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Abstract. Experimental evaluation of the structural behavior of concrete-filled tubular (CFT) circular steel 
columns under the combined effects of axial and cyclic lateral loads is costly and challenging. Therefore, 
this study provides a nonlinear finite element analysis (NLFEA) of fourteen models for thermal shock 
damaged CFT circular steel columns wrapped with various layers of carbon fiber reinforced polymer 
(CFRP) composites at its end region, which represents the critical location in terms of the lateral load 
capacity. Firstly, the column axial load was applied as the first loading step, and then the horizontal load 
was applied at the top of the column as displacement-controlled loading to guarantee the descending part 
of the load-displacement behavior. The intent is to confine the column end to avoid outward local buckling 
of the CFT column and thus developing high strength, larger net drift and more energy dissipation. The 
NLFEA models were properly calibrated and validated with reputable experimental results, followed by 
conducting a parametric study to assess the influence of the number of CFRP layers and the impact of 
thermal shock on the CFT circular steel column performance. For the modeled CFT circular steel column, 
the use of five to ten layers of CFRP composites resulted in a significant performance enhancement. 
However, the performance enhancements using 9 and 10 CFRP layers were comparable with 8 CFRP 
layers. In addition, it was found that the column axial load level significantly affects the CFT circular steel 
column behavior under lateral loading; better behavior as the axial load level increased. Strengthening of 
any CFT circular steel column must be optimized through proper NLFEA modeling and the findings of this 
study represent useful guidelines and methodology for the similar strengthening of CFT steel columns 
damaged by thermal shock. 

1. Introduction 
In the outward direction, the local buckling has been a source of disturbance for practitioners in the 

field of concrete-filled tubular (CFT) steel columns. In addition, such columns are always exposed, aside 
from the axial load, to seismic forces and/or sideways winds, resulting in generating moments close to the 
columns’ ends, in particular. That makes that region- the columns end- a risky one. Therefore, it is essential 
to design highly-ductile, resistant-to-moment columns, able to in a way that is capable of undergoing lateral, 
plastic deformation. Several researchers have investigated the performance of the steel CFT columns  
[1–2].  

Overloading structures and exceeding their ultimate loads, such as heavy trafficking on a bridge or 
increasing the number of stories in a building, necessitates the structural elements to be reinforced and 
repaired. To resolve the issue of overloading, the structural elements can be either reconstructed or 
retrofitted, aiming to enhance the element's load capacity. However, the reconstruction process is not so 
preferable because it is time-consuming and costly; this process may harm the nearby elements when 
knocking down a structure due to the generated vibratory force. In contrast, the retrofitting process saves 
time and more cost-effective, particularly for real old buildings. In some countries, such as India, the design 
of most of the buildings does not abide by the standard seismic codes; therefore, such structures cannot 
withstand strong earth shakes. So, these structures need to be retrofitted to increase their seismic capacity. 
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There are many retrofitting columns; the steel and concrete jacketing and the fiber-reinforced polymer 
(FRP). The FRP has been widely adopted worldwide because high in tensile capacity, not costly, non-
corrosive, and easy to shape and erect. There are many types of FRP materials available, namely: carbon 
fiber-reinforced polymers (CFRP), glass fiber, reinforced polymer (GFRP), and aramid fiber-reinforced 
polymer (AFRP). However, the FRP materials have a setback; as its mode of failure is de-bonding, the 
FRP-concrete bond is sudden and brittle. A number of studies related to this field were conducted to 
investigate the reinforced concrete (RC) columns' performance when they were subjected to loads, 
concentrically and eccentrically [3]. It has been found that it is urgent to strengthen the damaged and 
deteriorated RC columns due to the additional loads from earthquakes and other environmental situations. 
The techniques of steel plate jackets and the RC jackets have been broadly used in strengthening the RC 
columns. However, it has been observed that these techniques have several problems: they are time 
consumers because of the slowness of the curing; they are material consumers because they require the 
columns to be bigger, in addition to the material characteristics. To avoid such obstacles, a new method 
was introduced at the beginning of the eighties of the last decade, which was to externally confine the 
concrete columns with wraps of CFRP composite material. This technique has improved the strengthened 
columns' ductility and load capacity because the CFRP materials are: cost-effective, time-saving, easy to 
shape and erect, non-corrosive, and have an ultra-strength-to-weight ratio. To find a way to strengthen the 
CFT columns further and avoid the outward local buckling, Alrousan et al. [4] suggested to confine the ends 
of the columns with FRP. Furthermore, confining the ends of columns has enhanced the performance 
quality of the internal concrete, particularly in the ends at which high stresses develop [4–6]. The method 
of confining the CFT steel columns with FRP has been the focus of a number of experimental and 
investigatory researches [7–13]. Among those, they were investigating the behavior of circular CFT 
columns, confined with glass FRP, when exposed to 1) axial compression with the monotonic application 
[6], and 2) cyclic axial compression [14, 15]. On the other hand, very few researches have been showing 
to investigate the seismic behavior of FRP confined CFT steel columns [7, 8, 11]. These studies showed a 
remarkable enhancement in the circular-shaped and square-shaped CFT steel columns' behavior quality 
when confined with FRP. 

