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Catenary action plays crucial role in resisting the applied vertical load at large deformations
stage in reinforced concrete (RC) structures. This paper aims to predict the catenary action
capacity of RC beam-column substructures by utilizing the distinctive properties of gene
expression programming (GEP). The input parameters selected for the modelling are: double-
beam span-to-depth ratio, relative axial restraints stiffness, relative rotational restraints stiffness,
bottom and top longitudinal reinforcement ratios, and yield strength of longitudinal rebars. A
comprehensive and reliable database was collated from internationally published research
articles to develop and verify the model. The GEP-based model was assessed by comparing its
performance with regression based model. Various statistical indicators and external validation
criteria suggested in literature proved that the model is accurate and possess high prediction
and generalization capacity. Sensitivity analysis was carried out to show the contributions of
the input parameters, while parametric analysis was performed to show that the proposed
model is not merely a combination of the input parameters but can accurately represent the
given physical system. The proposed formulation from GEP is found to be simple, robust, and
easy to utilize for pre-design purposes.

1. Introduction

al., 2020a). In such scenario, RC beams in the presence of proper
axial restraints can produce arching action by developing axial

When an initial local failure caused by the removal of a major
load bearing element (e.g., a column) in a structure, is not
sustained and it spreads in sequence throughout the structure can
trigger progressive collapse (Azim et al., 2020a). Current studies
on progressive collapse of RC frame-only structures conclude
that a structure can resist progressive collapse by flexural action,
Vierendeel frame action, compressive arch action (CAA),
catenary action (CA) with and without support from infill walls
(Sasani et al., 2007; Yu and Tan, 2013a; Qian et al., 2015; Fu,
2016; Ren et al., 2016; Yu et al., 2019; Nyunn et al., 2020; Wang
et al., 2020b). Progressive collapse can be activated by abnormal
loadings such as bomb blasts, vehicle collision, and fire (Wang et

compression, which can enhance the resisting capacity of beams
beyond flexural capacity at small deformations stage (vid. Fig. 1(a))
(Sasani et al., 2011; Azim et al., 2020b). At large deformations
stage, the axial restraints start to apply tension forces and
overtake the compressive forces. This tensile force allows the
beam to develop additional load resisting mechanism known as
catenary resistance, which is the last line of defense in mitigating
progressive collapse (Xiao and Hedegaard, 2018) (vid. Fig. 1(b)).
The development of CA depends on various parameters such as
adequate rotational and axial restraints, geometrical, and material
properties of the beam (Yu and Tan, 2013a; Elsanadedy, 2019;
Wang et al., 2020c¢).
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Previous studies proposed numerous analytical models to
formulate the CA capacity (f;) of restrained RC beams (Jian and
Zheng, 2014; Li et al., 2014; Nav et al., 2016; Pham and Tan,
2017; Harry and Lu, 2019; Wang and Kang, 2019). However,
they are subject to assumptions and restrictions, which can also
affect the accuracy. They are also restricted to a very limited
database. Moreover, other techniques such as numerical modelling
require good modelling skills, deep understanding of the finite
element method and huge computing resources. Therefore, there
is a need to develop simple models by using the soft computing
techniques to solve complex structural problems, which involve
geometrical and material non-linearities. This paper presents a
prediction model by utilizing the distinctive properties of GEP to
accurately predict f.. To the best knowledge of the authors, no
prediction models exist in literature to formulate f. of RC beam-
column substructures. Recently, Azim et al. (2020c) predicted
the CAA capacity of such substructures. Hence, this study is
dedicated to fill this research gap and employ soft computing
techniques to formulate simplified empirical relations to predict
f.. The results produced by the GEP are compared with those
attained from the regression analysis to prove the supremacy of
the evolutionary algorithms. The GEP based model performance
is evaluated through statistical errors and external validation
criteria available in literature. The established GEP model

Removed Column

Deep Cracks q

(b)

Development of (a): Compressive Arch Action in RC Beam-Column Substructures, (b) CA in RC Beam-Column Substructures (Azim et al.,

correlates /. of RC beam-column substructures with six influencing
factors i.e. double-beam span-to-depth ratio (é ), axial restraints
stiffness normalized by the beam axial stiffness (a), rotational
restraints stiffness normalized by the rotational stiffness of beam
ends (f), bottom and top longitudinal reinforcement ratios (p,,
py), and yield strength of longitudinal steel rebars (7). A
comprehensive database of RC frame substructures subjected to
loading (quasi-static) is collated based on internationally published
experimental studies results.

