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Abstract: Recently, the use of reinforced concrete (RC)
structures is becoming very common worldwide. Because
of earthquakes or poor design, some of these structures
need to be retrofitted. Among different methods of retro-
fitting a structure, we have utilized a steel cage to support
a column under axial load. The numerical modeling of a
retrofitted column with a steel cage is carried out by the
finite-element method in ABAQUS, and the effectiveness of
the number of strips, size of strips, size of angles, RC head,
the strips’ thickness, and the steel cage’s mechanical prop-
erties are studied on 15 different case studies by the single
factorial method. These parameters proved to be very
effective on the load distribution of the column because
by choosing the optimum case, lower amounts of force are
born by the column. By increasing the number of strips,
the steel cage would reach 52% of the total load. This value
for the size of strips and angles’ size is 48 and 50%, respec-
tively. However, the thickness of the strips does not have a
significant effect on the load bearing of the column. In
order to fully predict the load distribution of the retrofitted
columns, the data of the present study are utilized to pro-
pose a predictive model for Nc/PFEM and Nc/PFEM using
artificial neural networks. The model had an error of 1.56
(MAE), and the coefficient of determination was 0.97. This
model proved to be so accurate that it could replace time-
consuming numerical modeling and tedious experiments.
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1 Introduction

Nowadays, the attitude of engineers has changed from
demolishing and renovating structures to retrofitting and
upgrading due to the high cost [1,2]. Columns are one of
the main elements of structures under axial shear force
and bending moment, whose strength and ductility affect
their seismic capacity. Currently, there are various methods
for retrofitting reinforced concrete (RC) columns, including
concrete coating [3–5], using fiber-reinforced polymer com-
posites [6–8], and steel jackets [9–12]. The steel cage is
considered a type of steel coating and is a simple, econom-
ical, and effective technique for strengthening rectangular
and square cross-sections [13]. This method includes using
four steel angles placed along the four corners of the
column and forming the cage structure utilizing transverse
strips welded to the fangs. The steel cage and the column
gap are filled with cement or epoxymortar. In the following,
we will review some of the most important previous
research in this field.

Frangou et al. [14] conducted a series of tests to
strengthen RC columns through strapping, and the results
showed an increase in the strength and ductility of the
reinforced column. Aboutaha et al. [15] proved the effi-
ciency of steel jackets connected to the column by the
retaining screws in the RC column field by conducting
experiments. Cirtek [16] reinforced a series of laboratory
samples of RC columns using pre-tensioned steel strips,
and the results showed an increase in the bearing capacity
of the reinforced column. By conducting experiments on
RC columns, Xiao and Wu [17] suggested using steel
coating with hardeners at points prone to plastic joint for-
mation to enhance the shear strength and ductility of the
column.Wu et al. [18] evaluatedmore than 120 articles and
results of more than 700 laboratory cases about different
strengthening methods. They combined them with theore-
tical studies that proved that a steel cage is an effective
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method to augment the strength and ductility of RC col-
umns. Adam et al. [19] proved the efficiency of the direct
load transfer mechanism using steel pipes at the joint of
the beam–column. Montuori and Piluso [20] presented a
theoretical model that can predict the RC column. It was
with an angle and a steel plate, which was highly accurate
compared to the laboratory results. Adam et al. [21], using
FEM and experimental studies, investigated the effective
parameters on the behavior of RC columns reinforced with
steel cages. Calderón et al. [22] proposed a novel approach
based on the failure mechanism analysis obtained from
the results and numerical and laboratory studies to mea-
sure the final load of the RC column retrofitted by steel
cages. Tarabia and Albakry [23] proved the increase in the
acceptable load and ductility of the reinforced column by
conducting a series of tests on a RC column retrofitted with
a steel cage. Belal et al. [24] investigated the behavior of RC
columns retrofitted with steel cladding with laboratory and
finite element studies and showed the effect of the number
and size of strips used in the cladding on RC columns.

Although conventional methods are used to measure
the response of structures against various forces [8,25–28],
very few studies have been devoted to studying machine
learning algorithms to predict the response of the struc-
tures [29–32]. In the current research, a retrofitted column
using a steel cage is studied numerically. ABAQUS is used
to model the column using the finite element method
(FEM), and 15 cases are utilized. The single factorial
method is used to look for the best case of study. Later,
the data from this study are employed to propose artificial
neural network (ANN) models for /N Pc FEM and /N PS FEM.
The results of the predictive models are studied by mea-
suring parameters such as mean absolute error (MAE) and
coefficient of determination. In order to fully optimize the
neural networks, hyperparameter tuning is utilized. In this
method, all the contributing parameters are refined in
such a way that the best results are achieved.

