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Abstract

Numerical procedures are proposed to predict the failure of reinforced concrete (RC) beams strengthened in flexure with fiber-rein-
forced polymeric (FRP) laminates. The framework of damage mechanics was used during the modeling. Numerical results were validated
against experimental data obtained from 19 beams strengthened with different types of FRP. These beams failed by concrete crushing,
cover failure and plate debonding. The numerical models were capable of predicting the experimentally observed load—deflection, failure
load and failure modes. The sensitivity of the numerical results was studied. In particular, the effect of the concrete constitutive behavior
and different modeling considerations was evaluated. It was found that the fracture energy of the concrete-repair interface plays a central

part in predicting plate-debonding failures.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Strengthening reinforced concrete (RC) beams with
fiber-reinforced polymer (FRP) composites is becoming
an attractive alternative for the construction industry.
These laminates offer all the advantages of composite
materials, such as a low volume to weight ratio, and a high
strength-to-weight ratio. Experimental tests of FRP-
strengthened beams have identified a number of possible
failure modes: tensile rupture of the composite laminate,
debonding failure between the FRP laminate and the
concrete substrate, concrete cover failure, and concrete
crushing [1]. Although experimental data is valuable in
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understanding the behavior of this strengthening system,
analytical and numerical solutions are needed to further
comprehend and predict the behavior and failure mecha-
nism of the strengthened beams.

Numerical modeling of FRP-strengthened beams repre-
sents a formidable challenge because other aspects—such
as loading sequence, construction procedure, nonlinear
material behavior, crack propagation and residual stres-
ses—may have a significant impact on the results obtained
in such an approach. Different modeling approaches, par-
tially incorporating these aspects, have been proposed up
to now; but sensitivity analyses are needed in order to iden-
tify the principal parameters controlling the numerical
response of FRP-strengthened beams and to simplify the
modeling procedures currently available.

Among different modeling approaches proposed to date,
Ziraba and Baluch [2] presented a nonlinear finite-element
code to simulate the global behavior, up to failure, of RC
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beams externally reinforced. They were able to predict the
behavior of strengthened members subjected to arbitrary
load histories previous to strengthening. In this approach,
the interfacial behavior between concrete and the internal
and the external reinforcement was modeled using six-node
interface elements; nine-node Lagrangian elements were
used for modeling the concrete and external laminate,
whereas a three-node element represented the internal
reinforcement. Arduini et al. [3] conducted a finite-ele-
ment analysis of eight FRP-strengthened beams using the
commercial code ABAQUS. During this study, the concrete
was modeled using the smeared crack approach, and a per-
fect bond was assumed between the FRP and the concrete.
This analysis was limited to beams with a monotonic load-
ing history and without damage prior to FRP installation.
Wong and Vecchio [4] used link and contact elements fol-
lowing linear and elastoplastic bond laws in order to model
the bond-slip behavior at the bond interface of FRP-
strengthened beams. A two-dimensional nonlinear finite-
element code based on the Modified Compression Field
Theory was used during the analyses. The procedure was
able to predict the load-deflection behavior of FRP-
strengthened beams failing by laminate debonding only
when using an elastoplastic bond-slip behavior. However,
the authors stated that a more clearly defined constitutive
relationship for the bond elements must be developed to
further improve and validate the model capability.

From these previous studies, it can be concluded that
due to the challenges faced during the numerical analysis
of FRP-strengthened beams, most of the research in this

Table 1
Experimental database

area has been devoted to improving the modeling tech-
niques. From a practical point of view, it is also necessary
to identify the principal material properties affecting the
outcome of the numerical simulations; evaluate the sensi-
tivity of the numerical results to variations in these material
properties; and to recommend procedures for estimating
such properties when experimental data are not available.
This study aims at fulfilling these needs.

For this purpose, numerical results were validated
against experimental data obtained from 19 beams
strengthened with different types of FRP, and their sensi-
tivity to concrete constitutive behavior and different mod-
eling considerations was evaluated. In addition, practical
recommendations are given for the modeling of FRP,
epoxy, selecting model parameters and element size.

