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Beam-column joints are critical regions in reinforced concrete (RC) buildings and are most susceptible to seismic
loads. Many retrofitting works using fiber -reinforced polymer (FRP) composites are performed in developed
countries. This study combines experimental and numerical methods to assess the seismic behavior of seven RC
beam-column joints specimens. Carbon fiber sheet, glass fiber sheet, and hybrid fiber (carbon + glass) were used
for strengthening. One control specimen, two carbon wrapping specimens, two glass wrapping specimens, and
two hybrid wrapping specimens selected to represent different strengthening schemes. Controlled displacement
cyclic loading scenario at a frequency of 0.05 Hz was chosen to simulate seismic loading. Behavior of
strengthening joints was studied using the following indices: first cracking and ultimate loads, energy dissipation,
ductility, and stiffness. Numerical modeling for the RC beam-column joints specimens using ANSYS software
package were created and analyzed. Testing results of different strengthening schemes were compared to both
control specimen’s results and those from numerical models. Results showed that the hybrid combination was
more effective for improving the ductility by 29%, and dissipating energy by 54% of the beam-column joints at a
high cost. Furthermore, it was concluded that the proposed numerical model is adequate to describe the behavior

of RC exterior beam-column joints strengthened with fiber sheets.
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1. Introduction

RC structures are constructed for many purposes and functions. A
structure is designed to perform its functions. As the number of function
intension, the demand for structural expansions increases, to solve this
increase. FRP sheets have been commonly utilized for strengthening RC
members because of the advantages of these materials, including easy
installation, capacity to resist corrosion, high tensile force, and it is
lightweight. FRP sheet systems in many projects have been used to a
considerable extent during the last few years (Esmaeeli, 2015). In civil
engineering, four types of fibers are used: glass, carbon, aramid, and Basalt
fibers (GFRP, CFRP, BFRP, and AFRP). In addition, a new technique that
uses HFRP sheets to strengthen the RC is recently developed. In fact,
several previous studies have shown that concrete damage is
concentrated in the connections, mostly in the area close to the beam -
column interfaces, and which is liable to gravity loads or earthquakes
(Wang et al., 2019). To improve the ductility of the RC structures, switch
plastic hinges were thus proposed for beams that were farthest from the
faces of the column. This can be achieved by modifying the joint using FRP
sheets (Javanmardi & Maheri, 2017). An adequate reinforcement region
for the shear percentage region in the beam-column joint zone can prevent
shear joint failure during earthquakes (Ghayeb et al.,2020). The shear and
flexural behaviors of the joints must also be considered. In RC joints, the
shear strength tends to decrease while inelastic flexural displacement high
(Shayanfar et al.,, 2018). Furthermore, the study of joint behavior during
inverse cyclic loading earthquakes is required to offer details regarding
seismic design (Zeng et al, 2015), such as the strength and stiffness
degradation, displacement with load, energy dissipation amplitude,
ductility, and confinement in connections (Liu & Jia, 2018). The shapes of
the failures are distributed as joint or beam failures. The load capacity was
demonstrated through the accidental load (Pmax) utilized in the joint
subaggregation and the shear strength of the horizontal mid-height cross-
section in the connections (Kotsovou et al., 2017). On the basis of the main
reinforcement ratio of the beam, awesome failure modes are anticipated,
particularly, failure shear in the joint without beam yielding and the after-
beam yielding (Verderame et al,, 2018). The increase in the axial load level

from 5% to 30% for the column results in an increase in the vertical load
capacity for the beam tip because it provides more confinement of the joint
core (Aboelhassan, 2020). The major causes of connection failure are the
horizontal stirrup ratio, which expresses diagonal cracks, starts yielding,
failure from reinforcement installation, damage to the moment loading of
columns close to connections, and widening and narrowing of cracks due
to cyclic loads (Rahim, 2019). FRP materials are used to strengthen
different RC elements to reinforce the shear, flexural, and axial load-
carrying capacities of the joints. (Mariselvam & Sakthieswaran, 2015)
inspected the seismic behavior of joints using GFRP sheets and found that
increasing the number of GFRP layers (1, 2, 3 layers) increased the axial
compressive force of the beam-column join by 1.06%, 1.346%, 1.448%
respectively. (Nawale et al, 2015) investigated the results of a
strengthening technique using a casing system for damaged RC interior
connections and proved that it is as effective as the stiffness and ultimate
load of the strengthened beam decreases with displacement. (Mosallam et
al,, 2019) comprehensively studied eight full-scale interior RC connection
specimens for external strengthening and repair. Three methods were
selected: high-strength composite sheets (carbon/epoxy), high-modulus
sheets, and external sheets. These results prove that FRP composites are
the best substitution technique for rehabilitation.

(Khashi et al,, 2018) used a numerical model to optimize the
dimensions of FRP sheets bonded externally to a concrete joint to obtain
an optimal size for the fiber sheet dimensions. The particle swarm
optimization algorithm was applied in this study. The results confirmed
that the maximum essential optimization factors are the width and
thickness of the FRP sheets. (Akhlaghi et al.,, 2020) investigated different
installation methods applied to CFRP -flexural -retrofitted external RC
joints. The authors summarized the results of evaluating the extraordinary
anchorage methods supplied for the longitudinal fiber sheet installed on
of the beam and nearer to the column face. The strength and energy
dissipation values increased by 23% and 31%, respectively. In addition,
the parametric results indicated that the strength increased upon 54% and
85% by increasing the length (450 to 600 mm) of the FRP sheets.
(Gnanapragasam et al., 2016) experimental investigated the connections
between reference and retrofitted specimens. The results showed that the
first cracking load was 125% for RCC connection specimens repaired with
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HFRP (BFRP + GFRP) sheets and 100% for specimens repaired using BFRP
sheets. Compared with the reference specimen, the ultimate load
increased by 60% for connection specimens repaired with HFRP (BFRP +
GFRP) sheets and 20% for specimens repaired using basalt fiber sheets. In
addition, compared with the control specimen, the hybrid fiber sheets
(BFRP +GFRP) were more effective at treating joints. (Elsouri & Harajli,
2015) studied plastic hinging and flexural failure of beams due to large
drift reflexions, which were rehabilitated and strengthened with fiber
sheets to restore their function. The proposed technique was successful in
repairing damaged connection support and restoring stiffness under
lateral forces. (Borujerdi et al., 2021) studied the seismic effect of exterior
joints and found a decrease of 33% in the number of connection strips
compared with the specific number of connection strips in ACI 318. In
addition, we increased the energy dispersion to 30% and the damped ratio
to 45% [19].