2 Methods

The modeling of the present study has been done with
ABAQUS. In order to model concrete parts, three-dimen-
sional eight-node elements (C3D8R) from the continuum
elements are utilized. Moreover, truss elements (T3D2)
are employed for modeling rebars, and two-dimensional
four-node elements (S4R) from the shell elements have been
used to model cage components, including angles and
sheets. The behavior of steel was defined as the behavior
of an elastic–plastic material. An embedded region is used

for the interaction between rebars and concrete, and tie
constraints are used for welded connections. To define the
non-linear behavior of concrete, the behavioral model of
damaged concrete is used, and to define the uniaxial beha-
vior curve of concrete, the behavioral model of Mander
et al. [33] is used.

3 Specifications of laboratory
models for calibration

Experimental studies have been selected to confirm the
correctness of the numerical method and a better approach
to the details of the FEM. In this article, we have selected a
column reinforced with steel cages for parametric analysis,
which will be described below.

3.1 Model under axial force

The experimental study chosen for this group is taken
from the samples made by Adam [34] in the ICITECH
Laboratory in Spain. The cross-section of the column is

×300 300 mm2, and its height is 3,100mm, reinforced
with 12- and 6-grade rebars longitudinally and transver-
sely. The column is reinforced with a steel angle bar and
steel strip, and the cage is filled with sand and cement
mortar between the column and the cage. Figure 1 shows
the schematic model of the selected column. As can be
seen, angles and strips are situated to support the column.
Also, RC is used to support the structure better. Addition-
ally, the RC head is used to strengthen the column, and the
effect of that on the load bearing is investigated.

The RC column bears an axial force with a constant
rate of 0.5 /mm min utilizing a hydraulic jack of 5,000 kN,
and the force continues until the failure of the column.
Tables 1–3 present the mechanical properties of the struc-
tures under the axial load.

4 Validation of the model

To evaluate the numerical modeling, the modeling results
have been compared with the laboratory results. Figure 2
shows the FEM of the geometry.

In order to verify the results of the numerical mod-
eling with the experimental results, the axial shortening
of the column under the axial load is compared in Figure 3.
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Adam’s [34] experimental results have good coordination
with the FEM results, which shows the appropriate accu-
racy of the software modeling.

5 Results

In the present study, we have modeled a column under
an axial load and compared the impacts of various

Figure 1: The schematic model of the RC column.

Table 1: Properties of concrete subjected to axial load

Structure f ′ MPac ( ) E MPac ( ) ρ kg m3( / ) v

Concrete 8.3 14,404 2,337 0.2

Table 3: Properties of steel cage subjected to axial load

Structure Angle Strip F GPay ( ) E GPas ( ) v

Steel cage ∟60.6 270 160 8× × 275 210 0.3

Figure 2: The geometry of the column.

Figure 3: The validation of the numerical modeling using FEM and
the experimental study of Adam [34].

Table 2: Mechanical properties of the bar subjected to axial load

Structure F MPay ( ) E GPas ( ) ρ kg m3( / ) v

Longitudinal bar 400 210 7,850 0.3
Transverse bar 230 210 7,850 0.3
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parameters on the strength of the structure. Notably, the
column is RC, and a steel cage is utilized for retrofitting
the structure. The effects of the number and size of strips,
size of bars, the thickness of strips, compressive strength
of concrete, yield stress of cage, and the use of a head
column at the column joint are investigated.

The load transfer mechanism is investigated between
the RC column and the steel cage in the modeled samples.
The indirect mode is where the load transfer occurs
between the column and the cage through shear stresses
and the mortar between the column and the cage. Also,
the direct mode of the model with the head column con-
sists of angle bars and stiffeners; the load is distributed
directly through these elements. Table 4 shows the case
studies and their specifications on which the tests are
carried out. Similar values are omitted from the table in
order to addmore clarity to the depth of the investigation.

As seen from Table 4, there are 15 different case stu-
dies, and the effective parameters on the overall strength
of the column vary in different cases.

5.1 Results of the FEM analyses

In this section, we examine the numerical analysis mod-
eling output results, including models under axial force.

Two parameters are introduced to study the share
of each component in tolerating the axial load. Nc and
Ns represent the load born by the column and steel cage.
The analyses are presented with the non-dimensional

parameters /N Ps FEM and /N Pc FEM, where PFEM is the overall
load on the column.

