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ABSTRACT 
 

The empirical models for predicting the shear strength of concentric and eccentric 
reinforced concrete exterior beam-column joints and the interior joints are developed. To 
propose the empirical model, different parameters affecting the shear strength of 
reinforced concrete beam-column joints under reversed cyclic loads have been 
evaluated and identified. The identified parameters, namely, concrete compressive 
strength, beam and column longitudinal reinforcement, beam-column depth ratio, column 
axial load, eccentricity, and joint shear reinforcement, are considered in this study. The 
effect of the aforementioned parameters is determined from the statistical evaluation of 
the database consisting of specimens collected from the literature, including a large 
amount of results of the exterior and interior beam-column joints with the parameters 
mentioned above. The effectiveness of the proposed model is verified by comparing the 
predicted shear strength values of the proposed model with three design codes of 
practice. The results indicate that the shear strengths of the reinforced concrete beam-
column joints predicted by the proposed model are more accurate than those predicted 
by other considered codes. The proposed empirical model is simple in use and can be 
used for the seismic design purpose to prevent premature shear failure of beam-column 
joints.  
 
1. INTRODUCTION 
 

     As the primary lateral-load resistant structure system, the reinforced concrete (RC) 
moment-resisting frame structures are commonly used in low or moderate-rise buildings 
subjected to earthquake load. In engineering practice, the beam-column joint plays an 
important role in transferring the internal forces and moments between adjacent columns 
and beams when the RC frame structures are subjected to lateral loading. Shear failure 
of RC beam-column joints was observed in post-earthquake reconnaissance, which 
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destroyed the mechanism of force transmission and resulted in the collapse of plenty of 
RC buildings resulting in casualties and huge economic losses (EERI 2001, Lee and Ko 
2007, Kaplan et al. 2010, and Vijayaprasad and Tiwary 2019). Therefore, the demand 
on the RC beam-column joints is to enable the adjoining beams and columns to develop 
the ultimate capacity to avoid sudden degradation of the strength and stiffness of the 
frame, and the integrity of joints is a vital factor to guarantee the seismic performance of 
a building. 
 
     Various experimental investigates have been reported in the literature to study the 
seismic behavior of RC beam-column joints (Pampanin et al. 2002, Lee et al. 2009, Mogili 
et al. 2019, and Karayannis and Golias 2021). The experimental results indicate that the 
joints failed due to the interaction of various parameters. The effect of the parameters 
leads to concrete cracking, yielding of steel bars, premature joint shear cracking, and 
reduced energy dissipation because of severe pinching effects. 
 
     At present, most of the formulas for calculating the shear strength of RC beam-
column joints in various codes are empirical formulas or semi-empirical formulas based 
on experimental research, and different theoretical approaches have been used to 
predict the joint shear strength considering different parameters. The strut-and-tie 
mechanism proposed by Paulay and Priestley (1992) considers seven different 
parameters. LaFave and Kim (2011) proposed an empirical model using the probabilistic 
analysis method to predict the shear strength of RC beam-column joint for the reinforced 
exterior joint. Recently, Parate and Kumar (2016 and 2019) identified and evaluated ten 
parameters affecting the seismic behavior of RC beam-column joints. The ten 
parameters evaluated are concrete compressive strength, width of beam and column, 
depth of beam and column, column axial load, beam and column longitudinal 
reinforcement, yield strength of reinforcement, and the joint shear reinforcement. 
 
     It is worth noting that those models neglect the effect of the eccentricity between 
the centerlines of beam and column on the joint shear strength. The eccentricity 
generates torsional moment and affects the joint shear strength and other seismic 
behaviors of the eccentric RC beam-column joints. Joh (1991), Raffaelle (1995), Teng 
(2003), and Lee (2007) reported the experimental results which show that eccentricity 
had negative effects on the seismic performance. 
 

In this study, the empirical models based on statistical analysis for predicting the 
shear strength of concentric and eccentric RC exterior beam-column joints and the 
interior joints are developed considering the effects of eccentricity. Then, by comparing 
the predicted shear strength values of the proposed model with three design codes, 
which include HKSUC 2013, NZS 3101, and ACI 318-14, the effectiveness of the 
empirical model for predicting the joint shear strength of RC beam-column joints is 
evaluated. 
 
2. EXPERIMENTAL DATABASE 
 



     To develop the empirical model, specimen details and joint shear strengths of 107 
experimental RC beam-column joints have been collected from the literature to form the 
experimental database. The database includes 54 specimens of exterior RC beam-
column joints and 53 specimens of interior RC beam-column joints, as shown in Table 1  
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and Table 2, respectively. The database neglects the effect of the specimen scale, but 
specimens with eccentricity have been included. The specimens with out-plane members  

like slab or beam have been excluded, and only “T” or “＋” shaped specimens were 

considered. Tables 1 and 2 show the literature, geometrical, steel bars, material 
properties, and joint shear strength of specimens. In other words, Tables 1 and 2  show 
the different parameters considered in this paper, including concrete compressive 
strength, width of beam and column, depth of beam and column, column axial load, beam 
and column longitudinal reinforcement, yield strength of reinforcement, the joint shear 
reinforcement, and the eccentricity. Based on the database, the effects of all the 
governing parameters on joint shear strength can be identified. 
 
