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Abstract
Fiber-reinforced polymers (FRPs) are being widely used in the structural engineering because of their superior performance 
over conventional materials such as higher tensile strength, high corrosion resistance, electromagnetic resistance, good dura-
bility and light weight. The literature is deficient in the nonlinear finite element analysis (NLFEA) and theoretical predictions 
of FRP-confined concrete columns. The aim of the present work is to explore the structural performance of steel-tube FRP 
confined concrete (STC) columns under axial concentric loading. A NLFEA model of STC columns was simulated using 
ABAQUS which was then, calibrated for different material and geometric models of concrete, steel tube and FRP material using 
the experimental results from literature. The predictions of proposed NLFEA model were in close agreement with the previous 
experimental measurements. An extensive parametric study was performed to examine the effects of various parameters of 
STC columns. Furthermore, a large database of axial strength of 543 confined concrete compression members was developed 
from the previous researches to propose an empirical model that predicts the ultimate axial strength of STC columns accurately.

Keywords  Bearing capacity formula · Steel-tube concrete columns · CFRP-sheets · Nonlinear finite element analysis 
(NLFEA) · Concrete damaged plasticity (CDP) model · Parametric study

1  Introduction

Fiber-reinforced polymers (FRPs) have superior proper-
ties over conventional steel such as low maintenance cost, 
high corrosion resistance, durability, higher resistance to 
fire and aesthetic appearance. Stainless steel has favorable 
mechanical properties to be used in the structures as a com-
petitive material (Gardner et al. 1900). Although the steel 
tube confinement effectively enhances the concrete strength 
but, the outward local buckling of the column will decrease 

the effectiveness of steel tube confinement resulting in the 
degradation of axial load carrying capacity and ductility of 
columns (O’Shea and Bridge 2000; Fam et al. 2004). Thus, 
the additional confinement provided by the fiber-reinforced 
polymer (FRP) will be useful for the prevention of outward 
local buckling (Xiao 2004). Due to high stiffness, high 
corrosion resistance, higher strength, low weight and high 
durability, composite structures provide many advantages as 
compared with conventional materials. Thus, they have wide 
applications in the fields of structural engineering, pressure 
vessels, aerospace, sports equipment and automotive parts 
(Van et al. 2003; Shi et al. 2012). Due to lateral confinement, 
the strength and ductility of the confined concrete are signifi-
cantly enhanced causing the increase in the use of confined 
concrete, especially for earthquake resisting structures (Teng 
et al. 2015).

Many researchers worked on the structural performance 
of conventional and stainless steel-tube concrete compres-
sion members with and without FRP confinements (Lam 
and Gardner 2008; Liew and Xiong 2009; Han et al. 2014; 
Perea et al. 2014; Tam et al. 2014; Ding et al. 2015; Liu 
et al. 2018; Sharif et al. 2019; An and Fehling 2017a; Wang 
and Liew 2016; An et al. 2019; Xiong et al. 2017; Le et al. 
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2018; Hoang et al. 2019). From these investigations, it can 
be observed that the confinements increase the strength and 
strain ductility of the composite concrete compression mem-
bers. The structural behavior of the laminated composite 
concrete structures was superior to either concrete or steel 
structures because the concrete and confining material give 
a combined action where the FRP and/or steel tube plays 
an important role in confining the concrete core material 
and the concrete core material prevents the local buckling 
phenomenon. Moreover, the efficiency of concrete-filled 
stainless steel-tube (CFSST) columns was larger than the 
efficiency of conventional steel-tube columns. It is also 
clear from the previous research that the failure mode of 
the CFSST columns is due to the outwards local buckling 
causing the degradation in ductility and strength. Therefore, 
to avoid this local buckling of CFSST columns for further 
loads, the strengthening needs to be improved by applying 
FRP laminates around the steel tube. The ductility and axial 
strength of the concrete core will be significantly improved 
due to the combined action of steel tube and FRP material. 
Despite of the structural benefits of CFSST columns, the 
international standards have not included the design recom-
mendations for such columns. So, there is a need of research 
in this area to generate the codes and recommendations for 
the analysis and design of these confined concrete compres-
sion members.

It was observed from the literature that most of the 
previous researches traditionally focused on the experi-
mental investigations to predict the performance of FRP 
confined concrete members (Richart et al. 1928; Jiang and 
Teng 2007; Hadi et al. 2016; Huang et al. 2018). Based 
on the experimental investigations, analytical models for 
the axial strength and strain of confined concrete columns 
were proposed (Richart et al. 1928; Mander et al. 1988; 
Jiang and Teng 2007) which played an important role in 
predicting the approximate analysis results, but they do 
not fully explore the fundamental behavior and interac-
tion mechanisms between confinement material and the 
concrete. To overwhelm the inadequacy of these proposed 
models for confined concrete, one can move towards the 
three-dimensional finite element analysis (FEA) with all 
the deficiencies of analytical models explicitly represented. 
In comparison with the experiments, FEA simulations can 
save the cost and time by developing the numerical mod-
els which predict the complex damage behavior accurately 
(Shi et al. 2012). To speed up the simulations and simplify 
the FEA model, it is essential to consider some assump-
tions but, it is also important to follow the conditions to be 
applied in experiments. There should be a balance in model 
complexity, element types and mesh sizes to enhance the 
precision of the results and to reduce the time of calcula-
tion work. Thus, the numerical methods with the strong 
background knowledge of FEA are more efficient and 

convenient tools to be used for the engineering research 
(Matthews et al. 2000).