Figure 4 shows the share of load bearing in case
studies 2, 3, and 4. These models would compare the
effect of having various numbers of strips. Case studies
2, 3, and 4 have 5, 7, and 3 strips, respectively. Figure 4
shows that the steel cages in case studies 2, 3, and 4
would bear 45, 52, and 28% of the total load at the end
of the column. Therefore, the result of increasing the
number of strips is an increase in the axial load capacity
of the column.

The next parameter to investigate is the size of the
strips. The strips’ size is a significant parameter in the

Table 4: Selected case studies to study under the axial force

Case study Angles Strips (mm3) Number of strips f MPac ( ) f MPay ( )

1 — — — 8.3 —
2 ∟80.8 270 160 8× × 5 * 275
3 * * 7 * *
4 * * 3 * *
5 * 270 120 8× × 5 * *
6 * 270 200 8× × 8 * *
7 ∟60.6 270 160 8× × * * *
8 ∟100.10 * * * *
9 ∟80.8 270 160 6× × * * *
10 * 270 160 10× × * * *
11 * 270 160 8× × * 12 *
12 * * * 16 *
13 * * * 8.3 355
14 * * * * 235
15 * * * * 275

*The value is equal to the above item.

Figure 4: The share of load between the RC column and the cage in
case studies 2, 3, and 4.
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load-bearing and transmission of the load to the steel
cage. Therefore, in Figure 5, the values of the share of
load absorbed by the cage with 120, 160, and 200mm are
presented. The results show that the steel cage of the
column with a 120mm strip bears 42%, and that of the
columnwith a 160mm strip is 45%. Similarly, by increasing
the strip size to 200mm, the steel cage bearing becomes
48%. The results show that increasing the strips’ size
improves the steel cage capacity. By augmenting the size
of the strips, the effect of confinement caused by the strips
will improve, and the transmission of load will increase.

Another effective parameter in steel cages is the
angle’s size. It is observed that by increasing the angles’
size, the column resistance increases. Figure 6 shows the
effect of the angle size for samples with angle sizes of 60,

80, and 100mm, and the share of the load absorbed by
the steel cage for these values is 39, 45, and 50%, respec-
tively. Also, increasing the angle’s size would amplitude
the effect of confinement, which is favorable. However,
the negative effect is that it decreases the transmission
of the load. This is because when the angle’s size increases,
the weaker parts would be the yield stress of strips.

The thickness of the steel strips has a marginal
impact on the behavior of the reinforced column, as
can be seen in Figure 7, and the load absorption rate of
the steel cage when using strips with a thickness of 8 mm
is 45%, which is 43% in the 6mm strip, and the 10mm
strip has reached 47%.

Figure 8 shows that when the compressive strength
of RC is 3.8 MPa, the share of the cage is 45% of the total

Figure 5: The share of load between the RC column and the cage in
case studies 2, 5, and 6.

Figure 6: The share of load between the RC column and the cage in
case studies 2, 7, and 8.

Figure 7: The share of load between the RC column and the cage in
case studies 2, 9, and 10.

Figure 8: The share of load between the RC column and the cage in
case studies 2, 11, and 12.
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load of the column, which is reduced to 39 and 34 in
samples with compressive strength of 12 and 16 MPa,
respectively. It is believed that strengthening the RC is
more effective in columns with low compressive strength.

The effect of the material on the steel cage is also
investigated. As the material change, the mechanical
properties of the structure alter. According to Figure 9,
the load absorption rate of the cage when using steel with
a yield stress of 275 MPa was 45%, and this value reached
43% at a yield stress of 235 MPa and 48% at a yield stress
of 355 MPa, which shows the partial effect of this para-
meter on the behavior of the reinforced column. The
structure designers should highly consider this since
the cage with high-yield stress is very expensive.

As was mentioned earlier, the RC head would help
stabilize the force exerted on the two ends of the column.
Therefore, the RC heads are added to the basic structure
of case study 2, and the results are further compared.
Using the column head in the joint causes the damage
to be transferred from the critical point of the column to
other parts. Also, the use of this element causes a signifi-
cant augmentation in the final load capacity of the RC
column. Figure 10 illustrates that the load share of the
steel cage in the sample with the column head has
increased from 45 to 60% [35].

6 Discussion

The results of the numerical modeling are used to propose
predictive models for two parameters, namely, /N Pc FEM
and /N Ps FEM. The results of various cases are gathered
and split into 70–30% groups. About 70% of the data is

Figure 9: The share of load between the RC column and the cage in
case studies 2, 13, and 14.