(Okahashi & Pantelides, 2017) studied strut-and-tie models (STM)
for RC connections with less than required reinforcement and
homogeneous connections retrofitted using CFRP composite plates. The
retrofitted connection realized a 5.0% drift ratio prior to a flexible failure
happened; the retrofitted connection had 90%, drift ratio, and the original
connection had 95% of the experimental shear. Evaluating the RC
connection of seismic effects, such as crack behavior, stiffness and strength
retraction, displacement hysteresis, and drift ratio, is necessary to
thoroughly examine them, in addition to the shear deformation in the
connection and the strain development in the reinforcement (Sasmal &
Voggu, 2019). (Faleschinia et al.,, 2017) performed an experimental study
on damaged RC joints and strengthened FRP sheets. in their study, two
exterior joints, which were early collapsed under reverse loading and
strengthened specimens, demonstrated less initial stiffness than the
original joints and dissipated energy by the strengthened specimen had
70% and 58% from the original specimens, respectively. (De Risi et al.,
2020) tested weak joints strengthened using different FRP methods, the
4%- 6% drift cycles were described by marked degradation of the
specimens due to the shear failure. (Zerkane et al.,, 2019) studied the cyclic
loading effect of CFRP enveloped RC joints, 6 specimens were tested, two
of which were reference specimens, and 4 specimens were retrofitted by
CFRP. The proposed method has been proven to improve the behavior and
final failure shape of the joint. (Marimuthu & Sivasankara Pillai, 2021)
studied the joint exterior strengthened by FRP. The FRP reached the
ultimate strain without collapse under compression and tension. The
strengthen joints demonstrated 67.5 % higher loading, and the results
verified that the recommended strengthened systems were successful in
restoring the strength capacity as well as the seismic performance,
including ductility and strength. (Arowojolu et al, 2019) studied the
plastic hinge conversion of an RC joint using CFRP under cyclic loading.
The results displayed that CFRP sheets 200 mm length achieved
satisfactory results. (Laseima et al,, 2021) experimentally studied three
homogeneous joints without strips and tested them under cyclic loads that
emulated seismic loads. Results showed that the moment capacity and
displacement of the BFRP- and CFRP-strengthened samples increased by
61.7%, 55.5%, 58.2% and 31.6%, respectively, compared with the
reference sample. (Ilia et al., 2020) experimentally tested strong beam-
weak column joint specimens strengthened by CFRP sheets. The results
showed good ductility and minimal damage, indicating the effective
execution of the modern method used to improve the seismic behavior of
these poorly detailed joints under large displacement. (Shen et al,, 2021)
experimentally tested the seismic behavior of RC connections
strengthened by BFRP sheets. In particular, six RC interior connections,
including one control specimen and five specimens, were strengthened
with BFRP sheets using different methods under cyclic loading. The
findings showed that strengthening joints with three layers or a length of
two layers is the most efficient way to increase the energy capacity. The
rehabilitation of RC joints with FRP sheets improved the shear and
increased the energy dispersion (GAYAKE & DHAKE, 2021).

In this study, seven RC exterior joints were tested; one reference
specimen, 4 specimens for strengthening by CFRP and GFRP sheets, and
two specimens for strengthening by HFRP under cyclic load. The seismic
execution of the exterior joints through cracking loads (initial, ultimate),
energy dissipation, ductility, and ultimate stiffness was also tested.

2. Experimental program

2.1 Specimens and materials

Seven scale (1:3) RC exterior specimens were tested in this
experimental study, and joints designed as specimens BCJ]1 to BC]7 were
tested in accordance with the ECP 203-2007 (Egyptian code) (ECP203.
2007) and requirements the recommendation of ACI 318-14 (ACI. 2014)
respectively. The structure had a plan of 20x25 m, distance between
columns 5 m, a floor height of 3 m, and a total height of 36 m. The Egyptian
code for loads and forces ECP 201-2012 was used to determine the seismic
design forces. The details of the structure and exterior joint are shown in

Fig. 1. The seismic design forces were obtained according to the Egyptian
code for loads and forces ECP 201-2012 (ECP 201, 2012). It was assumed
that the frames were sufficiently ductile to resist seismic loads. The scale
was 1:3 of the structure in the original geometric shape for through the
ACIT1.1R-01 (ACI T1.1R-01, 2001) and the size impact was compared by
(Barbhuiya & Choudhury, 2015). All specimens had identical dimensions:
column cross-section was 100x230 mm, its total length was 1000 mm,
beam cross-section was 200x100 mm and its length was 800 mm, as
shown in Figs. 2 and 3. The main reinforcement of the column 6 ¢10mm,
and yield strength of 540 N/mm2. Using the main reinforcement of the
beam 4 $10mm with a yield strength of 530 N/mm2. Stirrups were used
for the column and the beam ¢$6 mm with yield strength of 400 N/mm?2.
The details of the control specimen are shown in Fig. 2, and the FRP
strengthening details of the specimens are given in Table 1.
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Fig. 2 Reinforcement detailing of the joint