Extensive FEA simulations have been performed in the 
previous research to examine the structural behavior of either 
concrete-filled steel-tube columns (CFST) or FRP-confined 
concrete columns (Hu et al. 2011; Ellobody 2013; Hassanein 
et al. 2013; Tao et al. 2013; Mazzucco et al. 2016; Hoang 
and Fehlinga 2017; An and Fehling 2016, 2017b; Chau et al. 
2019; An et al. 2016). However, none of the researchers 
developed the FEA model for analyzing the structural behav-
ior of steel-tube FRP confined concrete composite columns. 
A fiber element model based on the experimental study for 
the structural performance of CFSST columns was proposed 
which predicted the numerical and experimental ultimate 
loads accurately. Moreover, it was concluded that Eurocode 
4 and ACI 318 underestimate the axial capacity of CFSST 
columns significantly (Patel et al. 2014). A nonlinear FEA 
model of CFSST columns was proposed using ABAQUS 
(Tao et al. 2011). The FEA prediction in terms of axial load-
axial deflection curves and ultimate axial capacity were in a 
close agreement with the experimental results. Furthermore, 
by using numerical simulations, the structural performance 
of carbon steel tube concrete columns was compared with 
that of CFSST columns. FEA studies on the performance of 
CFSST columns under concentric loading were performed 
by Ellobody et al. (2006). The finite element models given 
by these researchers accurately predicted the structural per-
formance of CFSST columns by taking into account the 
influence of strain hardening and confinement mechanisms 
of steel tube.

It can be observed from the literature review that no 
numerical model for accurately predicting the structural 
performance of STC compression members has been pro-
posed, as given in the present study. Moreover, no ana-
lytical model is available in the literature for the ultimate 
axial capacity of steel as well as FRP confined concrete 
compression members. In the present research, first a 
FEA model was simulated using the software package 
ABAQUS 6.14. The proposed constitutive FEA model 
takes into account the influences of steel tube and CFRP 
sheets strain hardening, high strength materials and con-
finement mechanisms. Its accuracy was validated against 
the experiments of STC columns from Liu et al. (2018) by 
comparing the FEA predictions with the axial load–deflec-
tion behavior and cracking patterns. Thereafter, the pro-
posed numerical model was utilized for the extensive para-
metric study of STC columns to investigate the sensitivity 
of different critical parameters, material properties and 
geometric configurations on the structural behavior of col-
umns. Moreover, a large database was developed for the 
confined concrete strength from the previous researches 
to propose an analytical model which accurately predicts 
the axial capacity of STC columns. The present work is 
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important for the finite element and analytical predictions 
of axial structural performance of STC columns in a lesser 
time.

2 � Finite Element Simulations

A finite element model (FEM) was proposed using ABAQUS 
6.14 for predicting the structural performance of STC col-
umns. The results obtained from the proposed numerical 
model of STC columns were validated and compared with 
those obtained from Liu et al. (2018). The numerical model 
should not be complex which will enhance the analysis time 
but should be rich enough to capture the essential and criti-
cal phenomenon of the structural member. The FEA models 
of all the STC columns were simulated whose bottom was 
restrained for all degrees of freedom (DOF), and the top 
end was kept unrestrained with the applied uniformly dis-
tributed axial load on the upper steel plate using displace-
ment control technique. Eight full-scale specimens of STC 
columns under axial compressive loading were simulated 
in ABAQUS. The material and geometrical properties of 
the simulated columns are shown in Table 1. During the 
FEA simulation, the nonlinear geometric parameter was also 
included with the specified dissipation energy fraction of 
0.0002 to deal with relatively larger displacements. The con-
fined concrete material and the steel plates were modelled as 
deformable three-dimensional stress, 8-nodded solid brick 
elements with the hourglass control and reduced integration 
(C3D8R). The steel tube and CFRP sheets were simulated 
using the deformable 4-nodded doubly curved shell elements 
along with the hourglass control and the reduced integra-
tion (S4R) having six DOF at each node being capable of 
predicting the buckling behavior accurately (Sharif et al. 
2019). The interaction between the outer concrete surface 
and the inner steel tube surface was taken as a hard contact 
in normal direction to avoid the penetration of surfaces into 
each other and a frictional contact was specified in tangen-
tial direction of the member using a frictional coefficient of 

0.25 as proposed by Ellobody et al. (2006). Similarly, the 
connection between the concrete surfaces and the rigid steel 
plates surfaces was simulated using the hard contact inter-
action and the frictional contact interaction with a friction 
coefficient of 0.35 in the normal direction and the tangential 
direction, respectively (Chang et al. 2013). The surface of 
concrete core material was taken as master, and the surface 
of steel plates was assigned as slave surface. The contact 
between the inner surface of CFRP sheets and the shell ele-
ments of steel tube was defined using the constraint “tie” 
available in the ABAQUS by specifying the interior surface 
of CFRP sheets and the exterior surface of steel tube as slave 
surface and master surface, respectively. The node region of 
steel tube was tied with the surface of steel rigid plates by 
considering them as a master surface. Figure 1 shows the 
geometry, steel tube to concrete surface friction interaction, 
applied loading and meshed elements of the STC columns. 
The thickness of each CFRP layer was 0.167 mm and the 
ultimate strength was 3400 MPa. The yield strength and 
elastic modulus of steel tube were taken as 264.3 MPa and 
1.88 × 105 MPa, respectively.

2.1 � Simulation of Concrete

There are three models available in ABAQUS, i.e., damaged 
plasticity model, brittle crack model and smeared crack 
model, for modelling the nonlinearity of concrete material 
but concrete damaged plastic (CDP) model is usually pre-
ferred (Youssf et al. 2014; Alfarah et al. 2017; Piscesa et al. 
2017; Sharif et al. 2019) because it deals broadly with the 
three-dimensional nonlinear inelastic behavior of concrete 
including the confinement and damage mechanism, com-
pressive, tensile and plastic properties in the inelastic range. 
In smeared crack model, cracking is the most important 
and the compression yielding surface controls the plastic 
straining whereas in brittle crack model the compressive 
failure is not important. By using the stress–strain curve of 
unconfined concrete, we cannot simulate the behavior of 
FRP-confined concrete accurately (Karabinis and Rousakis 

Table 1   Details of geometry and material properties of simulated STC column specimens