It is common knowledge that the RC elements are subjected to severe harms or damages when 
encountering very high temperatures. RC beams, for instance, when RC beams are exposed to excessive 
degrees of temperatures beyond 250 °C, the concrete's and the steel's mechanical characteristics will be 
altered, causing stresses to be redistributed; In consequence, their stiffness and toughness are lessened, 
and they will suffer big deformations, permanently [16, 17]. At present, the CFRP sheets are being widely 
utilized to rehabilitate the heat-damaged RC beams. That is because these sheets are non-corrosive, time-
saving, cost-effective, easy to shape, very applicable, and simple to install on the structural elements. 
Several studies stated that the heat-damaged beams could- to an extent- re-gain their flexural capacity and 
improve their behavior when they were bonded, from the external side, with sheets of CFRP. Nevertheless, 
this is governed by a number of factors, namely: the element's resistivity to fire [18], the structure's ability 
to withstand very high temperatures [19, 20], the type of fiber used [21–24], the type of analysis [25–29], 
the energy integrity resistance [30], the utilized method of anchoring [31], the conditions of heating [32, 33], 
the severity of the damage, the beam's geometry, and the utilized type of fiber sheet [34], in addition to the 
adopted safety factors when reinforcing the bridges by CFRP [35]. 

RC structures (e.g., near-to-furnace, chimneys, rocket launcher sites, power plants) are frequently 
exposed to consistent heating-cooling cycles. Such cycles endanger the structural stability and demand 
certain requirements upon designing [36, 37]. It is of common knowledge that concrete can withstand heat 
till 250-300 °C before it begins to weaken. Beyond 500 °C, the mechanical features of concrete decrease, 
to a great extent. In addition, another cause of concrete weakening is rabid cooling, e.g., putting out a fire 
attack with cool water, as this method produces a big difference in the temperature between the concrete 
surface and its core, causing cracking of concrete due to the development of high superficial tensile 
stresses. This is another form of damage of structures caused by the weakening of the aggregates' quality 
and the adjoining paste due to the frequent, incompatible expansions and contractions. It must be 
mentioned that several factors determine the severity of the damage, such as the structure's size, the sort 
of the utilized cement and aggregates, the amount of moisture contained in concrete, the time and the 
frequency the structure is exposed to heat, the cooling mechanism, and the attained maximum degree of 
temperature [38]. To modify and strengthen the already standing concrete structures, various methods 
have been utilized, for example RC jacketing, bolting steel plates, prestressed external tendons, and the 
newly-developed FRP materials. The FRP composites technique has been adopted in various parts of the 
world for its many features, namely: highly strong, ductile, resistant to corrosion, easy to shape and erect, 
viable in many applications, high strength-to-weight ratio; keeping in mind that the majority of concrete 
structures are subjected to damage because of steel corrosion, frequent cycles of freezing and thawing, 
and dynamic loads [39, 40]. 
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For the past two decades, using CFRP materials to repair and strengthen the RC structures has 
been a focus worldwide. Many researchers studied RC structures' behavior, CFT columns in particular 
when externally reinforced by laminates of CFRP. It is worth noting that it is very complicated to examine 
CFT columns' behavior when exposed to both axial and cyclic lateral loadings. This experiment requires a 
high-capacity testing machine and a specially-designed setup, which are not easy to attain. The nonlinear 
finite analysis (NLFEA) method has been utilized to validate the obtained test results, as this method can 
produce close-to-real results. With adequate validation, the NLFEA method can be employed to examine 
the reinforced-by-external-CFRP elements impacted by many parameters, such as the thickness of the 
CFRP layers. What has made it urgent to conduct the study in hand is the severe shortage of information 
about CFT columns' behavior damaged by thermal shock, which hinders further expansions in this field. In 
this study, the NLFEA program was used to investigate the influence of externally confining the heat-
damaged CST columns, with CFRP materials, on the columns ductility and strength, aiming to obtain out-
of-the-box results.  