2. Gene Expression Programming

In 1960, John Holland (1975) proposed genetic algorithm (GA).
The algorithm was based on the genetic operators of Darwin’s
theory of evolution such as reproduction, mutation, and
crossover that were applied to computer systems. The solutions
in GA are presented in chromosomes of fixed length. In 1985,
Cramer (1985) invented genetic programming (GP) by applying
GAs to evolve programs and presented the solutions in non-
linear tree-like structures as opposed to the fixed length binary
strings of GA. A fitness function is utilized by GP to evaluate
every program, which also functions as the objective function
which the algorithm targets to optimize (Gandomi et al., 2011b).
GP is a variant of GA as the initial random population of individuals
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is first generated by choosing them according to a specified
fitness function. The genetic variations are introduced with the
help of genetic operators at the end (Ferreira, 2006). GP was
further developed by Koza (1994) by experimenting on symbolic
regression. During the reproduction stage, a strategy is defined to
kill the worst fitness trees during the reproduction stage and the
surviving population is combined (Saridemir, 2010). The crossover
operation produces offspring population by replacing the branches
of two parent trees. By this operation, a mix is created to create
fitness of the next level by mixing different parts of the trees (vid.
Fig. 2). The mutation operation inhibits the premature convergence
of the model by substituting a randomly selected node with
another one from the same set (Saridemir, 2010), excluding itself
as shown in Fig. 3. In GP, only the crossover operation is used to

Fig. 3. Process of Mutation in GP
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make enormous population of parse trees. This is one of the
drawbacks of this technique. Similarly, GP does not have simple
and autonomous genome.

GEP is a modified version of GP proposed by Ferreira (2001)
based on evolutionary algorithms. It inherits linear chromosomes
from GA and trees-like structures from GP (Igbal et al., 2020).
GEP consists of five key components that are usually specified
to solve practical problems: the function set, terminal set (which
consists of pre-selected constants and problem related variables),
fitness function, control parameters, and termination condition
(Gandomi and Roke, 2015; Javed et al., 2020a; Murad, 2020). It
utilizes the fixed length strings as its genotypes whose linearity,
shape, and size are changed at later phases and expressed as
phenotypes i.e., parse trees (also termed as expression trees (ETs))
with distinct shapes and sizes which represents chromosomes
(Gandomi et al., 2013). Hence, this algorithm separates the
genotype from phenotype and thus the programming can receive
all the evolutionary advantages. The ETs are composed by single
chromosome that consists of one or multiple genes (Murad et al.,
2019). The genes are further divided into head and tail. To
generate new individuals, ETs go through the selection procedure
directed according to their fitness by roulette wheel selection,
which assures the survival and replication of the finest individual
to the subsequent generation (Gandomi and Roke, 2015). During
the reproduction stage, genetic operators (crossover, mutation,

and rotation) are used by the algorithm to introduce variations in
the population by modifying the chromosomes (Javed et al., 2020b).
Fig. 4 shows a sketch of the GEP evolutionary algorithm.

GEP technique needs two languages: the language of genes
and the language of ETs. The main benefit of GEP is that it can
produce chromosomes. The chromosomes are used to present
any parse tree. To achieve this objective, Karva language is
introduced, which is used to read and express the programmed
information in the chromosomes (Ferreira, 2003). The K-
expressions, from the Karva, are converted to ETs. The ETs are
decoded to attain a mathematical formulation able to forecast the
dependent variable in terms of the selected independent variables
(Ferreira, 2006).

