debonding failure mode is, thus, believed to be particularly
important for relatively slender members and members strengthened with a
relatively thin FRP plate or sheet. In this connection, it is worth noting that
that the IC debonding failure mode is now attracting increasing attention as an
important failure mode.

5.1.1 Plate end debonding

FRP plate end debonding has been extensively investigated and various
models have been proposed (Varastehpour and Hamelin 1997; Sadadatmanesh
and Malek 1998; Wang and Ling 1998; Ahmed and van Gemert 1999;
Tumialan et al. 1999; Raoof and Hassanen 2000; Smith and Teng 2002a,b;
Teng and Yao 2007). Some other models were initially developed for beams
with bonded steel plates and used without any modification for FRP plates
(Oehlers 1992; Ziraba et al. 1994; Jansze 1997; Raoof and Zhang 1997).
Smith and Teng (2002a,b) classified these models and assessed some of them
versus many data available from literature. In particular the plate end
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debonding models were generally classified into three categories Smith and
Teng (2002a):

* Shear capacity based models: debonding failure strength is related to the
shear strength of concrete with no or only partial contribution of the steel
shear reinforcement. The interfacial debonding stress between the bonded
plate and the concrete are not evaluated, thus the required calculations are
generally simple. The debonding strength is generally given as the shear force
acting at the plate end, with or without taking into account the effect of any
coexistent moment.

* Concrete tooth models: these models use the concept of a concrete
“tooth”, between two adjacent cracked surfaces, deforming like a cantilever
under the action of horizontal shear stresses at the base of the beam.
Debonding is deemed to occur when these shear stresses lead to tensile
stresses at the root of the “tooth” that exceed the tensile strength of the
concrete. An effective length for the bonded plate is defined over which the
shear stress is assumed to be uniform. In these models, the contribution of the
shear capacity of the beam to the failure mode is open to question because it
seems that failure is controlled by the flexural crack spacing in the concrete
cover. Despite this, it is acknowledged in all these models that further
understanding of the shear phenomenon is required with many unresolved
issues remaining. Using the value of the maximum stress in the bonded plate
determined from these models and the methods of strain compatibility or non-
linear finite element analysis, the external loading required to create such a
stress can be determined and the beam capacity estimated.

* Interfacial stress based models: these models simply assume that the
concrete cover separation or plate end interfacial debonding is due to high
interfacial stresses at the end of the soffit plate. A concrete element adjacent to
the end of a bonded plate is, thus, subjected to 1, 6, and o,: shear stress,
transverse normal stress perpendicular to the adhesive layer and the bonded
plate (the peeling stress) and longitudinal stress, respectively. Such
assumptions are logical but are labour intensive compared to the previous
models.

Smith and Teng (2002b) have found all existing strength models for this
type of debonding failures to be unsatisfactory for FRP-plated RC beams, so
further studies should be carried out to determine the circumstances under
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which plate end interfacial debonding occurs. However, Smith and Teng
(2002b) stated that of the three approaches employed for developing
debonding strength models, the shear capacity based models appears to be the
most robust, followed by the concrete tooth models, with interfacial stress
based models being the least reliable. The interfacial stress based models by
Saadatmanesh and Malek (1998) and Tumialan et al. (1999) however provide
safe predictions for beams with wet lay-up plates. Only Oehlers (1992) model
can be used directly in design as it provides safe predictions although its
predictions are overly conservative. All other models do not provide
predictions of test debonding strengths with a sufficient degree of
conservativeness for direct design use.

As the interaction between the shear force and the bending moment at the
plate end at debonding included in Oechlers (1992) model did not appeared to
exist for FRP plated beams, at least according to the test data available, Smith
and Teng (2002b) proposed a simple new model which seemed superior to all
existing models in providing safe and accurate predictions for design use by
modifying Oehlers (1992) model. Anyway additional work is required.

In addition to the concrete cover separation discussed above, an anchorage
failure due to crack propagation parallel to the bonded plate near or along the
adhesive/concrete interface, starting from the critically stressed position
toward the anchored end of the plate may be prematurely achieved.

Several theoretical models, based on the fracture mechanics, have been
developed to estimate the debonding load of FRP reinforcement applied on
concrete surface (Taljsten, 1994; Neubauer and Rostasy, 1997; Brosens and
Van Gemert, 1997; fib bulletin, 2001; Chen and Teng, 2001; Smith and Teng,
2002a,b; CNR-DT200, 2004; Seracino et al., 2007; Ferracuti et al., 2007b).
Main analytical relationships depend both on the stiffness, the width and the
bond length of the FRP and on the width, the strength and the surface
treatment of the reinforced concrete member.

In the following section a derivation of the general relationship predicting
the maximum tensile force at debonding based on the fracture energy
approach is briefly showed and the some of the above mentioned theoretical
formulations of debonding load are recalled, paying particular attention to
theoretical approaches suggested by (fib bulletin 14, 2001; Chen and Teng,
2001; CNR-DT200, 2004)
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5.1.1.1 Theoretical formulations of debonding load

As showed in 2.2 , the maximum tensile force , Fin.x, at debonding in an
FRP external reinforcement characterized by an infinite bonded length can be
calculated as (see (2.72)):

F_=b.-

max — Of 1Ty (5.1)
where #4, by, Er are the thickness, the width, and the Youngs’ modulus of the
FRP reinforcement.

The fracture energy, Gr, depends on both the strength properties of adherents,
concrete and adhesive, and the characteristics of the concrete surface. If the FRP
reinforcement is correctly applied, the debonding occurs in the concrete and the
specific fracture energy of the interface law can be written in a form similar to
that used for the shear fracture (mode I). Therefore, the fracture energy can be
expressed as a function of the concrete shear strength: T’ 7 (rb)max) , Where Ty max

depends on both tensile and compressive concrete strength.

In most formulations, the fracture energy depends directly on the concrete
tensile strength and on a shape factor that is function of the FRP-to-concrete
width ratio (bgb;). The formulations proposed by (Neubauer and Rostasy,
1997) and (Lu et al., 2005), e.g., are:

G,=0204-k’-f,, (5.2)

L =0.308- 52\ fin (5.3)

being f.im the mean tensile strength of concrete, ki, and By, the shape factors
defined as:

k, =1.06 Lf’/b‘ (5.4)
\[1+b, /400 |

5 o .
"\ 1+b, /5, |
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Based on both formulations of fracture energy similar to Eqns. (5.2) and
(5.3) and experimental results of bond tests, several theoretical formulations to
evaluate the bond strength have been proposed in the past (Taljsten, 1994;
Neubauer and Rostasy, 1997; Brosens and Van Gemert, 1997; fib bulletin,
2001; Chen and Teng, 2001; Smith and Teng, 2002; CNR-DT200, 2004;
Seracino et al., 2007). These expressions allow to predict the plate end
debonding load. In some cases, the same expressions are suitably modified by
changing some factors in order to predict the intermediate crack debonding load
too in RC beams (Teng et al., 2003; Chen et al., 2007; CNR-DT200, 2004).
The lay out of these formulations is often similar, while the numerical
coefficients calibrated on experimental results are different. Moreover, the
safety factors, which need in order to calculate design provisions as part of the
Limit State approach, are not always considered. This last point is an
important issue, if a safety level (mean, characteristic or design) has to be
associated to the provision.

In this section, the theoretical approaches suggested by (fib bulletin 14,
2001; Chen and Teng, 2001b; CNR-DT200, 2004) have been considered to
evaluate the bond strength. In particular, the bond strength expressed in terms of
maximum tensile load in the FRP reinforcement, N¢max, and the effective length,
L., which is the minimum length required to warrant the full transfer of this
load, are defined as follows by the three approaches:

1) fib bulletin 14, 2001 :

Nf max — X Cp° k k b ﬂL ,' /'f;’”" (56)
E. -t
L= |2l 5.7
N2/ >0
L, L .
:L_. 2_L_ if L, <L, B, =1 otherwise; (5.8)

27,7, ith bf>033
1+b, /400 a0 - " b (5.9)

where by, tr, Ef, Ly are width, thickness, Young’s modulus and bonded
length of the FRP reinforcement, b, is the width of the concrete element, fy, is
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the mean tensile strength of concrete, ¢; = 0.64 and ¢, = 2 are coefficients related
to an experimental calibration of the fracture energy (Neubauer and Rostasy,
1997), oo = 0.9 is a reduction factor to account for the influence of inclined
cracks on the bond strength, and k. takes into account the state of compaction
of concrete and usually is assumed equal to 1.00, or 0.67 for FRP bonded to
concrete faces with low compaction. Finally, ks is the shape factor

2) Chen and Teng, 2001b:

Nf,max:a'ﬂw.ﬂL.bf.Le. f'c (510)
E, -t,
L= -= (5.11)
I
B, :sm”—L” if L, <L, B, =1 otherwise (5.12)
5 - 2-b,/b, |
"\ 1+, /b, (5-13)

f’. being the mean cylindrical compressive strength of concrete and a a
coefficient equal to 0.427 or 0.315 to calculate a mean or a design provision,
respectively. By is the shape factor. Note that the debonding laod values of Eq.
(5.10) should be divided by an appropriate safety factor y, = 1.25 for design
purpose, according to suggestion in Section 3.4 of Teng et al. (2001).

3) CNR DT200-2004:

1
N max =—\/7'ﬂL by kg -k, '\/2'Ef NS Som (5.14)

Via
E, -t,
L = 2A-ffj (5.15)
L, L, . ;
B, = 2_L_ if L, <L, B, =1 otherwise; (5.16)

P AL a 2s033
= |/ 2 wi — 2 VU.
" \1+b, /400 b -17)
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where fix is the characteristic value of the cylindrical compressive strength
of concrete and kg is an experimentally calibrated coefficient, which is 0.064
or 0.03 for mean or design provision, respectively. Finally k; is the shape
factor. The safety factor for debonding failure, v 4, is usually assumed equal to
1.2 or 1.5 (non-controlled or controlled gluing application), while vy, is the
safety factor for concrete (equal to 1.5, EC2, 2004).

5.1.2 Intermediate crack-induced debonding

This section is concerned with the second type of debonding failures stated
above, that one induced by a flexural or flexural-shear crack, which is referred
to as intermediate crack-induced debonding. In particular, the theoretical
approaches found in literature for predicting the mechanical behaviour of
beams and slabs which fail by intermediate crack-induced debonding are
reported and discussed.

As stated above, plate-end interfacial debonding is a common mode of
failure for reinforced concrete beams with bonded steel plates. Many
investigations have been performed on this mode of failure. Indeed, most of
the previous models for interfacial plate-end debonding of bonded FRP
laminates were based on initial models developed for steel plates. By contrast,
reinforced concrete beams with bonded FRP plates commonly suffer
intermediate (flexure or flexure-shear) crack-induced interfacial debonding.
Therefore, only recently, experimental tests relevant for this failure mode
were extensively performed to better investigate the debonding mechanism.
Descriptions of this mode of failure are provided by Meier (1995), Teng et al.
(2002), Bakay (2003), Teng et al. (2003), Teng et al. (2004), Yuan et al.
(2007), Chen et al. (2007), Faella et al (2008a).

Crack-induced interfacial debonding phenomenon will be discussed in the
following subsections: it will be evident that there is a lack of currently
available models for this type of debonding; hence the suggestion provided by
international codes are rightly conservative.

5.1.2.1 Experimental observation

Bakay (2003) argued that bending deformation of beams results in the
creation of a flexural crack in the soffit of the beam. When shear forces also
act, a vertical displacement can occur across the crack resulting in flexural
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forces in the composite laminate and tensile stresses in the concrete. When
these tensile stresses exceed the tensile strength of the concrete a crack will
begin to propagate parallel to the length of the beam in the concrete cover.
The layer of concrete remaining bonded to the laminate indicates failure is
through the concrete, not the adhesive.

In a similarly manner, provided a single flexural crack dominates the
process, Teng et al. (2003) summarised the mechanism of IC debonding as
follows: when a major flexural crack is formed in the concrete, the tensile
stresses released by the cracked concrete are transferred to the FRP plate. As a
result, high local interfacial stresses between the FRP plate and the concrete
are induced near the crack. As the applied loading increases further, the tensile
stresses in the plate and hence the interfacial stresses between the FRP plate
and the concrete near the crack also increase. When these stresses reach
critical values, debonding initiates at the crack and then propagates towards
one of the plate ends; Garden et al. 1998 showed that they generally propagate
toward the nearer end.

Fanning and Kelly (2001) presented a research where the initial goal was to
determine the relation between the length of the bonded plate within the shear
span and the shear span length. Their belief was that this was an important
factor in the brittle failure modes commonly witnessed with FRP strengthened
beams. In their study, ten beams were constructed in pairs with varied plate
lengths, and subject to 4-point bending. The compressive strength of the
concrete was 80 MPa. Beams with plates bonded along their entire length
were described to have failed due to the initiation of a shear crack at the soffit
of the beam in line with one of the external load points. The remainder of the
beams with smaller plated lengths failed as a result of ripping, initiating near
the plate end. For beams failing as a result of ripping it seemed there was a
relation between the failure load and the strain gradient in the bonded plate
length in the shear span at failure. The failure load was higher when the
mechanism of failure shifted from end peel/ripping to debonding in the region
of a shear crack. Note that the plate end debonding failure was not avoided in
presence of plates not bonded along the entire length of the beam. A wide
State of the Art (E.Y. Sayed-Ahmed et al., 2009), shows further useful
experimental observations on this issue.
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5.1.2.2 Similarities between IC debonding and debonding in shear tests

The occurrence of the interfacial crack depends on the FRP-to-concrete
bond-slip behaviour. If the bond slip behaviour is assumed to be rigid, the
interfacial crack should be expected to occur as soon as a flexural crack
appears on the tension face of the original RC beam because otherwise infinite
strain is required in the plate for compatibility with the flexural crack. In
reality, the bond-slip behaviour is not rigid due to elastic deformations and
micro cracking of the bond (i.e. the adhesive and the adjacent concrete) (e.g.
chapter 2-4), so a small crack can be accommodated through the deformation
of the bond without causing the FRP-to-concrete interface to develop
interfacial macro-cracking (i.e. debonding). After flexural cracks are
developed, the stresses in the FRP plate are non-uniform even within the
constant moment zone.