2. Experimental program

Experimental data was obtained from a previous re-
search project [5] and from the literature review [6]. A total
of 19 beams, strengthened with different FRP types, were
selected for comparison with the numerical results. These
beams failed by concrete crushing, cover failure, and/or
plate debonding.

Series A corresponds to three large-scale beams tested
by Benkert [S]. Geometric properties of these specimens
are described in Table 1. The beams were tested under
four-point bending. Beam A2 was used as a control speci-
men, whereas beams Al and A3 were strengthened with
two plies of Carbon FRP of different lengths. Material

Series specimens Width, height, length (mm) FRP type Aprp (mm?) FRP length (mm) Type of failure

Series A 305, 406, 4064
Al CFRP 83.8 3195 CC
A2 None - - SY
A3 CFRP 83.8 3500 CC

Series B 200, 150, 2300 SY
Bl None - - SY
B2 None - - C/P
B3 CFRP 60 2100 C/P
B4 CFRP 60 2100 C/P
B5 CFRP 180 2100 C/P
B6 CFRP 180 2100 C/P
B7 GFRP 270 2100 C/P
B8 GFRP 270 2100

Series C 200, 150, 2300
Cl None - - CC
C2 None - - CC
C3 CFRP 60 2100 CC/P
C4 CFRP 60 2100 CC/P
C5 CFRP 180 2100 CC/P
C6 CFRP 180 2100 CC/P
C7 GFRP 270 2100 CC/p
C8 GFRP 270 2100 CC/p

Note: CC = concrete crushing; SY = steel yield; C/P = cover failure followed by plate debonding; CC/P = concrete crushing followed by plate debonding.

Specimen details.
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Table 2
Material properties for beams Series A (Benkert [5])

Properties Concrete Steel rebar Steel stirrups Epoxy CFRP laminate
Modulus of elasticity, E (GPa) 36% 208.5 208.5 1.73 228

Yield strength, f;, (MPa) - 523 489 - -

Tensile strength, f;, (MPa) 4.6* 703 725 23 3484
Compressive strength, /! (MPa) 58.6 - - - -

Ultimate strain (%) >0.3 17 17 2 1.7

Fracture energy (N/m) 146 - -

Poisson’s ratio 0.2% - - 0.36 0.26

Angle of dilatancy 20°

& Determined using Egs. (1)—(4), see Section 4. Determination of concrete parameters.

Table 3
Material properties for Series B and C (Rahimi [6])

Properties Concrete Steel rebar Epoxy GFRP laminate CFRP laminate
Modulus of elasticity, £ (GPa) 25 210 7 36 127

Yield strength, f; (MPa) - 575 - - -

Tensile strength, f;, (MPa) 3 - 25 1074 1532
Compressive strength, f! (MPa) 58.6 - 70 - -

Ultimate strain (%) >0.3 >20 0.7 3.1 1.21

Fracture energy (N/m) 200 - 0.4 - -

Poisson’s ratio 0.2 0.3 0.3 0.3 0.3

Angle of dilatancy 20

properties are presented in Table 2. Beams Al and A3
failed by concrete crushing. Details of the testing program
can be found from Benkert [5].

Series B and C correspond to 16 reinforced concrete
beams tested by Rahimi and Hutchinson [6] under four-
point bending. Beams B1, B2, C1, and C2 were used as con-
trol specimens. Geometric properties for these beams are
presented in Table 1. Material properties are described in
Table 3. Additional strengthening details can be obtained
from Rahimi and Hutchinson [6].