3. Data Collection

The data used in the model development is collected after
extensive literature review of internationally published documents.
The data is collected from 30 various studies (Bazan, 2008; He
and Yi, 2008; Su et al., 2009; Tsai et al., 2013; Yu and Tan, 2013a;
Ren et al., 2014; Yu and Tan, 2014; Kim and Choi, 2015; Tsai
and Chang, 2015; Qian et al., 2015; Ahmadi et al., 2016; Alogla
et al., 2016; Rashidian et al., 2016; Ren et al., 2016; Smith, 2016;
Luetal, 2017; Yu and Tan, 2017; Weng et al., 2017; Lim et al.,
2017a; Lim et al., 2017b; Elsayed et al., 2019; Pham and Tan,

Table 1. Sample Datasets from Collated Database (Yu and Tan, 2013a; Lim et al., 2017b; Su et al., 2009)

Ratio of
Cylindrical Double Axial Ratio of axial rotational Yield
Depth  Width  compressive Total net beam Bottom . restraint Rotational restraint Actual CA Predicted
Top rebars restraint . R . strength of .

of beam of beam strength span span-to- . rebars . stiffness restraint stiffness to g capacity CA
Ref. ratio p, . stiffness . . longitudinal . .

(d) (b) of concrete (L) depth %) ratio (X)) to beam stiffness (K,) rotational rebars () ) capacity

(mm) (mm) (f) (mm)  ratio o Py (%) (klif /m) axial stiffness (kN-m/rad)  stiffness of (MPa) ¥ (kN) (kN)

(MPa) (L/d) (a) beam ends
®

Yu and Tan, 250 150 31.2 5,750 23 0.9 0.49 1.0O6E+05  0.59 1.00E+04 2.66 511 68.91 69.65
WBa s 150 312 5750 23 0.73 049 1.06E+05  0.59 1L00E+04 2.6 511 6763 6427

250 150 382 5,750 23 1.24 0.82 429E+05 222 3.00E+04 7.46 494 103.68 102.01

250 150 382 5,750 23 1.24 1.24 4.29E+05 222 3.00E+04 7.46 494 105.07 109.22

250 150 38.2 5,750 23 1.87 0.82 4.29E+05 222 3.00E+04 7.46 494 (¢13), 143.28 144.68

513 (¢16)

250 150 38.2 4,550 18.2 1.24 0.82 4.29E+05 1.76 3.00E+04 5.90 494 105.99 91.96

250 150 38.2 3,350 13.4 1.24 0.82 4.29E+05 1.29 3.00E+04 4.35 494 91.83 80
Limetal., 180 100 25.6 4,620  25.67 1.52 1.01 1.00E+06  9.65 2.00E+04 17.87 507 70.90 61.85
20170 180 100 25.6 4,620  25.67 1.52 1.01 1.00E+06  9.65 2.00E+04 17.87 507 68.50 61.85

180 100 25.6 4,620  25.67 2.02 1.33 1.00E+06  9.65 2.50E+04 22.34 400 76.00 79.27

180 100 25.6 4,620  25.67 1.52 1.01 1.00E+05 145 1.00E+04 8.93 507 34.10 36.31

180 100 25.6 4,620 25.67 1.52 1.01 1.00E+05 0.96 1.00E+04 8.93 507 67.00 61.25
Suetal., 300 150 25.84 2,700 9 0.55 0.55 1.00E+06  2.51 1.75E+04 1.46 350 93.1 88.42
2009 300 150 2824 2700 9 0.83 083 1.00E+06  2.40 175E+04 140 350 140 139.15

300 150 31.2 2,700 9 1.13 1.13 1.00E+06  2.29 1.75E+04 1.33 340 178 165.14

300 150 23.04 2,700 9 0.55 0.38 1.00E+06  2.66 1.75E+04 1.55 350 (412), 459 57.10

340 (414)

