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ABSTRACT

The objective of this study is to numerically investigate the strengthening and adhesive interface of a
RC beam under shear forces. The study is based on experimental results from the current literature.
The strengthening system consisted of carbon fiber reinforced polymers (CFRP) bonded in a U-shape
in the critical shear regions. The numerical simulation results were considered efficient. Small
differences in ductility were observed between the simulated and experimental beams, which was
attributed to the failure to account for the slip of the reinforcing bars. Even with strengthening, fragile
collapses are still observed, resulting from the debonding of a portion of the CFRP.
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Estudo numérico de vigas em concreto armado reforgcadas ao cisalhamento
com PRFC

RESUMO

O objetivo desta pesquisa € investigar numericamente o reforco e a interface adesiva de uma viga
em concreto armado a esforgos cortantes. O estudo foi baseado em resultados experimentais
coletados da literatura atual. O sistema de refor¢o consistiu em usar mantas de Polimeros
Refor¢ados com Fibras de Carbono (PRFC) coladas em “U” em regides criticas de cisalhamento.
Os resultados da simulacdo numérica foram considerados eficientes. Pequenas diferencas na
ductilidade entre as vigas simuladas e as experimentais foram observadas, fato devido a néo
consideracdo do escorregamento das barras da armadura. Mesmo com reforco, colapsos frageis
ainda s&o observados, provenientes do descolamento de parte do PRFC.

Palavras-chave: cisalhamento; viga de concreto armado; simulacdo numérica; descolamento.

Estudio numérico de vigas de hormigén armado reforzadas a cortante con
PRFC

RESUMEN

El objetivo de esta investigacion es investigar numéricamente el refuerzo y la interfaz adhesiva de
una viga de hormigdn armado a esfuerzo cortante. El estudio se basé en resultados experimentales
recopilados de la literatura actual. El sistema de refuerzo consistio en el uso de mantas de polimero
reforzado con fibra de carbono (PRFC) pegadas en forma de “U” en regiones criticas de
cizallamiento. Los resultados de la simulacién numérica se consideraron eficientes. Se observaron
pequerias diferencias en la ductilidad entre las vigas simuladas y experimentales, debido a que no
se considerd el deslizamiento de las barras de armadura. Incluso con refuerzo, todavia se observan
colapsos fragiles, como resultado del desprendimiento de una parte del PRFC.

Palabras clave: cizallamiento; viga de hormigon armado; simulacion numérica; desprendimiento.
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1. INTRODUCTION

Composite materials have emerged as a reinforcement alternative in cases where the use of
traditional materials such as steel sheets and concrete is not suitable. FRPs (Fiber Reinforced
Polymers) are composite materials (matrix and reinforcement) consisting of fibers embedded in a
polymer matrix. Within the FRP category, the following should be mentioned: Glass fibers
(GFRP), aramid fibers (AFRP) and carbon fibers (CFRP). According to Teng et al. (2002), the
advantage of these materials over others lies in their corrosion resistance, high strength-to-weight
ratio, electromagnetic neutrality and versatility in the strengthening and rehabilitation for
reinforced concrete, masonry, steel and timber structures.

However, the debonding of the carbon fiber composite from the substrate of reinforced concrete
structures can lead to complete, partial or premature loss of the strengthening effect of the polymer.
This failure is characterized by occurring at the ends of the strengthening, where high normal and
tangential stresses occur, causing the composite to debond from the concrete, resulting in brittle
failure (Baggio, Soudki and Noél, 2014; Colalillo and Sheikh, 2014; Pellegrino and Modena, 2008).
FRP debonding can initiate from flexural cracking, flexural/shear cracking, or both, usually near
the region of maximum bending moment.

In solving problems such as strengthening debonding, numerical simulations can serve as flexible
tools that allow the boundary conditions of the problem to be evaluated and modified. Based on
experimental results, the structural behavior of RC beams subjected to shear stresses can be
observed (Godat et al., 2007; Manos, Theofanous and Katakalos, 2014; Shomali, Mostofinejad and
Esfahani, 2020; Zheng et al., 2020). It is also able to assess the strengthening of these structures
and their functionality when debonding failure occurs (Mansour, 2021; Obaidat, Heyden and
Dahlblom, 2010; Shomali, Mostofinejad and Esfahani, 2020). Finally, the simulation of new
anchoring methods to avoid failure due to debonding can also be investigated numerically (Godat
et al., 2007).

