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Abstract: The utilization of lightweight aggregate concrete (LWC) plays a major role in reducing
the self-weight of CFST (concrete-filled steel tube) columns, which is reflected in the behavior of the
structural system. This paper aims to investigate the characteristics of lightweight concrete-filled steel
tubular (LWCFST) columns under an axial compressive load, using a total of (48) LWCFST column
models. The simulated models were divided into four groups with different concrete compressive
strength, length-to-diameter ratios (L/D), and diameter-to-thickness ratios (D/t). Four concrete
compressive values were examined (30, 40, 50, and 60) MPa, three length-to-diameter ratios short
(L/D = 3), medium (L/D = 6), and long (L/D = 9), and four diameter-to-thickness ratios (36, 31, 26,
and 21). The method of nonlinear finite element analysis (NLFEA) was used to fulfill the objective
of this study where results were presented as graphical plots between the compressive loading
versus the axial and lateral strains along with the failure modes. In addition, the results were
compared with the AISC360-16 and EC4 codes predictions to examine their applicability on the
LWCFST columns where the AISC was overpredicted in most cases with higher percentages under
lower (L/D) values, whereas the EC2 was underestimated in most cases with high percentages
up to 28%, which become closer to the NLFEA predictions at higher (L/D) values. It has been
revealed that the utilization of steel tubes significantly improves the LWCFST column’s mechanical
performance, ductility, compressive strength, and toughness. Moreover, the structural behavior of
the LWCFST columns and their associated failure modes was found to be highly affected by the
geometrical properties of the CFST column (i.e., L/D ratio and D/t ratio) where specimens with small
tube thickness show bad behavior. Finally, the utilization of high-strength concrete has a favorable
performance compared to the utilization of thick steel tubes.

Keywords: LWCFST columns; NLFEA; concrete strength; diameter-to-thickness; length-to-diameter

1. Introduction

The utilization of concrete-filled steel tubular columns (CFST) is widely recognized,
due to the preferable mechanical performance of the columns and their use in several
applications, including offshore buildings, tall structures, and bridges [1–7]. However, this
extensive utilization is directly related to their high stiffness, strength, ductility, seismic
resistance, and energy absorption capacity [8], which are directly related to the composite
action developed between the steel tube and the concrete core where the applied loading
during the construction stage is sustained by the steel tube during the concrete pour-
ing. In the same context, the concrete core increases the steel tube’s localized buckling
and avoids the steel tube’s inward buckling; these actions decrease the time and cost of
construction [9–11].

Lightweight concrete (LWC) is made using lightweight aggregate obtained either from
natural (scoria, tuff, and pumice) or artificial (clay, slate, fly ash, and blast-furnace slags)
sources [12]. It has major advantages compared to the conventionally used normal weight
concrete (NWC), with 20 to 33% less weight, higher strength-to-weight ratios (S/W), a lower

Buildings 2024, 14, 2844. https://doi.org/10.3390/buildings14092844 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings14092844
https://doi.org/10.3390/buildings14092844
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0001-9097-7250
https://orcid.org/0000-0001-6981-7420
https://doi.org/10.3390/buildings14092844
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14092844?type=check_update&version=1


Buildings 2024, 14, 2844 2 of 19

heat conductivity of 12 to 33%, improved fire resistance, sound insulation, and seismic
resistance [13–15]. Despite its advantages, lightweight concrete has several disadvantages
which are summarized as the higher creep and shrinkage deformations with less rigid
behavior compared to NWC. The utilization of LWC improves the insulation and the
thermal properties of the building structure. The artificial LWC is produced using the
expanded clay aggregate (ECA) formed at high temperature (1200 ◦C) in a rotary kiln.
The ECA has a unique spherical shape with a barely closed outer surface compared to the
porous black inner surface. However, the strength of the NSC is higher compared to the
LWC due to its stronger interfacial transition zone (ITZ), which is highly dependent on the
aggregate properties, its source, and shape. The LWA represents the weakest component in
the LWC, which limits their elastic and strength characteristics [16].

