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Abstract. Various models have been proposed by several researchers for predicting the exterior RC beam-
column joint shear strength. Most of these models were calibrated and verified with some limited
experimental database. From the models it has been identified that the joint shear strength majorly depends
on ten governing parameters. In the present paper, detailed investigation of twelve analytical models for
predicting shear strength of exterior beam-column joint has been carried out. The study shows the effect of
each governing parameter on joint shear strength predicted by various models. It has been observed that the
consensus on effect of few of the governing parameters amongst the considered analytical models has not
been attained. Moreover, the predicted joint strength by different models varies significantly. Further, the
prediction of joint shear strength by these analytical models has also been compared with a set of 200
experimental results from the literature. It has been observed that none of the twelve models are capable of
predicting joint shear strength with sufficient accuracy for the complete range of experimental results. The
research community has to reconsider the effect of each parameters based on larger set of test results and
new improved analytical models should be proposed.

Keywords: RC exterior beam-column joint; seismic behavior; shear strength; parametric analysis;
experimental database

1. Introduction

The study of behavior of RC beam column joints under seismic loading and endeavors for
predicting the joint shear strength has started long back (Hanson and Connor 1967 as reported by
Park and Pauley 1975), however, the collapse of many RC buildings in recent past earthquakes has
been attributed to failure of beam-column joints and numerous of contemporary research on
retrofitting of poorly detailed joints are also being conducted (Bansal et al. 2016, Li et al. 2015).
The prediction of accurate joint shear strength is difficult task since it depends on complex
interactions of various parameters. Many researchers have proposed analytical models for
predicting joint shear strength; however, these analytical models are generally based on limited set
of experimental results. From the literature, the crucial parameters affecting the joint shear strength
have been identified as beam width, beam depth, column width, column depth, concrete
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compressive strength, yield strength of reinforcement, amount of column and beam reinforcement,
shear reinforcement inside joint zone and axial compressive load from column. Considering some
of the aforementioned parameters, various models for computing joint shear strength have been
proposed by different researchers. It has been identified that the researchers used three different
approaches viz. empirical, strut and tie and theoretical approach, in developing the equations for
calculating joint shear strength. Empirical models are generally developed by assessing the effect
of various parameters influencing the joint shear strength using experimental database. Zhang and
Jirsa (1982) developed a model based on the mechanism of formation of plastic hinges in the
beam. The model is based on the analysis of experimental database on exterior joints. Sarsam and
Philips (1985) proposed a semi empirical model considering several influencing parameters i.e.,
concrete compressive strength, column longitudinal reinforcement ratio and column axial load
based on the regression analysis of experimental results. Vollum and Newman (1999) developed a
semi empirical model based on the experimental database. The model considers the effect of
parameters like joint aspect ratio and beam reinforcement details. They have identified that the
shear transfer occurs through a fixed angle softened strut-and-tie mechanism but did not consider
the effect of diagonal strut in the formulation. Bakir and Boduroglu (2002) proposed an empirical
model based on regression analysis of small experimental database. The model considers the beam
longitudinal reinforcement as additional parameter in the formulation, however, neglected the
effect of column reinforcement and axial load. Hegger et al. (2003) proposed an empirical model
considering the effect of concrete strength, aspect ratio, amount of column reinforcement and joint
shear reinforcement. Russo and Somma (2004) developed the empirical model considering
contribution of tensile strength of concrete and reinforcement, column axial load and joint shear
reinforcement based on evaluation of experimental database. Using probabilistic analysis method
Kim et al. (2009) proposed empirical model for exterior joint using large experimental database.
The empirical model proposed by Unal and Burak (2013) predicts the joint shear strength and
strain relationship based on collected experimental test results. Recently, Tran et al. (2014)
proposed an empirical model for both interior and exterior joint considering bond strength between
concrete and longitudinal reinforcement of beam as an additional parameter.

Strut and Tie model consist of the mechanism developed by both concrete strut and
reinforcement ties inside the joint. The idea behind the strut and tie approach as proposed by
Paulay and Priestley in 1992 is, under seismic forces the joint develops two mechanism i.e.
diagonal strut mechanism depends on the concrete compressive strength and the truss mechanism
based on the bond strength between concrete and reinforcemnt. With this concept, Ortiz in 1993
developed strut and tie model for predicting the joint shear strength for unreinforced and
reinforced exterior joints. Later, Parker and Bullman (1997) considered the diagonal concrete strut
mechanism for resisting joint shear force and neglected the tie effect. In the same year, Hwang and
Lee (1999) proposed iterative algorithm for predicting joint shear strength based on softened strut
and tie model considering equilibrium, compatibility and constitutive laws for cracked reinforced
concrete sections. Again in 2002 the same authors proposed a simplified strut and tie model.
Pantelides et al. (2002) developed strut and tie model based on the experimetnal test results on
unconfined exterior joints. This model considers the failure of joint either by the crushing of
compressive strut or by the failure of compression nodes. Similar to Hwang and Lee (1999), in
2008 Wong et al. developed a modified rotating angle strut and tie model based on modified
compression field theory (MCFT). Vollum and Parker (2008) proposed an iterative rational strut
and tie model consistant with the Eurocode design recommendations. Park and Mosalam (2012)
proposed an empirical shear strength model based on single strut mechanism suitable for
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unreinforced exterior joints. In this model the effect of two paramters i.e. joint aspect ratio and
beam longitudinal tension reinforcement have been included and the model developed based on
62 experimental results of unreinforced exterior joints. Recently, Pauletta et al. (2015) developed
a model for joint shear strength based on the contribution of two diagonal concrete struts along
with joint horizontal hoops and column intermediate vertical bars. The model has been calibrated
using 61 experimetnal test results.

Theorotical models are based on either the mechanistic or the principle stress approach. Taylor
(1974) proposed a model based on principal stress approach considering only concrete tensile
strength and column axial load parameters. Scott et al. (1994) proposed a theoritical model based
on single diagonal concrete strut and neglecting the effect of both horizontal and vertical stirrups.
The concrete compressive strength and geometry of beam and column have been considered as
governing parameter in this model. Priestley (1997), Hakuto et al. (2000) suggested the principle
tensile stress approach to calculate the joint shear strength without joint shear reinforceemnt.
Attalla (2004) presented a theorotical model considering the compression-softening phenomenon
associated with the cracked reinforced concrete in compression. The effect of joint geometry and
the presence of transverse beams are also consiered on joint shear strength. A fifth order
polynomial equation was proposed by Tsonos (2002, 2007) to find the ultimate joint shear
strength. The model considers the combination of softened diagonal strut mechanism similar to
Hwang and Lee’s (1999) consideration and the truss mechanisms. Tsonos’s model satisfies the
constitutive laws by complying with Mohr’s circle compressive and tensile principal stresses and
adopted the fifth degree parabola for concrete biaxial strength curve. Wang et al. (2011) proposed
a theorotical model for both interior and exterior joints based on Kupfer-Gerstle biaxial tension-
compression failure envelope. In this model the reinforced concrete inside the joint panel is
considered as homogenous material in a plane stress state and the contributions of joint horizontal
stirrups and column intermediate reinforcing bars are also considered. Sharma et al. (2012) used
the limiting pricipal tensile stress approach in the joint as failure criteria. The model considers the
column axial load and concrete compressive and tensile strength as main affecting parameters.
Kotsovou and Mouzakis (2012) developed a theoritical model based on equilibrium of diagonal
strut mechanism along with experimental study.

Due to brevity only twelve models have been selected in the present study. In the considered
models, seven models are based on empirical approach (viz. Sarsam and Phillips 1985, Vollum
and Newman 1999, Bakir and Boduroglu 2002, Hegger et al. 2003, Kim et al. 2009, Unal and
Burak 2013, Tran et al. 2014), three Models are based on strut and tie approach (viz. Paulay and
Priestley 1992, Hwang and Lee 2002, Pauletta et al. 2015) and two models are based on theoretical
approach (viz. Wang et al. 2011, Sharma et al. 2012). These analytical models are then compared
with a collected database of 200 experimental results. This paper brings out the limitations of the
aforementioned twelve analytical models and identifies the effect of different governing
parameters considered in the formulation. The paper also emphasize on the requirement of better
analytical model to predict joint shear strength.

2. Review of analytical models
This section present the details of twelve models for exterior beam column joint considered in

the study along with their applicability and limitations. The governing parameters of each model
have also been identified.
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2.1 Sarsam and Phillips (1985)

Sarsam and Phillips (1985) proposed a model based on empirical approach for the design of
exterior RC beam-column joint. This model considers mainly the effect of concrete grade (f.),
column reinforcement ratio (p.), depth of column (h.) and beam (hy), column axial stress (N¢/A),
joint shear reinforcement (Ay) and yield strength of shear reinforcement (f,) as governing
parameters for the joint shear strength.

he N¢ [ ]
vjh =|5.08 fcpc0.33h—1.33bchc £1+ 0.29 ch +[0.87 fygi Ay 1)
b

where, p. is the column longitudinal reinforcement ratio (As/bche), in this A is the area of the
layer of steel farthest from the maximum compression face in the column. Depending on the
compressive strength of the concrete (f.<70 MPa), column reinforcement ratio (p.<0.02) and
column axial stress (N/A. < f./3) the model limits the maximum joint shear strength to,

0.33
Vin <2.4(fc )" °bchg 2

2.2 Paulay and Priestley (1992)

Paulay and Priestley (1992) proposed a basic theoretical model for evaluating joint shear
strength based on sum of two shear resisting mechanisms i.e. strut and truss mechanisms. Strut
mechanism is dependent on the concrete compressive strength while the truss mechanism on bond
strength between concrete and reinforcement. The formulation consists of parameters like concrete
strength (f.), width of beam (by) and column (b,), depth of column (h.), column axial stress (N./A.),
beam longitudinal reinforcement (Ag,), joint shear reinforcement (Ag) and yield strength of beam
longitudinal reinforcement (f,,) and joint shear reinforcement (f,s;). The total joint shear strength is
based on contributions from concrete strut (V) and shear reinforcement (V).

Vih =Veh tVsh (3)

The contribution of concrete strut (V) and the column shear force (V) is computed as:

B 14cs
Vo =[1-2 T +=2221 -y,
ch [ /1)7' + ﬂ“hC c (4)
2TZ,. +V,.h
b™ b
Vo= € ®)
C

in which the coefficients B represents the ratio of beam top to bottom longitudinal reinforcement
and c denotes the depth of flexural compression zone in the column [c =(0.25+0.85 NC/fCAC)hC].
The shear strength provided by horizontal joint shear reinforcement is,

Vo = fysjhAsjh (6)

The tensile force (T) from beam reinforcement is calculated using the over strength factor (1)
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(taken in between 1.2 to 1.4) as, T=4 fy» Asbtop-

In this model the effect of column reinforcement has not been considered. The effect of
concrete grade has not been considered explicitly, however, its contribution is considered in the
depth of flexural compression zone via column axial load ratio (N/A.f:). To avoid brittle failure of
diagonal concrete compression strut mechanism in the joint, the horizontal shear stress should be
limited as

V'hl'
Vih =’—_:“so.25fc <9MPa ©)
]

2.3 Vollum and Newman (1999)

Vollum and Newman (1999) proposed a semi empirical model based on parametric study for
exterior beam column joint subjected to monotonic loading. Several parameters like concrete
strength (f), depth of beam (h,) and column (h¢), width of beam (b,) and column (b.), joint shear
reinforcement (Ag) and yield strength of shear reinforcement (fy;) have been considered for
modeling. The model also considers anchorage type of beam longitudinal reinforcement. However,
it neglects the effect of column axial load and longitudinal reinforcement in beam and column.