Testing CFT columns under combined axial and cyclic lateral loading is a challenge since it requires 
a special setup and testing machine with unique capacities. The availability of sound experimental test 
results is considered priceless and can be used to create and validate robust NLFEA simulating the actual 
ones. Therefore, this study presents an advanced NLFEA model for predicting seismic behavior and mode 
of failure of CFRP-confined CFT circular steel columns. To simulate the real behavior of CFT circular steel 
columns, experimentally obtained relationships for the mechanical characteristic of concrete were 
incorporated in the simulating process [41], along with suitable models for the various components of the 
CFT circular steel columns, including concrete, steel tube, and testing conditions. The first step, in this 
paper, includes the validation of the CFT circular steel model against the published experimental results by 
Yu et al. [41] and then was expanded to consider the effect of the number of CFRP layers (zero (control), 
five, six, seven, eight, nine and ten layers) subjected to room temperature (un-damaged) and thermal shock 
(damaged). The theoretically generated data included stress contours, horizontal load-displacement 
hysteretic loops, lateral load, net drift capacities, horizontal displacement-steel strain responses, horizontal 
displacement-CFRP strain responses, stiffness degradation, performance enhancement factor, and energy 
dissipation. In all simulations, realistic constitutive laws for materials, reasonable interface models, and the 
reliable verified factors were adopted. 

2. Methods 
2.1. Experimental Work Review 

Fig. 1 shows the specimen's geometric details and a schematic diagram of the experimental test set-
up [41]. The CFT column is 318 mm in diameter and 1625 mm in the height of 1625 mm connected rigidly 
to a stiff, reinforced concrete footing that is 1500 mm long, 1400 mm wide, and 550 mm thick. The steel 
tube used in all specimens is 3 mm thick with a diameter to thickness ratio of 106. The confinement at the 
column end (500 mm) was provided using a CFRP jacket to allow full plastic hinge formation and developing 
a high toughness and ductility.  

 
(a)                                                     (b)                                       (c) 

Figure 1. Test set-up details (dimensions are in mm) [41]: (a) Schematic diagram of test set-up,  
(b) Cross-section and lateral displacement history, and (c) Column wrapped with a CFRP jacket. 
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2.2. Description of NLFEA Program 
Nonlinear finite element analysis (NLFEA) has been used in this study for its reliability and efficiency 

in analyzing complicated structures before being executed, saving by that costs, effort, and time. This 
method also detects design error, assesses the structural stresses and strains at various loads in addition 
to the resultant deflections, and permits the possibility of making any necessary modifications. Also, the 
NLFEA facilitates the ability to examine the effectiveness of a given parameter on the structure. To fulfill 
the purposes of this study, fourteen full-scale, strengthened-with-CFRP models were constructed and 
examined. The support was roller at the top of the column to allow for relative drift while kept fixed at the 
other end. Firstly, the column axial load was applied as the first loading step, and then the horizontal load 
was applied at top of the column as displacement-controlled loading to guarantee the descending part of 
the load-displacement behavior. In order to avoid sudden failure or on other word solution divergence as 
well as obtain stable analysis process, this loading was applied incrementally by providing more load sub-
steps within a loading step. The steps can be divided automatically by ANSYS but the number of sub-steps 
must be previously inserted. 

2.2.1. Description of Non-linear Finite Element Analysis (NLFEA) 
The concrete material is not homogenous, brittle, and does not exhibit the same behavior in 

compression and tension. The SOLID 65 element has the capability to predict the concrete’s response by 
employing a smeared crack approach in terms of ultimate uniaxial compression and tensile. In the cylinders, 
the compressive strength before the thermal shock was 36.6 MPa, while it was 9.8 MPa after the cylinder 
was thermally shocked and damaged [42]. The cylinder's tensile strength before being thermally shocked 
was 3.75 MPa, while it was 1.25 MPa for the damaged-by-thermal-shock ones. For this study, the Poisson's 
ratio was set to 0.2, and so was the shear transfer coefficient. Fig. 2(a) shows the stress-strain relationship 
for unconfined concrete, which describes the post-peak stress-strain behavior.  