Generally, CFST columns are formed in different shapes (such as square, rectangular,
and circular); however, research carried out in the literature has pointed out that the circular
cross-section columns have the best performance [17,18], where stresses are uniformly dis-
tributed and the effective confinement is ensured within the concrete core. The distribution
within the circular-shaped section is better than those in the rectangular or square sections,
even though they are favorable in some cases for architectural purposes, especially at the
beam–column connection locations where the composite action takes place between the
different structural members [19–21]. Moreover, CFST columns are preferable compared to
conventional reinforced concrete (RC) columns due to their smaller cross-sections required
to sustain the same loading amount. In addition, pouring lightweight concrete inside the
CFST tubes further reduces the weight of the CFST column, in addition to providing better
seismic performance [22–24].

The behavior of the LWCFST columns has not been adequately studied in the literature
as much as the behavior of the NWCCFST ones [25]. A comparative study on the behavior
of LWCFST and NWCFST columns was conducted by Ghannam et al. [26] on long columns
of three different columns’ shapes (square, circular, and rectangle). The results revealed
that the failure mode in the LWCFST and NWCFST columns was similar where columns
fail in global buckling with more ductile behavior observed in the lightweight columns.
In addition, the behavior of short rectangular CFST columns was studied by Mouli and
Khelafi [27] using normal weight and lightweight concrete, where the LWCFST columns
had higher strength compared to the NWCFST columns. The axial compression behavior of
the LWCFST columns was experimentally tested by Fu et al. [28], where it was concluded
that columns with high confinement ratios failed in shear mode compared to local buckling
failure for columns with small confinement ratios where the different confinement ratios
were obtained using different concrete compressive strengths for the concrete core. The
experimentally obtained results were compared with code theoretical predictions and it
was found that the Eurocode (EC) [29] has the closer predictions. Moreover, the behavior
of the LWCFST columns was tested by Ji et al. [30] with different levels of slenderness,
using columns of different lengths to highlight its effect on the structural behavior of the
columns. It has been revealed that the slender columns’ performance of more than 80
mm/mm slenderness is highly affected by the elastic instability of the structural system.
Al-Eliwi et al. [31] conducted an investigatory and comparative study on the behavior of
LWCFST and self-compacted concrete-filled steel tube (SCCFST) columns under the same
circumstances using different (L/D) and (D/t) ratios. The study’s findings indicated that
the LWCFST columns performed differently from SCCFST columns, particularly in terms
of ductility and failure mode. The local buckling mode predominated in LWCFST columns
due to the utilization of the lightweight aggregate; this behavior was observed in LWCFST
specimens with higher (L/D) ratios. On the other hand, the failure mode of long SCCFST
specimens was dominated by global buckling.

Studying the behavior of axially loaded LWCFST requires the utilization of special
setups, equipment, and testing machines; this therefore requires time and high costs, which
is not financially feasible. Consequently, finding a suitable, feasible, and accurate method
for examining the behavior of structural elements is favorable, such as the nonlinear finite
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element analysis (NLFEA) method [32]. In contrast, it is challenging to find accurate and
suitable experimental work that is required to validate the NLFEA models to expand the
validated models for studying the behavior of other parameters [33,34]. However, the
method of NLFEA has been extensively utilized in the literature and proves its efficiency in
studying the behavior of different structural members, such as the CFST columns. There-
fore, the experimental work conducted by Al-Eliwi et al. [19] on the behavior of LWCFST
columns was used to validate the NLFEA-simulated models to ensure their accuracy and
ability to be extended for the examination of the effect of other parameters. This study
examines the full structural behavior of the widely utilized CFST columns poured with
a lightweight concrete inner core, where the self-weight of the structural system was effi-
ciently reduced and many advantages were found. Moreover, the LWCFST columns made
of circular cross-sections had a better stress distribution, along with the developed com-
posite action between the steel tube and the inner concrete core. In addition, it is essential
to cover all the design aspects where different circumstances might be combined, such as
the columns’ length, steel tube thickness, and concrete compressive strength. Therefore,
this study examines the effect of concrete compressive strength, length-to-diameter ratios
(L/D), and diameter-to-thickness ratios (D/t) on the performance of LWCFST columns.
Four concrete compressive values were examined (30, 40, 50, and 60 MPa); three length-
to-diameter ratios of short (L/D = 3), medium (L/D = 6), and long (L/D = 9) and four
diameter-to-thickness ratios (36, 31, 26, and 21) were also included in this study. Finally,
the prediction accuracy of the simulated and code predictions was examined, where the
EC4 [29] and the AISC360-16 [35] code predictions regarding the axial compressive strength
of the LWCFST columns were theoretically calculated and compared with the simulated
ones to provide a full view on the behavior of LWCFST columns and to highlight the
different codes predictions’ accuracy.

