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Abstract

Retrofitting seismically deficient beam-column joints (BCJs) in reinforced concrete (RC) structures is crucial to preventing collapse
during high-intensity earthquakes. Fiber reinforced polymer (FRP) composites have proven effective for retrofitting these components,
but debonding of the FRP from concrete surfaces remains a challenge. Recently, the grooving method (GM) has emerged as a promising
solution to mitigate this issue, enhancing the bond between FRP and concrete. This paper presents a numerical investigation of
BCJs retrofitted with FRP composites using the GM, focusing on various design parameters. The study utilized finite element models
developed in ABAQUS, incorporating the concrete damage plasticity (CDP) model to simulate the nonlinear behavior of concrete.
The interface between the concrete and FRP was modeled as a perfect bond, simulating the strong adhesion provided by the GM.
The numerical results were validated against experimental data from two BCJ specimens, showing good agreement in terms of load-
displacement behavior, peak loads, and failure modes. Key parameters studied include the beam longitudinal reinforcement ratio,

column axial load ratio, and joint aspect ratio. The findings reveal that these parameters significantly affect the shear capacity of

retrofitted joints, impacting the efficiency of the retrofitting.
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1 Introduction

The resilience of reinforced concrete (RC) structures in
civil engineering depends significantly on the integrity of
beam-column joints (BCJs), which are among the most vul-
nerable and critical components of RC frames, particularly
when subjected to seismic events. However, BCJs built
before the implementation of modern seismic design codes,
especially those with beam flexural capacities exceed-
ing those of the columns, often show seismic deficiencies.
These deficiencies include insufficient or a complete lack
of transverse reinforcement in the joint region, inadequate
anchorage for beam longitudinal reinforcement, and a fail-
ure to adhere to the principles of strong column-weak beam
design [1]. These deficiencies make the structural elements
non-compliant with seismic standards, leaving them vulner-
able to joint shear failure due to the high shear stresses in
the joint panel during severe earthquakes. This failure typi-
cally occurs in a brittle manner, causing severe damage and
potentially leading to the collapse of the entire structure [2].

Earthquake-induced damage to concrete structures can be
so severe that reconstruction costs become prohibitively
high. Therefore, retrofitting these structural components is
essential to reduce the risk of severe damage or complete
collapse during seismic events.

Over the years, researchers have explored diverse retro-
fitting methods to enhance the seismic performance of rein-
forced concrete beam-column joints (RC-BClJs), employ-
ing an extensive array of retrofitting materials. One notable
approach is the utilization of RC or steel jacketing [3—6],
which has been confirmed to enhance the strength, stiff-
ness, ductility, and energy dissipation of RC-BClJs.
Additionally, ferrocement jacketing has been applied for
retrofitting BCJs using various types of mortar [7, 8].

In recent years, fiber reinforced polymer (FRP) compos-
ites have emerged as the preferred choice for seismic retro-
fitting, surpassing traditional materials due to their excep-
tional attributes. Externally bonded reinforcement (EBR)

Cite this article as: Bouroumana, I., Nafa, Z., Nigri, G. "Numerical Study on the Retrofitting of Exterior RC Beam-column Joints with CFRP Composites Using
the Grooving Method", Periodica Polytechnica Civil Engineering, 69(1), pp. 175-192, 2025. https://doi.org/10.3311/PPci.37522


https://doi.org/10.3311/PPci.37522
https://doi.org/10.3311/PPci.37522
mailto:bouroumana.issam@univ-guelma.dz

1 76 Bouroumana et al.
Period. Polytech. Civ. Eng., 69(1), pp. 175-192, 2025

FRP composites, in particular, have gained widespread
acceptance owing to their remarkable strength-to-weight
ratio, lightweight nature, excellent corrosion resistance,
and ease of installation [9]. Experimental studies have
extensively validated the efficacy of EBR-FRP composites
in reinforcing BCJs vulnerable to seismic forces [10—16].
These studies have explored various FRP sheet configu-
rations bonded to non-seismically designed BClJs, includ-
ing L-shape, U-shape, X-shape, and T-shape, each tailored
to address specific seismic vulnerabilities. For instance,
Le-Trung et al. [10] employed T-shape, L-shape, and
X-shape configurations to retrofit shear-deficient BCls,
with the X-shaped pattern exhibiting superior strength
and ductility compared to T and L-shaped configura-
tions. Similarly, Ghobara and Said [11] investigated the
retrofitting of shear-deficient BCJs using U-shape and
X-shape configurations. Generally, for shear-deficient
joints, the U-, X-, and T-shaped sheet patterns are com-
monly applied to BCJs [12—-14]. Meanwhile, joints with
insufficient beam longitudinal reinforcement anchor-
age often receive L-shaped sheets affixed to the beam's
flanges [15, 16]. However, it is important to acknowl-
edge a significant drawback of the EBR-FRP composite
technique, namely, the risk of debonding of FRP sheets
from concrete surfaces, which emerges as a prevalent fail-
ure mode in many retrofitted BCJs. Consequently, while
EBR-FRP composites offer substantial improvements in
the seismic performance of deficient BCJs in terms of
strength, ductility, and energy dissipation capacity, strat-
egies to mitigate debonding are crucial for ensuring the
long-term effectiveness of retrofit measures.