Also, the SOLID45 element has been used for its capability to interpret all directions and its efficiency 
in the simulation of the circular tubes of steel and the steel plates. In addition, the elastic, linear stress-
strain behavior was utilized with the following settings: The Young’s modulus of 203 GPa, ultimate stress 
of 353 MPa, the yield stress of 271 MPa, and a Poisson’s ratio of 0.30. In the specimens that had been 
simulated, the steel was presumed to have the same fully elastic-plastic behavior in both tension and 
compression. The steel, used for reinforcement, had: A Poisson's ratio of 0.3, the yield stress of undamaged 
beams of 410 MPa, damaged beams’ yield stress of 0.78 of the yielding stress, an elastic modulus of 
undamaged beams of 200 GPa, and 0.6 of the elastic modulus for the damaged ones [43]. Fig. 2(b) 
demonstrates the relationship between the stress and the strain in its ideal form. The steel plates' material 
was presumed linear and elastic, having a Poisson ratio of 0.3 and an elastic modulus of 200 GPa. On the 
other side, the CFRP material was presumably orthotropic material, having: a thickness of 0.17 mm, tensile 
strength of 3800 MPa, the elastic modulus of 230 GPa, and an ultimate tensile strain of 0.0169, as 
illustrated in Fig. 2(c). 
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Figure 2. Stress-strain curves for: (a) unconfined concrete [42],  
(b) steel reinforcement [43], and CFRP composite. 

Slip (s)

B
on

d 
St

re
ss

 (τ
)

where:

Damaged Specimen

Contol Specimen

tLwo fk ββγατ 111=

ok ττ 11max =

( ) 







−

=
1

:2 os
s

oeStage
β

ττ

( )
o

o s
sStage ττ =:1 

tLwo fks ββγα 222= osks 22max =

c

f

c

f

w

b
b
b
b

+

−
=

25.1

25.2
β

c

f

c

f

L

L
L
L
L

−

+
=

25.1

25.2
β












= f

FA
L
w

ek
2.0

1 2












= f

FA

L
w

ek
1.0

2 3.0

[ ]11 33.0 /
ct ff =

 LWACfor      25.1
LWACfor      90.0
NWACfor    1

2

1

21

=

=

==

γ
γ

γγ

 Damagefor       20.1
Damagefor       75.0
Controlfor     1

2

1

21

=

=
==

α
α

αα

Damagefor  625.0
Controlfor             0

111

11

kk
k

=

=

Damagefor      5.5
Controlfor             0

222

22

kk
k

=

=

( )
13.0

2ln

22

11

−
=

k
k

β

 
Figure 3. CFRP to concrete bond-slip model [42]. 

The CONTA174 element had been employed to design the zone of contact between the CFRP 
laminates and concrete. In this study, the utilized model of the stress-slip bonding, located between the 
heat-damaged concrete and the CFRP plates, had been suggested by Haddad and Al-Rousan [42], as 
depicted in Fig. 3. In order to investigate the performance of the RC control specimen, a simulation of a full-
scale column was carried out, as illustrated in Fig. 4. Also, the density of the mesh was specified by 
conducting a convergence study. For more accuracy, the CFRP-concrete bonding was presumed Perfect. 
Fig. 4 illustrates a FEM of the meshing of the CFT specimens. The applied load had been split into a group 
of increments, or steps, of the load. The Newton-Raphson equilibrium iterations were employed to avail 
convergence at each load step's end, between the tolerance limits, with a value of 0.001 for a load 
increment of 0.35 kN. 
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                                     (a)                                                        (b) 

Figure 4. Typical finite element meshing of the Column:  
(a) Without CFRP jacket and (b) With CFRP jacket. 

Table 1. NLFEA configuration of confined CFT columns with CFRP composites. 
Group 

Number 
Number of CFRP 

layers 
Column 
number 

Un-damaged/ 
Damaged CFRP strengthening configuration 

1 

0 CFT0-UD 

Un-damaged 

None 
5 CFT5-UD five layers of CFRP 
6 CFT6-UD six layers of CFRP 
7 CFT7-UD seven layers of CFRP 
8 CFT8-UD eight layers of CFRP 
9 CFT9-UD nine layers of CFRP 
10 CFT10-UD ten layers of CFRP 

2 

0 CFT0-D 

Damaged 

None 
5 CFT5-D five layers of CFRP 
6 CFT6-D six layers of CFRP 
7 CFT7-D seven layers of CFRP 
8 CFT8-D eight layers of CFRP 
9 CFT9-D nine layers of CFRP 
10 CFT10-D ten layers of CFRP 