2. Research Significance

The behavior of the CFST columns was extensively investigated in the literature,
where the conventional concrete was used as an infill core. However, in light of the
increased weight of structural buildings, there is a tendency to reduce the structural
member’s self-weight, along with maintaining their performance so as to not significantly
affect them. Therefore, the utilization of LWC has emerged where lightweight aggregates
were used, which resulted in reducing the structural behavior compared to columns with
normal concrete. The degradation in the mechanical properties was reduced or mitigated
using the combination with CFST columns where concrete was confined, and higher
strength was achieved. Little research has investigated the structural behavior of LWCFST
columns, including short and slender columns along with different LWC grades (normal
and high strength), in depth. This study also provides a vision of the predictability of two
design specifications (AISC and EC2), with comments on their safety margins and proper
modification suggestions.

3. A Review of the Experimental Work

The experimental work carried out by Al-Eliwi et al. [19] was used to validate the
NLFEA-simulated models, where specimens were tested under the effect of axial compres-
sive loading. The structural behavior of CFST columns poured with lightweight concrete
was examined with columns that had different length values; this resulted in different
(L/D) and (D/t) ratios which were considered in the parametric study proposed in this
work, along with the different concrete compressive strength values. The steel types were
of mild-steel type with a circular cross-section. Specimens were divided into two groups of
different cross-sections and steel yield strengths; the first one with 114.3 mm × 3.21 mm
for the diameter and thickness, respectively, with a 465 MPa yielding strength compared
to 114.3 mm × 5.80 mm dimensions and a 440 MPa yielding strength. The two groups
had a 200 GPa modulus of elasticity. The specimens had different lengths where three
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(L/D) ratios were proposed (2.62, 5.25, and 8.40), with two (D/t) values of 35.60 and 19.70
corresponding to the first and second groups, respectively.

The concrete material compressive strength of the lightweight type was obtained using
100 × 200 mm cylinders tested for their compression capacity and was found to be equal
to 30.58 MPa on average. Specimens were tested using the compression testing machine,
and were positioned directly at the center of the hydraulic compression jack of 3000 kN
capacity to avoid any loading eccentricity. Loading was applied using the displacement
control mode to ensure a uniform rate of 0.5 mm/min, which enabled the capturing of the
post-peak behavior of the CFST columns where the local buckling failure was successfully
captured. In addition, the amounts of shortening in the columns’ ends were measured
using a displacement transducer positioned within the columns’ length. The values of the
column end shortenings versus the compressive loading levels were measured to analyze
the experimented columns’ performance before and after the collapse region.

4. The Nonlinear Finite Element Analysis (NLFEA) Program
4.1. General

The NLFEA method is used in this study to examine the response of circular LWCFST
columns subjected to axial loading. Before running the analysis, the CFST columns are
divided into finite elements of different material or geometrical properties; each element has
nodes where elements are solved using innovative algebraic formulas. Later, the theoretical
formulas are formed into one global one and solved using ANSYS 16.0 [36] software to
perform the simulation modeling.

