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Abstract. The beam-column joint in the reinforced concrete (RC) framed struc-
ture acts as the critical part in the structure, which participates to carries large
vertical and horizontal shear forces during the seismic event. The past earthquake
damages demonstrate the importance of shear resistance and energy dissipation
capacity of beam-column joints. The conventional transverse reinforcement detail-
ing at the potential hinge region improves the shear capacity to a certain extent
and the brittle nature of concrete limit the efficiency of the joint. Also, the critical
detailing leads to steel congestion and construction difficulty. The employment of
discontinuous randomly distributed steel fiber in the concrete (SFRC) offers better
post-peak strain in the form of strain-softening which offers better ductility. The
use of SFRC in RC elements acts as secondary shear reinforcement in resisting the
shear force with improved damage tolerance and energy dissipation. This article
presents an experimental study on the cyclic behavior of exterior beam-column
joints with different profile steel fiber in different volumes. The joints have been
prepared without critical detailing and SFRC has been used only at the joint hinge
region. The hysteresis behavior of the joint specimen shows that the SFRC effec-
tively improves the shear carrying capacity of the joint with increased ductility and
damage tolerance without the need for closely spaced stirrups at the joint hinge
region. The shear strength enhancement observed in the study has been validated
using the available models.
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1 Introduction

The combined forces from beams and columns increase the shear demand of the beam-
column of the reinforced concrete (RC) frame structure and make it a vulnerable part
when subjected to seismic force. Earthquake reconnaissance survey displays the impor-
tance of beam-column joint design and detailing to make more damage tolerant and to
restrict the shear failure. In order to improve the efficiency of the joint code of practices
are high recommend a higher percentage of transverse stirrups at the joint plastic hinge.
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This may lead to reinforcement congestion and construction difficulties during casting.
In order to overcome these issues randomly distributed short steel fibers in concrete
(SFRC) are emerging in construction. The use of discrete fibers in concrete adds ten-
sile strength and post-peak strain which improves the toughness characteristics of the
SFRC. The discrete fibers in the concretes are effectively transferred the forces across
the cracks through their crack-bridging capacity. The resistance to early crack formation
and the bridging effect during the large deformation improves the damage tolerance and
restricts the spalling of concrete. In the past few decades application of SFRC is intensely
varied and widespread consequently making it hard to classify in assorted categories. It
has been used for applications such as airport pavements, shotcrete, tunnel linings, etc.
The use of SFRC in the beam-column joint region improves the shear strength of the
joint with an optimum amount of stirrups (Chidambaram et al. 2015 and 2020). It acts
as secondary shear reinforcement and eliminates the need for closely spaced stirrups
(Chidambaram et al. 2019). The crack resistance mechanism improves the stiffness at
an initial stage and also offers better stiffness retention during the inelastic rotation. The
energy dissipation and damping property of SFRC are highly commendable in resisting
seismic forces. The ductile behavior of beam-column joints is primarily governed by the
design and detailing, the use of SFRC reduces the need for closely spaced transverse
reinforcement and acts as micro-level shear reinforcement, and possesses better elastic
and inelastic behavior compared to the brittle concrete.