Note: C: Column, UD: un-damaged, D: Damaged  

2.2.2. Investigated Parameters 
In Table 1, different configurations of strengthening techniques are illustrated. All the columns were 

labeled as follows: CFTXX-UD/ D, where: CFT for the type of column, the XX stand for the number of CFRP 
layers installed, and UD/D (un-damaged/damaged). Two control CST columns were included: an un-
damaged one designated as (CFT0-UD) and a damaged one labeled as (CFT0-D). The remaining 
specimens, 12 CFT columns, were reinforced-in-shear with sheets of CFRP, as follows: CFT5-UD and 
CFT5-D had five layers of CFRP (with a thickness of 0.85 mm); the CFT6-UD and CFT6-D had six layers 
of CFRP (thickness of 1.02 mm); the CFT7-UD and CFT7-D had seven layers of CFRP (thickness of 
1.19 mm); the CFT8-UD and CFT8-D had eight layers of CFRP (thickness of 1.36 mm); CFT9-UD and 
CFT9-D had nine layers of CFRP (thickness of 1.53 mm), and the CFT10-UD and CFT10-D had ten layers 
of CFRP (thickness of 1.7 mm). The finite element modeling groups are detailed in Table 1. 

2.2.3. Validation Process 
By inspecting Fig. 5, a remarkable agreement has been noticed between the results of the load-drift 

hysteresis obtained from the NLFEA and Yu et al. [41]. A confined-by-six-CFRP-layers CFT column (labeled 
as LCFT-6C-106-F, according to Yu et al. [42]) was examined. Again, there was a significant agreement in 
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the results regarding the modes of failure and the deformed shapes (Fig. 6). The NLFEA is recommended, 
by many designers, to conduct additional testing and analysis to enhance the awareness of the behavior 
of the circular, damaged-by-thermal-shock, confined-by-CFRP CFT steel columns when undergoing 
simultaneous axial and lateral cyclic loading. Consequently, fourteen NLFEA models were constructed 
using calibrated models, aiming to assess the impact of the number of the erected CFRP layers (5 to 10 
layers) and the existence of the thermal shock (with/ without).  
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                                    (a)                                                             (b)  

Figure 5. Validation of the FEA results: (a) Yu et al. [41] test result and (b) LCFT-6C-106-F. 

(a)  

(b)  
Figure 6. Deformed shapes of the FEA: (a) Yu et al. [41] test Result and (b) LCFT-6C-106-F. 
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3. Results and Discussion 
In brief, Table 2 demonstrates the experimental results obtained from testing fourteen NLFEA models 

and how the study parameters have impacted them. The designation of the specimens has been explained 
in section 2.3. The obtained results included: the net drift, the maximum horizontal load, the strain of steel, 
the strain of the CFRP laminates, the degradation of stiffness, the enhancement factor of performance, and 
the amount of energy dissipated. 

Table 2. NLFEA results of all models. 

Group 
Number 

Specimen 
Designation 

Maximum 
horizontal net drift, 

mm 

Maximum 
horizontal load, 

kN 

Maximum 
steel 

strain, µε 

Maximum CFRP 
strain, µε 

1 

CFT0-UD 102.8 102.5 1623 --- 
CFT5-UD 115.8 113.9 1648 Rupture 
CFT6-UD 121.9 119.3 1674 8245 
CFT7-UD 131.7 127.8 1700 8093 
CFT8-UD 138.7 134.5 1719 7380 
CFT9-UD 144.0 138.4 1734 6786 

CFT10-UD 147.7 140.8 1745 6269 

2 

CFT0-D 56.6 87.1 1392 --- 
CFT5-D 63.7 96.0 1432 Rupture 
CFT6-D 67.1 104.4 1460 7191 
CFT7-D 72.4 112.5 1496 6814 
CFT8-D 76.3 118.9 1526 6089 
CFT9-D 79.2 122.4 1551 5482 
CFT10-D 81.2 125.7 1560 4953 

Note: yielding strain for steel is 1335 µε, and CFRP ultimate strain is 8500 µε. 

3.1. Horizontal load-displacement hysteretic loops 
Each model's stresses (of the concrete, CFRP, and steel) had been attained. Fig. 7 contours of the 

specimens' stresses are demonstrated for CST0-UN (control beam) and CST08-UN (un-damaged, 8 CFRP 
layers), showing the spots at which the stresses were condensed, particularly at the specimen's bottom 
end. Fig. 8 illustrates the horizontal load-displacement hysteretic loops for the un-damaged columns, while 
the loops of the damaged ones are depicted in Fig. 9. Both figures showed, explicitly, the influence of the 
layers of CFRP in improving the behavior of the CFT column and enhancing its: capacities of lateral load 
and net drift, in addition to the increase in the energy dissipation. 