4.2. Description of NLFEA
4.2.1. Element Types

The SOLID65 element was used for modeling the concrete material where the nonlinear
response was efficiently simulated, in addition to the ability to capture and predict the
tensile cracking, concrete crushing, and plastic deformations. The element has three
freedom degrees at each one of the eight nodes forming the element. In addition, steel
components (plates and tubes) were simulated using the SOLID45 element with translation
capacity in all directions. Steel plates were provided at both columns’ ends to avoid any
stress concentration. However, two types of solid elements were used for modeling the
LWC core and the outer steel tube as the SOLID65 and SOLID45 elements, where the first
can capture the concrete crushing and cracking behavior while the latter one cannot. There
is no need for the use of the SOLID45 element to model the steel tube behavior, since there
is no cracking or crushing behavior and it is better to use an element that requires less
computational time. Generally, the two solid elements can capture the compression and
tension behavior of the modeled components (concrete and steel tubes).

4.2.2. Material Properties

The nonlinear compressive behavior of the stress–strain relationship in the concrete
material was modeled using the multi-linear isotropic MISO relation illustrated in Figure 1,
while the tensile strength was assumed to be linear with a maximum capacity equal to
(ft). Many models were examined where the results were compared between the simu-
lated and the experimental results, including the axial vs. deflection curves along with
the corresponding failure modes. However, the accurate simulation of the material char-
acteristics and behavior requires careful examination of the general behavior and the
material properties, where the experimentally reported data help in judging the resulting
behavior of the different trials during the specimen’s validation. The material behavior
could be represented using theoretical models in the literature which prove its efficiency
in predicting the structural behavior of the simulated models after well calibration and
validation against experimental, analytical, or numerical data. The stress–strain behavior of
lightweight concrete in compression is represented using a mathematical model established
by (Almusallam and Alsayed) [37], with a 0.2 value for the Poisson’s ratio. An inspection of
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Figure 1 shows that the stress–strain curve starts with a linear part of the slope equal to the
modulus of elasticity followed by a nonlinear part until the compressive strength is reached
and the loading capacity is decreased. The open transfer shear coefficient was taken as
0.2, while the closed transfer shear coefficient was 1.0. Steel components (tubes and plates)
were simulated using linear behavior with 200 GPa Young’s modulus, 465 yielding stress,
and 0.30 Poisson’s ratio.

Buildings 2024, 14, x FOR PEER REVIEW 5 of 19 
 

predicting the structural behavior of the simulated models after well calibration and vali-
dation against experimental, analytical, or numerical data. The stress–strain behavior of 
lightweight concrete in compression is represented using a mathematical model estab-
lished by (Almusallam and Alsayed) [37], with a 0.2 value for the Poisson’s ratio. An in-
spection of Figure 1 shows that the stress–strain curve starts with a linear part of the slope 
equal to the modulus of elasticity followed by a nonlinear part until the compressive 
strength is reached and the loading capacity is decreased. The open transfer shear coeffi-
cient was taken as 0.2, while the closed transfer shear coefficient was 1.0. Steel components 
(tubes and plates) were simulated using linear behavior with 200 GPa Young’s modulus, 
465 yielding stress, and 0.30 Poisson’s ratio. 

 
Figure 1. Concrete stress–strain curve [37]. 

4.2.3. Failure Criteria and Analysis 
The selection criteria of the concrete material are illustrated in detail in this section, 

where the adopted ways for capturing the real behavior and the exact failure mode are all 
introduced. The failure criteria adopted in this study were proposed by William and 
Wranke (1975) [38], which were based on the von Mises concept. The nonlinear relation-
ship between the stress and strain is guaranteed by defining five essential parameters, 
where the utilization of the William–Wranke model and the MISO plasticity models is a 
good choice for capturing the concrete crushing behavior and defining the failure surface. 
Failure occurs once the compressive or tensile stresses exceed the capacity of the loaded 
structural members and cause the solution to diverge. However, while the solution con-
verges, the stress value in the perpendicular direction of the initially propagated crack is 
reduced to zero where stress relaxation takes place. The product of the T0 × ft is signifi-
cantly decreased, and stress is decayed, causing the solution divergence followed by a full 
stop in the solution process. The column has pinned boundary conditions at both ends, 
with the displacement being constrained in the lateral direction using the cross-sectional 
nodes at the bottom end. In contrast, the lateral displacements (Ux) and (Uz) were set to 
zero at the column’s upper end. Loading was applied using small increments to ensure 
the solution convergence. Meshing the structural system has a direct effect on the resulting 
data on the ultimate capacity, ductility, and failure mode. The CFST columns were 
meshed in this study with a 12.5 mm size after a meshing sensitivity analysis study (Figure 
2). Finally, the interaction between the outer steel tube and the inner LWC core was 

Figure 1. Concrete stress–strain curve [37].