Fig. 3 Beam -column joints molds

Ordinary Portland cement type I (Sinai Cement grade 42.5 N)
conforming to the Egyptian Standard Specifications (Specifications, 2009),
normal siliceous sand, mashed pink tough limestone aggregate a 10 mm
size, and clean water were used in all specimens. The British method was
followed when developing the mix design to obtain a concrete resistance
of 30 N/mm2. A compression test was conducted on the cub specimens
after 28 days, with a mix ratio of 1: 1.81: 3.51 using weight, and a water to
cement ratio equal to 0.46. Tables 2 provides the concrete mix proportions
necessary to achieve a strength of 30 N/mm?2. The concrete was placed
into the molds immediately after mixing and leveling of the surface as
shown in Fig. 4. Six specimens were strengthened using CFRP, GFRP, and
HFRP. CFRP was also applied as a single layer, including GFRP and HFRP
with epoxy resin. The constitutive properties of the FRP sheets and epoxy
resins are listed in Tables 3 and 4, and details of FRP composites used as
shown in Fig. 5.
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Table 1. FRP strengthening details of the specimens

Type No. of Strips width ~ Loads
Specimens of FRP  layer (mm)
Strengthen
BCJ 1-Control - - -
BCJ2 CFRP 1 50 and 100
BCJ3 CFRP 1 200 and 250  Gravity
BCJ4 GFRP 1 50 and 100 Loads &
BCJ5 GFRP 1 200 and 250  Cyclic
BCJ6 HFRP 1 50 and 100 Loads
BC]7 HFRP 1 200 and 250

Note: The specimens (BCJ2 to BCJ7) have the same dimensions and
reinforcement the BCJ1

Table 2. Mix proportions and compressive strength of the

specimens
Mix.  Fine Coarse Cement w/c  Water Grade of
m3 aggregate  aggregate  content ratio  (Lit) Concrete
(kg/m3)  (kg/m3)  (kg/m3) N/mm2
1 636 1272 350 0.46 160 30

Fig. 4 Concrete specimens casting and moistening

Table 3. Properties of used fibers

Strain
. strep gth  E- Fiber at
Fiber of Fiber Modulus desion break
Material Density Tensile of Fiber S8
X thickness  of
(g/cm3) Tensile (mm) fibers
(MPa) (MPa)
(%)
Sika CFRP
(Wrap_300C) 1.8 3900 230,000 0.17 1.5
Sika GFRP 251 2300 74000 0.7 25

(Wrap-_430G)

Table 4. Properties of the bonding material (Epoxy resin) used

Tensile Tensile Applied IS)?::E at
Material strength E-Modulus  thickness )
(MPa) (MPa) (mm) of fibers
(%)
Sikadur_330 30 4500 0.6 1.2

€ (®) (9

Fig. 5 Details of FRP composites used: (a) GFRP (Sika Wrap-
_430G) b) CFRP (Sika Wrap_300C) (c) Sikadur-330 adhesive
material (epoxy A&B)

2.2 Rehabilitation scheme

The strengthening technique consisted of one layer applying
(Small strips 50 mm and 100 mm width, large strips 200 mm and 250 mm
width) shaped FRP sheets around the joint. Unstrengthen specimen BCJ1
was left as and control specimen, the specimens BCJ2 to BC]7 were
reinforced by two different methods using FRP sheets. The figure shows 6,
the dimensions, and rehabilitation technique general details. Before
wrapping the fiber sheets, steps were necessary for all reinforced
specimens see Fig. 7. First, the edges of the specimen surfaces were
grinded and sanded at the strengthening regions, and the clean and dusty
on the surface was removed. Then, mix parts A&B (Resing + Hardener)

Sikadur-330 were mixed together in a ratio of 3:1 for at lower 3 min with
a mix arm connected to an electrical switch, the material turned into soft
and an orderly gray color. Second, the epoxy layer was painted on the
sanded areas using a brush, and applied the fiber sheet layer was applied
on the joint surface. Finally, the strengthened joints were treated at least
7 days before testing at ambient temperature.

2.3 Test process and loading history

Seven joints (1/3 scaled) were tested in a vertical position, and the
devices are illustrated in Figs.8 and 9. All specimens were tested at the
concrete and structures research laboratory, Department of Civil
Engineering, port said university, Egypt. The column was installed by a
group of iron plates and secured to two solid beams through four 18 mm
diameter high -strength threaded tie bars, and cyclic loads were applied
on the beam tip. Two hydraulic jacks were used to simulate the applied
loads (cyclic and axial load). First, a 100 -KN compression jack was used,
and an axial load (0.1 f'c Ag) (Zerkane et al.,, 2019) of the column capacity
(55 KN). A2000-KN hydraulic jack mounted vertically to the loading frame
was used to simulate cyclic loads before the beam ends. The electrical
pump attached to the jack included an automated valve that controlled the
direction and amount of the applied cycle. Experimental tests were
performed on all specimens through vertical loads and displacement
control at the beam ended according to requirements (ACI T1.1R-01,
2001). The cyclic load was controlled by measuring the beam tip
deflection. +0.5, +1, 1.5, £2, +2.5, +3, +3.5, +4 to +40 mm with drift ratios
of 0.06%, 0.13%, 0.19%, 0.25%, 0.31%, 0.38%, 0.44%, 0.5% to 5%. Three
cycles were used at any loading step with displacement increment, as
depicted in Fig. 10.