Therefore, the aim of this study was to numerically evaluate the strengthening and adhesive
interface of a RC beam under shear loading. The system consisted of U-shaped bonded CFRP
plates in critical shear regions. The analyzes were performed using ABAQUS 6.12 software based
on the experiments conducted by Risson (2016).

2. NUMERICAL MODELS

2.1 Concrete damage plasticity model.

Since it is a ceramic material, the behavior of concrete is quasi-brittle, so models that better
represent the damage are considered acceptable in simulations of this material (Demin and Fukang,
2017). A multiaxial model called Concrete Damaged Plasticity (CDP), was proposed by Lubliner
et al. (1989) and further developed by Lee and Fenves (1998). In this model, also known as the
Barcelona model, it is assumed that the damage to the concrete is mainly caused by tensile cracking
and compressive crushing.

The CDP model offers the possibility of progressive damage modeling in which the scalar damage
variable d varies from 0 <d < 1. In this case, d = 0 corresponds to a completely intact material and
d = 1 to complete damage or the start of fracture. The damage factors d. and d, represent the rate
of deterioration of the stiffness of the concrete caused by the damage of the material in compression
or tension respectively, under uniaxial tension. Figures 1a and 1b show this behavior.
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Figure 1. Concrete stress — strain curves used in CDP for uniaxial compression (a) and tension (b)
stress. Adapted from (Chi et al., 2017).

Figure 1a shows that the reaction of the concrete in the stress-strain diagram under uniaxial
compressive loading is linear up to the value of the plastic yield stress (o,,). From this tension
stress, the plastic regime begins, the stress increases until the final stress (o), is reached, which
leads to a decrease in the modulus of elasticity. As a result, the stress decreases and the deformation
increases. The reaction of the concrete to tension (Figure 1b) results in a linear elastic relationship
until the failure stress a;, is reached, at which point microcracks appear in the concrete. At values
above this stress, the diagram also shows a decrease in the modulus of elasticity in the curve, which
leads to local deformation in the concrete structure, causing the stress to decrease and the
deformation to increase.

In general, the deformation e can be decomposed into an elastic deformation €€ and a plastic
deformation P! according to the elasto-plastic theory. The other components in figure 1 are
crushing strain e¢" and cracking strain e£*. The deformations & and & can be defined as the
division of the compressive and tensile stress by the initial modulus of elasticity, respectively. A
change in the value of the modulus of elasticity in the plastic range is noted in the diagrams; this
value is referred to as the damaged (or effective) modulus of elasticity (E), as shown in equation

(1).

E"=(1—d)E0;d=1—<£> 1)

Eq

Equation (2) represents the function of the stress state as a function of the initial elasticity of the
strain tensors and the damage in compression (d.) and tension (d;), where the subscript “i”
becomes “c” for compression and “t” for tension:

6; = (1 — d)Eo(e — €P1); &; = Eo(g; — €7 @)

The CDP model uses the flow function. The use of such a function defines the critical stress state
at which plastic deformation begins. The most commonly used yield criteria for materials are those
of Mohr-Coulomb and Drucker-Prager and can be written in terms of effective stresses (Chi et al.,
2017) as shown in equation (3).
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This function uses two stress invariants of the stress tensor, namely the effective hydrostatic stress
(p) and the deviatoric stress (q). The constants a, B and y, are dimensionless, @,,;, is the
maximum algebraic value of the effective principal stresses and (.) is the Macauley operator
defined as (x) = (|x| + x)/2. It can be seen that for F(a) = 0 a plastic deformation of the material
sets in while for elastic deformations, there is F(a) < 0.