In response to the challenge of debonding FRP sheets,
researchers have proposed new techniques to mitigate this
issue. One effective method is the anchorage of FRP com-
posites on the surfaces of the joint area in BClJs, which
helps prevent or delay undesired debonding failure.
Various anchorage methods have been proposed to ensure
the FRP remains bonded, including transverse wrapping
with FRP strips on the beam, mechanical anchorage,
bolted steel plates, steel angles, bonding concrete covers
with CFRP wrapping, and using self-tapping screws for
FRP strips [17]. The near-surface mounted (NSM) tech-
nique, which involves embedding FRP strips or bars in
grooves, is another effective method for enhancing the
performance of BCJs against debonding failure [1, 18].
Furthermore, surface preparation plays a critical role
in ensuring a strong adhesive bond with the substrate.
Proper surface preparation techniques, such as grinding,

sandblasting, and water jetting, are essential for improv-
ing adhesion and reducing the risk of debonding [19].

In recent few years, the grooving method (GM), intro-
duced to prevent or delay premature debonding failure.
This technique involves creating grooves or indentations
on the concrete surface before applying the FRP sheets.
In a notable study by Mostofinejad and Akhlaghi [20],
the effectiveness of GM in seismic retrofitting of shear-de-
ficient BCJs was investigated. The study examined vari-
ous configurations of FRP sheets combined with FRP
fan anchors. Results demonstrated the complete elimina-
tion of debonding events. Additionally, Mostofinejad and
Hajrasouliha [19, 21] studied the FRP-retrofitting of 3D cor-
ner deficient joint using GM to delay the debonding of FRP
sheets from the concrete substrate. Their results showed
that the brittle shear failure mode in joint area changed into
a flexural one in the beam. In another investigation, Ilia
and Mostofinejad [22] tested five half-scale exterior BCJ
retrofitted with GM combined with FRP anchorage system,
the tested joints were strong in beams and weak in columns.
The results showed a significant enhancement in strength,
ductility an energy dissipation with relocating the plas-
tic hinge away from the joint area. Further, Ilia et al. [23]
experimentally assessed GM's efficacy for deficient BCls,
considering different FRP sheet configurations and anchor-
ing methods. Across all tested retrofitting configurations,
an improvement of up to 80% in strength capacity was
observed, with the plastic hinges relocated into the beam.
Moreover, Davodikia et al. [24] conducted a comparative
study on the effectiveness of conventional surface prepa-
ration versus the GM in seismic retrofitting of BCJs. Four
BCJ specimens were experimentally tested to evaluate the
performance of both techniques. The same FRP configu-
rations were applied in both cases. The study revealed that
the GM resulted in a stronger adhesion between the FRP
layer and the concrete substrate compared to conventional
surface preparation, thereby eliminating the separation
phenomenon in the joint panel.

The retrofitting of RC-BClJs using carbon fiber rein-
forced polymer (CFRP) composites has shown promise,
particularly through the GM. However, a comprehensive
understanding of how various key parameters influence
the performance of these retrofitted joints remains limited.
The GM offers significant potential for improving bond
strength and overall joint performance, yet existing stud-
ies often focus on individual parameters or alternative ret-
rofitting techniques. Furthermore, there is a lack of exten-
sive validation of numerical models, such as those using



the concrete damage plasticity (CDP) model in ABAQUS,
against experimental results for GM-retrofitted joints.

To address these gaps, this study investigates the per-
formance of RC-BClJs retrofitted with CFRP composites
via the GM under various parameters. The study employs
numerical models developed using the finite element (FE)
software ABAQUS. The numerical findings are verified
against test results of two BCJ specimens in terms of
load-displacement curves, peak loads, and failure modes.
The CDP model implemented in ABAQUS is used to sim-
ulate the behavior of the concrete material. Due to the
strong bond strength properties resulting from the GM
between the CFRP composite and the concrete substrate,
a perfect bond simulation is employed to ensure no bond
slip occurs during analysis. The key parameters in the
numerical study include the flexural reinforcement ratio
of the beam, column axial load ratio, joint aspect ratio,
and joint transverse reinforcement. The effects of these
key parameters on the joint shear capacity, load-displace-
ment response, and damage index are thoroughly investi-
gated in the parametric study.

2 Summary of experimental test

To rigorously validate the accuracy of the numerical mod-
els, two exterior RC-BCJ specimens, namely NS and
R2NS, were selected from a recently published study [24].
The NS specimen underwent testing without any retrofit-
ting (control). As displayed in Fig. 1, The NS specimen was
intentionally designed without transverse reinforcement in
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the joint panel, and with an increased spacing of stirrups
in both the beam and columns. This intentional design
aimed to create insufficient shear strength in the joint
panel, simulating the conditions of an aged non-seismic
RC-BCJ. The R2NS specimen was also non-seismic joint.
It was tested after being reinforced with CFRP sheets in
different configurations. Including:

1. two U-shaped sheets were placed in the joint panel with
the fiber's direction parallel to the axis of the beam;

2. two layers of sheets were installed on both sides of
the column with the fiber's direction parallel to the
axis of the column;

3. finally, two wrapping layers were placed around the
beam end, and the two-column ends respectively.

The CFRP layers were affixed to the concrete substrate
using a GM. the retrofitted specimen details are illustrated
in Fig. 2. In both sub-assemblages, the column's cross-sec-
tional dimensions were 250 x 250 mm, with a height of
2100 mm. additionally, the beam had a cross-sectional
dimension of 220 x 250 mm, extending 1400 mm from
the column face. Fig. 1 displays the reinforcement and the
detailed dimensions of the two selected BClJs.

