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A B S T R A C T   

Beam-column joints play a critical role in transferring forces between beam and column elements and main
taining structural integrity during severe loading. While the nonlinear behaviors of beams and columns are 
commonly modeled in global frame analyses through the use of plastic hinges, the behavior of joints is often 
omitted through the use of rigid end offsets. The objective of this study is to develop an artificial neural network 
and derive the plastic hinge curves required for modeling reinforced concrete beam-column joints in global frame 
analyses. In pursuit of this objective, a feed-forward artificial neural network (FFNN) is developed to predict the 
shear strengths of beam-column joints. A comprehensive dataset of 598 experimental joint specimens is compiled 
from 153 previously published research studies. The 555 data points, which passed the exploratory data analysis, 
are used to train, test, and validate the proposed network for applicability to a wide range of input variables and 
joint configurations. The accuracy and reliability of the proposed FFNN are evaluated using a comprehensive set 
of evaluation metrics in comparison with three existing networks from the literature. The proposed FFNN is used 
to derive the shear stress–strain and moment-rotation curves required for defining joint hinges in global frame 
analyses. In addition, a spreadsheet tool is developed to execute the network formulations, calculate the joint 
shear strength, and derive the joint hinge curves for the use of engineers and researchers.   

1. Introduction 

Reinforced concrete beam-column joints may undergo severe de
formations leading to local damage, or, in extreme cases, failures 
affecting the integrity of an entire frame structure [1]. The main phe
nomena affecting the behavior of joints are the shear and bond slip 
deformations in the joint core. In addition, joint deformations are a 
major contributor to lateral story drifts [2] which places another de
mand on the frame. While the nonlinear behaviors associated with 
beams and columns are commonly accounted for in global frame ana
lyses, the behavior of joints is often neglected through the use of rigid 
end offsets or other techniques that suppress joint deformations. 

The primary failure modes associated with joints include the joint 
shear and bond slip failures [3,4]. The joint shear failure occurs when 
the shear stress in the joint core exceeds its shear capacity, leading to 
diagonal cracking of the joint core as shown in Fig. 1a [5]. The bond slip 
failure occurs when a set of reinforcing bars embedded in or passing 
through a joint core cannot develop the required bond strength with the 
surrounding concrete, leading to bar slippage and separation of the 

beam from the joint core as shown in Fig. 1b [6]. Joint failures may also 
take place in combination with the beam and column failure modes that 
may include flexural and shear failure modes as shown in Fig. 1c [7]. 

Reinforced concrete frames are commonly modeled using one- 
dimensional frame elements based on the plastic hinge approach. This 
approach requires defining a plastic hinge in the form of a spring with a 
pre-defined force–deformation behavior. This behavior is typically 
idealized with multi-linear curves having pre-defined points such as 
cracking, yielding, maximum, and failure. There are well-defined pro
cedures for deriving the beam and column hinge curves to model the 
nonlinear behavior and failure modes of beams and columns [8]. Many 
commonly used frame analysis tools employ these procedures to auto
matically derive the beam and column hinge curves [9]. Modeling the 
behavior of beam-column joints, however, is more complex and there is 
no well-defined process or an automated joint hinge calculation in most 
common frame analysis tools. 

Modeling techniques for beam-column joints range from simple link 
elements [10] or rotational spring models [11–16] to more elaborate 
component models [17–20] and finite element models [21,22]. 
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Implementation of rotational springs in the joints of a global frame 
model is simple; however, the derivation of spring curves, in the form of 
stress–strain or moment-rotation relations, are challenging. There are 
many studies and formulations that can be used to derive the spring 
properties, but each set of formulations is empirically derived based on 
the experimental testing of a handful of beam-column specimens. 
Consequently, each set of formulations is valid for the joint configura
tions included in the experimental tests used to derive the formulations. 
There are many different joint configurations due to the large number of 
parameters required for defining a joint – as an example, this study uses 
13 parameters to define a beam-column joint. This creates a major 
challenge for finding formulations that are valid for the joint configu
rations being modeled, and, in many cases, valid joint formulations may 
not be found. 

This study aims to develop an artificial neural network (ANN) to 

predict the joint shear strength with high accuracy and for a wide range 
of joint configurations. The network is trained, tested, and validated 
with more than 500 experimental beam-column joint specimens repre
senting a large range of parameters. The developed formulations are 
implemented into a spreadsheet tool to enable practicing engineers to 
easily derive the shear stress–strain and moment-rotation curves for 
inputting into a global frame analysis model. 

2. Review of existing literature 

An ANN consists of interconnected cells called neurons. Neurons 
modify themselves based on the information flowing through them, 
mimicking the learning process of biological neurons in the human brain 
(Fig. 2). Each neuron receives an input signal and plugs it into a math
ematical function. This function is called an activation function. The role 
of this function is to convert the net input into the output of the neuron, 
also called ‘output signal’. The output signals are modified by scalar 
values called ‘weights’ and ‘biases’ and then forwarded to the neurons in 
the subsequent layer. The neurons at the final layer output the ANN 
predictions. 

A typical ANN will initially have random weights and biases with 
small values (e.g., between 0 and 1), which will lead to inaccurate re
sults. To increase its accuracy, the ANN needs to be trained so that the 
weights and biases are adjusted to give more accurate results. Training 
of the ANN allows it to find approximate solutions to complex problems 
that would be challenging to solve with conventional techniques. The 
main types of ANNs are feed-forward, radial basis, Kohonen self- 
organizing, recurrent, convolutional, and modular. The feed-forward 
neural networks (FFNNs), which are used in this study, are one of the 
simplest types of ANNs. Conventional FFNNs consist of an input layer, 
one (and only one) hidden layer, and one output layer while deep FFNNs 
have multiple hidden layers. Their name comes from the information 
flow which always goes in one direction, from inputs to outputs (i.e., 
forward). More information on the types and formulations of ANNs can 
be found in Almeida and Guner [23]. 

A number of studies explored the use of ANNs for the prediction of 
beam-column joint shear strengths and failure modes. Kotsovou et al. 
[24] used an ANN to evaluate the shear capacity of exterior beam- 
column joints based on a database of 153 specimens. This ANN ach
ieved a mean of 0.99 and standard deviation of 6.4 % for the predicted- 
to-experimental shear strengths which were shown to be significantly 
better than the values obtained from the design codes such as ACI 318 
[8], EC2 [25], and EC8 [26]. Gao and Lin [27] explored various machine 
learning methods, including an ANN, to predict the failure modes of 
interior beam-column joints based on a database of 580 experimental 
specimens. They found that the ANN predicted the correct failure mode 
for 77 % of the specimens. Alagundi and Palanisamy [28] proposed an 
ANN to predict the shear strength of exterior beam-column joints and 
compared its performance to the empirical equations from various 
design codes. This ANN was developed based on a limited experimental 
database of 75 specimens and provided a mean of 1.05 for the predicted- 
to-experimental shear strength ratios; the standard deviation was not 
reported. To remedy the limitations of the aforementioned models, 
Haido [29] proposed an ANN to predict the shear strengths of both 
exterior and interior joints and compared its performance with empirical 
formulations and the values obtained from various design codes. This 
ANN was developed based on a database of 200 experimental speci
mens. Compared to the design code equations, this model demonstrated 
better accuracy with a mean of 0.97 and a standard deviation of 24.1 % 
for the predicted-to-experimental shear strength ratios. Marie et al. [30] 
compared six machine learning methods, including ordinary least 
squares (OLS), support vector machine (SVM), k-nearest neighbor 
(KNN), multivariate adaptive regression splines (MARS), ANN, and 
kernel regression, to predict the shear strengths of both interior and 
exterior beam-column joints. The experimental database included 98 
specimens with and without transverse reinforcement. This ANN 

Fig. 1. Potential failure modes in beam-column joints.  

Fig. 2. Biological and artificial neurons [23].  
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predicted the joint shear strengths with a mean ratio of 0.96 for the 
predicted-to-experimental shear strength ratios; the standard deviation 
was not reported. 

These studies demonstrate the successful applications of ANNs for 
predicting the beam-column joint shear strengths. This current study 
aims to develop an ANN with higher accuracy and more general appli
cability, including exterior and interior joints with or without transverse 
reinforcement. The end goal is to use this network to derive the joint 
spring curves that can be readily used in a global frame analysis model 
for capturing the behavior of the joint. 

3. Proposed feed-forward neural network (FFNN) 

A feed-forward neural network is developed to predict the shear 
stress that would cause the failure of the joint, termed as the shear 
strength. The main components of this network include the training 
algorithm, activation functions, prediction error, optimization function, 
learning rate, network configuration, and number of iterations. A feed- 
forward algorithm, with the supervised back-propagation technique, is 
used for the training. 

The input values (x) in the input layer are modified by weights (w) 
and biases (b) associated with each neuron using Eq. (1). The resulting 
net input (u) is modified by the activation function, in Eq. (2), to produce 
the output (y). A sigmoid function is chosen as the activation function 
because it is smooth and differentiable over its entire length and has 
been used successfully in previous applications [23,31–33]. Once the 
output is predicted by the network, the mean squared error (MSE) is 
calculated for n data points, as defined in Eq. (3), between the predicted 
(τpred) and experimental (τexp) shear strengths. The back propagation is 
performed to minimize the MSE by propagating it from the output layer 
back through the network to the input layer. 

u =
∑

(wx + b) (1)  

y =
1

1 + e− u (2)  

MSE =
1
n
∑(

τpred − τexp
)2 (3)  

Adaptive moment estimation (Adam) [34] is used as an optimization 
function to update the weights and biases according to Eqs. (4) and (5), 
respectively, with a learning rate (k) of 0.01. This allows the weights and 
biases to converge to optimum values with less iterations (i.e., faster) 
while providing more accurate shear strength predictions. Adam uses 
the stochastic momentum for gradient descent [35] (Vd) along with the 
root mean square propagation (

̅̅̅̅̅̅̅̅̅̅̅̅̅
Sd + ε

√
) [36]. 

w = w − k
Vdw
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Sdw + ε

√ (4)  

b = b − k
Vdb
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Sdb + ε

√ (5)  

where Vdw and Vdb represent the Vd terms related to the weights and 
biases, respectively. Similarly, 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Sdw + ε

√
and 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Sdb + ε

√
represent the 

̅̅̅̅̅̅̅̅̅̅̅̅̅
Sd + ε

√
terms related to the weights and biases, respectively. 

The stochastic momentum gradient descent (Vd) accelerates the 
convergence speed of a stable FFNN by building up velocity in consistent 
gradient directions over time. This gradient is determined by the de
rivative of the MSE with respect to the weights or biases. For t number of 
iterations, Vd is expressed in Eq. (6) for weights and Eq. (7) for biases, 
where β is a constant taken as 0.9. 

Vdwt = βVdw(t− 1) + (1 − β)
dMSE

dw
(6)  

Vdbt = βVdb(t− 1) + (1 − β)
dMSE

db
(7)  

where Vdwt and Vdbt represent the Vd terms related to the weights and 
biases for the tth iteration, and Vdw(t-1) and Vdb(t-1) represent the Vd terms 
related to the weights and biases for (t-1)th iterations. 

The root-mean-square propagation (
̅̅̅̅̅̅̅̅̅̅̅̅̅
Sd + ε

√
) has the ability to adjust 

the learning rate based on the historical gradients and improve the 
convergence speed. For t number of iterations, the term (Sd) is expressed 
in Eq. (8) for weights and Eq. (9) for biases. The term e is introduced to 
avoid the division-by-zero error. A small value in the range of 10-8 to 10- 

10 may be used for e In this study, the value of 10-8 is used. 

Sdwt = βSdw(t− 1) + (1 − β)
(

dMSE
dw

)2

(8)  

Sdbt = βSdb(t− 1) + (1 − β)
(

dMSE
db

)2

(9)  

where Sdwt and Sdbt represent the Sd terms related to the weights and 

Fig. 3. MSEs computed for various network configurations and number 
of iterations. 

Fig. 4. Proposed network configuration.  
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biases for tth iterations, and Sdw(t-1) and Sdb(t-1) represent Sd terms related 
to the weights and biases for (t-1)th iterations. 

With the goal of capturing the advantages of both stochastic mo
mentum gradient descent and root mean square propagation, Adam is 
implemented in the proposed FFNN by using TensorFlow [37], which is 
an open-source machine learning platform in Python programming 
language [38]. 

A parametric study is conducted to determine the most efficient 
network configuration and the optimum number of iterations. The 
experimental database is split into training (80 %), testing (10 %), and 
validation (10 %) datasets. The network with the components discussed 
above is trained, tested, and validated with these sets. The MSEs are 
computed for various network configurations and number of iterations. 

As shown in Fig. 3a, the most efficient network configuration was found 
for a single hidden layer with 27 neurons. As shown in Fig. 3b, 100 it
erations were found to give the lowest MSEs for the training, testing, and 
validation, and thus used in the developed network. 

The final configuration of the network is presented in Fig. 4. The 13 
input variables include the followings: f’c is the concrete compressive 
strength; ρjt is the joint transverse reinforcement ratio; fyjt is the joint 
transverse reinforcement yield strength; ρb is the beam longitudinal 
reinforcement ratio; fyb is the beam longitudinal reinforcement yield 
strength; bb is the beam width; hb is the beam depth; ρc is the column 
longitudinal reinforcement ratio; fyc is the column longitudinal rein
forcement yield strength; bc is the column width; hc the column depth; 
ALF is the axial load factor which equals to P/f’chcbc where P is the axial 
load applied to the column, and JT is the joint type. The output variable 
is the joint shear strength, τpred. 

3.1. Experimental database 

An experimental database of 598 reinforced concrete beam-column 
joint specimens is compiled from 153 previously published research 
studies and presented in Appendix A. The common properties of the 
specimens include: i) the top beam reinforcing bars are hooked 90 de
grees toward the joint core for exterior joints and continuous for interior 
joints; ii) the bottom beam reinforcing bars are either embedded straight 
or hooked towards the joint core for exterior joints and continuous for 
interior joints; iii) the vertical column reinforcing bars passing the joint 
core are straight; and iv) the specimens are planar without out-of-plane 
elements. Fig. 5 illustrates the common reinforcing bar configuration of 
the specimens. 

The experimental database includes 273 exterior joints with trans
verse reinforcement, 120 exterior joints without transverse reinforce
ment, 148 interior joints with transverse reinforcement, and 57 interior 
joints without transverse reinforcement. As presented in Table 1, the 
vast majority of specimens experienced a joint shear failure (S) or a 
combined joint shear and interface flexure failure (S-F). Only a few 
specimens experienced a bond slip failure (B) which is a failure mode 
predominantly experienced by joints with sub-standard longitudinal 
reinforcement detailing. 97 specimens with missing or unreported fail
ure modes are not included in Table 1. More details on the complete 
experimental database are provided in Appendix A. 

3.2. Exploratory data analysis (EDA) 

An exploratory data analysis is performed to understand the char
acteristics of the database and detect and eliminate any outliers before 
using the database for the development of the identified network 
configuration in Fig. 4. The data structure of variables is defined as 
either continuous or categorical. The continuous variables include 
measurable values within a range while the categorial variables repre
sent distinct groups or classes. Out of 14 variables (13 input and 1 
output), only JT is a categorical variable which is converted into a nu
merical value: 0 for an interior joint, and 1 for an exterior joint. 

The presence of outliers in the database can adversely affect any 
ANN, leading to overfitting or underfitting and reducing its accuracy. 
The Cook’s distance method [39,40] is used to detect the outliers in the 

Fig. 5. Common properties of experimental specimens.  

Table 1 
Observed failure modes in the experimental database.  

Failure modes S S-F B Total 

Exterior w 116 93 2 211 
w/o 79 19 12 110 

Interior w 44 88 0 132 
w/o 23 25 0 47 

Total  262 225 14 501 

w/o: without and w: with transverse reinforcement. 
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database. A data point is defined as an outlier if the computed Cook’s 
distance (Di), in Eq. (10), exceeds the threshold limit (It) in Eq. (11). In 
these equations, τpred is the predicted shear strength, τpred(i) is the pre
dicted shear strength when a data point, say ith point, is excluded from 
the database, p is the total number of weights and biases associated with 
a data point, MSE is the mean squared error as defined in Eq. (3), and n is 
the total number of data points in the database. 

Di =

∑n
i=1

(
τpred − τpred(i)

)2

pMSE
(10)  

It =
4
n

(11) 

The results of the EDA for the entire database are presented in Fig. 6, 
where 43 data points are identified as outliers. These outliers are 
removed from the experimental database, leaving a resulting database 
with 555 data points. 

Table 2 shows the ranges of parameter values for the resulting 
database, which covers a wide range to provide a general applicability 
for the developed network. It is important to note that neural networks 
are not appropriate for extrapolation of data. Therefore, they should 
only be used for the input inside the minimum and maximum data 
ranges of the parameters used in the training. 

A correlation coefficient analysis is performed to quantify the cor
relation between the input and output variables using Eq. (12) where R 

is the correlation coefficient, n is the number of data points, and X and Y 
are any two variables for which the correlation is being calculated. 

R =
n
∑n

i=1XY −
( ∑n

i=1x)
( ∑n

i=1Y)
[n
∑n

i=1X − (
∑n

i=1Y)2
]
[
n
∑n

i=1X −
( ∑n

i=1Y)2
]

(12) 

The results of the correlation coefficient analysis are presented in 
Fig. 7 using a heatmap, which is a graphical representation of the cor
relation matrix. A correlation matrix may be used to summarize the 
data, as input for a more advanced investigation, or as a diagnostic tool 
for an advanced analysis [41,42]. The correlation coefficients range 
from + 1 to − 1, where + 1 indicates the highest positive (direct) cor
relation and − 1 indicates the highest negative (inverse) correlation. The 
shown heatmap uses a correlation color bar, from − 0.2 to + 0.8 as 
applicable to this study, where a darker color indicates a stronger cor
relation. For instance, the correlation coefficient between the input 
concrete compressive strength (f’c) and output shear strength (τexp) is 
0.57, indicating a strong positive correlation of 57 %. The darker color 
cells in the final row indicate the strong correlations between input and 
output variables. 