Vin =Ven +(Asi fys —abjhc\/f—c) (8)

where, the coefficient a is taken to consider the effect of column load, concrete strength, stirrup
index, and joint aspect ratio conservatively taken equal to 0.2. The joint shear strength without
shear reinforcement (V) can be determined by

Vg, = 0.642.,{1+ 0.555( —:—bﬂb iher/fe (9)
C

where, the factor, & represents the detailing of reinforcement, £&=1.00 for L bend and ¢=0.90 for U
bend bars bent into the joint. Finally the equation for Vj, becomes

Vi = {0.6425[1+ 0.552(2 - hy h, ﬂbjhc \/f_c} [Ay ] (10)

Based on the assumption that the higher joint aspect ratio reduces the joint shear strength and
hence the joint shear strength is limited based on the upper limit of aspect ratio as given below

Vj, =0.97b;h, \/f_{1+ 0.555[2—:—*’]} <1.33b;h/f, (11)

c

2.4 Bakir and Boduroglu (2002)

Bakir and Boduroglu (2002) proposed an empirical design equation based on regression
analysis of 58 experimental test results. This model considers mainly the parameters like, concrete
strength (f.), width of beam (b;,) and column (b.), depth of beam (h;) and column (h.), beam
longitudinal reinforcement (As;), joint shear reinforcement (A, ;,) and yield strength of joint shear
reinforcement (f,5;). Similar to the previously proposed model by Vollum and Newman (1999),
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the effect of anchorage of beam bar inside the joint has also been considered. The effect of column
axial load and column reinforcement has not been considered.

0.4289
100 b, +b
0.71,37/( AS%)hbj ( b . th“/f—c

Vin= 0,61 + [aAsj fySi] (12)
(%)

where, £=0.85 for the joints detailed by U type bars and $=1.00 for L type bars. y=1.37 for inclined
bars inside joint and y=1.00 for other cases. «=0.664 for joints with low amount of stirrups; =0.60
for joints with medium amount of stirrups; and «=0.37 for joints with low amount of stirrups. In
this the joints are consider to have low amount of stirrups when the stirrups ratio is below 0.003,
for medium amount of stirrups when ratio ranges between 0.003 to 0.0055 and for high amount of
stirrups for ratio exceeds 0.0055.

2.5 Hwang and Lee (2002)

Hwang and Lee (2002) proposed a model based on strut and tie approach. The model is based
on contributions from three types of struts in the joint i.e. diagonal, horizontal, and vertical. The
model considers the effect of parameters like concrete grade (f.), width of beam (b,) and column
(be), depth of beam (h,) and column (h¢) and the column axial stress (N./A.). The horizontal shear
strength is provided by the component in horizontal axis as

V; =Cq4 cosd (13)
where, the diagonal compressive strength is expressed as C4=K{fAg,. The coefficient of stiffness &

depend on concrete compressive strength as, &= (3.35/\/f_ )s 0.52.

The area of diagonal strut, Aq,=asbj, in which as represents the strut depth and bj is the effective
width of joint.

a; =(0.25+0.85N, /A, . )h, (14)

The factor K represents the effect of tie force on joint shear strength and it is the sum of
horizontal (Ky) and vertical (K,) tie forces.

K=K, +K, (15)
_ F _
Kh :1+(Kh _1)=yh£ h (16)
h
_ F _
K, =1+(K, - )Fryh“ <K, (17)

The contribution of horizontal (K},) and vertical (K,,) tie force to the diagonal compressive
strength are represented by following expressions

— 1 1

Ky = and K, = 18
1-0.2{, %) 1020, 2 (18)
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F_hzyh(K_héchstr)COSH and Evzyv(K_vgcAstr)SinH (19)
The strain parameters y;, and y,, of above equations can be evaluated as
7h :—Ztang_l 0< Yh <1.00 and Vv :—2C0;9—1 0< W <1.00 (20)

The tensile forces in horizontal and vertical stirrups are as follows

Fyn =Anfy and Fy, = A fy; (21)

2.6 Hegger et al. (2003)

Hegger et al. (2003) proposed a complete empirical model based on regression analysis of
experimental database. The model considers the parameters i.e., concrete strength (f.), width of
beam (b,) and column (b.), depth of beam (h;,) and column (h.), column reinforcement ratio (p.),
joint shear reinforcement (4;,) and yield strength of joint shear reinforcement (f,,s;). From the
regression analysis the following expressions are proposed.

Vin = {25(1-2 - 03%)[“ p°7__50'5jbj he %/f_c} +loag 1] (22)

where, & represents the effect of beam bar anchorage detail; ¢=0.95 and 0.85, for L and U bars
respectively. Author proposed different values for the coefficient a based on the anchorage type.
For 90° and 180" bent bars the value of « is 0.7 and 0.6 for hairpins and 0.6 and 0.5 for closed
stirrups respectively. The upper limit of joint shear strength (V,,,) according to experimental
results is found as

Vmax =1172730-25 febjhe <2V, (23)

in which the coefficients y, is 1.00 for bent bars and 1.20 for headed bars. The other two
coefficients y, and y; are based on the column axial stress (N./A;), concrete strength (f;) and aspect
ratio (hp/h;) as stated below

hy

v, =15-1.2 (ch/AC) <10 and y; =19-0.6

c C

<10 (24)

The limiting parameters are joint aspect ratio and concrete grade such as; 0.75<hp/h:<2 and
20<f.<100 MPa respectively.

2.7 Kim et al. (2009)

Kim et al. (2009) developed a complete empirical model based on the Bayesian parameter
estimation method for exterior beam column joint. Earlier the model proposed by Kim et al.
(2007) was found inadequate for evaluating the shear strength in unreinforced beam-to-column
joints. Now this model is considered suitable for both interior and exterior joints, both for
unreinforced and reinforced types of joints. Author considers the parameters like concrete strength
(fz), width of beam (b,) and column (b.), depth of beam (h,) and column (h.), beam
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reinforcement (4y,), eccentricity of beam (e,,) and joint shear reinforcement (Ag;p,).
Vi, =1.30,B,n, (91925 [BI 03[ 107° A (25)

where, a; and B, are parameters for describing the in-plane and out-of-plane geometry,
respectively; n; is a parameter to account for the influence of beam eccentricity; JI is the joint
transverse reinforcement index depending mostly on the volumetric joint shear reinforcement
ratio; Bl is the beam reinforcement index.

6 1067 o, f e
n =£ ——bj : BI =% and JI :%>o.139 (26)

bC c c

Beam reinforcement ratio (p,) and joint transverse reinforcement ratio (p;) needed for
evaluating the beam and transverse reinforcement index, respectively, can be evaluated as follows

_ Asbtop + Asbbot Asj hc

and p; = .
bohy i bon [y — 21, ) 27)

Pb

2.8 Wang et al. (2011)

Wang et al. (2011) proposed a theoretical model based on the assumption that the material is
under plane stress state and the effect of tensile straining in the transverse direction on the
compressive strength of the idealized material is accounted by using the Kupfer-Gerstle biaxial
tension-compression failure envelope. The model considers the effect of tensile reinforcement in
the joint but neglects effect parameters like the beam and column reinforcement and column axial
load ratio.

1.0 —(sin2 2 _08cos’al cho—y
f
b:h

28)
\V2 — tn _ (
inmax = (1/ f,+0.8/ f;)sin2a e
The nominal tensile strength of concrete (f;,,) is
Ay fpcosa A f,, sina
ftn: fct + n + =L (29)

bjh. /sina  bjh./sina

The contribution of concrete tensile strength (fe) is, f, = 0.556\/f_c . Agy and Ay, is the total area

of the horizontal and vertical shear reinforcement of the joint. The angle of inclination a is equal to
the ratio of column to beam depth (h./h,) and the reduction factor 3 according to the confinement
action of beams into the joint is taken as 0.8 for exterior joint.

2.9 Sharma et al. (2012)

Sharma et al. (2012) considers the principal tensile stress approach as failure criteria for
development of new analytical model only for exterior beam column joints. In this model only
concrete compressive (f.) and concrete tensile strength (p;), width of beam (b;) and column (b,),
and column axial stress (N/A;) are considered. The model neglects the effect of longitudinal
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reinforcement from beam and column and the shear reinforcement inside the joint.
Vi = G a"a)b h (30)

The coefficient o is the aspect ratio of joint (hy/he) and g, is vertical joint shear stress (N¢/Ac)
due to column axial load (N.). The axial stress (o) is given by the following equation

20, +a’p +aya?pE +4p(o + py) (31)
2

and the principal tensile stress of concrete (p;) is

_g_C +M (32)

As the model neglects the effect of reinforcement, predicts the lower joint shear strength as
compared to other models. The proposed model requires some assumptions and iterative
calculations.

2.10 Unal and Burak (2013)

Unal and Burak (2013) developed a parametric equation based on the correlation of different
parameters with the joint shear stress (v;) considering further emphasis on the geometry of joint.
The model considers the effect of concrete strength (f.), width of beam (b,) and column (b,),
depth of beam (h;) and column (h.), column axial stress (Nc/Ac), joint eccentricity (e) and joint
volumetric ratio for one layer of transverse reinforcement (p;). The contributions of beam and
column longitudinal reinforcement are neglected here.

v, (MPa)=JT(1, £, )6 o, / \/7

Where, JT is the joint types taken equal to 1.00 for exterior joint and CI is column index

depending on the column aspect ratio taken equal to /5./h, when b./h.<1.00 and 1.00 for other
cases. Sl is slab index taken equal to 1.00 when slab is not present. When wide beam is present in

. o . . . b
loading direction the effect is considered equal to the expression as, WB :{ ———] otherwise
taken equal to 1.00.

2.11 Tran et al. (2014)

Tran et al. (2014) considers the contribution of bond strength in the formulation of empirical
model. The model is based on the regression analysis based on collected past experimental
database. The four parameters are considered such as concrete strength (f), width of beam (b})
and column (b.), depth of beam (h,) and column (h.), column axial stress (NJ/A;), beam
reinforcement (A);,) and joint horizontal and vertical shear reinforcement (4, and Agjy,)
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N
Vin =(71 o . +1-21bJAjh 125+ 7, (Agn Fyn + Ay fy) (34)
c'c’'c

where, the coefficients y, =0.34 and y,=0.22 for exterior joints. And the additional new parameter
of bond strength () is defined as
Nydphe _
=—22=<04
oo, (35)
In this equation the effect of parameter of column reinforcement is not considered. The beam
reinforcement is considered in terms of bond strength (y); Ny is the number of longitudinal beam
reinforcement inside the joint core.

2.12 Pauletta et al. (2015)

Pauletta et al. (2015) proposed a strut and tie model to determine nominal design shear strength
(Vjn) of exterior RC beam column joint. The contribution from the horizontal hoops and
intermediate column reinforcing bars within the joint region are also considered. The model
considers the effect of parameters like concrete grade (f.), width of beam (b,) and column (b.),
depths of beam (h;) and column (h.), column axial stress (Nc/Ac), horizontal (4;,) and vertical
(Aj,) joint shear reinforcement as

o b;ccosd f
Vin =0.45{CJ—+0.79A5h fsn +0.52 Ay VSV}

a tan@ (36)

where, Agp, Agy and fy,sp, fys are areas and yield strengths of horizontal and vertical joint shear

reinforcement respectively; @ is the angle of inclination of the strut, 6= tan™ (hb/hcj hl',' is distance

between top and bottom beam longitudinal bars and h,. is the distance measured from the centroid
of bar extension at the free end of the 90° hooked bar to the centroid of longitudinal column
reinforcement in the opposite side; c is the depth of the compression zone in the column. In this §
is the nondimentional interpolating parameter given by the expression

3 2
f f f

5=074/ & | -1.28 & | +0.22] & |+0.87 (37)
105 105 105

3. Limitations of analytical models

Eqg. (1) proposed by Sarsam and Phillips (1985) considers joint shear reinforcement as to
provide additional strength to joint, however, the effect of anchorage and the amount of beam
longitudinal reinforcement have been neglected. Egs. (3)-(7) proposed by Paulay and Priestley
(1992) neglects the effect of column longitudinal reinforcement, moreover, the effect of concrete
grade has not been considered explicitly, however, its contribution is considered in the form of
depth of flexural compression zone in the column (column axial load ratio (N¢/A.f;)). The effect of
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beam and column longitudinal reinforcement and the column axial load ratio is neglected in the
Eq. (8) proposed by Vollum and Newman (1999). But the intensive focus has been given on the
effect of anchorage of beam longitudinal reinforcement inside the joint. Bakir and Boduroglu
(2002) have proposed Eq. (12) for joint shear strength, focused primarily on the amount and
anchorage of beam longitudinal bars but neglected the effect of column reinforcement and column
axial load ratio. The strut and tie model Egs. (13)-(21) proposed by Hwang and Lee (2002)
predominantly depends on the compressive strength of concrete, aspect ratio of joint and shear
reinforcement within the joint. But effect of beam longitudinal reinforcement is neglected. The Eq.
(22) of Hegger et al. (2003) based on regression analysis have considered the column longitudinal
reinforcement but neglected the effect of beam longitudinal reinforcement. Similarly Eq. (25) of
Kim et al. (2009) ignored the contribution of column longitudinal reinforcement. Moreover, this
equation is unable to predict joint shear strength for the joint without shear reinforcement. Wang et
al. (2011) neglects the influence of beam and column longitudinal reinforcement. The model by
Sharma et al. (2012) considers mainly the concrete compressive strength and neglects the effect of
joint shear reinforcement. The effect of beam and column reinforcement is neglected in Eq. (33)
proposed by Unal and Burak (2013). Tran et al. (2014) predominantly considers the bond strength
of beam reinforcement, but neglected the column reinforcement. The strut and tie model of
Pauletta et al. (2015) neglects the effect of beam longitudinal reinforcement; however, it considers
the effect of vertical column intermediate longitudinal reinforcement.