Colurnn

Large strips 200mm and 250mm width

Fig. 6 Strengthening shape of the specimens (BCJ 2to BCJ 7)

T = 77

L ..',".’.'?"‘ B Preon X Vgt
Fig. 7 Preparation and processing strengthening specimens: a)
Surface leveling, b) applying primer epoxy layer on surface and
installing the FRP sheets, c) Resin putting on FRP sheet, d)
placing the strengthened beam column joints for curing

Electronic Journal of Structural Engineering, 2024, Vol 24, No. 4 35



Frame of steel

4 i

Reversible
Hydraulic
Jack

(Cyclic load)

Colurmn
o
@
a
3

cor]

— Load Cell
=/

Hydraulic
Jack (Axial load)

Fig. 8 Test system, boundary conditions for all joints, and sites of
LVDTs

Fig. 9 Photo of the loading arrangements and instrumentation

60
50
a0
£ 30
E 20 i
E 10
Eo
10
320
B -30
40
-50
-0
0 a0 80 120 160 200 200 280 320 3
Cyelic Number, N 0 3 6

Fig. 10 Vertical cyclic loading history
2.4 Measuring devices

One linear variable differential transducer (LVDT) was connected
to the bottom surface of the beam tip, parallel to the load direction, to
obtain on displacement, 2 LVDTs were connected on the beam face
adjacent to the column to read the concrete strains at the plastic hinge area
averaged over a 200 mm range length, and 2 LVDTs were placed vertical
on the joint region to estimate the deformation, as depicted in Figs. 8 and
9.

3. Numerical Analysis

Exterior beam- column joint is being modeled and analyzed under
cyclic load using ANSYS. It is a numerical technique for finding
approximations for a range of engineering problems as well as for solving
differential or integral equations. SOLID65 is used to model solids in three
dimensions, either with or without reinforcing bars. It was specifically
designed for concrete to handle creep, plasticity, cracking under tension,
and squeezing under compression. The proposed method assumes the
nonlinear function of the solution and obtains the function parameters in
a way that reduces the solution's error (Abdulkadir et al., 2017). In this
study, a three-dimensional model was created using the ANSYS2019R
software. Each element has eight nodes, at each node there are 3 degrees

freedom, possess clarifications of a nodal (x, y, z) direction, and behavior
the non- linear properties of the elements, required iteration to solve
(Mohanan et al.,2016), 8- node solid element using to model the FRP sheet
(SOLID 46), and Element LINK 180 is used in the model of reinforcement
(Thompson & Thompson, 2017).

3.1 Modeling of exterior joint

Using the program ANSYS engineering tools, we drew models for
testing specimens (3D model), solid 65, Link 180, and SOLID 46 using
defining materials, mesh size (25 mm), as shown in Fig. 11.

8 Y TP s T 5T 5047

JZ

e) o s /L f) us s ./1\

Fig. 11 Modeled specimens: (a) Reinforcement (Link 180), (b)
Concrete model (solid 65) strengthened with strips fiber sheets,
(c) Concrete model (solid 65) strengthened with box fiber sheets,
(d-e) Meshing model, (f) Boundary conditions and loading of the
specimens.

3.2 Load and boundary conditions

Axial load on the column (0.1 f'c Ag = 55KN) and cyclic load on
the beam. Boundary conditions were utilized in a finite element model that
simulates real conditions in the experimental tests and using steel bars at
the concrete encirclement, in ANSYS2019R3 utilizes bonded contact, as
shown in Fig. 11 (f) and Fig. 12.

3.3 Material properties

The material linear properties and elements used in the modeling
described in ECP (203) and ACI 440.R1.06 (ACI. 2014; ECP201. 2012) are
listed in Table 5.

Fudal load

l

{UZeUY= free, UK=0} ¥ AT

Cyclic load [Displacement]}

-

(UZ=UY=free , UKs0) ———s—

Uz=uy=free, Ur=0}

Fig. 12 Application of loads and boundary condition
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Table 5. Material properties

. Density Elastic Poisson’s ratio Unconfmetd Tensile Yield strength ~ Element
Material Kg/m3 modulus (Ec) ) compressive strength (f7) (f) MPa used
g/m MPa strength (f:) MPa MPa ‘
Concrete 2300 29125 0.2 30 2.90 - solid 65
SRti‘;forcement 7850 2*105 03 - - 420 Link 180
CFRP 1800 2.3*¥105 0.3 - 3900 - solid 46
GFRP 1850 76000 0.1 - 2300 - solid 46

4. Results and discussion
4.1

Crack patterns and failure modes
Specimen BCJ1 (control)

In the control specimen, flexural cracking of the beam section
under at first appeared under a load of 6.25 KN at 0.26% drift ratio (A=
2mm). Cracks were detected by each other beside the beam almost to
column. Horizontal cracks in the joint core under a load of 17 KN at 1.68%
drift ratio (A= 12.6mm). Because of the open and closed sloping and
vertical cracks, the fragmenting of the concrete cover started at the bottom
of the beam nearer to the column face at a 2% drift ratio (A= 15mm), as
shown in Fig. 13 (a). Lastly, wide cracks appeared in the joint zone at a load
of 18.87 KN at a 5.31% drift ratio (A= 39.88mm) due to excessive
deformations in the beam connected to the column and plastic hinges in
this zone.

Specimens SBC2-SBC7 (strengthened by FRP)