3. Material constitutive behavior
3.1. Concrete model

A plastic-damage model is used in order to predict the
constitutive behavior of concrete. In this approach, it is as-
sumed that compressive crushing and tensile cracking are
the main failure mechanisms of concrete. Both of these
phenomena are the result of microcracking [7], which can
be interpreted as a local damage effect controlled by a yield
function, which defines their onset and evolution [8]. Par-
ticular details of the mathematical implementation of these
ideas are given by Lubliner et al. [8] and Lee and Fenves
[9]. The basic parameters required by this formulation are
as follows:

1. The softening curve of concrete under uniaxial tension,
as shown in Fig. 1, where f; is the stress controlling
the onset of microcracking; Gg is the total external
energy supply, per unit of area, required to create, prop-

agate, and fully break a Mode I crack in concrete; and w
is the crack opening or separation.

2. The stress—strain curve of concrete under uniaxial
compression, as shown in Fig. 2, where E, is the modu-
lus of elasticity; f., is the critical stress (foo ~ 0.6 —
0.817); which may be associated with the stress at which
the volumetric strain reaches its maximum [8]; and f is
the compressive strength.

3. The Poisson’s ratio of concrete (v.) and angle of dilat-
ancy (). These parameters control the volume
change of concrete in the elastic and inelastic regimes,
respectively.

3.2. Steel model

The constitutive behavior of steel is predicted using an
elastic perfectly plastic model, as described in Ref. [10].
In this approach, the steel behavior is elastic up to when
the yield stress is reached. At this point, the material yields
under constant load (Fig. 3). The parameters required
by this formulation are the modulus of elasticity (Ej),
Poisson’s ratio (v) and yield stress (fy).

3.3. FRP model

The behavior of FRP plates is predicted using a brittle
cracking model, as described in Ref. [10]. In this approach,
the FRP behavior is assumed to be linear up to when the
failure strain (e¢,) is reached (Fig. 3). At this point, a
crack develops and the material losses all its load-carrying
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Fig. 1. Softening curve of concrete under uniaxial tension.
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Fig. 2. Stress—strain behavior of concrete under uniaxial compression.
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Fig. 3. Stress-strain behavior for steel and FRP laminate.

capacity. The parameters required by this formulation are
the modulus of elasticity (Eggrp), Poisson’s ratio (v) and
failure strain (&,).

4.1. Softening curve

The softening curve for concrete can be determined
experimentally, Ref. [11]. For example, the tensile strength,
/i, can be obtained from the splitting test results [12]; and
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the fracture energy, Gg, can be calculated from the load
deflection behavior of notched concrete beams [13,14].
However, if these experimental parameters are not avail-
able, alternative procedures are required.

The authors recommend estimating the concrete tensile
strength, f; (MPa), from Eq. (1) [15]; and the concrete frac-
ture energy, Gy (N/m), using Eq. (2) [16], where f (MPa) is
the concrete compressive strength, w/c is the water cement
ratio, d, (mm) is the aggregate diameter, and o = 1.44 for
crushed or angular aggregates. Once these parameters
(fi, Gr) have been determined, different analytical expres-
sions can be used to approximate the softening curve
[11]. For example, linear, bilinear or exponential functions
can be employed to fit the shape of the curve. The authors
recommend the bilinear approximation shown in Fig. 1(b).

fi=0.6\/1! (1)
7\ dy \"2 030
Gr = 2.5% (0.051) (1 N 11.27) ) 2)

4.2. Concrete stress—strain curve

If experimental data are not readily available [17], the
authors suggest to estimate the concrete modulus of elastic-
ity, E. (MPa), using Eq. (3) [18], and the stress—strain
behavior using model C from Fig. 2, where ¢ is calculated
according to Eq. (4) [15].

E. = 4700./f" (3)

i
b= 1715 (4)

C

4.3. Parameters controlling volumetric change

The Poisson’s ratio governs the volume changes of con-
crete for stresses below the critical stress level, f.,. The
value of this parameter can be taken within the range of
0.15-0.2 [15]. After the critical stress level is reached, the
concrete exhibits an increase in plastic volume under pres-
sure [19]. The angle of dilatancy is the parameter used to
model this behavior. Following Lubliner et al. [8] as a
guideline and based on the sensitivity analysis presented
in Section 6.5, an angle of dilatancy of 30° is recommended.