2.2 Constitutive model for steel.

In general engineering applications, a perfect elasto-plastic diagram is normally used, which is
identical for tension and compression, as shown in figure 3. According to Obaidat, Heyden and
Dahlblom (2010), this model provides acceptable results when modeling RC members.
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Figure 2. Perfect elasto-plastic behavior for steel. Adapted from (Obaidat, Heyden and Dahlblom,

2010).

2.3 Constitutive model for the CFRP.

According to Kezmane, Boukais and Hamizi (2016), FRP composites are anisotropic, which means
that their properties are not the same in all directions. The coordinate axes 1, 2 and 3 refer to the
principal coordinates of the material, where 1 represents the direction of the fibers (x-axis) and 2
and 3 (y and z, respectively) are perpendicular to 1. It is then referred to as an orthotropic material.
In this case, the material properties are the same in directions 2 and 3 (E,, = E33, Vo3 = V33),
which is called transversely isotropic in ABAQUS. According to the Abaqus User's Guide (2014),
under stress conditions applied in the plane of a shell element, only the values of E; 4, E,, V15, G15,
G5 and G5 are necessary to define such a material. In the software, this behavior is defined by the
Lamina function. The shear modules G5 and G5 are included as they may be required to model
the transverse shear deformation in the shell element. These data can be determined using the
mixing law defined by Piggott (2002). The author reports that the volume of fibers in a fiber-
reinforced composite (FRP) can vary between 60% and 70%.

2.4 Constitutive model for the adhesive (cohesive surface).

According to Camanho and Davila (2002), the simulation of debonding is generally divided into
an initial deformation and the propagation of debonding. The shear stress of the joint increases
linearly with the deformation of the interface until it reaches the peak stress (z,;c,) and thus the
beginning of sliding at the interface. From this point, the damage to the material begins, which is
characterized by a decrease in the modulus of elasticity (Figure 3) and is also referred to as
interfaces softening (or the appearance of microcracks). When the stress decreases to zero, the
value of the maximum slip carried by the system is reached (&,;;) and from this point on it is no
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longer possible to transfer stress between the substrates, which is called debonding.
In Figure 3, Gy is the area of the downward region of the model and denotes the fracture energy of
the interface.

Stress-1
Only strain

Elastic  Microcracks Debonding

0 5=0 But

Beginning of the slide - 5
Figure 3. Bilinear model for the adhesive interface. Adapted from (Yuan et al., 2004).

Failure mode Il, which is characterized by the sliding of the material on a surface, was shown in
figure 3. In shear-strengthened beams, other failure modes can occur in addition to the previously
described failure modes, which characterizes the occurrence of the mixed failure mode. This mode
represents the constitutive law as a combination of the individual modes (Modes I, 11 and I11).
Modes 11 and 111 correspond to the previously described model and are represented by the indices
t and s, respectively, which can be seen in figure 4. Mode I is the application of the normal load to
the cohesive surface represented by the index n. The linear elastic behavior for 3D elements in pure
modes I, Il or 111, with the exception of &, < 0, can be expressed by equation (4).

peak peak
On ) Ky, O €n ) 4)
=0 K ghee
Ti)eak 0 0 Ktt <gz;eak
Here, €P°*, ¢P°** and £’°** are the peak strains. Up to this point, the normal separation

(displacement u,,) and the slip (8 e &;) are zero. K,,,, is the stiffness of the adhesive in the normal
direction specified by the manufacturer. K and K, can be estimated based on the normal elasticity
and Poisson's ratio of the material as K;; = K;; = K,,/2(1 + v). According to Camanho and
Davila (2002), the onset of softening (damage or interfacial sliding) can be predicted by a quadratic
failure criterion expressed by equation (5).

(o) \* 7\’ Tt 2_1 (5)
O_rrlJeak + Tspeak + Tfeak -

To accurately explain the variation in energy derived by failure/collapse in the mixed mode,
Benzeggagh and Kenane (1996) established a criterion called the BK fracture criterion. This
criterion can be expressed by equation (6).
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_ Gir\"
Ge = Gic + (Gye — Gie) G_T (6)

Where 7 is the material parameter and can be obtained from experimental MMB experimental tests
(Camanho & Davila, 2002). The terms G,. and G, are the interfacial fracture energies in modes |
and 11, G is the sum of these two energies and G;; is the energy release rate in mode Il. Figure 4
shows in general the mixed-mode behavior of cohesive materials.
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Figure 4. Response of cohesive materials in modes I, 11, 111 and mixed. Adopted from Abaqus
User’s Guide (2014).