The NS and R2NS sub-assemblies both experienced
a constant axial load of 175 KN applied at the top of
the column. This load corresponds to 0.1 times fx 4,,
where f represents the compressive strength of the con-
crete, and Ag denotes the cross-sectional dimensions of the
column. Following the axial load, cyclic lateral displace-
ments were applied to the beam tip in two opposite direc-
tions. The lateral load history consisted of several sets of
three cycles. Each set featured varying amplitudes of hor-
izontal displacement, with these amplitudes remaining
constant within each set. However, these amplitudes pro-
gressively increased across consecutive sets of cycles.

For a more detailed account of the experimental proce-
dures and results, we kindly refer readers to the study pub-
lished by Davodikia et al [24].

3 Finite element modelling

The utilization of FE modelling for the study of con-
crete structural members behaviour presents an efficient
and cost-effective approach when compared to the typi-
cally time-consuming and expensive laboratory test-
ing methods [25]. Thus, the FE code ABAQUS software
is employed in this research to accurately simulate the
complex nonlinear characteristics of concrete structures,
thanks to its extensive material and element library.
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Fig. 2 Retrofitting details of R2NS specimen; (a) Layers configurations
detail; (b) Grooving method detail [24]

The quasi-static analysis using ABAQUS/Explicit was
used instead of the static analysis approach to overcome
the numerical convergence issues that often arise during
the simulation of cracked concrete using static analysis
method [25]. However, the explicit analysis is commonly
employed for dynamics problems, but it can be effectively
applied to static solutions involving a slow rate of load-
ing [26]. An essential criterion for ensuring an appro-
priate loading rate is to keep the kinetic energy of the
entire model significantly lower than the internal energy

throughout the analysis. In this study, the selection of the
loading rate, defined as the ratio of applied displacement to
the loading time (step time), was investigated across vari-
ous velocities. Notably, the loading rate depends solely on
the loading time when the applied displacement is spec-
ified. By monitoring the model's kinetic energy, it was
determined that a loading rate of 9.5 mm/s yielded accu-
rate results compared to experimental ones. Additionally,
a smooth step amplitude was utilized to mitigate internal
effects generated by the kinetic energy.

The following sections provided a succinct overview
detailing the methodology utilized in constructing the FE
model.

3.1 Element types, interactions and meshing

The model's geometrical characteristics were maintained
in similarity to those of the test specimens. A four-node
linear tetrahedron (C3D4) elements were used for concrete
part and the loading steel plate. Two-node linear 3D truss
elements (T3D2) were used to model steel reinforcements.
A four node (S4R) shell element was used to simulate the
CFRP composites. The steel reinforcements were con-
sidered embedded inside the surrounding concrete using
embedded constraint in ABAQUS. Based on the robust
bond strength resulting from the GM between CFRP com-
posites and the concrete substrate, it is presumed that the
interactions between the CFRP layers and the underlying
concrete substrate yield a perfect bond. A 45 mm thick
steel plate was used to apply the load in the beam tip.
The interaction between the loading plate and the concrete
substrate was also modelled using a perfect bond. After
conducting mesh sensitivity analysis, an approximate
global mesh size of 50 mm was selected for concrete part
and steel reinforcement, with 25 mm approximate global
mesh size chosen for CFRP material.

3.2 Concrete modelling

In the ABAQUS software, a range of models is available to
capture the nonlinear behaviour of concrete. In this current
study, our simulation relies on the CDP model to replicate
concrete’s behaviour, which has demonstrated its efficacy
in modelling concrete behaviour based on multiple prior
investigations [27, 28]. The CDP model is categorized as
a continuum, plasticity-based, and damage model [29].
It incorporates the primary failure modes, encompass-
ing the development of tensile cracks and the compres-
sive crushing of concrete material [29]. Additionally, the
model considers the degradation of elastic stiffness by



incorporating two damage variables in compression and
tension, denoted as d, and d, respectively, as illustrated in
Fig. 3 [30]. These variables can range from zero, repre-
senting an undamaged material, to one, signifying com-
plete strength loss. It is worth noting that the CDP model
necessitates specific material definitions, encompassing:
1. Plasticity parameters;
2. Uniaxial stress-strain relationship under compres-
sion and tension;
3. Damage scalar parameters d_ and d, under compres-
sion and tension respectively.

In order to effectively model concrete behavior, it is
essential to take into account four specific plasticity
parameters outlined in the CDP model. These parame-
ters, have been succinctly summarized in Table 1. Among
them, the dilation angle plays a critical role in influencing
the accuracy of the results. This value significantly affects
the material’s volumetric response under compression,
making its proper calibration crucial for achieving realis-
tic simulation outcomes. The recommended range for the
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Fig. 3 Concrete material definition; (a) In compression; (b) In tension [30]
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Table 1 Plasticity parameters of CDP model

Parameter name Value
Dilation angle 40
Eccentricity 0.1
Ratio of biaxial to uniaxial compressive strength 1.16

The ratio of second stress invariant on the tensile meridian 0.667

dilation angle is 31° to 42° [31]. To evaluate the impact
of different dilation angles on analysis accuracy, values of
36°, 38°, 40°, and 42° were assessed using the model for
the NS specimen. Fig. 4 shows the analysis results for the
examined dilation angles in comparison with experimen-
tal results. The results are highly dependent on the dilation
angle value. The peak load increased with the magnitude
of the dilation angle. As shown in Fig. 4, a value of 40° can
reasonably capture the experimental load-displacement
curve among others. Therefore, the dilation angle was set
to 40° for all subsequent analyses.