3.3. Training, testing, and validation 

Using 555 data points, which passed the EDA, and the final network 
configuration, the training, testing, and validation processes are 
repeated. A random sampling method is used to ensure all data has an 
equal chance of being selected [43] in a data split of 80 %, 10 %, and 10 
%, which is a common approach also used in other studies [28,44,45]. 
The distribution of specimen types is shown in Table 3. 

The training of the network is carried out by performing 100 itera
tions, as found to give the lowest MSEs in Section 3, in which the for
ward and back propagations are applied to each input data point. The 

Fig. 6. Outlier detection using Cook’s distance method.  

Table 2 
Statistical description of the database after EDA.  

Variable Min Max Unit 

Concrete compress. strength (f’c) 15.8 102.0 MPa 
Beam-column joint transverse reinforcement ratio, (ρjt) 0.0 2.6 % 
Joint transverse reinforcement yield strength, (fyjt) 235 1374 MPa 
Beam rebar ratio (ρb) 0.4 4.3 % 
Beam rebar yield strength (fyb) 286 1091 MPa 
Depth of beam (hb) 150 750 mm 
Width of beam (bb) 100 610 mm 
Column rebar ratio (ρc) 0.3 7.7 % 
Column rebar yield strength (fyc) 274 1092 MPa 
Depth of column (hc) 140 700 mm 
Width of column (bc) 100 900 mm 
Axial load factor (ALF) 0.0 0.7 % 
Joint type (JT) 0 1  
Shear Strength (τ) 1.3 17.4 MPa  

Fig. 7. Correlation coefficient matrix.  

Table 3 
Data split for training, testing, and validation.  

Joint type Interior Exterior Total 
w/o w w/o w 

Training (80 %) 43 107 91 204 445 
Testing (10 %) 5 13 11 26 55 
Validation (10 %) 5 13 11 26 55 
Total 53 133 113 256 555 

w/o: without and w: with transverse reinforcement. 
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iterations are completed once all data points have been used. At the end 
of each iteration, the calculation either continues to the next iteration or 
stops if the maximum number of iterations is reached. This concludes the 
training process. Subsequent to the training process, the testing of the 
network is carried out by performing the forward propagation and 
computing the error for each input data point. The back propagation is 
not performed during the testing process. Because of this, the weights 
and biases are not updated, and multiple iterations are not performed. 

The accuracy and reliability of the proposed network are evaluated 
using six performance evaluation metrics. Table 4 shows these metrics 
and their formulations. R is the correlation coefficient which is described 
previously in Section 3.2. It is used here to evaluate the correlation 
between the predicted and experimental shear strength values, τpred and 
τexp. R ranges from 0 to 1 where 1 indicates the highest correlation. R2 is 
the determination coefficient which indicates the extent to which the 
predicted value matches the experimental value regardless of their di
rection. R2 ranges from 0 to 1 where 1 indicates the best fit. MAE is the 
mean absolute error which is the average error between the predicted 
and experimental values. MSE is the mean squared error which is the 
average squared differences between predicted and experimental 
values. RMSE is the root mean squared error which is the average 
magnitude of the errors between predicted and experimental values. CV 
is the coefficient of variation which is the ratio of the standard deviation 
to the mean. For the error metrics (MAE, MSE, and RMSE) and CV, 
smaller numbers indicate more accurate results. 

The scatterplots of the predicted-to-experimental shear strength ra
tios are shown in Fig. 8 for the training, testing, and validation pro
cesses. In these plots, an ideal result, where the network predicts exactly 
the experimental results, would be a 45◦ line (y = x) with R2 = 1, which 
is close to the graph obtained in the training process (Fig. 8a). The 
testing and validation were performed with the experimental data that 
was not used in the training (i.e., never seen by the network) as 
described above. As shown in Fig. 8b and 8c, the accuracy in the testing 

Table 4 
Performance evaluation metrics.  

Metrics Formula  

R n
∑

τexpτpred −
( ∑

τexp
)( ∑

τpred
)

[
n
∑

τ2
exp −

( ∑
τexp

)2
− n

∑
τ2

pred −
∑

τ2
pred

]
(13) 

R2 

1 −

∑(
τexp − τpred

)2

∑(
τexp − τexp

)2 

(14) 

MAE 1
n
∑

|τexp − τpred|
(15) 

MSE 1
n
∑

(τexp − τpred)
2 (16) 

RMSE ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
ns

∑
(τexp − τpred)

2
√ (17) 

CV RMSE
1
n
∑

τpred

× 100  (18)  

w/o w 

Fig. 8. Scatterplots of the predicted-to-experimental shear strength ratios.  

Fig. 9. Global performance comparison of the proposed network with three existing networks.  
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and validation is similar to that in the training with a larger coefficient of 
variation and a slightly less inclined trendline (y = 0.95x versus y =
0.99x from training). This indicates that the network predictions are 
slightly on the conservative side in favor of safety. The average 
predicted-to-experimental shear strength ratio for the 110 testing and 
validation specimens is 0.99, with a coefficient of variation of 14.7 %. 
These results show that the developed network is able to make accurate 
and reliable predictions of the joint shear strength for all four combi
nations of joint types. 

4. Comparisons with other networks from the literature 

To further investigate the accuracy, the proposed network is 
compared with three existing networks from literature, developed by 
Alagundi and Palanisamy [28], Haido [29], and Kotsovou et al. [24]. 
The comparisons use the same experimental database of 555 specimens 
and include: i) global performance evaluation metrics based on all joint 
types; ii) local performance evaluation metrics based on specific joint 
types; and iii) variable evaluation metrics with respect to the input 
variables. 

Fig. 9 presents the global performance evaluation results for the 
training, testing, and validation datasets. In all three cases, the proposed 
network, denoted as FFNN, provides more accurate or same R and R2 

values. All four networks have diminished accuracies for the testing and 
validation datasets while the proposed FFNN still provides more accu
rate results. For instance, the R values for the proposed FFNN are 0.98 
for the validation dataset as compared to 0.89, 0.91 and 0.90 for the 
three existing networks. With less than 10 % deviation from the exper
imental values, the accuracy obtained from the proposed FFNN is well 
within the margins of accuracy one could expect to achieve when 
modeling reinforced concrete joint failures [12,46,47]. 

Table 5 presents the performance evaluation metrics in terms of the 
errors and coefficient of variations for the testing and validation 

processes including 110 data points. For all metrics, the proposed FFNN 
returns smaller errors and CV values indicating superior accuracy and 
reliability. 

Fig. 10 presents the local performance evaluation metrics based on 
the joint types, including interior and exterior joints with or without 
transverse reinforcement, for the proposed network as compared to the 
three existing networks. The same testing and validation datasets were 
used including 55 data points each. For all types of joints, the proposed 
network yields higher values of R and R2 and lower values of MAE, MSE, 
and RMSE indicating superior accuracy. For interior joints without 
transverse reinforcement (10 data points), the proposed network pro
vides increased R and R2 by an average of 9.4 % and 19.7 %, respec
tively, and reduced MAE, MSE, and RMSE by an average of 31.2 %, 33.3 
%, and 18.7 %, respectively as compared to the three existing networks. 
For interior joints with transverse reinforcement (26 data points), R and 
R2 are increased by 3.9 %, and 7.8 %, and MAE, MSE, and RMSE are 
lowered by an average of 21.1 %, 35.9 %, and 20.4 %, respectively. For 
exterior joints without transverse reinforcement (22 data points), R and 
R2 are increased by 9.2 % and 16.7 % while MAE, MSE, and RMSE are 
reduced by 31.9 %, 67.6 %, and 43.7 %, respectively. For the exterior 
joints with transverse reinforcement (52 data points), R and R2 are 
increased by 1.5 %, and 3.8 %, and MAE, MSE, and RMSE are reduced by 
11.6 %, 24.3 %, and 13.1 %, respectively. These results clearly show the 
accuracy and reliability of the proposed network for all joint types 
considered. The improved accuracy for the joints with no transverse 
reinforcement, which are traditionally more challenging to capture 
using mechanics-based models, is particularly notable. 

Table 6 compares the coefficient of variations obtained from the 
proposed network with the other networks for the testing and validation 
processes including 110 data points. The results indicate that the pro
posed network provides less variation for the predicted-to-experimental 

Table 5 
Error and coefficient of variation comparisons.  

Network MAE MSE RMSE CV(%) 

Proposed FFNN  0.72  0.92  0.95  14.7 % 
Alagundi and Palanisamy (2022)  0.84  1.36  1.16  17.5 % 
Haido (2022)  0.91  1.47  1.21  17.8 % 
Kotsovou et al. (2017)  0.94  1.68  1.29  19.0 %  

Fig. 10. Local performance comparison of the proposed network with three existing networks.  

Table 6 
Coefficient of variation comparisons.  

CV (%) Interior Exterior 
w/o w w/o w 

Proposed FFNN  11.9 %  10.7 %  14.8 %  17.1 % 
Alagundi and Palanisamy (2022)  13.7 %  12.5 %  19.7 %  20.5 % 
Haido (2022)  13.9 %  14.6 %  26.9 %  17.5 % 
Kotsovou et al. (2017)  17.5 %  13.2 %  21.3 %  21.2 % 

w/o: without and w: with transverse reinforcement. 
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shear strength ratios, and thus is more reliable. 
As the final assessment, the predictive capabilities of the proposed 

network are compared to the networks from the literature with respect 
to the input variables. Fig. 11 presents the scatterplots of the predicted- 
to-experimental shear strength ratios across the complete ranges of each 
input variable. Beam and column width and depth variables are com
bined into two plots using aspect ratios. In these plots, the ideal ratio, 
where the network predictions are exactly equal to the experimental 
values, is shown with a horizontal line at 1.0. For all 13 input variables, 
the predictions of the proposed network are closer to the 1.0 line with 
less scatter and without a visible bias as compared to the other networks. 
These results further demonstrate the accuracy and reliability of the 
proposed network. 

5. Derivation of joint spring curves 

The lumped-plasticity approach is commonly used for the analysis of 
frames where plastic hinges are inserted at the critical locations of 
beams and columns with pre-defined hinge curves that represent the 
post-yield behavior in one or more degrees of freedom [48]. In these 
analyses, a rotational spring can be inserted at the intersection of beams 
and columns as a plastic hinge to define the post-yield behavior of joints. 
The proposed network is used to derive the shear stress–strain and 
moment-rotation curves to define the behavior of joint springs. 

The rotational spring curves are derived, using the joint shear 
strength predicted by the proposed FFNN, based on four points: (1) 
cracking, (2) yielding, (3) maximum, and (4) residual. The cracking 
strength is defined as 0.48√f’c as recommended by Anderson et al. [45]. 

The yield and residual strengths are 95 % and 20 % of the shear strength 
(τpred), respectively, adopted by Jeon [12] based on an experimental test 
result of 154 specimens. The shear strain values (γ) corresponding to the 
cracking and yield strengths are adopted from Anderson et al. [49] based 
on the experimental test results of 11 specimens. The shear strains 
corresponding to the maximum and residual strengths are also based on 
the experimental test results of 154 specimens [12]. The resulting shear 

Fig. 11. Input variable range comparison of the proposed network with three existing networks.  

Fig. 12. Shear stress–strain curve.  
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stress–strain curve is presented in Fig. 12 with the shear strain (γ) values 
summarized in Table 7 for different types of joints. 

To define a rotational spring in a global frame analysis model, a 
moment-rotation curve is typically required. This curve is obtained by 
converting the shear stress–strain curve into an equivalent moment- 
rotation curve using Eqs. (19), (20) and (21) adopted from Celik and 
Ellingwood [50]. 

Mmax = τpredAj
1

1− hc/Lb
jhb

− 1
Lc

(19)  

Mcrack =
(
0.48

̅̅̅̅

f ′
c

√
)
Aj

1
1− hc/Lb

jhb
− 1

Lc

(20)  

θ = γ (21)  

Mmax is the equivalent moment capacity; Mcrack is the equivalent 
cracking moment; hb is the beam depth; hc is the column depth; Aj is the 
joint core area (Aj = hb × hc); Lc is the length of the column between the 
points of contraflexure; Lb is the length of beam between the points of 
contraflexure; and j is a constant taken as 0.875. Since the joint rotation 
is the change in the angle between the two edges of the joint core, the 
rotation is equivalent to the shear strain as stated in Eq. (21). The 
resulting moment-rotation curve is presented in Fig. 13 with the rotation 
values summarized in Table 7 for different types of joints. More details 
on this approach and application to various joint configurations, 
including the joints with straight reinforcing bar embedment, are pro
vided in Suwal and Guner [11]. 

To facilitate the calculation process, a spreadsheet tool [51] is 
created and shared as a freeware for the use of engineers and re
searchers. A user bulletin [52] is also prepared to demonstrate the 
application and experimental validation of the spreadsheet with four 
specimens. The spreadsheet executes the proposed FFNN calculations 
and provides the shear strength (τpred) for a given beam-column joint 
configuration. The predicted strength is then converted to shear 

stress–strain and moment-rotation curves using the approach defined 
above. The abscissa and ordinate values calculated in the spreadsheet 
can readily be used for the definition of joint hinges in common global 
frame analysis software. 

6. Summary and conclusions 

A feed-forward artificial neural network (FFNN) is developed to 
predict the shear strengths of reinforced concrete beam-column joints. A 
comprehensive database of 555 data points, which passed the explor
atory data analysis, is used to train, test, and validate the proposed 
network for applicability to a wide range of input variables and joint 
configurations. The accuracy and reliability of the proposed network are 
evaluated using a comprehensive set of evaluation metrics. The pro
posed network is compared with three existing networks from the 
literature based on global, local, and input variable performance eval
uation metrics. In addition, the proposed FFNN is used to derive the 
shear stress–strain and moment-rotation curves required for defining 
joint hinges in global frame analyses, and a spreadsheet tool is devel
oped to execute the network formulations. The results of this study 
support the following conclusions:  

1. Feed-forward artificial neural networks can be developed to predict 
the shear strengths of reinforced concrete beam-column joints 
accurately, reliably, and rapidly.  

2. The datasets used in the training and testing of a neural network play 
a critical role in identifying the optimum parameters and network 
layout. An exploratory data analysis is recommended to understand 
the characteristics of the database and detect and eliminate any 
outliers before using the data for the development of a network.  

3. The exploratory data analysis detected and eliminated 43 outliers 
from a database of 598 experimental specimens in this study. The use 
of the remaining database for the development of the proposed FFNN 
helped improve its accuracy and reliability. 

4. The proposed FFNN is shown to predict the shear strengths of rein
forced concrete beam-column joints rapidly and accurately. The 
predicted-to-experimental shear strength ratios for the 110 testing 
and validation specimens provided a mean of 0.99 and a coefficient 
of variation of 14.7 %.  

5. The proposed FFNN is shown to provide more accurate and reliable 
response simulations than three existing networks from the litera
ture. It provided a 4.3 % increase in the correlation coefficient and 
8.7 % increase in the determination coefficient while providing a 
18.7 % decrease in the coefficient of variation for the 110 experi
mental data points used in the testing and validation, as compared to 
the average values obtained from three existing networks.  

6. The approach presented for deriving the shear stress–strain and 
moment-rotation curves enables the application of the proposed 
network in plastic-hinge-based frame analyses. The developed 
spreadsheet executes the required calculations and facilitates 
defining joint hinges in global frame analysis models. 
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Appendix A. . Experimental database 

The experimental database compiled for the development of the 
proposed FFNN is presented in Table A1.. It comprises 598 experimental 

Table 7 
Shear strain and rotation values (x10-3) for different types of joints.  

Joint type Interior Exterior  
w/o w w/o w 

γ 1 and θ 1 0.43 
γ 2 and θ2 6 
γ 3 and θ 3 19 20 16 20 
γ 4 and θ 4 117 187 77 185 

w/o: without and w: with transverse reinforcement. 

M

Fig. 13. Moment-rotation curves for the definition of a rotational spring.  
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Table A1 
Experimental database compiled for the development of the proposed FFNN.  