300 150 26.48 2,700 9 0.83 0.55 1.00E+06  2.48 1.75E+04 1.45 350 58.1 65.94

300 150 28.64 2,700 9 1.13 0.75 1.00E+06 239 1.75E+04 1.39 340 144 136.01

300 150 21.12 5,700 19 1.13 0.75 1.00E+06  5.86 1.75E+04 342 340 90.2 82.06

200 100 15.92 2,700 13.5 1.3 1.3 1.00E+06  7.20 1.75SE+04 9.45 350 65.7 71.31

200 100 16.8 2,700 135 13 13 1.0O0E+06  7.01 1.75E+04 9.20 350 71.6 71.87

200 100 16.32 2,700 135 13 13 1.00E+06  7.11 1.75E+04 9.33 350 54.4 71.56
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2019; Deng et al., 2020; Diao et al., 2020; Qian et al., 2020; Qiu
et al., 2020; Qiang et al., 2020; Vieira et al., 2020; Yang et al.,
2020; Zhang et al., 2020) dedicated to study planar substructures
subjected to static loading. Though, many studies are carried out
on the contributions of neighboring structural elements, for
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instance slabs (Qian and Li, 2012; Qian and Li, 2015a; Qian and
Li, 2015b; Qian et al., 2016; Qian and Li, 2017; Nyunn et al.,
2019; Weng et al., 2020) and transverse beams (Weng et al.,
2017; Shah et al., 2019). Table 1 shows the data of some of the
specimens used in the development of the model in this study.
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Fig. 5. Distribution Histograms of the Input Variables Used in Development of the Model: (a) Span-to-Depth Ratio, (b) Top Reinforcement Ratio,
(c) Bottom Reinforcement Ratio, (d) Normalized Axial Restraints Stiffness, (€) Normalized Rotational Restraints Stiffness, (f) Yield Strength of

Rebars
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The collected data consists of the width (b) & depth (d) of the
beam, double beam span length (L), span-to-depth ratio (L/d),
axial restraints stiffness (K,), rotational restraints stiffhess (K.),
normalized axial restraints stiffness (o), normalized rotational
restraints stiffness (f), bottom and top reinforcement ratios at the
beam-column joints (p, & p,), and yield strength of rebars (f)). a
and S were calculated by using the relationships given below:

a=—, )

>

4E.I’ @

L

B=

EA . . . 4E .1 . .
where T is the beam axial stiffness; Tc is the rotational

stiffness of the beam ends; E, represent the modulus of elasticity
concrete; / represent the second moment of inertia of an
uncracked concrete section of the beam; A represent the cross-
sectional area of the beam.

Some of the studies used concrete cubes to test the concrete
compressive strength. Cylindrical compressive strengths of the
concrete specimens were taken to be 80% of the cubes strength
as suggested in (Elwell and Fu, 1995). Also, E, was not provided
in some of the experimental studies. The below relationship was
used to calculate E. as provided in ACI 318-14 (2014) as given
below:

E,=4700./f . 3)

The visual representation of the independent variables considered
in the development of the model is represented by the frequency

showing this ability is known as the ‘overfitting of data’.
Overfitting is one of the main issues in these techniques (Kalfat
et al., 2016). It is typically the outcome of an overly trained
algorithm, which gives higher testing error as compared to learning
stage. In order to counter overfitting and consequently enhance the
generalization capacity, it is suggested to test the established
model on a validation set. In this study, the same technique was
applied to avoid overfitting of the model (Shahrara et al., 2017).
The datasets were classified into learning, validation, and testing
sets. The learning and validation sets are sometimes collectively
called training set, and the testing set is called validation set. The
model was first trained on the training set (genetic evolution) and
validation set was used to validate the robustness of the model.
The validated model which performed well in the training stage
was then tested on the unseen data. The datasets in the testing set
were carefully curated in which the input parameters spanned
over various ranges. The uniform division of the datasets was
achieved by finding the consistent various statistical properties
such as mean, range, standard deviation etc. in the learning and
validation sets of the involved input parameters (Gandomi et al.,
2012). The collected data contains 94 specimens out of which
66% were used in the learning phase of the model, and 34%
datasets were utilized for the validation and testing of the
developed model on unseen data.

Various input parameters which are used in the model
development might be interdependent. Interdependency is required
to be checked prior to the model development as it makes the
model difficult to interpret. Smith (1989) suggested that if the

Table 3. Correlation Coefficients between the Selected Input Parameters

Ld (%) pp (%)  a B 5
histograms as shown in Fig. 5. Various statistical measures of the -
input variables considered in the model development are L ! 042 0.05 0.16 0.50 045
summarized in Table 2. i (%) 0.42 1 0.33 0.23 0.42 0.20