  
(a) 
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(b) 

 
(c) 

Figure 7. Sample stress contours: (a) CFRP, (b) Concrete, and (c) Steel tube. 
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Figure 8. Horizontal load-net drift hysteresis loops for the un-damaged CFT column strengthened 
with (a) without CFRP, (b) 5 Layers of CFRP, (c) 6 Layers of CFRP, (d) 7 Layers of CFRP,  

(e) 8 Layers of CFRP, (f) 9 Layers of CFRP, and (g) 10 Layers of CFRP. 
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Figure 9. Horizontal load-net drift hysteresis loops for the damaged CFT column strengthened 
with (a) without CFRP, (b) 5 Layers of CFRP, (c) 6 Layers of CFRP, (d) 7 Layers of CFRP,  

(e) 8 Layers of CFRP, (f) 9 Layers of CFRP, and (g) 10 Layers of CFRP. 

3.2. Lateral Load and Net Drift Capacities 
Referring to Table 2 and Fig. 10 and 11, the following points have been noticed: 1) a considerable, 

disproportionate increase in the lateral net-drift of the un-damaged columns, while it was not as much in 
the lateral load capacity; 2) the number of installed CFRP layers has a considerable, positive impact on the 
capacities of lateral load and lateral net-drift; as installing more layers of CFRP increased both capacities, 
though not with the same rates; 3) the CFRP layers had no significant effect when installing less than 5 
layers of them; 4) installing 8, 9, or 10 layers of CFRP had the same influence on the column behavior; 5) 
the maximum strain of the steel tube was slightly affected by each of the numbers of CFRP layers and the 
thermal shock; and, lastly, 6) the maximum strain of the CFRP reduced when the number of its layers was 
increased. Hence, it can be concluded that installing 5 to 8 layers of CFRP strengthened the CFT circular 
steel column, resulting in improving the lateral load capacity and the net drift. 
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Figure 10. Effect of number of CFRP layers on the maximum horizontal net drift. 
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Figure 11. Effect of number of CFRP layers on the maximum horizontal load capacity. 

3.3. Horizontal displacement-steel strain responses 
The behavior of the CFT columns had been examined by utilizing the data of the steel tube strain. 

The graph of the steel tube strain vs. the emerging deflections is plotted in Fig. 12. It is worth mentioning 
that un-damaged CFT columns have a higher steel tube strain capacity than the damaged ones, as depicted 
in Table 2 and Fig. 12. To examine the influence of the study parameters on the steel strain, the steel 
reinforcement was modified as per the yielding value of strain, as illustrated in Fig. 13. Considering Fig. 13, 
it is apparent that the increase in the number of CFRP strips results in enhancing the strain of thermally-
damaged steel tubes enhanced by 5 % for 0 strips, 8 % for 5 layers, 10 % for 6 layers, 12 % for 7 layers, 
15 % for 8 layers, 16 % for 9 layers, and 17 % for 10 layers of CFRP. As for the un-damaged columns, the 
increase was: 22 % for 0 layers, 24 % for 5 layers, 26 % for 6 layers, 28 % for 7 layers, 29 % for 8 layers, 
30 % for 9 layers, and 31 % for 10 CFRP layers. Also, the increase in the number of the CFRP layers from 
5 to 8 layers enhanced the strain of the steel tubes proportionally. However, increasing the layers from 8 to 
10 had no significant effect. So, it can be concluded that 8 layers of CFRP are the best configuration. 

-150 -100 -50 0 50 100 150

St
ee

l S
tra

in
, µ

ε

0

500

1000

1500

2000

0 CFRP layer
5 CFRP layers
6 CFRP layers
7 CFRP layers
8 CFRP layers
9 CFRP layers
10 CFRP layersDamaged

Lateral displacement, mm
-150 -100 -50 0 50 100 150

St
ee

l S
tra

in
, µ

ε

0

500

1000

1500

2000

0 CFRP layer
5 CFRP layers
6 CFRP layers
7 CFRP layers
8 CFRP layers
9 CFRP layers
10 CFRP layersUn-Damaged

Lateral displacement, mm  
(a)                                                             (b) 

Figure 12. Steel strain CFT column: (a) Damaged and (b) Un-damaged. 
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Figure 13. Effect of investigated parameters on maximum steel strain. 