No. of 
studies 

S.N Research Studies Specimen Joint 
Type 

f’c 
(MPa) 

ρjt fyjt 

(MPa) 
ρb fyb 

(MPa) 
hb 

(mm) 
bb 

(mm) 
ρc fyc 

(MPa) 
hc 

(mm) 
bc 

(mm) 
ALF τexp Failure 

Mode 

1 1 Adachi et al. (1995) A0 Exterior  73.9  0.5 % 939  2.0 % 969 250 160  3.1 % 969 220 220  0.06 10.3 S 
2 2 Alire (2002) PEER0995 Interior  60.4  0.0 % 0  1.1 % 504 508 406  1.2 % 505 457 406  0.11 7.2 S-F 

3 Alire (2002) PEER1595 Interior  61.5  0.0 % 0  0.9 % 841 508 406  3.5 % 538 457 406  0.11 10.5 S-F 
4 Alire (2002) PEER4150 Interior  33.0  0.0 % 0  2.2 % 545 508 406  3.5 % 545 457 406  0.10 11.3 S-F 

3 5 Almusallam and Al-Salloum 
(2007) 

IC1 Interior  30.0  0.0 % 0  2.1 % 420 350 160  1.6 % 420 300 160  0.20 6.4 S-F 

6 Almusallam and Al-Salloum 
(2007) 

IC2 Interior  25.0  0.0 % 0  2.1 % 420 350 160  1.6 % 420 300 160  0.20 4.6 S-F 

4 7 Al-Salloum et al. (2011) ECON1 Exterior  33.4  0.0 % 0  2.1 % 510 350 160  1.6 % 510 300 160  0.20 4.6 S 
5 8 Alva et al. (2007) LVP2 Exterior  44.2  0.3 % 602  2.7 % 594 400 200  3.3 % 594 300 200  0.15 7.3 S 

9 Alva et al. (2007) LVP4 Exterior  24.6  0.3 % 602  2.7 % 594 400 200  3.3 % 594 300 200  0.15 5.5 S 
10 Alva et al. (2007) LVP3 Exterior  23.9  0.6 % 602  2.7 % 594 400 200  3.3 % 594 300 200  0.15 6.1 S 
11 Alva et al. (2007) LVP5 Exterior  25.9  0.6 % 602  2.7 % 594 400 200  3.3 % 594 300 200  0.15 6.4 S 

6 12 Antonopoulos and 
Triantafillou (2003) 

C1 Exterior  19.4  0.0 % 0  1.6 % 585 300 200  1.5 % 585 200 200  0.06 2.8 S 

13 Antonopoulos and 
Triantafillou (2003) 

C2 Exterior  23.7  0.0 % 0  1.6 % 585 300 200  1.5 % 585 200 200  0.05 3.1 S 

14 Antonopoulos and 
Triantafillou (2003) 

S-C Exterior  30.6  0.0 % 0  1.6 % 585 300 200  1.5 % 585 200 200  0.12 3.6 S 

7 15 Aoyama et al. (1993) H2 Interior  45.6  0.5 % 441  0.8 % 544 300 200  2.7 % 544 300 300  0.04 7.0 S-F 
16 Aoyama et al. (1993) H4 Interior  64.2  0.5 % 441  0.8 % 544 300 200  2.7 % 809 300 300  0.03 10.2 S-F 

8 17 Atta et al. (2003) G2-B Exterior  60.0  0.0 % 0  1.1 % 360 400 200  2.4 % 360 200 200  0.17 5.8 S 
18 Atta et al. (2003) G3-B Exterior  62.0  0.3 % 240  1.1 % 360 400 200  2.4 % 360 200 200  0.16 5.6 S-F 
19 Atta et al. (2003) G1-A Exterior  67.0  0.5 % 240  1.1 % 360 400 200  2.4 % 360 200 200  0.15 5.6 J 
20 Atta et al. (2003) G1-B Exterior  36.0  0.5 % 240  1.1 % 360 400 200  2.4 % 360 200 200  0.28 5.8 J 
21 Atta et al. (2003) G1-C Exterior  33.0  0.5 % 240  1.1 % 360 400 200  2.4 % 360 200 200  0.30 5.7 J 
22 Atta et al. (2003) G3-C Exterior  68.0  0.5 % 240  1.1 % 360 400 200  2.4 % 360 200 200  0.15 5.6 S-F 
23 Atta et al. (2003) G3-E Exterior  68.0  0.5 % 240  1.1 % 360 400 200  2.4 % 360 200 200  0.15 5.5 S-F 
24 Atta et al. (2003) G3-F Exterior  62.0  0.5 % 240  1.1 % 360 400 200  2.4 % 360 200 200  0.16 5.3 Unknown 
25 Atta et al. (2003) G2-C Exterior  65.0  0.8 % 240  1.1 % 360 400 200  2.4 % 360 200 200  0.15 5.6 S-F 
26 Atta et al. (2003) G3-D Exterior  64.0  1.3 % 240  1.1 % 360 400 200  2.4 % 360 200 200  0.16 5.7 S-F 

9 27 Beres et al. (1991) E01 Exterior  26.1  0.0 % 0  0.8 % 490 610 356  2.0 % 517 406 406  0.13 2.9 B 
28 Beres et al. (1991) E05 Exterior  31.5  0.0 % 0  0.8 % 490 610 356  2.0 % 519 406 406  0.24 3.3 B 
29 Beres et al. (1991) E07 Exterior  29.3  0.0 % 0  0.8 % 490 610 356  2.0 % 519 406 406  0.12 2.8 B 
30 Beres et al. (1991) E-10 Exterior  20.5  0.0 % 0  0.8 % 490 610 356  2.0 % 517 406 406  0.59 2.9 B 
31 Beres et al. (1991) E-12 Exterior  18.9  0.0 % 0  0.8 % 474 610 356  0.9 % 499 406 406  0.14 2.2 B 
32 Beres et al. (1991) E-13 Exterior  17.0  0.0 % 0  0.8 % 474 610 356  0.9 % 499 406 406  0.18 2.3 B 
33 Beres et al. (1991) E04 Exterior  24.5  0.2 % 483  0.8 % 490 610 356  2.0 % 501 406 406  0.09 3.4 B 
34 Beres et al. (1991) I-11 Interior  29.9  0.0 % 0  0.8 % 459 610 356  2.0 % 487 406 406  0.09 4.1 Unknown 
35 Beres et al. (1991) I-13 Interior  25.0  0.0 % 0  0.8 % 341 610 356  2.0 % 550 406 406  0.10 4.4 Unknown 
36 Beres et al. (1991) I-15 Interior  23.4  0.0 % 0  0.8 % 461 610 356  2.0 % 497 406 406  0.58 4.3 Unknown 
37 Beres et al. (1991) I-17 Interior  21.2  0.0 % 0  0.8 % 472 610 356  0.9 % 472 406 406  0.17 3.5 Unknown 
38 Beres et al. (1991) I-20 Interior  20.0  0.0 % 0  0.8 % 461 610 356  0.9 % 478 406 406  0.53 4.1 Unknown 

10 39 Biddah (1997) J4 Exterior  24.0  0.0 % 0  0.4 % 440 610 610  0.7 % 440 510 610  0.07 1.9 B 
11 40 Chalioris (2008) Jca-0 Exterior  20.6  0.0 % 0  1.2 % 470 300 200  1.2 % 470 300 200  0.10 1.7 S 

41 Chalioris (2008) JA-0 Exterior  34.0  0.0 % 0  1.7 % 580 300 200  1.7 % 580 300 200  0.05 4.4 S 
42 Chalioris (2008) Jcb-0 Exterior  23.0  0.0 % 0  1.7 % 470 300 200  1.2 % 470 300 200  0.10 2.0 S 
43 Chalioris (2008) JB-0 Exterior  31.6  0.0 % 0  1.7 % 580 300 200  0.6 % 580 300 200  0.05 4.7 S 
44 Chalioris (2008) Jca-s1 Exterior  21.0  0.2 % 470  1.2 % 470 300 200  1.2 % 470 300 200  0.10 1.3 S-F 
45 Chalioris (2008) Jcb-s1 Exterior  23.0  0.2 % 470  1.7 % 470 300 200  1.2 % 470 300 200  0.10 2.0 S-F 
46 Chalioris (2008) Jca-s2 Exterior  21.0  0.3 % 470  1.2 % 470 300 200  1.2 % 470 300 200  0.10 1.3 S 
47 Chalioris (2008) Jca-s2 Exterior  23.0  0.3 % 470  1.7 % 470 300 200  1.2 % 470 300 200  0.10 2.0 S 
48 Chalioris (2008) JB-s1 Exterior  32.0  0.2 % 580  1.7 % 580 300 200  1.7 % 580 300 200  0.05 4.6 Unknown 

(continued on next page) 
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Table A1 (continued ) 

No. of 
studies 

S.N Research Studies Specimen Joint 
Type 

f’c 
(MPa) 

ρjt fyjt 

(MPa) 
ρb fyb 

(MPa) 
hb 

(mm) 
bb 

(mm) 
ρc fyc 

(MPa) 
hc 

(mm) 
bc 

(mm) 
ALF τexp Failure 

Mode 

49 Chalioris (2008) JA-s5 Exterior  34.0  0.8 % 580  1.7 % 580 300 200  1.7 % 580 300 200  0.05 4.5 Unknown 
12 50 Chang et al. (1997) BCB1 Interior  54.7  0.0 % 0  1.3 % 354 400 300  2.3 % 354 500 300  0.18 6.4 S-F 

51 Chang et al. (1997) BCS1 Interior  54.7  0.0 % 0  1.3 % 354 400 300  2.3 % 354 500 300  0.18 7.4 S-F 
52 Chang et al. (1997) BCS2 Interior  54.7  0.5 % 352  1.4 % 354 400 300  2.3 % 354 500 300  0.18 8.2 Unknown 

13 53 Chen (2006) TDP2 Exterior  23.8  0.1 % 408  0.5 % 333 330 200  0.9 % 333 230 230  0.08 1.7 S 
54 Chen (2006) TDP1 Exterior  22.9  0.1 % 408  0.5 % 348 330 200  0.9 % 348 230 230  0.09 1.8 S-F 
55 Chen (2006) TDD2 Exterior  24.0  0.1 % 408  0.8 % 354 330 200  0.9 % 354 230 230  0.09 2.5 S 

14 56 Chen and Chen (1999) JC Exterior  20.0  0.6 % 397  1.6 % 439 500 300  1.6 % 457 500 500  0.00 5.2 S-F 
57 Chen and Chen (1999) JE Exterior  19.9  0.6 % 397  1.6 % 439 500 300  1.6 % 457 500 500  0.00 5.6 S-F 

15 58 Chutarat and Aboutaha 
(2003) 

Specimen1 Exterior  27.6  1.2 % 365  1.4 % 483 500 356  2.8 % 483 406 406  0.00 5.6 S-F 

59 Chutarat and Aboutaha 
(2003) 

SpecimenA Exterior  33.1  1.2 % 365  1.4 % 483 500 356  2.8 % 483 406 406  0.00 5.2 Unknown 

16 60 Clyde et al. (2000) Unit 2 Exterior  46.2  0.0 % 0  2.4 % 746 406 305  2.2 % 742 457 305  0.10 7.5 S 
61 Clyde et al. (2000) Unit 4 Exterior  41.0  0.0 % 0  2.4 % 746 406 305  2.2 % 742 457 305  0.25 7.1 S 
62 Clyde et al. (2000) Unit 5 Exterior  37.0  0.0 % 0  2.4 % 746 406 305  2.2 % 742 457 305  0.25 6.8 S 
63 Clyde et al. (2000) Unit 6 Exterior  40.1  0.0 % 0  2.4 % 746 406 305  2.2 % 742 457 305  0.10 7.3 S 

17 64 Dehkordi (2019) NS-70 Exterior  30.0  0.8 % 420  1.5 % 420 300 250  2.0 % 420 250 250  0.08 4.8 Unknown 
65 Dehkordi (2019) RHS-70 Exterior  70.0  0.8 % 420  1.5 % 600 300 250  1.4 % 600 250 250  0.04 4.8 Unknown 
66 Dehkordi (2019) CNS-70 Exterior  30.0  0.8 % 420  1.8 % 600 300 250  1.4 % 420 250 250  0.08 7.4 Unknown 

18 67 Dhakal et al. (2005) C1PD Interior  31.6  0.0 % 0  2.7 % 538 550 300  2.2 % 538 500 350  0.11 7.7 S 
68 Dhakal et al. (2005) C1ND Interior  31.6  0.0 % 0  2.7 % 538 550 300  2.2 % 538 500 350  0.11 8.9 S 
69 Dhakal et al. (2005) C4ND Interior  32.7  0.0 % 0  3.3 % 538 550 300  2.5 % 538 400 400  0.11 9.6 S 
70 Dhakal et al. (2005) C1HD Interior  31.6  0.0 % 0  2.7 % 538 550 300  2.2 % 538 500 350  0.11 8.7 S 
71 Dhakal et al. (2005) C4HD Interior  32.7  0.0 % 0  3.3 % 538 550 300  2.5 % 538 400 400  0.11 9.3 S 

19 72 Durrani and Wight (1985) X1 Interior  34.3  0.8 % 352  1.5 % 345 419 279  3.1 % 414 362 362  0.05 7.2 S-F 
73 Durrani and Wight (1985) X2 Interior  33.6  1.2 % 352  1.5 % 345 419 279  3.1 % 414 362 362  0.06 7.3 S-F 
74 Durrani and Wight (1985) X3 Interior  31.0  0.8 % 352  1.1 % 345 419 279  2.0 % 331 362 362  0.05 5.4 S-F 

20 75 Ehsani and Alameddine 
(1991) 

LL8 Exterior  55.8  1.2 % 437  3.0 % 437 508 318  2.8 % 437 356 356  0.04 7.8 S-F 

76 Ehsani and Alameddine 
(1991) 

LL14 Exterior  93.8  1.2 % 437  3.0 % 437 508 318  2.8 % 437 356 356  0.02 7.8 S-F 

77 Ehsani and Alameddine 
(1991) 

LL11 Exterior  73.8  1.2 % 437  3.0 % 437 508 318  2.8 % 437 356 356  0.03 7.8 S 

78 Ehsani and Alameddine 
(1991) 

HL8 Exterior  55.8  1.2 % 437  3.8 % 437 508 318  3.2 % 437 356 356  0.07 10 S 

79 Ehsani and Alameddine 
(1991) 

HL11 Exterior  73.8  1.2 % 437  3.8 % 437 508 318  3.2 % 437 356 356  0.06 9.9 S 

80 Ehsani and Alameddine 
(1991) 

HL14 Exterior  93.8  1.2 % 437  3.8 % 437 508 318  3.2 % 437 356 356  0.04 9.9 S 

81 Ehsani and Alameddine 
(1991) 

LH11 Exterior  73.8  2.0 % 437  3.0 % 437 508 318  2.8 % 437 356 356  0.03 7.8 S-F 

82 Ehsani and Alameddine 
(1991) 

LH14 Exterior  93.8  2.0 % 437  3.0 % 437 508 318  2.8 % 437 356 356  0.02 7.8 S-F 

83 Ehsani and Alameddine 
(1991) 

LH8 Exterior  55.8  2.0 % 437  3.0 % 437 508 318  2.8 % 437 356 356  0.04 7.8 S-F 

84 Ehsani and Alameddine 
(1991) 

HH8 Exterior  55.8  2.0 % 437  3.8 % 437 508 318  3.2 % 437 356 356  0.07 10 S-F 

85 Ehsani and Alameddine 
(1991) 

HH11 Exterior  73.8  2.0 % 437  3.8 % 437 508 318  3.2 % 437 356 356  0.06 9.9 S-F 

86 Ehsani and Alameddine 
(1991) 

HH14 Exterior  93.8  2.0 % 437  3.8 % 437 508 318  3.2 % 437 356 356  0.04 8.6 S-F 

21 87 Ehsani et al. (1987) 4 Exterior  67.3  1.5 % 437  1.5 % 448 439 259  4.0 % 448 300 300  0.05 8.7 S-F 
88 Ehsani et al. (1987) 5 Exterior  44.6  1.5 % 437  1.7 % 448 439 259  2.5 % 448 300 300  0.06 6.9 S-F 

(continued on next page) 
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Table A1 (continued ) 

No. of 
studies 

S.N Research Studies Specimen Joint 
Type 

f’c 
(MPa) 

ρjt fyjt 

(MPa) 
ρb fyb 

(MPa) 
hb 

(mm) 
bb 

(mm) 
ρc fyc 

(MPa) 
hc 

(mm) 
bc 

(mm) 
ALF τexp Failure 

Mode 

89 Ehsani et al. (1987) 1 Exterior  64.7  1.9 % 437  1.0 % 448 439 259  3.2 % 448 300 300  0.02 5.0 S-F 
90 Ehsani et al. (1987) 2 Exterior  67.3  1.9 % 437  1.2 % 448 439 259  3.2 % 448 300 300  0.06 6.1 S-F 
91 Ehsani et al. (1987) 3 Exterior  64.7  1.9 % 437  1.2 % 448 439 259  3.2 % 448 300 300  0.07 7.0 S-F 

22 92 El-Amoury (2004) T-S1 Exterior  30.8  0.0 % 0  1.3 % 477 400 250  1.3 % 477 400 250  0.19 5.5 S-F 
93 El-Amoury (2004) T-SB3 Exterior  30.6  0.0 % 0  1.3 % 477 400 250  1.3 % 477 400 250  0.20 4.0 B 

23 94 Endoh et al. (1991) LA1 Interior  34.8  0.7 % 286  2.0 % 801 300 200  3.5 % 550 300 300  0.06 9.8 S 
95 Endoh et al. (1991) HLC Interior  40.6  0.4 % 290  1.7 % 368 300 200  2.7 % 360 300 300  0.05 8.4 S-F 
96 Endoh et al. (1991) A1 Interior  30.6  0.6 % 320  2.0 % 780 300 200  3.5 % 539 300 300  0.06 9.2 S 

24 97 Eshani and Wight (1985) 6B Exterior  38.4  1.0 % 437  1.6 % 331 480 300  2.0 % 490 340 340  0.07 4.6 S-F 
98 Eshani and Wight (1985) 5B Exterior  24.3  1.2 % 437  1.8 % 331 480 300  4.4 % 414 340 340  0.13 6.2 S 
99 Eshani and Wight (1985) 1B Exterior  33.6  1.3 % 437  1.8 % 331 480 259  2.5 % 490 300 300  0.06 6.8 S 
100 Eshani and Wight (1985) 2B Exterior  35.0  1.5 % 437  2.0 % 331 439 259  3.2 % 490 300 300  0.07 7.0 S 
101 Eshani and Wight (1985) 3B Exterior  40.9  1.7 % 437  1.8 % 331 480 259  2.5 % 490 300 300  0.06 6.8 S 
102 Eshani and Wight (1985) 4B Exterior  44.6  1.7 % 437  2.0 % 331 439 259  3.2 % 490 300 300  0.06 6.8 S-F 