4. Parametric analysis

In present study, twelve models for computing joint shear strength have been considered. In the
previous section it has been observed that the selection of governing parameters for predicting the
joint shear strength in the considered models varies. The compressive strength of concrete has
been the only governing parameter which is common in all the models.

In this study ten parameters viz. width and depth of beam and column, grade of concrete and
steel, longitudinal reinforcement of column and beam, shear reinforcement of joint and, column
axial load ratio have been considered. In RC frame buildings these parameters may vary to a great
extent, however, in the present study the range of parameters as shown in the Table 1 has been
selected on the basis of variation observed in normal low to mid-rise RC frame buildings.
Furthermore, the selected range is also justified from the available experimental results (Appendix

Table 1 Database considered for the parametric analysis

Beam Column Concrete  Steel Reinforcement Column axial
Set Width Depth Width Depth  grade grade Column Beam Joint load ratio
No. b, he be he f, f, e b P Ne/(Acf)
mm mm mm mm MPa MPa % % % MPa
1. 230 300 230 300 20 250 0.80 0.50 0.30 0.00
2. 300 400 300 400 40 415 1.50 1.50 0.70 0.20
3. 400 500 400 500 60 500 3.00 2.00 1.00 0.50
4, 500 600 500 600 80 550 4.00 3.00 1.50 0.75
5. 600 700 600 700 100 600 6.00 4.00 2.00 1.00
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Sarsatn & Phillips (1985)  -eeeeees Paulay & Priestley (1992)  ------- Vollum & Newman (1998)
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Fig. 1 Inflence of beam width on joint shear strength

1). For the parametric study on twelve joint shear strength models, the set no. 2 (Table 1) has been
considered as benchmark. Effect of each parameter has been studied by varying that particular
parameter in the set no. 2. Effect of variation of each parameter on the considered twelve models
has been shown in following sections.

4.1 Beam width (bb)

Fig. 1 shows the influence of beam width on joint shear strength predicted by twelve different
models. Model proposed by Sharma et al. (2012) predicts the lowest joint shear strength while
model by Hagger et al. 2003 predicts the highest. It can be observed from the figure that for the
same parameters there is significant variation in predicted joint shear strength i.e. for smaller beam
width the variation is about 2.5 times which increases to 4.5 times for larger beam width.

Out of the twelve models considered, the five models viz. Sarsam and Phillips (1985), Paulay
and Priestley (1992), Hwang and Lee (2002), Sharma et al. (2012), Pauletta et al. (2015) are
insensitive to beam width. While the other seven models viz. Vollum and Newman (1998), Bakir
and Boduroglu (2002), Hegger et al. (2003), Kim et al. (2009), Wang et al. (2011), Unal and
Burak (2013), Tran et al. (2014) shows an incremental effect of beam width on joint strength. Out
of the seven models the Vollum and Newman (1998), Hegger et al. (2003) model shows strong
effect of beam width with the linear increamental effect on joint shear strength (approximetely
200 kN per 100 mm increase in width of joint). Similarly Kim et al. (2009), Unal and Burak
(2013) model indicates a moderate effect of beam width on joint shear strength (linear increase of
100 kN per 100 mm width of joint). While Bakir and Boduroglu (2002), Tran et al. (2014), Wang
et al. (2011)’s model shows weak effect of beam width on joint shrength. The Wang et al. (2011)
model is showing increase of only 5 kN per 100 mm increase in the beam width. The remaining
Bakir and Boduroglu (2002), Tran et al. (2014) model shows nonlinear increase with beam width,
however, the effect is very small.
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Fig. 2 Inflence of beam depth on joint shear strength

4.2 Beam depth (hy)

Prediction of joint shear strength by considered models for different beam depth does not show
any obvious trend. Fig. 2 shows the significant variation in predicted joint shear strength i.e., for
smaller beam depth the variation is about 4.5 times which decreases to 2.0 times for larger beam
depth. From the Fig. 2 all the three pattern i.e., increase, no effect and decrease in joint shear
strength with increasing beam depth have been observed. Moreover, for smaller beam depth (i.e.,
230 mm) the variation in predicted joint shear strength amongst the considered models is
significant which reduces with increase in beam depth .

Out of the twelve models, three models (Kim et al. 2009, Unal and Burak 2013, Pauletta et al.
2015) neglects the effect of beam depth. While the seven models (Sarsam and Phillips 1985,
Paulay and Priestley 1992, Vollum and Newman 1998, Hwang and Lee 2002, Bakir and
Boduroglu 2002, Hegger et al. 2003, Tran et al. 2014) shows the reduction of joint shear strength
with increase in beam depth. Amongst seven models, the three models by Paulay and Priestley
(1992), Vollum and Newman (1998), Hegger et al. (2003) shows linear decrease of joint shear
strength of order of 23 kN, 68 kN and 55 kN per 100 mm increase of beam depth respectively. The
models of Sarsam and Phillips (1985), Bakir and Boduroglu (2002), Hwang and Lee (2002), Tran
et al. (2014) shows nonlinear decrease of joint shear strength in which rate of decrease is high for
the lower depth of the beam. In contrast, the two modes i.e., Wang et al. (2011), Sharma et al.
(2012) shows the nonlinear increase in joint shear strength. But Sharma et al.(2012) model shows
very steep increase in joint shear strength with increase in beam width.

4.3 Column width (b.)

The considered twelve models does not show any clear pattern on joint shear strength with
variation of column width. Fig. 3 shows the indistinguishable variation in predicted joint shear
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Fig. 3 Inflence of column width on joint shear strength

strength i.e., for smaller column width the variation is about 2.5 times which remains same for
greater column width.

Four models i.e., Paulay and Priestley (1992), Vollum and Newman (1998), Hegger et al.
(2003) and Pauletta et al. (2015) are insensitive to column width for predicting the joint shear
strength. Model of Sarsam and Phillips (1985) shows decrease in joint shear strength with increase
in column width. All remaining models are showing increase in joint shear strength with increase
in column width. Significant linear increase in joint shear strength has been observed in Hwang
and Lee (2002), Unal and Burak (2013), and Tran et al. (2014) model which gives 200 kN per 100
mm increase in width. Whereas the models proposed by Bakir and Boduroglu (2002), Kim et al.
(2009) and Sharma et al. (2012) gives the moderate rate of increase which is of the order of 100
kN per 100 mm increase in column width. The Wang et al. (2011) model gives weak influence of
column width on joint shear strength.

4.4 Column depth (hc)

Except two models (Paulay and Priestley 1992, Sharma et al. 2011) other ten models shows
increase in joint shear strength with increase in column depth. From Fig. 4, the significant
variation in rate of increase in joint shear strength is observed i.e., for smaller column depth the
variation is about 2.5 times which goes up to 6.5 times for larger column depth.

Models by Tran et al. (2014), Bakir and (2002), Hwang and Lee (2002), Hagger et al. (2003),
Pauletta et al. (2015) shows significant increase while Sarsam and Phillips (1985), Kim et al.
(2003), Wang et al. (2011), Unal and Burak (2013) shows moderate increase in joint shear strength
with increase in column depth (Fig. 4). Paulay and Priestley (1992) model does not consider the
effect of column depth, hence it is insensetive to this parameter. In case of Sharma et al.(2012)
model there is mild decrease in joint shear strength with increase in column depth. The models
given by Sarsam and Phillips (1985),Vollum and Newman (1998), Hegger et al. (2003) and Kim et
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Fig. 5 Inflence of concrete grade on joint shear strength

al. (2009) are showing the linear increment, whereas the Bakir and Boduroglu (2002), Hwang and
Lee (2002), Wang et al. (2011), Unal and Burak (2013), Tran et al. (2014) and Pauletta et al.

(2015) model are showing the nonlinear incremental effect of column depth on joint shear
strength.

4.5 Concrete grade (f.)

Being the primary component of shear transfer mechanism in all the considered models, the
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increase in grade of concrete increases the strength of joint as shown in Fig. 5, except in the model
by Paulay and Priestley (1992). The model by Paulay and Priestley (1992), does not considers the
direct contribution of concrete strength, however, the effect of concrete strength is considered
indirectly in the formulation of depth of flexural compression in column through the column axial
load ratio (NJ/Af.).

From Fig. 5 the constant variation of 3% is observed in joint shear strength for lesser and
greater concrete compressive strength. The Sarsam and Phillips (1985) model indicates steep linear
increase in joint shear strength with increase in concrete strength. Except Sarsam and Phillip’s
model all other models are showing the nonlinear increase in joint shear strength. The Sharma et
al. (2012), Unal and Burak (2013) model are showing weak influence of concrete grade on joint
shear strength. In general, the rate of increase of joint shear strength in most of the models with the
concrete grade is high upto 60 MPa.

4.6 Tensile yield strength of steel reinforcement (f,)

All the analytical models (excluding model of Sharma et al. 2012) consider the effect of yield
strength of steel reinforcement into the formulation. It can be observed from the figure that for the
same parameters there is significant linear variation in predicted joint shear strength i.e. for yield
strength the variation is about 2.5 times which goes up to 5 times for larger yield strength. Similar
to concrete grade, the increase in steel yield strength improves the joint shear strength, however,
its influence is less than concrete grade (Fig. 6). At initial set of 415 kN the joint shear strength
range is in between 356 MPa to 838 MPa while at the last set the range expanded to 356 MPa to
1908 MPa.

Paulay and Priestley (1992) and Bakir and Badiroglu (2002) gives increase of approximately
100 kN and 300 kN per 50 MPa increase in yield strength of steel reinforcement. The three models
Hwang and Lee (2002), Unal and Burak (2013), Tran et al. (2014) shows increase of
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Fig. 6 Inflence of steel reinforcement grade on joint shear strength
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Fig. 7 Inflence of beam longitudinal reinforcment on joint shear strength

approximately 10 kN, whereas other six models Sarsam and Phillips (1985), Vollum and Newman
(1998), Hegger et al. (2003), Kim et al. (2009), Wang et al. (2011), Pauletta et al. (2015) gives 40
% increase with increase in 50 MPa yield strength of steel reinforcement.

4.7 Beam longitudinal reinforcement ratio (pp)

Fig. 7 shows that for smaller amount of beam reinforcement (0.5%) the variation is about 1.5
times which increases upto 12 times for higher amount (4%) of beam reinforcement. Only four
models (Paulay and Priestley 1992, Bakir and Badiroglu 2002, Kim et al. 2003, Tran et al. 2014)
have considered the effect of beam longitudinal reinforcement on joint shear strength (Fig. 7). The
analysis based on four models shows the increase in joint shear strength with increase in beam
longitudinal reinforcement. Model by Tran et al. (2014) shows linear increase at the rate of 120 kN
per 1% increase in beam reinforcement. Also the rate of increase of Paulay and Priestley (1992)
and Bakir and Boduroglu (2002) model is higher than that of Kim et al. (2009) model as shown in
the Fig. 7.