3.4. Horizontal displacement-CFRP strain responses 
Figure 14 illustrates the graphical representation of the horizontal displacement in the reinforced-

with-CFRP CST columns against the CFRP material's strain responses. The graph has two parts: 1) covers 
the horizontal displacements range from 0 to 10 mm, 2) is from 10 mm to failure. Fig. 14 indicates that a 
slight increase in the horizontal displacement results in a rapid boost in the CFRP strain. Nevertheless, a 
big boost in the horizontal displacement has resulted in a very slight increase in the CFRP strain. Fig. 15 
also indicates that increasing the number of CFRP layers in damaged columns has resulted in a reduction 
in the CFRP strain, by 0 % (rupture) for 0 layers, 15 % for 5 layers, 20 % for 6 layers, 28 % for 7 layers, 
64 % for 8 layers, and 42 % for 10 layers. All the percentages are of the ultimate strain value of the CFRP 
composite, provided by the supplier (ɛfu), for damaged columns. As for the un-damaged columns, the 
minimum reduction percentages in the CFRP strain were: 3 % for 5 layers, 5 % for 6 layers, 13 % for 7 
layers, 20 % for 8 layers, and 26 % for 10 layers. Further, increasing the CFRP layers from 5 to 8 enhanced 
the strain of the steel tube in a proportional manner; whereas, the use of 9 or 10 layers had the same 
influence of 8 layers. That explicitly means that 8 layers is the best number of CFRP layers. On the other 
side, the thermal shock reduced the strain of CFRP material by 28 %. Finally, less than 5 layers of CFRP 
did not affect the strain behavior of CFRP.  

Lateral displacement, mm
-150 -100 -50 0 50 100 150

C
FR

P 
St

ra
in

, µ
ε

0

2000

4000

6000

8000

10000

Damaged

5 CFRP layers
6 CFRP layers
7 CFRP layers

10 CFRP layers
9 CFRP layers
8 CFRP layers

Rupture of CFRP sheet

      Lateral displacement, mm
-150 -100 -50 0 50 100 150

C
FR

P 
St

ra
in

, µ
ε

0

2000

4000

6000

8000

10000

Un-Damaged

5 CFRP layers
6 CFRP layers
7 CFRP layers

10 CFRP layers
9 CFRP layers
8 CFRP layers

Rupture of CFRP sheet

 
(a)                                                                 (b) 

Figure 14. CFRP strain CFT column: (a) Damaged and (b) Un-damaged. 
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Figure 15. Effect of tested parameters on maximum CFRP strain. 
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Figure 16. Stiffness degradation: (a) Damaged and (b) Un-damaged. 

3.5. Stiffness degradation 
In every cycle, the stiffness values were computed to determine the degradation; then, the obtained 

values were plotted graphically against the number of cycles of the CFT column (Fig. 16). Considering  
Fig. 16, the graph shows a very sharp slope for the damaged columns, where it became less and less sharp 
for the un-damaged ones because the intact concrete fully confined the footing-column zone. Also, neither 
the stiffness nor the number of cycles was significantly affected by the CFRP reinforcement technique. On 
the other side, the thermal shock reduced the initial stiffness, the number of cycles, while it enhanced the 
sharpness of stiffness degradation because of the rise of the column's compressive stress. Further, the 
thermal shock reduced the stiffness degradation by approximately 60 %, with respect to un-damaged 
columns. 

3.6. Performance Enhancement Factor and Energy Dissipation 
Table 3 demonstrates the increase in the lateral load capacity and net drift, referred to as load and 

displacement factors. They were modified in accordance to the control column CFT0-D. Every specimen's 
performance factor was computed by using the expression (load factor × displacement factor), to obtain a 
more accurate evaluation of the improvement. Compared to CFT0-D, the damaged models had a 
performance factor of nearly 1.25 when using 5 CFRP layers. By raising the number of the CFRP layers 
from 5 to 10, the performance factor increased, in a proportional manner, by almost 0.20. On the other 
hand, the obtained results showed no significant effect on less than 5 layers. Energy dissipation is a critical 
factor in seismic design. It is defined as the quantity of the energy dispersed by a structural element. It is 
strongly related to ductility, as they are directly proportional to each other.  