Label of column 
specimen

Diameter of 
column (mm)

Height of  
column (mm)

No. of CFRP 
layers

Thickness of steel 
tube (mm)

Total thickness of 
CFRP layers (mm)

Compressive strength 
of concrete cube (MPa)

L2-C40-D200 200 600 2 2 0.334 57
L4-C40-D200 200 600 4 2 0.668 57
L2-C60-D200 200 600 2 2 0.334 66
L4-C60-D200 200 600 4 2 0.668 66
L2-C40-D260 260 780 2 2 0.334 57
L4-C40-D260 260 780 4 2 0.668 57
L2-C60-D260 260 780 2 2 0.334 66
L4-C60-D260 260 780 4 2 0.668 66
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2002; Rousakis et al. 2008; Yu et al. 2010a, b; Hany et al. 
2016). Therefore, the concrete was simulated as a confined 
concrete using the axial stress and strain models of FRP-
confined concrete proposed by Mander et al. (1988) after 
making some modifications in the CDP model. The equiva-
lent stress–strain curve of confined concrete as represented 
in Fig. 2, was taken from Hu et al. (2003) where f ′

cc
 is the 

axial compressive stress of confined concrete, f ′
c
 is the axial 

compressive stress of unconfined concrete, �c is the com-
pressive strain at. and �cc . is the axial compressive strain at 
f ′
cc

 . Moreover, r and k3 are the factors which were calculated 
using empirical equation available in Hu et al. (2003) and 
Ellobody et al. (2006).

The linear elastic part of the stress–strain curve can 
be considered up to 50% of the ultimate strength of con-
fined concrete (Hu et al. 2003; Hassanein 2010) and can be 

characterized by using two parameters; one is elastic mod-
ulus (Ecc) and the second is Poisson’s ratio. For confined 
concrete core material, the Poisson’s ratio was considered as 
0.2 (ASCE 1982) the elastic modulus (Ecc) was determined 
using the equation provided by ACI 318 code as represented 
by Eq. (1)

The nonlinear plastic and damage behavior of confined 
concrete core was simulated using modified CDP model 
available in ABAQUS standard. The modified CDP model 
of concrete is further subdivided into three parts: plastic, 
tensile and compressive behavior. For the description of the 
plastic behavior of confined concrete, flow rule, yield sur-
face functions and softening/hardening laws were used. This 
behavior can be simulated in CDP model using the param-
eters including the ratio of compressive strengths ( f �

bo
∕f �

co
 ), 

the ratio of biaxial to triaxial compressive strengths (Kc), 
potential eccentricity ( � ), viscosity parameter and dilation 
angle ( � ) of concrete. The values of these parameters were 
obtained after the calibration. For simulating the compressive 
behavior, the inelastic strain ( �in ) was further increased to 
define the compression failure at larger strain and peak stress. 
The compressive behavior consists of compression damage 
and compression hardening. In cyclic loading, the compres-
sion damage variable plays a vital role for the degradation of 
elastic stiffness of FRP-confined concrete but in monotonic 
loading the effect of this variable is negligible (Hany et al. 
2016). To estimate the strain at ultimate stress ( �cc1 ) and the 
ultimate strain ( �cu1 = 8.7�cc1 ) of concrete, the relationships 
represented by Eq. (2) were proposed by Majewski (Majew-
ski 2003).

(1)Ecc = 4700

√
f �
cc

Fig. 1   Finite element simulations a geometry, b CFRP and steel tube elements, c steel tube to concrete surface friction interaction, d applied 
loading, e meshed elements of the STC columns
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Fig. 2   Axial stress–strain behavior of unconfined and confined con-
crete
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Similarly, for the modelling of stresses in concrete, 
Eq. (3) proposed by the Eurocode (CEN 2004) was used.

where Ecc is the modulus of elasticity and f ′
cc

 is the ultimate 
stress of the confined concrete. The tension stiffening model 
(Nayal and Rasheed 2006) modified by Wahalathantri et al. 
(2011) was utilized for the numerical simulations of the 
tensile behavior of confined concrete core material in CDP 
model as presented in Fig. 3. The ultimate tensile stress ( �to ) 
of concrete was calculated using the equation proposed by 
Genikomsou and Maria Anna (2015).

2.2 � Simulation of Steel Tube

The behavior of circular steel tube was simulated using 
the bilinear elastoplastic model with the concept of 
von Mises yield criterion as used by Kachlakev et al. 
(2001), Hassanein (2010), Hassanein et al. (2013), Patel 
et al. (2017) and Raza et al. (2019) as shown in Fig. 4. 
The geometry of steel tube material was modelled as 
4-nodded shell elements having six DOF at each node 
with reduced integration (S4R) capturing the buck-
ling behavior with accuracy. According to Rasmussen 
et al. (2003), the anisotropic behavior of steel is not 

(2)
�cc1 = 0.0014

[
2 − e−0.024f

�
cc − e−0.140f

�
cc

]

�cu1 = 0.004 − 0.0011
[
1 − e−0.0215f

�
cc

]

(3)�cc = f �
cc

⎡
⎢⎢⎢⎣

k
�

�cu1

�cc1

�
−
�

�cu1

�cc1

�2

1 + [k − 2]
�

�cu1

�cc1

�
⎤⎥⎥⎥⎦
, k = 1.05Ecc

�cc1

f �
cc

(4)�t = 0.33

√
f �
c
(MPa).

important when dealing with compression under mono-
tonic axial loading. Therefore, this property of steel 
tube shell elements was not considered in the present 
modelling. The elastic part of the bilinear stress–strain 
behavior of steel tube available in ABQUS was defined 
by using a Poisson’s ratio of 0.3 and an elastic modulus 
of 188GPa (Liu et al. 2018). The elastic limit was found 
to be 264.3 MPa. The plastic behavior was defined with 
a strain hardening ratio of 0.01 (Kachlakev et al. 2001; 
Raza et al. 2019).