To characterize the stress-strain behaviour of concrete
under compression in our research, we have utilized the
model introduced by Saenz [32]. The equations govern-
ing the presumed compressive stress-strain relationship,
as per the Saenz model, can be found in Egs. (1)—(6).
The concrete's ultimate strain &, was deliberately set at
a large value of 0.035 to mitigate potential numerical diffi-
culties [26]. The young's modulus of concrete, £, was cal-
culated by ACI 318-19 [33] as depicted in Eq. (7), and the
Poisson's ratio was assumed to be 0.2.
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Fig. 4 Load-displacement response of NS model with varying

dilation angles
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In Egs. (D—(7):

* 0_: concrete's compressive stress (MPa);

* E_: Young's modulus of concrete (MPa);

* E,: secant modulus of concrete (MPa);

* f: compressive strength of concrete (MPa);
* ¢ compressive strain of concrete;

* ¢g,: strain corresponding to f;

© g maximum concrete compressive strain;

* o concrete's compressive stress at maximum strain
(MPa);

R: ratio relation;

3

R : modular ratio;
* R :stress ratio;

.

R_: strain ratio.

In the CDP model, the compression-induced stress-
strain relationship of concrete is incorporated by intro-
ducing an inelastic strain component denoted as &” as
depicted in Eq. (8), this inelastic strain is equivalent to the
total strain minus the elastic strain.

~in ~el _ O,

el
g =¢& _80: > €oc _E (8)

c

The scalar damage parameter in compression, referred
to as d_, is a key component of the model and is incorpo-
rated solely within the descending branch of the stress-
strain curve, as outlined in Eq. (9), based on Jankowiak
and Lodygowski [34].

d=1-2¢ ©)

To ensure accurate concrete material representation,
it is essential to refer to Fig. 5, which provides critical
data for model definition. Fig. 5(a) illustrates the rela-
tionship between compressive stress and inelastic strain,
while Fig. 5(b) presents the correlation between the com-
pression damage parameter and inelastic strains. This
comprehensive representation aids in accurately defin-
ing the concrete material behaviour under compression
within the CDP model.

Moreover, fracture energy criteria were employed
to model the tensile behaviour of concrete, utilizing
the stress-crack width displacement response based on
Hillerborg et al. [35], as depicted in Fig. 6. Here, f, rep-
resents the tensile strength of concrete, computed in
accordance with ACI 318-19 [33], as outlined in Eq. (10).
The parameter Gf denotes the fracture energy, which
signifies the energy required to generate a unit area of
crack surface and is illustrated by the area under the ten-
sile stress-crack width displacement curve. The fracture
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Fig. 5 Definition of concrete compressive behaviour in the CDP model;
(a) Compressive stress vs. inelastic strain; (b) Damage parameter vs.

inelastic strain
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energy can help to prevent mesh-sensitivity and can be
obtained by Eq. (11) [36]:

£,=0337, (10)
G/‘ = G/‘o ((fl’ + 8) +f;‘mn )0.7 > (11)

where f = 10 MPa and G denotes the base fracture
energy depending on the maximum aggregate size of con-
crete, d_ . By assuming thatd =12 mm the value of the
base fracture energy is equal 0.03 N/mm [36].

The damage parameter in tension, d,, was assumed to
reach a value of 0.8 when the strength drops by 80%, while
its maximum value was chosen as 0.95, corresponding to
a 95% reduction in strength. Fig. 7(a) illustrates the ten-
sion stress-cracking displacement curve, while Fig. 7(b)
depicts the relationship between the tension damage
parameter and cracking displacement.

3.3 Reinforcement modelling

In our structural analysis, we have adopted an isotro-
pic modelling approach to characterize both the steel
reinforcement and the loading steel plate. Specifically,
the steel reinforcement is assumed to exhibit bilinear
behaviour, with its mechanical properties obtained directly
from experimental test data, as detailed in Table 2 [24].
Simultaneously, the loading steel plate has been repre-
sented as a linear material with defined mechanical prop-
erties. In this context, a Poisson's ratio of 0.3 and a Young's
modulus of 200 GPa have been attributed to the loading
steel plate. To visually depict the mechanical response of
the steel reinforcement, Fig. 8 provides a clear illustration
of its bilinear stress-strain behaviour within our model.
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Fig. 7 Definition of tensile behaviour of concrete in the CDP model;
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Table 2 Mechanical properties of reinforcing bars

Bar diameter (mm) 14 10
Density (#/mm?) 7.8 x 107 7.8 x107°
Poisson's ratio 0.3 0.3
Young's modulus (GPa) 200 200
Yield strength (MPa) 470 405
Ultimate strength (MPa) 690 670
Yield strain (%) 0.2 0.18
Ultimate strain (%) 15 16
3.4 CFRP modelling

To reinforce the RC-BCJ, and enhance its resistance to
shear forces within the joint core, unidirectional fiber
sheets were utilized. The CFRP composite material can
be modeled either as isotropic [37] or orthotropic [38].
In this investigation, the behavior of CFRP was treated
as linearly elastic orthotropic until the point of failure.
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Fig. 8 Bilinear stress-strain diagrams for reinforcing bars

The mechanical properties of orthotropy for the com-
bined CFRP sheets and epoxy adhesive were determined
through direct tensile testing performed on two layers of
epoxy-coated laminates, as detailed in Table 3 [39].