4.2.3. Failure Criteria and Analysis

The selection criteria of the concrete material are illustrated in detail in this section,
where the adopted ways for capturing the real behavior and the exact failure mode are
all introduced. The failure criteria adopted in this study were proposed by William and
Wranke (1975) [38], which were based on the von Mises concept. The nonlinear relationship
between the stress and strain is guaranteed by defining five essential parameters, where
the utilization of the William–Wranke model and the MISO plasticity models is a good
choice for capturing the concrete crushing behavior and defining the failure surface. Failure
occurs once the compressive or tensile stresses exceed the capacity of the loaded structural
members and cause the solution to diverge. However, while the solution converges, the
stress value in the perpendicular direction of the initially propagated crack is reduced
to zero where stress relaxation takes place. The product of the T0 × ft is significantly
decreased, and stress is decayed, causing the solution divergence followed by a full stop in
the solution process. The column has pinned boundary conditions at both ends, with the
displacement being constrained in the lateral direction using the cross-sectional nodes at
the bottom end. In contrast, the lateral displacements (Ux) and (Uz) were set to zero at the
column’s upper end. Loading was applied using small increments to ensure the solution
convergence. Meshing the structural system has a direct effect on the resulting data on
the ultimate capacity, ductility, and failure mode. The CFST columns were meshed in this
study with a 12.5 mm size after a meshing sensitivity analysis study (Figure 2). Finally, the
interaction between the outer steel tube and the inner LWC core was defined as a friction
surface; however, a minimal effect was recorded since there is no actual sliding between
the two interfaces.
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Figure 2. Typical finite element meshing and NLFEA setup.

4.3. Validation Process

After adjusting the model, six NLFEA-simulated models were validated using the
experimental work conducted by Al-Eliwi et al. [19] on six specimens, as illustrated in
Figure 3. The results were compared in terms of the overall compression loading versus
the end shortening values. The selected specimens have three different (L/D) ratios of
2.62, 5.25, and 8.40 to represent the short, medium, and slender columns, with two (D/t)
thickness values (19.70 and 35.60) to ensure the model’s ability to predict the LWCFST
columns under the proposed parametric study. The NLFEA and the experimental results
were very close, with a 7% error percentage revealing the models’ capability to capture the
real structural behavior of the CFST columns.

Buildings 2024, 14, x FOR PEER REVIEW 6 of 19 
 

defined as a friction surface; however, a minimal effect was recorded since there is no 
actual sliding between the two interfaces. 

 
 

(a) NLFEA model (b) Schematic diagram 

Figure 2. Typical finite element meshing and NLFEA setup. 

4.3. Validation Process 
After adjusting the model, six NLFEA-simulated models were validated using the 

experimental work conducted by Al-Eliwi et al. [19] on six specimens, as illustrated in 
Figure 3. The results were compared in terms of the overall compression loading versus 
the end shortening values. The selected specimens have three different (L/D) ratios of 2.62, 
5.25, and 8.40 to represent the short, medium, and slender columns, with two (D/t) thick-
ness values (19.70 and 35.60) to ensure the model’s ability to predict the LWCFST columns 
under the proposed parametric study. The NLFEA and the experimental results were very 
close, with a 7% error percentage revealing the models’ capability to capture the real struc-
tural behavior of the CFST columns. 