2.3 � Simulation of Initial Geometric Imperfections

These are the outward deflections occurring in the thin-
walled structural elements whose magnitude is a com-
plex function of geometric and material characteristics 
and manufacturing and rolling process of the cross sec-
tions (Ashraf et al. 2006; Patel et al. 2017). The accurate 
definition of initial imperfections with proper amplitude 
and pattern is necessary for a FEA model to capture the 
behavior of thin-walled structural elements (Sharif et al. 
2019). The initial imperfection along the height of column 
was defined by providing the first positive local buckling 
mode during the application of axial compressive load-
ing which gives a half-sine wave shape. The FEA model 
was linked with the required buckling mode shape deflec-
tion results after an investigation of elastic buckling. A 
subroutine naming as “IMPERFECTION” available in 
ABAQUS software was used to define the initial geomet-
ric imperfection with a maximum value of t/100 giving the 
good approach to experimental results, in which "t" is the 
combined thickness of the confining material (Theofanous 
et al. 2009). It is important to note that some preliminary 
analyses were performed in the FEA modelling to find 
out the proper values of some important parameters of 
the FEA model.
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Fig. 3   Tension stiffening model used in present study
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2.4 � Simulation of CFRP Sheets

In laminated composite structures, the internal damage pat-
tern is complicated and difficult to detect (Diaz and Soutis 
2000; Dı́az and Soutis 2002). In present FEA model, the 
geometry of CFRP sheet was represented using shell ele-
ments (S4R). To define the contact between steel tube and 
CFRP sheets, a perfect bond was defined by applying “tie” 
constraint between them. To capture the behavior of CFRP 
wraps, an accurate definition of laminate strength, elastic 
and damage evolution is necessary (Sharif et al. 2019). The 
damage of CFRP sheets can be divided in two categories; 
one is intralaminar damage occurring within the sheet that 
can be expressed in fiber tensile and compressive and matrix 
tensile and compressive failure modes, and second is the 
delamination or interlaminar damage occurring between the 
neighboring layers (Shi et al. 2012). The damage of com-
posites is highly dependent on the misalignment of the fib-
ers and the shear behavior of resin. The transverse cracks 
occurring due to tensile loading can cause the matrix or 
fiber interfacial damage. From the experiments, it has been 
observed that the shear matrix damage dominates the matrix 
compression damage by creating a fracture plane along the 
direction of through-thickness of the fiber (Anderson 1995).

The elastic behavior of CFRP sheets was simulated using 
the material type as “LAMINA” in which the elastic modu-
lus in hoop direction E1 was taken from the manufacturer 

with a value of 235 GPa (Liu et al. 2018), and small per-
centages of elastic behavior in the direction of fiber were 
assigned to E2, G12, G13 and G23 (Hany et al. 2016; Sha-
rif et al. 2019). The value of Poisson’s ratio was taken as 
0.3. The failure stress in suboption of elastic behavior was 
defined by using a tensile stress of 3400 MPa provided by 
the manufacturer (Liu et al. 2018) in fiber direction while 
small percentage values of tensile stress in fibers’ direction 
were used for compressive stresses in fiber and transverse 
directions for matching the FEA predictions closely with the 
experimental outputs as shown in Table 2.

Hashin damage criterion (Hashin and Rotem 1973; 
Hashin 1980) was used in the present research to model 
all the modes of failure of CFRP laminates consisting of 
strength and damage behavior as this model accurately pre-
dicts the fiber and matrix tensile and compressive damage 
initiation (Shi et al. 2012). The strength properties of CFRP 
laminates were defined by using the manufacturers’ provided 
tensile strength in fibers’ direction and some assumed as 
small values of that strength in perpendicular direction as 
reported in Hany et al. (2016) to match the FEA predictions 
with the experiments. After the initiation of damage crite-
rion, degradation of the stiffness coefficients will occur upon 
the application of further loading. The evolution of dam-
age parameters of FRP material employs the energy release 
rates according to four damage modes (Barbero et al. 2013). 
The damage evolution parameters were taken according to 
Shi et al. (2012). Different parameters used to describe the 
Hashin damage model for CFRP laminates are presented in 
Table 3.

2.5 � Validation of Proposed NLFEA Model

A STC column (L2-C40-D200) from (Liu et al. 2018) was 
taken as a control specimen for calibration and validation 
purposes. The FEA model of L2-C40-D200 was calibrated 

Table 2   Elastic behavior of CFRP

Property Value

Elastic modulus in fiber’ direction, E1 (GPa) 235
Elastic modulus in transverse direction, E2 (GPa) 10.68
Longitudinal-transverse Poisson’s ratio, Nu

12
0.3

Shear moduli, G12, G13, G23 (MPa) 5405

Table 3   Strength and damage variables of Hashin model

Strength properties

Tensile strength in normal dir. of fiber (MPa) 3400
Compressive strength in normal dir. of fiber (MPa) 11.34
Tensile strength in transverse dir. of fiber (MPa) 11.34
Compressive strength in transverse dir. of fiber (MPa) 11.34
Shear strength in normal dir. of fiber (MPa) 11.34
Shear strength in transverse dir. of fiber (MPa) 11.34

Damage properties

Fracture tensile energy in fibers’ dir. (mJ/mm2) 92
Fracture tensile energy in transverse dir. (mJ/mm2) 1.1
Fracture compressive energy in fibers’ dir. (mJ/mm2) 1.1
Fracture compressive energy in transverse dir. (mJ/mm2) 0.2
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for different boundary conditions, geometric properties and 
material properties in order to obtain the accurate results 
as compared with that of experiments of the axial capac-
ity, load–deflection behavior and failure patterns. The defi-
nition of the plastic region of concrete behavior requires 
the description of flow rule, hardening and softening laws 
and shape function of yielding surface. The dilation angle 
of concrete, which is a material parameter, belongs to the 
nonassociated flow rule. The CDP model for the accu-
rate simulations of the plastic behavior of concrete uses 
the flow potential function which is basically defined by 
Drucker–Prager hyperbolic function. Wu et al. (2006) and 
Voyiadjis and Taqieddin (2009) suggested that the value of � 
should be in between 31° and 42°. Therefore, this parameter 
of the plastic behavior of concrete was calibrated using the 
load–deflection curve of control specimen (L2-C40-D200) 
for the values of 30°, 33°, 36°, 39°, 42° and 45o in order to 
achieve the accurate predictions. The best approximation 
was achieved using 30° for � which was selected for the 
control model (L2-C40-D200) as shown in Fig. 5a. It was 

examined that the effect of � was significant in the post-
buckling behavior of concrete but was negligible in elastic 
behavior.