Anyway, by describing the mechanism of this type of debonding failures,
some significant similarities can be highlighted between such debonding
failures and those in simple shear tests of FRP-to-concrete bonded joints
showed in the previous chapters.

In this regard it is worth note that intermediate crack-induced debonding
occurs in two scenarios.

In the first, no significant (major) crack exists between the free end of the
bonded laminates and the significant crack where debonding initiates: typical
for reinforced concrete beams or slabs with low reinforcement ratios. The
stress state of this first scenario is almost similar to the simple pull-off tests.
Based on this similarity, the Chen and Teng (2001a) bond strength model is
combined with a simple section analysis for predicting the strength of beams
and slabs, which fail by intermediate crack-induced debonding. It is shown
that through a simple modification of the Chen and Teng bond strength model,
the proposed debonding strength model provides a good first approximation to
the strengths of such beams.

On the other hand, in the second scenario, one or more significant cracks
exist between the debonding initiation crack and the free end of the bonded
laminates. In this situation, the stress state is different from that of the simple
pull-off tests. Thus, Chen et al. (2007) proposed the following equation for the
ultimate load of a bonded FRP plate between two significant cracks:
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where by, tr, E, L are width, thickness, Young’s modulus and bonded
length of the FRP reinforcement, E. b, are the Young’s modulus and the width
of the concrete element whereas t. is the thickness of concrete involved in the
bond mechanism. t; and J¢ are the local bond strength and the maximum slip
of the bonded laminates between the two cracks, respectively, B is the ratio
between the forces in the bonded laminates at the two cracks locations and Gy
is the fracture energy which is the defined by the area under the bond-slip
model adopted in the calculations for this joint. Despite their attempt to
simplify it, the proposed equation of Chen et al. (2007) still contains implicit
parameters which are very hard to evaluate practically.

L<%arccosﬂ , (5.19)

5.1.2.3 Review of existing analytical models

Several analytical models predicting intermediate debonding are reported
in technical codes: European Code (fedeération internationale du béton) fib
Bulletin 14 (2001) Approaches 1 and 2; Japanese Code Japan Society of Civil
Engineers JSCE (2001); British Code Concrete Society TR55 (2000), and
American Code ACI (2008). Apart from these, models reported in various
technical papers were also investigated: Maruyama and Ueda (2001), Teng et
al. (2003, 2004), Arya and Farmer (2001), Shehata et al. I (2001), Hassanen
and Raoof (2001), Wang and Ling (1998), and Zhao (2005). These models
were based on the approach to limit the debonding strain in FRP to a certain
value to prevent debonding in the design

Other models were based on the shear capacity of the strengthened beam
and/or on an interaction between the shear and flexural capacity of the beam.
These included models by Matthys (2000), Blaschko et al. (1998), Jansze
(1997), Ahmed et al. (2001), Oehlers (1992), Smith and Teng (2002b), Ziraba
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et al. (1994), Varastehpour and Hamelin (1996), El-Mihilmy and Tedesco
(2001), Colotti and Spadea (2001), and Jones et al. (1988).

In Saxena et al (2008) several models readily available in different studies
were collected and briefly described to compare the predictions in terms of
bond strength of the strengthened beams. Based on the comparative study of
all the models on different failure modes Saxena et al (2008) concluded that
no model predicts debonding in a comprehensive way. Moreover, for models
that limit the debonding strain, the results are highly conservative. These
models are given by design codes and hence their objective is to prevent
debonding. But in doing so, the entire capacity of the FRP strengthened beam
is not utilized. Note that Saxena et al (2008) referred to ACI code 4402r-2002
and not to ACI code 440-2r-2008. The first limits the debonding strain in FRP
to a values less conservative respect to those suggested by the second one. As
better discussed in the following chapter, the relationships provided by ACI
code 440-2r-2008 and thus also the relationships provided by ACI code 440-
2r-2002, are not so conservative as Saxena et al (2008) stated. However it is
clear that there is a need for balancing the efficiency of the design to the
conservativeness of the approach, and thus more efficient approaches are
necessary, taking into account of more key parameters ruling the debonding
phenomenon.

5.1.2.4 Theoretical Models and Code Provisions

Several theoretical models have been developed in the scientific literature
for checking RC beams externally strengthened by FRP against the possible
premature failure due to intermediate debonding. Some of those models have
been adopted by the various codes of standards. Since a wide variety of
proposals are actually available, a rough classification of the various possible
approaches is firstly proposed:

— models defining a maximum value for the axial strain g which can
be developed in the FRP laminate before of the occurrence of
intermediate debonding failure;

— models defining a maximum gradient of axial stresses or in the FRP
laminate (i.e., the maximum stress variation Aoy between two
adjacent bending-induced cracks);
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— models defining a maximum shear stress 14, resulting in the beam to
fail in intermediate debonding.

Beyond the slight differences in the numerical details, the above alternative
approached can be easily recognized in the various proposals either available
in the scientific literature or adopted by the code of standards. A short review
of those proposals is outlined in the following subsections.

1) ACI 440.R2 (2008)

The ACI 440 provisions are clearly inspired at the first class of models
defining a maximum value of the axial strain &y which can be developed in
the FRP laminate. In particular to prevent an intermediate crack-induced
debonding failure mode, the maximum strain developed in the FRP should be
limited to the strain level, &g, at which debonding may occur as defined in
(5.21) (ACI 440.R2, 2008 — Eq.10-2):

A
£ =041 |2 <09z, , (5.21)

RE Ly

Equation (5.21) takes a modified form of the debonding strain equation
proposed by Teng et al. (2003, 2004) listed below. It was based on committee
evaluation of a significant database for flexural beam tests exhibiting FRP
debonding failure. The proposed equation was calibrated using average
measured values of FRP strains at debonding and the database for flexural
tests experiencing intermediate crack-induced debonding to determine the best
fit coefficient of 0.41. Reliability of FRP contribution to flexural strength is
addressed by incorporating an additional strength reduction factor y¢ for FRP
in addition to the strength reduction factor ¢ considered by ACI 318-05 (2005)
for structural concrete.

2) JSCE Recommendations (2001)

The Japanese Code of Standards (2001) introduces an explicit methodology
for checking the FRP strengthened beams against the premature failure due to
loss of bonding. Both plate end debonding and intermediate debonding are
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covered by the proposed procedure by checking that no loss of bonding occurs
neither in the anchorage zone nor throughout the adhesive interface. The
approach for intermediate debonding can be categorized in the second one of
the classes listed at the beginning of this section.

Pull out tests and theoretical studies have pointed out that the ultimate
strength of a FRP-to-concrete adhesive joint depends on the fracture energy
G, (mainly in mode II with fracture in shear) of concrete and on the Young

Modulus Ef and thickness t; of the FRP reinforcement. Based on the
experimental and theoretical findings, the following check can be carried out
for verifying that the FRP plate subjected to a tensile stress o, in

correspondence of the first bending crack of the beam does not fail due to
anchorage debonding (JSCE Rec., 2001 — Eq.6.4.1):

. [26.E,

t

o, : (5.22)

’

A rather similar relationship is proposed for checking the adhesive
interface between two adjacent flexural cracks against the loss of bonding. In
particular, the following inequality should be checked (JSCE Rec., 2001 —
Eq.6.4.2)

Ao, <Ac ; (5.23)

£ max,JSCE —

between the axial stress variation Ao, throughout two subsequent cracks
and the corresponding interface strength Ao, . o0 -
Finally, it is useful to remember that a constant value G, =0.50 N/ mm is

suggested by this code in lack of specific experimental pull-out tests.
Moreover, a crack distance ranging between 150-250 mm is also proposed for
estimating the stress variation Ao, in equation (5.23)
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3) fib bulletin 14 (2001)

fib bulletin 14 (2001) is not just a code of standard in the strict sense. It is
rather a document aimed at collecting the most important contributions about
designing FRP external strengthening for RC beams in bending. For this
reason, more than just one approach is proposed for handling some cutting-
edge problems.

In particular, three alternative approaches, each one belonging to the one of
the three classes introduced at the beginning of this section, are available
therein. The so-called approach #2 can be classified in the second one of those
classes, providing a maximum value Ao, for the variation Ao, of axial

",max, fib

stresses in FRP between two adjacent cracks:
Aoy SAC i > (5.24)
conceptually defined as follows:
AC e fip = AO s ax, i (Gmin’ G oSy Bt f) : (5.25)

where O, 1S the minimum stress value in the two considered cracks and
Srm 18 the average spacing of those cracks.

4) Italian Code CNR DT 200 (2004)

A Code of Standards for utilizing FRP materials as a strengthening
technique for both concrete and masonry members has been recently issued in
Italy, covering all the main rehabilitation-related topics (flexural and shear
strengthening, confinement etc.) by considering the case of strengthening
against gravitational actions as well as seismic ones. Debonding failure
aspects have been also covered in such a document by providing a direct
limitation of the FRP strain value resulting in intermediate debonding failure.
The design value € of the maximum strain &, which can be developed in

the FRP laminate is defined as follows:
k . 2-G,

cr

Epaa = ) (5.26)
Via \/Z Et,
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where k&, =3.0 is usually assumed. In equation (5.26), Ggx is the

characteristic value (5% percentile) of the concrete Fracture Energy (in mode
IT), while Ef and t¢ are the FRP Young modulus and the equivalent thickness,
respectively. Finally, two different partial safety factors have been introduced
in equation (5.26): y, is the concrete partial safety factor (y, =1.5 is usually

assumed), while y,, is based on quality control on the FRP strengthening

system (y,, =1.2-1.5).

5) Teng et al. (2003)

The formula proposed by Teng et al. (2003) derives by an empirical
formulation formerly proposed by Chen and Teng (2001b). It was based on
the analogy between IC debonding failures and debonding failures in simple
shear tests and calibrated based on results of about 20 experimental tests.

The formula proposed by Teng et al. (2003) looks after the effect of the
concrete compressive strength and the width ratio by/b, besides the usual
parameters (namely, the axial stiffness Egy of FRP). The formula can be
expressed by the following relationship:

4 =0.48- 5, \/7 , (5.27)
Est,
where

: (5.28)

It is worth noting that the debonding strain values provided by (5.27)
should be divided by an appropriate safety factor y, = 1.25 for design purpose,
according to suggestion in Section 3.4 of Teng et al. (2002).
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6) Teng et al. (2004)

This model adopts an approach rather close to the previous one, as both
models are based on limiting the maximum strain developed in FRP. It also
considers the effect of concrete strength and the width ratio bgb. Based on
numerical simulations and regression of test data the following design
relationship has been suggested:

£ =0.171- 8 -(4.32-a) £, T (5.29)
ity
3 1
71053 2 (5.30)
fi 3

Also in this case, values provided by (5.29) should be divided by y, = 1.25
for design purposes.

In the current study, the tensile concrete strength f;; is calculated according
to the ACI 318-89 (ACI 1989) equation:

£,=053-\[f (MPa) (5.31)
7) Said & Wu Model (2008)

Said & Wu (2008) proposed a model for predicting the ultimate capacity of
RC members externally strengthened in bending by FRP. The results of about
200 experimental tests have been considered for calibrating that model and the
following relationship came out from that study:

023-(£)"
gdeb =0.75- 03
(Eftf)

where 0.75 is the reduction factor recommended for design purposes.

, (5.32)
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5.2 NUMERICAL MODELS INTERPRETING DEBONDING
PHENOMENON

As shown above, in the last years huge research efforts have been carried
out for understanding the behavior of reinforced concrete beams strengthened
by externally bonded FRP. The main subject of these studies is the mechanical
characterization of the FRP-to-concrete adhesive interface. The different
contributions devoted to both plate end debonding and intermediate debonding
occurrence have been summarized in the previous sections. However
nowadays definitive solutions do not seem yet reached.

Various proposals have been derived from simplified mechanical models
and calibrated making use of the experimental results available in the
scientific literature (Teng et al., 2002). Alternatively numerical simulation
allow to simulate and, thus, further investigate the debonding phenomenon.

Roberts et. al (1988) provided a simplified model for evaluating interface
stresses in FRP (or even steel) strengthened beams; simplified equations for
evaluating shear and normal stresses throughout the FRP-to-concrete interface
have been provided by assuming linear elastic behavior of the adhesive
interface. Similar relationships, even obtained under simplified hypotheses for
the interface behavior, have been provided in Malek A. M (1998). Authors
showed, even through experimental and numerical comparisons, that such
simplified formulae usually result in a close approximation of the complex
stress patterns which develop throughout the FRP-to-concrete interface.

