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Abstract: It is rather costly and difficult to experimentally evaluate the performance of concrete-
filled tubular (CFT) circular steel columns exposed to combined axial and cyclic lateral loads. This
research paper uses the nonlinear finite element (NLFEA) technique to assess the influence of using
carbon-fiber-reinforced polymer (CFRP) laminates on the structural response and failure mode of
damaged-by-sulfate CFT circular steel columns. At the beginning, twenty-one CFT circular steel
column models were devised and checked for soundness using the findings of previously conducted
research. Next, the models were broadened to investigate how the models’ behavior was influenced
by the CFRP number of layers and the level of sulfate damage. For experimental purposes, the
numbers of CFRP layers were set to be zero, five, six, seven, eight, nine, and ten, while there were
three levels of sulfate damage, namely: level 0 (undamaged), level 1 (73 days), and level 2 (123 days).
Some of the models were left unconfined with CFRP wraps for comparison. The CFRP confinement
was at the end of the models due to its importance regarding the models’ capacity of lateral load.
The columns’ ends were confined to prevent the models from outward local buckling, which led to
higher strength, bigger net drift, and enhanced energy dissipation. The NLFEA models were then
appropriately modified and adjusted in accordance with credible previously conducted experimental
research; after which, a parametric study was performed to investigate how the models’ behavior
was affected by the number of CFRP layers and the level of axial load. The study found that the CFT
circular steel column models’ performance significantly enhanced when the models were wrapped
with five to ten CFRP layers. It must be mentioned, though, that using eight, nine, and ten CFRP
layers gave almost similar results. In addition, the NLFEA results revealed that when the damaged-
by-sulfate models were repaired externally with CFRP wraps, there was an improvement in the
models’ cyclic behavior, as they showed a raise in the load capacity, an enhancement in the horizontal
displacement, a greater displacement ductility, better energy dissipation, and little deterioration in
secant stiffness. The study found that using wraps of CFRP proved a great efficiency with the change
in the sulfate damage level.

Keywords: CFT columns; sulfate damage; CFRP confinement; cyclic lateral loading; NLFEA

1. Introduction

Outward local buckling has always been a big problem when dealing with concrete-
filled tubular (CFT) steel columns, as the inward portion is stopped by the concrete poured
inside. Whether in sway or moment resisting frames, the CFT columns are exposed not
only to axial loads but also to lateral winds/seismic loadings, which generate moments in
columns, particularly at the ends. Thus, practitioners consider the ends of columns critical
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when the columns are subjected to a combination of axial and lateral loadings. When
performing a seismic design, the moment resisting frame’s column must be capable of
undergoing a plastic lateral deformation and adequate ductility. Several credible studies
were performed aiming at assessing the CFT columns’ performance [1-3]. For example,
Xiao [4] suggested a method to confine the ends of CFT columns with wraps of FRP to avoid
the occurrence of outward local buckling, enhance the columns’ ductility and strength, and
improve the effectiveness of the inner concrete, particularly at the columns’ ends with high
stresses [4-6]. Confining CFT steel columns with wraps of FRP was investigated for effec-
tiveness by a number of studies [7-16]. The wrapped-with-FRP CFT circular glass columns
were experimented upon when they were exposed to monotonic [6] and cyclic [17,18]
axial compressions. However, only a limited amount of research focused on the seismic
performance of confined-with-FRP CFT columns of steel [7-9,14]. These studies assured
that there was a significant improvement in the seismic resistance of squared and circular
confined-with-FRP CFT steel columns. From another perspective, concrete structures are
often endangered with collapse due to exposure to harsh environmental conditions, such
as corroding of reinforcing steel, freeze—thaw cycles, and (mainly) sulfate attacks, which
negatively affect the durability of foundations, structures in marine environments, and
surrounding retaining walls [19-23]. In addition, sulfate attacks consume hydrated cement
paste, scale and shell the surface of concrete, and disintegrate and crack concrete, in addi-
tion to exposing the aggregates; this due to the formation of ettringite, creating concrete
compressive stresses, generating steel tensile stresses, weakening the concrete—steel bond,
and degrading the structural durability and load-carrying capacity [20,21]. In order to
protect the to-be-built structures against the bad influence of sulfate attacks, it is mostly
advised to insulate the concrete and utilize concrete mixes that have plenty of pozzolanic
additives and sulfate-resistant cementitious materials [22].