2 Literature Review

Jiuru et al. (1992) conducted an experimental study using five exterior beam-column
joints employedwith SFRC and tested under reversed cyclic loading. The studied param-
eters were the reinforcement ratio, stirrups ratio, and development length in the joint of
the beam. Results obtained specify an increase in shear strength, ductility, and energy-
dissipation capacities. Mustafa Gencoglu (2007) experimented with the use of SFRC
and stirrup together in the joints with different fiber volumes. The test results were
evaluated in terms of the load-carrying capacity, shear strength, ductility, energy dis-
sipated, and the recovered elastic energy. It shows that the SFRC in the joint region
improves the strength, energy dissipation and improves the flexural rigidities of plastic
hinge regions. Mustafa et al. (2002) conducted the study using the four beam-column
full-scale joints under reversed cyclic loading and the test was evaluated with respect to
strength, energy absorption, and damage. The test result shows that with the decrease
in the transverse reinforcement in the joint and confinement area of the beam and the
column, there could be an improvement in strength capacity and ductility with the use of
SFRC. Kwon et al. (2011) conducted the investigation on the outcomes of SFRC in the
RC beam-column exterior joint region and the possibility of replacing some joint area
transverse reinforcement. The test parameters considered were the ratio of steel fibers
volumes i.e., (0%, 1%, and 1.5%) and amount of confinement in the joint region. There-
fore, the test results indicated that SFRC had improved the maximum capacity, bond
condition, shear strength, and energy dissipation capacity. Patel et al. (2013) studied the
application of SFRC beyond the increased hoop spacing of lateral ties in accordance to
impart ductility in a beam-column joint. Testing was done under reversed cyclic loading
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for six one-third-scale exterior beam-column joints. Test results showed improvement
in the connection behavior with respect to strength, energy dissipation, specific damping
capacity, displacement ductility, and stiffness. Craig et al. (1984) conducted the experi-
mental study using ten beam-column specimens with half of these specimens contains
steel hooked end fibers with 1.5% by volume of concrete. The test result showed that
Steel hooked end fiber provided improvement in energy dissipation capacity, ductility,
bond, better confinement of the concrete, higher moment capacity, and shear strength.

3 Research Significance

Various experimental studies were carried out to determine the effectiveness of SFRC in
joint shear resistance and observed that the use of SFRC improves strength and ductility.
Few shear strength models have been proposed to estimate the shear resistance capacity
of SFRC joints. These models consider the volumetric content of fibers, the strength of
concrete, axial load ratio, etc. This study aims to propose a simplified shear strength
model to estimate the shear resistance capacity of SFRC joints and to validate the model
using the experimental outcome and the literature data available.

4 Experimental Program

This experimental research examines the influence of the hooked end steel fiber with
an optimum amount of stirrups on the shear capacity and ductile performance of beam-
column joints.

4.1 Material and Test Setup

Cementitious material as Ordinary Portland Cement (OPC) that contains the coarse
aggregate of size 20 mm. Steel fiber with a Hooked end of 35 mm length and a diameter
of 0.60 mm (aspect ratio = 60) and 1100 MPa as nominal tensile strength is considered
to develop SFRC. Several standard sizes of 100 mm × 200 mm cylinder specimens
were cast and tested in a 1000 KN universal testing machine (CTM) for determining the
compressive strength of the specimens (Table 1).

Table 1. Compressive strength of various specimens

Samples Description Fiber content (%) Cylinder compressive strength (MPa)

JS1 Conventional - 20

JS2 End-Hooked 1 36.66
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4.2 Test Setup of Beam-Column Joint

Two exterior beam-column joint specimens with similar reinforcement detailing as
shown in Fig. 1 are used in this study with a development length (ld) of 400 mm. The
joint specimens are tested under compression cyclic loading using FEMA 461 (2007).
Table 2 presents the typical details of beam-column joints. All the joint specimens are
tested under displacement-controlled reverse cyclic loading to evaluate the hysteresis
behavior of different SFRC specimens (Fig. 2).

Fig. 1. Typical reinforcement detail of joint
specimens.

Fig. 2. Test setup of specimen.

Table 2. Detail of exterior beam-column joint specimens with SFRC

Specimens Transverse
reinforcement

Type of joint Beam reinforcement Column
reinforcement

JS1 Ø6
mm@100 mm
C/C

Conventional All specimens are
reinforced with 4
nos. of 12 mm Ø at
the top and bottom