The above mentioned research papers mainly deal with interface stress
distribution in the elastic range, which is an aspect of concern for
serviceability conditions. Premature loss of bonding between FRP and
concrete needs to be studied by considering a suitable non-linear relationship
between interface stresses and strains. Holzenkaempfer (1994) proposed a bi-
linear relationship between shear stresses and interface slips; based on such
model, Taljsten (1997) determined the expressions of the ultimate bearing
capacity of FRP-to-concrete joints.

In Faella et al. (2006a,b) an interesting numerical model is implemented
and validated: the study is mainly focused on debonding failure which can
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occur at the FRP-cut-off section (plate end debonding) or throughout the FRP-
to-concrete adhesive interface (intermediate debonding).

Interface slips between reinforced concrete beam and FRP laminates are
considered and, consequently, a well-established non-linear shear stress-slip
law is introduced. Moreover, non-linear stress-strain relationships are utilized
for modeling the other structural materials and a completely non-linear
analysis procedure is obtained by means of a secant approach; such non-linear
procedure allows reproducing the whole structural behavior up to failure
which can be due to FRP tearing, concrete crushing or interface debonding.

In particular non linear behavior of the materials constituting the FRP
strengthened RC beams was introduced by means of fiber discretization of the
beam cross section and a secant approach. Three non-linear phenomena were
considered for simulating the premature failure possibly due to FRP-to-
concrete debonding which can occur in an intermediate section or at the FRP
cut-off section. The first one deals with the overall behavior of concrete in
compression and tension; the rational formula proposed by Saenz was adopted
for concrete in compression while a simple linear relationship up to the tensile
stress value was considered for concrete in tension (Figure 5.2).

%)
o

" £.,70.0022 Eeu

8C
Figure 5.2 - Non-linear stress-strain law for concrete (Faella et al 2008)
Moreover, accounting for yielding in steel rebars is essential for modeling

intermediate debonding phenomena in FRP-strengthened beams; the typical
stress-strain relationship for steel rebars was be adopted in the numerical
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analyses. Strain-hardening in steel was neglected (even if it would be
introduced in the model) because strain values in FRP-strengthened beams are
usually not so great for strain hardening to be developed in steel rebars.

The well-established and widely accepted elastic-brittle stress-strain
relationship was assumed for FRP plate.

Finally, shear behavior of the adhesive interface connecting FRP laminate
to the soffit of the beam was described by means of the well-known bi-linear
elastic-softening curve introduced by Holzenkaempfer (1994).

A sensitivity analysis was performed to check that no relevant mesh-
dependence existed when discretization was refined as usual in non-linear
problems.

Figure 5.3 shows two cases (Spadea et. al, 1998; Pham and Al Mabhaidi,
2004a) of simply supported beams externally strengthened by FRP and
demonstrates how in both cases the complete evolution of the displacement-
vs-force curve can be followed by the numerical procedure which provides
also a good estimation of the ultimate load and displacement.

Figure 5.4 is devoted to another of the experimental cases which have been
found in the scientific literature (Yao et al., 2003); a cantilever beam
externally strengthened by FRP was reported in that work and the main results
in terms of load-deflection curve are represented in Figure 5.4 demonstrating
once more that the numerical procedure is able to reproduce the observed
behavior resulting in a very refined evaluation of the ultimate load and
deflection at debonding.
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Figure 5.3 - Experimental comparison on simply supported beams: Load-Deflection
curves. (Faella et al 2008a)
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Figure 5.4 - Experimental comparison cantilever beams: Load-Deflection curves.
(Faella et al 2008a)
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5.3 DEBONDING FAILURE: BEHAVIORAL OBSERVATIONS

In the present section, a short discussion is proposed for showing the two
possible debonding failure modes which has been observed by various authors
and can be reproduced by the model proposed in Faella et al. (2008a)
mentioned above.

A beam characterized by FRP strengthening running throughout all its
length and a similar beam whose FRP-strengthening is interrupted at a
distance a=600 mm from the theoretical support point were analyzed.

Figure 5.5 shows the interface slip evolution under increasing load levels
and Figure 5.6 represents axial stress in steel rebars and FRP plate at
debonding.

Figure 5.5a and Figure 5.6a deal with the beam characterized by FRP
strengthening running throughout all the beam length and show how two peak
values can be recognized in interface slips. The first and most relevant one is
achieved in correspondence of the steel rebar yielding: it increases sharply at
the steel yielding section resulting in intermediate debonding. Such local slip
growth is due to the fact that load after yielding is beard only by FRP plate as
one can see in Figure 5.6a where a sudden increase in FRP strain rate can be
observed starting from the above mentioned section. Another peak in slip
value occurs near the support due to flexural cracking whose effects can be
also observed in terms of FRP and steel axial stresses which slopes change
suddenly in the section where cracking begins at about 500 mm from the
theoretical support.

On the contrary, Figure 5.5b and Figure 5.6b deal with the case of
incomplete FRP-strengthening. A different peak value can be observed in this
case either in terms of slip concentration near the FRP cut-off section (Figure
5.5b) or in terms of FRP stress whose distribution along the beam interface is
characterized by two different slope changes (Figure 5.6b). In this second
case, plate end debonding failure occurs before of intermediate debonding
because the ultimate slip value is achieved at FRP cut-off section under an
ultimate load value slightly lesser than the one obtained for complete
strengthening.
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It is worth noticing that, although no emphasis has be done to plate end
debonding, Figure 5.5b shows the ability of the proposed procedure to
simulate both plate end debonding and intermediate interface debonding
failure.
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Figure 5.5 - Interface slip evolution due to different load levels up to debonding.
(Faella et al., 2008a)
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Figure 5.6 - Axial strain distribution in FRP and steel at failure. (Faclla et al., 2008a)

A wide parametric analysis has been carried out in Faella et al. (2006b) to
emphasize the role of the key parameters which control the intermediate

debonding failure in FRP-strengthened RC beams.
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As an example, a significant results obtained by numerical analysis is
shown in Figure 5.7: &rmax values obtained in the case of distributed load are
usually greater than those determined under concentrated loads. In fact, being
intermediate debonding failure basically controlled by interface shear stresses
in correspondence of yielded sections of RC beams, concentrated load
schemes, characterized by uniform values of shear force, exhibit performances
worse than those obtained under uniformly distributed load.

Consequently, the effective value of FRP axial strain &rmax at debonding
determined through numerical simulations are usually greater than those which
can be evaluated by means of other direct formulations, such as the simplified
relationships suggested by some code of standards or available in the scientific
literature which are generally based on considering other load conditions.

Therefore, predicting formulae should be redefined for considering the
influence of the load scheme on intermediate debonding failure .
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Figure 5.7 - Load scheme effect on FRP axial strain at debonding (Faella et al., 2006)

It is clear that the numerical procedure presented and validated in (Faella et al
2008a) can be utilized as a powerful tool to extend the experimental data, reaching
a number of cases which is far larger than the one realizable in a laboratory for
practical reasons. Consequently, the influence of the various parameters can be
investigated in depth to understand their role and quantifying their importance.
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Chapter 6 - Calibration of a capacity model

In this chapter a statistical procedure for the Calibration of resistance
models from experimental data, in accordance with the guidelines provided in
Eurocode 0 is presented.

The procedure has been implemented on the basis of the results of the bond
tests carried out and analyzed in the third and fourth chapters, and based on
the results of further bond tests and tests on full-scale members found in
literature, briefly summarized and discussed.

The simplified analytical formulation are suggested for predicting the
strength of beams and slabs in case of both plate end debonding and
intermediate debonding. The application of the procedure allowed a proposal
for updating the design formulae of Instructions CNR-DT200/2004 to be
formulated.
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6.1 PLATE END DEBONDING MODEL CALIBRATION

This section deals with the assessment of a design formulation to predict
the plate end debonding load in Reinforced Concrete (RC) elements
strengthened with Externally Bonded Reinforcement (EBR) made of Fiber
Reinforced Polymers (FRP) materials.

Several theoretical formulations have been proposed by researchers and
international codes to predict the maximum stress in the FRP reinforcement
when the plate end debonding (Chen and Teng, 2001; fib bulletin, 2001; CNR
DT 200, 2004; Smith and Teng, 2002a,b) or the intermediate debonding (Teng
et al., 2003) occurs.

Most of these formulations, characterized by similar structures and often
based on the evaluation of the fracture energy at the FRP-to-concrete
interface, are calibrated by numerical factors on experimental results. The
theoretical approaches have been summarized in 5.1.1.1 .

Numerous results of bond tests are now available in the technical literature,
aimed both at evaluating the bond strength and at obtaining experimental bond
shear stress-slip laws along the interfaces. Nevertheless, standard
experimental set-ups for bond tests are not yet available, although many
schemes have been proposed and tested (Yao et al., 2005).

A correct procedure to calibrate design formulations could provide the
definition of a reliable test set-up and quantities to be measured, the
identification of significant parameters influencing the phenomenon, the
distinction between average values and other percentiles, the desegregation of
the model in different parts accounting for mechanics, calibration and
randomness, and, finally, the assessment of the model against the
experimental results (Monti et al., 2009).

Even tough this topic has been widely dealt with by various researchers,
statistical analyses are required in order to calibrate correctly the safety factors
for the design bond strength model, to follow a limit state design approach and
to assess clearly the structural safety associated to the strength model.

Thus, in this section a wide experimental database of bond tests is
presented. In particular the experimental debonding loads of several bond tests
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available in literature have been collected, examined and joined with the
results of test showed in the Chapter 3.

First of all the experimental results have been compared with the
predictions of the bond strength models in order to assess their reliability. The
same data have been used to assess the influence on FRP debonding load of
the main mechanical and geometrical parameters.

Finally a statistical analysis has been performed using the collected results
in order to calibrate a bond strength model based on the fracture energy
approach. The final proposed strength model is similar to other well-known
models suggested in literature and codes but it is based on a detailed and
consistent statistical analysis according to the ‘design by testing’ procedure
suggested in EN1990. Different corrective factors allow different percentiles
values of the debonding load to be predicted.

Moreover, as preformed and cured in-situ FRP systems have been
distinguished, the performances of the latter ones, as concerns the plate end
debonding failure, have been exploited.

6.1.1 Theoretical formulations of debonding load

For clarity the theoretical formulations predicting the plate end debonding
load suggested by fib bulletin 14, (2001), Chen and Teng, (2001) and CNR-
DT200 (2004) will briefly recalled. Further details are reported in 5.1.1.1

1) fib bulletin 14, 2001

Nf max a Cl k k b ﬂL »' / f;’tm (6'1)
E. -t
[ o= |2
) o (6.2)
:%. _%] if L, <L, B, =1 otherwise; (6.3)

2-b, /b, b o
1+b, /400 a0 M b (6.4)
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2) Chen and Teng, 2001:
Nf,max:a'ﬂw'ﬂL.bf'Le. f'c (65)
E, -t,
L= |-, (6.6)
I
L, : .
B, =sin if L, <L, B, =1 otherwise (6.7)
_|2-b, /0.
"\ 1+, /b, 6.8)

3) CNR DT200-2004:

Ny = —=b1%, ko ke 2 E oty T o 6.9)
fd
(6.10)
fctm
B, _% (Z_L_hj if L, <L, B, =1 otherwise; (6.11)

27h, 1 b 22033
w0, /400 " b (6.12)

6.1.2 The experimental database

A lot of results have been collected from the technical literature concerning
bond tests on concrete elements externally strengthened with CFRP cured in
situ (sheets) and preformed (plates) systems. Several set-ups (Yao et al., 2005)
have been realized by the researchers and each of them can be considered
more or less reliable for the right prediction of the actual loading conditions
and, thus, of the plate end debonding load in existing elements. In particular,
constructive detailing of specimens can influence the reliability of these
results.
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6.1.2.1 Description of the experimental database

The only results of push-pull bond shear tests have been considered to
perform the statistical analyses; moreover, the results of cured in situ and
preformed systems have been distinguished in two different groups. In the
push-pull test set-up (see Figure 6.1) the concrete block is loaded by a pushing
force that is applied at a certain distance, a, from the FRP reinforcement that is
loaded in tension by a pulling action.

Several experimental programs have shown that the push-pull set-up can be
simply realized, according to different set-ups. However, as showed in detail
in chapter 3, such a set-up is less sensitive to construction details and, thus,
furnishes low scattered results in terms of debonding loads. This is the reason
for what it is widely used to predict the bond strength for both shear and
flexural strengthening in RC beams (Yao et al., 2005).

By the contrast, the realization of bond tests where both the FRP
reinforcement and the concrete block are loaded by tension forces (pull-pull
scheme) requires special attention in detailing, especially if the symmetry is
wanted through the application of reinforcement on both sides of the concrete
specimens (Leone et al., 2009). In these schemes the set-ups are more
sensitive to the geometrical inaccuracies and thus, the repeatability or the
variability of the results can be strongly affected by detailing.

FRP
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Figure 6.1 - General scheme of an asymmetrical push-pull bond test.

In existing RC element (i.e. in RC beams) the FRP external reinforcement
is usually applied on the tension side, so that the pull-pull scheme seems to
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replicate better the actual loading conditions. However, in the push-pull
scheme, suitable values of the distance a (Figure 6.1) ensure the development
of a bond failure at the concrete-FRP interface, similarly to what occurs in
pull-pull scheme. By the contrast, for low values of a, the compressive stresses
induced by the pushing force can limit the volume of concrete involved in the
failure mechanism and, thus, furnish safe values of debonding load due to
smaller values of energy fracture.