The amount and detailing of beam longitudinal reinforcement inside the joint affects the shear
capacity of joint (Paulay and Priestley 1992). Bending moment in the beam develops tension force
at the joint face which is transferred by means of bond with concrete. The embedment length of
beam longitudinal bars is effective in preventing the slip of bars under the cyclic loadings. In
addition to bond strength, the type of anchorage of beam longitudinal reinforcement also affects
the force transfer mechanism (Vollum and Newman 1999, Bakir and Boduroglu 2002, Hegger et
al. 2003, Tran et al. 2014). In older construction practice it is observed that the beam bottom
longitudinal bars are kept straight inside the joint (without bend) which leads to ‘bond-slip failure’.
This insufficient embedment length leads to premature failure of joint. The crack at the joint
interface develops due to premature failure of joint attributed to bond slip.
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4.8 Column longitudinal reinforcement ratio (p.)

The effect of variation of column longitudinal reinforcement on joint shear strength is shown in
Fig. 8. The variation in joint shear strength is 2.0 times for lesser column reinforcement (0.5%)
which increases upto 10 times for higher column reinforcement (4.0%). Except the three models
by Sarsam and Phillips (1985), Hegger et al. (2003) and Pauletta et al. (2015), all other models
have not considered the effect of column longitudinal reinforcement. All the nine models (viz.
Paulay and Priestley 1992, Vollum and Newman 1999, Bakir and Boduroglu 2002, Hwang and
Lee 2002, Kim et al. 2009, Wang et al. 2011, Sharma et al. 2012, Unal and Burak 2013, Tran et al.
2014) shows constant trend along with the increase in column reinforcement.

Fig. 8 shows the significant increase in joint shear strength after increasing the amount of
column reinforcement from 1.5-3.0%. The joint shear strength is found impulsive increase of
almost 50% than that observed upto 3%. Hegger et al. (2003) model shows slight increase in joint
shear strength of approximately 5% with increase of 1% in column reinforcement.

4.9 Joint shear reinforcment (p))

Observations from Fig. 9 shows that the variation in joint shear strength is 2 times for smaller
joint shear renforcement which increases significantly upto 14 times with the increase in joint
shear reinforcement from 0.5-4.0%.

The five models viz., Sarsam and Phillips (1985), Paulay and Priestley (1992), Vollum and
Newman (1998), Bakir and Boduroglu (2002), Hegger et al. (2003) gives constant 40% increase
while the remaining three models Wang et al. (2011), Unal and Burak (2013), Pauletta et al.
(2015) gives lesser rate of increase of 20 % with increase of each 1% shear reinforcement. The
three models by Kim et al. (2009), Hwang and Lee (2002), Tran et al. (2014) shows moderate rate
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Fig. 10 Inflence of column axial load ratio on joint shear strength

of increase in joint shear strength of 6%, 17% and 15% per 1% increase of joint shear
reinforcement as compared with previous mentioned models. The model by Sharma et al. (2012)
model does not considers the effect of joint reinforcement.

The general pattern of graph shows that for joint shear reinforcemnt upto 1.5% the rate of
increase is very less, in between 1.5%-2.5% the joint shear strength increases 2-3 times, while,
from 3%-4% the increse rate becomes 3-5 times higher.
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4.10 Column axial load ratio (N/Acf)

The rate of variation of all the models for column load ratio from 0 to 1.0 is shown in the Fig.
10. The variation in joint shear strength is approximately 3 times for smaller column axial load
ratio which increases to 6 times for higher column axial load ratio.

Most of the models are considering positive effect of column axial load on joint shear strength.
The models proposed by Vollum and Newman (1999), Bakir and Boduroglu (2002), Hegger et al.
(2003), Kim et al. (2009), Wang et al. (2011) does not consider the column axial load ratio. While
the models by Sarsam and Phillip (1985), Paulay and Priestley (1992), Sharma et al. (2012), Unal
and Burak (2013) show very lower rate of increase in joint shear strength. The Hwang and Lee
(2002), Tran et al. (2014), Pauletta et al. (2015) model are showing constant rate of increase in
joint strength.

5. Assessment of analytical models using experimental database

The selected joint shear strength models have also been evaluated with a database of 200
experimental results of exterior RC beam column joints compiled from available literature. All the
experimental results considered in this paper were tested under either monotonic or cyclic
loadings. Test specimens having wide beam, eccentric joints and the presence of slab/transverse
beam were not included in the database. The geometric and material properties of the test
specimens along with externally applied forces and the corresponding joint shear strength have
been shown in Appendix I. Furthermore, it has also been tried to categorize the experimental
database on similar lines of analytical study i.e., experimental results with identical parameters
except the parameter which is varying, but this kind of categorization was not possible due
significant variability of parameters. However, it has been observed that many research groups
have conducted experiments on specimens with similar joint details and it is possible to identify
the pairs of specimens having one parameter variable and others constant. These pairs were further
analyzed to observe the effect of variation of a single parameter.

Based on the experimental database two types of study have been conducted i.e. effect of
variation of a parameter on joint shear strength and statistical compatibility of the considered
twelve models with experimental results.

5.1 Parametric analysis of experimental database

Out of the 200 experimental database (Appendix I), the pairs of specimens having single
variable parameter has been identified. It has been observed that these pairs can be grouped for
five parameters only, viz. concrete grade, beam longitudinal reinforcement, column longitudinal
reinforcement, joint shear reinforcement, and column axial load ratio as shown in Appendix II.
The effect of variation of each of the aforementioned parameter on joint shear strength is described
below;

a) Concrete grade

Eighteen pairs of specimens with the minimum variation of 4 MPa in concrete grade have been
identified and tabulated in Table 1 (a) and (b) of Appendix Il. Further, these eighteen pairs have
been subcategorized into two groups of concrete grades i.e. less than 60 MPa (Table 1(a) of
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Appendix 1) and more than 60 MPa (Table 1(b) of Appendix Il) keeping in view the brittle
behavior of high strength concrete under cyclic loading (Paulay and Priestley 1992). In the first
group (concrete grade less than 60 MPa) consisting of thirteen pairs, the minimum difference of
concrete grade in a pair is 8% and maximum is 43%. It can be observed from the Table 1(a) of
Appendix-11 that with increase in concrete grades, seven pairs out of the thirteen pairs are showing
increase in joint shear strength (F2-X6 of Tsonos et al. 1992, #6-#2 of Clyde et al. 2000, C6LN5-
C4ALNS of Hamil 2000, Q1-R1 of Murty et al. 2003, LVP4-LVP2 of Alva et al. 2007, and
BSLV2-BSLH2 of Wong and Kuang 2008), while, the remaining six pairs are showing either
decreasing effect or insensitive to joint shear strength (C4AL-C6L of Scott 1996, C4AALNO-
C6LNO, C4AALN1-C6LN1 and C4ALN3-C6LN3 of Hamil 2000, O7-06 of Hakuto et al. 2000, and
P2-S2 of Murty et al. 2003). Moreover, it is also important to note that the test results of
specimens F2-X6 by Tsonos et al. (1992) shows 47% increase in joint shear strength with the
increase of 12% in concrete grade (29 MPa-33 MPa), while in case of specimens P2-S2 of Murty
et al. (2003) for 13% increase in concrete grade (26 MPa-30 MPa), the joint shear strength
decreases by 2%. Similarly, from the Table 1(b) (concrete grade more than 60 MPa), the joint
shear strength variation is not consistent with concrete grade. For both, low and high grade of
concrete, it is difficult to obtain any conclusive effect of increase in grade of concrete on joint
shear strength.

Moreover, out of the twelve analytical joint shear strength models considered in the previous
section, eleven models predict increase in joint shear strength with increase in concrete grade (Fig.
5), whereas, the model of Paulay and Priestley’s (1992) shows no direct effect of concrete grade,
however, this model considers the effect of concrete grade in axial load ratio.

b) Beam longitudinal reinforcement

Three pairs of specimens with variation in beam longitudinal reinforcement have been
identified and shown in Table 2 of Appendix-Il. All the three pairs (i.e., M1-M2 of Tsonos 1999,
JC1-JC2 of Chun and Kim 2004, and BSL600-BSL450 of Wong and Kuang 2008) shows increase
in joint shear strength with increase in beam reinforcement percentage. The joint shear strength of
specimens BSL600-BSL450 of Wong and Kuang (2008) increased by 10% with increase in beam
reinforcement from 1.21% to 1.61%, whereas specimens JC1-JC2 of Chun and Kim (2004) in
which the beam reinforcement is increased from 1.52% to 3.04%, the joint shear strength increased
by 53%.

As indicated in section 4.7, only four models (i.e., Paulay and Priestley 1992, Bakir and
Badiroglu 2002, Kim et al. 2003, Tran et al. 2014) considered the effect of beam longitudinal
reinforcement on joint shear strength (Fig. 7). Out of these four models, two models (Paulay and
Priestley 1992, Bakir and Badiroglu 2002) predicts steep increase in joint shear strength with
increase in beam longitudinal reinfeocement beyond 1.5%, which is also evident from
experimental results of specimens M1-M2 of Tsonos (1999) and JC1-JC2 of Chun and Kim
(2004). However, based on these few test results, apparently these two analytical models capture
the effect of beam reinforcement properly.

¢) Column longitudinal reinforcement

Only three pairs of experimental specimens have been found to consider the effect of column
reinforcement as tabulated in Table 3 of Appendix Il. The test pairs X6-S’6 of Tsonos (1992)
shows no effect on joint shear strength even with 50% increase in column reinforcement, while, in
case of test pair 4C-4F of Parker and Bullman (1997), 7% increase of joint shear strength is
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observed with 75% increase in column reinforcement. On contrary, the test pairs 1T55-3T3 of
Hwang et al. (2005) in which the column reinforcement is increased by 13% shows reduction of
17% in joint shear strength.

As discussed in section 4.8 only three models (Sarsam and Phillips 1985, Hegger et al. 2003,
Pauletta et al. 2015) shows increase in joint shear strength with increase in column reinforcement.
Moreover, from the comparison of test pairs and analytical models no conclusive observations
have been obtained.

d) Joint shear reinforcement

The total 31 pairs of specimens have been identified which considers the effect of variation in
joint shear reinforcement as shown in Table 4 of Appendix IlI. The variation of joint shear
reinforcement ranges from zero to 2.86%. Out of 31 pairs, seven pairs show notable increase
(around 20%) in joint shear strength (C4ALNO-C4ALN1, C6LH3-C6LH5 and C6LN3-C4ALNS
of Hamil 2000, Q1-P2 of Murty et al. 2003, BSL450-BSLH1 of Wong and Kuang 2008, BS450-
H1T10 and BS600-H2T8 of Kaung and Wong 2011). Seventeen pairs show marginal increase
(upto 13%), while, seven pairs show slight reduction (upto 8%) in joint shear strength. From most
of the observations it is apparent that increase in joint reinforcement increases the joint shear
strength. However, from the identified pairs of specimens, it is difficult to comment on rate of
increase in joint shear strength with percentage increase in joint reinforcement. For example the
pair X1-S1 and X2-S2 of Tsonos et al. (1992) shows only 5% increase in joint shear strength for
74% increase in joint shear reinforcement (0.76% to 2.5%). The two pairs of Chun and Shin
(2014) i.e., H1.0U-H1.0S and H0.7U-M0.7U with joint reinforcement variation from 0.31% to
0.46%, shows contradicting effect on joint shear strength i.e., for one pair an increase of 10% and
fort the other pair a decrease of 2%. Joint shear strength for specimens of Kaung and Wong (2011)
increases by 20% with only 10% increase in joint shear reinforcement, while, the two pairs of
specimens of Karayannis et al. (2008) with difference of 30% and 56% in joint shear
reinforcement demonstrates no effect on joint shear strength. Moreover, it is also difficult to
clearly bring out the precise effect of joint reinforcement in comparison to the unreinforced joints.