One of the primary objectives of machine learning techniques ~ ** (%) -0.05 033 ! 0.35 0.31 -0.05
is to provide solutions that not only do well on the learning data ~ * 0.16 0.23 0.35 ! 0.64 -0.06
set but on the unseen data as well (Shahrara et al., 2017). This p 0.50 0.42 031 0.64 ! -0.005
ability of a model is called ‘generalization capacity’, while failure in b 0.45 0.20 -0.05 -006 0005 1
Table 2. Statistical Parameters of the Input Variables Used in the GEP Model
Parameter Ld p. (%) Py (%) a s 5
Mean 19.89 0.965 0.897 4.25 7.59 442.57
Standard error 0.57 0.035 0.046 0.448 0.698 9.37
Median 22.95 1.01 0.82 2.46 5.05 451
Mode 23 1.24 0.82 10.03 20.82 275
Standard deviation 5.48 0.343 0.451 4.34 6.76 90.83
Sample variance 30.01 0.118 0.203 18.86 45.75 8,250.22
Kurtosis -0.98 0.046 3.22 4.68 -0.51 -0.64
Skewness -0.47 0.398 1.57 1.60 0.93 -0.13
Range 19.57 1.67 2.35 25.55 21.76 368.20
Minimum 9 0.350 0.31 0.14 0.58 275.00
Maximum 28.57 2.02 2.66 25.69 22.34 643.20
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value of correlation coefficients between two input parameters is
>0.80, then there exists a strong correlation. The coefficients are
checked for all the likely combinations between the input
variables (vid. Table 3). The table shows that the values of
correlation coefficients are well below 0.80 (both negative and
positive), hence showing no problem of ‘interdependency’.

4. Development of Model Using GEP

The choice of the parameters involved in the modelling affect the
model’s generalization ability. The fitting parameters for the
model were chosen on the basis of the recommendations in
literature (Gandomi et al., 2011a; Gandomi et al., 2011b). The
number of chromosomes govern the running time of the model.
The architecture of the evolved models depends on its number of
genes and the head size. The latter controls the complexity of
every mathematical term, while the former dictates the number
of terms in the evolved models. In a model with number of genes
> 1, a linking function such as addition, multiplication, subtraction
or division is utilized to link sub-ETs (Murad et al., 2020). In the
model development, several combinations of parameters settings
for the GEP algorithm were tried. Three different number of
chromosomes (30, 50, and 100), four optimal head size levels (7,
8, 10, and 12), four optimal levels for number of genes (3, 4, 5,
and 6), and two linking functions such as multiplication and
addition were considered. The model was developed by using
GeneXproTools v5.0.

The model with the optimal parameters was selected by
minimizing the fitness function and statistical parameters described
in Section 5. The settings of the parameters for the final GEP-
based model are shown in Table 4. Thus, the basic form of f.
could be presented as

f=AE ppoaps). 0

5. Performance Measures
In this study, the models’ performance is measured by calculating
correlation coefficient (R), root mean square error (RMSE), root

square error (RSE), mean absolute error (MAE), and performance

Table 4. Parameter Settings for the Final GEP Model

Parameter Setting
Chromosomes 50
Genes 6
General Head size 12
Tail size 13
Linking function Addition
Fitness function RMSE
Function set” +,—, x, =, 1/x, \/, exp,
pow,*, x°

Note: In the functions set, ‘exp’ and ‘pow’ refers to exponential and
power functions, respectively.

index (p). p can be calculated by Eq. (5)

_ RRMSE
1+R ’

)

where RRMSE stands for relative root mean square error.

It should be noted that due to the sensitivity of R to division
and multiplication, it cannot be considered as the only measure
of a model’s accuracy (Igbal et al., 2020). A value of R > 0.8 is
considered to be acceptable (Gandomi et al., 2011a). A model
can make prediction with high accuracy if the value of R is
greater, while those of the RMSE, MAE, RSE, and p are minimum.

The pranges from 0 to +oo with a value near to zero designating
better performance of a model and vice versa. If the value of p <
0.2, it shows better agreement between the predicted and the
experimental/actual values (Gandomi and Roke, 2015). In order
to address the issue of over-fitting, a function called objective
function (OBJ), is evaluated as proposed in the literature
(Gandomi and Roke, 2015; Igbal et al., 2020). Eq. (6) is used to
calculate OBJ and is termed as the fitness function. It simultaneously
considers the effect of the relative percentages of datasets in the
two datasets and statistical errors (R and RRMSE). Therefore,
the value of OBJ (0 for perfect fitting) can be an effective
parameter to judge the overall performance of the trained model.

