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A B S T R A C T

One considerable weakness in reinforced concrete (R.C) structures is the connection between beams and
columns. Several researchers showed that R.C joints suffer brittle failure due to combined effect of loading on
the joints. Therefore, the ductility of the beam-column joints in R.C structures is an essential factor to prevent
sudden failure of the joint. Different techniques were adapted by several researchers to increase the ductility and
strength of beam-column joints including the use of high strength concrete, special stirrups and reinforcement
configuration, steel plates and Fiber-Reinforced Polymer (FRP).

One way to improve the ductility of such joints is the use of FRP sheet wraps. This research focuses on study-
ing the effect of using FRP wraps around beam on ductility of exterior R.C beam-column joints. To achieve this
main objective; this research focuses on the key parameters controlling ductility of joints, namely, relative inertia
of column to beam (G), amount of transverse steel in joint (Av/s)J and amount of transverse steel in beam (Av/
s)B. Finite Element (F.E.) analysis using commercial F.E. software (ABAQUS) is used to investigate the ductil-
ity behavior of R.C joints strengthened by FRP. The mentioned parameters are investigated numerically. Results
show that the using CFRP wraps around beam converts the brittle failure to ductile failure. Stirrups continuity
inside the joint increases the capacity and ductility for models dominated by shear failure.

1. Introduction

Maintaining minimum ductility of beam-column joints in R.C struc-
tures is essential to prevent sudden failure of such joints which severely
affects all the structure. In typical structures, different types of framed
joints exist such as; corner-roof joint, corner joint, exterior-roof joint,
exterior joint, and interior joint as shown in Fig. 1.

Each type of these joints undergoes different kind of behavior due
to differences in combination of internal stresses acting on the joint. As
shear and flexural stresses act simultaneously in a complex combination
within the joint region, these stresses cause an internal diagonal tensile
and compressive stresses. If the diagonal stress is exceeding concrete ca-
pacity, it would lead to diagonal cracking (in tension) or crushing (in
compression) of the concrete as shown in Fig. 2 [1]. Therefore, strength-
ening techniques and reinforcement detailing can vary depending on the
expected behavior of each type of joints.

Extensive studies were conducted to investigate the behavior of
beam-column joints. Kaliluthin et al. [2] and Uma and Prasad [3]
showed that R.C joints suffer brittle failure due to the combined effect
of loading on the joints.

Many strengthening techniques were used to improve the behavior
of each type of joints, such as using steel jacketing [4], improving the
detailing of the R.C joint [5]. Recently, the use of Fiber Reinforced Poly-
mer (FRP) composites presented an effective technique for strengthen-
ing and rehabilitation of concrete structures. Different methods of retro-
fitting R.C joints using FRP are available; sheets, laminates, strips or re-
bar. Ghobarah and Said [6] experimentally tested two full-scale spec-
imens of exterior R.C beam column joint to study the effect of GFRP
sheets on the behavior of joint. Results showed that using GFRP within
the joint leads to increase the ductility by 60%. El-Amoury [7] tested
four full scale specimens to study the effect of GFRP and CFRP sheets
on the ductility of exterior R.C beam-column joints. The results showed
that the retrofitted specimens behave more ductile than the un-retro-
fitted control specimen. Mahmoud et al. [8] conducted experimen
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Fig. 1. Types of joints.

Fig. 2. Forces acting on exterior R.C joint [1].

tal testing on a total of 10 half-scale specimens of exterior R.C beam-col-
umn joints to study the effect of retrofitting techniques on the strength
and ductility if exterior R.C beam-column joints. Results showed that
using either CFRP fabric sheets or plates as strengthening material en-
hanced efficiently the failure characteristics of the defected beam–col-
umn joints if the proper configuration was chosen. Also, using CFRP
as a strengthening material led to increase the ultimate capacity.

Numerical investigation of ability of CFRP sheets to maintain the com-
posite action at the negative moment region for continuous compos-
ite girder was studied by Samaaneh et al. [9]. Results showed that
the girder capacity and stiffness increase with the use of CFRP sheets
bonded to the top of the concrete slab at the negative moment region.
The increase in ultimate capacity is directly proportional to CFRP thick-
ness up to certain thickness, when the negative moment capacity is
close to the positive moment capacity. Numerical analysis of exterior
R.C beam-column joint was conducted by Bidgar and Bhattacharya [10],
and showed that the axial load on column made a slight increase in the
beam resisting moment capacity.

Clyde et al. [11] conducted experimental testing on a total of 4
half-scale specimens of exterior R.C beam-column joints to study the ef-
fect of axial force on the column. Results showed that there a slight in-
crease in the sustained peak lateral load for each specimen. On the other
hand, there is a distinct difference in ductility. The specimens with the
lower axial load were 50% more ductile than the beam-column joints
with higher axial load.

Based on the literature, there is a limited work conducted to quan-
tify the ductility of R.C beam-column joint strengthened by CFRP. This
research focuses on defining the ductility behavior of such joint sub-
jected to constant axial load combined with moment. Four main para-
meters are investigated numerically (Relative inertia of column relative
to beam (G), shear reinforcement in joint (Av/s)J, shear reinforcement
in beam (Av/s)B, and the effect of CFRP).

2. Modeling and verification

Numerical investigation of structures offers an attractive technique
of research due to low cost, quick results and ability to study several
variables in depth. Therefore, a three-dimensional (3-D) non-linear F.E.
joint model is built using commercial software ABAQUS [12]. The de-
tails and development of the F.E. model is outlined by Abu-Tahnat [13].
A brief description of these details is mentioned here for the sake of
completeness.

2.1. Loading steps and boundary conditions

Pseudo-dynamic analysis is utilized to obtain the full behavior and to
avoid convergence problem in ABAQUS. Therefore, load is applied with
large time steps in order to converge to the static solution. Using the dy-
namic analysis is used instead of static analysis to help convergence of
highly non-linear behavior of cohesive contact in ABAQUS.

Schematic view of the F.E. model, boundary conditions and loading
sequences for the model are shown in Fig. 3. The top end of the col-
umn is restrained by a rigid surface allowing the end to behave as pin,

Fig. 3. F.E. model and location of loads and boundary conditions.
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in addition the bottom end is restrained by a rigid surface allowing the
end to behave as roller in the Y-direction. It should be noted that these
rigid surfaces restrain the in-plane movement of the column ends. Such
restraint conditions are generally assumed for similar cases in the liter-
ature [14]. A constant axial load (as reported in experimental tests) is
initially applied on column. This is followed by an incremental load ap-
plied at tip of beam as displacement control.

2.2. Modeling of interfaces

Different contact models are used to model the interfacial region de-
pending on the actual behavior and degree of accuracy. Tie contact is
used between parts of beam and column. This type of contact is also
used between loading plate and beam. This contact considers perfect
bond between two surfaces to make the translational and rotational mo-
tion as well as all other active degrees of freedom equal for a pair of
surfaces. At the same time, the contact between reinforcement and con-
crete is assumed to be perfectly bonded surfaces with no slip. This is
justified by the enough development length of rebar and available fric-
tion between them, so embedded region contact is used to simulate the
perfect bond. Cohesive contact is used to simulate the behavior of adhe-
sive material between concrete and CFRP as will be discussed later. This
contact can be used to model the delamination and slip at interfaces di-
rectly interns of traction versus separation.

Both separation-traction and force-slip constitutive curves are
needed to model the cohesive behavior. Many models exist with various
degrees of complexity. The linear-brittle model, developed by Neubauer
and Rostasy [15] is used to model the cohesive contact as shown in Fig.
4 with initial shear stiffness (K0) and shear strength (

Fig. 4. Bond-slip curve model [15].

tmax) as proposed by Obaidat et al. [16] as shown in Eqs. (1) and (2).
It must be noticed that there is a premature failure of cohesive con-
tact in this model, so to prevent the convergence problems in ABAQUS,
the descending branch is assumed linear with small slip after maximum
slip (Sf). However, the maximum normal strength can be considered to
be equal tensile strength of concrete [16]. On the other hand, normal
stiffness is assumed equal to shear stiffness as no sufficient data about
it. The verified experimental beam-column joints had not reported any
de-bonding of FRP. Same assumptions are extended to the current work
as adequate development length and sheeting wraps are provided.

(1)

(2)

where:

K0: Initial shear stiffness (GPa)
Ga: Shear modulus of adhesive (GPa)
ta: Adhesive thickness (mm)
fct: Tensile strength of concrete (MPa)
tmax: Shear strength for cohesive interaction (MPa).

2.3. Meshing type and sensitivity study

The components of beam-column joint are meshed individually us-
ing part-by-part basis instead of using global or sweep mesh. Eight-
noded linear brick element (C3D8R) is used to model the solid elements;
concrete and loading plate. A 2-node linear 3-D truss element is used to
model main and transfers reinforcement (T3D2), whereas 4-noded shell
element (S4R) used to model CFRP as shown in Fig. 5.

Sensitivity study are conducted to eliminate the effect of mesh size
on accuracy of results, Mesh size of 15mm is adapted for all models

2.4. Verification of model

The numerical model is validated using experimental results from
literature. Many experiments concerning R.C beam-column joints were
reported in literature. However, many of them were not described in
detailed. A set of clearly reported experiments are selected to validate
the F.E. results. Total of seven independent reported tests were used
to establish the verification. One of them is an exterior R.C beam-col-
umn joint, without CFRP strengthening, subjected to cyclic loading (dis-
placement control) which was tested by Clyde et al. [11] with dimen

Fig. 5. F.E. Mesh Type.
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sions and reinforcement detailing as shown in Fig. 6. In addition, three
of the exterior R.C beam-column joints were tested monotonically (load
control) by Mahmoud et al. [8], two of them without FRP named J0
and JI0 while third specimen, named JI1, with strengthening config-
uration represented two perpendicular overlaying fabric sheets on the
beam–column joint. One layer of 200mm width and 1000mm length
parallel to the column axis was bonded to each side of the column. Then
a horizontal U-shaped layer of 200mm width and extended by 600mm
length parallel to the beam axis was bonded to each side. Finally, three
100mm in width U-shaped sheets were used at the joint in order to
prevent the premature peeling of the sheets at the beam-column joint.
The dimensions and reinforcement detailing for these joints are shown
in Fig.7a and b. The remaining three are the exterior R.C beam-column
joints subjected to cyclic displacement and tested by El-Amory [7] with
dimensions and reinforcement detailing as shown in Fig. 8. One of them
without FRP named T-S1, while the second and third specimens with
adding CFRP and GFRP sheets which are named T-S4R and T-S5 respec-
tively. Fig.9a and b illustrate the strengthening techniques of specimens
T-S4R and T-S5 respectively.

2.4.1. Material modeling
In this section, constitutive models for concrete and steel under com-

pression and tension loads are presented. A constitutive model for FRP
lamina is included too.
2.4.1.1. Modeling of concrete Concrete damage plasticity (CDP) model
is used to model the complex nonlinear behavior of concrete. In this
model, two main failure criteria are considered; tensile cracking and
compressive crushing of the concrete material. Compression and ten-
sion behavior of concrete under uniaxial loading is shown in Fig. 10.

CDP model allows capturing of strength and stiffness degradation
through tension and compression damages parameters (dt, dc, respec-
tively) of concrete as shown in Fig. 10 [17].

As shown in Fig. 10, the unloaded response of concrete specimen
is weakened because the elastic stiffness of the material is damaged or
degraded due to cracks. The degradation of the elastic stiffness on the
strain softening branch of the stress-strain curve is characterized by two
damage variables, dt and dc, which can take values from zero to one.
Zero represents the undamaged material where one represents total loss
of strength. However, Wahalathantri et al. [18] defined dc as the ratio
between the inelastic strain (crushing strain) and total strain, and dt is
defined as the ratio between the cracking strain and total strain. E0 is
the initial (undamaged) elastic stiffness of the material and are compres-
sive plastic strain, tensile plastic strain, compressive inelastic strain and
tensile inelastic strain respectively. The elastic relations under uniaxial
tension (σt) and compression (σc) are taken into account in Eqs. (3) and
(4), respectively.

(3)

(4)

where the effective tensile and compressive cohesion stress which are
used to determine the yield point according to the yield function. The
model makes use of the yield function according to Lubliner et al. [19]
with the modifications proposed by Lee and Fenves [20] to account
for different evolution of strength under tension and compression un-
der multi-axial loading case. Therefore, the material model captures the
confinement effect that results from tri-axial stress data in concrete al

Fig. 6. Dimensions and reinforcement details for the exterior R.C beam-column joint (Test#2) [11].
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Fig. 7. Dimensions and reinforcement details for joints J0, JI0 and JI1 [8].

lowing improvement of compressive capacity in the case of hydrostatic
stress state.

.Uniaxial compressive behavior Generally, many researchers sug-
gested equations that describe the behavior of concrete under uniaxial
compression stress. However, most of these equations, including the
models suggested by Mander et al. [21] and Yong et al. [22], do not
describe full stress-strain curve of concrete. For this reason, the
stress-strain equation proposed by Saenz [23] and validated by Asran
et al. [24] is used to define full behavior of concrete under uniaxial
compressive stress as shown in Eqs. (5)–(11).

(5)

(6)

(7)

(8)

(9)

(10)

(11)

where:

σc: Concrete compressive stress (MPa)
Ec:Modulus of elasticity of concrete (MPa)
E0: Secant modulus of concrete (MPa)

: Maximum compressive strength of concrete (MPa)
εc: Compression strain
ε0: Strain corresponding to which is equal approximately 0.0025 as
reported by Hu and Schnobrich [25].
εf: Maximum strain.
σf: Stress at maximum strain (MPa).
R: Ratio relation
RE: Modular ratio.
Rσ: Stress ratio, which is equal 4 as reported by Hu and Schnobrich [25].
Rε: Strain ratio, which is equal 4 as reported by Hu and Schnobrich
[25].

.Tension behavior The stress-strain curve for concrete under tension
is tested experimentally by Sharif et al. [26] for concrete of compres-
sive strength 25MPa. The maximum tensile stress was reported as
2.9MPa corresponding to modulus of rupture of concrete which is
equal according to ACI 318 [27], and maximum strain is
0.003. Asran et al. [24] used this method to define tension behavior of
concrete in ABAQUS and got acceptable results in their verification.

Concrete modeling according to CDP is based on many parameters
as summarized in Table 1. Default values of those parameters are indi-
cated in ABAQUS User’s Manual [17].

Table 2 shows the compressive strength, elastic modulus and Pois-
son's ratio of concrete for all joints that used in verification. Fig.11a
shows the uniaxial compression stress-inelastic strain curve of concrete,
while Fig.11b shows the tension stress-cracking strain curve of concrete.
Also, Fig.11c shows the compression damage parameter versus inelastic
strain curve, while Fig.11d shows the tension damage parameter versus
cracking strain curve.
2.4.1.2. Modeling of steel An isotropic behavior was used to model the
reinforcement and loading plate. This mean that the yield surface
changes size uniformly in all directions such that the yield stress in

5
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Fig. 8. Dimensions and reinforcement details for specimens T-S1, T-S4R and T-S5 [7].

Fig. 9. Proposed strengthening techniques for joints T-S4R and T-S5 [7].

creases (or decreases) in all stress directions as plastic straining occurs.
Properties of steel for all joints are documented in Table 3.

Bi-linear stress-strain behavior is used for defining the steel for joints
Test#2,T-S1, T-S4R and T-S5 with slope hardening equals 0.01Es as as-
sumed by Elmezaini and Ashour [28] in their verification, while full
stress-strain diagram which reported by Sharif et al. [26] is used for
defining the elasto-plastic behavior steel reinforcement for joints J0,
JI0 and JI1because there is no sufficient information about ultimate
stress and strain of steel reinforcements from experimental test for these
joints. However, the typical stress-plastic strain diagrams for each type
of bars are shown in Figs. 12–14. All steels have Young’s Modulus
(E=205GPa) and Poisson’s Ratio (ν=0.3).

2.4.1.3. Modeling of FRP Unidirectional FRP sheets are used to
strengthen the R.C beam-column joint model. The fiber behavior is lin-
ear elastic up to failure with rupture failure. A lamina linear elastic ele-
ment is used to model FRP as shown in Fig. 15.

The mechanical properties for the combined CFRP sheet and adhe-
sion are evaluated using Eqs. (12)–(17) as proposed by Mallick [29].

(12)

(13)

(14)

6
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Fig. 10. Response of concrete to uniaxial loading in (a) compression and (b) tension [17].

Table 1
Parameters of CDP model.

Parameter name Value

Dilation angle (ψ) 36°
Eccentricity (e) 0.1
fb0/fc0 1.16
K 0.667

Table 2
Parameters of concrete for joints that used in verification.

Verification
number

Joint
ID

Compressive
concrete
strength (MPa) E0(MPa) ν

1 Test
#2

46.2 30,165 0.2

2,3 and 4 J0,JI0
and
JI1

25 23,500 0.2

5 T-S1 30.8 26,169 0.2
6 T-S4R 43.24 31,176 0.2
7 T-S5 36.66 28,588 0.2

(15)

(16)

(17)

where:

E1: Elastic modulus in the longitudinal direction
E2: Elastic modulus in the transverse direction
G12 and G13 : Plane shear modulus
G23: Normal to the plane shear modulus

ν: Poisson’s ratio
σco: Ultimate tensile strength
Ef: Elastic modulus of CFRP
Vf: Volume fraction of CFRP is provided by the manufacturer
Ea: Elastic modulus of adhesive material
Gf: Shear modulus of CFRP
Ga: Shear modulus of adhesive material

The available information about FRP and epoxy for joints strength-
ened with FRP are summarized in Tables 4 and 5, respectively. Also
Table 6 summarizes the properties of combined FRP sheets and adhesive
material.

2.4.2. Comparisons between F.E and experimental results
Numerical results are compared to experimental data reported by

Clyde et al. [11], Mahmoud et al. [8] and El-Amory [7] as shown in
Figs. 16–18, respectively. It can be notified that the F.E. model captures
the descending branch quite satisfactorily as shown in Figs. 16 and 17.
However, Fig.19a and b show experimental cracks vs. Numerical tensile
damage for joints J0 and JI0 at failure stage. This clearly show that the
F.E. model is able to predict the experimental cracks accurately.

Based on the above verifications, the F.E. model is able to predict
the behavior of exterior R.C beam-column joint strengthened or not
strengthened by FRP. This model will be used to investigate the behav-
ior and ductility of exterior R.C beam-column joint. In this research,
material is modeled based on parameters on properties documented by
Mahmoud et al. [8]. For design purpose, elastic-perfectly plastic steel
behavior is used is used in this work with yield strength of 285MPa
for stirrups, while yield strength of longitudinal reinforcement equal
420MPa as reported by Sharif et al. [26].

2.5. Parametric study

Parametric study is conducted to investigate the behavior of exte-
rior R.C beam-column joint strengthened by FRP. The behavior is af-
fected by many parameters. These parameters include: relative inertia

7
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Fig. 11. Definition of concrete parameters for CDP model in ABAQUS for joints that used in verification.

Table 3
Properties of reinforcement for all joints that used in verification.

Joint ID Bar type Diameter (mm) Cross sectional area (mm 2) Yield strength (MPa) Ultimate strength (MPa)

Test #2
[11]

#9 28.65 645 454.4 746

#7 22.225 387 469.5 741.9
#3 9.525 71 427.5 654.3

J0, JI0 and JI1
[8]

∅16 16 200.96 400 –

∅12 12 113.04 400 –
∅8 8 50.24 240 –

T-S1, T-S4R and T-S5
[7]

M10 11.3 100.29 477 720

M15 16 201.06 409.5 617.5
M20 19.5 298.65 477 764

Fig. 12. Stress –plastic strain diagrams for steel, joint (Test#2).

between column and beam (G), amount of transverse steel in joint (Av/
s)J, amount of transverse steel in beam (Av/s)B, longitudinal steel ratio
(ρ), axial load on column (N), number of CFRP layers (n) and shear to
moment ratio. Four main parameters are investigated in this research.
Those parameters have clear influence on the behavior as reported by
many researchers, which are relative inertia of column relative to beam
(G), shear reinforcement in joint (Av/s)J, shear reinforcement in beam

Fig. 13. Stress –plastic strain diagrams for steel 240MPa and 400MPa, joints (J0, JI0 and
JI1).

(Av/s)B and the effect of CFRP. At the same time, other variables (such
as axial force, longitudinal steel ratio, number of CFRP layers and shear
to moment ratio) are kept constant for the seek of the selected parame-
ters. The mentioned variables are investigated numerically as ductility
point of view.

8
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Fig. 14. Stress –plastic strain diagram for steel, joints (T-S1, T-S4R and T-S5).

Fig. 15. Schematic of unidirectional FRP lamina.

A total of 48 simulations have been conducted on R.C joints with
and without CFRP. The layout of the CFRP is assumed as wraps around
beam member only with one layer of CFRP sheet for all models as shown
in Fig. 20. This schematic arrangement is selected as one of the effec-
tive strengthening techniques as stated by many researchers [30–32].
To simulate the service axial load in real structure, a compression force
of 1050 kN is applied on column (0.26 Ag f‘c) where, Ag is the gross
sectional area of column and f‘c is the compressive strength of concrete.

3. Results and discussion

Four main parameters are investigated in this section, these in-
cludes: relative inertia (G) having three different levels starting by 0.512
that presents strong beam- weak column, up to 4.63 presenting weak
beam-strong column and an intermediate case with ratio equals to 1.0.
Second parameter is shear reinforcement in beam (Av/s)B having four
different levels starting by 0.5mm2/mm that presents minimum value
up to maximum value which equals 4.5mm2/mm and two intermedi-
ate cases with values 1.13 an 3.14mm2/mm. Third parameter is Shear
reinforcement in joint (Av/s)J having two values which equal 0.5 and
4.5mm2/mm. In addition, effect of wrapping CFRP is investigated be-
side the above three parameters.

3.1. Effect of joint stirrups continuity (Av/s)J

The resulting curves for cases without CFRP are shown in Figs.
21–23 which present the effect of joint stirrups continuity for mod-
els with

relative inertia (G) equals 0.512, 1 and 4.63, respectively. Results show
that, stirrups continuity inside the joint increases the capacity remark-
ably for models with G equals 0.512 which are dominated by shear fail-
ure of joint or beam. However, small effect of stirrups continuity inside
the joint for G equals 1, while there is no effect of stirrups continuity in-
side the joint for G equals 4.63, since the flexural capacity of the beam
is less than shear capacity of joint. In addition, ductility decreases when
using minimum shear reinforcement in beam and maximum shear rein-
forcement in the joint. This is logical because the load-deflection curve
becomes stiffer due to strengthening of joint, therefore sudden failure
happens in the beam due to shear. The same behavior is observed for
CFRP models, but the ductility remains approximately constant for all
models with CFRP because no shear failure happens in beam. This is
shown in Figs. 24–26 which present the effect of joints stirrups continu-
ity for models with relative inertia (G) equals 0.512, 1 and 4.63, respec-
tively.

3.2. Effect of relative inertia (G)

The resulting curves for cases without CFRP are shown in Figs. 27
and 28 which present the effect of relative inertia for models with (Av/
s)J equals 4.5 and 0.5, respectively. Results show that, generally, as rel-
ative inertia decreases, the ultimate capacity increases and the ductility
decrease. This is logical because decreasing G means larger beam. This
trend is also exists for the case of using CFRP as shown in Figs. 29 and
30 which present the effect of relative inertia for models with (Av/s)J
equals 4.5 and 0.5, respectively. However, by using CFRP, the shear fail-
ure which is predicted to happen in beam converts to flexure failure in
beam or shear failure in joint depending on the amount of stirrups con-
tinuity inside the joint.

3.3. Effect of beam stirrups (Av/s)B

Load-deflection curves for beam-column joints strengthened by
CFRP are shown in Figs. 31 and 32. Different joints with different spac-
ing between beam stirrups are simulated using two values of (Av/s)J
which equal 4.5 and 0.5mm2/mm. Generally, it can be seen that for
small values of (Av/s)B in cases of maximum (Av/s)J, the failure is dom-
inated by shear in beam and therefore it is a brittle failure. As the
value of (Av/s)B increases, the ductility increases mainly due to shear
strengthening. On the other hand, in cases of minimum (Av/s)J, as the
value of (Av/s)B increases, the failure becomes shear failure in the joint.
This is due to strong beam-weak joint for this case.

The results show that the ductility increases with increasing the
transverse steel up to a certain value of (Av/s)B that mainly depends
on relative inertia and joint stirrups. Those values defined as (Av/s)o

B
and summarized in Table 7. Increasing (Av/s)B beyond this value has no
significant effect on ductility. This trend does not happen when using
CFRP, because using CFRP converts brittle failure to ductile failure as
shown in Figs. 33 and 34, which present the effect of beams stirrups for
models with (Av/s)J equals 4.5 and 0.5, respectively.

3.4. Effect of using CFRP

Generally, CFRP is used to strengthen the joints and prevent brittle
failure. The curves for the cases with maximum and minimum (Av/s)J

Table 4
Properties of FRP sheets for joints JI1, T-S4R and T-S5.

Joint ID Fiber type Ultimate tensile strength (MPa) Ultimate strain (%) Modulus of elasticity (MPa) Thickness (mm)

JI1 CFRP 3500 1.5 230,000 0.13
T-S4R CFRP 3550 1.5 235,000 0.165
T-S5 GFRP 575 2.2 26,100 1.3

9
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Table 5
Properties of epoxy for installing FRP sheets for joints JI1, T-S4R and T-S5.

Joint
ID Epoxy type

Tensile
strength
(MPa)

Tensile
modulus
(MPa)

Ultimate
elongation
(%)

JI1 Epoxy for
installing
CFRP

30 21,400 4.8

T-S4R Epoxy for
installing
CFRP

14 1138 5.3

T-S5 Epoxy for
installing
GFRP

72.4 3180 5

are shown in Figs. 35 and 36, respectively. Results show that, generally,
using CFRP converts the brittle failure to a ductile failure. However,
there is no significant effect of using CFRP when models reach maxi-
mum confinement due to beam stirrups or when failure happens inside
the joint. On the other hand, the effect of CFRP is remarkable for mod-
els that are dominated by shear failure of beam. For instance, Fig. 37
shows the cracks at failure stages before and after wrapping CFRP for
joint with relative of inertia (G) equals 0.512, maximum stirrups inside
joint ((Av/s)J=4.5) and minimum stirrups inside beam ((Av/s)B=0.5).

4. Conclusions

In this paper, three-dimensional (3-D) non-linear finite element
(F.E.) model of an exterior R.C beam-column joint is verified and then
used to study the ductility of beam-column joint. Different parameters
are investigated and discussed in this study. Based on this study, the fol-
lowing conclusions are summarized:

• The behavior of the joint is complex and critical for overall structural
behavior. Brittle behavior must be avoided so that a ductile failure
mode should be the dominator.

• The developed F.E. model produced realistic and accurate results, and
captured the nonlinear complex behavior of the joint. The model in-
cluded most types of nonlinearities, including plasticity damage in
concrete and nonlinear contact behavior and geometric nonlineari-
ties.

• Using CFRP wraps around beam converts the brittle failure to duc-
tile failure. However, there is no effect of CFRP when models reach
maximum confinement due to beam stirrups or when failure happens
inside the joint. On the other hand, the effect of CFRP wrapping is sig-
nificant for models that are dominated by only shear failure of beam.

• CFRP strengthening approach for beam-column joints extremely ef-
fected by initial design. Poor design could be strengthened efficiently
for both; carrying capacity and ductility using CFRP.

• Results show that, stirrups continuity inside the joint increases the ca-
pacity and ductility for models dominated by shear failure. This be-
havior also happens for models with CFRP, but with small increase in
ductility.

• As relative stiffness ratio decreases, the ultimate capacity increase and
the ductility decrease. This is logical because decreasing of G means
larger beam. This trend also exists for the case of using CFRP.

• Ductility increases with increasing the transverse steel up to a cer-
tain maximum value of (Av/s)B which can be called a fixed value.
Increasing (Av/s)B beyond this maximum value causes no significant
effect on ductility. This value depends on the relative inertia (G) and
amount of stirrups inside the joint (Av/s)J. This trend does not hap-
pen when using CFRP, because using CFRP converts brittle failure to
ductile failure.

Acknowledgement

The authors wish to thank Dr. Mohammad Abu-Jafar for the techni-
cal support and the use of mainframe workstations for carrying out the
numerical simulations.

Table 6
Properties for combined FRP sheets with matrix for joints JI1, T-S4R and T-S5.

Joint
ID

Type of
FRP E1 (MPa) E2 (MP) ν12

G12
(MPa)

G13
(MPa)

G23
(MPa)

Knn (N/
mm3)

Kss (N/
mm3)

Ktt (N/
mm3)

JI1 CFRP 106,509 33,970 0.31 12,400 12,400 13,065 1300 1300 1300
T-S4R CFRP 96,554 1916 0.31 750 750 750 515 515 515
T-S5 GFRP 12,531 4955 0.31 1800 1800 1800 600 600 600
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Fig. 16. Comparison between experimental and F.E. results for specimen (Test#2) which
tested by Clyde et al. [11].

Fig. 17. Comparison between experimental and F.E. results for joints J0, JI0 and JI1 tested by Mahmoud et al. [8].
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Fig. 18. Comparison between experimental and F.E. results for joints T-S1, T-S4R and T-S5 tested by El-Amoury [7].

Fig. 19. Comparison between tension damage from F.E and experimental test for joints J0 and JI0 tested by Mahmoud et al. [8].
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Fig. 20. Typical wrapping arrangement of CFRP.

Fig. 21. Effect of joints stirrups continuity on strength and ductility of joints with G equals 0.512 without CFRP.

Fig. 22. Effect of joints stirrups continuity on strength and ductility of joints with G equals 1 without CFRP.
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Fig. 23. Effect of joints stirrups continuity on strength and ductility of joints with G equals 4.63 without CFRP.

Fig. 24. Effect of joints stirrups continuity on strength and ductility of joints with G equals 0.512 strengthened with CFRP.

Fig. 25. Effect of joints stirrups continuity on strength and ductility of joints with G equals 1 strengthened with CFRP.

Fig. 26. Effect of joints stirrups continuity on strength and ductility of joints with G equals 4.63 strengthened with CFRP.
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Fig. 27. Effect of relative inertia on strength and ductility of joints with maximum (Av/s)J without CFRP.

Fig. 28. Effect of relative inertia on strength and ductility of joints with minimum (Av/s)J without CFRP.
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Fig. 29. Effect of relative inertia on strength and ductility of joints with maximum (Av/s)J strengthened with CFRP.

Fig. 30. Effect of relative inertia on strength and ductility of joints with minimum (Av/s)J strengthened with CFRP.
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Fig. 31. Effect of beams stirrups on strength and ductility of joints with maximum (Av/s)J without CFRP.

Fig. 32. Effect of beams stirrups on strength and ductility of joints with minimum (Av/s)J without CFRP.

Table 7
Maximum value of (Av/s)o

B beyond which it has no effect on ductility.

G (Av/s)J (mm2/mm) (Av/s)o
B (mm2/mm)

0.512 0.5 1.13
4.5 3.14

1 0.5 1.13
4.5 1.13

4.63 0.5 0.5
4.5 0.5
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Fig. 33. Effect of beams stirrups on strength and ductility of joints with maximum (Av/s)J strengthened with CFRP.

Fig. 34. Effect of beams stirrups on strength and ductility of joints with minimum (Av/s)J strengthened with CFRP.
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Fig. 35. Effect of CFRP on strength and ductility of joints with maximum (Av/s)J.
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Fig. 36. Effect of CFRP on strength and ductility of joints with minimum (Av/s)J.
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Fig. 37. Cracks at failure before wrapping CFRP for joint with G=0.512, (Av/s)J=4.5 and (Av/s)B=0.5.
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