In specimen BCJ2, a final failure is demonstrated in Fig. 13 (b).
Flexural cracks nearer to the core region could be observed in the beams
at 50 mm away with a load of 16.5 KN, 1.1% drift ratio (A = 8 mm),
increasing the crack size, while gradually reducing the load. Cracks were
discovered in the beam nearer to the column at the load 9.5 KN, and 0.47%
drift ratio (A = 3.5 mm). Shear cracks appeared in the beam portion at a
distance of 300 mm from the joint with a load of 19 KN, and 4.3% drift
ratio (A = 32 mm). Slanting cracks in the joint region occurred at a load
12.20 KN; and 0.73% drift ratio (A = 5.5mm), these cracks were prevented
from the beam tips using CFRP strips with a width of 50 mm. In specimen
BC(J3, there was a final failure, as shown in Fig. 13 (c). Because CFRP sheets
(large strips 200 mm and 250 mm width) using, the initial cracking
occurred ataload of 13 KN, displacement of 5 mm, and drift ratio of 0.67%.
The shear cracks nearer to the joint area could be observed in the beam
with a distance of 400 mm at a load of 15.25 KN and an 0.82% drift ratio
(A = 6.2 mm). Flexural cracks were observed in beam parts in the joint
area. Identically, cracks were noticed in the two aspects due to the applied
cyclic load. At the beam tip form nearer to the joint, de-bonding occurred
for of CFRP at a load of 19.32 KN, displacement of 12 mm, and 0.73% drift
ratio. The degradation in strength progressed and the load was ended as
the capacity dropped of the beam with an ultimate load of 21.5 KN at a
5.3% drift ratio (Amax = 40 mm). We also noticed that a small damage
occurred to the joint because of joint strengthening by CFRP sheets on
large strips. In specimen BCJ4, there was a final failure, as shown in Fig. 13
(d). Because of GFRP sheets (small strips 50 mm and 100 mm width) using,
flexural cracks spotted to joint region, could be seen at beam distance 60
mm at a load of 8.3 KN, 0.4% drift ratio (A = 3 mm), with the expansion of
the cracks, and while gradually reducing the load. Cracks were discovered
in the beam near to the column at a load of 9.65 KN, and 0.47% drift ratio
(A = 3.5 mm). Shear cracks appeared in the beam portion at a distance of
250 mm from the joint with a load of 12.3 KN at a 0.7% drift ratio (A =5
mm). Slanting cracks in the joint region occurred at load 10.75 KN, and
0.53% drift ratio (A = 4 mm) these cracks were prevented from the beam
tips using GFRP strips with a width of 50 mm. In specimen BC]J5, there was
a final failure, as shown in Fig. 13 (e).

Because of the GFRP sheets (large strips 200 mm and 250mm
width) using, the initial cracking occurred at a load of 10.25 KN,
displacement of 3.5 mm, and drift ratio of 0.67%. The shear cracks nearer
to the joint area could be observed in the beam with a distance of 350 mm
ataload of 15.25 KN and an 0.82% drift ratio (A = 6.5 mm). Flexural cracks
were observed in beam parts in the joint area. Identical cracks were
noticed on the two sides because of the cyclic nature of the applied load.
At the beam tip form nearer to the joint, de-bonding occurred for the GFRP
ataload of 19.32 KN, displacement of 12 mm, and drift ratio of 0.73%. The
degradation in strength progressed and the load was ended as the capacity
dropped of the beam with an ultimate load of 24.38 KN at a 6.5% drift ratio
(Amax = 49 mm). We also noticed that a small damage occurred to the
joints because of the joint strengthening by the GFRP sheet on the large
strips shape. Identically, cracks were noticed in the two aspects due to the
applied cyclic load. In specimen BCJ6, there was a final failure, as shown in
Fig. 13 (f). Because of the HFRP sheets (small strips 50 mm and 100 mm

Experimental results
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width) using, the first cracking occurred at a load of 11.8 KN, displacement
of 4 mm, and drift ratio of 0.53%. Shear cracks nearer to the joint area
could be observed in the beam with a distance of 300 mm at load 22 KN at
1.47% drift ratio (A = 11 mm). Flexural cracks were observed in beam
parts in the joint area. Atthe beam tip form nearer to the joint, de-bonding
occurred for the HFRP at the bottom of the beam nearer to the column face,
and the degradation in strength progressed and the load was ended as the
capacity dropped of the beam with a maximum load of 23.35 KN ata 5.8%
drift ratio (Amax = 44 mm). In specimen BCJ7, there was a final failure, due
to the use of HFRP sheets (large strips 200 mm and 250 mm width) using,
the flexural cracks were firstly spotted at the exterior zone of the beams at
load 17.5 KN at a 0.9% drift ratio (A = 7 mm). Identically, cracks were
noticed in the two aspects due to the cyclic load applied nearer to the
column. Shear cracks appeared in the beam portion at a distance of
350mm from the joint with a load of 22.3 KN at a 1.3% drift ratio (A =
10mm). The slanting cracks in the joint region occurred at load 21.12 KN,
and 1.3% drift ratio (A = 14 mm). At the beam tip form nearer to the joint,
de-bonding of the HFRP occurred in the terminal part of the column face
ataload of 18.3 KN and a 4.8% drift ratio (A = 36 mm), and the degradation
in strength progressed, and the load was ended as the capacity dropped of
the beam at a load of 26.87 KN and an 8% drift ratio (Amax = 59.8 mm), as
shown in Fig. 13 (g).

Fig. 13 Final damage and cracking of all test specimens:
specimens BCJ1-BCJ7

Hysteretic response and load—displacement curves

Analysis and comparison of load with displacement hysteretic
loops. Fig. 14 shows the load- displacement curves of BCJ1 (control), and
BCJ2 - BC]7 (strengthened by FRP). Enveloped area of hysteretic behavior,
which is used to evaluate the sample's energy dissipation under cyclic load
(Cohn & Riva, 1991). The hysteretic behavior of BCJ1 specimen displayed,
early pinching event, which came back to concrete spalling and
deterioration in stiffness, as shown in Fig. 14. The hysteretic behavior of
BCJ1-BCJ7 displayed full curves and circular, explains that the seismic load
of joints was increased due to strengthening by the FRP sheets. Also, BCJ2-
BCJ7 showed longer yielding and lower deterioration in the stiffness,
compared to BCJ1(control specimen). The hysteretic loop of the joint in
term of curve for BC]1 indicates that BCJ1 reached the maximum beam tip
load during the last cycle with a 39.88 mm vertical displacement (5.34%
drift ratio). The maximum experimental beam tip loads of this specimen
were between +18.87 KN and -18.88 KN. On the other hand, neither axial
load degradation nor a significant pinching effect was observed, shown in
Fig.14 (a). The maximum loads of specimens BCJ1, and BCJ2-BC]J7
increased by 9.3%, 13.87%, 4.13%, 29.13%, 23.7%, and 42.32% compared
with the BCJ1 control specimen, respectively. The envelope curve of the