5. Finite-element models

The finite-element program ABAQUS [10] was used
during the numerical analyses conducted in this study. In
this section, several numerical simulations of RC beams,
strengthened with FRP, are presented. They include speci-
mens failing by concrete crushing, plate debonding and
plate rupture. The typical finite-element mesh used during
these simulations is shown in Fig. 4. The different element
types used for constructing the finite-element models are
listed in Table 4. Similarly, the material properties are pre-
sented in Tables 2 and 3.

Embedded-Truss elements

4 )

/A le—
f—
le—

/ X fe—
'3 AN f—
—
\ 4-noded Plane Strain Elements (CPE4R)
Truss elements

Fig. 4. Typical finite-element mesh.

Table 4

Finite-element types for numerical simulations

Material ~ Description Code Additional information
Concrete  Four-noded plain strain CPE4R  Reduced integration
Steel Two-noded truss T2D2 Embedded

FRP Two-noded truss T2D2 -

5.1. Beams failing by concrete crushing

Numerical results obtained for 11 strengthened beams
(including control beams) failing by concrete crushing are
shown in Fig. 5. Results agree very well with those reported
by Benkert [5] and Rahimi [6], with errors within 3-10% of
the peak load. Good agreement between experimental and
numerical results is also obtained for the entire load—deflec-
tion curves.

It is interesting to note that the simulations were ex-
tended beyond the load corresponding to concrete crush-
ing. The numerical results indicate that plate-debonding
failure follows the concrete crushing failure in all cases.
After the plate-debonding failure, the beams retain a resid-
ual strength and ductility approximately equal to the bend-
ing capacity and ductility of the un-strengthened beams.
This behavior agrees with that presented by Benkert [5]
for beams Al and A3. Experimental data for specimens
C3-C8 was reported up to concrete crushing. The post-
crushing behavior was not described in Ref. [6].

Numerical results predict plate-debonding failure of
beam C5. However, this type of failure does not agree with
that reported in Ref. [6]. Nevertheless, the predicted failure
load is conservative. As shown later, the differences may be
explained by taking into account the uncertainties in the
values of fracture energy and tensile strength used during
the simulations.

Predicted strain distributions for beam A1l are shown in
Fig. 6(a). The strains were obtained at different locations
within the CFRP plate, as shown in Fig. 6(b). As can be
seen, the FEM simulation is very capable of capturing
the experimentally observed strain trends and magnitudes
for the entire loading range. These results confirm the
validity of the finite-element models used in this study.



C.A. Coronado, M.M. Lopez | Cement & Concrete Composites 28 (2006) 102—114 107

400
300 A
z
=
R 200
o
-l
100 1
Exp. A2
FEM
0 T T T T T
0 10 20 30 40 50 60
Deflection [mm]
70
60
50
i 40
B
8 30+
-l
20 4
Exp C1 and C2
101 ——FEM
o — — - — — —
0 10 20 30 40 50 60
Deflection [mm]
110
100] Concrete Crushing
901 /_— Plate Debonding
80 1

701
60 1

Residual strength

Load [kN]
3

40+
30
20 Exp. C5 and C6
101 —=——FEM
0 — — — — — .
0 10 20 30 40 50 60

Deflection [mm]

600

Concrete crushing Residual strength

P

Plate Debonding

500

N
o
o

Load [kN]
w
8

——  Exp. At
200
—_  Exp.A3
100 —— FEM
0 T T T T
0 20 40 60 80
Deflection [mm)]
100 -
40| Concrete Crushing
80
70 1
Z 60 Plate Debonding
=3
- 50
g 40 1 i
4 Residual strength
30
207 Exp. C3 and C4
104 ——FEM
0 T T T T T T T T T T T
0 10 20 30 40 50 60
Deflection [mm]
100 i
) Plate Debonding
90 Concrete Crushing ~—. r'd
80
70 A
= 60
= ) Residual strength
g,
S 40
30
20
Exp C7 and C8
107 FEM
0 10 20 30 40 50 60

Deflection [mm]

Fig. 5. Load-deflection behavior of strengthened beams failing by concrete crushing.