The sensitivity of load–deflection performance of the 
control specimen due to viscosity parameter of concrete 
was shown in Fig. 5b. For the better convergence of FEA 
results, a smaller value should be used for the viscosity 
parameter. The time increment size influences this param-
eter and its value should always be approximately to 15% 
of time increment size for achieving the good results as 
compared with experimental results (Lee and Fenves 
1998). The ultimate axial strength of control specimen 
was increased up to 27% when the viscosity parameter was 
increased from 0.0009 to 0.009. The selected value of this 
parameter was 0.005 because of the good results at this 
value in comparison with the experimental load–deflection 
response. The study of the effect of Kc on the load–deflec-
tion behavior predicted the value of Kc as 0.667 as rep-
resented in Fig. 5c. Using a relatively smaller value of 
Kc (0.5) does not allows the concrete for degradation and 

Fig. 5   Sensitivity of different parameters on load–deflection performance of control model, a dilation angle, b viscosity parameter, c shape fac-
tor, d mesh size of elements
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using a larger value (1.0) allows the control specimen to 
fail at smaller load and smaller deflection. The value of 
0.667 gave the best approximation with the experimental 
results and hence, was selected.

Element sizes of 15, 20, 25, 30, 35 and 40 mm were stud-
ied to determine the mesh size giving the best approxima-
tion to the experimental curve of load–deflection of STC 
columns. At 15 mm mesh size, the ultimate load and cor-
responding axial deflection were 108% and 107% than that 
of 25 mm mesh size. A close agreement between the FEA 
and the experimental predictions of load–deflection behavior 
was obtained using the elements of 25 mm size which was 
selected for the further analysis of the STC columns and 
their parametric study. The effect of different mesh sizes is 
represented in Fig. 5d.

The element library of ABAQUS consists of various 
types of 3D stress and shell elements. The 3D concrete 
material was calibrated for triangular elements (C3D15H 
and C3D6H), hexahedral elements (C3D20R and C3D8R) 
and tetrahedral elements (C3D10H and C3D4H). A close 

relation between FEA predictions and that of experiments 
was obtained using 8-noded brick elements (C3D8R) of 
concrete which is also reported by the literature (Hany et al. 
2016; Najafgholipour et al. 2017). The calibration for ele-
ments types of steel tube and CFRP sheets was conducted 
using the quadrilateral and triangular shell elements. The 
quadrilateral elements consist of linear and quadratic con-
ventional shell elements (doubly curved) with reduced inte-
gration for large strains (S4R and S8R) and the triangular 
elements consist of linear and quadratic shell elements (S3R 
and STRI65) which were used in the current research for 
the convergence purpose of control model as represented in 
Fig. 6. A standard 4-noded shell element (doubly curved) 
with hourglass control and reduced integration presented 
the close agreement among experimental and FEA predicted 
results of the load–deflection behavior of control specimen 
(L2-C40-D200). Generally, it was concluded that the sensi-
tivity of varying the elements types on the load–deflection 
performance was not significant.

Fig. 6   Load–deflection behavior of control finite element model for different element types, a linear plain stress, b quadratic plain stress, c quad-
rilateral elements of steel tube and CFRP shell elements, d triangular elements of steel tube and CFRP shell elements
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3 � Discussion of Results

3.1 � Load–Deflection Response

The structural response of STC columns in terms of axial 
load–deflection curves was represented in Fig. 7. The param-
eters of the plastic behavior of concrete in the modified 
CDP model were taken as same for all the specimens after 

calibration. It can be observed from Fig. 7 that the FEA 
model captured the experimental results accurately in the 
elastic as well as inelastic behavior of columns. The maxi-
mum percentage difference between the experimental and 
numerical results of the ultimate axial capacity was observed 
for the specimen having compressive strength of 40 MPa, 
4 CFRP layers with a concrete core diameter of 260 mm 
(L4-C40-D260) which was 8.91%. It was also noticed that 

Fig. 7   Experiments and FEA results of load–deflection response of steel-tube CFRP confined concrete columns



1584	 Iranian Journal of Science and Technology, Transactions of Civil Engineering (2021) 45:1575–1592

1 3

the experimental results were stiffer that the predictions of 
the FEA model in elastic region but, in inelastic region, there 
was a close agreement between them. Similarly, the maxi-
mum percentage difference for the deflection at ultimate 
load was observed for the specimen L2-C40-D260 with a 
value of 7.85%. The average percentage discrepancies in the 
ultimate strength and the deflection at that strength of the 
STC columns were 5.76% and 2.86%, respectively. These 
discrepancies may be ascribed to the small imprecisions 
resulting from the differences between the actual testing 
conditions such as boundary conditions, initial geometric 
imperfections, strength of concrete material, strength of 
steel material, manufacturing faults, accuracy of the testing 
instruments and the conditions assumed in the FEA mod-
elling. The difference may also be attributed to definition 
of the damage evolution parameters of CFRP material and 
the friction coefficients assumed for the contact property 
between the steel and concrete materials.