One way to obtain stress values is to use equations (7)-(9) from the work of Lu et al. (2005), Chen
et al. (2010) and Colalillo and Sheikh (2014).

peak _ p, _peak __
On =JuT = L5Bwf:

sit )

B, = /M (8)
0,55

Je=0395 (of;k8> ©

Where p,, is the coefficient of the ratio between spacingand width relationship, wy is the width of
the bond (mm), S¢ is the spacing of the FRP strengthening between the slabs (mm) (for pull-out
tests, the spacing is equal to the width of the bond) and f; is the concrete tensile strength (MPa).

3. MATERIALS AND METHODS
3.1 Materials and Specimens.

The experiment used in the simulations was tested by Risson (2016), who carried out a series of
experimental tests on shear-strengthened RC beams with CFRP. The cylindrical compressive
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strength of the concrete after 28 days (f) is 37.6 MPa. To estimate the value of the tensile strength

of the material, the equation of Genikomsou and Polak (2015) (f; = 0,33\/E) was used and 1.98
MPa was obtained. The modulus of elasticity of the concrete was determined in accordance with
the American standard (ACI 318, 2014) and was found to be 28.8 GPa. The Poisson's ratio to be
used for the concrete is 0.2. As part of the investigation, an unstrengthen reference beam (VCR)
was tested and then strengthened it, with CFRP oriented at 90° to its axis (VCO0-90). It is worth
noting that the reinforcements were designed so that the failure was due to the yielding of the
stirrups and not the bending. Therefore, the transverse reinforcement was undersized, while the
longitudinal reinforcement was oversized, which did not comply with the legal recommendations.
Figure 5 shows the situations described together with the boundary conditions in detail.

110 mm 2¢ 16 110 mm CROSS SECTION
_ 2416
s —
o~ E g
2016 = s
Z S
2600 mm e 90 mm
(a) 120 mm
156 4,2 ¢/170
L =740
650 mm |
195 mm P (kN) ;E: ¢
2
o~
!
170 mm CERP |_2-0 mm
(b)

Figure 5. Beam VCR (a) and VCO0-90 (b). Adopted from (Risson, 2016).

The steel used experimentally for the stirrups was CA-60 with an average yield strength of 618.63
MPa. The longitudinal bars belonged to the CA-50 category and had an average yield strength of
581.37 MPa. The Poisson's ratio to be adopted was 0.3 and the modulus of elasticity was 190 GPa.
The strengthening material used was SikaWrap300 C, a CFRP (carbon fiber reinforced polymer)
sheet. This product is 0.167 mm thick and 50 mm wide and has a modulus of elasticity of 230 GPa.
The material used to bond the sheet to the concrete substrate was Sikadur330.

3.2 Numerical modeling.
The software used for the simulations was ABAQUS 6.12. In the absence of experimental stress-

strain curves in compression and tension, these were determined numerically according to Guo
(2014). The damage-deformation was estimated using equations (1) and (2).

A three-dimensional geometric model consisting of solid elements was chosen to model the
concrete beam. The element type used for the concrete is C3D8R (quadrilateral solid element with
8 nodes with reduced integration) with a mesh size of 35 mm (1036 elements). The numerical
model used was the CDP. The three-dimensional bar element available in the software is defined
as a wire and was used to represent the steel reinforcement. These are of the truss type, called T3D2
(2 nodes). The mesh size for the longitudinal reinforcement was 20 mm (260 elements) and 5 mm
for the stirrups (930 elements). The embedded region function was used as the method for the
interaction between steel and concrete. The external strengthening was modeled as a thin shell

32 Numerical study of RC beams strengthened in shear with CFRP

Arcine, M. F., Menon, N. V.