25 103 Faleschini et al. (2018) 1 Exterior  39.0  2.6 % 555  1.7 % 555 500 300  2.3 % 555 300 300  0.11 8.2 Unknown 
104 Faleschini et al. (2018) 2 Exterior  48.5  2.6 % 555  1.7 % 555 500 300  2.3 % 555 300 300  0.10 8.7 Unknown 
105 Faleschini et al. (2018) 3 Exterior  44.0  2.6 % 555  1.7 % 555 500 300  2.3 % 555 300 300  0.10 8.5 Unknown 

26 106 Filiatrault et al. (1994) Sp-1 Exterior  34.0  0.0 % 0  1.0 % 475 450 350  2.3 % 475 350 350  0.08 5.8 B 
27 107 Fuji and Morita (1991) B2 Exterior  30.0  0.5 % 291  1.6 % 409 250 160  3.1 % 387 220 220  0.07 5.1 S  

108 Fuji and Morita (1991) B1 Exterior  30.0  0.5 % 291  1.7 % 1069 250 160  3.1 % 387 220 220  0.07 5.9 S  
109 Fuji and Morita (1991) B3 Exterior  30.0  0.5 % 291  1.7 % 1069 250 160  3.1 % 387 220 220  0.24 6.6 S  
110 Fuji and Morita (1991) B4 Exterior  30.0  1.5 % 291  1.7 % 1069 250 160  3.1 % 387 220 220  0.24 6.9 S  
111 Fujii and Morita (1987) OBO Interior  43.5  0.4 % 367  1.1 % 369 250 160  3.1 % 369 220 220  0.05 7.0 S-F  
112 Fujii and Morita (1991) A1 Interior  40.2  0.5 % 291  1.7 % 1069 250 160  4.2 % 643 220 220  0.08 9.9 S 

28 113 Fujii and Morita (1991) A2 Interior  40.2  0.5 % 291  1.6 % 409 250 160  4.2 % 387 220 220  0.08 9.1 S  
114 Fujii and Morita (1991) A3 Interior  40.2  0.5 % 291  1.7 % 1069 250 160  4.2 % 643 220 220  0.23 9.9 S  
115 Fujii and Morita (1991) A4 Interior  40.2  1.5 % 291  1.7 % 1069 250 160  4.2 % 643 220 220  0.23 10.1 S 

29 116 Ghobarah and Said (2002) T1 Exterior  30.8  0.0 % 0  1.3 % 425 400 250  2.2 % 425 400 250  0.19 5.6 S-F 
30 117 Goto and Joh (1996) J-OH Interior  31.5  0.0 % 0  2.4 % 538 350 200  3.8 % 578 300 300  0.28 9.6 S 

118 Goto and Joh (1996) BJ-PL Interior  29.7  0.4 % 326  1.4 % 395 350 200  3.1 % 640 300 300  0.17 6.5 S-F 
119 Goto and Joh (1996) BJ-PH Interior  30.5  0.9 % 326  1.4 % 395 350 200  3.1 % 640 300 300  0.17 6.9 S-F 
120 Goto and Joh (1996) J-LO Interior  24.0  0.3 % 355  1.8 % 697 350 200  2.0 % 388 300 450  0.17 8.4 S 
121 Goto and Joh (1996) C5-LO Interior  32.7  0.0 % 360  2.4 % 426 350 200  3.8 % 578 200 450  0.27 10.4 Unknown 
122 Goto and Joh (1996) J-HH Interior  32.8  1.6 % 381  2.4 % 426 350 200  3.8 % 578 300 300  0.27 9.6 S 
123 Goto and Joh (1996) J-HO Interior  31.4  1.6 % 381  2.4 % 426 350 200  3.8 % 578 300 300  0.28 9.3 S 
124 Goto and Joh (1996) J-MM Interior  32.4  0.8 % 381  2.4 % 426 350 200  3.8 % 578 300 300  0.27 9.7 S 
125 Goto and Joh (1996) J-MO Interior  32.7  0.8 % 381  2.4 % 426 350 200  3.8 % 578 300 300  0.27 10.0 S 

31 126 Ha (1992) 1 Exterior  41.2  0.2 % 387  2.9 % 414 200 150  2.9 % 414 200 200  0.03 5.6 S-F 
127 Ha (1992) 4 Exterior  68.6  0.2 % 387  2.9 % 414 200 150  2.9 % 414 200 200  0.02 5.4 S-F 

32 128 Hakuto et al. (2000) O4 Interior  52.9  0.0 % 0  1.4 % 308 500 300  1.7 % 321 460 460  0.00 5.5 S-F 
129 Hakuto et al. (2000) O5 Interior  32.8  0.0 % 0  1.2 % 306 500 300  1.7 % 321 460 460  0.00 5.8 S-F 

33 130 Hamil (2000) C7LN0 Exterior  38.4  0.0 % 0  1.4 % 500 300 110  3.6 % 500 150 150  0.05 5.9 S 
131 Hamil (2000) C9LN0 Exterior  40.8  0.0 % 0  1.4 % 500 300 110  3.6 % 500 150 150  0.05 5.5 S 
132 Hamil (2000) C4ALN0 Exterior  42.4  0.0 % 0  2.1 % 500 210 110  3.6 % 500 150 150  0.05 7.3 S 
133 Hamil (2000) C6ALH0 Exterior  100.8  0.0 % 0  2.1 % 500 210 110  3.6 % 500 150 150  0.04 9.5 S 
134 Hamil (2000) C6LN0 Exterior  51.2  0.0 % 0  2.1 % 500 210 110  3.6 % 500 150 150  0.04 6.4 S 
135 Hamil (2000) C6LN1A Exterior  48.8  0.0 % 0  2.1 % 500 210 110  3.6 % 500 150 150  0.05 7.5 S 
136 Hamil (2000) C6LN1AE Exterior  44.0  0.0 % 0  2.1 % 500 210 110  3.6 % 500 150 150  0.06 8.0 S 
137 Hamil (2000) C7LN1 Exterior  37.6  0.3 % 500  1.4 % 500 300 110  3.6 % 500 150 150  0.06 6.6 S 
138 Hamil (2000) C7LN3 Exterior  40.0  0.3 % 500  1.4 % 500 300 110  3.6 % 500 150 150  0.06 7.1 S 
139 Hamil (2000) C9LN1 Exterior  38.4  0.3 % 500  1.4 % 500 300 110  3.6 % 500 150 150  0.06 5.5 S 
140 Hamil (2000) C9LN3 Exterior  36.8  0.3 % 500  1.4 % 500 300 110  3.6 % 500 150 150  0.06 6.3 S 
141 Hamil (2000) C6LN1R Exterior  48.8  0.4 % 500  2.1 % 500 210 110  3.6 % 500 150 150  0.06 7.6 S 
142 Hamil (2000) C4ALN1 Exterior  45.6  0.4 % 500  4.1 % 500 210 110  3.6 % 500 150 150  0.05 9.4 Unknown 
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Table A1 (continued ) 
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143 Hamil (2000) C4ALN3 Exterior  52.0  0.6 % 500  4.1 % 500 210 110  3.6 % 500 150 150  0.04 11.2 Unknown 
144 Hamil (2000) C4ALN5 Exterior  63.0  1.2 % 500  4.1 % 500 210 110  3.6 % 500 150 150  0.04 12.4 Unknown 
145 Hamil (2000) C6LN3 Exterior  61.0  0.6 % 500  4.1 % 500 210 110  3.6 % 500 150 150  0.04 8.7 Unknown 
146 Hamil (2000) C6LN5 Exterior  46.0  1.2 % 500  4.1 % 500 210 110  3.6 % 500 150 150  0.05 11.0 Unknown 
147 Hamil (2000) C6ALH3 Exterior  121.0  0.6 % 500  4.1 % 500 210 110  3.6 % 500 150 150  0.04 12.2 Unknown 
148 Hamil (2000) C7LN5 Exterior  50.0  1.2 % 500  2.7 % 500 300 110  3.6 % 500 150 150  0.04 10.2 Unknown 
149 Hamil (2000) C9LN5 Exterior  44.0  1.2 % 500  2.7 % 500 300 110  3.6 % 500 150 150  0.05 8.7 Unknown 

34 150 Hanson and Connor (1967) V Exterior  22.8  0.0 % 0  1.9 % 352 508 305  5.5 % 447 381 381  0.52 4.7 S 
35 151 Hayashi et al. (1993) NO47 Interior  54.2  0.7 % 347  1.7 % 382 400 300  2.2 % 645 400 400  0.20 7.6 S-F 

152 Hayashi et al. (1993) NO48 Interior  54.2  0.7 % 347  1.1 % 645 400 300  2.2 % 645 400 400  0.20 8.5 S-F 
153 Hayashi et al. (1993) NO49 Interior  54.2  0.7 % 347  1.9 % 599 400 300  2.2 % 645 400 400  0.20 11.9 S-F 
154 Hayashi et al. (1993) NO50 Interior  54.2  0.7 % 347  0.8 % 858 400 300  2.2 % 645 400 400  0.20 8.4 S-F 

36 155 Hiramatsu et al. (1995) S1 Interior  52.2  0.3 % 876  1.5 % 836 300 210  2.3 % 836 300 300  0.20 11.7 S 
37 156 Ho and Cho (2008) NJC Exterior  29.6  2.1 % 455  2.9 % 455 200 150  2.8 % 403 200 200  0.15 5.2 Unknown 

157 Ho and Cho (2008) HJC Exterior  49.5  2.1 % 455  2.9 % 455 200 150  2.8 % 403 200 200  0.15 5.0 Unknown 
38 158 Hoffschild et al. (1995) RCBC1 Exterior  26.3  0.0 % 0  1.2 % 566 200 165  1.3 % 566 190 190  0.10 4.5 S 
39 159 Hwang (2004) 28–0 T0 Exterior  33.0  0.0 % 0  2.1 % 491 500 380  3.2 % 458 550 550  0.02 7.3 Unknown 

160 Hwang (2004) 28–3 T4 Exterior  35.0  0.8 % 436  2.1 % 491 500 380  3.2 % 458 550 550  0.02 8.4 Unknown 
161 Hwang (2004) 70–3 T44 Exterior  75.2  1.1 % 436  2.1 % 491 450 320  3.2 % 458 450 450  0.01 10.9 Unknown 
162 Hwang (2004) 70–1 T55 Exterior  69.7  0.3 % 469  2.1 % 491 450 320  3.2 % 458 450 450  0.01 11.1 Unknown 
163 Hwang (2004) 70–2 T5 Exterior  76.6  0.4 % 469  2.1 % 491 450 320  3.2 % 458 450 450  0.01 11.5 Unknown 
164 Hwang (2004) 70–3 T44 Exterior  76.8  1.1 % 498  2.1 % 491 450 320  3.6 % 458 420 420  0.01 10.5 Unknown 

40 165 Hwang et al. (2005) 3 T3 Exterior  69.0  0.9 % 0  2.8 % 430 450 320  3.7 % 421 420 420  0.02 7.2 S-F 
166 Hwang et al. (2005) 2 T4 Exterior  71.0  0.9 % 0  2.8 % 430 450 320  3.7 % 421 420 420  0.02 6.9 S-F 
167 Hwang et al. (2005) 1 T44 Exterior  72.8  0.9 % 0  2.8 % 430 450 320  3.7 % 421 420 420  0.02 5.1 S-F 
168 Hwang et al. (2005) 3 T44 Exterior  76.8  0.9 % 0  2.8 % 430 450 320  3.7 % 421 420 420  0.01 5.0 Unknown 
169 Hwang et al. (2005) 0 T0 Exterior  67.3  0.0 % 0  1.6 % 430 450 320  3.7 % 421 420 420  0.02 6.4 S-F 
170 Hwang et al. (2005) 1B8 Exterior  61.8  0.0 % 0  1.6 % 435 450 320  3.7 % 430 420 420  0.02 8.0 S-F 
171 Hwang et al. (2005) 3 T4 Exterior  75.2  0.8 % 436  2.8 % 430 450 320  3.2 % 458 450 450  0.01 5.1 Unknown 
172 Hwang et al. (2005) 2 T5 Exterior  76.6  0.8 % 469  2.8 % 491 450 320  3.2 % 458 450 450  0.01 5.1 Unknown 
173 Hwang et al. (2005) 1 T55 Exterior  69.7  0.8 % 469  2.8 % 491 450 320  3.2 % 458 450 450  0.01 5.1 Unknown 
174 Hwang et al. (2005) 1 T44 Exterior  72.8  0.4 % 498  1.6 % 430 450 320  3.7 % 421 420 420  0.02 6.7 Unknown 

41 175 Ilki et al. (2011) JOP Exterior  8.3  0.0 % 0  0.7 % 333 500 250  1.3 % 333 500 250  0.13 1.2 S 
42 176 Inoue et al. (1990) SP2 Interior  43.3  0.3 % 1253  1.8 % 473 417 301  1.8 % 473 440 440  0.28 10.3 S-F 

177 Ishida et al. (1996) No. 1 Interior  25.8  0.8 % 354  1.3 % 383 550 300  1.2 % 378 500 500  0.11 6.3 S-F 
43 178 Ishida et al. (2001) CN Interior  33.4  0.2 % 365  1.4 % 462 750 450  1.6 % 464 700 800  0.09 6.9 S-F 
44 179 Ishida et al. (2004) HS-HS Interior  70.0  0.4 % 1116  1.1 % 707 300 200  1.8 % 707 300 300  0.10 12.6 S-F 

180 Ishida et al. (2005) A-0 Exterior  27.0  0.5 % 271  1.5 % 700 250 160  3.1 % 700 220 220  0.15 5.4 S 
181 Ishida et al. (2005) A-0-F Exterior  27.0  0.5 % 271  1.5 % 467 250 160  3.1 % 467 220 220  0.15 5.2 S-F 

45 182 Ishikawa and Kamimura 
(1990) 

No. 3 Interior  23.3  1.0 % 330  1.6 % 373 250 180  3.2 % 373 250 250  0.18 7.3 Unknown 

46 183 Iwaoka et al. (2005) J15-3 Exterior  180.0  0.2 % 935  3.6 % 682 400 260  2.7 % 690 380 330  0.05 14.9 Unknown 
184 Iwaoka et al. (2005) J10-1 Exterior  115.0  0.2 % 935  3.6 % 682 400 260  2.7 % 690 380 330  0.05 13.6 S 
185 Iwaoka et al. (2005) J15-1 Interior  182.0  0.2 % 935  3.7 % 682 400 220  3.0 % 690 380 300  0.25 24.5 Unknown 

47 186 Jinno et al. (1985) NO05 Exterior  32.0  0.0 % 0  1.3 % 392 380 260  3.8 % 371.0 300 300  0.00 4.1 S 
187 Jinno et al. (1985) NO06 Exterior  28.9  0.4 % 304  1.3 % 392 380 260  3.8 % 371 300 300  0.00 4.2 S-F 
188 Jinno et al. (1985) NO07 Exterior  28.9  0.4 % 304  1.3 % 392 380 260  3.8 % 371 300 300  0.00 4.2 S-F 
189 Jinno et al. (1985) NO08 Exterior  28.9  0.8 % 304  1.3 % 392 380 260  3.8 % 371 300 300  0.00 4.3 S-F 
190 Jinno et al. (1985) NO09 Exterior  28.9  0.8 % 304  1.3 % 392 380 260  3.8 % 371 300 300  0.00 4.3 S-F 
191 Jinno et al. (1985) NO10 Exterior  28.9  0.8 % 304  1.3 % 392 380 260  3.8 % 371 300 300  0.00 4.6 S-F 

48 192 Jinno et al. (1991) NO1 Interior  28.3  0.3 % 686  1.7 % 405 400 300  2.9 % 405 400 400  0.17 7.8 S-F 
193 Jinno et al. (1991) NO2 Interior  28.3  0.3 % 686  1.7 % 913 400 300  2.9 % 913 400 400  0.17 9.4 S 
194 Jinno et al. (1991) NO3 Interior  80.2  0.3 % 686  1.7 % 593 400 300  2.9 % 593 400 400  0.17 13.1 S-F 
195 Jinno et al. (1991) NO4 Interior  80.2  0.3 % 686  1.7 % 593 400 300  2.9 % 593 400 400  0.17 14.6 S-F 
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196 Jinno et al. (1991) NO5 Interior  80.2  0.3 % 686  1.7 % 913 400 300  2.9 % 913 400 400  0.17 17.5 S-F 
197 Jinno et al. (1991) NO6 Interior  101.9  0.3 % 686  1.7 % 726 400 300  2.9 % 726 400 400  0.17 15.9 S-F 
198 Jinno et al. (1991) NO7 Interior  101.9  0.3 % 686  1.7 % 913 400 300  2.9 % 913 400 400  0.17 17.4 S-F 
199 Jinno et al. (1991) NO8 Interior  101.9  0.3 % 686  2.3 % 913 400 300  2.9 % 913 400 400  0.17 20.1 S-F 

49 200 Joh and Goto (2000) PL-13 Interior  26.4  0.4 % 366  1.0 % 363 350 200  2.2 % 402 300 300  0.09 6.0 S-F 
201 Joh and Goto (2000) PH-16 Interior  23.6  0.5 % 366  1.2 % 344 350 200  2.7 % 402 300 300  0.13 6.4 S-F 
202 Joh and Goto (2000) PH-13 Interior  26.3  0.5 % 366  1.4 % 363 350 200  2.7 % 402 300 300  0.13 7.3 S-F 
203 Joh and Goto (2000) PH-10 Interior  25.6  0.5 % 366  1.2 % 372 350 200  2.7 % 402 300 300  0.11 7.0 S-F 