3. EFFECTIVE AREA OF RC BEAM-COLUMN JOINT 
 
     The effective area of RC beam-column joints (Aj) is the effective width of joint 
multiplied by the effective depth of joint. However, different national codes adopted 
different formulations to calculate the effective joint width (bj) based on the relationship 
between beam width (bb) and column width (bc) as shown in Fig.1, however, the effective 
joint depth is defined as the depth of column (hc). Therefore, the effective area of RC 
beam-column joints can be calculated by Eq. (1). 
 
                                  𝐴𝑗=𝑏𝑗×ℎ𝑐                              (1) 

 

  
(a) bc≧bb (b) bc＜bb 

Fig.1 Effective joint widths 
 

Effective joint width has been determined following the HKSUT (2013), which is 
calculated by the following Eq. (2) or Eq. (3). 
 

𝑏𝑗=min{
𝑏𝑐

𝑏𝑏+0.5ℎ𝑐
   ( if bc≧bb)                   (2) 

 

𝑏𝑗=min{
𝑏𝑏

𝑏𝑐+0.5ℎ𝑐
   ( if bc＜bb)                   (3) 

 
4. EMPIRICAL MODEL 
 
     As various aforementioned parameters affect the seismic behavior of RC beam-
column joints, it is difficult to predict the accurate joint shear strength. Especially when 

hc

b
b

Column Beam

b
c

hc

b
b

b
c

Column Beam



various parameters have complex interaction, considering limited parameters will lead to 
a limited application range of the empirical model. Based on the experimental database, 
the effect of eccentricity on joint shear strength of exterior and interior RC beam-column 
joints can be identified following the statistical analysis method proposed by Parate and 
Kumar (2019). 
 
4.1 Influence of concrete compressive strength 
     Based on the experimental database as shown in Tables 1 and 2, the joint shear 
stress capacity (vj) of exterior and interior RC beam-column joints has been compared 

with the concrete compressive strength (𝑓𝑐
′) by regression analysis.  

 

  
(a) Exterior joints (b) Interior joints 

Fig.2 Influence of concrete compressive strength on joint shear strength 
 
     As shown in Fig.2, the influence of concrete compressive strength can be 
represented in Eq. (4) for exterior joint and Eq. (5) for interior joint. 
 

For exterior joints,     

 𝑣𝑗=1.303𝑓𝑐
′0.364                             (4) 

     For interior joints, 
 

𝑣𝑗=0.059𝑓𝑐
′1.295                             (5) 

 
4.2 Influence of beam and column longitudinal reinforcement 
     The longitudinal bars of beams and columns will be anchored at or pass through 
the joint core in practice, so the beam and column longitudinal reinforcement will affect 
the joint shear strength. The ratio of the percentage of beam-to-column longitudinal 
reinforcement (𝜌𝑏/𝜌𝑐) can be identified based on the experimental database through 
regression analysis, as shown in Fig.3. The influence of beam and column longitudinal 
reinforcement on joint shear strength is identified by Eq. (6) and Eq. (7). 
 

For exterior joints, 



𝑣𝑗

1.303𝑓′𝑐
0.364=1.012(

𝜌𝑏

𝜌𝑐
)
0.065

                       (6) 

For interior joints, 
𝑣𝑗

0.059𝑓′𝑐
1.295=0.98(

𝜌𝑏

𝜌𝑐
)
−0.226

                       (7) 

 
where 𝜌𝑏 is the percentage of longitudinal reinforcement of beam passing through joint 
and 𝜌𝑐 is the percentage of longitudinal reinforcement of column passing through joint. 
 

 
 

(a) Exterior joints (b) Interior joints 
Fig.3 Influence of beam and column longitudinal reinforcement on joint shear strength 

 
4.3 Influence of beam and column depth 
     The beam and column depth can define the angle of inclination of the diagonal strut 
of a joint core which is an important parameter in a strut-and-tie mechanism. An 
experimental study conducted by Lee and Ko (2007) points out that a high aspect ratio 
will reduce the joint shear strength. A similar observation has been identified in this study, 
as shown in Fig.4. The relationship between beam and column depth and joint shear 
strength is given by Eq. (8) and Eq. (9). 
 