From the section 4.9 it can be observed that most of the analytical models predict an increase in
joint shear strength with increase in joint shear reinforcement which is also evident from most of
the identified experimental specimens. However, as observed form analytical models that the joint
shear strength significantly increases with increase in joint shear reinforcement beyond 2%, could
not be verified due to lack of sufficient numbers of experimental pairs in that range.

e) Column axial load ratio

To observe the effect of column axial load ratio on joint shear strength, eight pairs with
variation in column axial load ratio have been obtained and shown in Table 5 of Appendix Il. For
the column axial load ratio up to 0.20, five pairs are showing the increase in joint shear strength
with the increase in column axial load ratio. For the remaining three pairs no effect on joint shear
strength has been observed even with variation in column axial load ratio from 0.15 to 0.30. Test
specimens 5-4 of Pantelides et al. (2002) shows an 83% increase in joint shear strength with 60 %
increase in column axial load ratio (0.08-0.21), while, specimens T10 and T9 of Masi et al. (2008)
shows 6% decrease in joint shear strength for 50% increase in column axial load ratio (0.15-0.3).

From the section 4.10 and Fig. 10 it can be observed that for seven analytical models, there is a
mild increase in the joint shear strength up to axial load ratio of 0.4 and beyond this four models
predict steep increase. However, all the pairs considered here are subjected to an axial load ratio
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less than 0.4, and therefore, it is difficult to comment on the experimental validation of analytical
models with high load ratio.

5.2 Compatibility of models with experiments

To evaluate the analytical models, the ratio of experimentally obtained joint shear strength to
analytically predicted joint shear strength (Vjnexpt/Vinmoder) has been plotted in Fig. 11. For a good
analytical model the ratio (Vjhexpt/Vjnmoder) Should be near to unity and the coefficient of variation
(COV) has to be minimum. From the statistical evaluation of the ratio (Vjnexpt/Vjnmoder) it has been
observed that the analytical models are either predicting lower or higher value, hovering around
the desired diagonal as shown in Figs. 11 (a to I). To identify the behavior of analytical model a
linear trend line pattern equation has also been plotted in the figures. Majority of the predictions by
the Sarsam and Phillips (1985) model are less than the experimental results. On an average this

model predicts 20% less strength; also, the COV is 0.49 which shows significant scatter from the
experimental results.
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Fig. 11 Comparison of experimental results with analytical models
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Vjh Experiment (kN)
(j) Unal and Burak (2013)

Out of the seven empirical models, three models viz., Sarsam and Phillips (1985), Unal and
Burak (2013), Tran et al. (2014) model predicts 20%, 33% and 50% lesser strength than
experimental results. While remaining Vollum and Newman (1999), Bakir and Boduroglu (2002),
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Hegger et al. (2003), Kim et al. (2009) models are predicting 13%, 64%, 13% and 11% more than
experimental results. Kim et al. (2009) model is found suitable for shear reinforced joints while for
unreinforced joint the model yields zero values which are not shown in the Fig. 11(g). Strut and tie
models of Paulay and Priestley (1992), Hwang and Lee (2002) are predicting 7% and 33% more,
while the model by Pauletta et al. (2015) shows lesser results by 30% than experimental test
results. Both theoretical models predicting contrast predictions i.e., Wang et al. (2011) is showing
25% lesser and Sharma et al. (2012) higher by 32% than experimental results.

6. Conclusions

Detailed review of twelve analytical models for predicting the joint shear strength has been
presented in this paper. From the review of analytical models, ten important governing parameters
affecting the joint shear strength have been identified. The effect of each governing parameter on
joint shear strength predicted by analytical models has been studied in detail by the parametric
analysis. The study distinctly points out large variation in predicting the joint shear strength by
different models. Moreover, consensus on the relative effect of seven governing parameters viz.
beam width and depth, column width and depth, beam and column longitudinal reinforcement, and
column axial load ratio has not been attained. Further, to evaluate the accuracy of the twelve
analytical models, comparison of joint shear strength with 200 experimental results on exterior RC
beam column joint have been considered and studied by two approaches. In the first approach it
has been tried to categorize the experimental results on the similar lines of analytical study, but the
same was not possible due to significant variability of governing parameters, therefore, various
pairs of experimental specimens with only one variable parameter has been identified and grouped
for possible five governing parameters. However, from this study also no conclusive findings on
effect of governing parameters could be drawn. In the second approach, statistical method is used
to correlate the analytical models with experimental results. It has been observed that none of the
considered model is capable of predicting the joint shear strength with sufficient accuracy. The
minimum COV of 0.33 has been obtained by Kim et al. (2009) model, however the comparison is
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made for only 145 experimental results since the model is incapable in predicting the joint shear
strength without joint shear reinforcement. Further, the models by Tran et al. (2014) and Hegger et
al. (2003) are having COV of 0.40 based on 200 experimental results and for other models the
COV is higher. It can be concluded that a new improved analytical model for predicting the
exterior beam column joint shear strength considering the effect of each governing parameter is
required.
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Notations

Ain Cross sectional area of joint on horizontal plane (mm?)

Asvtop Area of top beam longitudinal reinforcement (mm?)

Aspbot Area of bottom beam longitudinal reinforcement (mmz)

Asp Total area of beam longitudinal reinforcement (mm?)

Agc Total area of column longitudinal reinforcement (mm?)

A Total area of shear reinforcement inside the joint (mm?)

Asih Area of horizontal shear reinforcement inside the joint (mm?)
Asiv Area of vertical shear reinforcement inside the joint (mm?)
by, Width of beam (mm)

b, Width of column (mm)

b; Width of joint (mm)

c Depth of compression zone in column (mm)

dy Diameter of beam longitudinal bar (mm)

fe Compressive strength of concrete (N/mm?)

f, Tensile strength of reinforcement (N/mm?)

fuo Yield strength of beam longitudinal reinforcement (N/mm?)
fye Yield strength of column longitudinal reinforcement (N/mm?)
Tysi Yield strength of joint shear reinforcement (N/mm?)

hy Depth of beam (mm)

he Depth of column (mm)

Iy Total length of beam of joint test specimen (mm)

I, Total length of column of joint test specimen (mm)

Ne¢ Column axial compressive load (kN)

T Tensile force in the beam longitudinal reinforcement, (T=Af,,Asstop)
Vin Horizontal shear stress in MPa

Ven Horizontal shear strength from concrete strut mechanism (kN)
Vin Total horizontal joint shear strength (kN)

Viniim Limiting horizontal joint shear strength (kN)

Ven Horizontal shear strength from truss mechanism (kN)

B Ratio of beam bottom to top reinforcement, (8=Asp pot/ Asb top)
0 Angle of inclination of concrete strut inside the joint panel

De Column longitudinal reinforcement ratio (%) (As./bchc)

Db Beam longitudinal reinforcement ratio (%) (Asy/byhp)
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Table 1 Experimental database of exterior RC beam column joints

. Column Properties Beam Properties Joint Properties . .
Sr Speci - - - Axial - Axial Vjh expt Failure
No Researchers men L bc hc Asc fyc L bb hb fyp Asb Asb . Asjh Asjy fyj fcMPa load Load (KN)  mode
: Details 5 bot top o 7 5 (KN) Ratio
mm mm mm mm’ MPa mm mm mm MPa m2 pm? ©@ mm* mm* MPa

1 Ehsani et al. (1987) 1 1727 340 340 1061 428 1745 300 480 428 1169 1169 2338 760 573 428 646 133 002 676 BFJF
2 Ehsani et al. (1987) 2 1727 340 340 1061 428 1745 300 480 428 1433 1433 2866 760 573 428 672 338 004 592 BFIJF
3 Ehsani et al. (1987) 3 1727 300 300 1061 428 1725 259 439 428 1257 1257 2514 760 573 428 646 383 007 716 BFIJF
4 Ehsani et al. (1987) 4 1727 300 300 1400 428 1725 259 439 428 1558 1558 3116 760 573 428 67.2 325 005 921  JF

5 Ehsani et al. (1987) 5 1067 300 300 1146 428 1674 259 439 276 2021 2021 4042 760 573 428 442 222 006 844 BFJF
6 Ehsa”'a’(“fg/;f)‘medd'”e LL8 1791 356 356 3482 458 1778 318 508 458 1962 1962 3924 2280 774 427 55 278 004 861 BFJF
7 Ehsa”'ar(‘fg’ggm‘*dd'“e LH8 1791 356 356 3482 458 1778 318 508 458 1962 1962 3924 2280 774 427 55 278 004 838 BFJF
8 Ehsa”'ar(‘fg'ggm‘*dd'“e HL8 1791 356 356 3925 458 1778 318 508 458 2640 2640 5280 1520 1013 427 55 487 007 987  JF

9 Ehsa”'a’(“fg/;f)‘medd'”e HH8 1791 356 356 3925 458 1778 318 508 458 2640 2640 5280 1520 1013 427 55 487 007 986 BFJF
10 Ehsa”'a?fggf)‘me‘jd'“e LL11 1791 356 356 3482 458 1778 318 508 458 1962 1962 3924 2280 774 427 75 285 003 769 BFJF
11 Ehsa”'a?fgﬁigme‘jd'“e LH11 1791 356 356 3482 458 1778 318 508 458 1062 1962 3924 2280 774 427 75 285 003 935 BFJF
12 Ehsa”'a?fg’;f’)‘medd'”e HL11 1791 356 356 3925 458 1778 318 508 458 2640 2640 5280 1520 1013 427 75 570 006 968  JF

13 Ehsa”'a?fggf)‘me‘jd'“e HH11 1791 356 356 3925 458 1778 318 508 458 2640 2640 5280 1520 1013 427 75 570 006 1021 BFJF
14 Ehsa”'a?fgﬁigme‘jd'“e LL14 1791 356 356 3482 458 1778 318 508 458 1962 1062 3924 2280 774 427 97 246 002 878 BFJF
15 Ehsa”'a’(“fg/;f’)‘medd'”e LH14 1791 356 356 3482 458 1778 318 508 458 1962 1962 3924 2280 774 427 97 246 002 891 BFJF
16 Ehsa”'a?fggf)‘me‘jd'“e HL14 1791 356 356 3482 458 1778 318 508 458 1962 1962 3924 2281 1013 427 97 246 002 891 BFJF
17 Ehsa”'a?fg’;f)‘me"d'”e HH14 1791 356 356 3925 458 1778 318 508 458 2640 2640 5280 1520 1013 427 97 492 004 1033 BFJF
18 Tsonos etal. (1992) S1 650 200 200 462 485 1150 200 300 485 308 308 616 302 616 495 446 7136 040 1434 BFIF
19 Tsonos etal. (1992) X1 650 200 200 462 484 1150 200 300 485 308 308 616 302 O 495 446 7136 040 1361 BFJF
20 Tsonos etal. (1992) S2 650 200 200 157 465 1150 200 300 507 305 305 610 402 616 495 313 580 046 157.2 JF

21 Tsonos etal. (1992) X2 650 200 200 157 465 1150 200 300 496 305 305 610 302 O 495 313 580 046 1507 BFJF
22 Tsonos etal. (1992) S6 650 200 200 308 485 1150 200 300 485 616 616 1232 402 616 495 39.8 6368 040 2256 JF

23 Tsonos et al. (1992) X6 650 200 200 308 485 1150 200 300 485 616 616 1232 0 0 495 325 520 040 3025 JF




Table 1 Continued

Column Properties Beam Properties Joint Properties

Sr Speci Axial Axial Vih exot Failure
No Researchers men L bc hc Asc fyc L bbb hb fyb Asb Asb o Asjh Asjy fyj fcMPa load Load J(KN)P o
: Details 2 bot  top 2 2 (KN) Ratio
mm mm mm mm° MPa mm mm mm MPa pm2 pmz ©@ mm* mm* MPa