50 204 Joh et al. (1988) X0-1 Interior  21.3  0.2 % 363  0.8 % 363 350 150  1.1 % 363 300 300  0.16 4.2 Unknown 
51 205 Joh et al. (1989) LO-NO Exterior  27.9  0.1 % 380  2.4 % 606 350 200  2.5 % 581 260 350  0.02 4.8 S 

206 Joh et al. (1989) HO-NO Exterior  29.6  0.4 % 380  2.4 % 606 350 200  2.5 % 581 260 350  0.02 6.3 S 
207 Joh et al. (1989) MM-NO Exterior  27.8  0.4 % 380  2.4 % 606 350 200  2.8 % 581 260 350  0.02 6.1 S 
208 Joh et al. (1989) HH-NO Exterior  29.3  0.4 % 380  2.4 % 606 350 200  2.5 % 581 260 350  0.02 7.2 S 
209 Joh et al. (1989) H’O-NO Exterior  31.5  0.4 % 380  2.4 % 606 350 200  2.5 % 581 260 350  0.02 5.9 S 
210 Joh et al. (1989) LO-N96 Exterior  31.5  0.2 % 380  2.4 % 606 350 200  3.4 % 581 260 350  0.30 5.8 S 
211 Joh et al. (1989) HH-N96 Exterior  30.5  0.4 % 380  2.4 % 606 350 200  3.4 % 581 260 350  0.31 6.8 S 

52 212 Joh et al. (1990) NRC-J1 Exterior  51.5  0.6 % 815  3.2 % 1091 250 200  2.4 % 1091 250 250  0.02 11.4 S 
213 Joh et al. (1990) NRc-J2 Exterior  81.8  0.6 % 815  3.2 % 1091 250 200  2.4 % 1091 250 250  0.02 13.1 S 
214 Joh et al. (1990) NRC-J4 Exterior  88.9  0.6 % 815  3.2 % 1091 250 200  2.4 % 1091 250 250  0.30 14.5 S 
215 Joh et al. (1990) NRC-J3 Exterior  86.9  0.3 % 840  3.2 % 1091 250 200  2.4 % 1091 250 250  0.02 13.3 S 

53 216 Joh et al. (1991 JXO-B1 Interior  21.3  0.2 % 307  0.8 % 371 350 150  1.1 % 371 300 300  0.16 4.3 Unknown 
54 217 Joh et al. (1991b) JX0-B8LH Interior  26.9  0.2 % 377  0.6 % 404 350 200  2.0 % 404 300 300  0.15 3.7 Unknown 

218 Joh et al. (1991b) JX0-B8MH Interior  28.1  0.4 % 377  0.6 % 404 350 200  2.0 % 404 300 300  0.14 4.1 Unknown 
55 219 Joh et al. (1992) NRC-J8 Exterior  53.7  0.2 % 717  2.5 % 675 250 200  2.8 % 675 250 250  0.02 7.1 S 

220 Joh et al. (1992) NRC-J12 Exterior  83.7  0.2 % 717  2.5 % 698 250 200  2.4 % 698 250 250  0.02 12.8 S 
221 Joh et al. (1992) NRC-J14 Exterior  64.9  0.2 % 717  2.5 % 547 250 200  2.4 % 698 250 250  0.02 7.8 S-F 
222 Joh et al. (1992) NRC-J10 Exterior  65.7  0.2 % 760  1.7 % 675 250 200  2.0 % 675 250 250  0.02 6.4 S-F 
223 Joh et al. (1992) NRC-J11 Exterior  78.7  0.2 % 760  1.1 % 675 250 200  2.0 % 675 250 250  0.02 5.9 S-F 
224 Joh et al. (1992) NRC-J5 Exterior  58.1  0.6 % 762  2.4 % 753 250 200  2.4 % 1092 250 250  0.02 10.9 S-F 
225 Joh et al. (1992) NRC-J6 Exterior  32.2  0.6 % 762  2.4 % 753 250 200  2.4 % 1092 250 250  0.02 7.2 S-F 
226 Joh et al. (1992) NRC-J7 Exterior  57.7  0.6 % 762  1.6 % 753 350 200  2.4 % 1092 250 250  0.02 10.0 S-F 
227 Joh et al. (1992) NRC-J9 Exterior  49.3  0.6 % 770  1.7 % 675 250 200  2.0 % 675 250 250  0.02 9.3 S 
228 Joh et al. (1992) NRC-J13 Exterior  79.4  0.6 % 770  2.5 % 698 250 200  2.4 % 698 250 250  0.02 11.1 S-F 

56 229 Kaku and Asakusa (1991) 1 Exterior  31.1  0.5 % 250  1.6 % 381 220 160  1.6 % 360 220 220  0.17 6.2 S-F 
230 Kaku and Asakusa (1991) 2 Exterior  41.7  0.5 % 250  1.6 % 381 220 160  1.6 % 360 220 220  0.10 6.2 S-F 
231 Kaku and Asakusa (1991) 3 Exterior  41.7  0.5 % 250  1.6 % 381 220 160  1.6 % 360 220 220  0.00 5.3 S-F 
232 Kaku and Asakusa (1991) 7 Exterior  32.2  0.5 % 250  1.6 % 381 220 160  1.8 % 395 220 220  0.12 6.3 S-F 
233 Kaku and Asakusa (1991) 8 Exterior  41.2  0.5 % 250  1.6 % 381 220 160  1.8 % 395 220 220  0.08 6.1 S-F 
234 Kaku and Asakusa (1991) 9 Exterior  40.6  0.5 % 250  1.6 % 381 220 160  1.8 % 395 220 220  0.00 6.0 S-F 
235 Kaku and Asakusa (1991) 16 Exterior  37.4  0.5 % 250  1.6 % 381 220 160  3.2 % 381 220 220  0.00 6.1 S-F 
236 Kaku and Asakusa (1991) 17 Exterior  39.7  0.5 % 250  1.6 % 381 220 160  1.1 % 395 220 220  0.00 4.4 S-F 
237 Kaku and Asakusa (1991) 18 Exterior  40.7  0.5 % 250  1.6 % 381 220 160  0.8 % 282 220 220  0.00 3.0 S-F 
238 Kaku and Asakusa (1991) 4 Exterior  44.7  0.1 % 281  1.6 % 381 220 160  1.6 % 360 220 220  0.17 6.0 S-F 
239 Kaku and Asakusa (1991) 5 Exterior  36.7  0.1 % 281  1.6 % 381 220 160  1.6 % 360 220 220  0.09 5.2 S-F 
240 Kaku and Asakusa (1991) 6 Exterior  40.4  0.1 % 281  1.6 % 381 220 160  1.6 % 360 220 220  0.00 5.1 S-F 
241 Kaku and Asakusa (1991) 10 Exterior  44.4  0.1 % 281  1.6 % 381 220 160  1.8 % 395 220 220  0.17 6.1 S-F 
242 Kaku and Asakusa (1991) 11 Exterior  41.9  0.1 % 281  1.6 % 381 220 160  1.8 % 395 220 220  0.08 6.0 S-F 
243 Kaku and Asakusa (1991) 12 Exterior  35.1  0.1 % 281  1.6 % 381 220 160  1.8 % 395 220 220  0.00 5.0 S-F 
244 Kaku and Asakusa (1991) 14 Exterior  41.0  0.1 % 281  1.6 % 381 220 160  1.6 % 381 220 220  0.08 5.9 S-F 
245 Kaku and Asakusa (1991) 15 Exterior  39.7  0.1 % 281  1.6 % 381 220 160  1.6 % 381 220 220  0.08 6.0 S-F 

57 246 Kaku et al. (1993) J11A Interior  57.6  0.5 % 893  2.2 % 371 350 260  3.3 % 371 400 300  0.24 9.7 S-F 
247 Kaku et al. (1993) J12A Interior  56.6  0.5 % 893  3.0 % 371 350 260  3.3 % 371 400 300  0.25 12.5 S-F 
248 Kaku et al. (1993) J31A Interior  55.2  0.5 % 893  2.5 % 363 350 260  3.3 % 371 400 300  0.25 11.6 S-F 
249 Kaku et al. (1993) J32A Interior  55.2  0.6 % 893  3.2 % 363 350 260  3.3 % 371 400 300  0.25 12.0 S-F 
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Table A1 (continued ) 
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58 250 Kamimura et al. (2004) NN.1 Interior  36.2  0.4 % 344  1.8 % 345 250 180  1.8 % 380 250 350  0.03 6.5 S-F 
59 251 Kanada et al. (1984) U40L Exterior  24.3  0.0 % 0  1.7 % 387 380 260  2.6 % 385.0 300 300  0.00 3.7 S 

252 Kanada et al. (1984) U20L Exterior  26.7  0.0 % 0  0.9 % 387 380 260  1.3 % 387.0 300 300  0.00 3.4 B 
253 Kanada et al. (1984) U41L Exterior  26.7  0.4 % 387  1.7 % 387 380 260  2.6 % 385 300 300  0.00 4.0 S-F 
254 Kanada et al. (1984) U42L Exterior  30.1  0.8 % 387  1.7 % 387 380 260  2.6 % 385 300 300  0.00 4.0 S-F 

60 255 Karayannis and Sirkelis 
(2005) 

AJ1s Exterior  32.8  0.2 % 580  0.5 % 580 300 200  0.7 % 580 200 200  0.05 3.0 Unknown 

61 256 Karayannis et al. (1998) Jo0 Exterior  20.8  0.0 % 0  0.5 % 580 200 100  1.6 % 580 200 100  0.10 3.7 S 
62 257 Karayannis et al. (2008) A0 Exterior  31.6  0.0 % 0  0.5 % 580 300 200  0.5 % 580 200 200  0.05 2.6 S 

258 Karayannis et al. (2008) C0 Exterior  31.6  0.0 % 0  1.5 % 580 300 200  1.3 % 580 300 200  0.05 3.6 S 
259 Karayannis et al. (2008) B0 Exterior  31.6  0.0 % 0  1.6 % 580 300 200  0.5 % 580 300 200  0.05 4.2 S 
260 Karayannis et al. (2008) A1 Exterior  31.6  0.2 % 580  0.5 % 580 300 200  0.9 % 580 200 200  0.05 2.3 Unknown 
261 Karayannis et al. (2008) A2 Exterior  31.6  0.2 % 580  0.5 % 580 300 200  0.9 % 580 200 200  0.05 2.3 Unknown 
262 Karayannis et al. (2008) A3 Exterior  31.6  0.2 % 580  0.5 % 580 300 200  0.9 % 580 200 200  0.05 2.3 Unknown 
263 Karayannis et al. (2008) C2 Exterior  31.6  0.2 % 580  1.5 % 580 300 200  1.7 % 580 300 200  0.05 4.4 Unknown 
264 Karayannis et al. (2008) B1 Exterior  31.6  0.2 % 580  1.6 % 580 300 200  0.6 % 580 300 200  0.05 4.6 Unknown 
265 Karayannis et al. (2008) C2 Exterior  31.6  0.4 % 580  1.5 % 580 300 200  1.7 % 580 300 200  0.05 4.4 Unknown 
266 Karayannis et al. (2008) C2 Exterior  31.6  0.4 % 580  1.5 % 580 300 200  1.7 % 580 300 200  0.05 4.4 Unknown 

63 267 Kashiwazaki et al. (1992) MKJ-1 Interior  84.3  0.9 % 675  1.1 % 771 300 200  0.9 % 644 300 300  0.10 11.1 S-F 
268 Kashiwazaki et al. (1992) MKJ-2 Interior  84.3  0.9 % 675  1.7 % 771 300 200  2.7 % 718 300 300  0.07 13.0 S-F 
269 Kashiwazaki et al. (1992) MKJ-3 Interior  98.5  0.9 % 675  1.5 % 742 300 200  1.7 % 794 300 300  0.07 13.0 S-F 
270 Kashiwazaki et al. (1992) MKJ-4 Interior  98.5  0.9 % 675  2.2 % 742 300 200  3.8 % 771 300 300  0.07 14.6 S-F 

64 271 Kawai et al. (1997) O8V Exterior  88.1  0.3 % 928  2.4 % 522 450 325  2.7 % 522 475 475  0.67 10.6 S-F 
272 Kawai et al. (1997) I8C Interior  85.5  0.3 % 928  2.7 % 522 450 325  2.7 % 522 475 475  0.20 12.4 S-F 

65 273 Khan et al. (2018) TC Exterior  30.0  0.0 % 0  5.0 % 605 250 200  3.8 % 605 250 200  0.03 5.6 Unknown 
66 274 Kitayama et al. (1991) B3 Interior  24.5  0.9 % 235  1.7 % 311 300 200  2.3 % 371 300 300  0.08 6.9 S-F 

275 Kitayama et al. (1991) A1 Interior  30.6  0.6 % 320  2.1 % 780 300 200  3.5 % 539 300 300  0.06 9.2 S-F 
276 Kitayama et al. (1991) A4 Interior  30.6  0.6 % 320  1.5 % 780 300 200  3.5 % 539 300 300  0.06 9.9 S-F 
277 Kitayama et al. (1991) J1 Interior  25.7  0.3 % 368  2.0 % 401 300 200  2.3 % 401 300 300  0.08 7.3 S-F 

67 278 Kitayama et al. (1992) I5 Interior  85.4  0.4 % 250  1.5 % 769 300 200  3.5 % 534 300 300  0.02 10.7 S-F 
279 Kitayama et al. (1992) I6 Interior  85.4  0.4 % 250  1.7 % 772 300 200  3.5 % 534 300 300  0.02 13.5 S-F 
280 Kitayama et al. (1992) I1 Interior  98.8  0.4 % 360  3.3 % 799 300 200  5.1 % 747 300 300  0.04 24.7 S-F 
281 Kitayama et al. (1992) I3 Interior  41.4  0.4 % 360  2.4 % 799 300 200  3.5 % 361 300 300  0.03 11.9 S-F 

68 282 Kitayama et al. (2000) PB-1 Interior  21.0  0.7 % 404  2.4 % 534 380 250  5.1 % 517 350 350  0.34 8.4 S-F 
283 Kitayama et al. (2000) PNB-2 Interior  21.0  0.7 % 404  2.4 % 534 380 250  5.1 % 517 350 350  0.34 8.2 S-F 
284 Kitayama et al. (2000) PNB-3 Interior  21.9  0.7 % 404  2.4 % 534 380 250  5.1 % 517 350 350  0.33 7.8 S-F 

69 285 Kordina (1984) RE4 Exterior  32.0  0.3 % 250  1.1 % 420 300 200  2.0 % 420 200 200  0.04 4.2 S 
70 286 Kotsovou (2011) S5 Exterior  35.0  0.9 % 571  1.9 % 587 450 300  4.1 % 560 300 300  0.00 7.9 Unknown 

287 Kotsovou (2011) S2′ Exterior  35.0  1.2 % 571  1.9 % 587 450 300  3.9 % 560 300 300  0.00 8.0 Unknown 
71 288 Kotsovou (2012) S10 Exterior  35.0  0.4 % 571  1.0 % 563 450 300  3.2 % 563 400 400  0.00 2.2 Unknown 

289 Kotsovou (2012) S6 Exterior  35.0  0.4 % 571  2.0 % 563 450 300  1.9 % 570 400 400  0.00 4.5 Unknown 
290 Kotsovou (2012) S9 Exterior  35.0  0.5 % 571  2.0 % 563 450 300  1.9 % 563 400 400  0.00 4.5 Unknown 

72 291 Kuang and Wong (2006) BS-LL Exterior  42.1  0.0 % 0  1.6 % 520 450 260  2.2 % 520 300 300  0.14 5.0 Unknown 
292 Kuang and Wong (2006) BS-L-LS Exterior  31.6  0.0 % 0  1.6 % 520 450 260  2.2 % 520 300 300  0.14 4.3 Unknown 
293 Kuang and Wong (2006) BS-U Exterior  31.0  0.0 % 0  1.6 % 520 450 260  2.2 % 520 300 300  0.14 4.3 Unknown 

73 294 Kulkarni and Li (2007) JA Interior  33.7  0.0 % 0  1.1 % 484 500 250  1.6 % 484 400 400  0.30 8.3 Unknown 
295 Kulkarni and Li (2007) JB Interior  34.8  0.0 % 0  1.1 % 484 500 250  1.6 % 484 400 400  0.30 8.3 Unknown 

74 296 Kurose et al. (1991) J1 Interior  24.1  0.7 % 550  1.1 % 463 508 406  2.4 % 463 508 508  0.00 8.6 Unknown 
75 297 Kurusu (1988) NO4 Interior  34.1  0.1 % 354  1.2 % 388 300 200  2.3 % 388 300 300  0.06 6.2 Unknown 
76 298 Kusuhara et al. (2004) JE-0 Interior  27.0  0.3 % 364  1.6 % 387 300 180  2.3 % 345 280 320  0.00 6.9 Unknown 
77 299 Lee and Ko (2007) S0 Exterior  32.6  0.7 % 471  2.3 % 471 450 300  1.9 % 471 400 600  0.09 3.9 Unknown 