In order to consider the damage in the CFRP fabric,
Hashin's criteria [40] was adopted to detect the evolution
of damage in the CFRP fabric. There are four different
damage initiation mechanisms in this model, i.e., fiber
tension, fiber compression, matrix tension, and matrix
compression, and they can be expressed respectively by
Egs. (12)—(15):

1. Fiber in tension (g,, > 0):

:(&f +a[h)2. (12)
X’ S*

2. Fiber in compression (o,, < 0):

F=( 2], (13)

3. Matrix in tension (g,, > 0):

2 2
F :("_) +[’_j . (14)
" Y S

Table 3 CFRP Mechanical orthotropic properties [39]

3

Property Designation Value
E, 46.053
Young's modulus (GPa) E, 3.224
E. 3.224
v, 0.28
Poisson's ratio v 0.28
v, 0.42
VU, 1.259
Shear modulus (GPa) G 1.259
1.135

4. Matrix in compression (o,, < 0):

o, ) Y ’ o, ) (t,Y
ol {5l o
" (ZST 28" Y¢ S
In Egs. (12)—(15):
o,, and 0,,: represent normal stresses in the x and y

planes, respectively;

* 7,,and 7,,: denote shear stresses in the x and y planes,
respectively;

+ XT: signifies longitudinal tensile strength;

« X¢: indicates longitudinal compressive strength;

» YT: represents transverse tensile strength;

» Y€ stands for transverse compressive strength;

» S refers to longitudinal shear strength;

» ST: represents transverse shear strength.

4 Analysis verification
The geometric representation of the R2NS model sub-
jected to analysis verification is depicted in Fig. 9. To repli-
cate the boundary conditions of the actual test setup accu-
rately, two reference points were added at the ends of the
column. These reference points interact with the column
surfaces using the coupling constraint. Then, the bound-
ary conditions were applied to them. The upper surface of
the column was constrained in both the X and Z directions
(U, = U, = 0), simulating a roller support. Conversely,
the lower surface was constrained in the X, Y, and Z direc-
tions (U, = U, = U, = 0), representing a pinned support,
in accordance with the test conditions. Additionally, the
free end of the beam was constrained in the Z direction
to prevent any lateral movement. In order to mirror the
experimental loading conditions, two distinct load steps
were implemented. The first step involved the application
of a consistent axial pressure of 2.8 MPa to the upper sur-
face of the column, which was maintained throughout the
analysis. This corresponds to an axial force of 175 kN.
Subsequently, in the second step, the beam load was intro-
duced by means of controlled displacement at a designated
reference point situated at the center of the steel loading
plate. Notably, a purely monotonic displacement was
applied at the beam end, thereby simplifying the analy-
sis and circumventing the intricate calculations associated
with cyclic loading analysis. Importantly, this approach
has been employed in various prior numerical investiga-
tions conducted on RC-BClJs for the purpose of analysis
validation [37, 41-43].

The envelopes of the experimental hysteresis curves
were computed and subsequently juxtaposed with the
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Fig. 9 Details and geometric representation of R2ZNS model

numerical beam load-displacement curves, thereby facil-
itating the evaluation of the analysis's precision and cred-
ibility. Fig. 10, illustrates the comparison between the
beam load-displacement curve subjected to experimen-
tal testing and the numerical models. The predicted peak
loads, as derived from the numerical analysis, for the
NS and R2NS specimens were 39.01 KN and 49.15 KN,
respectively. In contrast, the corresponding experimental
peak loads were 38.00 KN and 50.46 KN. On the whole,
the load-displacement curve produced by the finite ele-
ment analysis FEA demonstrated a commendable agree-
ment with the experimental data. As depicted in Fig. 10,
the numerical initial stiffness of the NS and R2NS speci-
mens was found to be marginally higher than that observed
experimentally. This slight variation in the results can be

70
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mmmNS-Experiment

7
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/
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deemed acceptable when accounting for potential minor
disparities between the input and measured properties of
the test parameters, the idealized bond assumption between
reinforcement and concrete, or any potential material irreg-
ularities encountered during the experimental tests.

The crack patterns for both NS and R2NS specimens,
as derived from numerical simulations, are on display in
Fig. 11. This illustration portrays the plastic strain distri-
butions at peak loads and facilitates a comprehensive com-
parative analysis with the corresponding results obtained
from experimental testing. For the FE outcomes of the
bare NS specimen, it is observed that the flexural cracks
initially appear in the beam, and then they propagate into
the joint core area, where shear cracks begin to develop.
As the loading process continues, the number of shear
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Fig. 10 Comparison of the beam load-displacement curves: numerical analysis vs. experimental test; (a) NS specimen; (b) R2NS specimen
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Fig. 11 Failure modes of the tested specimens; (a) numerical crack

pattern for NS; (b) experimental crack pattern for NS; (c) numerical
crack pattern for R2NS; (d) experimental crack pattern for R2NS