  
(a) Exterior joints (b) Interior joints 

Fig.4 Influence of beam and column depth on joint shear strength 
 



For exterior joints, 
𝑣𝑗

1.319𝑓′𝑐
0.364(

𝜌𝑏
𝜌𝑐
)
0.065=1.028(

ℎ𝑏

ℎ𝑐
)
−0.102

                 (8) 

For interior joints, 
𝑣𝑗

0.058𝑓′𝑐
1.295(

𝜌𝑏
𝜌𝑐
)
−0.226=1.018(

ℎ𝑏

ℎ𝑐
)
−0.276

                (9) 

 
where hb and hc are the depth of beam and column, respectively. 
 
4.4 Influence of column axial load 
     Due to the effect of gravity load, there is always axial force acting on columns in 
the frame structure buildings. Based on the regression analysis, the influence of column 
axial load has been identified, as shown in Fig.5, Eq. (10) of exterior joint, and Eq. (11) 
of interior joint. 
 

  
(a) Exterior joints (b) Interior joints 
Fig.5 Influence of column axial load on joint shear strength 

 
For exterior joints, 
 

𝑣𝑗

1.356𝑓′𝑐
0.364(

𝜌𝑏
𝜌𝑐
)
0.065

(
ℎ𝑏
ℎ𝑐
)
−0.102=0.997+0.005(

𝑁𝑐

𝐴𝑐𝑓𝑐
′)≅1+0.005(

𝑁𝑐

𝐴𝑐𝑓𝑐
′)      (10) 

 
For interior joints, 

𝑣𝑗

0.059𝑓′𝑐
1.295(

𝜌𝑏
𝜌𝑐
)
−0.226

(
ℎ𝑏
ℎ𝑐
)
−0.276=1.055−0.31(

𝑁𝑐

𝐴𝑐𝑓𝑐
′)               (11) 

 
where Nc is the column axial load; the cross-sectional area of column Aj = column width 
(bc) × column depth (hc). 
 
4.5 Influence of eccentricity 
     Eccentric RC beam-column joints, which are largely required by architectural 
considerations in practice, were extensively used in existing RC frame structures. 



Experimental research by Lee and Ko (2007) points out that joint eccentricity will decline 
the performance of joint. Both joint specimens with eccentric and concentric beams are 
included in the experimental database in this study. The influence of eccentricity on joint 
shear strength is presented as, 
 

For exterior joints, 
 

𝑣𝑗

1.356𝑓′𝑐
0.364

(
𝜌𝑏
𝜌𝑐
)
0.065

(
ℎ𝑏
ℎ𝑐
)
−0.102

(1+0.005(
𝑁𝑐

𝐴𝑐𝑓𝑐
′))

=0.966−0.012(
𝑒

𝑏𝑐
)        (12) 

 
For interior joints, 
 

𝑣𝑗

0.059𝑓′𝑐
1.295

(
𝜌𝑏
𝜌𝑐
)
−0.226

(
ℎ𝑏
ℎ𝑐
)
−0.276

(1.055−0.31(
𝑁𝑐

𝐴𝑐𝑓𝑐
′))

=1.019−0.201(
𝑒

𝑏𝑐
)       (13) 

 

  

(a) Exterior joints (b) Interior joints 
Fig.6 Influence of eccentricity on joint shear strength 

 
4.6 Influence of joint shear reinforcement 
     In the past decades, a large number of experimental studies have investigated the 
effect of joint shear reinforcement on the shear strength of RC beam-column joints. Wong 
and Kuang (2008) showed that intermediate longitudinal reinforcement in a column may 
enhance the shear strength and improve the hysteretic behavior of RC beam-column 
joints. In addition, the links placed in beam-column joint cores can effectively enhance 
the joint shear strength. An experimental work conducted by Basha and Fayed (2019) 
indicates that the increase in the number of joint stirrups enhanced the joint capacity. 
 
     The influence of joint shear reinforcement has been considered by calculated the 
truss mechanism (Vs) as (Parate and Kumar 2019), 
 

𝑉𝑠=𝛼𝐴𝑠𝑗𝑓𝑦𝑠𝑗                             (14) 

 
where α, which is an empirical factor shown in Table 2, has been proposed to consider 



the reinforcement change; Asj and fysj are the total cross area and yield strength of the 
joint shear reinforcement, respectively. 
 

Table 2 Empirical factors for the various range of joint shear reinforcement 

Shear reinforcement Asj (%) α 

1.00 0.15 

1.00-2.00 0.20 

2.00 0.25 

 
     Considering that the horizontal (Asjh) and vertical (Asjv) shear reinforcement usually 
have different material properties, Eq. (14) can be further expressed as follows 
 

𝑉𝑠=𝛼(𝐴𝑠𝑗ℎ𝑓𝑦𝑠ℎ+𝐴𝑠𝑗𝑣𝑓𝑦𝑠𝑣)                       (15) 

 
where 𝑓𝑦𝑠ℎ and 𝑓𝑦𝑠𝑣 are the yield strength of the horizontal and the vertical shear 

reinforcement. 
 