Revista ALCONPAT, 14 (1), 2024: 25 — 39

element. The type used was S4R (square with 4 nodes of reduced integration) and a 20 mm mesh
(156 elements). The chemical adhesive interface was simulated as a cohesive surface. The load was
applied in the form of a displacement. Since it has symmetry in a plane, this property was applied
to the beam during modeling. Newton - Raphson was used as the simulation strategy. These
properties are shown in figure 6.

Symmetry
(Uz=URx=URy=0)

CFRP
S4R - 20 mm

Concrete beam
C3D8R - 35 mm

Displacement
control

Steel longitudinal bar
|: I3D2 - 20 mm

L1
T
LT

Support
(Uy Ux-0)

Steel stirrups
T3D2 -5 mm

Support

o 3 (Uy 0) \
Figure 6. Boundary conditions and element type used for simulations.

For the strengthening material, the properties to be entered into the software were calculated
according to Piggott (2002) (Table 1). The concentration of the composite materials was assumed
to be 70% fibers and 30% polymer matrix due to a lack of information from the manufacturer.
Quadratic traction was used as the criterion for the onset of debonding and Benzeggagh and Kenane

(BK) for failure in mixed mode. The value of the calculated peak shear stress (z%,”%) was 5.32
MPa. However, according to Obaidat, Dahlblom and Heiden (2010), this value is too high to predict
the debonding of the material and they therefore recommend reducing it to 1.50 MPa. Also,
according to Obaidat, Dahlblom and Heiden (2010), the best values for fracture energy according
to numerical simulations are G;;c = G;;;c = 0,9 mJ/mm?. The energy value in mode | is the area

under the softening curve (Figure 3) and gives approximately G, = 0,09m]/mm?.

Table 1. Data for the simulation of CFRP and cohesive surface (adhesive).

CFRP sheet (SikaWrap® 300 C)
Elastic modulus (GPa) Transverse elastic Poisson’s ratio
modulus (GPa)
Eu1 E22=Es3 Gi12=Ga3 Gas VI2=V13 V23
230,00 16,56 6,16 5,85 0,24 0,42
Adhesive (Sikadur®330)
Stiffness (MPa) Stress (MPa) Fracture energy (mJ/mm?)
Knn Kss = Kit gheak Tgiak Gic Gic=Guic
4500 1730,8%" 3,15 1,50 0,09 0,9

YProvided by the manufacturer Sika®
Z*Calculated by the equation K,,/2(1 + v)

4. RESULTS AND DISCUSSIONS

The computer used for the analyzes has 8 GB of RAM, a Core (TM) i5-7300HQ 2.50 GHz CPU

with 4 cores and a GeForce GTX 1050 graphics card.
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4.1 Reference beam without strengthened (VCR).

The underlying CDP parameters used in this study to calibrate the VCR beam are listed in Table
2, where ¢ is the expansion angle, m is the eccentricity, f,o/f.o 1S the ratio between the yield
stresses in the equibiaxial test and the uniaxial test, K, is the ratio between the distance from the
hydrostatic axis to the tension and compression meridian in the deviatoric plane, and p is the
viscosity. The experimental and numerical load-displacement curves at the middle of the span are
shown in figure 7. To prove the efficiency of the model, an experimental study conducted by
Menon (2008) was added. Although the study by Menon (2008) is not identical, it has similar
properties to the bar of Risson (2016), which justifies its analysis.

Table 2. CDP parameters according to current literature and used in this work.

, Structural fro

Reference fe (MPa) element @ | m fa K, 1l

Al-Osta et al. (2017) 54 Beam 36°|01) 116 | 0,667 0
Arcine (2020) 31,2 Beam 38°] 01 1,16 | 0,667 | 10°
Demin and Fukang (2017) 26,8 Beam 30°(0,1 1,6 | 0,667 | 10*
Ge”'konzgglig‘)”d Polak 33-46 | Slab/Column | 40° | 0,1 | 1,16 | 0,667 | 10°

Jumaa and Yousif (2019) | 43,2734 Beam 30°10,1] 1,16 | 0,667 0

This work 37,6 Beam 38°|0,1|1,6 | 0,667 | 5.10*

B VR

“Characteristic compressive strength of the concrete.