3.2 � Effect of CFRP Layers

Either two or four layers of CFRP sheets were studied 
numerically in the present research. The effect of CFRP 
layers was represented in Fig.  8. It was observed that 
the specimens with 200 mm diameter having a concrete 
strength of 40  MPa (C40-D200) showed a percentage 
increase of 18.99% in the ultimate capacity and 22.65% 
in the deflection at ultimate capacity due to increase of 
CFRP layers from two to four. Similarly, the specimens 
with 200 mm diameter with 60 MPa concrete strength 
(C60-D200) showed 21.54% and 37.33%, the specimens 
with 260 mm diameter with 40 MPa concrete strength 
(C40-D260) showed 42% and 67.87% and the specimens 
with 260 mm diameter with 60 MPa concrete strength 
(C60-D260) showed 8.58% and 71.69% increase in the ulti-
mate axial loading capacity and corresponding deflection, 

respectively. Thus, the maximum increase in the axial load-
ing capacity and ductility was observed for the specimens 
C40-D260 and C60-D260, respectively. As concerned with 
the FEA results, the maximum increase in the axial load-
ing capacity and ductility was observed for the specimens 
C40-D260. The average percentage error in the percentage 
increase of ultimate axial load and corresponding deflec-
tion due to increase of CFRP layers from two to four was 
33.22% and 13.85%, respectively, when FEA results were 
compared with that of the experiments.

These minor discrepancies between the experimental and 
FEA results may be ascribed to the supposition of a perfect 
bond between the steel tube and CFRP sheets in the FEA. 
Moreover, it is very difficult to accurately apply the actual 
experimental testing conditions in the FEM. However, the 
proposed FEA model accurately traced the increase in ulti-
mate capacity and corresponding deflection due to increase 
of CFRP layers.

3.3 � Effect of Unconfined Concrete Strength

Two different values of unconfined compressive strengths 
of concrete (40 MPa and 60 MPa) were investigated to 
observe their effect on the load–deflection behavior of STC 
columns. The effect of increasing the unconfined compres-
sive strength of concrete was significant on the ultimate axial 
capacity. The increase in the axial capacity was 12.39% for 
the columns with two CFRP layers and 200 mm diameter, 
14.8% for the columns with four CFRP layers and 200 mm 
diameter and 29.86% for the specimens with two CFRP lay-
ers and 260 mm diameter. The increase in the capacity was 
negligible while increasing the concrete strength from 40 
to 60 MPa for the specimens with four CFRP layers and 
260 mm diameter. It was examined that the deflection at 
ultimate axial load was reduced by increasing the concrete 

Fig. 8   Effect of CFRP layers on the axial-deflection at ultimate capacity of STC columns
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strength. The maximum percentage decrease in the deflec-
tion was occurred for the specimens with 260 mm diameter 
and four CFRP layers with a value of 30.71%. The FEA 
model predicted the effect of increasing the strength of con-
crete with minor errors. The average percentage error in the 
percentage increase of ultimate capacity of columns due to 
increase of unconfined concrete strength was 21% and that 
of deflection at ultimate capacity was 11.15%. Thus, the 
proposed numerical model can acutely capture the behav-
ior of STC columns due to increase of unconfined concrete 
strength.

3.4 � Failure Modes

During the early stages of loading, there was observed 
a linear trend between the axial loading and deflection 
of STC columns but after the yielding of steel tube, the 
axial loading was linearly increased creating the second 
linear part of the curve. Then, the axial loading reached 

to the ultimate capacity of the members along with the 
rupture of CFRP-wraps causing the rapid drop in the 
axial capacity. It was observed from the finite element 
simulations of 8 STC specimens that all the columns 
presented combined shear and crush failure modes as 
shown in Fig. 9 for the two specimens L2-C40-D200 
and L2-C60-D200. The crack patterns of FEA models 
were visualized by maximum positive plastic strain 
(PE, principal) because the direction of cracks is always 
normal to the PE, principal in concrete material which 
accurately represents the cracks patterns (Genikomsou 
and Maria Anna 2015; Raza et al. 2019, 2020; Raza and 
Khan 2020).

In conclusion, crush failure was more dominant for the 
STC columns with lower strength of unconfined concrete 
and more layers of CFRP sheets. Conversely, the shear fail-
ure was more dominant for the STC columns with higher 
strength of unconfined concrete and a smaller number of 
CFRP sheets.

L2-C40-D200 L4-C40-D200 L2-C60-D200

L4-C60-D200 L2-C40-D260 L4-C40-D260

L2-C60-D260 L4-C60-D260

Fig. 9   Experimental and FEA cracks patterns of a, b L2-C40-D200, c, d L4-C40-D200, respectively
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4 � Parametric Study

After validating the selected FEA model through experi-
mental results of 8 STC columns, 216 models were analyzed 
to examine the effect of CFRP layers, unconfined concrete 
strength ( f ′

co
 ), thickness of steel tube (ts) and diameter of 

concrete core (D) on the load–deflection performance. Dif-
ferent values of the parameters for the parametric study 
were given in Table 4. The height of all the specimens was 
600 mm. The yielding strength and elastic modulus of steel 
tube and the ultimate strength CFRP sheets were taken 
according to Liu et al. (2018).

4.1 � Effect of CFRP Layers

Six levels of CFRP layers were studied: 0, 1, 2, 3, 4 and 5 
layers, respectively. Throughout the parametric study, the 
thickness of each CFRP layer was taken as 0.167 mm. It 
was observed that when CFRP layers were increased from 
0 to 5 at contact ts of 2 mm and constant D of 200 mm of 
the column with the increase of f ′

co
 from 15 to 65 MPa, the 

percentage increase in the capacity of STC column was 
179.01%. Similarly, with the increase of CFRP layers from 
0 to 5 while increasing the ts from 0.5 to 3 mm at constant 
f ′
co

 of 25 MPa and constant D of 200 mm, the percentage 
increases in the capacity was 64.02%. Moreover, the effect 
of increase of CFRP layers was 1282.69% with the increase 
of D from 100 to 350 mm at constant f ′

co
 of 25 MPa and ts 

of 2 mm. The sensitivity of CFRP layers on the ultimate 
axial capacity of STC columns with the increase of f ′

co
 , 

ts and D was presented in three-dimensional Fig. 10a–c. 
It can be monitored that the effect of increase of number 
of CFRP layers along with the increase of diameter was 
more dominant with the percentage increase of 1282.69% 
in axial capacity.