300 Lee and Ko (2007) S50 Exterior  34.2  0.7 % 471  2.3 % 471 450 300  1.9 % 471 400 600  0.09 3.8 Unknown 
301 Lee and Ko (2007) W0 Exterior  28.9  1.0 % 471  2.3 % 471 450 300  1.9 % 471 600 400  0.10 4.8 Unknown 
302 Lee and Ko (2007) W75 Exterior  30.4  1.0 % 471  2.3 % 471 450 300  1.9 % 471 600 400  0.10 4.9 Unknown 
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303 Lee and Ko (2007) W150 Exterior  29.1  1.0 % 471  2.3 % 471 450 300  1.9 % 471 600 400  0.10 4.9 Unknown 
78 304 Lee and Lee (2000) EJ + 0.0 Exterior  19.0  0.3 % 673  1.5 % 451 300 200  2.7 % 451 300 300  0.00 3.5 S 
79 305 Lee and Lee (2000) EJ + 0.1 Exterior  19.0  0.3 % 673  1.5 % 451 300 200  2.7 % 451 300 300  0.10 3.7 S 
80 306 Lee and Lee (2001) HJ2-0.0 Exterior  38.0  0.2 % 671  2.2 % 540 300 200  2.7 % 504 300 300  0.00 6.3 S 

307 Lee and Lee (2001) HJ2-0.15 Exterior  38.0  0.2 % 671  2.2 % 540 300 200  2.7 % 504 300 300  0.15 6.4 S 
308 Lee and Lee (2001) HJ2-0.3 Exterior  38.0  0.2 % 671  2.2 % 540 300 200  2.7 % 504 300 300  0.30 5.9 S 
309 Lee and Lee (2001) HJ5-0.0 Exterior  38.0  0.6 % 671  2.2 % 540 300 200  2.7 % 504 300 300  0.00 7.0 S 
310 Lee and Lee (2001) HJ5-0.15 Exterior  38.0  0.6 % 671  2.2 % 540 300 200  2.7 % 504 300 300  0.15 6.1 S 
311 Lee and Lee (2001) HJ5-0.3 Exterior  38.0  0.6 % 671  2.2 % 540 300 200  2.7 % 504 300 300  0.30 5.6 S 
312 Lee and Lee (2001) NJ2-0.0 Exterior  23.5  0.2 % 671  1.6 % 442 300 200  2.7 % 504 300 300  0.00 4.6 S 
313 Lee and Lee (2001) NJ2-0.15 Exterior  23.5  0.2 % 671  1.6 % 442 300 200  2.7 % 504 300 300  0.15 4.4 S 
314 Lee and Lee (2001) NJ2-0.3 Exterior  23.5  0.2 % 671  1.6 % 442 300 200  2.7 % 504 300 300  0.30 4.4 S 
315 Lee and Lee (2001) NJ5-0.0 Exterior  23.5  0.6 % 671  1.6 % 442 300 200  2.7 % 504 300 300  0.00 4.8 S 
316 Lee and Lee (2001) NJ5-0.15 Exterior  23.5  0.6 % 671  1.6 % 442 300 200  2.7 % 504 300 300  0.15 4.5 S 
317 Lee and Lee (2001) NJ5-0.3 Exterior  23.5  0.6 % 671  1.6 % 442 300 200  2.7 % 504 300 300  0.30 4.5 S 

81 318 Lee et al. (2009) J1 Interior  40.0  0.8 % 510  2.1 % 510 400 300  6.3 % 514 350 350  0.00 11.8 S 
319 Lee et al. (2009) BJ1 Interior  40.0  0.8 % 510  1.2 % 510 400 300  6.3 % 514 350 350  0.00 10.4 S-F 

82 320 Lee et al. (2010) JI0 Interior  27.0  0.0 % 0  0.9 % 456 600 300  2.5 % 456 400 400  0.19 6.2 S 
321 Lee et al. (2010) A1 Interior  32.3  0.0 % 0  0.6 % 503 600 300  2.5 % 460 300 900  0.00 4.7 S 
322 Lee et al. (2010) M1 Interior  32.0  0.1 % 499  0.6 % 503 600 300  2.5 % 460 300 900  0.00 4.7 S-F 

83 323 Leon (1990) BCJ2 Interior  27.6  0.5 % 414  0.9 % 414 305 203  2.8 % 414 254 254  0.00 2.8 S-F 
324 Leon (1990) BCJ3 Interior  27.6  0.4 % 414  0.9 % 414 305 203  2.3 % 414 254 305  0.00 6.7 S-F 

84 325 Le-Trung et al. (2010) SD Exterior  36.5  0.3 % 324  1.8 % 324 200 134  1.5 % 324 167 167  0.00 4.1 Unknown 
326 Le-Trung et al. (2010) NS Exterior  33.8  0.0 % 0  1.2 % 324 200 134  1.5 % 324 167 167  0.00 3.3 S 

85 327 Liu (2006) RC-1 Exterior  19.4  0.0 % 0  0.8 % 324 300 200  0.9 % 324 230 230  0.07 2.6 S-F 
328 Liu (2006) RC-6 Exterior  25.9  0.1 % 384  0.6 % 307 330 250  1.8 % 307 250 250  0.06 2.8 S-F 
329 Liu (2006) NZ-7 Exterior  30.0  1.7 % 384  0.6 % 307 330 250  1.8 % 307 250 250  0.00 3.5 Unknown 

86 330 Liu and Park (1998) Unit 2 Interior  48.9  0.0 % 0  1.0 % 321 500 300  2.0 % 321 300 460  0.12 5.6 S-F 
87 331 Matsumoto et al. (2010) B-0 Interior  54.6  0.5 % 1276  2.0 % 522 400 250  2.2 % 746 400 450  0.20 11.9 Unknown 

332 Matsumoto et al. (2010) J-0 Interior  54.6  0.5 % 1276  2.0 % 710 400 250  2.2 % 746 400 450  0.20 13.6 Unknown 
88 333 Megget (1971) Unit 1 Exterior  28.3  0.6 % 317  1.3 % 286 460 255  1.2 % 305 380 330  0.00 3.9 S-F 
89 334 Megget (1974) Unit A Exterior  22.1  1.6 % 317  1.7 % 374 460 255  2.5 % 365 380 330  0.07 5.4 S-F 
90 335 Meinheit and Jirsa (1981) 1 Interior  26.2  0.5 % 409  2.2 % 449 457 279  2.1 % 457 457 330  0.40 7.8 S 

336 Meinheit and Jirsa (1981) 2 Interior  41.8  0.5 % 409  2.2 % 449 457 279  4.3 % 449 457 330  0.25 11.4 S 
337 Meinheit and Jirsa (1981) 3 Interior  26.6  0.5 % 409  2.2 % 449 457 279  6.7 % 402 457 330  0.39 8.7 S 
338 Meinheit and Jirsa (1981) 4 Interior  36.1  0.4 % 409  1.5 % 449 457 406  4.3 % 438 330 457  0.30 10.2 S 
339 Meinheit and Jirsa (1981) 5 Interior  35.9  0.5 % 409  2.2 % 449 457 279  4.3 % 449 457 330  0.04 10.9 S 
340 Meinheit and Jirsa (1981) 6 Interior  36.7  0.5 % 409  2.2 % 449 457 279  4.3 % 449 457 330  0.48 11.8 S-F 
341 Meinheit and Jirsa (1981) 7 Interior  37.2  0.4 % 409  1.5 % 449 457 406  4.3 % 438 330 457  0.47 10.3 S 
342 Meinheit and Jirsa (1981) 13 Interior  41.3  1.5 % 409  2.2 % 449 457 279  4.3 % 449 457 330  0.25 11.1 S 
343 Meinheit and Jirsa (1981) 14 Interior  33.2  1.1 % 409  1.5 % 449 457 406  4.3 % 438 330 457  0.32 10.6 S 
344 Meinheit and Jirsa (1981) 12 Interior  35.2  2.4 % 423  2.2 % 449 457 279  4.3 % 449 457 330  0.30 14.0 S-F 

91 345 Melo et al. (2012) TPA-1 Exterior  24.4  0.0 % 0  0.7 % 405 400 250  0.7 % 405 250 250  0.13 3.6 S 
346 Melo et al. (2012) TPA-2 Exterior  25.8  0.0 % 0  0.7 % 405 400 250  0.7 % 405 250 250  0.12 3.6 S 
347 Melo et al. (2012) TP-B1 Exterior  15.8  0.0 % 0  0.7 % 405 400 250  0.7 % 405 250 250  0.20 3.6 S 
348 Melo et al. (2012) TPB-2 Exterior  27.3  0.0 % 0  0.7 % 405 400 250  0.7 % 405 250 250  0.12 3.6 S 
349 Melo et al. (2012) TPC Exterior  23.8  0.0 % 0  0.7 % 405 400 250  0.7 % 405 250 250  0.14 3.6 S 
350 Melo et al. (2012) TD Exterior  20.8  0.0 % 0  0.7 % 465 400 250  0.7 % 465 250 250  0.15 3.7 S 

92 351 Morita et al. (2004) M1 Interior  17.1  0.3 % 344  1.9 % 520 400 300  5.9 % 520 350 300  0.00 6.3 S 
352 Morita et al. (2004) M2 Interior  18.2  0.3 % 344  1.9 % 520 400 300  5.9 % 520 350 300  0.00 6.9 S 
353 Morita et al. (2004) M3 Interior  18.8  0.3 % 344  1.9 % 520 400 300  5.9 % 520 350 300  0.00 6.3 S 
354 Morita et al. (2004) M6 Interior  19.4  0.3 % 344  1.3 % 520 400 300  5.9 % 520 350 300  0.00 6.6 S 
355 Morita et al. (2004) M4 Interior  20.6  2.1 % 429  1.9 % 520 400 300  5.9 % 520 350 300  0.00 7.6 S 

93 356 Murty et al. (2003) Q1 Exterior  25.6  0.0 % 0  1.6 % 382 400 200  2.4 % 382 250 200  0.00 6.3 S 
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357 Murty et al. (2003) P1 Exterior  27.3  0.0 % 0  1.6 % 382 400 200  2.4 % 382 250 200  0.00 6.9 S 
358 Murty et al. (2003) R1 Exterior  30.2  0.0 % 0  1.6 % 382 400 200  2.4 % 382 250 200  0.00 7.0 S 
359 Murty et al. (2003) S1 Exterior  27.8  0.0 % 0  1.6 % 382 400 200  2.4 % 382 250 200  0.00 6.6 S 
360 Murty et al. (2003) P2 Exterior  26.3  2.3 % 382  1.6 % 382 400 200  2.4 % 382 250 200  0.00 8.2 S 
361 Murty et al. (2003) P3 Exterior  27.0  2.3 % 382  1.6 % 382 400 200  2.4 % 382 250 200  0.00 7.3 S 
362 Murty et al. (2003) Q2 Exterior  27.2  2.3 % 382  1.6 % 382 400 200  2.4 % 382 250 200  0.00 8.9 S 
363 Murty et al. (2003) Q3 Exterior  26.9  2.3 % 382  1.6 % 382 400 200  2.4 % 382 250 200  0.00 8.6 S 
364 Murty et al. (2003) R2 Exterior  27.3  2.3 % 382  1.6 % 382 400 200  2.4 % 382 250 200  0.00 9.3 S 
365 Murty et al. (2003) R3 Exterior  27.1  2.3 % 382  1.6 % 382 400 200  2.4 % 382 250 200  0.00 8.8 S 
366 Murty et al. (2003) S2 Exterior  26.8  2.3 % 382  1.6 % 382 400 200  2.4 % 382 250 200  0.00 8.8 S 
367 Murty et al. (2003) S3 Exterior  30.1  2.3 % 382  1.6 % 382 400 200  2.4 % 382 200 250  0.00 8.0 S 

94 368 Nakamura et al. (1991) No.5 Interior  64.1  1.2 % 873  1.7 % 785 400 300  2.2 % 785 400 400  0.10 16.3 S-F 
369 Nakamura et al. (1991) No.6 Interior  63.1  1.2 % 873  1.7 % 785 400 300  2.2 % 785 400 400  0.10 17.3 S-F 
370 Nakamura et al. (1991) No.7 Interior  76.0  1.2 % 873  1.7 % 785 400 300  2.2 % 785 400 400  0.08 16.8 S-F 
371 Nakamura et al. (1991) No.1 Interior  65.3  0.4 % 880  1.7 % 582 400 300  2.2 % 785 400 400  0.09 12.6 S-F 
372 Nakamura et al. (1991) No.2 Interior  68.4  0.4 % 880  1.7 % 785 400 300  2.2 % 785 400 400  0.09 15.3 S 
373 Nakamura et al. (1991) No.4 Interior  91.9  0.4 % 880  1.7 % 785 400 300  2.2 % 785 400 400  0.07 17.1 S-F 

95 374 Nishi et al. (1992) JO-2 Interior  24.9  0.4 % 448  1.6 % 366 150 120  2.3 % 366 150 150  0.70 6.3 Unknown 
96 375 Nishiyama et al. (1989) RC2 Exterior  29.8  0.8 % 335  2.5 % 425 300 200  3.2 % 425 300 300  0.04 6.3 S-F 
97 376 Noguchi and Kurusu (1988) NO2 Interior  34.1  0.1 % 354  1.5 % 325 300 200  2.3 % 388 300 300  0.06 5.5 Unknown 
98 377 Noguchi and Kashiwazaki 

(1992) 
OKJ-1 Interior  70.0  0.9 % 955  2.3 % 718 300 200  2.8 % 718 300 300  0.12 14.4 S-F 

378 Noguchi and Kashiwazaki 
(1992) 

OKJ-4 Interior  70.0  0.9 % 955  1.8 % 718 300 200  2.8 % 718 300 300  0.12 15.1 S-F 

379 Noguchi and Kashiwazaki 
(1992) 

OKJ-5 Interior  70.0  0.9 % 955  2.5 % 718 300 200  3.4 % 718 300 300  0.12 14.8 S 

380 Noguchi and Kashiwazaki 
(1992) 

OKJ-6 Interior  53.5  0.9 % 955  2.0 % 718 300 200  2.8 % 718 300 300  0.12 13.2 S 

99 381 Ogawa et al. (2003) BUCS Exterior  18.6  0.4 % 402  1.0 % 388 400 260  2.7 % 388 300 300  0.20 4.0 S 
382 Ogawa et al. (2003) BUVS Exterior  18.6  0.4 % 402  1.0 % 389 400 260  2.7 % 388 300 300  0.62 3.4 S 

100 383 Oh et al. (1992) EJS-200–0 Exterior  26.8  0.0 % 0  2.5 % 434 200 140  2.7 % 417 200 200  0.00 4.9 S 
384 Oh et al. (1992) EJS-400–0 Exterior  41.7  0.0 % 0  2.5 % 434 200 140  2.7 % 417 200 200  0.00 6.3 S 
385 Oh et al. (1992) EJS-200–0.3 N Exterior  26.8  0.4 % 375  2.5 % 434 200 140  2.7 % 417 200 200  0.00 5.5 Unknown 
386 Oh et al. (1992) EJS-200–2-0.6 

N’ 
Exterior  24.0  0.7 % 375  2.5 % 434 200 140  2.7 % 417 200 200  0.00 5.7 Unknown 

387 Oh et al. (1992) EJS-200–2-0.6 
N 

Exterior  24.0  0.4 % 375  2.5 % 434 200 140  3.1 % 417 200 200  0.00 5.6 Unknown 

388 Oh et al. (1992) EJS-400–0.3 N Exterior  41.7  0.4 % 375  2.5 % 434 200 140  2.7 % 417 200 200  0.00 6.8 Unknown 
389 Oh et al. (1992) EJS-400–0.6 

N’ 
Exterior  44.6  0.7 % 375  2.5 % 434 200 140  2.7 % 417 200 200  0.00 7.0 Unknown 

390 Oh et al. (1992) EJS-400–0.6 N Exterior  44.6  0.4 % 375  2.5 % 434 200 140  3.1 % 417 200 200  0.00 7.0 Unknown 
391 Oh et al. (1992) EJS-400–0.6H Exterior  43.1  0.9 % 765  3.6 % 417 200 140  2.7 % 417 200 200  0.00 8.4 Unknown 
392 Oh et al. (1992) EJS-400–1.2H Exterior  43.1  1.8 % 765  3.6 % 417 200 140  2.7 % 417 200 200  0.00 9.1 Unknown 

101 393 Ohwada (1970) No. 1 Interior  21.5  0.0 % 0  1.3 % 392 300 150  3.2 % 392 200 200  0.18 6.1 Unknown 
102 394 Ohwada (1970) No. 3 Interior  21.5  0.7 % 245  1.3 % 392 300 150  3.2 % 392 200 200  0.18 6.9 S 

395 Ohwada (1970) No. 2 Interior  21.5  0.3 % 245  1.3 % 392 300 150  3.2 % 392 200 200  0.18 7.6 S 
103 396 Ohwada (1973) P-1 Interior  11.6  0.0 % 0  1.5 % 400 300 150  4.0 % 400 200 200  0.34 3.7 S 

397 Ohwada (1973) P-2 Interior  13.3  0.0 % 0  1.3 % 385 300 150  3.2 % 385 200 200  0.29 4.2 S 
398 Ohwada (1973) P-3 Interior  12.8  0.0 % 0  1.0 % 385 300 150  3.2 % 385 200 200  0.31 4.3 S 
399 Ohwada (1973) P-4 Interior  13.4  0.7 % 245  1.3 % 385 300 150  3.2 % 385 200 200  0.29 4.3 S-F 

104 400 Ohwada (1976) JO-0 Interior  20.1  0.0 % 0  3.9 % 402 150 100  3.4 % 402 150 100  0.00 7.6 S 
105 401 Ohwada (1977) JO-1 Interior  20.0  0.0 % 0  2.0 % 432 150 150  3.4 % 432 150 150  0.00 6.1 S 