They are capable of predicting the global and local behav-
ior of beams strengthened with FRP.

5.2. Beams failing by plate debonding

The framework of damage mechanics can be used for
modeling and explaining the debonding failure of members
strengthened with FRP. For instance, consider the FRP-
strengthened beam shown in Fig. 7. Before any micro-
cracking occurs, the beam’s behavior is virtually elastic
and no damage has taken place (i.e., the damage variable,
d, is zero). Once the interfacial stresses reach a threshold-
value (i.e., the tensile strength, f/, of the interface), micro-

cracks start to form close to the concrete—epoxy interface.
At this point, the damage of the interface starts to increase
(0 <d<1). Under further loading, the microcracks start to
coalesce and macrocracks form. These macrocracks result
in debonding of the FRP and total loss (damage) of the
concrete—epoxy bond (d =1).

Numerical results obtained for different beams failing
by plate debonding are shown in Fig. 8. Results agree
reasonably well with those reported by Rahimi [6], with
peak loads consistently being under-predicted, within
10% of error. Good agreement between experimental and
numerical results is also obtained for the load—deflection
curves.
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Fig. 6. (a) Predicted strain distributions for beam Al. (b) Strain gage layout.

Numerical results indicate that after the plate-debond-
ing failure, the beams retain a residual strength and
ductility approximately equal to the bending capacity and
ductility of the un-strengthened beams. This behavior
agrees with that reported by Naaman et al. [20].

5.3. Beams failing by plate rupture

Numerical simulations of beams failing by plate rupture
are shown in Fig. 9. Beam B2 (Ref. [6]) was used as the con-
trol specimen. During the simulations, the area of CFRP
reinforcement was varied in order to induce its tensile
rupture. For this particular case, it was found that plate

rupture occurs for areas of CFRP less than 20 mm?. It
was also noted that when the CFRP area is reduced, the
rupture location shifts from the beam center towards one
of the point loads. Therefore, in some of the simulations,
the mid-span strain is lower than the CFRP failure strain
(Fig. 9(b)). Numerical results also predict, that after the
plate rupture, the beam retains its un-strengthened bending
capacity, as shown in Fig. 9(a).

6. Sensitivity study

In this section, the sensitivity of the numerical solution
was investigated with respect to concrete properties such



C.A. Coronado, M.M. Lopez | Cement & Concrete Composites 28 (2006) 102—114

Flexural-shear cracks

Concrete
V‘ Iy kY b
\v\ Debonding
Epoxy
Plate

Crack deflection

Crack deflection
due to epoxy

due to aggregate

Fig. 7. Damage of the concrete-epoxy interface during debonding failure.

as tensile strength, fracture energy, tension softening, com-
pression model and angle of dilatancy. Numerical results
obtained for beams Al and B3 are used in this section
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for illustration purposes. These beams were selected as con-
trol specimens since they failed by concrete crushing and
plate debonding, respectively.

6.1. Sensitivity to tensile strength, f,

The concrete tensile strength was changed from 0.5f; to
2 f,, where f, is the tensile strength of the control specimens.
It is interesting to note that several authors have proposed
to use the concrete tensile strength as the limiting value for
the interfacial stresses developed at the concrete—epoxy
interface [21]. However, the numerical models were insensi-
tive to this parameter alone, as shown in Fig. 10. The
failure mode and peak load remained the same during
the simulations. Beam Al failed by concrete crushing
followed by plate debonding; and beam B3 failed by plate
debonding. The numerical results also indicate a slight
increase in stiffness with the concrete tensile strength. How-
ever, from a practical point of view, such an increase is
negligible.