20



BCJ1 control was surrounded by the retrofitted specimen's curve,
indicating that the bearing capacity and displacements of BCJ2- SBJ7
specimens were higher than those of BCJ1 specimen. The envelope curves

the BCJ2-BCJ7 specimens were not similar in of the operations of going up in Fig. 15.
and down as expected, which the test setup's asymmetry may have
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Fig. 14 Load-displacement hysteretic curve of all test specimens BCJ1-BCJ7
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contributed to. Besides, specimens BC]6, BC]7 displayed the largest
displacement between these strengthened specimens, indicating that
strengthening the joints by HFRP was an effective technique, as depicted
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Displacement ductility
Table 6. Displacement ductility factor of the BCJ1 - BCJ7 specimens
. Ay (mm) Ay (mm) W Ultimate
Specimens Positive Negative Positive Negative Positive Negative v Drift ratio (%)
BCJ1 7.50 8.10 39.60 39.95 5.28 4.93 5.11 5.28
BCJ2 7.23 7.50 39.90 40 5.52 5.33 5.43 5.32
BCJ]3 7.52 9.42 38.80 57.60 5.29 6.11 5.70 531
BCJ4 7.05 8.20 40.1 39.96 8.69 4.87 5.28 5.35
BCJ5 7.30 8.25 36.80 49.40 5.04 4.77 490 491
BCJ6 7.55 9.10 45.32 4495 6.00 4.94 5.47 6.04
BC]7 8.50 11.7 59.60 59.80 7.01 5.11 6.06 7.95

Note: Where, Ay = yield displacement, Au = ultimate displacements, respectively, u = displacement ductility factor, and pav.= average displacement

ductility factor.

The displacement ductility of constructional RC sections guarantees
sufficient deformation and early failure in either compression or tension
zones (breaching of reinforcement or concrete crushing) or the required
ductility of RC elements can be expressed in terms of the maximum
displacement value (deformation max.) (Cohn & Riva, 1991). In most
cases, it is suitable to express the deformations max from where of
displacement ductility factors. The displacement ductility factor is defined
as the deformation max divided by conformable deformation when
reaching yielding during an earthquake (Park, 1989). The BCJ1 specimen
is a ductile RC exterior joint that was designed based on the seismic
provisions of ACI (ACIL. 2014). The displacement ductility factor is p=
Au/Ay where Au: ultimate displacement, Ay: yield displacement, and drift
ratio 8u = Au/L where L: length of the beam. Some accounts have been
suggested to distinguish the yield point of the RC member, like equivalent
energy account (Nie et al, 2020). As explained in Table 6, the
displacements ductility of the BCJ2 - BC]5 significantly increased by
6.26%,11.55%, 3.33%, 4.11%, 7.05%, and 18.59% compared with BC]1
(control), respectively. Additionally, the ultimate drift ratio of specimens
BCJ2-B(]5 increased by 1.00%, 0.57%, 1.33%, 7.01%, 14.39%, and 50.56%
compared with BCJ]1, respectively. Generally, the ductility ratio improved
after strengthening at the BFRP sheets.

Energy dissipation

Energy dissipated is calculated as one of the most important
parameters to estimate seismic behavior at RC structures, and signals the
capacity of RC structures to dissipate energy through inelastic
displacements when exposed to seismic loads (Li et al., 2007), the cyclic
loads in downward and upward directions, the energy dissipated was
calculate through the zone surrounded into the load- displacement curves
in all cycle Ei, as shown in Fig. 16. The cumulative dissipation of energy is
realized by collecting regions via hysteretic curve reflation. The
cumulative dissipation of energy by the control BCJ1 and BCJ2-BCJ7
specimens versus displacement is depicted in Fig. 17. Therefore, energy
absorption increased with increasing displacement. The total cumulative

Electronic Journal of Structural Engineering, 2024, Vol 24, No. 4

dissipation of energy in specimens BCJ1, and BCJ2-BC]7 was 4187.48,
4380.90, 5070.81, 4278.93, 4800.5, 5435.84 and 6452.62 kN.mm, which
increased by 4.62%, 21.10%, 2.18 14.64 %, 29.81%, and 54.09%
compared with BCJ1, respectively, as shown in Table 7.

‘ Load-displacement
envelope curve

(P I+PIDx{B+HBD

. 8y
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7 S\ Ei = Encrgy dissipation
per cycle

Fig. 16 Energy dissipation and stiffness

Stiffness degeneration
Stiffness joint K is the slope of the curve that the beam-column

joins the ultimate load points in push and pull directions at all loops, and
each drift ratio (ACI 34.1-05, 2005) It can be deduced from Eq. (1), as
shown in Fig. 13.
_ [Ffl+lA

K= o]

)
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where K; is stiffness for every i cycle (KN/mm), Pi+ and Pi- are the
maximum loads for every i cycle in the downward and upward direction,
respectively, in KN; 8i+ and 8i- are the displacements of the maximum
loads for every i cycle (mm). The comparison at the normalized stiffness
of the BCJ1 specimen with BC]J2-BC]7 strengthening specimens is shown
in Fig. 18. The first stiffness at the BCJ1, and BC]2-BC]7 was 2.2, 2.34, 2.80,
2.4, 2.55, 2.87, and 2.95 KN/mm, which increased by 6.36%, 27.30%,
9.09%, 1590, 30.45, and 34.10% compared with BCJ1 control,
respectively, as shown in Table 7. The final stiffness for BCJ1-BC]7 was,
0.35, 0.31, 0.44, 0.32, 0.36, 0.18, and 0.13 KN/mm, respectively, which
increased by 11.43%, 25.71%, 8.57%, 2.85%, 48.55 and 62.86%,
respectively, compared with the BC]1 control. The first and final stiffness
values increased with strengthening by FRP sheets, which was
advantageous for RC buildings suffering from the surprised loss of
stiffness under the influence of seismic (Borujerdi et al., 2021).
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Table 7. Stiffness and energy results
. Kin. K. Ei
Speci (Kin. / (Ka. / )
mens (KN/ BCJ1) (KN/m BCJ1) (KN.m (Ei. / BCJ1)
mm) m) m)
BCJ1 2.20 100% 0.35 100% 4187.5 100%
BCJ2 2.34 106.4% 0.31 88.6% 4380.9 104.6%
BCJ3 2.80 127.3% 0.44 125.7% 5070.8 121.1%
BCj4 2.40 109.1% 0.32 91.4% 4278.9 102.2%
BCJ5 2.55 115.9% 0.36 102.9% 4800.5 114.6%
BCJ6 2.87 130.5% 0.18 51.5% 5435.8 129.8%
BCJ7 2.95 134.1% 0.13 37.1% 6452.6 154.%

Where, Kin = first secant stiffness, K= final stiffness, Ei = cumulative energy

4.2  Numerical results and comparison to

experimental results

To ensure the adequacy of the created numerical simulation in
describing the behavior of RC exterior beam-column joints strengthened
with fiber sheets, a detailed comparison between experimental and
numerical results was established. Load-deflection diagrams; initial
cracking loads; loads at failure; and crack patterns at failure were used as
behavior indices. Since there were no strain gauges used in the
experimental test, the maximum stress of the reinforcement and the fiber
sheets can be inferred from the numerical results.

Model verification

Comparison between the load-displacement envelope plot
obtained from finite element analysis with the experimental test results,
also load verses deflection behavior was considered as a main parameter
to verify the finite element model as shown in Fig. 19. Results comparison
of the numerical analysis are compared with the experimental results for
the joints in Table 8. The graph illustrates the similarities between
numerical and experimental specimens. There is a discernible variation of
nearly 9%-13%, which is explained by the size of the mesh and the
intrinsic complexity of the non-linear modeling of hysteresis behavior.

Control joint (BCJ1)

The comparison shows the load-displacement envelope diagram
of the analytical with experimental model BCJ1(control) in Fig. 19, the
yield load obtained from finite element analysis at 7.1 KN is 12% more
than the yield load of 6.25 KN obtained from the experimental study at this
stage, the emergence of initial cracking. Similarly, the ultimate load
obtained from finite element analysis at 21 KN is 11.70% more than the
ultimate load of 18.87 KN from the experimental study at this stage, final
failure event. At yield load, the displacement obtained in finite element
analysis is 2.30 mm at beam end as compared to 2 mm which is 13% more
than the experimental study. Similarly, at ultimate load, the displacement
obtained infinite element analysis is 16.50 mm which is 11.5% more than
the 14.80 mm of the experimental study. The deformation and the ultimate
load are shown in Fig. 20 (a, b), Fig. 20 (c) shows the damage patterns and
plastic hinge location also stress in the reinforcement bar reached 412
MPa.
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Table 8. Comparison shows the results obtained from
experimental study with numerical analysis for the joints

Percent  Displacementat  Percent

Max. load
Specim  (KN) age Max. load age
en differen  (mm) Differen

Experim Ans ce Experim Ans ce

ent ys % ent ys %
BCJ1 18.87 21.0 11.28 39.91 441 10.49
BCJ2 20.63 23.2  12.34 39.99 412  9.65
BCJ3 21.50 24.0 11.63 40.00 441 10.25
BCJ4 18.10 19.1 1243 37.33 381 10.79
BCJ5 24.38 23.7 1119 49.00 51.3 9.97
BCJ6 23.35 21.2  9.29 44.00 48.0 9.09
BCJ7 26.87 25.0 10.68 59.88 56.0 9.68
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Retrofitted specimen (BCJ2-BCJ7)

Fig. 19 illustrates the comparison of the load-displacement envelope
diagram of the analytical with experimental model BCJ2. The yield load
obtained from finite element analysis at 10.86 KN is 14.3% more than the
yield load of 9.5 KN obtained from the experimental study at this stage, the
emergence of initial cracking. Similarly, the ultimate load obtained from
finite element analysis at 23.17 KN is 12.31% more than the ultimate load
of 20.63 KN from the experimental study at this stage, final failure event,
and small CFRP sheets tear. At yield load, the displacement obtained in
finite element analysis is 3.91 mm at beam end as compared to 3.5 mm
which is 11.71% more than the experimental study. Similarly, at ultimate
load, the displacement obtained infinite element analysis is 13.52 mm
which is 12.5% more than the 12 mm of the experimental study, the
deformation and the crack at the ultimate load are shown in Fig. 21. The
comparison shows the hysteretic load diagram of the analytical with
experimental model BCJ3 in Fig. 19, the yield load obtained from finite
element analysis at 14.73 KN is 13.31% more than the yield load of 13 KN
obtained from the experimental study. Similarly, the ultimate load
obtained from finite element analysis at 24 KN is 11.6% more than the
ultimate load of 21.50 KN from the experimental study at this stage, final
failure event, and large CFRP sheets tear. At yield load, the displacement
obtained in finite element analysis is 5.68 mm at beam end as compared
to 5 mm which is 13.6% more than the experimental study. Similarly, at
ultimate load, the displacement obtained infinite element analysis is 13.25
mm which is 18.2% more than the 11.21 mm of the experimental study.
The deformation and the crack at the ultimate load are shown in Fig. 21.
The compared shows are the hysteretic load diagram of the analytical with
experimental model BCJ4 in Fig. 19, the yield load obtained from finite
element analysis at 10.54 KN is 9.22% more than the yield load of 9.65 KN
obtained from the experimental study. Similarly, the ultimate load
obtained from finite element analysis at 19.05 KN is 5% more than the
ultimate load of 18.10 KN from the experimental study at this stage, final
failure event, and small GFRP sheets tear. At yield load, the displacement
obtained in finite element analysis is 4 mm at beam end as compared to
3.5 mm which is 14.3% more than the experimental study. Similarly, at
ultimate load, the displacement obtained infinite element analysis is 11
mm which is 11.56% more than the 9.86 mm of the experimental study.
The deformation and the crack at the ultimate load are shown in Fig. 21.