402 Ohwada (1977) JO-2 Interior  20.0  0.4 % 450  2.0 % 432 150 150  3.4 % 432 150 150  0.00 7.3 S 
106 403 Ohwada (1980) JO-3 Interior  20.6  0.0 % 0  2.0 % 394 150 150  3.4 % 394 150 150  0.00 6.9 S 
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Table A1 (continued ) 

No. of 
studies 

S.N Research Studies Specimen Joint 
Type 

f’c 
(MPa) 

ρjt fyjt 

(MPa) 
ρb fyb 

(MPa) 
hb 

(mm) 
bb 

(mm) 
ρc fyc 

(MPa) 
hc 

(mm) 
bc 

(mm) 
ALF τexp Failure 

Mode 

404 Ohwada (1980) JO-4 Interior  14.0  0.0 % 0  2.0 % 360 150 150  6.8 % 360 150 150  0.00 6.2 S 
405 Ohwada (1980) LJO-1 Interior  20.0  0.0 % 0  2.0 % 372 150 150  6.8 % 372 150 150  0.00 6.6 S 
406 Ohwada (1980) LJO-3 Interior  20.0  0.0 % 0  2.0 % 372 150 150  4.5 % 372 150 150  0.00 6.1 S 
407 Ohwada (1980) LJO-2 Interior  20.0  0.3 % 407  2.0 % 372 150 150  6.8 % 372 150 150  0.00 6.5 S 

107 408 Ohwada (1981) LJO-4 Interior  17.1  0.0 % 0  1.8 % 368 200 120  2.3 % 368 150 150  0.16 5.0 S 
409 Ohwada (1981) LJO-5 Interior  17.1  0.0 % 0  1.8 % 368 200 120  2.3 % 368 150 150  0.41 5.3 S-F 

108 410 Oka and Shiohara (1992) J-11 Interior  39.2  0.4 % 401  4.2 % 365 300 240  7.7 % 365 300 300  0.12 12.6 S 
411 Oka and Shiohara (1992) J-10 Interior  39.2  0.4 % 598  1.9 % 687 300 240  3.4 % 687 300 300  0.12 10.8 S 
412 Oka and Shiohara (1992) J-6 Interior  79.2  0.2 % 775  1.9 % 663 300 240  3.4 % 663 300 300  0.12 15.0 S-F 
413 Oka and Shiohara (1992) J-8 Interior  79.2  0.4 % 775  4.3 % 364 300 240  7.7 % 364 300 300  0.12 17.0 S 
414 Oka and Shiohara (1992) J-1 Interior  81.2  0.4 % 1374  1.9 % 627 300 240  3.4 % 627 300 300  0.11 14.1 S-F 
415 Oka and Shiohara (1992) J-2 Interior  81.2  0.4 % 1374  1.7 % 1429 300 240  3.4 % 627 300 300  0.11 15.3 S 
416 Oka and Shiohara (1992) J-4 Interior  72.8  0.4 % 1374  2.2 % 506 300 240  5.3 % 492 300 300  0.13 14.6 S-F 
417 Oka and Shiohara (1992) J-5 Interior  72.8  0.4 % 1374  1.9 % 824 300 240  3.4 % 824 300 300  0.13 16.2 S 

109 418 Onish et al. (1990) No.1 Exterior  25.9  0.0 % 0  0.7 % 389 250 250  1.2 % 389 250 250  0.00 3.8 S-F 
419 Onish et al. (1990) No.4 Exterior  25.2  0.0 % 0  1.2 % 389 250 250  1.2 % 389 250 250  0.00 3.7 S-F 
420 Onish et al. (1990) No.2 Exterior  28.1  0.2 % 314  0.7 % 389 250 250  1.2 % 389 250 250  0.00 4.1 S-F 
421 Onish et al. (1990) NO.5 Exterior  28.1  0.5 % 314  1.2 % 389 250 250  1.2 % 389 250 250  0.00 4.7 S-F 

110 422 Oskouei (2010) Specimen-1 Exterior  24.3  0.5 % 282  1.5 % 417 400 350  2.5 % 417 350 350  0.00 4.0 S 
423 Oskouei (2010) Specimen-2 Exterior  19.6  0.5 % 282  1.5 % 417 400 350  2.5 % 417 350 350  0.00 4.3 S 

111 424 Ota et al. (2004) RC Interior  74.2  0.2 % 944  2.2 % 538 400 280  2.5 % 538 400 400  0.08 12.5 S-F 
112 425 Otani et al. (1984) J1 Interior  25.7  0.3 % 368  2.0 % 401 300 200  2.3 % 401 300 300  0.08 7.3 S-F 

426 Otani et al. (1984) J2 Interior  24.0  0.6 % 368  2.0 % 401 300 200  2.3 % 401 300 300  0.08 7.5 S-F 
427 Otani et al. (1984) J3 Interior  24.0  1.7 % 368  2.0 % 401 300 200  2.3 % 401 300 300  0.08 8.0 S-F 
428 Otani et al. (1984) J4 Interior  25.7  0.3 % 368  2.0 % 401 300 200  2.3 % 401 300 300  0.30 7.1 S-F 
429 Otani et al. (1984) J5 Interior  28.7  0.3 % 368  2.0 % 401 300 200  2.3 % 401 300 300  0.07 7.2 S-F 

113 430 Owada (1984) LJO-6 Interior  28.9  0.0 % 0  1.8 % 357 200 120  2.3 % 357 150 150  0.23 8.1 Unknown 
114 431 Owada (1992) J0C-1 Interior  31.2  0.4 % 447  1.4 % 340 150 120  2.3 % 343 150 150  0.13 5.3 S-F 

432 Owada (1992) J0R-1 Interior  31.2  0.4 % 447  1.4 % 340 150 120  2.3 % 343 150 150  0.13 8.3 S-F 
115 433 Owada (2000) JO-5 Interior  37.6  0.0 % 0  1.8 % 349 200 120  2.3 % 349 150 150  0.17 9.1 S 
116 434 Ozaki et al. (2010) 1 Interior  32.8  0.4 % 338  2.2 % 410 300 180  1.8 % 410 300 300  0.09 8.6 S-F 
117 435 Pantelides et al. (2002) Unit 1 Exterior  33.1  0.0 % 0  3.1 % 459 406 406  2.5 % 470 406 406  0.10 5.2 B 

436 Pantelides et al. (2002) Unit 2 Exterior  33.1  0.0 % 0  3.1 % 459 406 406  2.5 % 470 406 406  0.25 4.9 B 
437 Pantelides et al. (2002) Unit 3 Exterior  34.0  0.0 % 0  3.1 % 459 406 406  2.5 % 470 406 406  0.10 5.0 S 
438 Pantelides et al. (2002) Unit 4 Exterior  34.0  0.0 % 0  3.1 % 459 406 406  2.5 % 470 406 406  0.25 5.7 S 
439 Pantelides et al. (2002) Unit 5 Exterior  31.7  0.0 % 0  3.1 % 459 406 406  2.5 % 470 406 406  0.10 5.2 S 
440 Pantelides et al. (2002) Unit 6 Exterior  31.7  0.0 % 0  3.1 % 459 406 406  2.5 % 470 406 406  0.25 5.3 S 

118 441 Park and Bullman (1997) 4b Exterior  39.2  0.0 % 0  0.9 % 570 500 250  0.9 % 550 300 300  0.09 4.0 S 
442 Park and Bullman (1997) 4c Exterior  36.8  0.0 % 0  0.9 % 570 500 250  0.9 % 550 300 300  0.17 4.0 S 
443 Park and Bullman (1997) 4d Exterior  39.2  0.0 % 0  0.9 % 570 500 250  3.6 % 580 300 300  0.00 2.9 S 
444 Park and Bullman (1997) 4e Exterior  40.0  0.0 % 0  0.9 % 570 500 250  3.6 % 580 300 300  0.10 3.8 S 
445 Park and Bullman (1997) 4f Exterior  37.6  0.0 % 0  0.9 % 570 500 250  3.6 % 580 300 300  0.18 4.3 S 
446 Park and Bullman (1997) 5b Exterior  43.2  0.5 % 480  0.9 % 485 500 250  2.2 % 485 300 300  0.08 5.5 S 

119 447 Pessiki et al. (1990) I-01 Interior  32.7  0.0 % 0  1.3 % 483 610 356  2.0 % 456 406 406  0.25 6.3 S-F 
448 Pessiki et al. (1990) I-02 Interior  32.5  0.0 % 0  1.3 % 483 610 356  2.0 % 456 406 406  0.24 6.2 S-F 
449 Pessiki et al. (1990) I-03 Interior  30.4  0.0 % 0  1.3 % 483 610 356  1.8 % 486 406 406  0.31 6.0 S-F 
450 Pessiki et al. (1990) I-04 Interior  31.9  0.0 % 0  1.3 % 483 610 356  1.9 % 518 406 406  0.30 5.9 S-F 
451 Pessiki et al. (1990) I-07 Interior  26.0  0.0 % 0  0.8 % 481 610 356  2.0 % 461 406 406  0.43 4.7 S-F 
452 Pessiki et al. (1990) I-08 Interior  25.4  0.0 % 0  0.8 % 481 610 356  2.0 % 461 406 406  0.43 4.6 S-F 
453 Pessiki et al. (1990) I-09 Interior  29.1  0.0 % 0  0.8 % 425 610 356  2.0 % 461 406 406  0.10 4.6 S-F 
454 Pessiki et al. (1990) I-05 Interior  29.8  0.2 % 427  1.3 % 531 610 356  1.9 % 427 406 406  0.33 6.1 S-F 

120 455 Pimanmas and 
Chaimahawan (2010) 

J0 Interior  27.3  0.0 % 0  1.5 % 480 300 175  2.9 % 480 350 200  0.17 5.9 Unknown 
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Table A1 (continued ) 
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121 456 Rajagopal and Prabavathy 
(2013) 

A2-II Exterior  23.0  0.7 % 410  1.3 % 410 300 200  0.8 % 410 200 300  0.00 4.6 Unknown 

122 457 Realfonzo (2018) Type 1 Exterior  16.0  0.0 % 0  1.6 % 540 400 300  0.7 % 540 300 300  0.21 3.5 Unknown 
458 Realfonzo (2018) Type 2 Exterior  16.0  0.0 % 0  2.1 % 540 400 300  2.8 % 540 300 300  0.21 3.6 Unknown 

123 459 Reys de Ortiz (1993) BC1 Exterior  33.8  0.0 % 0  1.1 % 720 400 200  1.5 % 461 300 200  0.00 5.4 S 
460 Reys de Ortiz (1993) BC3 Exterior  33.0  0.0 % 0  1.1 % 720 400 200  2.1 % 461 300 200  0.00 5.7 S 
461 Reys de Ortiz (1993) BC5 Exterior  37.9  0.0 % 0  1.1 % 720 400 200  2.4 % 461 300 200  0.13 5.5 S 
462 Reys de Ortiz (1993) BC6 Exterior  35.0  0.0 % 0  1.1 % 720 400 200  2.4 % 461 300 200  0.14 5.5 S 
463 Reys de Ortiz (1993) BC2 Exterior  37.8  0.3 % 461  1.1 % 720 400 200  1.5 % 461 300 200  0.00 6.0 S 

124 464 Sagbas (2007) ED1 Exterior  31.1  0.0 % 0  1.4 % 349 508 305  2.8 % 335 381 381  0.09 4.5 S-F 
125 465 Sanada and Li (2014) J2 Exterior  20.2  0.0 % 0  1.4 % 373 450 300  2.5 % 373 300 300  0.00 3.9 Unknown 
126 466 Sarsam and Phipps (1985) EX2 Exterior  52.5  0.0 % 0  1.0 % 504 305 155  2.5 % 504 205 155  0.18 4.6 S 
127 469 Scott (2007) C7 Exterior  35.2  0.3 % 250  1.4 % 540 300 110  3.6 % 540 150 150  0.35 5.0 S 

470 Scott (2007) C9 Exterior  35.9  0.3 % 250  1.4 % 540 300 110  3.6 % 540 150 150  0.34 4.4 S 
471 Scott (2007) C1AL Exterior  33.4  0.4 % 250  1.1 % 540 210 110  3.6 % 540 150 150  0.07 5.2 S 
472 Scott (2007) C2 Exterior  49.4  0.4 % 250  1.1 % 540 210 110  3.6 % 540 150 150  0.25 5.1 S 
473 Scott (2007) C3L Exterior  35.5  0.4 % 250  1.1 % 540 210 110  3.6 % 540 150 150  0.06 5.1 S 
474 Scott (2007) C4 Exterior  41.4  0.4 % 250  2.1 % 540 210 110  3.6 % 540 150 150  0.29 7.8 S 
475 Scott (2007) C4A Exterior  44.3  0.4 % 250  2.1 % 540 210 110  3.6 % 540 150 150  0.28 8.4 S 
476 Scott (2007) C4AL Exterior  35.8  0.4 % 250  2.1 % 540 210 110  3.6 % 540 150 150  0.06 7.5 S 
477 Scott (2007) C6 Exterior  39.8  0.4 % 250  2.1 % 540 210 110  3.6 % 540 150 150  0.31 5.7 S 
478 Scott (2007) C6L Exterior  45.8  0.4 % 250  2.1 % 540 210 110  3.6 % 540 150 150  0.05 6.9 S 

128 479 Shin et al. (1992) HJC0-R0 Exterior  78.5  0.0 % 0  2.4 % 392 200 120  2.5 % 392 150 150  0.01 10.3 S-F 
480 Shin et al. (1992) HJC1-R0 Exterior  78.5  0.4 % 235  2.4 % 392 200 120  2.5 % 392 150 150  0.01 11.1 S-F 

129 481 Shinjo et al. (2009) B-1 Interior  111.0  0.4 % 1452  2.8 % 549 400 300  2.2 % 528 400 400  0.10 20.2 S-F 
482 Shinjo et al. (2009) J-1 Interior  110.0  0.4 % 1452  3.2 % 716 400 300  2.2 % 528 400 400  0.10 24.7 S 
483 Shinjo et al. (2009) BJ-1 Interior  110.0  0.4 % 1452  3.2 % 549 400 300  2.2 % 528 400 400  0.10 22.4 S 
484 Shrestha et al. (2009) UC-1 Exterior  25.8  0.0 % 0  2.7 % 532 450 300  2.0 % 532 300 300  0.08 2.4 0 

130 485 Smith (1972) Unit 5 Exterior  20.1  0.5 % 310  1.3 % 301 460 255  1.2 % 274 380 330  0.00 3.0 S-F 
486 Smith (1972) Unit 6 Exterior  17.7  1.0 % 310  1.3 % 299 460 255  1.2 % 297 380 330  0.00 3.1 S-F 
487 Smith (1972) Unit 4 Exterior  20.5  1.1 % 310  1.3 % 296 460 255  1.2 % 274 380 330  0.00 2.9 S-F 

131 488 Supaviriyakit and Pimanmas 
(2008) 

J1 Interior  26.3  0.0 % 0  1.6 % 480 300 175  2.9 % 480 350 200  0.13 6.2 S 

132 489 Suzuki et al. (2002) E00 Interior  24.0  0.4 % 358  1.8 % 384 500 230  1.4 % 384 500 400  0.25 6.6 S 
133 490 Takeuchi et al. (2003) O-5 Exterior  42.0  0.4 % 327  1.1 % 445 450 350  2.9 % 553 400 400  0.10 3.7 S 
134 491 Taylor (1974) C3/41/13Y Exterior  22.4  0.4 % 250  1.3 % 500 200 100  4.1 % 500 140 140  0.55 4.9 S 

492 Taylor (1974) P1/41/24 Exterior  26.4  0.4 % 250  2.4 % 500 200 100  4.1 % 500 140 140  0.46 6.6 S 
493 Taylor (1974) P2/41/24 Exterior  29.0  0.4 % 250  2.4 % 500 200 100  4.1 % 500 140 140  0.42 8.0 S 
494 Taylor (1974) P2/41/24A Exterior  37.6  0.4 % 250  2.4 % 500 200 100  4.1 % 500 140 140  0.33 9.0 S 
495 Taylor (1974) A3/41/24 Exterior  21.6  0.4 % 250  2.4 % 500 200 100  4.1 % 500 140 140  0.57 7.2 S 
496 Taylor (1974) B3/41/24 Exterior  17.6  0.4 % 250  2.4 % 500 200 100  4.1 % 500 140 140  0.70 6.4 S 
497 Taylor (1974) C3/41/24X Exterior  40.0  0.4 % 250  2.4 % 500 200 100  4.1 % 500 140 140  0.31 6.2 S 
498 Taylor (1974) C3/41/24Y Exterior  48.0  0.4 % 250  2.4 % 500 200 100  4.1 % 500 140 140  0.26 8.3 S 
499 Taylor (1974) D3/41/24 Exterior  42.2  0.4 % 250  2.4 % 500 200 100  4.1 % 500 140 140  0.07 9.6 S 
500 Taylor (1974) C3/41/24BY Exterior  25.6  0.7 % 250  2.4 % 500 200 100  4.1 % 500 140 140  0.48 5.5 S 

135 501 Teroaka (1997) NO4 Exterior  39.1  0.5 % 328  1.4 % 434 560 365  2.5 % 421 540 540  0.01 4.9 S-F 
502 Teroaka (1997) NO10 Exterior  34.8  0.6 % 328  1.1 % 421 560 365  2.5 % 421 540 540  0.01 4.1 S-F 
503 Teroaka (1997) NO3 Exterior  38.9  0.6 % 328  1.4 % 434 560 365  2.5 % 421 540 540  0.01 4.7 S-F 
504 Teroaka (1997) NO26 Interior  35.6  0.6 % 300  1.9 % 399 300 260  2.1 % 399 340 340  0.17 9.4 S-F 
505 Teroaka (1997) NO28 Interior  36.2  0.6 % 300  2.6 % 399 300 260  2.1 % 399 340 340  0.16 11.5 S 
506 Teroaka (1997) NO29 Interior  44.0  0.6 % 300  1.9 % 399 300 260  2.1 % 399 340 340  0.23 9.5 S-F 