100

20 — VCR (FEM)
10 -/’ ———~Menon (2008)

0 1 1 1 1 1 1 1 1 L 1 J

0o 1 2 3 4 5 6 7 8 9 10 Il
Mid-span displacement (mm)

Figure 7. Load-displacement curve at the middle of the span of the VCR beam.

With an experimentally determined ultimate load of 85.31 kN and 87.25 kN numerically
determined by Risson (2016), the relative error was 2.27 %, which is considered satisfactory. The
load-displacement curve of the VCR beam (FEM) showed a similar stiffness to the experimental
beam of Menon (2008). The deviation in the peak load is due to the difference between the
compressive strength of the concrete, as in the work of Risson (2016) this resistance is 37.6 MPa,
while in the work of Menon (2008) it is 31.2 MPa. The graphical results show that the three curves
have a similar initial stiffness but a slightly different final stiffness. According to Obaidat, Heyden
and Dahlblom (2010), one explanation for this situation could be the perfect bond between concrete
and steel with the embedded region function. According to Dehestani and Mousavi (2015), the
relative displacement between a steel bar and concrete is controlled by the behavior of the
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connection between these materials. This relationship can lead to reinforced concrete beams being
more or less ductile. In general, numerical simulations assume a perfect connection between steel
and concrete (embedded region), which makes a reinforced concrete beam stiffer. Therefore,
considering factors that simulate reinforcement sliding in numerical simulation models can
contribute to greater accuracy of results (Arcine, 2020; Arcine, Menon, Krahl, 2023). Jumaa and
Yousif (2019) state that microcracks caused by the shrinkage of concrete also reduce the stiffness
of test beams, and in numerical modeling, the materials are considered homogeneous and this factor
is not considered. Therefore, it can be said that the modeling reproduces the experimental results
coherently.

The reference beam failed after the development of the diagonal crack between the point of load
application and the support. Figure 8b shows the formation of the compression diagonal in the
shear span. The experimental critical crack was also seen in the numerical results, as shown in
figure 8c, accompanied by some flexural cracks. Similar results were observed in other studies (Al-
Osta et al, 2017; Demin and Fukang, 2017; Jumaa and Yousif, 2019; Arcine, Menon, and Krahl,
2023). Experimentally, beam failure occurred when the resistance capacity of the transverse
reinforcement was exhausted. This phenomenon was also observed in the numerical simulation by
Arcine (2020), in which the 618 MPa given to the software as yield stress was detected in the
stirrups (Figure 8d).

S, Min. Principal

PR PR e e e D

Compression stress
a

s

S, Min. Principal
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B -1.930e+00
-4.475e+00 ‘ ‘

B C1720e+01
-1 e+01

-2.229e401
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Figure 8. Experimental crack pattern (a), stress concentration (b), numerical crack pattern (c) and
Von Mises stresses of the frame (d) of the VCR beam (units in MPa).

4.1 Strengthened beam (VCO0-90).

Figure 9 shows the numerical and experimental results of the beam strengthened with CFRP (VCO-
90) in shear as well as the experimental results of Menon (2008). There is good agreement between
the results. The numerical test VC0-90 (MEF) and the experimental VC0-90 showed unloading in
the post-peak region, which characterizes the failure of the cohesive surface, or in the experimental
case, the debonding of the strengthening and subsequent collapse in shear. It was found that the
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shear strengthening of these beams significantly increased their ductility with an increase in
resistance of approximately 18%. As for the peak load, the experimental VC0-90 beam reached a
load of 102.5 kN, while the simulated VC0-90 (FEM) reached 94.9 kN, which corresponds to a
relative error of 7.41%. This behavior shows that the simulated beam exhibited premature
debonding before the experimental beam. This can be attributed to the data assumed according to
Obaidat, Dahlblom and Heiden (2010), because to obtain more accurate results, experimental tests
are required that better describe the material used experimentally. Nevertheless, there were only
minor deviations in behavior and the result was considered satisfactory.