All specimens are
reinforced with 4
nos. of 12 mm Ø

JS2 Ø6
mm@100 mm
C/C

End-Hooked

5 Results and Discussions

5.1 Failure Mode and Crack Propagation

Thebrittle nature of conventional concrete fails to restrict the formation of the early crack,
which leads to longitudinal reinforcement slip and diagonal shear cracks formation.
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Figure 4 shows the crack pattern of JS1 and JS2. Initially, flexural cracks were noticed
in JS1 whereas the absence of closely spaced stirrups and diagonal cracks formation
during inelastic rotation exhibits shear failure as shown in Fig. 3 (a, b). The presence of
steel fiber in JS2 restricts the early crack formation and allows the plastic hinge to rotate
with multiple micro-cracks as shown in Fig. 3 (c, d). The final failure was noticed at
the joint interface with rebar yielding and there was no sign of shear cracks at the joint
region. It proves the efficacy of the SFRC in resisting the joint shear with better damage
resistance with an optimum amount of stirrups.

)b()a(

)d()c(
Fig. 3. (a,b) Crack pattern for JS1 and (c,d) Crack pattern for JS2.

5.2 Hysteresis Behavior

Figure 4 shows the hysteresis behavior of joint specimens. The yield load of JS1 is
40% lower than JS2 as a result of early joint shear failure. The peak load of JS 1 is
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Fig. 4. Hysteresis curves of different samples.

19.5 kN whereas it is 27 kN for JS2. Hysteresis curve of JS 1 shows load drop after
40 mm displacement (positive push) whereas there is no sign of load drop till 60 mm
displacement in specimen JS2. The sudden load drop after 60 mm displacement is
due to the rebar rupture observed at the joint interface. The pinched loop in JS1 is
primarily because of shear cracks and reinforcement slippage from the joint whereas
the presence of SFRC in JS2 shows an enlarged loop compared to JS1. The post peaks
strength degradation of JS 2 is gradual than JS1 and the same can be understood from
the envelope curve as shown in Fig. 5(a) yielding occurred.

(a)                                                                    (b)     

Fig. 5. Load-displacement envelopes over displacement.
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5.3 Stiffness Degradation

Figure 6 and 7 shows the positive stiffness degradation and negative stiffness degradation
over drift respectively. The initial and secant tangent is used to measure the initial and
post-yield stiffness of the specimensChidambaram et al. (2020). The initial level of crack
resistance offered by steel fibers in JS2 shows 1.5 times higher yield stiffness compared
to JS1. Figure 6 shows the enhanced stiffness retention capacity of JS2 over JS1. The
observed stiffness at failure is 45% higher than JS1, which authenticates the efficacy of
the steel fibers confinement action in providing inelastic stiffness retention. JS1 stiffness
is 2.5 whereas JS2 Stiffness goes from 2.5 to 3.75 in positive stiffness degradation and
in negative stiffness degradation the stiffness goes from 3 to 4 with an increase in drift
ratio. The yield stiffness is defined from Fig. 5 (a) Chidambaram et al. (2015).

Fig. 6. Positive stiffness degradation over
drift.

Fig. 7. Negative stiffness degradation over
drift.

5.4 Energy Dissipation and Damping

The energy dissipation of a structural element is a prime source of ductility estimation.
The ratio between the observed and dissipated energy plays a vital role in damage
tolerance. The area enclosed by the loop is used to estimate the dissipated energy and
Equation I is used to estimating the damping coefficient. Relative (RED) and cumulative
energy dissipation (CED) are calculated and shown in Fig. 8 (a) and 8 (b) respectively.
The JS2 shows 2.375 times higher CED than JS 1 at 60 mm displacement and a similar
trend has been observed with RED.

The equivalent damping coefficient is measured using the ratio between the strain
energy and dissipated energy. Figure 9 shows that the JS1 and JS2 have almost similar
damping capacity at yield whereas the JS2 posses better and improved damping capacity
over JS 1 during a higher drift ratio. The yield point is a starting point as the ductility
value starts from 1 and The JS 2 possesses 1.7 times higher damping at 4% drift and
it is 1.37 times at 5% drift ratio compared to JS1. It proves that the ability of SFRC in
offering inherent structural damping capacity of joints.