24 Tsonos et al. (1992) S'6 650 200 200 616 485 1150 200 300 485 616 616 1232 O 495 349 558 040 3038 JF

25 Tsonos et al. (1992) F2 650 200 200 308 485 1150 200 300 485 616 616 1232 O 495 289 4622 040 2056 JF
26 Scott (1996) C1 850 150 150 402 525 925 110 210 575 226 226 452 57 414 49.90 275 0.24 148.80 BFJF
27 Scott (1996) C1IA 850 150 150 402 525 925 110 210 575 226 226 452 57 414 60.00 275 0.20 148.00 BFJF
28 Scott (1996) CIAL 850 150 150 402 525 925 110 210 575 226 226 452 57 414 4170 50 0.05 11435 JF
29 Scott (1996) C2 850 150 150 402 525 925 110 210 575 226 226 452 57 414 61.70 275 0.20 11036 JF
30 Scott (1996) C2L 850 150 150 402 525 925 110 210 575 226 226 452 57 414 4540 275 0.27 148.48 BFJF
31 Scott (1996) C3L 850 150 150 402 525 925 110 210 575 226 226 452 57 414 4440 50 0.05 11231 JF
32 Scott (1996) C4 850 150 150 402 525 925 110 210 525 402 402 804 57 414 5180 275 0.24 159.61 JF
33 Scott (1996) C4A 850 150 150 402 525 925 110 210 525 402 402 804 57 414 5540 275 0.22 169.61 JF
34 Scott (1996) C4AAL 850 150 150 402 525 925 110 210 525 402 402 804 57 414 4470 50 0.05 15426 JF
35 Scott (1996) C5 850 150 150 402 525 925 110 210 525 402 402 804 57 414 413 275 030 7561 JF
36 Scott (1996) C6 850 150 150 402 525 925 110 210 525 402 402 804 57 414 49.80 275 0.25 11866 JF
37 Scott (1996) C6L 850 150 150 402 525 925 110 210 525 402 402 804 57 414 5730 50 0.04 140.76 JF
38 Scott (1996) Cc7 850 150 150 402 525 925 110 300 525 402 402 804 57 414 4400 275 0.28 10348 JF
39 Scott (1996) C8 850 150 150 402 525 925 110 300 525 402 402 804 57 414 5560 275 0.22 89.04 JF
40 Scott (1996) C9 850 150 150 402 525 925 110 300 525 402 402 804 57 414 4490 275 027 9221 JF

560 49.00 O 0.00 2313 JF
560 49.00 300 0.07 2705 JF
560 46.00 570 0.14 3332 JF
560 49.00 O 0.00 294 JF
560 50.00 300 0.07 3136 JF
560 47.00 600 0.14 3589 JF
480 53.00 O 0.00 4559 JF
480 54.00 300 0.06 4772 JF
480 54.00 600 0.12 4742 JF

41 Parker & Bullman (1997) 4a 1000 300 300 402 550 1000 250 500 570 982 982 1964
42 Parker & Bullman (1997)  4b 1000 300 300 402 550 1000 250 500 570 982 982 1964
43 Parker & Bullman (1997)  4c 1000 300 300 402 550 1000 250 500 570 982 982 1964
44  Parker & Bullman (1997) 4d 1000 300 300 1608 580 1000 250 500 570 982 982 1964
45 Parker & Bullman (1997)  4e 1000 300 300 1608 580 1000 250 500 570 982 982 1964
46 Parker & Bullman (1997) 4f 1000 300 300 1608 580 1000 250 500 570 982 982 1964
47 Parker & Bullman (1997) 5a 1000 300 300 982 485 1000 250 500 485 982 982 1964 679
48 Parker & Bullman (1997) 5b 1000 300 300 982 485 1000 250 500 485 982 982 1964 679
49 Parker & Bullman (1997)  5c 1000 300 300 982 485 1000 250 500 485 982 982 1964 679
50 Parker & Bullman (1997) 5d 1000 300 300 982 485 1000 250 500 515 1608 1608 3216 679 480 5400 O 0.00 4546 JF

51 Parker & Bullman (1997) 5e 1000 300 300 982 485 1000 250 500 515 1608 1608 3216 679 480 56.00 300 0.00 5939 JF

52 Parker & Bullman (1997) 5f 1000 300 300 982 485 1000 250 500 515 1608 1608 3216 679 O 480 54.00 600 0.06 647.7 JF

53 Wallace etal. (1998)  BCEJ1 1524 457 457 1927 455 3276 457 610 483 1520 2027 3547 1520 1285 462 358 0 0.00 7419 BFJF
54 Wallace etal. (1998)  BCEJ2 1524 457 457 1927 455 3276 457 610 483 1520 2027 3547 760 1285 462 336 O 0.00 7905 CFJF
55 Tsonos (1999) M1 650 200 200 157 465 1100 200 300 4651 383 383 766 402 0 4946 34 300 0.22 1537 CRF
56 Tsonos (1999) M2 650 200 200 157 465 1100 200 300 484.1 616 616 1232 402 0 4946 335 300 022 2822 CFJF