diagonal cracks increases. Eventually, the bare NS speci-
men fails in a brittle shear failure mode due to the absence
of horizontal stirrups in the joint core region. This obser-
vation aligns with the experimental results. In contrast,
the R2NS model exhibits a somewhat distinct behavior.
Prior to reaching the peak load, cracks manifest solely
within the beam, in the form of flexural cracks within the
sections retrofitted with CFRP sheets. Upon reaching the
peak load, a few shear cracks emerge in the joint core area,
due to the initiation of damage within the CFRP material.
In the experimental phase, and during the latter stages of
loading, distinct occurrences are noted, the detachment
of a portion of the concrete cover with the CFRP sheets
and the separation of the CFRP composite from the con-
crete surface began, both occurring specifically on the
beam. It is noteworthy that this observation does not man-
ifest in the numerical model, as it relies on the assump-
tion of a perfect bond between the CFRP material and the
concrete substrate. Nevertheless, the load-displacement
curves obtained from the numerical simulations closely
mirror the experimental results, especially within the non-
linear phase. Thus, the numerical models demonstrated
a level of agreement that was deemed acceptable.

5 Parametric study
Building on the validated accuracy of the developed FE
model, a parametric analysis was conducted to assess the

influence of key parameters on the performance of the ret-
rofitting technique explored in this study. The parameters
examined include the column axial load ratio, beam lon-
gitudinal reinforcement ratio and joint aspect ratio. This
analysis aims to deepen understanding of how these fac-
tors affect the overall effectiveness of the retrofit method.

5.1 Effect of column axial load

Section 5.1 of the study examines the effect of the col-
umn axial load ratio on the behavior of retrofitted BCJs
through finite element analysis. Four distinct axial load
levels (0, 0.14, 1!, 0.24, f, and 0.34, f) were investi-
gated for joints both with and without CFRP composites
to assess the retrofit's influence on strength and ductility.
These axial load levels were selected due to their tendency
to induce shear failure in un-retrofitted joints. Fig. 12 illus-
trates the lateral force versus horizontal displacement
behavior under varying axial load levels, while Table 4 pro-
vides a comprehensive summary of the results, including
peak load (P, ), displacement at peak (A ) and the obtained
numerical joint shear strength ™) for each axial load ratio.

Analysis of Fig. 12 and Table 4 reveals notable trends.
Specifically, in un-retrofitted specimens, the lateral force
increased by approximately 25% as the axial load ratio tran-
sitioned from 04, f to 0.34, /. This significant increase
suggests that the axial load plays a crucial role in enhancing
the shear strength of the joint. In contrast, retrofitted speci-
mens showed a smaller increase of around 16% over the same
range of axial load. This smaller increase can be attributed
to the additional confinement provided by the CFRP mate-
rial, which improves the joint shear strength and mitigates
the impact of the column axial load on the lateral force.

However, the peak load showed percentage increases
of 26.64%, 25.99%, 22.49%, and 16.63% for retrofitted
joints compared to control joints at axial load levels of
0, 0.14, 1, 0.24,f’, and 0.34,f, respectively. These
results indicate that while CFRP significantly enhances
the shear strength of the joint, its relative contribution
decreases as the column axial load increases. The higher
column axial loads enhance the inherent shear strength of
the joint panel, reducing the incremental benefit provided
by CFRP retrofitting.

The most significant improvement in peak load (26.64%)
was observed in the absence of axial load. This suggests
that the CFRP composite exhibits full participation in rein-
forcing the joint when there is no axial load. Under these
conditions, the CFRP can fully engage in resisting the
shear forces without being supplemented by the additional
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Fig. 12 Effect of column axial load ratio on the load-displacement curves; (a) N =0.0; (b) N=0.1; c) N=0.2; (d) N=0.3
Table 4 Output results for different column axial load ratio
Peak load (P,) (KN) Displacement at peak (A ) (mm) v, (Mpa)
Ratios / Gainin P, %
Control Retrofitted Control Retrofitted Control Retrofitted
0.0 37.39 47.35 30.32 33.42 4.27 5.41 26.24
0.1 39.01 49.15 24.85 31.08 4.46 5.62 25.99
0.2 42.06 51.52 21.63 2541 4.80 5.89 22.49
0.3 47.00 54.82 17.05 23.52 5.37 6.26 16.63

shear strength from the axial load. The extensive involve-
ment of the CFRP composite in retrofitting was particu-
larly evident in joints with lower initial shear strengths,
where it played a critical role in confining the panel zone
against the shear forces induced by lateral loads. This high-
lights the importance of CFRP in retrofitting applications
where the existing shear capacity is insufficient.

The reduced percentage increase in peak load for ret-
rofitted joints at higher axial loads (16.63% at 0.34, 1)
indicates diminishing returns from CFRP retrofitting as
the axial load increases. As the joint's shear strength is
already enhanced by the higher axial load, the additional

confinement and tensile strength provided by the CFRP
become less critical.