110
100
90

— VC0-90 (FEM)
———-Menon (2008)

0 1 1 1 1 1 1 1 1 1 J
6 8 10 12 14 16 18 2

Mid-span displacement (mm)
Figure 9. Load-displacement curves at mid-span for the strengthened beam (VC0-90).

Figure 9 shows a good agreement between the numerical behavior of the Risson beam (2016) and
the experimental behavior tested by Menon (2008). However, this experimental behavior showed
a large ductility after the peak, without a softening section. In this case, in addition to the
compressive strength of the concrete, there is another difference in the position of the carbon sheet,
since in the experimental tests carried out by Menon (2008), the CFRP was positioned between the
stirrups and did not debond from the interface as described in the literature (Arcine, Menon and
Krahl, 2023; Pellegrino and Modena, 2008). The lack of softening after the peak could be
determined numerically if the interface was considered perfect, i.e., it would not be possible to
observe debonding, as was also the case with the results of Obaidat, Dahlblom and Heiden (2010).
Figure 10 shows the failure modes of the shear-strengthened beams and the critical areas of
cracking and stresses in the steel. The formation of two compression diagonals was observed in the
VCO0-90 beam, unlike the VCR beam where only one compression diagonal formed (Figure 8b).
Figure 10d shows areas of debonding that are very similar to the experimental results and areas of
cracking where the debonding is represented by the color red (damage equal to 1.0) (Obaidat,
Heyden and Dahlblom, 2010). According to Arcine, Menon and Krahl (2023) and Pellegrino and
Modena (2008), the position of the strengthening before the stirrups can influence the resistance of
the strengthened beam. This is because the CFRP, when positioned between the inner stirrups,
provides confinement and thus increases the resistance of the beam, which is not the case when
positioned above the stirrups.

Figure 10e shows the stresses in the reinforcement after the end of the simulation. As before,
yielding of the transverse reinforcement occurred, but this time this phenomenon was only
observed in one of the four stirrups in the shear span. This fact shows that even with CFRP
strengthening, the concrete and such reinforcement still suffer from shear stresses due to premature
debonding of the composites (Arcine, Menon and Krahl, 2023; Pellegrino and Modena, 2008).
Furthermore, the bottom longitudinal bar (near the yielding stirrup) reached an approximate stress
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of 464.1 MPa, indicating the need for a more efficient anchoring system to ensure better material
utilization. Pellegrino and Modena (2008) pointed out that one of the factors affecting the
strengthening efficiency is the presence of steel stirrups.
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Figure 10. Experimental crack pattern (a), stress concentration (b), numerical crack pattern (c),
debonding regions (d) and Von Mises stresses of the frame (e) of the VC0-90 beam (units in
MPa).
5. CONCLUSIONS

The aim of this work was to identify the most important parameters controlling the structural
behavior of rectangular reinforced concrete beams externally strengthened in shear with CFRP.
This required numerical modeling using ABAQUS 6.12 software. The modeling results were
compared with experimental tests by Risson (2016). The problem seems to be very comprehensive
as it addresses several topics such as damage mechanics, constitutive models, plasticity theory,
shear strengthening and different modeling. The main conclusions are summarized below:

e The study proved to be suitable for predicting the behavior of reinforced and shear-
strengthened beams. The modeling of the cohesive surface accurately predicted the damage
process in the adhesive, in contrast to situations where perfect bonding is assumed.

¢ Reading the stresses in the steel showed that strengthening the beams delays the onset of
yielding of the steel, which can also reduce the deformation of the concrete.
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e The use of externally bonded CFRP material as a shear-strengthening element can greatly
increase the load-bearing capacity of reinforced beams. However, fragile collapses can still
be observed without much knowledge from professionals.

e The use of more efficient shear strengthening systems, such as the use of mechanical
anchors, can increase shear strength and cause flexural failure.

e To improve the effectiveness of strengthening, the possibilities of debonding of CFRP and
the measures to mitigate it should be studied in detail.
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