4.2 � Effect of Unconfined Concrete Strength ( f′
co

)

The effect of variation of f ′
co

 on the ultimate axial capacity 
was represented in Fig. 10a, d, e. The plastic parameters of 
concrete were kept same for the parametric study, but the 
compressive and tensile behavior was changed accordingly. 

Table 4   Variables for finite 
elements parameter study

Parameters Constant values Varying values

CFRP layers 2.0 0, 1, 2, 3, 4, 5
f ′
co

25 15 MPa, 25 MPa, 35 MPa, 45 MPa, 55 MPa, 65 MPa
ts 2.0 0.5 mm, 1 mm, 1.5 mm, 2 mm, 2.5 mm, 3 mm
D 200 100 mm, 150 mm, 200 mm, 250 mm, 300 mm, 350 mm

Fig. 10   Effect of CFRP layers, concrete strength, steel tube thickness and diameter of columns on the ultimate axial capacity of STC columns
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It was observed that with the increase of f ′
co

 from 15 to 
65 MPa along with the increase of CFRP layers from 0 to 5 
at constant ts of 2 mm and constant D of 200 mm, the per-
centage increase of 179.01% was occurred for axial capacity 
of STC columns. When f ′

co
 was increased with the increase 

of ts from 0.5 to 3 mm, the percentage increase of 222.23% 
was observed for ultimate capacity. Similarly, the effect of 
increase of f ′

co
 was 2157.44% due to increase of diameter of 

columns for axial capacity.

4.3 � Effect of Steel Tube Thickness (ts)

Various studied values for the thickness of steel tube were 
0.5 mm, 1 mm, 1.5 mm, 2 mm, 2.5 mm, and 3 mm to 
explore their effect on the capacity of STC columns. By 
increasing the ts from 0.5 to 3 mm along with the increase 
of number of CFRP layers from 0 to 5 layers, the percent-
age increase of 64.02% and 34.74% occurred in ultimate 
capacity. Similarly, with the increase of ts from 0.5 to 
3 mm, the percentage increase of 1192.63% for load was 
occurred with the incrementation of diameter from 100 to 
350 mm at constant f ′

co
 of 25 MPa and two CFRP layers as 

shown in Fig. 10.

4.4 � Effect of Diameter of Column (D)

The diameter of columns (D) was studied up to 6 levels: 
100 mm, 159 mm, 200 mm, 250 mm, 300 mm, and 350 mm 
to determine its sensitivity on the load–deflection behavior 
of STC columns. The effect of variation of D was presented 
in Fig. 10c, e, f. It was observed that the effect of increase 
on diameter of column remained more significant for the 
increase of ultimate capacity of columns. The percent-
age increases of 1282.69%, 2157.44% and 1192.63% were 
observed for ultimate capacity while increasing the diameter 
up to 350 mm with the increase of number of CFRP layers 
from 0 to 5 layers, f ′

co
 from 15 to 65 MPa and ts from 0.5 to 

3 mm, respectively. Hence, it can be deduced from the exten-
sive parametric study that the effect of increasing the CFRP 
layers, f ′

co
 , ts and D of the STC columns was significant for 

the increment in their capacity with the dominant effect of 
increase of D.

5 � Proposed Capacity Equation

5.1 � Data Generation

It was concluded from the literature review that no analyti-
cal model was proposed for predicting the axial strength 
of STC columns except (Sharif et al. 2019) who derived 
the analytical model from FEA parametric study only, 
but in the current research, the analytical model was pro-
posed based on the large experimental database giving 
more accurate results of the ultimate axial capacity of STC 
columns. A large database of confined concrete strength 
was developed from the previous researches and evalu-
ated based on the previously proposed strength models 
to remove the error giving data points which cause the 
saturation of RMSE index. After removing the data points 
giving error more than 20%, 543 sample points were left 
which were used for the general regression analysis to pro-
pose the confined concrete strength model. The statistical 
information of the developed database is given in Table 5.

5.2 � Assessment of Empirical Models

The analytical model to predict of axial capacity of STC 
columns consists of two parts: one is due to confinement 
stress and the second is due to ultimate capacity of steel 
tube. For the first part of the analytical capacity model, the 
strength models of confined concrete given by Lam and Teng 
(2003), Toutanji (1999), Teng et al.(2009), Saafi et al.(1999), 
Miyauchi et al. (1997) and Matthys et al. (2005) were evalu-
ated using some statistical parameters such as root-mean-
square error (RMSE), coefficient of determination (R2) and 
the sum of squared errors (SSE) on the developed database 
to propose a general form of the analytical model. The per-
formance of Lam and Teng (2003) model remained good 
with RMSE = 0.244 and R2 = 0.903. Thus, the general form 
of the confined concrete strength equation was adopted from 
this model. Figure 11 represents the performance of different 
studied strength models taken from literature.