     By combining the influence of all parameters considered, the finalized empirical 
model was formed and presented as follows 
 
     For exterior joint, 
 

𝑉𝑗=
1.356𝑓𝑐

′0.364(
𝜌𝑏
𝜌𝑐
)
0.065

(1+0.005(
𝑁𝑐

𝐴𝑐𝑓𝑐
′))(0.966−0.012(

𝑒

𝑏𝑐
))

(
ℎ𝑏
ℎ𝑐
)
0.102 ×𝐴𝑗+𝛼(𝐴𝑠𝑗ℎ𝑓𝑦𝑠ℎ+𝐴𝑠𝑗𝑣𝑓𝑦𝑠𝑣)        (16) 

 

For interior joint, 
 

𝑉𝑗=
0.059𝑓𝑐

′1.295(1.055−0.31(
𝑁𝑐

𝐴𝑐𝑓𝑐
′))(1.019−0.201(

𝑒

𝑏𝑐
))

(
𝜌𝑏
𝜌𝑐
)
0.226

(
ℎ𝑏
ℎ𝑐
)
0.276 ×𝐴𝑗+𝛼(𝐴𝑠𝑗ℎ𝑓𝑦𝑠ℎ+𝐴𝑠𝑗𝑣𝑓𝑦𝑠𝑣)           (17) 

 
5. COMPARISION WITH DESIGN CODES OF PRACTICE 
 
     The prediction of shear strength by the proposed models, which are defined as the 
Eq. (16) and Eq. (17), has been compared with those by different design codes of 
practice. The comparision includes Hong Kong code (non-seismic), New Zealand code 
(seismic) and American code (seismic). 
 
5.1 Hong Kong Code (HKSUC 2013) 
     According to the Code of Practice for Structural Use of Concrete 2013 (HKSUC 
2013), the shear strength of joint can be calculated by Eq. (18).  
 

𝑉𝑗= 
𝐴𝑗𝑓𝑦

0.5−
𝐶𝑗𝑁

0.8𝐴𝑐𝑓𝑐𝑢

                              (18) 



 
where 𝐴𝑐  and 𝐴𝑗 are the area of column section and the area of effective horizontal 

joint shear reinforcement, respectively; 𝐶𝑗 = 1 if joint has beams in one direction only; N 

is the design axial column load; and. 
 
5.2 New Zealand Code (NZS 3101) 
     The shear strength of a joint in the code of NZS 3101 (2017) is calculated by Eq. 
(19). 
 

 𝑉𝑗=0.2𝑓𝑐
′𝑏𝑗ℎ𝑐 or 10𝑏𝑗ℎ𝑐                       (19) 

where Vj is the lesser, and the effective width bj is usually taken as the smaller of bc or 

bw + 0.5hc, when bc × bw. 

 
5.3 American Code (ACI 318-14) 
    In ACI 318-14, the exterior beam-column joint shear strength for normal-weight 
concrete is specified as Eq. (20), of which the strength reduction factor of 0.85 is removed. 
 

𝑉𝑗=√𝑓𝑐
′𝐴𝑗                                  (20) 

where fc' is the compressive cylinder strength of concrete, Aj is the effective cross-
sectional area within a joint, which is computed from joint depth times effective joint width.  
 

  
(a) HKSUC 2013 (b) NZS 3101 

  

(c) ACI318-14 (d) Empirical model 
Fig.7 Comparison of experimental results and predicted results 

 



5.4 Comparison 
     The shear strength calculated by the three national codes and the empirical model 
is compared with the experimental results (Vj,exp). As shown in Fig.7, one 45° diagonal 
line represents that the prediction matches the experimental results well. Two trend-lines 
have also been plotted for both exterior and interior joints, respectively. 
 
     If the trend-line is closer to the 45° diagonal line, it indicates that the calculation 
method is more effective in predicting the joint shear strength. ACI 318-14 and HK code 
could not predict the joint shear strength well for both exterior and interior RC beam-
column joints. The prediction of NZS 3101 for the shear strength of interior joint performs 
well, but there are still large differences in exterior joints. It is observed that the predicted 
by the proposed model are more accurate than those predicted by the non-seismic 
design codes and seismic design codes, because the model considers more parameters 
affecting the joint shear strength in engineering practice. 
 
6. CONCLUSION 
 
     Empirical models for shear strength of both exterior and interior RC beam-column 
joints were developed based on an experimental database. The prediction of model is 
found appropriate in different cases of RC beam-column joints, including different 
reinforcement and geometric dimensions, especially considering the influence of 
eccentricity on joint shear strength. The prediction of the proposed empirical model has 
been compared with other national codes, and the results indicate that the proposed 
model has higher accuracy. 
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