136 507 Tsonos (1993) S1 Exterior  37.0  0.8 % 495  1.1 % 485 300 200  2.3 % 485 200 200  0.40 6.9 S-F 
508 Tsonos (1993) S2 Exterior  26.0  0.8 % 495  1.1 % 507 300 200  0.8 % 497 200 200  0.40 8.6 S-F 
509 Tsonos (1993) S3 Exterior  19.0  0.8 % 495  1.3 % 497 300 200  0.8 % 507 200 200  0.40 9.5 S-F 
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510 Tsonos (1993) S4 Exterior  21.0  0.8 % 495  1.8 % 497 300 200  1.2 % 485 200 200  0.40 10.2 S 
511 Tsonos (1993) S5 Exterior  25.0  0.8 % 495  2.1 % 507 300 200  1.9 % 466 200 200  0.40 10.9 S 
512 Tsonos (1993) S6 Exterior  33.0  0.8 % 495  2.1 % 485 300 200  1.5 % 466 200 200  0.40 9.8 S 
513 Tsonos (1993) P1 Exterior  16.0  0.8 % 495  2.1 % 485 300 200  3.1 % 466 200 200  0.40 9.5 S 
514 Tsonos (1993) Y1 Exterior  23.0  0.8 % 495  2.1 % 485 300 200  1.5 % 478 200 200  0.40 8.9 S 
515 Tsonos (1993) F1 Exterior  17.0  0.8 % 495  2.1 % 485 300 200  1.5 % 485 200 200  0.40 13.1 S 
516 Tsonos (1993) O1 Exterior  20.0  0.8 % 495  2.1 % 485 300 200  1.5 % 485 200 200  0.40 9.8 S 
517 Tsonos (1993) F2 Exterior  24.0  0.8 % 495  2.1 % 485 300 200  1.5 % 485 200 200  0.40 9.6 S 
518 Tsonos (1996) MS4 Exterior  33.6  1.2 % 495  1.2 % 466 300 200  3.1 % 485 200 200  0.29 5.3 S-F 

137 519 Tsonos (2002) O1 Exterior  16.0  0.0 % 0  2.1 % 485 300 200  1.5 % 485 200 200  0.40 5.4 S 
138 520 Tsonos (2007) S1 Exterior  37.0  0.7 % 495  1.2 % 485 300 200  2.3 % 485 200 200  0.18 3.6 S-F 

521 Tsonos (2007) S2 Exterior  26.0  0.7 % 495  1.2 % 465 300 200  0.8 % 465 200 200  0.18 3.7 S-F 
522 Tsonos (2007) S3 Exterior  19.0  0.7 % 495  1.2 % 465 300 200  0.8 % 465 200 200  0.18 3.6 S-F 
523 Tsonos (2007) S4 Exterior  21.0  0.7 % 495  2.0 % 485 300 200  1.2 % 465 200 200  0.18 3.9 S 
524 Tsonos (2007) S5 Exterior  25.0  0.7 % 495  2.2 % 485 300 200  1.9 % 465 200 200  0.18 4.5 S 
525 Tsonos (2007) S6 Exterior  33.0  0.7 % 495  2.2 % 485 300 200  1.5 % 485 200 200  0.18 4.6 S 
526 Tsonos (2007) S6′ Exterior  29.0  0.7 % 495  2.2 % 485 300 200  3.1 % 485 200 200  0.18 5.3 S-F 
527 Tsonos (2007) O1 Exterior  20.0  1.1 % 495  2.2 % 485 300 200  3.1 % 485 200 200  0.18 3.6 S 
528 Tsonos (2007) F2 Exterior  24.0  1.1 % 495  2.2 % 485 300 200  3.1 % 485 200 200  0.18 4.6 S 
529 Tsonos (2007) G1 Exterior  22.0  1.3 % 500  1.8 % 495 300 200  3.1 % 495 200 200  0.23 4.4 S-F 
530 Tsonos (2007) A1 Exterior  35.0  1.0 % 540  1.2 % 500 300 200  1.6 % 500 200 200  0.14 4.4 S-F 
531 Tsonos (2007) E2 Exterior  35.0  1.0 % 540  1.2 % 495 300 200  3.1 % 495 200 200  0.14 4.2 S-F 
532 Tsonos (2007) E1 Exterior  22.0  1.0 % 540  1.8 % 495 300 200  3.1 % 495 200 200  0.23 5.9 S 

139 533 Tsonos and Papanikolau 
(2003) 

F2 Exterior  31.0  0.0 % 0  1.1 % 530 300 300  0.8 % 535 200 200  0.29 3.3 S 

534 Tsonos and Papanikolau 
(2003) 

F1 Exterior  20.0  0.0 % 0  1.2 % 520 300 300  2.3 % 520 200 200  0.39 3.7 S-F 

535 Tsonos and Papanikolau 
(2003) 

L1 Exterior  34.0  0.0 % 0  1.6 % 520 300 300  0.8 % 535 200 200  0.26 5.0 S 

140 536 Tsonos et al. (1992) P1 Exterior  16.0  0.0 % 0  2.2 % 485 300 200  3.1 % 485 200 200  0.18 3.1 S 
537 Tsonos et al. (1992) V1 Exterior  23.0  0.0 % 0  2.2 % 485 300 200  3.1 % 485 200 200  0.18 3.5 S 
538 Tsonos et al. (1992) F1 Exterior  17.0  0.0 % 0  2.2 % 485 300 200  3.1 % 485 200 200  0.18 4.4 S 

141 539 Uzumeri (1977) 1 Exterior  30.8  0.0 % 0  2.1 % 332 508 305  2.8 % 331 381 381  0.41 5.0 S-F 
540 Uzumeri (1977) 5 Exterior  32.0  0.0 % 0  1.7 % 336 508 381  2.8 % 336 381 381  0.40 4.8 S-F 
541 Uzumeri (1977) 2 Exterior  31.1  0.0 % 0  2.1 % 349 508 305  2.8 % 335 381 381  0.41 4.6 S-F 
542 Uzumeri (1977) 6 Exterior  36.2  1.5 % 357  1.7 % 352 508 381  2.8 % 340 381 381  0.42 4.9 S-F 
543 Uzumeri (1977) 7 Exterior  30.8  0.9 % 365  1.7 % 352 508 381  2.8 % 340 381 381  0.52 4.8 S-F 
544 Uzumeri (1977) 8 Exterior  26.3  1.5 % 365  2.3 % 352 508 381  2.8 % 390 381 381  0.61 5.7 S-F 
545 Uzumeri (1977) 4 Exterior  31.0  0.9 % 380  2.1 % 349 508 305  2.8 % 333 381 381  0.42 5.1 S-F 
546 Uzumeri (1977) 3 Exterior  27.0  0.4 % 428  2.1 % 350 508 305  2.8 % 337 381 381  0.42 4.5 S-F 

142 547 Walker (2001) PEER14 Interior  31.8  0.0 % 0  1.9 % 423 508 406  1.4 % 423 457 406  0.11 5.2 S-F 
548 Walker (2001) CD1514 Interior  29.8  0.0 % 0  1.9 % 423 508 406  1.4 % 423 457 406  0.12 5.4 S-F 
549 Walker (2001) CD3014 Interior  42.5  0.0 % 0  1.9 % 423 508 406  1.4 % 423 457 406  0.08 6.2 S-F 
550 Walker (2001) PADH14 Interior  42.9  0.0 % 0  1.9 % 423 508 406  1.4 % 423 457 406  0.08 6.5 S-F 
551 Walker (2001) PEER22 Interior  38.4  0.0 % 0  2.6 % 527 508 406  2.8 % 538 457 406  0.09 7.4 S-F 
552 Walker (2001) CD3022 Interior  38.1  0.0 % 0  2.6 % 516 508 406  2.8 % 510 457 406  0.09 7.9 S-F 
553 Walker (2001) PADH22 Interior  36.3  0.0 % 0  2.6 % 527 508 406  2.8 % 538 457 406  0.10 7.9 S-F 

143 554 Wang and Hsu (2009) Ko-JI1 Interior  31.7  0.0 % 0  3.2 % 533 500 300  3.4 % 533 300 300  0.14 8.5 S 
555 Wang and Hsu (2009) Ho-JI1 Interior  26.2  0.0 % 0  2.4 % 541 400 300  0.3 % 541 400 400  0.00 6.3 S 

144 556 Wang and Lee (2004) JE1 Exterior  20.0  0.0 % 0  2.0 % 520 400 300  2.5 % 461 400 400  0.00 2.9 S 
145 557 Watanabe et al. (1998) WJ-1 Interior  29.0  1.3 % 364  1.6 % 326 300 200  2.6 % 358 300 300  0.07 6.9 S-F 

558 Watanabe et al. (1998) WJ-3 Interior  29.0  1.3 % 364  1.6 % 364 300 200  2.6 % 373 300 300  0.07 8.0 S-F 
559 Watanabe et al. (1998) WJ-6 Interior  29.0  1.3 % 364  2.2 % 358 300 200  4.0 % 373 300 300  0.07 9.8 S-F 

146 560 Wong (2005) BS-L-600 Exterior  36.4  0.0 % 0  1.2 % 520 600 260  2.2 % 520 300 300  0.15 3.5 S 

(continued on next page) 
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Table A1 (continued ) 

No. of 
studies 

S.N Research Studies Specimen Joint 
Type 

f’c 
(MPa) 

ρjt fyjt 

(MPa) 
ρb fyb 

(MPa) 
hb 

(mm) 
bb 

(mm) 
ρc fyc 

(MPa) 
hc 

(mm) 
bc 

(mm) 
ALF τexp Failure 

Mode 

561 Wong (2005) JA-NN03 Exterior  44.8  0.0 % 0  1.4 % 520 450 260  2.2 % 520 300 300  0.03 3.6 S-F 
562 Wong (2005) JA-NN15 Exterior  46.0  0.0 % 0  1.4 % 520 450 260  2.2 % 520 300 300  0.15 3.9 S-F 
563 Wong (2005) BS-L Exterior  30.9  0.0 % 0  1.6 % 520 450 260  2.2 % 520 300 300  0.15 3.8 S 
564 Wong (2005) BS-LL Exterior  42.1  0.0 % 0  1.6 % 520 450 260  2.2 % 520 300 300  0.15 4.8 S 
565 Wong (2005) BS-L-LS Exterior  31.6  0.0 % 0  1.6 % 520 450 260  2.2 % 520 300 300  0.15 4.1 S 
566 Wong (2005) BS-L-V2T10 Exterior  32.6  0.0 % 0  1.6 % 520 450 260  2.2 % 520 300 300  0.15 4.7 S 
567 Wong (2005) BS-L-V4T10 Exterior  28.3  0.0 % 0  1.6 % 520 450 260  2.2 % 520 300 300  0.15 4.8 S 
568 Wong (2005) BS-U Exterior  31.0  0.0 % 0  1.6 % 520 450 260  2.2 % 520 300 300  0.15 4.1 S 
569 Wong (2005) JB-NN03 Exterior  47.4  0.0 % 0  2.1 % 520 300 260  2.2 % 520 300 300  0.03 4.4 S 
570 Wong (2005) BS-L-300 Exterior  34.1  0.0 % 0  2.4 % 520 300 260  2.2 % 520 300 300  0.15 5.9 S 
571 Wong (2005) BS-L-H1T10 Exterior  33.3  0.3 % 500  1.6 % 520 450 260  2.2 % 520 300 300  0.15 4.6 S 
572 Wong (2005) BS-L-H2T10 Exterior  42.1  0.4 % 500  1.6 % 520 450 260  2.2 % 520 300 300  0.15 5.7 S 
573 Wong (2005) JA-NY03 Exterior  34.9  0.5 % 500  1.5 % 520 400 260  2.2 % 520 300 300  0.03 3.6 S-F 
574 Wong (2005) JA-NY15 Exterior  38.5  0.5 % 500  1.5 % 520 400 260  2.2 % 520 300 300  0.15 3.9 S-F 

147 575 Wong and Kuang (2008) BS-L-600 Exterior  36.4  0.0 % 0  1.3 % 520 600 260  2.4 % 520 300 300  0.31 3.1 S 
576 Wong and Kuang (2008) BS-L-450 Exterior  30.9  0.0 % 0  1.7 % 520 450 260  2.4 % 520 300 300  0.36 3.5 S 
577 Wong and Kuang (2008) BS-L-V2 Exterior  32.6  0.0 % 0  1.7 % 520 450 260  3.1 % 520 300 300  0.34 4.5 S 
578 Wong and Kuang (2008) BS-L-V4 Exterior  28.3  0.0 % 0  1.7 % 520 450 260  3.7 % 520 300 300  0.39 4.5 S 
579 Wong and Kuang (2008) BS-L-300 Exterior  34.1  0.0 % 0  2.6 % 520 300 260  2.4 % 520 300 300  0.33 5.6 S 
580 Wong and Kuang (2008) BS-L-H1 Exterior  33.3  0.1 % 500  1.7 % 520 450 260  2.4 % 520 300 300  0.33 4.3 S 
581 Wong and Kuang (2008) BS-L-H2 Exterior  42.1  0.1 % 500  1.7 % 520 450 260  2.4 % 520 300 300  0.26 5.3 S 

148 582 Wong and Kuang (2011) BS-600 Exterior  36.4  0.0 % 0  1.3 % 520 600 260  2.4 % 520 300 300  0.31 3.1 S 
583 Wong and Kuang (2011) BS-450 Exterior  30.9  0.0 % 0  1.7 % 520 450 260  2.4 % 520 300 300  0.36 3.5 S 
584 Wong and Kuang (2011) BS-600-H2T8 Exterior  41.8  0.1 % 500  1.3 % 520 600 260  2.4 % 520 300 300  0.27 4.0 S 
585 Wong and Kuang (2011) BS-450-H1T10 Exterior  33.3  0.1 % 500  1.7 % 520 450 260  2.4 % 520 300 300  0.33 4.3 S 
586 Wong and Kuang (2011) BS-600-H4T8 Exterior  29.7  0.3 % 500  1.3 % 520 600 260  2.4 % 520 300 300  0.37 3.8 S 
587 Wong and Kuang (2011) BS-450-H2T10 Exterior  42.1  0.3 % 500  1.7 % 520 450 260  2.4 % 520 300 300  0.26 5.3 S 

149 588 Yashita et al. (1996) No. 1 Interior  43.1  0.4 % 823  3.9 % 409 395 300  2.0 % 409 415 415  0.10 8.1 S-F 
589 Yashita et al. (1996) No. 3 Interior  54.3  0.4 % 823  3.2 % 405 395 300  2.0 % 405 415 415  0.10 9.4 S-F 
590 Yashita et al. (1996) No. 4 Interior  53.8  0.4 % 823  3.2 % 702 395 300  2.0 % 702 415 415  0.10 11.6 S 

150 591 Yoshino et al. (1997) No. 1 Interior  28.6  0.5 % 420  1.3 % 382 250 180  2.5 % 379 250 250  0.16 7.2 S-F 
592 Yoshino et al. (1997) No. 3 Interior  28.6  0.5 % 420  1.6 % 379 250 180  2.5 % 379 250 250  0.16 7.7 S-F 
593 Yoshino et al. (1997) No. 4 Interior  28.6  0.5 % 420  1.1 % 379 250 180  2.5 % 379 250 250  0.16 6.3 S-F 

151 594 Yoshiya et al. (1991) No. 2 Interior  39.2  0.4 % 364  2.5 % 388 450 300  2.1 % 365 500 375  0.24 10.8 S-F 
152 595 Zaid et al. (1999) S3 Interior  28.0  0.5 % 390  1.9 % 470 300 200  3.8 % 450 300 300  0.04 8.8 S-F 
153 596 Zhang and Li (2020) EJ-0 Exterior  47.9  0.0 % 0  2.1 % 535 250 150  1.7 % 535 250 250  0.14 3.2 S-F 

597 Zhang and Li (2020) EJ-2 Exterior  47.9  1.0 % 300  2.1 % 535 250 150  1.7 % 535 250 250  0.14 3.1 S-F 
598 Zhang and Li (2020) EJ-4 Exterior  47.9  1.6 % 300  2.1 % 535 250 150  1.7 % 535 250 250  0.14 3.0 S-F  
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specimens compiled from 153 research studies. The first row of 
Table A1. presents the variables of the joint specimen where joint type is 
either interior or exterior; f’c is the concrete compressive strength; ρjt is 
the joint transverse reinforcement ratio; fyjt is the joint transverse rein
forcement yield strength; ρb is the beam longitudinal reinforcement 
ratio; fyb is the beam longitudinal reinforcement yield strength; bb is the 
beam width; hb is the beam depth; ρc is the column longitudinal rein
forcement ratio; fyc is the column longitudinal reinforcement yield 
strength; bc is the column width; hc the column depth; ALF is the axial 
load factor which equals to = P/fcph) where P is the axial load of the 
column; and τexp is the joint shear strength.Three types of failure modes 
are observed where ‘S’ denotes a joint shear failure, ‘B’ denotes a bond- 
slip failure; and ‘S-F’ denotes combination of joint shear and beam or 
column flexural failures at the joint interfaces. 97 specimens have 
missing or unreported failure modes which is denoted as ‘unknown.’. 
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