OBJ = (’%”V) et 2(%) or (©6)

where n; and 7y are the number of datasets in the training and
validation sets, respectively; pr and p, are the performance
indexes of the training and validation set, respectively; # is the
total number of datasets in the training set.

6. Results and Discussion

A simplified relationship for forecasting the CA resistance of RC
beam-column substructures based on the GEP algorithm is
shown in Eq. (7). The model was finalized after numerous trials
for the minimum OBJ value of 0.074.

£ = 22207.18%(p,+2.86) + o0 * ]+ —— p(,37@734.47)+
B 153" @
1 B 15 .
173
5 PP s 028
. 1 —— ey L ‘])( / j
(85X 0°pd 535 {2.3 Y

1 L
[L/d—0.744L/da'/3J”3 p-74
7,

The above expression contains mathematical operators,
constants, and variables, is derived from the sub-ETs shown in
Fig. 6. In the figure, the 6 sub-ETs (from the 6 genes considered
in the model development) encode the various portions of the
complicated solution of the problem modeled, and are linked by
the arithmetic operator addition. The sub-ETs are read from left
to right and from top to bottom. The variables in the figure are

+2.29¢"— B+75.47.

@)
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Sub-ET | Sub-ET 4

Sub-ET 2 Sub-ET §

Sub-ET 3 Sub-ET 6

Fig. 6. Expression Tree of the Final GEP Model with Addition as the Linking Function for f.: (a) Sub-ET 1, (b) Sub-ET 2, (c) Sub-ET 3, (d) Sub-ET 4,
(e) Sub-ET 5, (f) Sub-ET 6

Table 5. Variables Notations and Constants Values in the ET of the Developed Model

Constants
Variables

Sub-ET1 Sub-ET2 Sub-ET3 Sub-ET4 Sub-ET5 Sub-ET6
do Ld c3 2.29 cl 3.83 c4 98.33 cl -7.69 c3 2.30 c3 -1.23
di P c4 2.86 c2 8.49 c5 -9.37 c2 -7.96 c5 -15.02 4 -3.21
d2 Py c5 8.94 c4 5.98 c5 -2.29 c8 -0.28 c8 -1.94
d3 o c9 7.18 c5 1.53 c8 7.41
d4 s c7 -34.47
ds 5

represented by the letter ‘d’, while the constants are represented  Table 5. After the derivation of equation, it is then simplified by
by ‘c’. Both the letters are followed by a number. The notations  using MatchCad software. Each sub-ET represents an individual
for the input variables and constants in the sub-ETs are shown in  feature of the problem under consideration to develop a meaningful
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Table 6. Statistical Indicators of the Developed GEP Model for the Training Phase

GEP predicted/actual
Statistical parameter R MAE RMSE RSE RRMSE

Average SD COV
GEP 0.96 9.06 11.34 0.06 0.13 0.069 1.05 0.204 0.195

solution. It is recommended to start from basic functions set
(+, =, X, &), single gene chromosomes and small head size
(usually from 7). The algorithm begins by creating an initial
population of suitable solutions, and iteratively evolves from
generation to generation towards the best solution (Azim et al.,
2020b). On the basis of the fitness function (RMSE in this
study), selection inside the population of solutions takes place in
GEP algorithm. The algorithm was run until the values of R and
the fitness function do not change significantly. Other statistical
measures such as RMSE, MAE, RSE etc. are calculated, and the
OBJ function is also calculated for the trained model after the
algorithm is stopped. In the next iterations, number of genes, head
size, and mathematical functions in the functions set are increased,
while a linking function is also selected (addition in this study).

The summary of the optimal parameters used in the modelling
the GEP based model is shown in Table 4. The final model was
selected after comparing the performance of the models with
various combinations of GEP algorithm’s parameters in the

Table 7. External Validation of the Developed GEP Model

training and testing sets. The evolutionary number of generations
also play a vital role in the success of a model. The model was
stopped after 56305 generations, and the algorithm was stopped
when no noteworthy changes were observed.