It is important to point out the significance of these
results. The concrete tensile strength cannot be used as
the unique failure criterion for predicting FRP plate
debonding. As will be shown later, the fracture energy of
the concrete—epoxy interface plays a more important role
in predicting this type of failure.
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Fig. 8. Load—deflection behavior of strengthened beams failing by plate debonding.
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Fig. 10. Sensitivity to tensile strength.

6.2. Sensitivity to fracture energy

In this study, the concrete fracture energy was changed
from 0.5Gg to 2Gg, where G is the fracture energy of
the control specimens. Numerical results shown in
Fig. 11 indicate two important trends. Beam Al, failing
by concrete crushing, is insensitive to changes in the
concrete fracture energy. In contrast, the failure mode
and peak load of beam B3, failing by plate debonding,
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are significantly affected by the magnitude of the concrete
fracture energy. A low value of the concrete fracture energy
(0.5GE) results in premature plate debonding. Conversely,
using a high value of concrete fracture energy (2Gg) results
in a delay of the debonding failure and increase of the peak
load.

Numerical results presented in this section indicate that
concrete fracture energy, Gy, plays a significant role in pre-
dicting failures due to plate debonding. This finding agrees
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T
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Fig. 11. Sensitivity to fracture energy.
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with the experimental observation indicating that this type
of failure is due to a crack or group of cracks propagating
along the concrete-repair interface [22]. It is the authors’
opinion that the fracture energy of the concrete-repair
interface is needed in order to accurately predict plate-
debonding failures.

6.3. Sensitivity to tension softening

The sensitivity of the numerical solution to the modeling
of the concrete tension softening was also investigated.
During the simulations, bilinear and linear softening mod-
els were used, as shown in Fig. 1(b) and (c) respectively.
The numerical results shown in Fig. 12 indicate that peak
loads and deflections are slightly affected by the type of
softening model. From a practical point of view, the effect
of type of softening model appears negligible. However, the
authors consider that further study is required to verify the
validity of this affirmation.

6.4. Sensitivity to compression modeling

Three different models were used in this study to predict
the behavior of concrete in compression (Fig. 2). The
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numerical results are shown in Fig. 13. Good agreement
between experimental and numerical results is obtained
for any of the three models. The authors found that from
a practical point of view, the use of the bilinear model
(model C in Fig. 2) provided adequate accuracy.

6.5. Sensitivity to angle of dilatancy

In this study, the angle of dilatancy was varied from 20°
to 40°. Numerical results shown in Fig. 14 indicate two dif-
ferent trends. Beam Al, failing by concrete crushing, is
insensitive to changes in the angle of dilatancy. In contrast,
the failure mode and peak load of beam B3, failing by plate
debonding, are significantly affected by the angle of dilat-
ancy. A low angle of dilatancy (y = 20°) results in prema-
ture plate debonding. Conversely, using a high angle of
dilatancy (¥ = 40°) results in increased peak load. Very
good results are attained using an angle of dilatancy of 30°.

7. Modeling considerations
Several simplifications and assumptions were used in the

models of the RC beams simulated in this study. In this
section, the numerical solution is tested in order to check
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Fig. 12. Sensitivity to tension-softening model.
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the validity of the main assumptions used during the simu-
lation. In particular, the sensitivity to mesh size, element
type and epoxy modeling is tested. Beam B3, failing by
plate debonding, was selected for illustration purposes.

7.1. Mesh sensitivity

Numerical simulations must be objective. The results of
the calculations made with them should not depend on
subjective aspects such as the choice of mesh or element
size. Three mesh configurations were used, as shown in
Fig. 15. The obtained load—deflection curves are shown in
Fig. 16. All three simulations predict almost identical
results. Slight differences are observed in the peak loads
and deflections; however, the differences are within the
margin of error expected for a numerical simulation.