Figure 19 illustrates the comparison of the hysteretic load diagram of
the analytical with experimental model BCJ5, the yield load obtained from

finite element analysis at 11.13 KN is 8.58% more than the yield load of
10.25 KN obtained from the experimental study. Similarly, the ultimate
load obtained from finite element analysis at 22.96 KN is 6% less than the
ultimate load of 24.38 KN from the experimental study at this stage, final
failure event, and large GFRP sheets tear. At yield load, the displacement
obtained in finite element analysis is 3.83 mm at beam end as compared
to 3.5 mm which is 9.42% more than the experimental study. Similarly, at
ultimate load, the displacement obtained infinite element analysis is 14
mm which is 10.67% more than the 12.65 mm of the experimental study.
The deformation and the crack at the ultimate load are shown in Fig. 21.
The compared shows are the hysteretic load diagram of the analytical with
experimental model BCJ6 in Fig. 19, the yield load obtained from finite
element analysis at 11.10 KN is 9.41% less than the yield load of 11.8 KN
obtained from the experimental study. Similarly, the ultimate load
obtained from finite element analysis at 21 KN is 10% less than the
ultimate load of 23.35 KN from the experimental study at this stage, final
failure event, and small HFRP sheets tear. At yield load, the displacement
obtained in finite element analysis is 4.53 mm at beam end as compared
to 4 mm which is 13.25% more than the experimental study. Similarly, at
ultimate load, the displacement obtained infinite element analysis is 13.76
mm which is 5.84% more than the 13 mm of the experimental study. The
deformation and the crack at the ultimate load are shown in Fig. 21.

Comparison shows is the hysteretic load diagram of the analytical
with experimental model BCJ7 in Fig. 19, the yield load obtained from
finite element analysis at 15.69 KN is 10.34% less than the yield load of
17.5 KN obtained from the experimental study. Similarly, the ultimate load
obtained from finite element analysis at 25 KN is 7% less than the ultimate
load of 26.87 KN from the experimental study at this stage, final failure
event, and large HFRP sheets tear. At yield load, the displacement obtained
in finite element analysis is 6.11mm at beam end as compared to 7 mm
which is 12.7% less than the experimental study. Similarly, at ultimate
load, the displacement obtained infinite element analysis is 18.79 mm
which is 9% more than the 20.85 mm of the experimental study. Fig. 21
shows the deformation and the crack at the ultimate load, as well as the
stresses in the FRP sheets (stirrups shape). The final strength of FRP
reached 3236 MPa, strain of FRP reached at 2.25%, strain of concrete
reached at 1.75 %, and stresses in the reinforcement bar reached 618 MPa.
The rapture of the FRP sheets was the final stage of the analysis.
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Fig. 20 The finite element outputs of BCJ1: a) Total deformation, b) FE crack pattern, c) bar stress

5. Conclusion

Seismic behavior of seven RC beam-column joints specimens was
examined. Enhancement of confining using the FRP sheets was explored.
Performance indices of six confined RC exterior joints under cyclic loading
were compared to both control specimen’s results and those from
numerical models. The observations based on experimental and numerical
study are summarized as follows:

The specimens strengthened with FRP show better performance than
the unstrengthening specimens. The hybrid strengthening joints BC]6 and
BC]7 exhibit higher stiffness and better response to cyclic loads.

The first cracking load was monitored to be increased at 47-64.29%
for RC exterior joint specimens strengthened by HFRP sheets, 35.23-39%
for those strengthened using GFRP sheets, and 34.21-52% for those
strengthened by CFRP sheets compared with the BCJ1 control.

The maximum load with ultimate displacements of BCJ2-BCJ7
specimens increased to 8.53%, 12.23%, 4.25%, 22.60%, 19.18%, and
29.77% with 0.20%, 0.23%, 6.91%, 18.55%, 9.29%, and 33.35%,
respectively, compared with the control specimen BCJ1. The maximum
loads with displacement of the joints were increased by HFRP
strengthening sheets.

Using large strips of 200 mm and 250 mm of FRP to safeguard the
concrete by confinement and improve the ductility and capacity of the
strengthened beam-column joints, in BC]2-BC]7 specimens, there was get
better in displacement ductility ratios of 5.89%, 10.35%, 3.22%, 4.28%,
6.58%, and 15.67%, respectively, compared with the BC]1 control.

The proposed strengthening techniques were considered to be
touching during periods of energy dissipation because all BC]J2-BCJ7
strengthen specimens absorbed higher energy by 4.62%, 21.10%, 20.18%,
14.64%, 29.81%, and 54.10%, respectively, than reference specimen BCJ1.
Using FRP strips to strengthen the joints was an effective method to
improve the energy capacity, as in joints strengthened using large strips
(CFRP, GFRP, or HFRP).

The first and final stiffness values show increases of 6.36 %, 27.30 %,
9.10 %, 15.90 %, 30.45 %, and 34.10 % or 11.43 %, 25.71 %, 8.57 %, 2.85
%, 48.55 %, and 62.86% for BC]2-BC]7 specimens, respectively, compared
with the reference specimen BCJ1.

A comparison between results from numerical models and those
resulting from experimental tests shows that the numerical analysis
results are higher than the experimental results by 9.10-10.79% and 9.29-
12.43%, for the ultimate displacement and ultimate load respectively.
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