End shortening, mm

0 5 10 15 20 25

C
om

pr
es

si
on

 lo
ad

in
g,

 k
N

0

200

400

600

800

1000

1200

1400

1600

NLFEA

2.62-35.60-C

2.62-19.70-C

NLFEA

 End shortening, mm

0 5 10 15 20 25

C
om

pr
es

si
on

 lo
ad

in
g,

 k
N

0

200

400

600

800

1000

1200

1400

1600

NLFEA

5.25-35.60-C

5.25-19.70-C

NLFEA

 

End shortening, mm

0 5 10 15 20 25

C
om

pr
es

si
on

 lo
ad

in
g,

 k
N

0

200

400

600

800

1000

1200

1400

1600

NLFEA8.40-35.60-C

8.40-19.70-C

NLFEA

 
Figure 3. Compression loading versus end shortening curve for validated columns. Figure 3. Compression loading versus end shortening curve for validated columns.

5. Results and Discussion

The results of the simulated-LWCFST columns are illustrated in Appendix A (Table A1),
including the ultimate load, ultimate deflection, stiffness, toughness, ductility index, ca-
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pacity index, and performance index. The simulated specimens were extended after the
validation of the NLFEA was carried out using the experimental work of Al-Eliwi et al. [19].
The characteristics of lightweight concrete-filled steel tubular (LWCFST) columns under
axial compressive load were investigated using a total of (48) LWCFST column models.
The simulated models were divided into four groups with different concrete compressive
strength, length-to-diameter ratios (L/D), and diameter-to-thickness ratios (D/t). Four
concrete compressive values were examined (30, 40, 50, and 60 MPa), as were three length-
to-diameter ratios of short (L/D = 3), medium (L/D = 6), and long (L/D = 9), and four
diameter-to-thickness ratios (36, 31, 26, and 21). The specimens’ designation that appears in
Appendix A (Table A1) reflects the combination of the studied parameters where the first
letter with the following number represents the concrete compressive strength, the second
letter and its following number represents the (L/D) ratio, while the final one represents
the (D/t) ratio.

5.1. Failure Modes of the LWCFST Specimens

Investigating the interaction between the steel tube, reinforcement rebars, and inner
concrete core is essential to obtain the propagated composite action between the different
components and their effect on the CFST columns’ performance [39]. Therefore, the effects
of the (L/D) and (D/t) on the concrete–steel interaction of the LWCFST columns were
captured and presented in Figures 4 and 5, where the failure modes of the simulated
specimens with a (D/t) ratio of 36 and an (L/D) ratio of 3 are illustrated. Generally, the
local failure mode was the dominant behavior for the LWCFST columns, where specimens
with higher D/t ratios experience condensed local failure regions. An inspection of Figure 4
shows that the localized buckling failure modes were clear in short specimens, with an
(L/D) ratio of three.
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The columns can be divided into three main categories based on their length-to-
diameter value as stated by Ekmekyapar and AL-Eliwi [18], where columns with an (L/D)
ratio of three are considered as short columns, while specimens with an (L/D) equal to six
are medium and columns with an (L/D) ratio equal to nine are considered long. Therefore,
the failure modes experienced by the LWCFST columns are highly dependent on their (L/D)
ratio, where short columns experience a local buckling failure mode, the long ones (with an
L/D of 9) were prone to either elastic or global buckling mode failure, while the medium
column samples (with an L/D of 6) were prone to the two types of failure: the global and
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local buckling modes. An inspection of Figure 4 shows that increasing the (L/D) ratio of the
LWCFST columns reduces the induced stresses within the CFST columns, where increasing
the (L/D) by two times reduces the maximum induced stress at failure to approximately
50%. It can be noticed that the column’s length affects the compression performance of
the CFST columns, as provided in the literature [18,19]. In contrast, increasing the (L/D)
by three times reduces the maximum induced stress at failure to approximately 33%. The
effect of the different tube thicknesses is illustrated in Figure 5 for specimens with (D/t)
ratios of 21, 26, 31, and 36. Generally, increasing the tube thickness slightly affects the
maximum stress value, where differences were less than 3%. On the other hand, the stress
distribution is highly affected, as illustrated in Figure 5. Moreover, increasing the steel
tube’s thickness notably affected the local buckling at the columns’ end, where the failure’s
size was larger when the D/t ratio was reduced (i.e., the steel tube’s thickness was larger),
as shown in Figure 5.
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5.2. Compression Loading Versus End Shortening Curves