..
oW
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Fig. 7. Actual vs. Predicted f. Using the GEP Model
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6.1 Validity and Performance Analysis of GEP Model
The number of datasets used in the model development are also
important as the final model rely on them. Numerous researchers
have recommended that the least ratio of the total number of
datasets to the number of input parameters must be >5 (Frank
and Todeschini, 1994). In this paper, it is approximately 94/6 ~
16, which is higher than the recommended threshold. Fig. 7
compare the predicted and actual values for the training and
testing sets. The figure also shows the regression lines and its
slopes for both the datasets. For an ideal fit case, the slope of the
regression line is taken as 1. The values of the slopes for the
training and testing sets are 0.99 and 0.96, respectively. This
indicates a strong correlation between the actual and the predicted
values in both the sets.

Various statistical measures such as RMSE, MAE, RSE, and
p are calculated to further highlight the performance of the GEP-
based model in the training stage (vid. Table 6). Considering
Table 6, the value of R is >0.80, suggesting a strong correlation
between the actual/experimental and the predicted values. Similarly,
other indicators; for example: RMSE, MAE, RSE, RRMSE, and p
are low which indicate the high predictive capability of the
model with high precision.

In order to evaluate the true predictive ability of the proposed
GEP model, Golbraikh and Tropsha (2002) and Tropsha et al.
(2003) suggested external validation criteria on the testing set.
The selected criteria for the GEP model and the related results
are shown in Table 7. The table shows that all the criteria are
satisfied, which suggest that the developed model hold the
prediction ability and not just a correlation.

The comparison of the GEP model with the actual data and
also with the non-linear regression model is shown in Fig. 8. For
the sake of comparison, the statistical parameters are shown

separately for the regression model, although there is no such
concept of training and testing of data in regression analysis. The
formulations obtained on the basis of the non-linear regression
analysis are presented below in Eq. (8):

= _25L/d"7 +4.62p'°+3.98p, '~ 2.85a" - 53.44 ®
~0.297,% +252.

Figure 8 clearly shows that the GEP model exhibits the
highest accuracy compared to the non-linear regression technique.
The GEP model also have a better generalization performance due
to similar MAE and RMSE values (Pan et al., 2009). This is
owing to the fact that the regression techniques are based on the
assumptions of linearity or non-linearity and normality of the
residuals (Gandomi et al., 2011a). Contrarily, the GEP based
models do not have such limitations and are capable of efficiently
learning the complex behavior among the input and output.

7. Sensitivity Analysis

Sensitivity analysis is carried out to check the importance of each
independent variable in the learning algorithms such as GEP. The
analysis was performed by attaining the frequency values of each
input variable for the generated models by evaluating how many
times each variable contributes to the fitness. A value of 1 shows that
the respective input parameter appeared in all of the best thirty
programs generated by the GEP algorithm. This is a common
method to conduct sensitivity analysis in GEP based studies and has
been successfully used by many researchers (Gandomi et al., 2011b;
Gandomi et al., 2012). The frequencies of the input parameters are
shown in Fig. 9. It can also be noted from the figure that CA
capacity is more sensitive to a and p, than the remaining variables,
which is also true from structure engineering viewpoint (Pham and
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combination of the independent variables which best fit the
values of the response variable. Parametric analysis is another
way to avoid overfitting of the model. Furthermore, better
5 P performance of a model on the training set and its validation on
unseen data does not assure its robustness (Shahin et al., 2005).

0.0 4

10 Tan, 2017; Wang and Kang, 2019).
o 8. Parametric Analysis
06 1 Parametric analysis is carried out for the proposed GEP model
on the basis of engineering rules and physics of the problem
041 I considered to show that the GEP formulation is not merely a
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The method proposed for carrying out parametric studies in
Shahin et al. (2005) is also implemented in this paper, which is to
vary a single input parameter at a time while the remaining
parameters are constant at the average values of their datasets.
Thus, a synthetic data is generated by varying the value of a
single input parameter in increments. Fig. 10 shows the parametric
study results. The study is performed for the following ranges of
the input parameters: L/d (9-28.57), p, (0.55-2.02), p,, (0.31-2.66),
a (0.14-25.69), and f (7.30-22.34).