ξeq = 1

2π

{
area of loop

area of triangle

}
(1)
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(a)Relative Energy Dissipation                    (b) Cumulative Energy Dissipation

Fig. 8. Energy dissipation versus displacement.

Fig. 9. Equivalent damping coefficients over ductility.

5.5 Damage Index and Pinching Width Ratio

The damage tolerance of the beam-column joint is measured using the modified park
and damage index as per Eq. 2. Also the pinching width ratio is used to correlate the
damage tolerance. Park et al. (1987)

D = δm

δu
+ β

Fyδu

∫
dE (2)

where “δM” is the demand of maximum displacement under cyclic loading; “δU” is the
capacity of ultimate displacement. The integral part is the amount of energy dissipation
under cyclic loading and “Fy” is the yield strength and “β” is the strength degradation,
and its value is “0.1” for RC structure Isabelle Villemure (1993). Figure 10 shows the
DI measured versus ductility. It shows that the JS 2 posses one level higher damage
tolerance due to the crack bridging effect, absence of spalling of concrete, and absence
of shear failure due to the existence of steel fiber.

During reloading after unloading, the pinching behavior was observed in the hys-
teresis response of the specimen which was subjected to reverse loading that majorly
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leads to large stiffness reduction.When concrete loses a considerable amount of its com-
pression bearing capacity that leads to a significant reduction in its flexural stiffness, and
occurrence of stiffness reduction. The pinching width ratio is defined as pinching width
in the actual force-drift ratio curve (Pa) divided by pinching width in an idealized curve
(Pi) Alavi-Dehkordi (2019). Figure 11 shows the effect of the brittleness of conventional
concrete and its inefficiency in stiffness retention. JS2 shows a two-fold wider loop com-
pared to JS 1 at a 5% drift ratio whereas it is 3.3 fold higher at failure drift. Hence, it
proves that the occurrence of steel fiber work at the micro and macro level in resisting
the crack growth, and as a result, better stiffness retention capacity is established which
significantly reduced the pinching in the hysteresis curve.

Fig. 10. Damage index over ductility. Fig. 11. Pinching width ratio versus drift.

6 Calculation of Joint Shear Strength

The ultimate shear strength of an SFRC joint can be calculated by using concrete as
shown in Eq. (3), by using fiber shown in Eq. (4), and with the use of stirrup resistance
shown in Eq. (5). As mentioned in Table 3, According to codal provision the shear
strength was evaluated but it’s only applicable for conventional concrete not for fibers.
So to evaluate the ultimate shear strength of SFRC joint, one of the equationwas proposed
by Jiuru et al. (1992) and Kim et al. (2011) as follows,

Vj = Vc + Vf + Vs (3)

Where,
Vj = Ultimate shear strength of joint.
Vc = Shear carried by concrete

Vc = 0.1

(
1 + N

bchcfc

)
bjhjf

′
c (4)

Vf = Shear carried by fiber

Vf = 2
lf
df

vf bjhj (5)
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Vs = Shear carried by joint stirrups

Vs = fy
Ash

S

(
ho − a

′
s

)
(6)

Where,
N: Axial load, fc’: Concrete compressive cylinder strength, hc: depth of column,

bc: width of the column, fc: Concrete compressive strength, bj: effective width of joint
transverse to the direction of shear, hj: effective depth of joint parallel to the direction
of shear, lf: Length of fiber, df: Diameter of fiber, fy: yield strength, Ash: area of shear
reinforcement within distance S, ho: effective depth of the beam, S: spacing of stirrups,
as’: distance from extreme compressive fiber to centroid of compressive reinforcement.