Figure 10: The share of load between the RC column and the cage in
case studies 2 and 8.

Table 5: Hyperparameters of N Pc FEM/

ANN parameters Value

Learning rate 0.01
Hidden layer 128, 128, 64, 32
Activation function of the last layer ReLU
Batch size 8
Number of epochs 20,000

Figure 11: The ANN model for the prediction of N Pc FEM/ .
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used to train the ANN, and 30% is employed to test the
predictive model. It should be mentioned that the model is
only trained on the training set, so the testing data points
are unseen for the model. In order to optimize the model,
we have utilized hyperparameter tuning [36,37].

In the hyperparameter tuning process, the parameters
of the ANN model include the number of hidden layers,
number of neurons, batch size, number of epochs, and
activation function. The accuracy of themodel is measured
using MAE and R2. These two parameters are defined as
follows [29]:
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whereY ̅ is the mean of the data,Yi is the real value, and Ŷi
is the predicted value.

The final model for /N Pc FEM is presented in Table 5.
All the hyperparameters are also included in the table.

The overall number of data points is 85, where 59 are
used for training and 26 are used for testing. Figure 11
indicates the predictions of /N Pc FEM. We have selected
mechanical properties of the column, number of strips,
size of the strip, and angle size as the input for the pre-
dictive model. Based on Figure 11, the hidden layer struc-
ture for /N Pc FEM is 128, 128, 64, 32. The metrics of the
model are MAE and R2 whose values are 1.56% and
0.97, respectively. The ANN model is able to predict the
numerical modeling data accurately.

Also, the hyperparameters for /N Ps FEM are shown in
Table 6.

The model for /N Ps FEM uses 32, 64, 128, 64, 32 struc-
ture for its hidden layers, according to Figure 12. The MAE
of the model is 1.45%, and the R2 of the model is 0.97. The
results of both models prove to be satisfactory since they
are very close to the numerical results. Therefore, it is
logical to assume that predictive models could replace
the time-consuming numerical modeling and experimental
testing in the near future, althoughmore research should be
devoted to it.

7 Conclusion

In this article, ABAQUS is employed to study an RC
column using the FEM. A steel cage is used for increasing
the load bearing of the structure. In order to better under-
stand the physics of adding the steel cage, the impact of
the number of strips, the thickness of strips, angles, using
RC heads, the size of strips, the mechanical properties of
RC, and the cage’s mechanical parameters are investi-
gated. Moreover, ANNs are used to propose predictive
models for /N Pc FEM and /N Ps FEM and the results of the
modeling are used. The model is optimized to achieve
the best result, i.e., hyperparameter tuning. The highlight
of the results is presented in the following:
• The number of steel strips has a noticeable effect on the
final axial load of the column. This parameter plays a
significant role in both the confinement of the column
and the transmission of the load between the column
and the cage. By increasing the size of the strips, one
can reduce the effect of slipping.

• By increasing the angle size, the hardness of the steel
increases, and it absorbs more load. Increasing this
parameter also puts the structure’s failure under the
strips’ yield stress.

• The thickness of the steel strips has a small effect on
changing the axial load capacity of the reinforced
column.

Table 6: Hyperparameters of the N Ps FEM/

ANN parameters Value

Learning rate 0.01
Hidden layer 32, 64, 128, 64, 32
Activation function of the last layer Linear
Batch size 16
Number of epochs 30,000

Figure 12: The ANN model for the prediction of N Ps FEM/ .
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• Increasing or decreasing the yield stress has a small
contribution to changing the steel cage’s carrying capa-
city and the column’s final load. This parameter
should be considered, especially in the designing
phase of the structure, due to the high expenses of
the steel cages.

• The two ends of the columns are the weakest part of the
structure, so adding the RC heads was investigated to
check whether they could help mitigate this effect.
Adding the head of the column to the end of the sample
causes a direct load transfer mechanism so that this
element causes a direct angular load on the top of the
column and increases the load transfer.

• In order to add more insight into the load bearing of the
retrofitted RC columns, the data from the present study
are used to propose predictive models for /N Pc FEM and

/N Ps FEM using ANNs. All the hyperparameters, such as
the number of hidden layers, activation function, batch
size, epochs, etc., are tuned to achieve the best results.
The predictive models proved to be a very accurate and
reasonable method to propose because the models had
a high accuracy of MAE of less than 2% and R2 of higher
than 0.96.
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