O O O O O O OO OO 000000000000 OLOOOOoOOoOo
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57 Clyde et al. (2000) #2 1283 305 457 1611 470 1499 305 406 454.4 2588 2588 5176 0O 774 4544 557 689 0.09 1154 JF
58 Clyde et al. (2000) #4 1283 305 457 1611 470 1499 305 406 454.4 2588 2588 5176 0O 774 4544 494 1380 0.20 1303 JF
59 Clyde et al. (2000) #5 1283 305 457 1611 470 1499 305 406 454.4 2588 2588 5176 0 774 4544 446 1357 022 1185 JF
60 Clyde et al. (2000) #6 1283 305 457 1611 470 1499 305 406 454.4 2588 2588 5176 0 774 4544 483 587 0.09 1104 JF
61 Hamil (2000) C6LNO 850 150 150 402 525 825 110 210 525 402 402 804 O 0 414 531 50 0.04 1139 JF
62 Hamil (2000) C6LN1 850 150 150 402 525 825 110 210 525 402 402 804 57 0 414 531 50 0.04 1187 JF
63 Hamil (2000) C6LN3 850 150 150 402 525 825 110 210 525 402 402 804 170 0O 414 506 50 0.04 1379 JF
64 Hamil (2000) C6LN5 850 150 150 402 525 825 110 210 525 402 402 804 283 0O 414 381 50 0.06 1649 JF
65 Hamil (2000) C6LHO 850 150 150 402 525 825 110 210 525 402 402 804 O 0 414 105 100 0.04 1639 JF
66 Hamil (2000) C6LH1 850 150 150 402 525 825 110 210 525 402 402 804 57 O 414 105 100 0.04 169.1 JF
67 Hamil (2000) C6LH3 850 150 150 402 525 825 110 210 525 402 402 804 170 O 414 100 100 0.04 1877 JF
68 Hamil (2000) C6LH5 850 150 150 402 525 825 110 210 525 402 402 804 283 0O 414 104 100 0.04 239.1 BFJF
69 Hamil (2000) C4ALNO 850 150 150 402 525 825 110 210 525 402 402 804 O 0 414 44 50 0.05 1296 JF
70 Hamil (2000) C4ALN1 850 150 150 402 525 825 110 210 525 402 402 804 57 0 414 473 50 0.05 1623 JF
71 Hamil (2000) C4ALN3 850 150 150 402 525 825 110 210 525 402 402 804 170 O 414 432 50 0.05 1683 JF
72 Hamil (2000) C4ALN5 850 150 150 402 525 825 110 210 525 402 402 804 283 O 414 523 50 0.04 1852 JF
73 Hamil (2000) C4ALHO 850 150 150 402 525 825 110 210 525 402 402 804 O 0 414 108 100 0.04 201 JF
74 Hamil (2000) C4ALH1 850 150 150 402 525 825 110 210 525 402 402 804 57 0 414 988 100 0.04 2049 BFJF
75 Hamil (2000) C4ALH3 850 150 150 402 525 825 110 210 525 402 402 804 170 O 414 110 100 0.04 229.8 BFJF
76 Hamil (2000) C4ALH5 850 150 150 402 525 825 110 210 525 402 402 804 283 O 414 102 100 0.04 240.1 BRJF
77 Hakuto et al. (2000) 06 1600 460 460 905 308 1905 300 500 308 905 1357 2262 57 O 398 41 0 000 434 BFF
78 Hakuto et al. (2000) o7 1600 460 460 905 308 1905 300 500 308 905 1357 2262 57 O 398 373 0 000 440 BFJF
79 Calvi et al. (2001) T1 1165 200 200 151 386 1700 200 330 366 327 327 654 O 0 366 239 120 0.13 6229 BFJF
80 Gencoglu & Eren (2002) #1 1500 250 400 603 500 1200 250 600 500 462 462 924 503 0 500 295 150 0.05 1058 BFJF
81 Gencoglu & Eren (2002) #2 1500 250 400 603 500 1200 250 600 500 462 462 924 O 0 500 295 150 0.05 1144 JF
82  Pampanin et al. (2002) T2 1245 200 200 151 386 1700 200 330 366 327 327 654 O 0 366 291 100 0.09 729 JF
83  Pantelides et al. (2002) 1 1600 406 406 2027 470 1880 406 406 458.9 2588 2588 5176 0 0 4589 399 546.7 0.08 1225 JF
84  Pantelides et al. (2002) 2 1600 406 406 2027 470 1880 406 406 458.9 2588 2588 5176 0 0 4589 364 1247 021 1110 JF
85  Pantelides et al. (2002) 3 1600 406 406 2027 470 1880 406 406 458.9 2588 2588 5176 0 0 4589 41 5615 0.08 1046 JF
86  Pantelides et al. (2002) 4 1600 406 406 2027 470 1880 406 406 458.9 2588 2588 5176 0 0 4589 381 1305 0.21 1772 CFJF
87  Pantelides et al. (2002) 5 1600 406 406 2027 470 1880 406 406 458.9 2588 2588 5176 0 0 4589 38.2 5236 0.08 966.9 BFJF
88  Pantelides et al. (2002) 6 1600 406 406 2027 470 1880 406 406 458.9 2588 2588 5176 0 0 4589 37.3 1280 0.21 1161 CFJF
89 Hegger et al. (2003) RK1 830 150 240 402 530 970 150 300 530 628 628 1256 628 402 530 57.9 500 0.24 374 BFJF
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90 Hegger et al. (2003) RK2 830 150 240 402 530 970 150 300 530 628 628 1256 402 353 530 574 500 0.24 417 BFRJF
91 Hegger et al. (2003) RK3 830 150 240 402 530 970 150 300 530 628 628 1256 628 402 530 57.2 500 0.24 402 BFJF
92 Hegger et al. (2003) RK4 830 150 200 402 530 970 150 300 530 628 628 1256 628 402 530 51.7 500 0.32 357 JF
93 Hegger et al. (2003) RK5 830 150 200 402 530 970 150 300 530 628 628 1256 628 402 530 549 500 0.30 423 JF
94 Hegger et al. (2003) RK6 830 150 200 402 530 970 150 300 530 628 628 1256 628 402 530 86.5 500 0.19 556 JF
95 Hegger et al. (2003) RK7 830 150 200 402 530 970 150 300 530 628 628 1256 628 402 530 54.7 500 030 277 JF
96 Hegger et al. (2003) RK8 830 150 200 402 530 970 150 300 530 628 628 1256 628 402 530 386 500 043 273 JF
97 Murthy et al. (2003) P1 550 200 250 1200 415 1150 200 400 415 630 630 1260 O 0 0 27 0 0.00 346 JF
98 Murthy et al. (2003) P2 550 200 250 1200 415 1150 200 400 415 630 630 1260 200 O 415 26 0 0.00 408 BFJF
99 Murthy et al. (2003) P3 550 200 250 1200 415 1150 200 400 415 630 630 1260 200 O 415 27 0 0.00 364 BFJF
100 Murthy et al. (2003) Q1 550 200 250 1200 415 1150 200 400 415 630 630 1260 O 0 0 26 0 0.00 317 JF
101 Murthy et al. (2003) Q2 550 200 250 1200 415 1150 200 400 415 630 630 1260 200 O 415 27 0 0.00 443 BFRJF
102 Murthy et al. (2003) Q3 550 200 250 1200 415 1150 200 400 415 630 630 1260 200 O 415 27 0 0.00 428 BFJF
103 Murthy et al. (2003) R1 550 200 250 1200 415 1150 200 400 415 630 630 1260 O 0 0 30 0 0.00 350 JF
104 Murthy et al. (2003) R2 550 200 250 1200 415 1150 200 400 415 630 630 1260 200 O 415 27 0 0.00 467 BFJF
105 Murthy et al. (2003) R3 550 200 250 1200 415 1150 200 400 415 630 630 1260 200 O 415 27 0 0.00 440 BRJF
106 Murthy et al. (2003) S1 550 200 250 1200 415 1150 200 400 415 630 630 1260 O 0 0 28 0 0.00 330 JF
107 Murthy et al. (2003) S2 550 200 250 1200 415 1150 200 400 415 630 630 1260 200 O 415 27 0 0.00 440 BFJF
108 Murthy et al. (2003) S3 550 200 250 1200 415 1150 200 400 415 630 630 1260 200 O 415 30 0 0.00 400 BFRJF
109 Hwang et al. (2004) 70-3T44 1350 420 420 2458 421 2110 320 450 430 2027 2027 4054 2280 1639 498 925 196 0.01 1096 BFJF
110 Hwang et al. (2004) 70-3T4 1350 450 450 2458 458 2125 320 450 491 2027 2027 4054 1140 1639 436 90.6 196 0.01 1284 BFJF
111 Hwang et al. (2004) 70-2T5 1350 450 450 2458 458 2125 320 450 491 2027 2027 4054 792 1639 469 923 196 0.01 1275 BFJF
112 Hwang et al. (2004) 70-1T55 1350 450 450 2458 458 2125 320 450 491 2027 2027 4054 792 1639 469 84 196 0.01 1282 BFJF
113 Hwang et al. (2004) 28-3T4 1350 550 550 3278 458 2175 380 500 491 2027 2027 4054 760 3278 436 424 196 0.02 1200 BFJF
114 Hwang et al. (2004) 28-0T0O 1350 550 550 3278 458 2175 380 500 491 2027 2027 4054 0 3278 458 39.8 196 0.02 1230 JF
115 Chun & Kim (2004) JC1 1500 500 500 1901 403 2400 350 500 402.9 1140 1521 2661 1013 3041 383.9 61.7 0 0.00 570 BFJF
116 Chun & Kim (2004) JC2 1500 500 500 1901 403 2400 350 500 402.9 2281 3041 5322 1013 3041 383.9 60.1 0 0.00 1199 JF
117 Hwang et al. (2005) 0TO 1350 420 420 2458 421 2110 320 450 430 2027 2027 4054 0 1639 430 811 196 0.01 1078 BFJF
118 Hwang et al. (2005) 3T44 1350 420 420 2458 421 2110 320 450 430 2027 2027 4054 1140 1639 498 925 196 0.01 1157 JF
119 Hwang et al. (2005) 1B8 1350 420 420 2458 430 2110 320 450 435 2027 2027 4054 0 1639 435 745 196 0.01 1151 BFJF
120 Hwang et al. (2005) 3T3 1350 420 420 2458 421 2110 320 450 430 2027 2027 4054 638 1639 471 83.1 196 0.01 1058 BFJF
121 Hwang et al. (2005) 2T4 1350 420 420 2458 421 2110 320 450 430 2027 2027 4054 507 1639 498 855 196 0.01 1066 BFJF
122 Hwang et al. (2005) 1T44 1350 420 420 2458 421 2110 320 450 430 2027 2027 4054 507 1639 498 87.7 196 0.01 1072 BFJF
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123 Hwang et al. (2005) 3T4 1350 450 450 2458 458 2125 320 450 491 2027 2027 4054 1140 1639 436 90.7 196 0.01 1280 BFJF
124 Hwang et al. (2005) 2T5 1350 450 450 2458 458 2125 320 450 491 2027 2027 4054 792 1639 469 923 196 0.01 1272 BFJF
125 Hwang et al. (2005) 1T55 1350 450 450 2458 458 2125 320 450 491 2027 2027 4054 792 1639 469 84 196 0.01 1278 BFJF
126 Kuang & Wong (2006) BS-OL 1550 300 300 982 520 1650 260 450 520 942 942 1884 O 0 520 30.9 403 0.14 2642 JF
127 Kuang & Wong (2006) BS-LL 1550 300 300 982 520 1650 260 450 520 942 942 1884 O 0 520 30.9 403 0.14 5346 JF
128 Kuang & Wong (2006) BSU 1550 300 300 982 520 1650 260 450 520 942 942 1884 O 0 520 30.9 403 0.14 4112 JF
129 Kuang & Wong (2006) BSLLS 1550 300 300 982 520 1650 260 450 520 942 942 1884 O 0 520 30.9 403 0.14 4157 JF
130 Liu (2006) RC-1 1000 230 230 236 324 1525 200 330 323.8 471 471 942 0 0 3837 18 75 0.08 148.7 JF
131 Liu (2006) RC-6 1000 250 250 452 307 1525 250 330 306.7 452 452 904 57 226 383.7 25 100 0.06 1489 BFJF
132 Liu (2006) Nz-7 1000 250 250 452 307 1525 250 330 306.7 452 452 904 283 226 383.7 25 100 0.06 147.4 BFJF
133 Alva et al. (2007) LVP2 1250 200 300 603 594 1700 200 400 594 804 804 1608 201 804 602 442 397 0.15 514 JF
134 Alva et al. (2007) LVP3 1250 200 300 603 594 1700 200 400 594 804 804 1608 402 804 602 239 215 0.15 364 JF
135 Alva et al. (2007) LVP4 1250 200 300 603 594 1700 200 400 594 804 804 1608 201 804 602 246 221 015 327 JF
136 Alva et al. (2007) LVP5 1250 200 300 603 594 1700 200 400 594 804 804 1608 402 804 602 259 233 0.15 380 JF
137  Genesan et al. (2007) Hpr 500 150 200 156 428 650 150 200 428 226 226 452 57 0 428 76.2 157 0.01 81.12 BFRIJF
138 Idayani (2007) S1 865 180 180 402 460 1000 150 300 460 402 628 1030 O 0 250 36.1 90 0.08 194 JF
139 Idayani (2007) S2 865 180 180 402 460 1000 150 300 460 402 628 1030 O 0 250 94 90 0.03 199 JF
140 Idayani (2007) S3 865 180 180 402 460 1000 150 300 460 402 628 1030 170 0 250 36.1 90 0.08 224 JF
141 Tsonos (2007) Al 700 200 200 236 500 1000 200 300 500 314 314 628 424 157 540 35 200 0.14 157.3 BFJF
142 Tsonos (2007) E2 700 200 200 462 495 1000 200 300 495 308 308 616 424 308 540 35 200 0.14 1525 BFJF
143 Tsonos (2007) El 700 200 200 462 495 1000 200 300 495 462 462 924 424 308 540 265 200 0.19 234 JF
144 Tsonos (2007) Gl 700 200 200 462 495 1000 200 300 495 462 462 924 452 308 500 265 200 0.19 2393 JF
145 Karayannis et al. (2008) A0 750 200 200 157 580 1100 200 300 580 157 157 314 0 0 580 31.6 1523 0.12 8256 JF
146 Karayannis et al. (2008) Al 750 200 200 157 580 1100 200 300 580 157 157 314 101 0 580 31.6 1264 0.10 8293 BFJF
147 Karayannis et al. (2008) A2 750 200 200 157 580 1100 200 300 580 157 157 314 201 0 580 31.6 1523 0.12 82.93 BFJF
148 Karayannis et al. (2008) A3 750 200 200 157 580 1100 200 300 580 157 157 314 302 0 580 31.6 1523 0.12 822 BFJF
149 Karayannis et al. (2008) BO 750 200 300 157 580 1150 200 300 580 471 471 942 0 0 580 31.6 2284 0.12 2278 JF
150 Karayannis et al. (2008) B1 750 200 300 157 580 1150 200 300 580 471 471 942 101 0 580 31.6 2284 0.12 2533 JF
151 Karayannis et al. (2008) Co 750 200 300 308 580 1150 200 300 580 452 452 904 0 157 580 31.6 2284 0.12 239.7 JF
152 Karayannis et al. (2008) Cc2 750 200 300 308 580 1150 200 300 580 452 452 904 201 157 580 31.6 228.4 0.12 2428 BFJF
153 Karayannis et al. (2008) C3 750 200 300 308 580 1150 200 300 580 452 452 904 302 157 580 31.6 2284 0.12 239.7 BFJF
154 Karayannis et al. (2008) C5 750 200 300 308 580 1150 200 300 580 452 452 904 503 157 580 31.6 228.4 0.12 2435 BFJF
155  Karayannis & sirkelis Al 750 200 200 157 574 1100 200 300 574 157 157 314 O O 574 364 70 005 7495 JF

(2008)