Few in-depth studies have adopted the NLFEA method to numerically model struc-
tural elements that are exposed to seismic loadings [23-30] and to simulate the behavior
of the structural elements that are reinforced/rehabilitated with FRP. The reason behind
this limitation of such studies is that modeling concrete’s shear cracking is rather diffi-
cult, especially in the region of confinement and bonding. Hence, this research has used
NLFEA modeling to predict the seismic performance and failure mode of damaged-with-
sulfate CFT columns that were repaired with FRP. To have an accurate simulation of the
CFT columns’ actual performance, experimentally attained relationships, representing the
bond-slip performance of a concrete-FRP bond, were incorporated in the process of simu-
lation [31], adding to specimens that were adequately modelled for several components of
CFT columns, including: damaged /undamaged concrete, steel reinforcement, the bond
between steel reinforcement and concrete, and conditions of experimentation. It is worth
mentioning that it is very hard to experimentally investigate the CFT columns’ performance
when these elements are exposed to axial and cyclic lateral loadings. That is because this
task needs a certain setup and testing machine with distinguished capacities. Availability
of sound experimental test results in this regard is considered priceless and can be used to
create and validate robust NLFEA simulating the actual ones. When properly validated,
the FEA models could be extended to include the study parameters, which are: the level
of axial load and the number of installed FRP layers. Aiming to provide reliable results,
NLFEA modelling was performed, in this work, simulating the confined-with-CFRP CFT
circular steel columns exposed to both axial and lateral cyclic loadings. The NLFEA models
were checked for validity, utilizing the results obtained from the work of Yu et al. [32] for a
number of experiments on large-scale cantilever columns. Afterwards, the models were ex-
tended to investigate the influence of the number of CERP layers (set at: zero, five, six, seven,
eight, nine, and ten layers) and the level of sulfate damage (set at: level 0 (undamaged),
level 1 (73 days), and level 2 (123 days)) on the models, strengthened /unstrengthened with
FRP. The investigated parameters from NLFEA are distribution of stress, ultimate load
capacity, ultimate displacement, horizontal load—displacement hysteretic loops, net drift,
steel strain, CFRP strain, degradation of stiffness, and energy dissipation.
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2. Modeling Methodology

ANSYS software is a numerical and analytical method utilized to resolve complicated
engineering issues. It is widely used because it is reliable in easing the load setup and
saving the experimenting cost, time, and effort. This analysis method is reliable because
it produces close-to-experimental results. Therefore, ANSYS was utilized in this study.
Figure 1 shows the CFT geometric details and schematic diagram of experimental test
set-up [32]. ANSYS [33] was used to discretize the CFT column specimens, utilizing 3D
isoperimetric 8-node solid elements, as illustrated in Figure 2. The best density of the
mesh was determined by conducting a convergence study. As a boundary condition, the
specimens’ lower ends were made fixed to constrain their movement, whereas the upper
ends of the specimens were allowed to move freely. The CFT column diameter and height
are 318 mm and 1625 mm, respectively. The support was roller at the top of the column to
allow for relative drift while kept fixed at the other end.

1800

Column)

Nuts for installing

550

Reinforced
concrete base

LVDTs

1500

Figure 1. Test setup (dimensions are in mm). Reprinted from Yu et al. [32].

Without CFRP Jacket With CFRP Jacket

Figure 2. Meshing of the CFT specimens with and without CFRP wrapping.

To model the concrete, SOLID65 solid element was utilized, as this element has eight
nodes with the capability of translating freely in all directions, where every node has three
degrees of freedom. It is worth mentioning that the SOLID65 element is distinguished for
having the capabilities of cracking, crushing, and plastic deformation in three perpendicu-
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lar directions. However, in this experimental work, the SOLID65 element’s capability of
crushing failure has been overlooked because this type of failure was not noticed when the
load was applied [23-30]. Hence, the simulated models’ tensile strains depended only on
ultimate failure and emerging of cracking [23-30]. The used Poisson’s ratio for concrete
ranges from (.15 to 0.22 thus a representative value of 0.2 was selected [34]. To be able to
identify the criterion of concrete failure, the following factors were observed: ultimate com-
pressive strength (Figure 3), tensile strength (Figure 3), and Young's elastic modulus [35].
The shear transfer coefficient (3t), which defines the crack face condition, was chosen to
be 0.2, the standard value [36,37]. To model the FE specimens more accurately, this work
adopted the model of Kent and Park [38] to predict the concrete’s compressive stress and
strain, as shown in Figure 3. The modelled-using-ANSYS concrete’s nonlinear stress—strain
relationship is depicted in Figure 3, with a strength in compression of 36.6 MPa, strength
in tension of 3.75 MPa, Poisson’s ratio of 0.20, and elastic modulus of 2250 MPa [32]. At
this point, it is worth pointing out that SOLID65 element has the capability of representing
one solid material and a maximum of three reinforcement types. In this experiment, the
concrete was presumed isotropic until cracking, and then it was assumed plastic.
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Figure 3. Concrete: (a) stress—strain curve [32] and (b) mechanical damaged subjected-to-sulfate
attack. Adapted from Al-Rousan et al. [31].

The smeared reinforcement approach was used to define the flexural reinforcement,
as this approach is useful in defining the proper quantity of reinforcement through de-
termining the orientation angles and mesh’s volumetric ratio. As for the steel plates and
steel circular tubes, the freely translating SOLID45 element was used. As for the elastic
stress—strain with linear response, it was utilized with a Young’s modulus of 203 GPa, a
yield stress of 271 MPa, a Poisson’s ratio of 0.30, and an ultimate stress of 353 MPa [32].
Further, the SOLID46 element was utilized in the simulation of confinement with CFRP,
having an elastic modulus of 237.8 GPa and an ultimate strain of 0.85%, based upon a
thickness of 0.34 mm [32]. In addition, concrete—steel tube and CFRP-steel tube bonds
were presumed to be nonslipping (i.e., perfect), as the coinciding nodes were merged. The
loading process started with applying an axial load to the column. Then, horizontal load
was applied increasingly, as displacement-controlled, to specify the load—displacement
curve’s decreasing phase. To assure a solution that was stable and nondivergent, the
loading process was performed in an incremental manner, employing a large number of
substeps per every step of loading. To obtain a nonlinear solution, the Newton-Raphson
equilibrium iterative method was utilized, with 1/1000 of tolerance. Calibration of the
basic NLFEA modelling was achieved by using a proper mesh size, rate of loading, and
considering materials’ nonlinearities.

Figure 4 reveals that the FE’s load—drift hysteresis results agree well with those ob-
tained by Yu et al. [32], who experimented with a CFT column confined with six CFRP
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layers (Yu et al. [32] designated this column as LCFT-6C-106-F). In addition, there was a
significant agreement between the study of Yu et al. [32] and this study, in terms of shapes
of deformation and modes of failure (Figure 5). After calibration, the FE models were
employed to devise 21 FE CFT column models to evaluate the impact of the number of
CFRP layers and sulfate level on the models.

NLFEA-LCFT-6C-106-F | 125

100
S
Z 2
< <
g ~
S -124-190 -75 [-50/ -2: 2 75 /100 125 &
— —
5
-125
Lateral displacement, mm
Lateral displacement, mm
(a) (b)
Figure 4. Validation of the results: (a) NLFEA and (b) reprinted from Yu et al. [32].
NODRL SCOLUTICY ANSYS
R16.0
Local Buckling
(a) (b)

Figure 5. Deformed shapes: (a) NLFEA and (b) result LCFT-0-106-F. Reprinted from Yu et al. [32].

3. Results and Discussion

In Table 1, the results obtained from the twenty-one study specimens are summarized.
The specimens were designated as follows: CFT indicates the CFT column; C X, where
C indicates CFRP and X is the number of CFRP layers; and S x, where S indicates sulfate
and x represents the level of attack. For example, the designation CFTC7S2 indicates a
CFT circular column, confined with seven layers of CFRP and subjected to sulfate level
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2. Further, results were also obtained regarding the ultimate horizontal load, the strain of
reinforcing steel, net drift, the strain of CFRP, degradation of stiffness, energy dissipation,
and performance enhancement factor.

Table 1. NLFEA results of all models.

Specimen Sulfate Number Ma)fimum Ma)fimum Maximum Maximum
Designation Level 0{ 2‘CFRI’ NHto];lz.(f)tntal }iorl‘ziOEIt\e;l o St.eel StCl?RP
yers et Drift, mm oad, rain, pe rain, pe
CFTC0S0 0 102.3 102.0 1615 —
CFTC5S0 5 115.6 113.7 1645 Rupture
CFTC6S0 6 121.7 119.1 1671 8229
CFTC750 0 7 131.4 127.5 1697 8077
CFTC8S0 8 138.4 134.2 1716 7365
CFTC9S0 9 143.7 138.1 1731 6772
CFTC10S0 10 147.4 140.5 1742 6256
CFTCO0S1 0 80.3 825 1464 —
CFTC5S1 5 89.6 91.6 1516 Rupture
CFTC6S1 6 93.5 96.8 1511 8043
CFTC7s1 1 7 100.0 104.7 1535 7615
CFTCS8S1 8 104.4 111.1 1555 6858
CFTC9s1 9 107.4 115.4 1569 6225
CFTC10S1 10 109.2 118.3 1574 5680
CFTC0S2 0 50.8 70.3 1317 —
CFTC5S2 5 58.3 81.4 1382 Rupture
CFTC6S2 6 61.4 88.5 1409 7298
CFTC7S2 2 7 66.3 95.4 1444 6916
CFTC8S2 8 69.8 100.8 1473 6180
CFTC9S2 9 725 103.8 1497 5564
CFTC10S2 10 74.3 106.6 1506 5027

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

3.1. Horizontal Load—Displacement Hysteretic Loops

Each of the models was monitored for steel stress contours at each steel tube, CFRP,
and core concrete. Figure 6 demonstrates the stress contours for two specimens, CFTC0S1
(i.e., unconfined with CFRP at sulfate level 1) and CFTCS8S1 (i.e., confined with eight
layers of CFRP, exposed to sulfate level 1), as this figure illustrates the regions with the
highest stresses. Further, the CFT column model’s horizontal load—-displacement hysteretic
loops are demonstrated in Figure 7 (sulfate level 0), Figure 8 (sulfate level 1), and Figure 9
(sulfate level 2). The three figures indicate that the layers of CFRP played a major role in
improving the behavior of CFT columns through enhancing energy dissipation, net drift
capacity, and lateral load capacity. Referring to Figure 7, it is clearly revealed that the
specimen CFTCOSO0 (i.e., no CFRP layers and sulfate level 0) had the least horizontal load
and displacement. In contrast, the column specimen that was exposed to level 1 of sulfate
attack (Figure 8) and the specimen exposed to level 0 of sulfate (Figure 7) were stronger
and had larger displacements than the specimen exposed to sulfate level 2, as shown in
Figure 9. In addition, referring to Figures 7-9, the CFRP’s horizontal load-displacement
loops evidently indicate that strengthening CFT columns with CFRP significantly improved
the columns’ horizontal displacement and load; the reason of this improvement was that
the wraps of CFRP availed the column specimens with an external confinement mechanism
when the steel tube reached buckling. Further, Figures 7-9 show that the sulfate level
strongly impacted the horizontal load-displacement loops; this was because the sulfate
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level reduced the column specimen’s compressive stress, resulting in tensile stresses in the
column, which degraded its strength.

T — ANSYS
R160

AU & am1d
21:58:42

CFRP: 5 Layers (CFRP: 8 Layers

123.€2 661.27 1198.92 173€.57 2274.22 65.1141 461.001 856,888 1262.77
382.445 530,085 1487 .75 2005.4 2543.05 263.057 858,944 1054.83 1458.1%2 1

ANSYS
R16.0

aUT 6 R01E

CFRP: 5 Layers

CFRP: 8 Layers

| T S R —— |
24.6404 32.6128 1.43511 9.24923 7.0634 24.3775 32.6916
20,6542 28,6268 36,558 5.34217 13.1563 20,9701 28,7845 36.5986

0.723224 8.69567 16.E68
4.70942 12.8818

(b)

. ANSYS | ANSYS
R16.0
¥ € 2008
D rhd el
CFRP: 5 Layers CFRP: 8 Layers
5.14038 86.5767 168&.013 249,449 330.888 5.6116 30,2874 174,363 259,639 344.315%
45.8585 127.285 208.731 250.168 271.604 | 47.5495 132.625 217.301 301.97%7 386.653

(c)

Figure 6. Typical stress contours for sulfate level 1: (a) CFRP, (b) concrete, and (c) steel tube.
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Figure 7. CFT column horizontal load-net drift hysteresis loops for sulfate level 0
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Figure 8. CFT column horizontal load-net drift hysteresis loops for sulfate level 1
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Figure 9. CFT column horizontal load-net drift hysteresis loops for sulfate level 2
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3.2. Lateral Load and Net Drift Capacities

The values of net drift capacity and lateral load in Table 1 are normalized with respect
to CFTCO0S0, as shown in Figures 10 and 11, respectively. Figures 10 and 11 indicate the
following significant findings: (1) increasing the columns’ axial load resulted in a significant
disproportional increase in the lateral net drift and lessened enhancement of the lateral
load capacity; (2) at a certain level of axial load, enhancing the layers of CFRP increased
the lateral net drift capacity and lateral load capacity, to different extents; (3) installing
less than five layers of CFRP had no considerable effect on enhancing the behavior of
specimens; (4) installing eight, nine, or ten layers of CFRP had an almost similar impact
when enhancing the specimens’ behavior was concerned; and (5) both the number of CFRP
layers and the sulfate level significantly influenced the maximum strain of the steel tube.
These findings indicate that, at level 1 of sulfate, confining CFT circular steel columns with
seven layers of CFRP improved the lateral load capacity of the columns, while installing
eight layers effectively enhanced the columns’ net drift. However, when specimens were
exposed to sulfate level 2, the findings indicate that reinforcing CFT column specimens
with a maximum of nine layers of CFRP effectively enhanced the lateral load capacity but
had no influence on the net drift.

0

5

6

2% 5% 1%

g ~43%-40% 26 R0 2

7 8 9 10 0 5 6 7 8 9 10 0 5 6 7 8 9 10

Sulfate Level: 0 Sulfate Level: 1 Sulfate Level: 2

Number of CFRP sheet layers

Figure 10. Effect of investigated parameters on the maximum horizontal net drift.

0%

32% 35% 380
17% 25% o 16%
% o S0 3% 2% 13% 2o 2% 5%
TR -19%-10%IH 1 T 3 1 B
()
T T T T
0 5 6 7 8 9 10 0 5 6 7 8 9 10 0 5 6 7 8 9 10
Sulfate Level: 0 Sulfate Level: 1 Sulfate Level: 2

Number of CFRP sheet layers
Figure 11. Effect of the investigated parameters on the horizontal load capacity.

3.3. Horizontal Displacement—Steel Strain Responses

The data regarding the steel tube’s strains—at critical regions—are useful in investi-
gating the behaviors of the simulated CFT column models. Figure 12 depicts the relation
between the strains of the steel tube and the resultant displacement; as it is clearly indi-
cated, the exposed-to-sulfate-level-0 CFT specimens’ steel tube strains yielded before those
exposed to sulfate levels 1 and 2, as illustrated in Table 1 and Figure 12.
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Figure 12. Steel strain versus lateral displacement of CFT columns.

It must be noted that the strain of the reinforcing steel tube was modified as per the
strain of yielding in order to highlight the influence of the study parameters on steel strain,
as demonstrated in Figure 13. It is revealed from Figure 13 that, at level 0 of sulfate, the
strain of the steel tube enhanced by 21%, 23%, 25%, 27%, 29%, 30%, and 30% for zero,
five, six, seven, eight, nine, and ten layers, respectively, of CFRP. When exposing the
specimens to sulfate level 1, the steel tube’s enhanced by 10%, 14%, 14%, 15%, 16%, 18%,
and 18% when using zero, five, six, seven, eight, nine, and ten layers of CFRP, respectively.
Additionally, at sulfate level 2, the results show that the steel tube’s strain increased by 1%,
4%, 6%, 8%, 10%, 12%, and 13% when using zero, five, six, seven, eight, nine, and ten layers
of CFRP, respectively. The findings show that the specimens exposed to level 2 of sulfate
had the least enhancement in the steel tube’s strain when the CFRP layers were increased.
In addition, it has been found that the strain of the steel tube increased in a proportional
manner when the number of CFRP layers was raised up to eight layers, whereas increasing
the number of layers to nine or ten had no significant effect. Hence, it can be concluded
that using eight CFRP layers is the most efficient at enhancing the models” performance.

21% 23% 25% 27% 29% 30% 30%

10% 14% 14% 15% 16% 18% 18% 4% 6%

% 10% 12% 13%

8%

6 7 8 9 10 0 5 6 7 8 9 10 0 5 6 7 8 9 10

Sulfate Level: 0 Sulfate Level: 1 Sulfate Level: 2
Number of CFRP sheet layers

Figure 13. Investigated parameters versus maximum steel strain.
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3.4. Horizontal Displacement—CFRP Strain Responses

Figure 14 demonstrates the relation between the horizontal displacement and the
CFRP strain behavior for the strengthened-with-CFRP CFT column models. The response
curve has two stages: the first represents horizontal displacements from 0 to 10 mm, and the
second represents displacements from 10 mm to failure. Considering Figure 14, there was
a rapid increase in CFRP strain and a minimal improvement in horizontal displacement.
In comparison, the rise in CFRP strain was slight with a rapid increase in horizontal
displacement. In addition, Figure 15 shows that, at sulfate level 0, increasing the layers of
CFRP resulted in a reduction in CFRP strain by 100% (rupture) when zero CFRP layers
were used, 98% (2% reduction) at five layers, 97% (3% reduction) at six layers, 88% (12%
reduction) at seven layers, 81% (19% reduction) at eight layers, and 75% (25% reduction) at
nine layers. However, at sulfate level 1, the strain of CFRP reduced when the number of
CFRP layers was raised, as follows: 5%, 10%, 19%, 27%, and 33% at five, six, seven, eight,
nine, and ten layers, respectively. At sulfate level 2, the strain of CFRP had the most minor
reduction when the number of CFRP layers was increased, as follows: 14%, 19%, 27%, 35%,
and 41%, at five, six, seven, eight, nine, and ten layers, respectively. In addition, the steel
tube strain was enhanced in a proportional manner when the number of CFRP layers was
raised to eight to ten layers; the enhancement was barely noticed when using nine and ten
layers, which indicated that eight layers of CFRP was optimal. Hence, the sulfate level
reduced the CFRP strain by an average of 13% at sulfate level 0, 20% at level 1, and 28% at
level 2. Lastly, using less than five layers of CFRP did not significantly improve the models’
CFRP strain.
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Figure 15. CFRP strain percentages.

3.5. Stiffness Degradation

At every cycle, the stiffness was computed; the obtained values were graphically
plotted to investigate the relation between the CFT column models’ stiffness and the
number of cycles, as depicted in Figure 15. Inspecting Figure 16, it can be observed that
there was a sharp slope in the stiffness degradation response versus the number of cycles
graph when a strengthened-with-CFRP column model was used under 0% axial load. Then,
upon raising the axial load, the slope became less sharp; the reason for this was that the
axial load level availed the area between footing and column with excellent confinement. In
addition, the results reveal that using CFRP to strengthen the CFT column barely enhanced
the column’s initial stiffness and the number of cycles. Therefore, sulfate level of the
column decreased initial stiffness and number of cycles as well as increased the sharpness
of stiffness degradation due to the decrease in column compressive stress. Moreover, the
level of sulfate reduced the degradation of stiffness by nearly 41% at sulfate level 1 and
62% at sulfate level 2 compared to that at sulfate level 0.
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3.6. Performance Enhancement Factor and Energy Dissipation

Table 2 demonstrates the rise in lateral load capacity and net drift represented as
load and displacement factors; both were modified in accordance with the CFTCO0S0
specimen (i.e., CFT column, unstrengthened, at sulfate level 0). Every model’s value of
the performance factor was computed by multiplying the load factor by the displacement
factor to obtain a close-to-real evaluation of the improvement, instead of relying on one
aspect only. Compared with the CFTC0S0 model, the models that were exposed to sulfate
level 0 had performance factors of almost 1.26, 1.39, 1.61, 1.78, 1.90, and 1.99 when using
five, six, seven, eight, nine, and ten layers of CFRP, respectively. This is an indicator that in
the case of using FE specimens with certain characteristics and geometric details, installing
less than five layers of CFRP layers availed inconsiderable improvement.

Table 2. Performance improvement factor and energy dissipation.

Spfecimt?n Sulfate Strength Displacement Performance Dif;};l;ﬁ?on Nog::;{gi}z}ed
Designation Level Factor (SF) Factor (DF) Factor (SF x DF) KN-mm ! Dissipation
CFTCO0S0 1.00 1.00 1.00 8710 1.00
CFTC5S0 1.13 1.11 1.26 10,182 1.17
CFTC6S0 1.19 1.17 1.39 12,886 1.48
CFTC7S0 0 1.28 1.25 1.61 15,255 1.75
CFTC8S0 1.35 1.32 1.78 17,010 1.95
CFTC9S0 1.41 1.35 1.90 19,186 2.20
CFTC10S0 1.44 1.38 1.99 20,461 2.35
CFTCO0S1 0.79 0.81 0.64 7555 0.87
CFTC5S51 0.88 0.90 0.79 8169 0.94
CFTC6S1 0.91 0.95 0.87 10,336 1.19
CFTC751 1 0.98 1.03 1.00 12,230 1.40
CFTCS8S1 1.02 1.09 1.11 13,629 1.56
CFTC9S1 1.05 1.13 1.19 15,361 1.76
CFTC10S1 1.07 1.16 1.24 16,367 1.88
CFTC0S2 0.50 0.69 0.34 5563 0.64
CFTC5S2 0.57 0.80 0.45 6062 0.70
CFTC6S2 0.60 0.87 0.52 7963 091
CFTC7S2 2 0.65 0.94 0.61 9473 1.09
CFTC8S2 0.68 0.99 0.67 10,611 1.22
CFTC9S2 0.71 1.02 0.72 11,971 1.37
CFTC10S2 0.73 1.05 0.76 12,889 1.48

Exposing the specimens to sulfate level 1, the performance factors were almost 0.64,
0.79,0.87,1.00, 1.19, and 1.24 when the numbers of CFRP layers were zero, five, six, seven,
eight, nine, and ten. It is noticed that the performance factors were below 1.00 when using
five and six layers of CFRP, which was not considerable. Further, the models that were
exposed to sulfate level 2 (compared with CFTC0S0) had performance factors of almost
0.34, 0.45,0.52, 0.61, 0.67, 0.72, and 0.76 when the numbers of CFRP layers were zero, five,
six, seven, eight, nine, and ten. As a result, all the models had performance factors below
1.00, which was not enough. It is well stipulated that the structure’s capability to dissipate
energy is crucial in seismic design, as there is a proportional relationship between energy
dissipation and ductility. Referring to Table 2, raising the number of CFRP layers resulted
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in a significant increase in energy dissipation. Contrarily, raising the sulfate level resulted
in a decrease in energy dissipation. The results show that the normalized values of energy
dissipation agreed, to an extent, with the performance enhancement factor, which was
reasonable since both the strengths and displacements were given the same weight upon
computing the performance factors. It is necessary to state that it is possible to compute the
performance enhancement factor for several applications by assigning different weights
to strength and ductility. In other words, when considering strength, the strength may be
given 0.75% of weight while ductility may be 0.25%, or the other way around.

4. Conclusions

Twenty-one adequately calibrated FE models were devised and soundly verified in
accordance with credible experimental results to investigate the impact of the number of
CFRP layers and the sulfate level on the behavior of CFT circular steel columns. Based on
the study results, the following conclusions are reached:

1.  The enhancement in performance depends, disproportionally, on the properties of
the CFT steel column, sulfate level, and the number of CFRP wraps. Adequate FE
modelling is imperative to strengthen CFT circular steel columns properly.

2. Confining CFT column models with five to ten CFRP layers increases the lateral load
capacity, drift capacity, performance factor, and energy dissipation.

3. Confining CFT circular steel columns with CFRP layers improves the lateral
structural performance.

4.  Using eight layers of CFRP to confine CFT column models effectively improves
the models’” performance, unlike using nine and ten layers of CFRP, which has no
significant impact. In other words, eight CFRP layers is the best configuration to
provide optimum results.

5. The study outcomes could be a helpful guideline and an excellent methodology for
reinforcing CFT steel columns.
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