The results of specimens with bonded length, width and Youngs’ modulus
of the FRP reinforcement lower than 75 mm, 25 mm, and 80 GPa,
respectively, were not considered.

For specimens strengthened with FRP sheets (Aiello and Leone, 2005; Yao
et al., 2005; Savoia et al., 2009; Bilotta et al., 2009a,b; Ceroni and Pecce,
2010; Lu et al., 2005; McSweeney and Lopez, 2005; Takeo et al., 1997;
Travassos et al., 2005; Ueda et al., 1999; Wu et al., 2001; Zhao et al., 2000)
the main parameters (see Figure 6.1 for the geometrical parameters) vary in
the following ranges: concrete width b, = 100-500 mm, width of FRP
reinforcement by = 25-100 mm, bgb, = 0.17-1, thickness of FRP
reinforcement tr = 0.083-0.507 mm, bonded length of FRP reinforcement L, =
75-500 mm, number of layers of FRP reinforcement n = 1-3, Young’s
modulus of FRP reinforcement Ef = 82-390 GPa, mean compressive strength
of concrete f.,, = 17-62 MPa, and mean tensile strength of concrete fo, = 1.3-
4.3 MPa.

Analogously, for specimens strengthened with FRP plates (Chajes et al.,
1996; Faella et al., 2002b, Mazzotti et al., 2009; Nigro et al., 2008c; Savoia et
al., 2009; Bilotta et al., 2009a,b; Bilotta et al., 2011a) the main parameters
vary in the following ranges: b, = 150-230 mm, b = 25-100 mm, bg/b, = 0.11—
0.63, tr=1.0-1.6 mm, n = 1, Ly = 150-400 mm, E¢= 108-400 GPa, f.,, = 15-53
MPa, and f., = 1.10-3.8 MPa.

Totally, 216 data of bond tests for sheets and 68 for plates have been
collected. Note that data from the database presented in this thesis were 9 for
sheets and 27 for plate respectively. Hence the necessity to enrich the database
for plates has been enough resolved.
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6.1.2.2 Comparison with existing formulations

The Eqns. (6.1), (6.5) and (6.9) have been used to calculate the theoretical
debonding loads for both 216 and 68 bond tests performed on FRP cured in
situ and preformed systems, respectively. In Table 6.1 and Table 6.2 the mean
value, the standard deviation and the Coefficient of Variation (CoV) of the
ratio Nuw/Neyp are reported for each model introduced in section 6.1.1 for both
FRP reinforcement typologies.

The theoretical values of Eq. (6.1) have been calculated assuming k. =1.
For Eq. (6.5) a is assumed 0.427 to calculate the mean value and 0.315 for
the 0.05 percentile. In Eq. (6.9) yra=1, y.= 1, and kg is assumed 0.064 for the
mean value and 0.030 for the 0.05 percentile.

In all cases, the tensile strength of concrete has been evaluated basing on
the compressive strength provided by the experimenter by the following
relationship of (EN1992, 2004):

fom=0331,° with fou=fo —8 (6.13)

For the models of (CNR DT 200, 2004 and Chen and Teng, 2001) the mean
value of the ratio Ni,/Ney, for the cured in situ systems is lower (about 0.9)
than plates (1.02-1.07). This means that for the plates the mean provisions are
not safe in some case. The same difference (about 10%) between the two
systems can be observed for the 0.05 percentile too. Moreover, a similar
difference is observed in the formulation of (fib bulletin 14, 2001), which
gives a provision without a clear statistical significance. The values of CoV
show an higher variance for the plates (+20-25%) compared with the sheets.
In general, the lowest CoV is achieved by the model of (Chen and Teng ,
2001) for both systems.

Table 6.1 - Statistical data for the ratio Ny/Ney, for cured in situ FRP systems (216 results).

Mean values 5%
No/N CNR DT-200 Chen & Teng | CNR DT-200 Chen & Teng | Fib bulletin 14
Pl Eq(6.9) Eq. (6.5) Eq (6.9) Eq. (6.5) Eq. (6.1)
Mean 0.92 0.91 0.63 0.67 0.96
St. dev. 0.17 0.14 0.12 0.11 0.17
CoV 19.0% 15.7% 19.0% 15.7% 17.3%
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Table 6.2 - Statistical data for the ratio Ny,/Ney, for preformed FRP systems (68 results).

Mean values 5%
NN CNR DT-200 Chen & Teng | CNR DT-200 Chen & Teng | Fib bulletin 14
WP B (6.9) Eq. (6.5) Eq (6.9) Eq. (6.5) Eq. (6.1)
Mean 1.02 1.07 0.70 0.79 1.08
St. dev. 0.26 0.20 0.18 0.15 0.24
CoV 25.0% 19.1% 25.0% 19.1% 22.5%

6.1.3 Assessment of a new formulation

A new strength model formulation has been assessed in order to calculate the
plate end debonding load with an approach similar to Egs. (6.1), (6.5) and (6.9).
Moreover, the numerical coefficients have been calibrated through a probabilistic
approach (Design assisted by testing, Monti et al., 2009, Bilotta et al 2009¢) as
suggested in (EN1990 — Annex D, ECO) and their definition is aimed to give a
clear safety meaning to the provisions.

6.1.3.1 Calibration procedure

Firstly, the random variable ¢ is defined as the ratio of the experimental
debonding load, N.,,, to the theoretical one representing the strength model, Ny;:

5, =2l (6.14)

The mean value, the variance, the standard deviation and the CoV of this
variable are defined as:

P 1 n

§==29 (6.15)
n i=1
& =

S§=EZ(5,»—5)2 (6.16)

o, =E (6.17)

CoV === (6.18)
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The strength model expressed by Ny, should be fine-tuned by a least-square
coefficient, which minimizes the difference between each theoretical, Ny,
and experimental, N, value. Usually, this can be simply carried out
considering the regression line of the graph Ny, - Nexp ;. The slope of this line
intercepting the origin furnishes the least-square coefficient, k.

Successively, the random variable ¢, is defined as the ratio of the
experimental debonding load N, to the theoretical one, Ny, adjusted by
means of the fine-tuning parameter, &,

Nexp,i

0,

i W (6.19)

The mean value, the variance, the standard deviation and the CoV of J,, are
defined as:

— 1Y Il Ny 6

5 == == ool =

nZ T a SN,k (6.20)
, 1 & —u 1 & Ny ) s

52 =——3'(5,.-6,) = =25 21
S PR e D) s sy

Thus, the mean provision for the debonding load can be assumed as:

N, =k -6 -N, (6.22)

th,m m

In the Eq. (6.22) the model error is represented by the mean value of the
variable ¢,,, which is not 1, because the regression line was forced to intercept
the origin.

In the State Limit approach, any strength is assumed as a random variable
and, in general, the 0.05 percentile (named ‘characteristic value’) of its
frequency distribution is used for design purposes. A very suitable distribution
is the Gaussian one, but to use it the check of the normality hypothesis of the
random variable is required. Several statistical tests (Shapiro-Wilk, Anderson-
Darling, Martinez-Iglewicz, Kolmogorov-Smirnov, D'Agostino skewness,
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D'Agostino kurtosis, D'Agostino Omnibus) can be performed (Mood et al.,
1974; Shapiro and Wilk, 1965) to verify the normality or log-normality
hypothesis of the experimental distributions.

If the debonding load is assumed as a random variable and the Young’s
modulus of the FRP reinforcement, the tensile and compressive strength of
concrete are assumed as the only parameters influencing the bond strength, the
general expression of the strength model adjusted by the fine-tuning
coefficient, %, is:

Nth,m = Nth,m (Ef’f;’m,\]rctm’akm) (623)

Moreover, under the hypothesis of Gaussian distribution, the 0.05
percentile of the variable debonding load can be calculated as:

Nyioos = N _1-64'[Va7’(Nth,m)] o (6.24)

where the variance of Ny, can be expressed as:

Var(N,, )= Ch, Var(Er)+C;,, -Var( fon)+
+C?

6.25
et -Var( ﬁtm)“r‘ C;m -Var(é'm) ( )

ON

th,m

OE,

Efin —

2

Ey
ON,

th,m

C, = ‘—

af;m T
o (6.26)

3

‘ aN th,m
fom —

af‘ctm
ON

th,m

05,

b
fclm

G, = ‘

5/71
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If the Egs. (6.25) and (6.26) are substituted in the Eq. (6.24), the 0.05
percentile of the debonding load becomes:

-1.64-N,

th,m

Nth,k,O.OS =N,

th,m

(6.27)

a-CoV,’ +b-CoV, 2+
! Jem 0.5
+c-Conm2 +C0V§mz

where the coefficients a, b, ¢ depend on the functional relation of N, from
the parameters E f., and f.,,. The CoVs are defined for each parameter as the
ratio of its mean value to the standard deviation:

CoVEf :_f’ COVﬁm = e , COme :&, COV(Sm = m (6.28)
Se, S Lo 5, 55,

Note that the standard deviations of Ej f.., and f.,» have been assessed
according to some literature information:

SE./ :OOSE_f, Sfcmz =0.183- o > Sf(-m :488’ (629)

Clearly, the coefficient of variation of the variable o,, CoVsy,, depends on
the data distribution.
The Eq. (6.27) can be written as:

Nyioos =k - Ny, (6.30)

(6.31)

m m

— a-CoVE>2+b-C0Vf‘ 2+
ki oos =k, -0, | 1-1.64- ' N
’ +c-CoV, *+CoV*

If the coefficients of variation of the materials were neglected, the Eq.
(6.30) became the well known following one:

Ny poos =Ny -8, -k, -(1-1.64-CoV; )= N, -k, (8, -1.64-s, ) (6.32)

m m
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However, herein all coefficients of variation have been taken into account.

The percentiles 0.05 (characteristic values) are usually divided to safety
factors, which take into account the model uncertainness (EN1990 — Annex D).
Also, percentiles lower than 0.05 can be obtained by replacing in the Eq. (22)
the coefficient 1.64 with the coefficients 2.58 and 3.08 corresponding to the
0.005 and 0.001 percentiles, respectively. These lower percentiles can be used
as alternative to the characteristic values divided to the safety factors.

6.1.3.2 4.2 Application to the experimental database

The general Eq. (6.23) for debonding load can be particularized by
introducing the dependence on the bond shear strength. Indeed, the bond shear
strength depends on the concrete strength and can be related to the Mohr’s
circle representing the stress condition in the concrete at failure. Thus, different
formulations for shear strength have been considered varying the dependence
on the concrete strength. In particular, the following five expressions for the
debonding load are examined:

Case 1: N, = B, b, \2-E, -t -ky \[for fom (6.33)
Case 2N, = f, b, \[2-E, 1, -k, [, (6.34)
Case 3: N, =B, b, \[2-E, 1, -k, £,,"° (6.35)
Son S
Case4: N, =4, -b,- [2-E,-t, -k, =<
S J P b L (30
Case 5: N, =f8,-b,\2-E, -1, -k,-09- 1, (6.37)

In the Eq. (6.23), if a Coulomb failure criterion is adopted, the term
NSow fom 18 2 times the cohesion associated to the Mohr’s circle of an

interface concrete element subjected to both shear and normal stresses. The
presence of normal stresses has been often experimentally evidenced by the
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visual inspection of the debonded surface configuration (Mazzotti et al.,
2008). Thus, the case 1 plays better the actual physical phenomenon, because
it takes into account the both presence of shear interfacial stresses and normal
stresses.

Moreover, in the Eq. (6.34) the term f, *° is a simplification of

S - fom » if the concrete tensile strength is calculated by the Eq. (12).
f;m } ﬁtm

cm ctm
stress compatible with the strength ., and f.,, in an interface concrete element
subjected to only shear stresses (the Mohr’s circle has centre in the axis origin
in this case).

Analogously in the Eq. (6.36), the term is the maximum shear

f;‘ﬂi f;‘t m

In the Eq. (6.37), the term 0.9-f.,, is a simplification of the term r;
m T

ctm
under the assumption that the compressive strength is about 10 times the
tensile one.

Finally in Eq. (6.35), the term £, *° is a further modification of 0.9-f.,, in
according to the expression for the concrete tensile strength given by (Model
Code, 90)

f;'tm = 032f;m06 (638)

For all cases the mean and the characteristic predictions of debonding load
can be calculated using the previously introduced Eq. (6.22) and Eq. (6.30):

Nth,m :km 'E'Nth (639)

Noyio0s =Kioos  Nay (6.40)

where £, is the least square coefficient associated to the regression line
intercepting the origin, 5_m is given by Eq. (6.21), and kg5 is given by the Eq.
(6.31).

For each equation, the best fitting coefficient &, has been calculated
considering the experimental results distinguished in two series: sheets and plates.
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In Table 6.3 the coefficient &, and the R’ value of the corresponding least-square
line, which is a measure of the reliability of the regression, are reported for all the
equations. The mean value of the variable &,,, defined by the Egs. (6.20) and (6.21),
and its Col are reported too. In all cases the CoV, which is a measure of the model
significance, is lower than the threshold value of 40% (Monti et al., 2009), so that
all the models can be considered reliable. However, it can be observed that, while
for the sheets the R? value is low sensitive to the model and is quite elevated
(0.855-0.881), on the contrary for the plates the choice of the model can be
significant considering that R* varies in the range 0.349 - 0.565. The higher CoV
and the smaller R? value of the preformed FRP systems with respect to the in-situ
sheets, despite of their better quality control in factory. This is justifiable by the
larger sensitivity of this system to the detailing of the experimental procedure.
Indeed, as increases stiffness of the FRP system more it adapts difficult to the
inaccuracies of the experimental set-up, which can influence the debonding load. In
particular, the case 3 results the best-fitting model because of the highest value of
R?; this relationship depends on the compressive strength of concrete with an
exponent 0.6. Note that for design aim, the choice of the best-fitting model has the
clear advantage to furnish characteristic values more close to the mean ones,
because the theoretical loads show a smaller gap with the experimental results. In
Table 6.3 the coefficients 4 to calculate different percentiles (5%, 0.5%, and 0.1%)

are reported too. The coefficients k, -0, , which allow calculating the mean

provisions, differ of about 12-15% for the sheets and the plates. The factors ki gos,
which allow calculating the 0.05 percentiles, differ of about 17-21%.

Table 6.3 - Statistical data for different bond strength models.

Case FRPtype &, R o Co V(;m k, -0, kioos kiooos Koo

m

| Sheet 0270 0.855 1.027 17.7% 0278  0.192 0.143 0.117
Plate 0236 0349 1.064 23.2% 0.251 0.152 0.095 0.064
> Sheet 0.258 0.878 1.010 17.6% 0.261 0.182 0.137 0.112
Plate 0221 0.534 1.034 204% 0229  0.149 0.103  0.078
3 Sheet 0.291 0.881 1.006 17.7% 0293 0204 0.154 0.126
Plate 0.248 0.565 1.030 20.0% 0255 0.169 0.119  0.092
4 Sheet 0.535 0.862 1.022 17.6% 0.547 0370 0269 0.214
Plate 0466 0375 1.060 23.0% 0496 0294 0.180 0.118
5 Sheet 0.544 0863 1.021 17.5% 0.555 0375 0270 0213

Plate 0473 0379 1.059 22.9% 0.502 0297 0.180 0.117
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From the coefficients k;, and ki 905 can be easily obtained the coefficients
kem and kgi calibrating the energy fracture for the different models (i.e.

k. = (k)2 ). They are reported in Table 6.4.

Table 6.4 — kg coefficients calibrating the energy fracture.

Case FRPtype  kgwm  kgoos
| Sheet 0.077 0.037
Plate 0.063 0.023

2 Sheet 0.068 0.033
Plate 0.052 0.022

3 Sheet 0.086 0.042
Plate 0.065 0.029

4 Sheet 0.299 0.137
Plate 0.246 0.086

5 Sheet 0.308 0.141
Plate 0.252  0.088

The general Eq. (6.23) for the model playing better the actual physical
phenomenon (case 1) is:

N, =B, b, \2E, 1k,

\/fcmfctm

(6.41)

The corresponding 0.05 percentile provision given by the Eqns. (6.30) and

(6.31) is:

thkOOS _N

052 CoV, > +(0.25) - CoV, °

025

N,

th,k,0.05

| 1-1.64-

-Co V.f;,m

k k005

t

,—1.64-N,

+ CoV(gm2

=k,-0,-

0.5= kk N

0.5*-CoV, > +(0.25)"-CoV, * +

025

-Co Vf;,m

+CoV, *

th

0.5

(6.42)

(6.43)
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with
|| 03
Efm aEf . thym E_f (6_44)
;
2 2 052 2 2 2
CEfm-Var(Ef):Nth)m -=2-Var(Ef):Nth)m -0.57-CoV £ (6.45)
S
9N, _N 10.25
Sem af‘cm - th,m E (646)
0.25)*
Con Var(f,)=N,," —2) Var(f,,)=N,,’ (025 -CoV;  (6.47)
ON, . _N 0.25
foom o . thym T (6.48)
0.25)*
Coo Var(f) =Ny -2 Var(f,,) = N, 2- (0257 -CoV2. (6.49)

ctm

Cb‘ :|6N[h,m| :]\im (650)
~|es, |- o, '
Cz?m -Var (§m) = Nzth,m @ = Nzth,m -Co V25,,, (65 1)

m

Similarly, the general Eq. (6.23) for the best-fitting model (case 3) is:

Nth,m :km '5m 'ﬂL 'bf \/2Ef 'tf'kb 'fcm(l6 (652)
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The corresponding 0.05 percentile provision given by the Eqns. (6.30) and
(6.31) is:

Nth,k,O.OS = Nh,m _1-64’Nzh,m

1

6.53
{05 -Co¥, *+(3/10)"-Cov, *+CoV, * "=k, N, (6.33)
NthkOOS k 005 t k 5
6.54
|1-1.64:[ 05 Co, 2 +(3/10) -Cov, *+Cov, || (6:54)
with
ON 0.5
C — th,m =N =
Iz «
2 052 2 2 2
Crp -Var(Ej) =Ny = Var(E;)=N,, -0.5"-CoV , (6.56)
s
ON,. . 3/10
C, = ‘—h’ =Ny —=— (6.57)
2
C?bm 'Va”(fcm) =N, > (3/10) Var(f,,)= Ny, .(3/10) ~C0Vf (6.58)
’ R
ON N
C th,m — &m
5 ‘ s (6.59)
ij Var(5n ) N? Var(5,,) N? ’ -C0V25m (6.60)
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ON

_ th,m

=" =0
Setm ‘ afdm (661)

Sem

The last term related to the tensile strength of concrete, f..,, is clearly
absent, because the debonding load in the Eq. (6.35) depends on the only
compressive strength.

However, as it occurs for all other cases, the variance of the materials is
less significant compared with the variance of the model. E.g., for the Case 3
the coefficient of variation of the variable o, for the cured in situ systems is:

Cov, =2w 100 o197, cor?, =0.031 (6.62)

s, 0178

By contrast, the contributes related to the CoVs of the materials are:
0.5 -CoVEf2 +(3 / 10)2 -Conm2 =0.0026 ~ 0.003~0.1- COVZ[sm (6.63)

In Figure 6.2 and Figure 6.3, the experimental debonding loads are
compared with the theoretical ones given by model 1 (Eq. (6.33)) and model 3
(Eq. (6.35)), respectively; the regression line intercepting the origin of axis is
reported too. Figure 6.2a and Figure 6.3a refer to the cured in situ systems
whereas Figure 6.2b and Figure 6.3b refer to the preformed ones.
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Figure 6.2 - Regression line (case 1):

a) cured in situ systems: 216 data; b) preformed systems: 68 data.
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100
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Q
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(b)

Figure 6.3 - Regression line (case 3):
a) cured in situ systems: 216 data; b) preformed systems: 68 data.

In Figure 6.4, the experimental values of strain in the FRP reinforcement at
debonding are plotted together with the mean and characteristic provisions
given by Eq. (6.33) using the values of k,, and k;, for the three percentiles 5%,
0.5%, and 0.1%, listed in Table 6.3. The characteristic provision (5%
percentile) divided to the safety factor y; = 1.2 (related to good application
conditions, according to CNR-DT200, 2004) is plotted too.
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E, -t,
Both theoretical and experimental strains are plotted vs. the term #,
s
assuming I', =k, -/ f,, [, in compliance with Eq. (6.33). This allows
graphing the theoretical curves normalized to the axial stiffness of the FRP
reinforcement and the concrete strength.
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Figure 6.4 - Experimental strain at failure vs. theoretical results (case 1):
a) cured in situ systems (216 data); b) preformed systems (68 data).
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The theoretical curves show that the 0.5% percentile can be a good choice
to warrant a reliable safety level to the aim of furnish design provisions. Note
that the assessment of the percentiles has been carried out taking into account
the variance of the materials.

Another possibility, which is adopted by the Italian guidelines (CNR-
DT200, 2004) and, more in general, is included in the Eurocode approach,
consists into divide the characteristic provision (5% percentile) to a safety
factor yr that depend on the quality of the application. Figure 6.4a and Figure
6.4b show that the provision corresponding to the 5% percentile divided to the
factor yr= 1.2 are, however, less safe than the 0.5% percentile.

As concerns the percentiles provisions, it is worth noting that they have
been calculated under the hypothesis of Gaussian distribution. Some statistical
tests (Shapiro-Wilk, Anderson-Darling, Martinez-Iglewicz, Kolmogorov-
Smirnov, D'Agostino Skewness, D'Agostino Kurtosis, D'Agostino Omnibus)
have been performed to verify this assumption but the comparison between
the cumulate frequency curves of N.,, and the Gaussian distribution, having
the same mean value and standard deviation, highlighted a bad agreement,
especially for the sheets. This was confirmed also by the responses of the
statistical tests, which in most cases rejected the normality assumption for
sheets and accepted it for plates. For the sheets, the experimental debonding
loads seemed better represented by a log-normal distribution.

However, the values of percentiles calculated under the hypothesis of log-
normal distributions are larger than the ones reported in Table 6.3 (Gaussian
distribution). Thus, the normal distribution can be considered safe to the aim
of furnishing design provisions.

Finally, in Table 6.5 and Table 6.6 the mean value, the standard deviation
and the CoV of the ratio Ny,/Ney, are reported for both cured in situ (sheets)
and preformed systems (plates).

The theoretical values Ny, given by the new proposal refer to both mean
(Eq. (6.39)) and characteristic provisions (Eq. (6.40)); in particular the
percentiles 0.05 and 0.005 have been considered. The characteristic provision
(5% percentile) divided to yr = 1.2 is reported too. Finally, the design
provisions of (CNR-DT200, 2004, Teng et al., 2001) are also listed. The
characteristic provisions were divided to the safety factors: yr = 1.2 and

J7. =~/1.5 for CNR-DT200 (2004; y, = 1.25 for Teng et al. 2001,
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Table 6.5 - Values of the ratio Ny/Ney, for cured in situ FRP systems (216 results).

New proposal for debonding load Design
Nin/Nexp Numkooos | CNRDT 200, Teng et al.
Nom N N /1.2 ”
th, th,k,0.05 th,k,0.05: 2004 2001
Mean 1.03 0.72 0.60 0.54 0.43 0.54
St.dev. | 0.173 0.121 0.101 0.091 0.083 0.08
CoV 16.8%  16.8% 16.8% 16.8% 19.4% 15.7%

Table 6.6 - Values of the ratio Ng/Nx, for preformed FRP systems (68 results).

New proposal for debonding load Design
Nth/Nexp Nth k.0.005 CNR DT 200, Teng et al.
Nipm N N /1.2 .
th, th,k,0.05 th,k,0.05 2004 2001
Mean 1.03 0.68 0.57 0.48 0.47 0.63
St. dev. 0.20 0.13 0.11 0.09 0.12 0.120
CoV 19.1%  19.1% 19.1% 19.1% 25.1% 19.1%

The results of Table 6.5 and Table 6.6 show that the ratio N m/Nexp 1S meanly
about 1 for both systems. The mean value of N,y 0.05/Nexp for the sheets is lightly
larger than the ones given by the Eq. (6.9) and the Eq. (6.5): 0.72 vs. 0.63 and
0.67 respectively (see Table 6.1). On the contrary, for the plates, the mean value
of Nin0.0s/Nexp 18 lightly lower than the one given by the Eq. (6.9) (0.68 vs. 0.70,
see Table 6.1) and sensibly lower than the one given by the Eq. (6.5) (0.68 vs.
0.79, see Table 6.1). However, these differences relate to mean values of the ratio
Na/Nexp and, thus, can be misleading into compare the predictions of different
models. By the contrast, the curves of Figure 6.5, where experimental and
theoretical debonding strains of the only FRP sheets are plotted vs. the parameter
Ert;, show the actual variations between the different formulations examined.
Because of the theoretical strain depends on the concrete strength, a range of
variability for this parameter has been fixed (24-30 MPa that corresponds to a
mean value of about 27 MPa). The mean and the characteristic (5% percentile)
provisions (N 00s) given by the new formulation, by CNR-DT200 (2004) and
by Chen and Teng (2001) are plotted in the graph. In particular, both mean and
characteristic provisions (5% percentile) given by the new formulation are larger
than the predictions of Chen and Teng (2001) and CNR-DT200 (2004).
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Moreover, the formulation of CNR-DT200 (2004) gives the most safe results in
terms of 5% percentile, while furnishes mean predictions very similar to Chen
and Teng (2001). Furthermore, it can be observed that the formulation of fib
bulletin 14 (2001), lies between the mean and the characteristic curves given by
the new formulation.

0.010 - +  experimental
e — - — - new form. - mean
— - - — CNR - mean
77777 Teng et al. mean
0.008 fib
------ new form. - 5%
Teng et al. - 5%
0.006 - CNR - 5%
0.004 S Sl EL
T T T T
0.002
fom=24-30 MPa Eit;(N/mm
0.000 : ‘ ‘ : e ()
0 10000 20000 30000 40000 50000 60000 70000

Figure 6.5 - Experimental maximum strain vs. mean and 0.05 percentile provisions for sheets.

In Figure 6.6, several design proposals coming from the new formulation
(0.01%, 0.5%, and 5% percentile divided to y=1.2), the model of fib bulletin 14
(2001), the design provisions of CNR-DT200 (2004) and Teng et al. (2001) are
plotted together with the experimental debonding strains from the same tests
considered in Figure 6.5. For the sheets, the graph of Figure 6.6a shows that two
design proposals coming from the new formulation (5% percentile divided to 1.2
and 0.5% percentile) are less safe than the ones currently furnished by (CNR DT
200-2004). Note that the latter one introduces the additionally safety factor of

concrete, /7., for design. This coefficient has been omitted in the new

formulation because the variance of the concrete has been taken into account in the
calibration procedure by means of the CoV of its compressive strength (see Eq.
(6.43)). Moreover, it can be observed that, the current design values of (CNR DT
200-2004) are comparable with the 0.1% percentile provisions of the new
formulation. By contrast, the design formulation of Teng et al. (2001) is
comparable with the 0.5% percentile of the new formulation. Finally for the cured
in situ systems, if the 0.5% percentile of the new formulation is chosen as design
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provision, the debonding load increases of about +25% compared with the current
CNR provisions and is comparable with the design values of Teng et al. (2001). By
contrast for the plates, Figure 6.6b shows that the 0.5% percentile of the new
formulation is comparable with those currently furnished by CNR-DT200 (2004),
while the 5% percentile divided to 1.2 is less safe (about 15%). Moreover, the
design formulation of Teng et al. (2001) is less safe compared with both the 5%
percentile of the new formulation divided to 1.2 and the 0.5% one.
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Figure 6.6 - Experimental maximum strain vs. design provisions: a) sheets; b) plates.
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6.1.4 Conclusions

In conclusions, the proposed formulation for the plate end debonding load
has a clear statistical meaning and allows to separate the provisions for the
cured in situ FRP systems and the preformed ones. This distinction is mainly
due to the larger scatter of the experimental results collected for this
strengthening system.

Both aspects let to better exploit the strength of the cured in situ systems;
indeed the 0.5% percentile of the new formulation are larger than the design
values furnished by the current Italian Guidelines and, however, allow to assess
the same safety level of model of Teng et al. (2001). Moreover, it was worth to
notice that the formulation of fib Bulletin 14 (2001) results excessively unsafe
compared to the experimental results.

By contrast, the approach of Teng et al., (2001) and fib Bulletin 14 (2001)
are found to be less safe when applied to preformed systems. Indeed, the 0.5%
percentile of the proposed design formulation provides a higher safety level
compared with these models, whereas it is similar to the current design
provisions of CNR-DT200 (2004). Thus, these results confirm that the
distinction of the two strengthening systems seem to be reliable to have
suitable prediction of debonding load.
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6.2 INTERMEDIATE DEBONDING MODEL CALIBRATION

As showed in 5.1.2 plenty of research activities have been carried out for
better understanding intermediate debonding phenomenon, as it is one of the
most common and peculiar bond-related failure modes observed in RC beams
externally strengthened in bending by bonded FRP reinforcement.

A high level of uncertainty still overshadows the mechanical understanding
of intermediate debonding due to the complex interactions between several
phenomena, such as cracking in concrete, steel yielding in longitudinal rebars,
interface adhesion properties, and so on. As a result of this incomplete
understanding of the mechanical reasons leading to intermediate debonding
failure of FRP-strengthened RC beams, several analytical approaches have
been proposed within the scientific literature and adopted by the most
common codes of standards for performing the required safety checks. A
possible classification of those approaches based on the nature of the
procedures utilized for checking the strengthened beam against intermediate
debonding is proposed in 5.1.2.4 . Since those procedures work in rather
diverse ways involving various parameters and adopting different
relationships for defining interface properties, they generally lead to rather
diverse predictions of the ultimate load resulting in intermediate debonding.

Moreover, such procedures actually neglect or disregard the role played by
several mechanical parameters in controlling the structural response of FRP-
strengthened RC beams, adopting simplified expressions for deriving
formulae usually calibrated on the available experimental observations.

As a matter of principles, two different methodological paths can be
followed for defining reasonably simplified design formulae based on
experimental results:

— direct calibration of empirical expressions against experimental
results by means of well-established mathematical procedures like
least-square minimization of the overall difference between the
experimental observations and the corresponding analytical values;

— validation of refined numerical models (i.e. based on finite element
discretization) by means of a limited number of experimental
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results and extrapolation of those results by means of the above
mentioned numerical procedures.

The numerical procedure mentioned in 5.2 pointed out the role of some
mechanical parameters (currently neglected in the most well-established
simplified formulae) influencing the mechanical response of strengthened
beams. In particular, it pointed out the key importance of yielding in steel
rebars as a driving phenomenon for leading to intermediate debonding failure;
moreover the role of further parameters (i.e., the load condition, the yielding
strain of steel rebars, the amount of reinforcement) has been also pointed out,
but it is not always easy to be assessed through the available experimental
results because of the limited range of variation of those parameters actually
explored in the experimental tests.

Consequently, starting by the behavioural observations derived by the
parametric application of the mentioned numerical procedure, a simplified
design formula will be proposed in the following by using a wide database
built by collecting more than two hundred experimental results available in the
scientific literature. Such database will be briefly described and analyzed in
the next section. Then, the design-oriented formula will be derived, even
describing the uncertainty-related issues deriving by its simplified nature.

6.2.1 The experimental database

A wide database has been assembled by collecting data of 214
experimental tests on FRP-strengthened RC beams; it has been obtained by
merging the data considered by Ferracuti et Al. (2007b) with those collected
by Wu and Niu (2007) and about thirty further experimental cases reported in
the scientific literature (Beber, 1999, 2003; Grace et al., 1999; Khomwan et
al., 2004; Pham & Al-Mahaidi, 2004a,b; Sharif et al, 1991; Triantafillou &
Plevris, 1992). The resulting database collects the geometric and mechanical
data describing the RC beams and their steel and composite reinforcement, the
latter being made out of externally bonded composite laminates based on
carbon, glass or aramid fibers.

For specimens strengthened with FRP systems cured in situ (sheets), the
relevant geometric and mechanical parameters range in the following
intervals: concrete width b, = 75-960 mm, FRP width b,= 30-480 mm, b/b. =
0.17-1, FRP thickness #= 0.11-2.55 mm, Young modulus of FRP E,=21-390
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GPa, mean compressive strength of concrete f., = 21-61 MPa, mean tensile
strength of concrete f.., = 2.3-4.3 MPa.

For specimens strengthened with preformed FRP systems (laminates), the
key parameters vary in the following ranges: concrete width . = 180-800
mm, FRP width b= 25-280 mm, by/b. = 0.13—1, FRP thickness #,= 1.0-6 mm,
Young modulus of FRP E, = 190-220 GPa, mean compressive strength of
concrete, f., = 12.6-53.4 MPa, mean tensile strength of concrete, f.,,, = 1.62-
4.25 MPa.

A total number of 214 experimental results have been collected (164 FRP
cured in situ systems and 50 FRP preformed system).

Intermediate debonding failure have been observed in all those tests. As a
matter of principle, the maximum bending moment M, observed in the
experimental tests at debonding is smaller than the ultimate one M,
corresponding to FRP rupture. The following parameter y could be introduced
for quantifying how premature is failure with respect to the ultimate flexural
strength:

=Mdb

_My
v v (6.64)

being M, the bending moment of the strengthened section at yielding of
rebars: both M, and M, can be determined theoretically adopting the usual
assumptions for RC sections at ULS. The parameter y is as closer to zero as
debonding occurs for small values of the maximum axial strain in FRP; on the
contrary, it is as close to the unity as axial strain at debonding is close to the
corresponding ultimate value ¢f,. Figure 6.7 points out that the values of y
determined for the beams collected in the database generally range between
zero and one; only in few cases (less than ten out of the total 214) it is slightly
larger than the unity, mainly as a result of hardening in materials.
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Figure 6.7 - Values of y parameter against some mechanical parameters.

The values of y have been represented in Figure 6.7 against the square root
of the ratio between (twice) the fracture energy, Gr, and the specific axial
stiffness of the FRP reinforcement, Ef; the former parameter has been
evaluated as a function of both concrete tensile, f,, and compressive, f.,
strengths through the relation proposed in the Italian Code. The ratio 2Gg/Etr
is often considered in various proposals as the key parameter for determining
the value of axial strain g4, developed in FRP at debonding onset. However,
Figure 6.7 can only point out a general trend resulting in values of y as large
as the parameter represented on the x-axis, but it is quite hard to recognize a
consistent correlation between y (or, even, the maximum axial strain & g
developed in FRP at debonding) and the quantity on the x-axis possibly
depending on the two following reasons:

— fracture energy, Gr, basically depends on concrete (tensile) strength
and, consequently, is hugely scattered,

— Dbesides the one reported on the x-axis, other parameters even play
an important role on the occurrence and extent of debonding failure.

For instance, the role of both the amount of steel rebars and their yielding
stress/strain  values have been emphasized in Faella et. al. (2008a).
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Furthermore, load distribution (see 5.3 ) also affects the possible premature
failure of FRP strengthened beams as confirmed by Figure 6.8 showing a strict
correlation between the yielding moment M, of the strengthened section and
the maximum bending moment at debonding My, at least in the case of three-
or four-point-bending, while a completely different behaviour results in the
case of uniformly distributed load.
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Figure 6.8 - Relation between bending moment at debonding and yielding

Figure 6.9 shows the distribution of the parameter y for the experimental
results considered within the database. It points out that such values are quite
uniformly distributed since the cumulative frequency distribution is not so far
from the ideally uniform straight curve, meaning that cases of very premature
debonding are considered within the database as well as other cases whose
failure is close to the complete development of the strength on the external
reinforcement.

Finally, it is worth to precise that only the experimental results
characterized by values of ye(0,1) will be considered in the following, as that
is a necessary condition for recognizing the cases of beams failure in
intermediate debonding.
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Figure 6.9 - Distribution of the parameter y within the experimental database.

6.2.2 Calibration of a formula through Design-by-testing

The mean value of the maximum axial strain in FRP corresponding to
failure in intermediate crack-induced debonding (IC debonding strain) can be
expressed by means of a relationship obtained by a deterministic model and
fine-tuned on experimental data by a numerical coefficient kjc. A new
assessment of kjc is proposed through a probabilistic approach as suggested in
(EN1990 — Annex D) aimed to give a clear probabilistic meaning to the
provisions.

In particular, an error function & can cover the uncertainties of the
simplified model considered in the above mentioned calibration:

&= Em(Kics for s Epaty by k)-8 (6.65)

The random variable 6 is defined, for each ith test, as the ratio of the
experimental debonding strain, €., to the theoretical one, e, evaluated by
considering the geometric and mechanical data characterizing that test:
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5 =—20 (6.66)

Moreover, the mean value, the variance, the standard deviation and the CoV of
this variable are defined as:

5136 =LY 6-57 10, =5, sCov=Z (6:67)
nio n—1435 o

By assuming a formulation similar to design Eqn. (5.26) in section 5.1.2.4 |
taking into account no safety partial factors the relationship (6.65) can be
rewritten as follows:

& (Kics fos s Epat by ke, ) = ke o [F—2N 2 (6.68)

rolys
ks,

The coefficient k;c has been calibrated based on experimental results in
terms of deformation &g;.., obtained by using the procedure in (Faella et al.,
2010) as stated above. The calibration has achieved using a least-square
procedure consisting in the resolution of the following minimum problem:

n 2
_ : (i) (i) (1) (i) (1) (1) (i)
e =argmin Y [ £, (ki SO0 0B, 200,087 ) =24 O | (6.69)

kic i=1

Moreover, the mean value of the intermediate debonding strain can be
obtained by a coefficient k¢, adjusted by means of the mean value of the
error parameter & , being in general § #1 because the regression line was
imposed to intercept the origin.

Kicm =k -0 (6.70)

Thus, the mean provision for the intermediate debonding strain can be
assumed as:
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Enm =Kicm Eu > (6.71)

being & the strain obtained by the deterministic model. Obviously, this
strain is linearly proportional to the debonding strain being linear elastic the
FRP constitutive law.

If the random variable represents a strength, its characteristic value is often
defined for design purposes as the 0.05 percentile of the frequency distribution
associated to the examined variable. Gauss distribution is the most generally
considered for describing the errors. The so-called “hypothesis of normal
distribution” for the variable 6 should be checked by comparing the
experimental curve of the cumulative frequency to the theoretical one
corresponding to a Gaussian distribution having the same mean value and
standard deviation (see Figure 6.10).
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Figure 6.10 - Experimental data cumulative frequency against theoretical in normality

hypothesis.
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Assuming that the Young modulus Ey of the FRP reinforcement, the
concrete tensile and compressive strength f.,, and f., are the only mechanical
parameters influencing the value of the maximum axial strain developed in
FRP at debonding, the expressions for the both general model and the
calibrated one involving the coefficient k;c ;5 as well as S are:

gth = gth (Ef’ f;m,-f;tm) > (672)
Enm = Cinm (Ef"f;m,ﬂtm’g’ kIC,bf) . (6.73)

In the following, some assumptions already considered in defining a
characteristic value for plate end debonding strength are accepted (Bilotta et
al. 2011). In particular, both Erand f. and f., have been assumed normally and
independently distributed random variables, with the following values of the
coefficients of variation:

s; =0.05-E, s

f

= 0.183-f,. S, =4.88 , (6.74)

according to the design relationships provided by EN 1992-1-1 and
literature information (Di Ludovico et al., 2009).

Hence, under the hypothesis of normal distribution for the variable o, the
provision corresponding to the 0.05 percentile of the Gaussian distribution is:

Enk = Ehm _1-64'[Va’”(‘9m,m)] . (6.75)

where the variance of ¢4, can be expressed as:

Var (eth’m ) = Cpy, Var(Er)+

, 6.76
C2 Var(fon)+ C, Var(fom)+ C2, -Var(3,) (6.76)
_ gh,m
Efm — aé.f - (677)
f
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Cf — a(gt/’l,m
_ a‘c"th,m
Cfutm - 6f
ctm E
_ agth,m
Cfulm - o5
m |5

If the Eqgs. (6.76) and (6.77) are substituted in the Eq. (6.75), the following
general expression is obtained for the characteristic provision of the
debonding load:

Epp =Epm—1.64-5, '[a -CoV, > +b-CoV, *+c-ColV, *+ CoV(smz} *(6.78)

where the coefficient a, b, ¢ depend on the functional relationship of Ej, f.
and f.,, in the expression of &, and the coefficients of variation are defined for
each parameter as the ratio of the mean value to its standard deviation:

E, 5,
COVEf =—, COVfwm = ]Fc’m , COme = ]ch , CYOVJm =_n , (679)
S, S foam St Ss.

Clearly the coefficient of variation of the variable &, CoVs,, depends on
the data distribution. The Eq. (6.78) can be written as:

Epg = Kep € 5 (6.80)

assuming:

ko =k -(1—1.64-[a-C0V57,2+b-C0mez+c-C01/J(;Im2+COI/5m2}°'5) 6.81)

cr.k — "er,m

Lower percentiles can be obtained by substituting in the Eq. (6.81) the
coefficient 1.64, related to the 0.05 percentile of the frequency distribution,
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with the coefficients 2.58 and 3.08 corresponding to the 0.005 and 0.001
percentiles, respectively.

The use of percentiles lower than 0.05 can be alternative to the use of
safety factors that usually have to be additionally applied to characteristic
provision to take into account the model uncertainness (EN1990 — Annex D).

The following values of the coefficients defined above have been derived
by considering the experimental results in a least-square procedure:

kIC,bf = 053, k[C”m = 056, k]cy5%: 0.32 and k[coj%z 0.18. (682)

From the coefficients kicm and kjc sy, can be easily defined the following
coefficients

koma = (Kic.p ) =0.32mm
2 (6.83)
ks = (ki) =0.10mm

6.2.3 Final comparisons

Theoretical debonding strains can be expressed as a function of the
parameter E 7, / kyl forfomn - This parameter involves the main geometrical

and mechanical properties influencing the intermediate debonding
phenomenon (see (6.84)):

24, f 1
%=h¢—i—ééﬂ- (6.84)

E, -t,

For design purpose the relationship (6.84) should be rewritten as follows:

ke \/zkb- T

(6.85)

g =
" Vea FC E, -1,

where 7, , is an external safety coefficient based on quality control on the

FRP strengthening system and FC is a confidence factor (in the range of 1.00-
1.35) based on the level of knowledge achieved on the existing material
properties and typically used for the assessment and retrofitting of buildings
(European Code - UNI EN 1998-3).
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Several strain versus £ ¢, / kgl f..f.., curves can be obtained by

considering variable numerical values for the triplet (kic, yrq4, FC).

Figure 6.11 shows this curve by assuming the triplet of values (kicm, 1, 1)
that allows the predicted theoretical strains to be showed (k, = 1 has been
assumed for the sake of simplicity). In other words, the curve represents the
mean value of the axial strain developed in FRP at debonding, as it has been
calibrated by solving the least-square problem in equation (6.69).
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Figure 6.11 - Experimental results and theoretical prediction

Figure 6.11 confirms that this equation results in a good approximation of
the experimental results. However, it cannot be directly utilized for design
purposes as it is often unconservative. A reasonable level of conservativeness
should be selected for design purposes. Usually, it is defined in terms of
percentiles of the distribution describing the uncertainties of the calibrated
formula.

Different levels of conservativeness can be achieved by adopting different
values for the three parameters of the triplet (kic, yr4, F'C). For instance, the
curves obtained by considering the three values (kicso, 1, 1), (kicsw, 1.2, 1)
and (kico.5%, 1, 1) are also reported as well as the curve obtained by using the
design coefficient suggested in CNR-DT200/2004 (0.52, 1.2, J1.5 ). Note that

in CNR-DT200/2004, FC = +/1.5 1is used, regardless of the level of
knowledge in the material properties.
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Figure 6.11 shows as the design formula currently adopted by CNR-
DT200/2004 is sometimes unconservative. This is not acceptable for the level
of confidence and conservativeness generally required for design purposes. In
fact, that formula has been obtained by means of a different calibration
procedure (Ferracuti et al, 2007b) based on much less experimental data.

More conservative predictions derive by assuming the value k¢ 5o, and a safety
coefficient 1.2 or the 0.005 percentile, ks .52, according to Annex D - EN 1990.

Furthermore, Figure 6.12 and Figure 6.13 show a comparison between design
curves obtained by assuming the coefficients calibrated through the proposed
design-by-testing procedure and other curves according to some of the models
outlined in section 5.1.2.4 .Since they involve the mechanical properties of
concrete in rather different ways, four graphs dealing with different ranges of
values of the concrete compressive strength have been plotted.

As a general trend, Figure 6.12 and Figure 6.13 show that both the model
by Said and Wu (2008) and the formula adopted by ACI440-08 lead to
predictions in terms of maximum axial strain in FRP at debonding which are
not conservative enough to be used for design purposes. Since fractile levels
generally accepted for Ultimate Limit Design are about 0.005, too many
experimental points (out of the total of about 200 experimental results) fall
below the two mentioned curves.

Moreover, the predictions based on the model by Teng et al. (2004) are
rather close to the values obtained by the current CNR-DT200/2004
provisions. In the case of low concrete strength (namely, for £,.<40 MPa), both
formulations look not conservative enough for design purposes.

Finally, the results obtained by applying the proposed formulation are also
reported in Figure 6.12 and Figure 6.13 by considering the k¢ 5o, coefficient
and a further safety factor y;,~1.2 addressing the quality of the application
process is considered. The confidence factor FC = 1 is assumed as “full
knowledge” is achieved about the mechanical properties of structural
materials. The curves representing those results lie much below the bunch of
experimental points, demonstrating the higher level of conservativeness
achieved by the proposed formula.
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Figure 6.12 - Experimental results and code provisions (1)
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Figure 6.13 - Experimental results and code provisions (2)

Although the curves representing the results of the model by Teng et al.
(2003) are generally even more conservative than those obtained by the
proposed model, it could result in too strict provisions for a cost-effective
application of FRP strengthening. The two curves representing the proposed
formula and the model by Teng et al. (2003) are rather close one another, but
the former can move upward if a unit value is also considered for j;,4, as a
result of a certified application procedure allowing for higher values of the
relevant mechanical properties of the adhesive-to-concrete interface.
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6.2.4 Concluding remarks

The design of FRP flexural strengthening of RC beams is often controlled
by intermediate debonding failure. This phenomenon involves several
geometric and mechanical parameters in a rather complicated way.
Consequently, validating a sound theoretical model for predicting intermediate
debonding is rather impractical as both the experimental data and results are
affected by high levels of uncertainties and randomness.

Consequently, a simplified empirical model for intermediate debonding has
been calibrated based on the results of bending tests carried out on RC beams
externally strengthened by FRP laminates. The model is based on a formula
involving the key mechanical parameters such as the Young modulus E; and
the thickness #r of the FRP reinforcement, and the concrete strength (in both
compression and tension).

Although other similar models have been already presented in the scientific
literature and adopted in codes of standard, the present proposal is based on a
statistically consistent procedure for determining the safety levels required for
defining the so-called “characteristic” and “design” values of the maximum
axial strain developed in FRP at intermediate debonding. The mentioned
procedure adopted for defining those values comply to the Eurocode
provisions about the so-called “design-by-testing” approach.

Finally, the comparison between the proposed formula and the other ones
already available in the literature point out that it is a good trade-off between
the conservativeness required for design purposes and the need for efficient
and cost-effective usage of materials.
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Chapter 7 - Proposal of design formulae for
Guidelines

In the chapter 3 the experimental program that was conducted to compare
the interface behavior, under monotonic and cyclic actions, of two main types
of commercial external FRP reinforcement, namely sheets and plates, was
showed.

Furthermore in the chapter 4 a method of identification of interface laws
defined IndIM has been used to analyze the wide collection of results attained
from these tests and the advisability of assessing a bond law for the plates
different from that for the sheets was clearly showed

Moreover, in the chapter 5 was showed that further investigations are
necessary on the bond strength at the interface because it is a key issue in the
strengthening design procedure.

Nevertheless, as showed in the chapter 6, safe design-oriented formulae can
be derived from experimental data, according to a statistical procedure for the
calibration of resistance models suggested in the European code.

The results obtained by applying the IndIM procedure to obtain simplified
bond laws and the statistical procedure calibrating the bond strength
relationships for both plate end debonding and intermediate debonding were
herein summarized and integrated, in order to prepare an updating proposal
for the Guidelines CNR-DT200 (2004).
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7.1 SPECIFIC FRACTURE ENERGY - PLATE END DEBONDING

In the following, reference is made to Figure 7.1. Moreover, the fracture
energy Gy is called I'r according to CNR-DT200 (2004)

FRP

ot
Lb Liree a /

he

e
e /

Figure 7.1. - General scheme of an asymmetrical push-pull bond test.

The maximum tensile force , F.x, at debonding in an FRP external
reinforcement characterized by an infinite bonded length can be calculated as:

Frp =b,[ 7, (x)dx, (7.1)

being t,(x) the bond shear stress distribution along the concrete-FRP
interface and by the width of the FRP reinforcement.

Moreover, the fracture energy corresponding to a generic bond shear stress-
slip law, ty(s), can be expressed as:

o0

=, 7 (s)ds [F/L] (7.2)

This expression has the meaning of an energy [F L] for unit surface [L?].
Under the hypothesis that the concrete member has a stiffness much larger
than the reinforcement Fy,x can be written as follows (see (2.72)):

Fo=b, 2-E, 1, T, (7.3)
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where f, by, Er are the thickness, the width, and the Young modulus of the
FRP reinforcement.

The fracture energy, I'r, depends on both the strength properties of
adherents, concrete and adhesive, and the characteristics of the concrete surface.
If the FRP reinforcement is correctly applied, the debonding occurs in the
concrete and the specific fracture energy of the interface law can be written in a
form similar to that used for the shear fracture (mode I). Therefore, the fracture
energy can be expressed as a function of the concrete shear strength:

r P (r,, max) , where 1, max depends on both tensile f.; and compressive f; concrete

strength.

The general Eq. (7.3) for debonding load can be particularized by
introducing the dependence on the bond shear strength. Indeed, the bond shear
strength depends on the concrete strength and can be related to the Mohr’s
circle representing the stress condition in the concrete at failure. Thus, different
formulations for shear strength can be considered varying the dependence on
the concrete strength.

If a Coulomb’s failure criterion is adopted, the term /f, - f.. 1is 2 times

the cohesion associated to the Mohr’s circle of an interface concrete element
subjected to both shear and normal stresses. The presence of normal stresses
has been often experimentally evidenced by the visual inspection of the
debonded surface configuration (Mazzotti et al., 2008). Thus, the case 1 plays
better the actual physical phenomenon, because it takes into account the both
presence of shear and normal interfacial stresses.

Hence the following relationship for the fracture energy can be assumed:
rf = kG 'kb : fcm 'fctm (7.4)
where

— fum and fic, are the mean value of the cylindrical compressive strength

and the tensile strength of the concrete respectively,
— ky is the shape factor expressed as:

k= 22000y 22005
= |2 wi — =2 U
"\ 1+b,/b b (7-3)

br is the width of the laminate and b is the width of the concrete
member
— the coefficient kg shall be experimentally adjusted.
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The value of such coefficient has been computed over a large population of
experimental results available in the literature. The database contains
experimental data from bond tests carried out in the framework of the Draft
“ReLUIS-DPC 2005-2008 - Task 8.2”. Moreover preformed (plates) and
cured in-situ (sheets) FRP systems have been distinguished.

The calibrating procedure was based on a detailed and consistent statistical
analysis according to the ‘design by testing’ procedure suggested in the
Eurocode 0 (EN1990, 2002 — Annex D). Different corrective factors allow
different percentiles values of kg to be attained. The assessment of the
percentiles has been carried out taking into account the variance of the
materials.

The statistical analysis of the experimental results has provided an average
value of K¢ equal to 0.063mm and a Sth percentile equal to 0.023mm for
plates and an average value equal to 0.077mm and a 5th percentile equal to
0.037mm for sheets.

Using the mean values 0.063mm and 0.077mm Eq. (7.4) gives the mean
value of the energy fracture /+n. When the characteristic values 0.023mm and
0.037mm are used in Eq. (7.4), the characteristic value, /g , of the fracture
energy is obtained.

Through Eqns (7.3) and (7.4) the plate end debonding stress can be
calculated as
1 [2-E,-
S =

Y ya Ly 70
being
— viq a safety factor on gluing application uncertainness (it shall be

assumed equal to 1.2 or 1.5 for controlled or not controlled gluing
application)

— TI'rg = I'n/FC where FC is a confidence factor (in the range of 1.00-
1.35) based on the level of knowledge achieved on the existing
material properties and typically used for the assessment and
retrofitting of buildings (European Code - UNI EN 1998-3).

In Figure 7.2, the experimental values of strain, &g = figa/Er in the FRP
reinforcement at debonding are plotted together with the mean and
characteristics curves easily calculated through Eqns (7.3) and (7.4) for the
different values of kg (for further details see section 6.1 ).
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Figure 7.2. - Experimental strain at failure vs. theoretical results:
a) cured in situ systems (216 data); b) preformed systems (68 data).
The design value of the effective bond length can be derived from eq.

(4.18) by using the design value of the fracture energy I'rq mentioned above:

(7.7)
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7.2 BOND-SLIP LAW

Bond between FRP and concrete is typically expressed with a relationship
between interfacial shear stress and the corresponding slip (“tp-s”
relationship). Both FRP and concrete mechanical characteristics as well as
geometry of the FRP system and concrete support shall be considered in the
analysis.

A precise bond-slip model should consist of a curved ascending branch and
a curved descending branch, also other shapes such as a bilinear model can be
used as a good approximation.

In particular the first ascending branch is defined by taking into account the
deformability of adhesive layer and concrete support for an appropriate depth.
Unless a more detailed analysis is performed, the average mechanical

parameters defining the “1,-s” relationship, can be evaluated as follows (see
Figure 7.3):

1) Interface slip corresponding to full debonding, s, = 0.25mm

2) The maximum experimental average bond strength can be expressed as

follows:
2-T
fp=—""" (7.8)
Su
3) The slope, K, of the ascending branch:
k=7 - ‘
fa L (7.9)
G, G

where G, , G, represent shear modules of adhesive and concrete,
respectively; ¢, is the nominal thickness of the adhesive; and ¢, is the effective
depth of concrete (suggested values for ¢, and ¢; are 20-30 mm and 0.5-0.7,
respectively).
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7.3 SIMPLIFIED METHOD FOR IC DEBONDING

Unless a more detailed analysis a simplified method can be used. Such
method is based on the definition of a maximum value for the axial strain ey
which can be developed in the FRP laminate before of the occurrence of
intermediate debonding failure.

The corresponding maximum strain can be evaluated as

kg, k
7. G2 ]
c _ f;‘dd,Z FC f;m »f;tnz (7.10)
Mg E, -t
S s

This relationship is similar to that proposed for the plate end debonding: the
coefficient kg, shall be experimentally adjusted.

The value of such coefficient has been computed over a large population of
experimental results available in the literature.

The calibrating procedure was based on a detailed and consistent statistical
analysis according to the ‘design by testing’ procedure suggested in the
Eurocode 0 (EN1990, 2002 — Annex D). Different corrective factors allow
different percentiles values of kg, to be attained. The assessment of the
percentiles has been carried out taking into account the variance of the
materials.

The statistical analysis of the experimental results has provided an average
value of kg » equal to 0.32 mm and a Sth-percentile equal to 0.10mm.
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Chapter 8 - Conclusions

The strengthening of concrete structures with externally bonded
reinforcement is a very powerful and effective technique to restore or enhance
the bearing capacity of the structure. The basic idea of the technique is very
simple. Additional reinforcement, mostly in tension, is added to the structure
to increase or restore its bearing capacity.

Fiber-reinforced polymers (FRP) are more and more commonly employed
for structural strengthening existing structures of both reinforced concrete
(RC) and masonry. Indeed, the use of composite materials for structural
strengthening of civil structures and infrastructures began with some
pioneering application at the middle of the ‘80s of the past century.

Since FRP laminates are externally bonded on a concrete or masonry
substrate, the issue of adhesion on those materials generally controls the
effectiveness of strengthening in members stressed either in bending or shear.

Hence, a reliable design and application of this technique is only possible
when the force transfer mechanism and the failure mechanism of the
strengthened system is completely understood.

The PhD Thesis herein presented was aimed to contribute to the
development of knowledge about such key issue. In this chapter the main
findings of the performed research will be mentioned as well as
recommendations for practical design and application will be summarized.
Finally, some suggestions for future research are also provided.
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8.1 EXPERIMENTAL OUTCOMES

From an applicative point of view and thus commercial, two main FRP
systems for external strengthening of structures are distinguished in pre-cured
systems and wet lay-up systems; they were briefly called plates and sheets
respectively. Their mechanical behaviour may be different both when they are
subjected to monotonic action and cyclic action.

In literature, compared with monotonic tests, there have been few bond
tests under cyclic actions performed on CFRP sheets applied on concrete
blocks. Particularly lacking are cyclic tests performed on CFRP plates and few
studies are available on debonding phenomena under few cycles at high force
levels, which typically occur during earthquakes.

Therefore a total of 58 single shear test (SST) tests in four sets (i.e. I-12
tests, 11-16 tests, I11-12 tests, IV-18 tests) were performed on CFRP plates (38)
and sheets (20) applied on two opposite longitudinal faces of 29 concrete
prisms. Concrete mix was specifically designed to obtain low compressive
concrete strength to simulate the FRP application on existing concrete.

First two series of SST bond tests (30) under both monotonic (20) and
cyclic actions (10), without inversion of action sign, were performed to
analyze both the influence of different load paths (few cycles, typical of
seismic actions) and the effect of FRP bond lengths on bond behavior between
FRP reinforcement and the concrete substrate. The experimental outcomes
showed the following:

— the influence of few load-unload cycles up to 70% of P, Was
negligible in terms of bond stiffness and strength for CFRP sheets both
for higher and lower bond lengths than theoretical effective ones);
similar results were obtained for plates, even if experimental effective
bond lengths were significantly lower than theoretical ones;

— a small number of load-unload cycles (i.e. a total of 40 cycles) up to
90% of Py induced shear stress migration along the reinforcement
with a reduction in peak values due to interface damage; however, this
phenomenon did not substantially affect debonding loads in the case of
bond lengths exceeding the effective ones;



Chapter VIII - Conclusions 185

— the design equations provided by the main international codes to
predict the effective bond lengths were in good agreement with
experimental results for sheets and more conservative for plates.
Indeed, experimental effective bond lengths obtained by strain
readings were lower (about 150mm) than theoretical ones (between
227mm and 320mm);

— experimental tests showed that the reduction in bond length up to
about 50% of the theoretical effective length induced a comparable
reduction in maximum debonding load on specimens subjected to
monotonic or cyclic action.

Further 30 tests (set III and set IV) were performed on concrete specimens
reinforced with CFRP sheets (6) and plates (24) under monotonic actions.
These tests were mainly carried out to significantly enrich the existing
database of the bond tests on EBR carbon plates.

These bond tests showed that the maximum efficiency of CFRP plates
relevant to plate end debonding was only 20%. In general the increasing of
stiffness leads to have higher loads, but a loss of efficiency; indeed larger
transversal area do not lead to have a proportional increasing of ultimate load.

Moreover, higher values of thickness cause a larger scatter of results, the
debonding load is not directly proportional with the reinforcement stiffness,
and lower values of the ratio bg/b. do not determine proportional reduction of
load.

Therefore the experimental results have showed that the effectiveness of
the strengthening system has to be evaluated also in function of the axial
stiffness: very high values of stiffness can be not useful to increase sensibly
the failure load of the strengthened elements and can be uneconomical.
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8.2 BOND LAW RELATIONSHIPS

An accurate local bond-slip model, taking into account the different
behavior of sheets and plates, is of fundamental importance in the modeling of
FRP- strengthened RC structures.

Thus, based on the wide collection of results attained from the
experimental tests during which not only the load but also the corresponding
axial strains of the FRP reinforcement were measured, through an Indirect
Identification Method (IndIM) bond laws for sheets and plates were identified.

A simplified shape for the bond law (bilinear elasto-softening) was chosen
on the basis of the observations of some previous studies available literary and
taking into account the possibility of exploiting closed-form solutions to the
problem of adhesion. The consistency of IndIM method and the robustness of
the assumption on the bond law shape was showed by a comparison, in terms
of axial strains throughout the bonded length, between theoretical predictions
and the corresponding measured values. Even if the uncertainness in
accurately identifying the parameter s. indicated that the bond behaviour in
the elastic stage was not perfectly approximated by a linear branch, the result
obtained by assuming a bilinear law were satisfying.

Bond laws for sheets and plates have been separately identified through the
IndIM method, and several bond law relationships, identified by three
parameter (i.e. the maximum shear stress, Tmax, the corresponding elastic slip,
Se, and the ultimate slip, s, ), have been compared. The elastic and ultimate
slips, s. and s, respectively, are on average the same for sheets and plates,
although the dispersions of the values obtained by the identifying method are
somewhat high. Conversely the values of maximum shear stress, Tmax,
obtained for sheets bond laws are always higher than those obtained for plates
interface relationships, of about 30% in average. Clearly the same differences
are attained in terms of fracture energy. Such results are in agreement with the
theoretical strength model showed in this Thesis for predicting plate end
debonding of sheets and plates separately. Hence the advisability of assessing
a bond law for the plates different from that for the sheets is considered
appropriate.
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8.3 BOND STRENGTH MODELS

A statistical procedure for the calibration of resistance models from
experimental data, in accordance with the guidelines provided in Eurocode
(EN1990) is presented. The procedure has been implemented on the basis of
the results of the bond tests carried out and analyzed in the third and fourth
chapters, and based on the results of further bond tests and tests on full-scale
members found in literature, briefly summarized and discussed in the fifth and
sixth chapter. The simplified analytical formulation were suggested for
predicting the strength of beams and slabs in case of both plate end debonding
and intermediate debonding.

In particular the proposed formulation for the plate end debonding load has
a clear statistical meaning and allows to separately predict the plate end
debonding for the cured in situ FRP systems and the preformed ones. Both
aspects let to better exploit the strength of the cured in situ systems; indeed the
0.5% percentile of the new formulation are larger than the design values
furnished by the current Italian Guidelines and, however, allow to assess the
same safety level of model of Teng et al. (2001). Moreover, it was worth to
notice that the formulation of fib Bulletin 14 (2001) results excessively unsafe
compared to the experimental results.

By contrast, the approach of Teng et al., (2001) and fib Bulletin 14 (2001)
are found to be less safe when applied to preformed systems. Indeed, the 0.5%
percentile of the proposed design formulation provides a higher safety level
compared with these models, whereas it is similar to the current design
provisions of CNR-DT200 (2004). Thus, these results confirm that the
distinction of the two strengthening systems seem to be reliable to have
suitable prediction of debonding load.

Oh the other hand, as concern intermediate debonding the numerical
procedure mentioned in the section 5.2 pointed out the role of some
mechanical parameters (currently neglected in the most well-established
simplified formulae) influencing the mechanical response of strengthened
beams (i.e., the load condition, the yielding strain of steel rebars, the amount
of reinforcement). Nevertheless, nowadays validating a sound theoretical
model for predicting intermediate debonding is rather impractical as both the
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experimental data and results are affected by high levels of uncertainties and
randomness.

Consequently, a simplified empirical model for intermediate debonding has
been calibrated based on the results of bending tests carried out on RC beams
externally strengthened by FRP laminates. The model is based on a formula
involving the key mechanical parameters such as the Young modulus Er and
the thickness #r of the FRP reinforcement, and the concrete strength (in both
compression and tension).

Although other similar models have been already presented in the scientific
literature and adopted in codes of standard, the present proposal is based on a
statistically consistent procedure for determining the safety levels required for
defining the so-called “characteristic” and “design” values of the maximum
axial strain developed in FRP at intermediate debonding. The mentioned
procedure adopted for defining those values comply to the Eurocode
provisions about the so-called “design-by-testing” approach.

Finally, the comparison between the proposed formula and the other ones
already available in the literature point out that it is a good trade-off between
the conservativeness required for design purposes and the need for efficient
and cost-effective usage of materials.
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8.4 FURTHER DEVELOPMENTS

The application of the IndIM procedure to obtain simplified bond laws and
the statistical procedure calibrating the bond strength relationships for both
plate end debonding and intermediate debonding were summarized and
integrated in chapter 7, in order to prepare an updating proposal for
instructions CNR-DT200 (2004). Then the first step, in a short term, is to
define and present this “theoretical” update.

Anyway, it s necessary to keep in mind that the success of the technique of
bonded reinforcement is closely related with the practical application of the
bonded connection. Indeed, a good force transfer and a long term durability
are only possible when the bonded connection is properly done according to
the rules of good workmanship. Therefore the competence and the
workmanship of the executing contractor are very important. This
workmanship can be guaranteed by a system of guidelines and certifications
and by on site inspections by the project engineer.

Finally it is clear that the numerical procedure presented and validated in
the chapter 5 can be utilized as a powerful tool to extend the experimental
data, reaching a number of cases which is far larger than the one realizable in
a laboratory for practical reasons. Consequently, the influence of the various
parameters can be investigated in depth to understand their role and
quantifying their importance for both plate end debonding and intermediate
debonding. Moreover the analytical formulations predicting the strength of
beams and slabs could be refined by means of both numerical models (i.e.
based on finite element discretization) and a limited number of experimental
results and extrapolation of those results through the above mentioned
numerical procedures. These new and more sound formulations could take the
place of the simplified analytical formulations nowadays suggested.
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