As illustrated in Table 2, increasing the number of CFRP layers in un-damaged models resulted in a 
significant rise in the dissipated energy, where the increase was not as much in the damaged ones. It is 
noted that the modified energy dissipation gets along, to a limit, with the majority of the experimented cases, 
in terms of the performance enhancement factor. This is perfectly logical because when the performance 
factors have been computed, both the strength of the samples and their displacement are given the same 
weight. It must be stated, at this point, that it is possible to compute for the performance enhancement 
factor, in some cases, by assigning different ratios of weight to ductility and strength. To elaborate, when 
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focusing on ductility, it can be given a ratio of 0.75 % of weight, while the strength is given a ratio of 0.25 % 
of the weight and the other way around.  

Table 3. Performance improvement factor and energy dissipation. 

Group 
Number 

Specimen 
Designation 

Strength 
Factor (SF) 

Displacement 
Factor (DF) 

Performance 
Factor 

(SF*DF) 

Energy 
dissipation, 

kN.mm 

Normalized 
Energy 

Dissipation 

1 

CFT0-UD 1.82 1.18 2.14 12020 2.14 
CFT5-UD 2.05 1.31 2.68 13120 2.33 
CFT6-UD 2.15 1.37 2.95 16604 2.95 
CFT7-UD 2.33 1.47 3.41 19656 3.51 
CFT8-UD 2.45 1.54 3.78 21918 3.89 
CFT9-UD 2.54 1.59 4.04 24721 4.41 

CFT10-UD 2.61 1.62 4.22 26364 4.69 

2 

CFT0-D 1.00 1.00 1.00 5619 1.00 
CFT5-D 1.13 1.10 1.24 6086 1.08 
CFT6-D 1.19 1.20 1.42 7995 1.42 
CFT7-D 1.28 1.29 1.65 9511 1.69 
CFT8-D 1.35 1.37 1.84 10654 1.90 
CFT9-D 1.40 1.41 1.97 12019 2.14 
CFT10-D 1.43 1.44 2.07 12941 2.30 

 

The models that had been reinforced with the same number of CFRP layers were subjected to a 
comparative study to be able to measure the impact of the axial load level on the behavior of CFT circular 
steel columns. The un-damaged columns had a performance enhancement factor of 2.16 with 5 CFRP 
layers, 2.08 with 6 layers, 2.07 with 7 layers, and 2.05 with 8 layers, 2.05 with 9 layers, and 2.04 with 10 
layers. Checking these numbers shows that the value of the enhancement factor of performance, for the 
un-damaged columns, was around 2.0, and it was almost constant, regardless of the number of the installed 
CFRP layers. 

3.7. Comparison of NLFEA with other results 
Comparing the results obtained from NLFEA with Valipour and Foster [2], both methods showed a 

close resemblance of the results when subjecting concrete-filled steel (CFS) specimens to the nonlinear 
static and cyclic analysis. Further, the experimenting methods employed the modified fiber element 
technique and the total stiffness of secant to consider the material nonlinearity at section level and force 
interpolation concept. The impact, of each of the size and the confinement of steel tubes, on the ductility 
and the strength of concrete has been considered, too. Furthermore, the modeling methods had 
investigated the impact of local buckling, in steel tubes, on the structural strength and had the same 
findings.  

4. Conclusions 
This study presents an advanced NLFEA model for predicting seismic behavior and mode of failure 

of CFRP-confined CFT circular steel columns. The numerical results obtained by NLFEA model were firstly 
verified using experimental results obtained by Yu et al. [41]. Then, a parametric study was carried out 
using this NLFEA model to investigate effect of the number of CFRP layers (zero (control), five, six, seven, 
eight, nine and ten layers) subjected to room temperature (un-damaged) and thermal shock (damaged). 
The following conclusions are drawn based on the findings of this study: 

1. For the modeled CFT circular steel column, the use of 5 to 10 layers of CFRP composites resulted 
in an increase in the lateral load and drift capacities and consequent performance factor and energy 
dissipation.  

2. The structural lateral performance of CFT circular steel columns can be significantly enhanced 
through wrapping with CFRP composites.  

3. The use of 9 and 10 CFRP layers did not add measurable enhancement over what was achieved 
with 8 CFRP layers, indicating that the optimum number of CFRP layers for the studied CFT circular steel 
column is 8. 
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4. The influence of the un-damaged column is significant and indicates a better performance than 
damaged columns. 

5. The performance enhancement is dependent on the CFT steel column properties, thermal shock, 
and the number of wraps of CFRP composites, but in a non-proportional fashion. This dictates that the 
strengthening of any CFT circular steel column must be optimized through proper FEA modeling.  

6. The findings of this study represent useful guidelines and methodology for a similar strengthening 
of CFT steel columns. 
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