The relationship between the axial compression capacity and the end shortening is
illustrated in Figure 6 for all LWCFST columns. Generally, the graph has two phases: phase
1 starts from zero and continues to the point of steel’s yielding (stability point), where the
loading is increased rapidly with a minor increase in the deflection values, and phase 2,
where the load is minorly increased compared to rapid increasing in the deflection values.
Referring to Figure 6, when the concrete’s strength was increased, the compressive load
increased, but the end’s shortening decreased. This indicated that the column samples of
high-strength concrete were more prone to brittle failure. In addition, utilizing columns
with high D/t increased the compressive load and improved ductility, while columns with
lower L/D increased the compressive load and ductility. The potential reason for this could
be that the column with a low L/D had lower slenderness, enhancing strength and ductility
more efficiently.

The behavior of the short LWCFST columns (L/D = 3) is shown in Figure 6a with
different tube thicknesses, where increasing the thickness value or decreasing the (D/t)
increases the compression capacity of the CFST column. In addition, the tube thickness
has a direct effect on the post-peak behavior of all specimens. Thin specimens with a
concrete strength of 30 MPa showed a sudden reduction in the compression loading
after reaching their ultimate capacity for all columns due to the structural weakness of
the lightweight aggregate combined with the contribution of the low D/t ratio which
confirmed the reported conclusion by Yu et al. [40]. For thick specimens, the contribution
of the concrete strength is clear; there were no sudden losses in compression capacity along
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with the increase in the ultimate strength of the simulated columns. However, all specimens
undergo an increase in their initial stiffness by increasing the concrete compressive strength
or the steel tube thickness.
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The behavior of the medium LWCFST columns (L/D = 6) is shown in Figure 6b with
different tube thicknesses, where their behavior is a combination of the behavior observed
by the short and long columns. Thin specimens (D/t = 36) with a concrete strength of
30 MPa showed a sudden loss in loading after reaching compressive capacity, while no such
reduction was observed for thin specimens (D/t = 36) with a concrete strength of 60 MPa.
This difference in behavior shows the effect of the L/D ratio and concrete strength on the
column’s response. In addition, the behavior of the medium LWCFST columns (L/D = 9)
is shown in Figure 6c, where their initial stiffness and ultimate compression strength are
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increased by increasing the tube thickness or the concrete grade. The behavior of the
thin specimens with a concrete strength of 30 MPa was similar to the short and medium
columns, where local buckling failure dominated, leading to a smoother reduction in the
compression load after reaching peak load. While there was no sudden reduction in loading
for the thick specimens with a concrete strength of 60 MPa, and they showed a smoother
transition from the pre-peak to post-peak region, the length of the column governed this
behavior, which significantly differed from the behavior of short and medium columns.

5.3. Performance Indices

The performance of the LWCFST columns was examined using the stiffness, absorption
of energy (or toughness), ductility index (DI) (using Equation (1)), capacity index (CI) (using
Equation (2)), and performance index (PI) (using Equation (3)). Table A1 (Appendix A)
displays in summary the obtained results.

Ductility Index (DI) =
∆Ultimate
∆Yielding

(1)

The structural behavior is addressed using the ductility index (DI), where the system’s
ability to sustain large deformations is calculated after their elastic limit is exceeded.
Table A1’s (Appendix A) results show that the DI value is increased by decreasing the
D/t ratio or the concrete compressive strength. In contrast, the ductility is decreased
by increasing the (L/D) ratio. Figure 7a shows that increasing the concrete compressive
strength to 40, 50, and 60 MPa decreases the DI capacity by 7.6, 12.7, and 13.8%, respectively.
In addition, increasing the (L/D) ratio to 6 and 9 decreases the DI by 36.9% and 57.5%.
Further, considering that the LWCFST columns have the same ratio of L/D, it was found
that their DI was affected by the value of D/t. Also, