Size and shape effect in the pull-out of FRP reinforcement
from concrete
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Scaling phenomena in the progressive debonding between fiber reinforced polymer (FRP) strips and con-crete substrate are examined on
the basis of single lap shear tests, considering different bond lengths and widths. To capture a stable post-peak response of the FRP-concrete
joint, the slip between the concrete support and the reinforcement strip, measured at the reinforcement end using a clip gage, was selected as
feedback control signal during the tests. This allowed a quasi-static stable fracture propagation in the descending branch until complete load
relaxation and debonding. Experimental tests were simulated by means of 2D and 3D finite element analyses adopting two different
approaches. At first, a numerical model based on linear elastic materials with all non-linearities concentrated at the interface was assumed.
It clearly revealed the inability to recognize all the aspects of the debonding process. Then, a different numerical model, based on a non-
linear constitutive model for concrete and perfect adhesion between all the materials, was adopted.
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1. Introduction

An encouraging technique to enhance the mechanical perfor-
mance of masonry or concrete structures by strengthening or stiff-
ening a member, is to apply strips of fiber reinforced polymer (FRP)
[1-5]. FRPs are versatile materials, with widely varying mechanical
and physical properties dependent on the constituents as well as
fabrication and processing conditions. Typically, an FRP is charac-
terized by high strength-to-weight ratio, corrosion resistance,
durability and versatility, allowing its use in a broad range of appli-
cations. Although some concerns exist related to long-term perfor-
mance and failure modes, the application of FRPs represents a
viable solution for many projects.

One of the most important effects influencing the composite
structural behavior is the interfacial stress transfer, including
debonding. In pull-out tests the axial force in the strip is gradually
transmitted to the substrate by shear forces acting at the interface.
Such stresses decay with a high gradient, passing from the loaded
end to the free one of the strip, so that they can be assumed to be
active on a definite length only, usually denoted as effective bond
length or effective stress transfer length. In long strips, as the load
increases, debonding near the applied load shifts the stress transfer
zone to new areas farther away from the loading point, confirming
that only part of the bond is active in the forces transmission. Thus,
the joint strength does not increase with an increase of the bond
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length beyond its active value. The entire debonding process of
FRP-to-concrete bonded joints is described in [6]. Experiments
reveal that the recurrent failure mode in a “pull” test on a speci-
men with a bonded FRP plate is shear failure of the concrete, typ-
ically within millimeters from the concrete-to-adhesive interface
[7]. This was also observed in more general terms in [8] by the
analysis of brittle substrates beneath adherent films. Therefore,
to capture the real response of the joint under a loading history,
numerical and/or theoretical approaches have to account for the
nonlinear material concrete properties and debonding cannot be
always confined at the interface between the FRP strip and con-
crete substrate. In addition, because of microcracking and fracture
in concrete due to the high stress gradients arising in the joints, the
experimental results are affected by size effect.

Many studies dealt with the prediction of the ultimate load and
the definition of a proper bond-slip law and an effective bond
length. They may be classified into three broad categories: (i)
empirical models based on the regression of test data, e.g. [9,10],
(ii) fracture-mechanics-based models, e.g. [6,11-15], (iii)
numerical-methods-based models, e.g. [16-21].

While an understanding of the influence of the bond length on
the ultimate load is emerging, less attention has been paid to the
role played by the widths of concrete and FRP on the ultimate load
and debonding process.

In some studies, the relationship between the width and the
maximum load has been translated into a geometrical factor,
assumed also by some national and international recommenda-
tions, e.g. [22,23], obtained by empirical equations resulting from
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Fig. 1. Configurations for reinforced specimens.

Table 1

Concrete properties.
Test Strength [MPa]
Cube resistance (21 days), Rem 21 32.40
Cube resistance (28 days), Rem2s 36.30
Cylindrical resistance (21 days), fem21 26.90
Cylindrical resistance (28 days), fom.2s 32.59
Brazilian splitting test (28 days), f.m 2.88

regression analyses of experimental data [11,12,18,19,24,25]. The
introduction of such a factor implies to consider the debonding
problem as a bi-dimensional one. Indeed, in the early studies,
numerical models of FRP/concrete systems were assumed to be
in plane stress state and the effect of different widths was studied
only introducing such a geometrical factor [20,21,26]. However,
the experimental push-pull tests collected by several Authors that
have investigated the influence of the FRP width [7,18,27-29] have
clearly shown that this parameter is a decisive issue. The tests per-
formed with this specific goal are rather scarce. In addition, it is
often very difficult to compare the results due to the fact that even
considering tests with the same bonded length and width, the
thickness of the reinforcement, the concrete resistance, the dimen-
sion of the specimen, which play an important role on strength of
the joint, are different. Some of the data collected show significant
contradictions between what is experimentally observed and what
the standards provide [18,27,28]. Although these studies do not
present a complete discussion on the influence of the FRP width
on the strength of the system, they surely highlight that the
debonding phenomena is essentially a tri-dimensional problem,
where, due to the different mechanical properties of the materials,
the width effect has an important role on the stress distribution in
concrete and on the failure mechanism occurring [30]. Currently,
three-dimensional numerical investigations of these phenomena
are presented in very few studies, e.g. [30-33]. In addition, some
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Fig. 2. Experimental setup for single shear lap test.

Fig. 3. Point sensors (LVDTs and a clip gage) monitoring relative displacements
between the reinforcement and concrete.

researchers have recently introduced the concept of effective bond
width, that take into account the contribution of a thin concrete
layer external to the bonded area in the fracture process [30].



Table 2
Single shear test data.

Specimen Bond length  Width by  1st peak load Failure load
# lb [mm] [mm] F1st peak [kN] Fmax [kN]
25 1L 25 25 - 4.13

2L 25 25 - 3.70
50 1W 50 25 - 7.57

2W 50 50 14.67 17.10
100 1w 100 50 24.54 27.48

2W 100 100 45.62 46.28
150 1L 150 50 26.13 28.35

2L 150 50 25.00 25.18

3L 150 50 19.54 21.54
200 1L 200 50 - 27.54

2L 200 50 26.44 26.88

3L 200 50 - 25.64

In this paper, the influence of the width of the CFRP reinforce-
ment on the stress field and on the load carrying capacity is dis-
cussed for single lap shear push-pull configuration, by means of
both experimental tests and numerical analyses. Different bond
lengths and widths strips were considered in order to evaluate
their effects on the joint strength. At first, the experimental cam-
paign is described. The tests, initially controlled by the loaded edge
displacement and subsequently, at the onset of the debonding pro-
cess, by a clip gage mounted at the end of the reinforcement, are
presented. A stable quasi-static fracture propagation and the entire
debonding of the reinforcement from the concrete support, were
captured even in the post-peak with snap-back softening branches.
A formation of a concrete bulb at the end of the reinforcement, that
influences the maximum load transmitted by the joint as well as
the damage mechanisms, was observed. A numerical investigation
was conducted using different finite element models in order to
interpreter the experimental observations. Initially, both 2D and
3D analyses were performed, in which failure was assumed to
occur at the interface, by adopting linear elastic materials and
zero-thickness interface elements endowed with a non-linear
cohesive law. By means of a Riks procedure it was possible to cap-
ture the post-peak snap-back behavior due to the failure process
and to compare experimental and numerical results in terms of
overall response of the system. In addition, different 3D finite ele-
ment analyses were performed by means of a numerical model
based on a non-linear constitutive model for concrete and a perfect
adhesion between all the materials involved. The development of
the damage, the formation of the resistant bulb and the width
effects of the reinforcement on the joint strength were analyzed
as a consequence of a complex tri-dimensional stress field strongly
affected by the test configuration.

2. Experimental techniques
2.1. Specimens preparation and mechanical properties of the materials

CFRP laminates, with different widths by and bond lengths I,
were externally glued to prismatic concrete specimens,
150 x 300 x 120 mm (b x I x h), as shown in Fig. 1.

The concrete specimens were composed of the following mix:
Portland cement CEM I 52.5 R according to the ENV 197/1 Euro-
pean standard, natural river aggregate with a maximum size of
25 mm, aggregate/binder ratio of 5, and a water/binder ratio of
0.7. All specimens were prepared using steel molds and
consolidated with a high frequency vibrating table, removed
from the mold after 24 h, and cured in water at a temperature of
20°C for 1week and in air (20°C and 90% R.H.) for 3 weeks.
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Fig. 4. Load-stroke curves.
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Fig. 5. Load-clip gages displacement curves.
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Fig. 6. Load-LVDT displacement curves.



Fig. 7. Bulb at FRP anchorage, for different size and shape of the bonded area.

The compressive strength was evaluated at 21 and 28 days on both
cubes (side 150 mm) and cylinders (diameter 100 mm, height
200 mm) and the tensile strength was obtained by splitting test.
The average values of cube compressive strength R, cylindrical
compressive strength f.,, and tensile strength f,, were obtained
by five tests and are reported in Table 1. Young modulus E., deter-
mined from the uniaxial compression tests, was 30.5 GPa.

A carbon fiber reinforced polymer (CFRP) with a thickness tf of
1.4 mm was used. The material properties of the laminate were:
tensile strength f; greater than 3.1 GPa, Young modulus E; equal
to 170 GPa, Poisson ratio vy of 0.20 and strain to failure &g, of 2%.
The ultimate force per unit width of FRP and the stiffness per unit

(a)
30

24

Load [kN]

Clip [pm]

PN

0,8 1,0 1,2 1.4 1,6
Stroke [mm]

width were computed to be equal to 43.4 kN/cm and 2380 kN/cm,
respectively.

Epoxy resin was characterized by a 6.0 GPa Young modulus and
a 0.30 Poisson ratio.

2.2. Experimental setup

The testing system consisted of a closed-loop electromechanical
Instron load frame with a maximum capacity of 100 kN (Fig. 2).
The main characteristics are as follows:

(i) Electromechanical control with a minimum speed of 2 um/h.
(ii) Three control channels, one of which can be external (giving
the possibility to choose the feedback signal that allows a
stable test control).
(iii) Closed-loop control with integral and derivative gain (in
order to remove the effect of the finite stiffness of the
machine).

The specimen was fixed by means of a steel support designed to
reduce the elastic rotation, i.e. the deformation of the support and
of the specimen. The supporting steel plates were controlled by
bolts, which permitted reduction in geometrical eccentricities by
regulating the specimen arrangement. The alignment was checked
with an electronic digital caliper with accuracy 0.02 mm. The end
of the CFRP laminate subjected to traction was clamped within
two steel plates compressed by bolts. To capture the post-peak
behavior of the system even with snap-back softening branch,
the tests were performed in a servo-controlled load frame, with a
strain gage transducer (clip gage), positioned at 10 mm from the
free end of the reinforcement, that measured the relative slip
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Fig. 8. Onset e propagation of the bulb. Specimen with bond length 100 mm and width 50 mm.



Fig. 9. Experimental evidence of the bulb formation.

between the CFRP strip and the substrate, as monotonously
increasing feedback signal. In addition, two LVDTs measured the
relative displacement between the concrete and the composite at
the beginning of the bonded area (at a distance around 25 mm),
see Fig. 3.

The tests were started in stroke control at a rate of 0.01 pum/s
until the displacement measured by the clip gage registered some
displacements (of the order of 10 um). Then the control was
switched to the clip gage with a rate of 0.01 um/s, which was
increased in the final phase of debonding. In this way, even with
a very brittle response of a joint, it was possible to follow stable
propagation of fracture.

3. Experimental results

Bond length and width of all configurations experimentally
tested are reported in Table 2. All the experimental curves obtained
were characterized by a snap-back behavior in stroke (Fig. 4).
Figs. 5 and 6 show the load-clip gages displacement and the
load-LVDT displacement curves, respectively. As it is possible to
observe, the maximum load was higher for the longer and the
wider FRP reinforcement.

Analyzing Fig. 4, it is clear that the mechanical response in most
of the tests with bond length greater than 25 mm is initially linear,
and subsequently a non-linear behavior is observed up to an
instantaneous load drop (first peak). Following this drop, the load

number of elements 29272
number of nodes 33902

e
iy

increases to reach a maximum value at failure (second peak). A
summary of the experimental results is given in Table 2.

Due to the capability of experimental procedure to follow the
entire debonding process, also in the softening branch, the forma-
tion of a bulb at the end of the reinforcement was observed clearly
in almost all tests [34,35] (Fig. 7). The extension of such a bulb was
approximately equal to the width of the strip, and it seemed not
dependent on the reinforcement length. It was possible to identify
the onset of the bulb formation by comparing the load-stroke and
the load-clip curves of the individual tests: considering e.g. the
specimen characterized by 100 mm bond length and 50 mm width,
Fig. 8a shows that when the load drops with a small change in clip
gage displacement, the load-stroke response exhibited an unstable
branch (snap-back). Therefore, it was noted that the development
of the bulb seemed allow the system to reach a higher maximum
force, which corresponds to the second peak of the curve. In addi-
tion, the onset of the bulb is due to peeling stresses at the free edge
of the reinforcement [36]. These stresses are normal to the inter-
face along which the reinforcement is attached to concrete and,
combined with the shearing stresses (tangent to the interface),
produce a resultant that is roughly perpendicular to the fracture
surface showed in Fig. 9.

The formation of the resistant bulb was the consequence of the
competition of two damage mechanisms in the system, that is
(Fig. 8b):

i Debonding along the interface (mode-II), starting from the
loaded end and affecting few millimeters of the concrete
surface.

ii Mixed-mode fracture starting at the free end and propagat-
ing along a path, about 30° inclined, with the formation of
the bulb.

4. Numerical modeling with non-linear properties in interface

The fracture tests were simulated adopting both 2D plane stress
and 3D finite element models implemented in the code Abaqus
[37]. A Riks procedure was adopted to follow the post-failure
snap-back branch of the joint response.

The experimental setup was simulated constraining the lower
edge (2D) or face (3D) in vertical direction and 3/4 of the right edge
(2D) or face (3D) in horizontal one, starting from the bottom. To
reduce the degrees of freedom of the numerical problem, in the
3D model symmetry conditions were exploited, as shown in
Fig. 10. The loading consisted of an increasing displacement

Fig. 10. Geometry, constraints, loading conditions and discretization of the 3D numerical model with 100 mm bond length and 50 mm FRP width.



applied at the loaded end of the FRP strip. Linear quadrilateral ele-
ments and 8-node linear bricks were adopted for 2D and 3D mod-
els, respectively. Zero-thickness interface elements were inserted
between concrete substrate and FRP, to take into account the
non-linear behavior of the interface, by means of user’s defined
routines (UEL) implemented in Abaqus and endowed with a proper
cohesive law described in Section 4.1. FRP strip and concrete were
assumed linear elastic with the mechanical properties reported in
Table 1. The mesh was refined where higher stress gradient, dam-
age and crack phenomena were expected.

Fig. 10 shows the geometry, constraints, loading conditions and
discretization of the 3D numerical model with 100 mm bond
length and 50 mm FRP width, with a zoom in the areas close to
the end of the specimen.

4.1. Cohesive model

Cohesive laws regard fracture as a gradual separation between
two surfaces resisted by cohesive tractions which the two surfaces
exchange and which are assumed to be function of the opening/
sliding displacements.

In literature, many theoretical models in terms of shear stress
versus interface slip were developed for the case of concrete sup-
ports, based on observed experimental behavior of strengthened
components. The existing most popular bond-slip models are: (i)
linear brittle models, e.g. [16], (ii) bilinear model, e.g.
[11,18,22,24], (iii) exponential models, e.g. [38,39].

It is well known that the role played in the numerical simula-
tions by the shape of the cohesive law is marginal compared to
the role played by the peak of the curve, i.e. the interface strength,
and the area under it, i.e. the fracture energy. The exponential
cohesive law originally proposed in [40], and then used for
instance, for CFRP reinforced steel and masonry specimens [41-
43], was adopted in this study.

Assuming w as a scalar measure of the displacement jump vec-
tor across the interface, the non-holonomic behavior of the inter-
face model is governed by the maximum attained effective
interface jump wpmax, Which represents the only internal variable
of the model:

w =/ p?s? + o

_— {w if
™10 otherwise

W= Wna and w > 0 S

where f is a parameter assigning different weights to the sliding, s,
and opening, §, relative displacement components.

Under progressive debonding, the response of the cohesive
interface is characterized by a shear stress which increase up to
the maximum value 7y and then it decrease asymptotically to zero
in the softening regime. Cohesive tractions are obtained by deriva-
tives of the free energy density function ¢ defined in, e.g. [41], with
respect to the relative displacements, while a linear path back to
the origin is assumed during unloading, therefore:

E) Of _(1-W
On :??:WCE( Gk . .
80 T o1ty if w=wpxandw >0 (2)
’L’S :E:w_fe we ﬁs
— 00 _ 9 o(1-1) 5
On —g—me ¢ . .
if W< Wpyorw<0 (3)

D T, _Wmax'
Ts = 0_(5 = w_fte(] e )ﬁS
where e is the Neper constant, oy is the maximum cohesive normal
traction and w, is a characteristic opening displacement.

The area enclosed by cohesive curves for mode-I and mode-II is
the same and represents the fracture energy I'r.

Whereas mode-I resistance oy and mode-II resistance t; the
fracture energy can be defined as follows:

I
I'y =eogsw,

ﬂ=ﬂ=ﬂv{ @)

)i
I'r =etywy
where: t7= foyand wy=w,/p.
Therefore, the adopted cohesive law is characterized by three
independent parameters: oy, Trand I'r.

4.2. Calibration of the numerical models: the t; and I'r parameters

The 2D numerical simulations were obtained adopting parame-
ters 7y and I'r as suggested in the Italian recommendation [22].

According to [22], the specific fracture energy I'r and the inter-
face shear strength 7; can be evaluated as:

I'r = kgkb \/fcmfctm 5

(3)
Tf = ZFF/SH

being s, the maximum interface slip assumed equal to 0.25 mm; kg

is an empirical coefficient (with a mean value assumed equal to

0.077 mm in the case of an in situ impregnation) and k;, is a

non-dimensional geometrical coefficient, assumed according to

[22] as:
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Fig. 11. Comparison between experimental and numerical results, 25 mm bond
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The 3D numerical simulations were obtained considering the
coefficient k;, equal to 1.

5. Comparison between numerical and experimental results:
some observations

The results of the 2D and 3D numerical simulations were
analyzed and compared to the experimental ones, in terms of
applied force versus LVDT and clip displacement curves
(Figs. 11-15 for 25 mm, 50 mm, 100 mm, 150 mm and 200 mm
bond lengths, respectively). Since the load-stroke displacement
curves were affected by the deformability of the testing system
and imperfections of the loading system, these results were not
considered in the comparison. Neglecting the data related to a
bond length equal to 25 mm, that is too short, both the 2D and
3D numerical simulations were able to catch the experimental
curves. In particular, as it is possible to observe from the load-
LVDT displacement diagrams, the implemented models were able
to follow also the snap-back softening branch of the curve and this
allowed to compare the experimental and numerical results both
in pre and post-peak phases. The 2D and 3D numerical results
are very similar but, generally, the latter show a slightly lower peak
load.

The 3D analyses reveals that during the loading process, on the
bonded region not only shear stresses parallel to the direction of
the applied load, 7.y, in the following defined as 7;, but also shear
stresses in the orthogonal direction, 7y, or simply 77, develop
(Fig. 16). These are due to the mismatch of the mechanical proper-
ties of concrete and FRP that produces a confinement effect in the
transversal direction on the concrete substrate. Fig. 17a shows the
width effect on the development and distribution of both 7; and 77
along the transfer zone. The stress field in three models with differ-
ent widths (25 mm, 50 mm, 100 mm) and constant bond length
(100 mm) was compared at different load levels of the process. It
is significant to observe that on the concrete surface:

e Shear stresses 7, are almost equally distributed along the width
and their values remain more or less constant by increasing
width.

Shear stresses 77 are linearly distributed along the width, with a
skew symmetric trend: the maximum positive and negative val-
ues occur at the longitudinal boundaries of the bonded region.
In addition, these stresses increase with increasing width: this
means that the wider the reinforcement width, the more signif-
icant the effect of the 77 is. Fig. 17a shows that, at the peak load
level, the values of the 77 at the edges of the bonded region are
approximately 5% of 7, and 45% of 1, considering specimens
with 25 mm and 100 mm bond length, respectively. This means
that a four times increase of the reinforcement width produces
a nine times increase of the maximum value of ;.
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Fig. 13. Comparison between experimental and numerical results, 100 mm bond length.

In addition, Fig. 17b shows the distribution of 7; and 77 in a dee-
per region of concrete (about 1 cm from surface). The shear stres-
ses 1, are bigger in the central part and their maximum values
increase by increasing the reinforcement width. Also the shear
stress Tr are significant compared to the shear stresses ;.

Therefore, the 3D analyses show a region of concrete under the
transfer load area subjected to a biaxial compression stress field
due the superposition of (see, Fig. 18):

i A compression state along transversal direction of the FRP
axis, related to the confinement effect produced by not
negligible shear stresses t7.

ii A compression state along longitudinal direction, related to
the particular test arrangement (push-pull setup) consid-
ered and described in Section 2.2.

This biaxial compression stress field, more and more significant
with increasing width of reinforcement, can affect both the pro-
gressive damage and fracture process and, in particular, the ulti-
mate tensile force that can be resisted by the FRP plate before
the FRP debonding. As reported in Section 3, the failure in FRP
strengthened concrete specimens occurs generally at few millime-
ters from the concrete-to-adhesive surface, sometimes with the
formation of a resistant bulb. Indeed, the debonding process is
characterized by the competition of the two damage mechanisms,
i.e. the debonding along the interface (mode-II) and the mixed-
mode fracture starting at the free end and leading to the formation
of the bulb.

A simple mode Il damage mechanism is usually expected to
occur for the propagation of debonding along the transfer zone.
However, the more complex stress field arising in the concrete in
view of the confinement effect above described, induces a mixed-
mode damage mechanism, which, for the considered experimental
setup, may cause higher failure loads. The fracture propagation
induced by the described stress field also explains a more dissipa-
tive behavior of the 3D model that shows slightly smaller peak
loads. Experimentally, it has been observed that the bulb is charac-
terized by a spherical section, whose dimensions are proportional
to the reinforcement width. It can be interesting to observe that
also the spherical section, that is defined by a double curvature
surface, is a consequence of a tri-dimensional stress field in
concrete.

However, even if the 3D numerical analyses performed with the
model described in Section 4 are able to well simulate the overall
loading process, they are not able to capture some important fea-
tures emerged in the experimental tests. In particular, in the
numerical simulations:

1. There is no evidence of any stress or strain concentration sug-
gesting the formation of the bulb at the end of the
reinforcement.

2. The failure load to width ratio does not increase with
increasing width of the reinforcement, as the confinement
effect above introduced and the formation of a resistant
bulb related to an increase of the maximum load might
suggest.
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Fig. 19 shows the effect of the FRP width on the failure load,
considering bonded lengths smaller (I, =100 mm) or greater
(I, =200 mm) than the minimum bond length [, defined according
to [22] as follows:

_ 1 anftfl"f
N )

Both according to the numerical simulations and to the CNR
guidelines [22], the ratio between the failure load and the FRP
width decreases to become constant at a certain value with
increasing by. It is considered that according to the [22] the failure
load Fp.x is equal to:

Frnax = by /2B T if

Fmax,rid = Fmax% (2 - %) if lb < le

lbzle

(8)

Therefore, it is possible to assert that both two-dimensional
analyses and three-dimensional analyses endowed with linear
elastic material models seem not to be completely adequate to
explain the experimental observations and some suggestions
arisen from them.

6. Numerical modeling with non-linear properties in materials

A different constitutive model was then considered assuming
for the concrete a damage-plasticity material model (CDP) [37].

Specimens 1,=200mm

45 exp 200_1L H
40 ——— 2D num model
35 = 3D num model
E 30 ¢ \\\
= 25
g N
3 20 AN
15 \ \\
10 \\
5 ™~ ~1
0 50 100 150 200 250 300
Clip [pm]
50 I I
45 exp 200 1L H
40 ——— 2D num model
35 — 3D num model
Z 30 — —
% 25 /’fé: M\ﬁ D
d
®

15 / /
o - /
s (

0 [
0,0 0,1 0,2 0,3 0,4 0,5
LVDT [mm]

Fig. 15. Comparison between experimental and numerical results, 200 mm bond
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This model is suitable for modeling distinct tensile and compres-
sive strength and assumes that the two main failure mechanisms
are tensile cracking and compressive crushing.

The strength domain is a Drucker Prager DP surface modified
with an ad-hoc K. parameter, which distorts the DP surface in the
deviatoric plane from a circle to a surface more similar to a
Mohr-Coulomb one. K. physically represents the ratio between
distance from the hydrostatic axis of the maximum compression
and tension respectively. In the simulation K. has been kept
equal to 2/3, to well approximate a Mohr-Coulomb failure
criterion.

A regularization of the tensile corner is also adopted in the
model, approximating in the p—q plane the line representing the
DP domain with a hyperbola. Regularization is practically obtained
in the model with a further correction parameter, referred to as
eccentricity, expressing the rate at which the plastic flow potential
approaches the linear Drucker-Prager function at high confining
pressure stress. The 0.1 default value was assumed.

Dilatance angle i of the elasto-plastic part of the inelastic
deformation has been kept equal to 25°.

A value equal to 1.16 describing the ratio between the biaxial
and mono-axial compression strength has been adopted.

The uniaxial inelastic behavior is expressed with a multi-linear
softening model in both tension and compression with strains
depurated from the elastic part (Fig. 20). The values adopted in
the model are summarized in Table 3.
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Fig. 16. Shear stresses distribution 7; (a) and 77 (b) in the support for different load levels, 100 mm bond length 100 mm width. FRP strip is not visualized.

No interface law was considered, the layer of epoxy resin was
modeled and a perfect adhesion between all materials was
assumed.

Geometry, constraints and loading conditions were selected to
simulate the pull-push configuration as described in Section 4.
The discretization was performed adopting both 8-node linear
bricks in the regions, near the area involved in the debonding pro-
cess, and 4-node linear tetrahedron, far from that area in order to
reduce the number of degrees of freedom of the numerical model
(Fig. 21).

Implicit dynamic procedure was adopted in order to avoid con-
vergence issues.

7. Comparison between numerical and experimental results:
new remarks

Inspired by Test# 100_1W and Test# 100_2W, which clearly
showed the formation of the resistant bulb, models with a constant
reinforcement bond length equal to 100 mm and different widths
(from 25 mm to 150 mm) were analyzed and compared.

The results of the numerical analyses are drawn below:

1. The development of damage (Fig. 22) reveals the superposition
of two effects which affect both the debonding load and the fail-
ure mechanisms, as observed experimentally:

i A confinement effect in a concrete volume close to the
bonded surface, due to not negligible shear stresses 7y pro-
duced by the mismatch of the mechanical properties of
concrete and FRP.

ii A diffusive effect, not emerged in the analyses reported in
Section 5, that means that the stressed region involved in
the debonding process also involved a part of concrete near
the bounded region.

Also the formation of a resistant bulb is detected with the
adopted models. Fig. 23 shows the comparison in terms of
equivalent plastic strain between the models with 50 mm,
100 mm and 150 mm widths. It is possible to observe that more

the width increases, more the strains are confined at the end of
the reinforcement, but, when FRP width is equal to concrete
width the formation of the bulb is less evident.

2. The ability to identify the interaction of the confinement effect
and the diffusive effect and the formation of a resistant bulb, all
related to the non-linear behavior of concrete, has enabled to
catch the actual effect of the FRP width on strength of the sys-
tem, defined in terms of ratio between the maximum load and
the width of the reinforcement. As it is possible to observe in
Fig. 24a with a constant width of the concrete, three different
cases can occur:

e For small values of '—’bi (approximately up to 0.40, for a con-
crete specimen with the geometrical and mechanical fea-
tures described in Section 2.1), the ratio between the
failure load and the reinforcement width tends to decrease,
confirming some suggested predictions, e.g. [22,23]. Indeed
if the ratio between the FRP width and the substrate width
is too small, the superposition of the confinement effect
and diffusive effect is not sufficient to determine on concrete
under the transfer load region a significant biaxial compres-
sion stress field that could affect the joint strength.

e For intermediate values of l—’bﬁ (approximately in the range
0.40-0.83, for a concrete specimen with the geometrical
and mechanical features described in Section 2.1), the ratio
between the failure load and the reinforcement width tends
to increase, retracting the suggested predictions, e.g. [22,23].
When the ratio between the FRP and substrate width is large
enough, the combination of the confinement effect and dif-
fusive effect determine on concrete under the transfer load
region a biaxial compression stress field (more and more rel-
evant by increasing the FRP width) that cause an increase in
the joint strength.

e For large values of %f (approximately greater than 0.83, for a
concrete specimen with the geometrical and mechanical fea-

tures described in Section 2.1) the ratio between the failure
load and the reinforcement width tends to decrease. When
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Table 3

Concrete properties adopted in the analysis.
Mat. fcrm Etu fcm Ect Ecu
Concrete 2.88 0.0035 32.59 0.0025 0.0035

the FRP width is comparable to the concrete width, the
diffusive effect and the confinement effect are not sufficient,
for obvious boundary conditions reasons, to determine a
further increase of the joint strength.

number of elements

number of nodes

The experimental program presented in this paper is not
exhaustive and it does not allow to show a real and clear
trend of the joint strength compared to the FRP width. In
Appendix is collected a database with the results obtained
by other Authors that tested CFRP sheets on concrete sup-
port using a pull-push single shear configuration. The sym-
bol (*) marks the tests where the effect of the width was
investigated. As it is possible to see, the results are conflict-
ing and it is not possible to bring out a clear trend of the joint
strength compared to the FRP width. The difficulties in com-
paring these results could be due to several aspects. Surely

Fig. 21. Geometry, constraints, loading conditions and discretization of the 3D numerical model with 100 mm bond length and 50 mm FRP width.
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Fig. 23. Comparison between 100 mm bond length and 50 mm (a), 100 mm (b), 150 mm (c) FRP width in terms of equivalent plastic strains.

the way used to perform the tests has affected the reliability
of the results: in particular the choice of the feedback signal
that determine the possibility to capture the second peak
and the formation of the bulb. Then the difference in the
thickness of the reinforcement, concrete resistance, dimen-
sion of the specimen have surely played an important role
on the strength of the joint.

However, accordingly to the numerical findings shown in
Fig. 24a, other Authors observed the same trend of the fail-
ure load with respect to the FRP width to concrete width
ratio, Fig. 24b. In particular, in [27] an increasing trend

was experimentally detected for specimens with %f< 0.50.
The contrast of this result with the predictions of empirical
equations proposed, e.g. in [22,23], was also highlighted in
[27]. The curve experimentally obtained by [28] is quite sim-
ilar to the one obtained by numerical simulation in Fig 24a. A
decrease, an increase and a final decrease of the load-
carrying capacity with an increase of the FRP width was

observed for specimens with %f in a range between 0.17
and 0.67: this in accordance with what discussed above on
the role played by confinement and diffusive effects. In
addition, it can be observed that the possibility to grab the
formation of the resistant bulb - more and more relevant
by increasing the width of reinforcement - may explain
why, respect what detected in [28], the Authors found the
maximum value of the load-carrying capacity to be in

correspondence of higher value of the FRP width to concrete
width ratio. At last, the results obtained by Ren and reported
in [18] are rather heterogeneous: they clearly show how the
concrete and FRP properties can affect the strength of the
whole system. It has to be observed that in this case, a com-
parison between the experimental results and the Code pro-
vision was not possible due to the lack of data concerning
the dimension of the specimen.

3. As shown by several Authors, different experimental setups can
been used for pull-out test to determine the FRP-to-concrete
bond strength [7]. Fig. 25 shows a comparison in terms of
strength of FRP-to-concrete bonded joint considering two dif-
ferent single pull-out shear test configurations: a push-pull
and a pull-pull. Considering the same size specimen, the failure
load obtained numerically by a pull-pull configuration is signif-
icantly lower than the failure load obtained by a pull-push one.
As it is well known, different boundary conditions produce dif-
ferent stress transmission in concrete, that means significant
differences in the strength and the post failure response of
the joint. For this reason, the results and considerations coming
from different experimental setups of pull-out tests cannot be
compared. The reinforcement design of a real structure cannot
disregard these considerations. For instance, the strengthening
and stiffening of the bottom side of a simply supported beam
can be design referring to a push-pull test configuration. In this
situation, the reinforced beam is characterized by a stress
distribution that can be consider similar to the one shown in



(@)

E @ numerical model
E 10
2
< 08 *
®
=
2 2
é 0,6 ] | L 2
<
bl 4 ‘ | | .
0,4 '
0,00 0,20 0,40 0,60 0,80 1,00
by/b
(b)
Subramaniam et al. [27] Ceroni, Pecce [28]
specimens 1,=152mm specimens 1,=150mm
0,35 0,35
B CNR Code [ ] ode
—_ L 2 —_
£ @®exp £ ®exp
g ;30 data_tf=0.167mm E 0,30 data t£=0.165mm | |
i EER L 4 fem=39.00MP3 Z fom=29 88MPa
= . 3 =
£ 025 £ 025
2 E N o
e L £ o [ ]
= £ *
= 0,20 = 0,20
& &
4
0,15 0,15 L 2
0,00 0,20 0,40 0,60 0,80 1,00 0,00 0,20 0,40 0,60 0,80 1,00
beb
Ren[18] Ren|[18]
specimens 1,=100mm specimens 1,=150mm
0,35 0,35
& exp ¢ exp
data_tf=0.333mm data_tf=0.333mm
T fem=43.29MPa T fem=22.39MPa
0,30 0,30 -
E ‘ - Hexp g x Hexp
Z = - data_tf=0.333mm Z ® data_tf=0.507mm
E ¢ fem=35.33MPa 7o fem=43.29MPa
£ 025 &ietp < 025 : Aiexp
E X data_tf=0.507mm ks data_tf=0.507mm
@ X fmc=43.29MPa @ % fmce=35.33MPa
= 020 A @ |xexp = 0,20 . Rexp
& % | data_tf=0.507mm o data_tf=0.507mm
A fmc=35.33MPa fmc=22.39MPa
0,15 ' 0,15
0,20 0,40 0,60 0,80 1,00 0,00 0,40 0,60 0,80
be/b

Fig. 24. Relation between the failure load to FRP width ratio and FRP width to concrete width according to Italian CNR recommendation and the numerical simulations (a),

1,2

Specimens 1,=100mm

B CNR Code

experimental results collected in literature (b).

1,00



Specimens 1,=100 and b~=100

=
(=3

(a) Bonded strip

D
(=}

Concrete

w
(=3

(a)

N
=

Load [kN]
W
L=

b .
20 (b) ) Bondefl strip
<+—| Concrete

10

(b) L

0
0,00 0,50 1,00 1,50 2,00 2,50 3,00

Stroke [mm]

Fig. 25. Comparison the joint strength in two different setups: pull-push shear test
configuration (a), pull-pull shear test configuration (b).

Fig. 18 where the reinforcement is bonded in the tensile side of
the member. Whereas, the stress field that emerges in a FRP
reinforced cantilever beam can be analyzed referring to a
pull-pull setup.

8. Conclusions

In this paper, the entire debonding process between FRP strips
and concrete substrate was examined and the influence of the
geometric variables, in particular the width of the reinforcement,
on the joint strength was investigated.

Experiments based on single lap shear test were conducted and
the complete failure process was monitored using a clip
gage located at the free end of the plate as the feedback signal to
the servo-controller. The creation of a bulb in the concrete at the
end of the reinforcement turned out to have a non-negligible
influence on the maximum load which can be transmitted by the
joint.

Numerical analyses by means of 2D and 3D FE models were per-
formed to interpreter and better comprehend the debonding phe-
nomena experimentally observed. Two different approaches were
investigated: (a) a numerical model based on elastic and linear
materials with the non-linearities concentrated at the interface
(b) a numerical model, based on a non-linear constitutive model
for concrete and a perfect adhesion between all the materials.

The following conclusions can be drawn:

1. The debonding phenomena between FRP strips and concrete
substrate is a tri-dimensional problem, characterized by a
complex tri-dimensional stress field, therefore 2D numerical
analyses do not seem completely adequate to explain the
experimental evidences.

2. Simplified numerical models based on linear materials and non-
linear interface, i.e. approach (a), can simulate the system
response in terms of applied forces versus displacement curves.
However, these models are able to describe only a mode II
debonding along the interface and they are totally unable to
describe a mix-mode failure involving also the substrate. Only
3D numerical models with a non-linear constitutive model for
concrete, i.e. approach (b), are suitable to correctly mimic the
debonding process in terms of damage development and joint
strength.

3. The development of damage due to the debonding process
reveals the superposition of a confinement effect, in a concrete
volume close to the bonded surface, and a diffusive effect, in a

part of concrete near the bonded regions. These two effects
influence both the debonding load and the failure mechanisms,
with the formation of the resistant bulb.

4. The relative width of FRP and concrete strongly affects the
strength of the system. In particular: (i) with small values of

%f, the relative joint strength tends to decrease; (ii) with inter-

. b,
mediate values of %,

increase; (iii) with large values of %f the relative joint strength
tends to decrease. Preliminary numerical investigations seem
to show that the size effect plays an important role on the def-

the relative joint strength tends to

inition of the above-mentioned range of %f However additional
experimental and numerical work should be done to clarify this
problem.

5. The transmission of forces within the specimens is strongly
affected by the boundary conditions which cause very differ-
ent stress fields in the substrate. Regression analyses of exper-
imental data obtained by different test configurations must be
performed carefully. Then, this has to be taken into considera-
tion in the design of the reinforcement for different structures.

Future developments on the observed phenomena can concern
experimental and numerical investigations aimed to study:

1. The scaling effect, that means the analysis of concrete speci-
mens with different geometrical dimensions, in order to con-
sider also the response of reinforced systems equivalent to
real practical applications.

2. The influence of both the confinement effect and the diffusive
effect in the debonding process, on varying of both reinforce-
ment and concrete widths. This can be useful in order to analyze
the possible interaction of two or more parallel reinforcing FRP
strips in order to optimize their mechanical performance.

3. A systematic comparison between the results of different con-
figurations of pull-out tests deepening what suggested in Sec-
tion 7, point 3. This means to analyze the different stress
fields due to the use of different test setup and explain how
they can determine very different joint strengths.
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Appendix

The table reports a complete database of the experimental
results from several Authors that tested CFRP sheets on concrete
support using a push-pull single shear configuration.
Unfortunately some data are lacking of information regarding the
dimensions of the concrete prism. The symbols (*) and (**) mark
the tests were the width effect and the bond length effect are ana-
lyzed, respectively. It has to be added that the parameter h. is
related to the hight of the concrete free edge (=height of concrete
prism, h, - height of the supported block) (see Appendix).



Appendix
Database of the experimental results for single shear tests setup.

Authors Specimen # FRP Concrete prism Load
ty bf Iy E/- ff b I h he fem Fmax b/‘/b F/bf
[mm)] [mm] [mm)] [GPa] [MPa] [mm] [mm] [mm)] [mm] [MPa] [kN]
Takeo et al. [18] 1-11 0.167 40 100 230 3481 100 - - - 28.52 8.75
1-21 0.167 40 200 230 3481 100 - - - 28.52 9.30
1-31 0.167 40 300 230 3481 100 - - - 28.52 9.30
1-41 0.167 40 500 230 3481 100 - - - 28.52 8.05
1-42 0.167 40 500 230 3481 100 - - - 28.52 8.05
1-12 0.167 40 100 230 3481 100 - - - 26.33 8.85
1-22 0.167 40 200 230 3481 100 - - - 26.33 8.50
1-32 0.167 40 300 230 3481 100 - - - 26.33 8.30
1-51 0.167 40 500 230 3481 100 - - - 26.13 8.45
1-52 0.167 40 500 230 3481 100 - - - 26.13 7.30
2-11 0.167 40 100 230 3481 100 - - - 24.67 8.75
2-12 0.167 40 100 230 3481 100 - - - 24.67 8.85
2-13 0.167 40 100 230 3481 100 - - - 25.84 7.75
2-14 0.167 40 100 230 3481 100 - - - 25.84 7.65
2-15 0.167 40 100 230 3481 100 - - - 24.09 9.00
2-21 0.334 40 100 230 3481 100 - - - 24.67 12.00
2-22 0.334 40 100 230 3481 100 - - - 24.67 10.80
2-31 0.501 40 100 230 3481 100 - - - 24.67 12.65
2-32 0.501 40 100 230 3481 100 - - - 24.67 14.35
2-41 0.165 40 100 373 2942 100 - - - 24.09 11.55
2-42 0.165 40 100 373 2942 100 - - - 24.09 11.00
2-51 0.167 40 100 230 3481 100 - - - 25.84 9.85
2-52 0.167 40 100 230 3481 100 - - - 25.84 9.50
2-61 0.167 40 100 230 3481 100 - - - 25.84 8.80
2-62 0.167 40 100 230 3481 100 - - - 25.84 9.25
2-71 0.167 40 100 230 3481 100 - - - 25.84 7.65
2-72 0.167 40 100 230 3481 100 - - - 25.84 6.80
2-81 0.167 40 100 230 3481 100 - - - 49.34 7.75
2-82 0.167 40 100 230 3481 100 - - - 49.34 8.05
2-91 0.167 40 100 230 3481 100 - - - 24.09 6.75
2-92 0.167 40 100 230 3481 100 - - - 24.09 6.80
2-101 0.111 40 100 230 3481 100 - - - 24.67 7.70
2-102 0.111 40 100 230 3481 100 - - - 24.67 6.95
Bizindavyi [44] BN25 0.330 25.4 160 75.7 1014 150 400 150 0 35.28 8.50
BN32 0.660 25.4 320 75.7 1014 150 400 150 0 35.28 15.10
Ueda et al. [18] Ueda_B1 0.11 100 200 230 3479 500 - - - 24.70 20.60
Ueda_B2 033 100 200 230 3479 500 - - - 40.90 38.00
Ueda_B3 033 100 200 230 3479 500 - - - 45.90 34.10
Zhao et al. [18] NJ2 0.083 100 100 240 3550 150 - - - 15.99 11.00
N3 0.083 100 150 240 3550 150 - - - 15.99 11.25
'NJ4 0.083 100 100 240 3550 150 - - - 28.63 12.50
NJ5 0.083 100 150 240 3550 150 - - - 28.63 12.25
NJ6 0.083 100 150 240 3550 150 - - - 28.63 12.75
Wu et al. [18] S-CFS-400-25a 0.222 40 250 230 4200 100 - - - 57.60 15.40
S-CFS-400-25b 0.222 40 250 230 4200 100 - - - 57.60 13.90
S-CFS-400-25c¢ 0.222 40 250 230 4200 100 - - - 57.60 13.00
S-CFS-300-25a 0.167 40 250 390 4400 100 - - - 57.60 12.00
S-CFS-300-25b 0.167 40 250 390 4400 100 - - - 57.60 11.90
S-CFS-900-25a 0.500 40 250 230 4200 100 - - - 57.60 25.90
S-CFS-900-25b 0.500 40 250 230 4200 100 - - - 57.60 23.40
S-CFS-900-25¢ 0.500 40 250 230 4200 100 - - - 57.60 23.70
Ren [18] DLUT30-3G 0.507 50 60 83.03 3271 150 - - - 35.33 9.42
'DLUT30-1C 0.330 20 100 207 3890 150 - - - 35.33 5.54 0.133  0.277
"DLUT30-4C 0.330 50 100 207 3890 150 - - - 35.33 11.08 0333  0.222
DLUT30-5C 0.330 50 100 207 3890 150 - - - 35.33 16.10 0.333  0.322
DLUT30-7C 0.330 80 100 207 3890 150 - - - 35.33 22.64 0.533 0.283
"DLUT50-1C 0.330 20 100 207 3890 150 - - - 43.29 5.78 0.133  0.289
DLUT50-4C 0.330 50 100 207 3890 150 - - - 43.29 12.95 0.333  0.259
'DLUT50-6C 0.330 50 100 207 3890 150 - - - 43.29 16.24 0.333 0.203
‘DLUT30-1G 0.507 20 100 83.03 3271 150 - - - 35.33 4.63 0.133  0.232
‘'DLUT30-4G 0.507 50 100 83.03 3271 150 - - - 35.33 11.03 0.333  0.221
DLUT30-7G 0.507 80 100 83.03 3271 150 - - - 35.33 14.65 0.533 0.183
"DLUT50-1G 0.507 20 100 83.03 3271 150 - - - 43.29 5.99 0.133  0.300
DLUT50-4G 0.507 50 100 83.03 3271 150 - - - 43.29 9.84 0.333  0.197
"DLUT50-6G 0.507 80 100 83.03 3271 150 - - - 43.29 14.02 0.533 0.175

(continued on next page)



Appendix (continued)

Authors Specimen # FRP Concrete prism Load
tr by Iy Ef fr b I h he fem Fax bgb Flbs
[mm] [mm] [mm] [GPa] [MPa] [mm] [mm] [mm] [mm] [MPa] [kN]
DLUT15-2C 0.330 20 150 207 3890 150 - - - 22.39 5.48 0.133 0274
"DLUT15-5C 0.330 50 150 207 3890 150 - - - 22.39 10.02 0.333  0.200
DLUT15-7C 0.330 80 150 207 3890 150 - - - 22.39 16.27 0.533  0.203
'DLUT30-2C 0.330 20 150 207 3890 150 - - - 35.33 4.61 0.133  0.231
DLUT30-6C 0.330 50 150 207 3890 150 - - - 35.33 21.71 0.333  0.434
DLUT50-5C 0.330 20 150 207 3890 150 - - - 43.29 16.72 0.133 0.334
'DLUT50-7C 0.330 50 150 207 3890 150 - - - 43.29 22.80 0.333  0.285
'DLUT15-2G 0.507 20 150 83.03 3271 150 - - - 22.39 5.81 0.133  0.291
DLUT15-5G 0.507 50 150 83.03 3271 150 - - - 22.39 10.60 0.333  0.212
DLUT15-7G 0.507 80 150 83.03 3271 150 - - - 22.39 18.23 0.533 0.228
'DLUT30-2G 0.507 20 150 83.03 3271 150 - - - 35.33 5.77 0.133  0.289
DLUT30-6G 0.507 50 150 83.03 3271 150 - - - 35.33 11.80 0.333  0.236
DLUT30-8G 0.507 80 150 83.03 3271 150 - - - 35.33 16.44 0.533 0.206
DLUT50-2G 0.507 20 150 83.03 3271 150 - - - 43.29 5.90 0.133  0.295
DLUT50-5G 0.507 50 150 83.03 3271 150 - - - 43.29 12.28 0.333  0.246
'DLUT50-7G 0.507 80 150 83.03 3271 150 - - - 43.29 16.71 0.533  0.209
Yao et al. [7] I-1 0.165 25 75 256 4114 150 350 150 5 23.00 4.75
12 0.165 25 85 256 4114 150 350 150 5 23.00 5.69
I-3 0.165 25 95 256 4114 150 350 150 5 23.00 5.76
-4 0.165 25 95 256 4114 150 350 150 5 23.00 5.76
"5 0.165 25 95 256 4114 150 350 150 5 23.00 6.17
I-6 0.165 25 115 256 4114 150 350 150 5 23.00 5.96
1-7 0.165 25 145 256 4114 150 350 150 5 23.00 5.95
"1-8 0.165 25 190 256 4114 150 350 150 5 23.00 6.68
19 0.165 25 190 256 4114 150 350 150 5 23.00 6.35
I-10 0.165 25 95 256 4114 150 350 150 75 23.00 6.17
I-11 0.165 25 75 256 4114 150 350 150 120 23.00 5.72
T1-12 0.165 25 85 256 4114 150 350 150 120 23.00 6.00
I-13 0.165 25 95 256 4114 150 350 150 120 23.00 6.14
I-14 0.165 25 115 256 4114 150 350 150 120 23.00 6.19
“I-15 0.165 25 145 256 4114 150 350 150 120 23.00 6.27
116 0.165 25 190 256 4114 150 350 150 120 23.00 7.03
-1 0.165 25 95 256 4114 150 350 150 120 22.90 5.20
112 0.165 25 95 256 4114 150 350 150 120 22.90 6.75
-3 0.165 25 95 256 4114 150 350 150 120 22.90 5.51
-4 0.165 25 190 256 4114 150 350 150 120 22.90 7.02
115 0.165 25 190 256 4114 150 350 150 120 22.90 7.07
-6 0.165 25 190 256 4114 150 350 150 120 22.90 6.98
iI-1 0.165 25 100 256 4114 150 350 100 120 27.10 5.94 0.167 0.238
11-2 0.165 50 100 256 4114 150 350 100 120 27.10 11.66 0.333  0.233
-3 0.165 75 100 256 4114 150 350 100 120 27.10 14.63 0.500 0.195
-4 0.165 100 100 256 4114 150 350 100 120 27.10 19.07 0.667 0.191
11-5 0.165 85 100 256 4114 100 350 100 120 27.10 15.08 0.850 0.177
11-6 0.165 100 100 256 4114 100 350 100 120 27.10 15.75 1.000 0.158
V-1 0.165 25 95 256 4114 150 350 150 5 18.90 5.86
V-2 0.165 25 95 256 4114 150 350 150 5 18.90 5.90
V-3 0.165 25 95 256 4114 150 350 150 5 19.80 5.43
V-4 0.165 25 95 256 4114 150 350 150 5 19.80 5.76
V-5 0.165 25 95 256 4114 150 350 150 15 18.90 5.00
V-6 0.165 25 95 256 4114 150 350 150 15 19.80 7.08
V-7 0.165 25 95 256 4114 150 350 150 30 18.90 5.50
V-8 0.165 25 95 256 4114 150 350 150 30 19.80 5.93
V-9 0.165 25 95 256 4114 150 350 150 45 18.90 538
IV-10 0.165 25 95 256 4114 150 350 150 45 19.80 6.60
IvV-11 0.165 25 95 256 4114 150 350 150 60 18.90 5.51
IV-12 0.165 25 95 256 4114 150 350 150 60 19.80 5.67
IV-13 0.165 25 95 256 4114 150 350 150 90 18.90 6.31
1V-14 0.165 25 95 256 4114 150 350 150 90 19.80 6.19
V-1 0.165 15 95 256 4114 150 350 100 60 21.10 3.81 0.100 0.254
V-2 0.165 15 95 256 4114 150 350 100 60 21.10 441 0.100 0.294
V-3 0.165 25 95 256 4114 150 350 100 60 21.10 6.26 0.167 0.250
V-4 0.165 50 95 256 4114 150 350 100 60 21.10 12.22 0333 0244
V-5 0.165 75 95 256 4114 150 350 100 60 21.10 14.29 0.500 0.191
V-6 0.165 100 95 256 4114 150 350 100 60 21.10 15.58 0.667 0.156
V-7 0.165 80 95 256 4114 100 350 100 60 21.10 14.27
V-8 0.165 80 95 256 4114 100 350 100 60 21.10 13.78

V-9 0.165 90 95 256 4114 100 350 100 30 21.10 13.56



Appendix (continued)

Authors Specimen # FRP Concrete prism Load
tr by Iy Ef fr b I h he fem Fmax bgb Flbs
[mm] [mm] [mm] [GPa] [MPa] [mm] [mm] [mm] [mm] [MPa] [kN]
V-10 0.165 90 95 256 4114 100 350 100 5 21.10 15.66
V-11 0.165 100 95 256 4114 100 350 100 30 21.10 15.57
V-12 0.165 100 95 256 4114 100 350 100 5 21.10 17.43
VI-1 0.165 25 95 256 4114 150 350 150 60 21.90 6.01
TVI-2 0.165 25 95 256 4114 150 350 150 60 21.90 5.85
“VI-3 0.165 25 145 256 4114 150 350 150 60 21.90 5.76
VI-4 0.165 25 145 256 4114 150 350 150 60 21.90 573
VI-5 0.165 25 190 256 4114 150 350 150 60 21.90 5.56
'VI-6 0.165 25 190 256 4114 150 350 150 60 21.90 5.58
TVI-7 0.165 25 240 256 4114 150 350 150 60 21.90 5.91
VI-8 0.165 25 240 256 4114 150 350 150 60 21.90 5.05
TVII-1 0.165 25 95 256 4114 150 350 150 60 24.90 6.80
VII-2 0.165 25 95 256 4114 150 350 150 60 24.90 6.62
VII-3 0.165 25 145 256 4114 150 350 150 60 24.90 7.33
VII-4 0.165 25 145 256 4114 150 350 150 60 24.90 6.49
VII-5 0.165 25 190 256 4114 150 350 150 60 24.90 7.07
VII-6 0.165 25 190 256 4114 150 350 150 60 24.90 7.44
TVII-7 0.165 25 240 256 4114 150 350 150 60 24.90 7.16
VII-8 0.165 25 240 256 4114 150 350 150 60 24.90 6.24
Subramaniam et al. W-1 0.167 46 152 230 3830 125 330 125 - 39.00 12.90 0.368 0.280
[27]
W-2 0.167 46 152 230 3830 125 330 125 - 39.00 12.05 0.368 0.262
W-3 0.167 46 152 230 3830 125 330 125 - 39.00 13.20 0368 0.287
‘W-4 0.167 38 152 230 3830 125 330 125 - 39.00 10.09 0304 0.266
W-5 0.167 38 152 230 3830 125 330 125 - 39.00 10.02 0.304 0.264
W-6 0.167 25 152 230 3830 125 330 125 - 39.00 5.54 0.200 0.222
“W-7 0.167 25 152 230 3830 125 330 125 - 39.00 5.44 0.200 0.218
W-8 0.167 25 152 230 3830 125 330 125 - 39.00 536 0.200 0.214
W-9 0.167 19 152 230 3830 125 330 125 - 39.00 4.27 0.152 0.225
‘'W-10 0.167 19 152 230 3830 125 330 125 - 39.00 4.05 0.152 0213
‘W-11 0.167 12 152 230 3830 125 330 125 - 39.00 3.96 0.096 0.330
W-12 0.167 12 152 230 3830 125 330 125 - 39.00 3.89 0.096 0.324
W-13 0.167 12 152 230 3830 125 330 125 - 39.00 3.50 0.096 0.292
Toutanji et al. [45] I-1 0.495 50 100 110 660 200 200 130 - 17.00 7.56
I-2 0.660 50 100 110 660 200 200 130 - 17.00 9.29
I-3 0.825 50 100 110 660 200 200 130 - 17.00 11.64
-4 0.990 50 100 110 660 200 200 130 - 17.00 12.86
-1 0.495 50 100 110 660 200 200 130 - 46.20 12.55
-2 0.660 50 100 110 660 200 200 130 - 46.20 14.25
1I-3 0.825 50 100 110 660 200 200 130 - 46.20 17.72
-4 0.990 50 100 110 660 200 200 130 - 46.20 18.86
-1 0.495 50 100 110 660 200 200 130 - 61.50 13.24
-2 0.660 50 100 110 660 200 200 130 - 61.50 15.17
1-3 0.825 50 100 110 660 200 200 130 - 61.50 18.86
111-4 0.990 50 100 110 660 200 200 130 - 61.50 19.03
Ceroni and Pecce [28] C150_100_1 0.165 100 150 230 4800 150 400 150 30 29.88 18.97 0.667 0.190
C150_100_2 0.165 100 150 230 4800 150 400 150 30 29.88 16.51 0.667 0.165
'C150_100_3 0.165 100 150 230 4800 150 400 150 30 29.88 14.26 0.667 0.143
C150_100_4 0.165 100 150 230 4800 150 400 150 30 29.88 15.10 0.667 0.151
C150_75_1 0.165 75 150 230 4800 150 400 150 30 29.88 14.40 0.500 0.192
'C150_75_2 0.165 75 150 230 4800 150 400 150 30 29.88 12.96 0.500 0.173
'C150_50_1 0.165 50 150 230 4800 150 400 150 30 29.88 9.80 0333 0.196
C150_50_2 0.165 50 150 230 4800 150 400 150 30 29.88 6.00 0333 0.120
'C150_50_3 0.165 50 150 230 4800 150 400 150 30 29.88 7.00 0333 0.140
'C150_25_1 0.165 25 150 230 4800 150 400 150 30 29.88 6.00 0.167 0.240
C150_25_2 0.165 25 150 230 4800 150 400 150 30 29.88 3.70 0.167 0.148
C150_25_3 0.165 25 150 230 4800 150 400 150 30 29.88 5.80 0.167 0.232
C100_100_1 0.165 100 100 230 4800 150 400 150 30 29.88 13.63
C100_100_2 0.165 100 100 230 4800 150 400 150 30 29.88 13.36
C150_100_2L_1 0.330 100 100 230 4800 150 400 150 30 29.88 20.12 0.667 0.201
C150_100_2L_2 0.330 100 100 230 4800 150 400 150 30 29.88 19.87 0.667 0.199
"C150_50_2L_1 0.330 50 100 230 4800 150 400 150 30 29.88 11.44 0.333  0.229
'C150_50_2L_2  0.330 50 100 230 4800 150 400 150 30 29.88 9.97 0.333  0.199
C150_50_2L_3  0.330 50 100 230 4800 150 400 150 30 29.88 10.04 0333 0.201
Subramaniam et al. DS_2 0.167 20 152 230 3830 52 330 125 - 39.00 6.15 0385 0.308
[29]
DS_3 0.167 20 152 230 3830 52 330 125 - 39.00 6.45 0.385 0.323
“Test 12 0.167 22 152 230 3830 52 330 125 - 39.00 7.44 0.423 0338
Test 13 0.167 22 152 230 3830 52 330 125 - 39.00 7.17 0.423 0326

(continued on next page)
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Authors Specimen # FRP Concrete prism Load
tr by Iy Ef fr b I h he fem Fax bgb Flbs
[mm] [mm] [mm] [GPa] [MPa] [mm] [mm] [mm] [mm] [MPa] [kN]
‘Test 7 0.167 25 152 230 3830 52 330 125 - 39.00 8.65 0.481 0.346
Test 8 0.167 25 152 230 3830 52 330 125 - 39.00 6.89 0.481 0.276
Carloni et al. [46] DS-S1 0.167 25 152 230 3830 125 330 125 - 35.00 8.04
DS-S2 0.167 25 152 230 3830 125 330 125 - 35.00 7.74
DS-S3 0.167 25 152 230 3830 125 330 125 - 35.00 7.01
Carloni et al. [47] DS-ST_1 0.167 25 152 230 3830 125 330 125 - 42.00 5.80
DS-ST_2 0.167 25 152 230 3830 125 330 125 - 42.00 6.30
DS-ST_3 0.167 25 152 230 3830 125 330 125 - 42.00 6.00
Authors 25_1L 1.400 25 25 170 3100 150 300 120 30 32.59 4.13
25_2L 1.400 25 25 170 3100 150 300 120 30 32.59 3.70
50_1W 1.400 25 50 170 3100 150 300 120 30 32.59 7.57 0.167 0.303
50_2W 1.400 50 50 170 3100 150 300 120 30 32.59 17.10 0.333  0.342
100_1W 1.400 50 100 170 3100 150 300 120 30 32.59 27.48 0.333  0.550
100_2W 1.400 100 100 170 3100 150 300 120 30 32.59 46.28 0.667 0.463
150_1L 1.400 50 150 170 3100 150 300 120 30 32.59 28.35
150_2L 1.400 50 150 170 3100 150 300 120 30 32.59 25.18
150_3L 1.400 50 150 170 3100 150 300 120 30 32.59 21.54
200_1L 1.400 50 200 170 3100 150 300 120 30 32.59 27.54
200_2L 1.400 50 200 170 3100 150 300 120 30 32.59 26.88
200_3L 1.400 50 200 170 3100 150 300 120 30 32.59 25.64

" Test performed to analyze the FRP width effect.
™ Test performed to analyze the FRP bond length effect.
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