Table 1 Continued

Column Properties

Beam Properties

Joint Properties

Sr. Speci men . . - Axial - Axial - Vjh Failure
No. Researchers Details bc hc Asc fyc L bb hb fyb Asb Asb . Asih Asiv fyj fcMPa load Load expt ~ o
bot  top ., (KN) Ratio (KN)
mm mm mm mm? MPa mm mm mm MPa pm2 mm? total mm? mm? MPa
156 Karaya’z’z‘gog‘)s"ke"s A2 750 200 200 157 574 1100 200 300 574 157 157 314 O O 574 364 70 005 76.06 JF
157 Karaya’zggo‘g‘)s'rke"s B1 750 200 200 339 574 1100 200 300 574 157 157 314 402 O 574 364 70 005 77.19 BFJF
158 Karaya’gggsog‘)s"ke"s B2 750 200 200 339 574 1100 200 300 574 157 157 314 402 O 574 364 70 005 77.19 BFJF
159 Bindu & Jaya (2008) AL 500 100 150 129 432 625 100 150 432 157 157 314 339 57 432 367 1592 003 7471 BFJF
160  Bindu & Jaya (2008) A2 500 100 150 129 432 625 100 150 432 157 157 314 339 57 432 367 1592 003 73.18 BFJF
161 K”S”ha(rgo%gs)h"’hara E1 735 300 300 265 375 1350 300 300 379 1206 1206 2412 170 265 366 304 216 008 5356 JF
162 KUSUha(rgo‘f)‘gs)h'Ohara E2 735 300 300 265 375 1350 300 300 379 1206 1206 2412 170 265 366 304 216 008 3711 JF
163 K”S”ha(rgo%ss)h"’hara B2 735 300 300 398 357 1350 300 300 456 796 796 1592 170 265 326 286 216 008 370 JF
164 Wong & Kuang (2008)  BSL300 1550 300 300 982 520 1650 260 300 520 942 942 1884 0 O 500 42.6 5751 015 5618 JF
165 Wong & Kuang (2008)  BSL450 1550 300 300 982 520 1650 260 450 520 942 942 1884 0 O 500 386 5211 015 3774 JF
166 Wong & Kuang (2008)  BSL600 1550 300 300 982 520 1650 260 600 520 942 942 1884 0 O 500 455 6143 015 3401 JF
167 Wong & Kuang (2008)  BSLV2 1550 300 300 982 520 1650 260 450 520 942 942 1884 0 314 500 40.7 5495 015 5142 JF
168 Wong & Kuang (2008)  BSLV4 1550 300 300 982 520 1650 260 450 520 942 942 1884 0 628 500 355 477.9 015 5338 JF
169 Wong & Kuang (2008)  BSLH1 1550 300 300 982 520 1650 260 450 520 942 942 1884 157 O 500 416 561.6 015 4955 JF
170 Wong & Kuang (2008)  BSLH2 1550 300 300 982 520 1650 260 450 520 942 942 1884 314 0 500 526 7101 015 5311 JF
171 Masi et al. (2008) T1 1600 300 300 308 478 2150 300 500 478 226 226 452 O 0 478 215 2903 0.5 1038 BFJF
172 Masi etal. (2008) T2 1600 300 300 462 478 2150 300 500 478 512 603 1115 603 0 478 215 5805 030 2648 BFJF
173 Masi etal. (2008) T3 1600 300 300 462 478 2150 600 240 478 512 603 1115 603 0 478 215 5805 030 282 BFJF
174 Masi et al. (2008) T4 1600 300 300 308 478 2150 600 240 478 226 226 452 603 0 478 215 5805 030 2356 BFJF
175  Masi et al. (2008) T5 1600 300 300 462 478 2150 300 500 478 512 603 1115 603 0 478 215 2903 0.5 267.9 BFJF
176 Masi et al. (2008) T6 1600 300 300 308 478 2150 300 500 478 226 226 452 0 0 478 215 5805 030 1033 BFJF
177 Masi etal. (2008) T7 1600 300 300 308 478 2150 600 240 478 226 226 452 0 0 478 215 2903 015 1046 BFJF
178 Masi etal. (2008) T8 1600 300 300 308 478 2150 600 240 478 226 226 452 603 O 478 215 5805 0.30 2485 BFJF
179 Masi et al. (2008) T9 1600 300 300 462 580 2150 300 500 580 512 603 1115 603 0 580 215 5805 0.30 3032 BFJF
180  Masi etal. (2008) TI0 1600 300 300 462 580 2150 300 500 580 512 603 1115 603 O 580 215 2903 015 3225 BFJF
181 Kaungand Wong (2011)  BS450 1325 300 300 1965 520 1500 260 450 520 942 942 188 0 O O 39 0 000 315 JF
182 Kaung and Wong (2011) BS450 H1T10 1325 300 300 1965 520 1500 260 450 520 942 942 1884 80 O 500 42 0 000 38 JF
183 Kaung and Wong (2011) BS450 H2T10 1325 300 300 1965 520 1500 260 450 520 942 942 1884 160 O 500 53 0 000 480 JF
184 Kaungand Wong (2011)  BS600 1325 300 300 1965 520 1500 260 600 520 942 942 1884 0 O O 46 0 000 284 JF
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185 Kaung and Wong (2011) BS600 H2T8 1325 300 300 1965 520 1500 260 600 520 942 942 1884 80 0 500 53 0 0.00 360 JF
186 Kaung and Wong (2011) BS600 H4T8 1325 300 300 1965 520 1500 260 600 520 942 942 1884 160 O 500 37 0 000 342 JF
187  Chun & Shin (2014) HO0.7S 1300 300 300 3482 461 1200 250 200 488 850 1134 1984 345 0 460 35 0 000 646 BF
188  Chun & Shin (2014) H1.0S 1250 300 300 3482 461 1200 250 300 488 850 1134 1984 345 0 460 35 0 000 563 BF
189  Chun & Shin (2014) H1.5S 1175 300 300 3482 461 1200 250 450 488 850 1134 1984 345 0 460 35 0 000 498 BFJF
190  Chun & Shin (2014) H2.0S 1100 300 300 3482 461 2400 250 600 488 850 1134 1984 345 0 460 48 0 000 526 BFJF
191  Chun & Shin (2014) H2.58 1025 300 300 3482 461 2400 250 750 488 850 1134 1984 345 0 460 48 0 000 454 BFRJF
192 Chun & Shin (2014) H0.7U 1300 300 300 3482 461 1200 250 200 488 850 1134 1984 235 0 460 35 0 000 611 BF
193 Chun & Shin (2014) H1.0U 1250 300 300 3482 461 1200 250 300 488 850 1134 1984 235 O 460 35 0 000 529 BF
194 Chun & Shin (2014) MO0.7S 1300 300 300 3482 461 1200 250 200 488 850 1134 1984 345 0 460 35 0 000 59 BF
195  Chun & Shin (2014) M1.0S 1250 300 300 3482 461 1200 250 300 488 850 1134 1984 345 0 460 35 0 000 557 BF
196  Chun & Shin (2014) M15S 1175 300 300 3482 461 1200 250 450 488 850 1134 1984 345 0 460 35 0 000 530 BFRJF
197  Chun & Shin (2014) M2.0S 1100 300 300 3482 461 2400 250 600 488 850 1134 1984 345 0 460 48 0 000 493 BFJF
198  Chun & Shin (2014) M2.5S 1025 300 300 3482 461 2400 250 750 488 850 1134 1984 345 0 460 48 0 000 455 NA
199  Chun & Shin (2014) MO0.7U 1300 300 300 3482 461 1200 250 200 488 850 1134 1984 235 O 460 35 0 000 683 BF
200  Chun & Shin (2014) M1.0U 1250 300 300 3482 461 1200 250 300 488 850 1134 1984 235 O 460 35 0 000 592 BF
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Appendix-Il

Table 1 Effect of variation in concrete grade on joint shear strength
(a) For concrete grade less than 60 MPa

S, Research groups Specimen RCacr)]ncrete drade R MSi Remarks
No compared (Roundg?)ff) % Diff. (Rouann(?zﬁ) % Diff.
1.  Tsonos et al. (1992) )Fé ég 12% ggg +47%  Increasing effect
2. Scott (1996) Céébl‘_l‘ ‘5"? 21% iig -9%  Decreasing effect
3. Clyde et al. (2000) Zg 22 14% ﬁgj +5% Increasing effect
4, Clyde et al. (2000) Zi jg 8% ggg +10% Increasing effect
5. Hamil (2000) CCA'Q_IT\II\(I)O gg 17% ﬁg -12%  Decreasing effect
6. Hamil (2000) ng_lhl\il g; 11% ﬁg -37%  Decreasing effect
7. Hamil (2000) CCA'Q_INI\QB g? 16% igg -22%  Decreasing effect
8. Hamil (2000) Ci%ll\ll\?S 22 27% igg +11% Increasing effect
9.  Hakuto et al. (2000) 82 ﬂ 9% ig’g -1% Insignificant
10.  Murty et al. (2003) Si gg 13% gég +10%  Increasing effect
11.  Murty et al. (2003) gg ég 13% 288 -2% Insignificant
12.  Alvaetal. (2007) ::xgg 22 43% gﬂ +57%  Increasing effect
13. Wong(;gggliuang gg::\'_/é gé 23% géi’ +3% Insignificant
(b) For concrete grade more than 60 MPa
Iflrc.) Research groups fg&%gzg Ricr)]r;](;mte E':l:‘:i f Rar:gz EXptO-/O Diff Remarks
(Round off) " (Round off) '
1. Hamil (2000) ng‘jﬁl 19095 6% igg -17%  Decreasing effect
2. Hamil (2000) CCA:SAI\_FI-?B ﬂg 9% ;gg +18% Increasing effect
3. Hwang et al. (2004) 7700'_1;355 gg 9% g?g -1% Insignificant
4. Hwang et al. (2005) é?g ;i 7% 13% -6%  Decreasing effect
5. Hwang et al. (2005) 12-2_555 gi 9% g;g -0.4% Insignificant
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Table 2 Effect of variation in beam longitudinal reinforcement on joint shear strength

Sr. Research groups Specimen stam il R U S Remarks
No. compared (Roundggfﬂ % Diff. (Flouanndg l;ﬁ‘) % Diff.

1. Tsonos (1999) m; ;gg +38% ;gg +45% Increasing effect
2. Chunand Kim (2004) jg égi +50% 1517909 +53% Increasing effect
3, WO”%;SSB*)(UE‘“Q ggtigg 121 +25% 2‘7‘3 +10%  Increasing effect

Table 3 Effect of variation in column longitudinal reinforcement on joint shear strength

Sr. Research groups Specimen %(;I:mn dallt R A Remarks
No. compared o o) % PIff (Round oty % DIff

1. Tsonos (1992) ;«2 (1);71 50% ggg 0% Insignificant
2. Parker (ir;%%ullman ZIC:: (1“718 75% ggg +7% Increasing effect
3. Hwang et al. (2005) 13-2_535 igé 13% iggg -17% Decreasing effect

Table 4 Effect of variation in joint shear reinforcement on joint shear strength

Sr.No  Research groups Specimen J(;int Shear Reint R St Remarks

| compared - ndoff) % DI (Round off) % Diff

1. Tsonos etal. (1992) )S(ll g;g 74% 122 +5% Increasing effect
2. Tsonos et al. (1992) )8(22 ggg 70% 12% +4% Increasing effect
3. Wallace et al. (1998) Sggi (1)22 27% ;?1(2) -6%  Decreasing effect
4, Hamil (2000) giﬁtm 8gg 35% 122 +19% Increasing effect
5, Hamil (2000)  C6LNO C6LN1 8gg 35% ﬁg +4%  Increasing effect
6. Hamil (2000) C6LN3 C4ALN5S 12:23 40% 12; +26% Increasing effect
7 Hamil (2000)  C6LHO C6LH1 ggg 350% 123 +3% Increasing effect
8. Hamil (2000)  C6LH3 C6LH5 1:33 40% ;g; +22%  Increasing effect
9. Hamil (2000) gjﬁ::n(l) 8gg 35% ggé +2% Increasing effect
10. Hamil (2000) gjﬁtng 1(7)2 40% 528 +4% Increasing effect
11. Genco(gzlgoazn)d Eren Zi ggg 50% Eg -8%  Decreasing effect
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RK2 2.10 0 417 10 .
12.  Hegger et al. (2003) RK3 286 36% 402 4%  Decreasing effect
13.  Murty et al. (2003) gzl 828 40% jég +22% Increasing effect
14.  Murty et al. (2003) Eé 828 40% ggg +5% Increasing effect
15.  Murty et al. (2003) l;é 828 40% 288 +13% Increasing effect
28-0TO 1.57 0 1230 o .
16. Hwang et al. (2004) 28-3T4 193 19% 1200 5%  Decreasing effect
70-2T5 1.69 0 1274 0 -
17.  Hwang et al. (2004) 70-3T4 193 13% 1284 +1% Insignificant
0TO 1.22 0 1078 0 .
18. Hwang et al. (2005) 373 169 28% 1058 -2%  Decreasing effect
275 1.69 0 1272 0 R
19. Hwang et al. (2005) 374 193 13% 1280 +1% Insignificant
. RC-6 0.45 0 148 0 —
20. Liu (2006) NZ-7 0.81 44% 147 -1% Insignificant
21 Idayani (2007) gé 8gg 63% ;gj +13% Increasing effect
22. Tsonos (2007) CEi igg 4% gig +2% Increasing effect
Karayannis et al. co 0.26 0 239 0 S
23. (2008) c1 0.60 56% 242 1% Insignificant
Karayannis et al. Cc2 0.77 0 239 0 -
24, (2008) c3 1.10 30% 243 1% Insignificant
Karayannis et al. BO 0.00 0 227 0 .
25. (2008) B1 0.17 17% 253 +10% Increasing effect
Wong and Kuang BS-L-450 0.00 0 377 0 .
26. (2008) BS-L-H1 0.21 21% 495 +24% Increasing effect
27 Wong and Kuang BS-L-V2 0.40 514 Increasing effect
' (2008) BS-L-V4 0.81 50% 533 +4% g
Kaung and Wong i 0.00 0 315 0 :
28. (2011) BS-450 H1T10 0.10 10% 389 +19% Increasing effect
Kaung and Wong BS-600 0.00 0 284 0 .
29. (2011) BS-600H2T8 0.10 10% 360 +21% Increasing effect
30. Chun and Shin (2014) H1.0U H1.0S gjé 32% ggg +10% Increasing effect
. HO.7U 0.31 611 N
31. Chun and Shin (2014) MO.7U 0.46 32% 596 -2% Insignificant
Table 5 Effect of variation in column axial load ratio on joint shear strength
Column axial load
Sr. Specimen ratio (N/A f.) Vin EXpt.
Research groups Remarks
No. compared Range % Diff Range % Diff
(Round off) 0 " (Round off) 0 '
4a 0.0 0 231 0
1. Parker and Bullman (1997) 4b 0.07 570$ 270 :13;’ Increasing effect
4c 0.14 ° 333 °
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2.

4,

Parker and Bullman (1997)

Parker and Bullman (1997)

Parker and Bullman (1997)
Pantelides et al. (2002)
Masi et al. (2008)
Masi et al. (2008)

Masi et al. (2008)

4d
4e
4f
5a
5b
5c
5e
5f

TS5
T2
T1
T6
T10
T9

0.0
0.07
0.14

0.0
0.06
0.12

0.0
0.06
0.08
0.21
0.15
0.30
0.15
0.30
0.15
0.30

7%
50%

6%
50%

6%

60%

50%

50%

50%

293
313
358
455
477
474
593
648
966
1772
268
265
103
103
322
303

+6%
+12%

+4%
0%

+8%

+83%

-1%

0%

-6%

Increasing effect

Increasing effect

Increasing effect
Increasing effect
Insignificant
Insignificant

Decreasing effect
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