Table 3. Comparison of shear strength using different models

Sample Vf Vjh calculated ACI 318–14 IS 13920:2016

(%) kN kN kN

JS1 - 76.76 178.88 178.88

JS2 1 134.33 242.19 242.19

7 Comparison of Shear Strength

The shear strength of the Beam-Column RC joint can be determined with two codes
of seismic design as shown in Table 4. to calculate the joint shear strength, Concrete
compressive strength (fc), and the common region of effective (Aej) has been considered.
The ACI 318 code considers the modification factors (φ) for concrete of two types
i.e. 1.00 for concrete of normal weight, and 0.75 for concrete of lightweight. In IS
13920:2016 and ACI 318–14 the (L) represents the effect of transverse reinforcement
of the beams to the joints which are equal to 1. The code predicted shear strength of the
joint is compared with considering the area ratio approach in the experimental database
as shown in Fig. 12, with ACI and IS Code and with ACI and IS modification factor.

Table 4. Joint shear strength according to codes for conventional concrete

noitauqehtgnertsraehstnioJsedoC

1 ACI 318-14 

2 IS 13920:2016 
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(a) (b) 

(c) (d) 
Fig. 12. The code predicted shear strength of joint compared with the consideration of the area
ratio approach, for (a) ACI 318–2014,(b) ACI with modification, (c) IS 13920:2016, and (d) IS
with modification.

The coefficient of variance of ACI and IS are 0.42 and 0.49 with an average of 0.61
and 0.56 respectively. The co-variance of the modified ACI and IS equation proposed are
0.59 and 0.38 with an average of 0.92 and 0.90. The R2 of ACI and IS are 0.83 and 0.84
respectively. The R2 of ACI and IS with modified factors are 0.92 and 0.91 respectively.
The ratio of the slope of R2 for ACI and IS are 1.88 and 1.62 respectively, whereas for
ACI and IS with modified factor are 1.05 and 1.07 respectively. The shear strength with
the modified factors in the area ratio approach can calculate the joint shear strength with
more precision for SFRC. It has been validated using the experimental data and using
the literature review data as per the details given in the appendix-A.
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8 Conclusion

1. Under cyclic loading, the hysteresis behavior of the JS2 specimen demonstrates a
considerable rise in pre and post-peak behavior of the external beam-column joint.
the hysteresis damping of the JS2 specimen ranges from 6 to 24% , owing to improve
results at a ductility level of around 5 and gradual losses in the hysteresis damping
as ductility rises from 5 to 7. However, in the JS1 damping hysteresis specimen goes
from 6 to 18% over the maximum ductility level of 5.

2. Figure 12 shows the comparison between the codal provisions of ACI 318–2014
and IS 13920:2016 and with modified factors of ACI 318–2014 and IS 13920:2016
based on an approach to the ratio of the area with the experimental results. The code
predicted joint shear strength with modified factors shows more accuracy compared
with code recommendations.

3. The failure mechanism and pattern of cracking of JS2 specimen marks uniform
energy dissipation with a wide crack in the joints. This forms a horizontal crack
at the joint intersection of the beam column along with a small shear crack that
increases when deformation increases while in JS1 specimens it shows a diagonal
shear crack failure in the joint area.

4. The joint shear strength of the SFRC joint has been calculated using the codal
provisions meant for conventional concrete which estimates the joint shear with an
average of 0.56 and 0.61. The slope of the linear fit of ACI and IS is 1.88 and 1.52
respectively. The proposed modified equation has been used to estimate the joint
shear of the SFRC joint and observed an average value of 0.92 and 0.91 respectively.
Similarly, the slope of the modified equation linear fit is 1.05 and 1.07 respectively.
Its shows the efficacy of the proposed modification in estimating the joint shear
capacity of the SFRC joint. The equation proposed by Jiuru et al. (1992) has three
parts such as the contribution of concrete, stirrups, and fiber. In which the physical
meaning of fiber contribution is wrong and the outcome is in sq. mm.

5. PWR calculated for JS1 and JS2 specimens show that the use of SFRC improves
the energy dissipation by increasing the loop area. The measure PWR of JS 2 is
230% higher than JS1. It signifies the role of SFRC in resisting the shear force with
enhanced ductility.

Appendix-A
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