In Fig. 13, the tensile damage contours for retrofitted
joints under various axial loads are depicted. The illus-
tration highlights how an escalation in column axial load
redistributes tensile damage from the joint area to the
beam. Additionally, it confirms that higher axial load levels
effectively confine the area of joints from developing diag-
onal shear cracks. Notably, in the absence of column axial
load Fig. 13(a), severe diagonal shear cracks are observed,
indicating the full engagement of the CFRP composite in
reinforcing the joint area under this condition.
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Fig. 13 Effect of column axial load ratio on the tensile damage of joints at peak load; (a) N/(Ag x f1)=0;(b) N/(Ag x f1)=0.1;(c) N/(Ag x f1)=0.2;
(d) N4, > f1)=0.3

5.2 Effect of beam longitudinal reinforcement ratio

The investigation involved simulating and analyzing var-
ious longitudinal reinforcement ratios in beams: 0.99%,
1.44%, 1.95%, and 2.55%. The reinforcement ratios were
adjusted by maintaining the same number of rebars with
consistent mechanical properties while varying their
diameters. Fig. 14 presents the resulting load-displace-
ment curves for specimens with and without CFRP com-
posites. Additionally, Table 5 summarizes the key output
parameters, including peak load (P,) and displacement
at peak load (A ) and the obtained numerical joint shear
strength (v)) for each reinforcement ratio.

The analysis of Fig. 14 and Table 5 reveals a significant
improvement in the load-carrying capacity of joints with-
out CFRP composites when increasing the beam reinforce-
ment ratio from 0.99% to 2.55%, resulting in approximately
a 46% increase. This enhancement is attributed to the
increased beam reinforcement, which improves the beam's
ability to resist flexural loads and leads to a notable increase
in load-carrying capacity, especially where beam flexural
failure was observed at the lowest reinforcement ratios.

In contrast, joints retrofitted with CFRP composites
exhibited a slightly lower increase in load-carrying capac-
ity, about 36%. This suggests that while both scenarios



Bouroumana et al. | 1 87
Period. Polytech. Civ. Eng., 69(1), pp. 175-192, 2025

70 70
60 60
= Retrofitted - Retrofitted
50 50
== Control === Control
i 40 ; 40
E 30 3 30 e ————
20 20
10 10
0 T 0
0 20 40 60 80 0 20 40 60 80
Displasement (mm) Displasement (mm)
@ (b)
70 70
60 60
= Retrofitted = Retrofitted
50 50
Control Control
g4 g
830 LD
20 20
10 10
0 - 0 - -
0 20 40 60 80 0 20 40 60 80
Displasement (mm) Displasement (mm)
© (]
Fig. 14 Effect of beam longitudinal reinforcement ratio on the load-displacement curves; (a) 0.99%; (b) 1.44%; (c) 1.95%; (d) 2.55%
Table 5 Output results for different beam reinforcements ratio
Peak load (P) (KN) Displacement at peak (A ) (mm) v. (Mpa)
Ratios " P P " ;P Gainin P, %
Control Retrofitted Control Retrofitted Control Retrofitted
0.99 27.87 37.54 24.51 38.03 3.18 4.29 34.69
1.44 35.01 45.33 23.62 32.07 4.00 5.18 29.47
1.95 39.01 49.15 24.85 31.07 4.46 5.62 25.99
2.55 40.70 51.03 24.06 29.60 4.65 5.83 25.38

showed enhancements, the impact of CFRP retrofitting
on load-bearing capacity was marginally less pronounced
compared to joints without such reinforcement. The CFRP
wraps around the beam enhance the beam's flexural capac-
ity by providing additional confinement. However, this
increased capacity also results in a greater load being
transferred to the joint as shear force, leading to a reduced
relative increase in load-carrying capacity. This shift in
failure mode from beam flexural failure to joint shear fail-
ure due to the increased beam reinforcement ratio explains
the smaller increase observed in CFRP-retrofitted joints.

Moreover, the peak load exhibited a percentage
increase of 34.96%, 29.47%, 25.99%, and 25.38% for ret-
rofitted joints compared to control joints, corresponding
to beam reinforcement ratios of 0.99%, 1.95%, 35.01%,
and 2.55%, respectively. Notably, the lowest percent-
age increase (25.38% and 25.99%) was observed for the
highest ratios (2.55% and 1.95%). This phenomenon can
be attributed to the observed shear failure in the control
joints, where CFRP composites serve as shear retrofitting
materials and play a crucial role in confining the panel
zone from severe shear cracks.
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Conversely, the highest improvement in peak load,
34.69%, was observed for a beam longitudinal ratio of
0.99%, where beam flexural failure was observed in the con-
trol joint instead of joint shear failure. This was confirmed
by the ductility observed in the load-displacement curve,
as shown in Fig. 14(a). In this case, the CFRP composites
functioned as beam flexural retrofitting material, playing
a crucial role in confining the beam from flexural failure.

5.3 Effect of joint aspect ratio

To investigate the impact of the joint aspect ratio (7 = &,/h )
on the performance of retrofitted joints, numerical models
were analyzed for various aspect ratios: 7 = 1 (4, = 250 mm),
n =12 (h, = 300 mm), n = 1.4 (h, = 350 mm), and
1 = 1.6 (h, = 400 mm), where A, and & _represent the beam
and column depths, respectively. The performance of the
joints was evaluated by incorporating joint transverse rein-
forcement in the joint region of all models, with two-leg
horizontal stirrups spaced at 50 mm intervals, comply-
ing with ACI 318-19 [33] requirements for maximum stir-
rup spacing. For consistency in comparing different joint
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aspect ratios, only three layers of U-jacketing were applied
around the joint area in all models.