Figure 10(a) shows that the value of £. increases when the
value of L/d is increased. L/d is an important structural parameter
which determines the behavior of RC frame substructures.
Flexure and axial are the prominent behaviors in higher L/d
specimens, while the behavior of lower L/d test specimens is
governed by shear and flexure. Higher L/d tests specimens
mitigate progressive collapse by developing catenary resistance
due to the fact that such specimens can develop sufficient
deformation, a mandatory condition for establishing sufficient
CA (Azim et al., 2020a). On the other hand, lower L/d specimens
exhibit higher CAA capacities and lower f.. Lower L/d specimens
do exhibit CA but cannot overcome the loss in shear due to their
shear dominant behavior (Tsai and Chang, 2015; Azim et al.,
2020a). This parametric study is in close agreement with the
studies conducted by Yu and Tan (2013a), Pham and Tan (2017),
Tsai and Chang (2015) and Su et al. (2009).

Figures 10(b) and 10(c) show the effects of p, and p, on f.
Generally, if the reinforcement ratio is increased at the beam-
column joints, structural resistance in all the stages of the load
resistance mechanisms will increase. A higher p, is not only
beneficial to the overall structural resistance before and after the
fracture of bottom rebars but can also increase the structural
resistance, especially during the CA stage. After the bottom
rebars fracture, the axial forces in the beam and the applied load
almost become equal due to the fact that all the resistance at this
stage is offered by the top rebars. In other words, the top rebars
act as a last line of defense to increase the structural resistance,
and they determine the structural capacity during the CA stage.
Similarly, a higher p, is useful to the specimens’ overall load-
carrying capacity, and can provide higher progressive collapse
resistance especially at the CAA stage (i.e., at small deformations)
by delaying the fracture of the bottom rebars. However, this
causes sudden decrease in the load resisting capacity afterwards.
Thus, it can be concluded from this parametric study that by
increasing p,, a significant increase in f. can be achieved. While
p, has minor effect on the catenary resistance of RC beam-
column substructures. Similar observations were reported by Yu
and Tan (2013a) and Pham and Tan (2017).

Similarly, the effects of different boundary conditions on £. at
the ends of the substructures specimens are also shown in Figs.
10(d) and 10(e). As discussed above, the axial and rotational
restraints values are normalized by the respective beam axial
stiffness and rotational stiffness of the beam ends. It can be noted
from Fig. 10(d) that /. is more sensitive to a when the axial
restraints are weaker. CAA and CA cannot be mobilized when

the axial restraints are weaker as there is no alternate path to
transfer the beam’s axial force. In such a scenario, the beam
deflect more towards the middle joint, which results in high local
rotations at both sides of the joint. Consequently, the bottom
rebar near the middle joint fractures to accommodate such large
deformations. However, £, is marginally affected when the axial
restraints are stronger for the synthetic data produced during this
parametric study. Fig. 10(e) demonstrates the effects of rotational
restraints on f.. It can be seen from the figure, f; is sensitive to
weaker rotational restraints while the catenary resistance is
marginally affected when the restraints are stronger. Therefore, it
can be concluded that strong axial and rotational restraints have
minor effects on f.. The observations agree well with Pham and
Tan (2017), Pham and Tan (2016), Yu and Tan (2010), and Yu
and Tan (2013b). The above parametric study results certify that
the proposed GEP model is accurate. In addition, it can be
confidently utilized for the estimation of £..

9. Conclusions

The paper adopts a new method to formulate the catenary capacity
of RC beam-column substructures under a missing column
scenario based on the GEP algorithm. An extensive database is
collated from existing literature, which consists of various input
parameters considered in the modelling. The GEP model’s
performance is assessed by calculating various statistical measures
(MAE, RMSE, RSE, RRMSE, and p) and several external
validation criteria recommended in literature. The model not
only satisfied the statistical and external validation criteria but
also performed well on the unseen data, which clearly show the
accuracy, prediction power and generalization capability of the
model. Additional verifications are performed by comparing the
GEP model with non-linear regression model. Due to the
presence of non-linearity in the data, the GEP model gave better
results as compared to regression models, and could be reliably
use in the pre-design of RC beam-column substructures subjected to
a missing column scenario. The GEP model also represented the
physical relationships in the considered system very well verified
by the parametric study. The inclusion of more data points in the
training stage can further improve the performance of the developed
model.
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