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a b s t r a c t

A new model to determine the shear strength of exterior reinforced concrete (RC) beam–column joints
under seismic actions is proposed in this paper. An explicit formula that considers the shear strength con-
tributions provided by the strut-and-tie mechanism due to two diagonal concrete struts, as well as the
horizontal hoops and the intermediate vertical bars of the column, is derived. The coefficients of each
contribution are calibrated using 61 test data sets available in the literature, most of them from cyclic
tests. This paper compares the shear strength predictions using the proposed expression, the model of
Hwang and Lee, and the model of Park and Mosalam, the last of which is valid for unreinforced joints
only. A design formula is also proposed and its predictions are compared to those of Eurocode 8 and
ACI Code.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The key point of the aseismic performance for beam–column
joints is to ensure and maintain the energy absorption capacity
of plastic hinges of adjoining members, usually the beams, avoid-
ing any shear or anchorage failure in the joint core. By contrast,
due to the small value of shear span to depth ratio, the strength
of external beam–column joints can be governed by shear rather
than flexural strength.

Various codes and authors try to predict the real shear strength
of exterior beam–column joints under seismic loads [1–7] follow-
ing different approaches. However, the obtained predictions are
often not accurate, mainly because of the several mechanisms
involved in the actual behavior.

This paper proposes a strut-and-tie model for determining
shear strength of exterior RC beam–column joints that represents
an evolution of the model proposed by Hwang and Lee [1]. A plane
frame joint is considered in the following for the sake of simplicity.
The proposed model is based on a softening approximate con-
stitutive law for plain concrete and it considers diagonal com-
pressed concrete strut, diagonal compression due to bond
resistance of beam longitudinal reinforcement, and resisting con-
tributions of horizontal hoops and intermediate column bars
within the joint core. A single analytical expression is proposed
to evaluate the tensile stress trend in the longitudinal reinforcing

bars of the beam when joint shear failure occurs. This allows one
to avoid a solution iterative procedure up to the ultimate load.
The coefficients of each contribution are calibrated on the basis
of 61 test data sets and results, which have been selected from
reports on exterior RC beam–column joints that failed due to shear
only mainly under reversed cyclic loads. The data also include 17
beam–column joints without transverse reinforcement.

Uniformity and accuracy of the model predictions are assessed
by comparing these predictions with those of the iterative proce-
dure of Hwang and Lee [1] with the 61 experimental results.

The predictions regarding joints without transverse reinforce-
ment are compared with predictions from the simplified strength
model proposed by Park and Mosalam [2]. A design formula is also
proposed, and its predictions are compared with those obtained
through the shear strength design formulas provided by
Eurocode 8 [3] and ACI Code 318-11 [4].

2. Research significance

The aim of the present study is to solve the problem of the
external RC beam–column joint shear strength prediction by
means of a single expression more accurate and consistent (uni-
form in the prediction) than existing formulas or time-consuming
computing procedures. The proposed expression highlights four
principal resistant contributions: the first two are based on a
mechanism consisting of two inclined concrete struts in the joint,
whose contributions are affected by the type of anchorage of the
beam longitudinal reinforcing bars into the joint region; the third
contribution is due to horizontal stirrups reinforcement; and the
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last one is provided by the vertical intermediate column bars. A
design formula, whose predictions incorporate an adequate margin
of safety, is also proposed.

3. Model bases

For the case of a typical exterior RC beam–column joint sub-
jected to seismic load, the shear and compression acting forces
are shown in Fig. 1. The horizontal joint shear force in the joint core
Vjh can be calculated as

Vjh ¼ Tb � Vc1 ð1Þ

where

Tb ¼ Asb � f b ð2Þ

with Tb the tensile force in the beam longitudinal reinforcement, Asb

and fb the area and stress of this reinforcement, respectively, and Vc1

the column horizontal shear above the joint.
The shear on the beam Vb, the beam flexural moment Mb, and

the column shear above the joint (Fig. 2) are calculated as follows

Vb ¼
Asbf bjbd

L
ð3Þ

Mb ¼ Vb � L ð4Þ

Vc1 ¼
Lþ hc=2

H
Vb ð5Þ

where L is the length from beam inflection point to column face; hc

is the total height of column cross section; H is the height of the col-
umn, equal to the height between upper and lower column inflec-
tion points (Fig. 3); and jbd is the internal moment arm of the
beam cross section that can be calculated as follows

jdb ¼ hb �
xb

3
� dsb ð6Þ

In Eq. (6) hb is the beam depth, dsb is the distance from the centroid
of the tensile beam reinforcement to the closest edge of the beam
cross section, and xb is the depth of the compression zone in the
beam cross section (Fig. 3). After having verified that concrete in
compression remains within the elastic range [6], the value of xb

can be obtained by imposing the equilibrium of beam internal
forces, which leads to

bbx2
b

2
þ ðAsb þ A0sbÞnh;bxb � ðAsbdb þ A0sbd

0
sbÞnh;b � A0sbd

0
sb ¼ 0 ð7Þ

where bb is the width of the beam cross section at the face of the
column, A0sb is the area of the beam longitudinal compressive
reinforcement, db is the effective depth of the beam cross section,
d0sb is the distance from the centroid of compressive beam reinforce-
ment to the closest edge of the beam cross section, and nh,b is the
modular ratio given by

nh;b ¼
Esb

Ec
ð8Þ

with Esb the steel elastic modulus of the beam reinforcement, whose
value, if not provided by the experimental papers, can be assumed
equal to 200,000 [MPa] [4]; and Ec the concrete elastic modulus

whose value, if not provided, can be assumed equal to 4700ðf 0cÞ
0;5

[MPa] [4].
Substituting Eqs. (3) and (5) into Eq. (1), the horizontal shear

force in the joint core can be expressed by

Vjh ¼ Asbf b 1� ðLþ hc=2Þjdb

H � L

� �
ð9Þ

The shear nominal strength of exterior RC beam–column joints Vn is
assumed equal to the sum of two independent resisting
contributions

Vn ¼ Vhc þ Vhs ð10Þ

where Vhc is the shear strength contribution provided by two diago-
nal struts, ST1 and ST2 in Fig. 2, and Vhs is the shear contribution
given by steel horizontal and vertical reinforcements.

It is assumed that failure is governed by the crushing of the
diagonal compressive strut ST1 in Fig. 2 stiffened by the steel hori-
zontal and vertical reinforcement (Fig. 1). The formation of the
strut is highlighted by the appearance of inclined cracks in the
joint.

4. Strut and tie mechanism

Similar to what is reported by Hwang and Lee [1], the proposed
strut and tie model is composed of diagonal (Vhc), horizontal and
vertical mechanisms (Vhs).

For joints without horizontal stirrups and intermediate vertical
bars in the joint region, the horizontal joint shear force can be
assumed to be resisted by the horizontal components of the forces
acting in the two inclined struts (Park and Mosalam [1]), which are

Fig. 1. External actions on the exterior beam–column joint core.

Fig. 2. The two inclined struts in unreinforced exterior joints.
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