The ultimate loading capacity (PO) of steel-tube CFRP 
confined concrete columns (STC) can be defined as:

Table 5   Statistical information of constructed database

Parameter D (mm) H (mm) nt (mm) Es (GPa) f’co (MPa) f’cc (MPa) εco (%) εcc (%) εcc/εco f’cc/f’co

Min 51 102 0.09 10 12.41 18.5 0.16 0.33 1.375 1.02
Max 406 812 5.9 612 188.2 302.2 1.53 4.62 20.76 3.9
Mean 152.9 306.2 0.85 171.3 42.27 75.73 0.27 1.59 6.59 1.95
SD 46.7 93.4 1.02 114.4 23.45 34.52 0.16 0.83 3.92 0.67
COV 0.31 0.31 1.2 0.67 0.56 0.46 0.6 0.53 0.6 0.35
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where Pconf is the ultimate loading capacity of column due 
to confined concrete and Pst is the ultimate loading capacity 
of column due to steel tube. The ultimate loading capacity 
due to confinement can be expressed as:

where Acc is the concrete cross-sectional core area confined by 
CFRPs and steel tube together and f ′

cc
 is the axial strength of 

confined concrete. The general form of the equation of f ′
cc

 was 
adopted from Lam and Teng model (2003) as presented in Eq. (7)

where fl is maximum combined confinement stress provided 
by CFRP-wraps and steel tube together which can be rep-
resented by the Eq. (8) given below (Liu and Zhou 2010; 
Sadeghian and Fam 2015):

where Dc is the concrete core diameter of column, Ef is the 
elastic modulus of FRPs, ts is total the thickness of steel 
tube and �h,rup is the rupture strain of FRPs in hoop direc-
tion whose relation was provided by Lim et al. (2016) using 
genetic programming:

(5)PO = Pconf + Pst

(6)Pconf = Accf
�
cc

(7)f �
cc
= fco + kfco

(
fl

fco

)n

(8)fl =
2Ef�h,rupt

Dc

+
2tsfy

Dc − 2ts

After performing some preliminary evaluations using sta-
tistical parameters (R2, SSE and RMSE) for the curve fitting 
technique in MATLAB to achieve a best fit, the selected val-
ues for the coefficients k and n were 3.07 and 0.80, respec-
tively. Thus, the proposed analytical model for the axial 
strength of confined concrete was presented using Eq. (10).

The performance of the proposed analytical strength 
model for the predictions of the axial strength of confined 
concrete was represented in Fig. 12. It can be observed that 
the proposed model gave lesser error with R2 = 0.91 and 
RMSE = 0.19 as compared with the previously proposed 
strength models and thus, selected in the present study.

Thus, Eq. (6) becomes as

The ultimate capacity of steel tube Pst can be found 
using continuous strength method which has been estab-
lished to exploit the strain hardening for determining the 

(9)�h,rup =
�f

f �0.125
co

(10)f �
cc
= f �

co
+ 3.07f �

co

(
fl

f �
co

)0.80

(11)f �
cc
= f �

co
+ 3.07f �0.20

co
f 0.80
l

(12)Pconf = Acc

[
f �
co
+ 3.07f �0.20

co
f 0.80
l

]

Fig. 11   Performance of previously proposed strength models of confined concrete on the developed database
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steel-tube cross section resistances (Buchanan et al. 2016; 
Zhao et al. 2017; Sharif et al. 2019).

where Ast is the gross cross-sectional area of steel tube and 
�LB is the stress defining the local buckling of tube. Thus, 
the ultimate loading capacity (Po) of the STC columns can 
be rewritten in the following general form.

This is the proposed equation predicting the maximum 
loading capacity of STC columns under concentric load-
ings. For the validation of the proposed equation, its pre-
dictions were compared with the NLFEA predictions of 
216 STC columns obtained from the numerical parametric 
study. The theoretical results of the currently proposed 
equation were in close correlation with the numerical pre-
dictions with R2 = 0.96 as presented in Fig. 13.

(13)Pst = Ast�LB

(14)PO = Acc

[
f �
co
+ 3.07f �0.20

co
f 0.80
l

]
+ Ast�LB

6 � Conclusions

Following key points have been concluded from the pre-
sented work:

1.	 The dual confinement due to FRP and steel tube is the 
most efficient technique to enhance the loading capacity 
and ductility of STC columns. The FRP-confinement of 
CFST columns effectively prevents the outward local 
buckling and improves the structural performance in 
terms of axial loading capacity and axial deflection of 
STC columns. After the yielding of confining steel tube 
material, the impact of confinement is increased due to 
the incorporation of FRP material showing the column 
as an efficient structural member.

2.	 The NLFEA results demonstrated a close agreement 
between the experimental and the NLFEA predictions 
of STC columns with the average percentage discrepan-
cies of 5.76% and 2.86% for the ultimate axial loading 

Fig. 12   Performance of pro-
posed empirical strength model 
of confined concrete on the 
developed database

Fig. 13   Comparison between 
the NLFEA results and theoreti-
cal predictions of the proposed 
capacity equation for STC 
columns
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capacity and corresponding axial deflection, respec-
tively. Thus, the current finite element approach presents 
a helpful tool for the investigation of complex confine-
ment mechanisms of STC columns for design purposes. 
The finite element crack patterns of STC columns were 
visualized through maximum positive principal plastic 
strains in ABAQUS which revealed that the experimen-
tal crack patterns were accurately traced by the NLFEA 
model.

3.	 The parametric study results revealed that with the 
increase of number of CFRP layers, thickness of con-
fining steel tube, unconfined concrete axial compressive 
strength and diameter of columns, there was observed an 
increase in the axial loading capacity of STC columns. 
With the increase of CFRP layers from 0 to 5, the axial 
capacity was increased by 179.01%; with the increase 
of thickness of steel tube from 0.5 to 3 mm, the axial 
capacity was increased by 64.02%; with the increase of 
unconfined concrete axial strength from 15 to 65 MPa, 
the axial capacity was increased by 222.23% and with 
the increase of core diameter of concrete from 100 to 
350 mm, the axial capacity was increased by 2157.44% 
which was the most dominant effect.

4.	 The proposed analytical model based on the regression 
analysis for predicting the ultimate axial loading capac-
ity of STC columns presented a close agreement with 
the predictions of NLFEA model with a coefficient of 
determination of 0.96%. Thus, the proposed NLFEA 
model and the analytical model can be used for the anal-
ysis and design of various critical parameters of STC 
columns accurately.
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