The results presented in this section confirm the objec-
tivity of the numerical solution. Additionally, it is interest-
ing to note that excellent results are obtained when the
coarse mesh A is used. This can be explained by the fact
that the damage processes, resulting in concrete cracking
and plate debonding, involve length scales in the order of
two to three aggregate sizes ([7, p. 227]). Therefore, ade-

Mesh A: 6x23 elements

Mesh B: 6x46 elements

Mesh C: 12x46

Fig. 15. Mesh configurations. Sensitivity to mesh size.
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Fig. 16. Sensitivity to element size.

quate results can be obtained from simulations using ele-
ment sizes of a similar order of magnitude.

7.2. FRP modeling

The effect of modeling the FRP laminate using differ-
ent element types is presented in Fig. 17. During the
simulations, the FRP was modeled using plain strain
(CPE4R) and truss (T2D2) elements. As can be seen, both
approaches are capable of reproducing the global load-
deflection behavior of control beam B3. The models predict
slightly different failure loads and deflections. However,
from a practical point of view, truss elements reduce
the numerical cost of the solution, and therefore are
recommended.

7.3. Concrete—epoxy interface modeling

The effect of modeling the concrete—epoxy interface is
investigated in this section. During the numerical simula-
tion, the epoxy and FRP were modeled using plain strain
elements (CPE4R). The epoxy elements were bonded to
the concrete using tied contact. In this approach, each of
the nodes on the epoxy has the same displacement as the
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Fig. 17. Sensitivity to FRP modeling.

point on the concrete surface to which it is closest. This
allows for the modeling of normal and shear stresses along
the entire concrete—epoxy interface.

Numerical results are presented in Fig. 18. For compar-
ison purposes, a model with no epoxy is also included. In
this case, the FRP laminate was modeled using truss
elements; in this approach, the load transfer takes place
only at the connection nodes. As can be seen, both
approaches are capable of reproducing the global load-
deflection behavior of beam B3. The models predict slightly
different failure loads and deflections. This general behav-
ior was observed for all beams from Series A-C.

The similarity in the numerical results implies that even
for beams failing by plate debonding, the modeling of the
epoxy has a minor effect in the beam overall response. It
is the authors’ opinion that the fracture energy of the con-
crete—epoxy interface is the key parameter for modeling the
behavior of beams failing by plate debonding. This energy
controls the damage processes taking place in the concrete
cover along the concrete—epoxy interface. Experimental
procedures are needed to determine this energy. The use
of this parameter will improve the quality of the numerical
procedures presented in this study.
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Fig. 18. Sensitivity to epoxy modeling.

8. Conclusions

The behavior of reinforced concrete beams strengthened
with FRP laminates was simulated using the finite-element
method (FEM). The sensitivity of the numerical results was
studied. In particular, the effect of the concrete constitutive
behavior and different modeling considerations was evalu-
ated. Practical recommendations are given for the model-
ing of FRP, epoxy, selecting model parameters and
element size. Conclusions derived from this study are as
follows:

e The FEM models were capable of predicting the load-
deflection behavior of both reinforced concrete (RC)
beams and FRP-strengthened RC beams. The failure
modes predicted (concrete crushing, plate debonding
and cover failure) were the same as those obtained
experimentally.

e The numerical simulations indicate that the concrete
tensile strength does not constitute the unique failure
criterion for predicting plate-debonding failure of
strengthened RC beams.

e The fracture energy of the concrete—epoxy interface is
needed to accurately predict plate-debonding failures.
This finding agrees with experimental observations, indi-
cating that this phenomenon is due to a crack propagat-
ing along the concrete—epoxy interface.

e Peak loads and deflections are slightly affected by the
type of concrete softening used. From a practical point
of view, these effects are negligible.

e No significant changes were observed in the global
response of the CFRP-strengthened beams when differ-
ent modeling approaches were used for the FRP
laminate.

e The numerical results were insensitive to the mesh geom-
etry, which demonstrates the objectivity of the modeling
approach used during this study.

e The modeling of the epoxy has a minor effect in the
overall response of strengthened RC beams, even for
beams failing by plate debonding.

Further experimental and analytical work is currently
underway to obtain the fracture energy of the concrete—
epoxy interface.
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