The load-displacement curves for the analyzed mod-
els are presented in Fig. 15, with the corresponding output
results summarized in Table 6. The data indicate that for
a joint aspect ratio of # = 1, the retrofitted joint shows no
significant improvement in peak load compared to the con-
trol specimen, as the joint shear capacity had already been
enhanced by the provision of horizontal stirrups. However,
retrofitted joints exhibit only marginal gains in peak load
of 3.09%, 3.43%, and 6.68% for joint aspect ratios of
n=12,n=14and n = 1.6, respectively. These gains can
be attributed to the influence of the joint aspect ratio on
the joint's resistance mechanism. As the joint aspect ratio
increases, the shear strength of the joint decreases, allow-
ing the CFRP reinforcement to contribute more effectively
to the joint's performance. The stress distribution in the
CFRP composites, depicted in Fig. 16, demonstrates a sig-
nificant increase in induced stress intensity as the joint
aspect ratio rises. This indicates that the CFRP reinforce-
ment becomes more effective in joints with higher aspect
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Fig. 15 Effect of joint aspect ratio on the load-displacement curves; (a) 7 =1.0; (b) y =1.2; (c) y = 1.4; (d) n = 1.6
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Table 6 Output results for different joint aspect ratio

Peak load (Pu) (KN)  Displacement at peak (Au) (mm) vj (Mpa)
Models Beam depth (mm) Gain in Pu (%)
Control  Retrofitted Control Retrofitted Control  Retrofitted
250 1.0 49.30 49.08 31.72 26.21 5.64 5.61 No increase
With horizontal 300 12 5971 61.56 33.12 29.21 5.45 5.62 3.09
stirrups spaced
at 50 mm 350 1.4 72.05 74.52 32.65 33.80 5.44 5.62 343
400 1.6 78.38 83.62 31.89 29.96 5.00 5.33 6.68
: S, Mises
S, Mises 1 - -
SNEG, (fraction = -1.0) SNEG, (fraction = -1.0)
(Avg: 75%) (Avg: 75%)
+1,257e+02
+9.032e+01 +1.157e+02
+8.30%e+01 +1'05?e+02
+7.586e+01 +9.572e+01
+6.864e+01 +8.572e+01
+6.141e+01 +7.571e+01
+5.418e+01 +6.570e+01
+4.695e+01 +5'569e+01
+3.972e+01 +4b569E+01
+1.803e+01 +1.567e+01
+1.081e+01 +5.658e+00
+3.577e+00 '
n=1.0 n=12
S, Mises S, Mises
SNEG, (fraction = -1.0) SNEG, (fraction = -1.0)
(Avg: 75%) (Avg: 75%)
+3.580e+02
+3.283e+02 13890105
+2.985e+02 +3.338e+02
+2.688e+02 +3.005e+02
+2.390e+02 +2.673e+02
+2.093e+02 +2.340e+02
- +1.796e+02 +2.008e+02
+1.498e+02 +1.676e+02
+1.201e+02 +1.343e+02
+9.034e+01 +1.011e+402
+6.060e+01 +6.782e+01
+3.087e+01 +3.458e+01
+1.126e+00 +1.332e+00
n= 1.4 n= 1.6

Fig. 16 Stress distribution in CFRP composites under varying joint aspect ratios

ratios. However, Fig. 16 also shows a noticeable trend of
increasing stress concentrations with higher joint aspect
ratios. This trend suggests that the joint's ability to evenly
distribute loads decreases as the aspect ratio increases.
Which allow the CFRP to work more effectively.

6 Discussion

The numerical investigation conducted in this study reveals
significant insights regarding the effectiveness of CFRP
composites for retrofitting seismically vulnerable BCls.
The results demonstrate that CFRP retrofitting markedly
enhances both shear strength and ductility, particularly

when no axial load is applied. This underscores the com-
posite's critical role in confining the joint area and improv-
ing overall load-carrying capacity. However, as axial loads
increase, the relative contribution of CFRP diminishes,
indicating that while CFRP remains beneficial, its impact
is more pronounced under lower axial load conditions.
Furthermore, increasing the beam longitudinal rein-
forcement ratio results in substantial improvements in the
load-carrying capacity of un-retrofitted joints, whereas the
gains in retrofitted joints are comparatively lower. This sug-
gests that existing reinforcement conditions significantly
influence the effectiveness of CFRP. The findings also
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highlight that higher joint aspect ratios tend to decrease
shear capacity, thereby allowing CFRP composites to
engage more effectively in enhancing joint performance.
Nonetheless, this study acknowledges certain limitations,
including a limited range of parameters investigated. Future
research should prioritize experimental work that explores
these parameters and conduct analytical investigations to
further refine the understanding of CFRP retrofitting.

7 Conclusions

This paper presents the FEA to assess the behavior of RC
exterior BCJs retrofitted with CFRP composites using
the GM. Two experimental specimens were simulated
and analyzed for validation purposes. The CDP model
in ABAQUS was used to simulate concrete behavior.
The interaction between the CFRP composites and the
concrete substrate was modeled as a perfect bond to sim-
ulate the strong adhesion achieved through the grooving
technique. FEA predictions were compared with exper-
imental results, and a parametric investigation was con-
ducted to explore the influence of several parameters on
the performance of retrofitted joints. The key conclusions
drawn from this research are as follows:

1. The proposed numerical model successfully pre-
dicted the load-displacement envelope curves, peak
loads, and failure modes with an acceptable degree
of accuracy, as demonstrated by comparison with
experimental results.
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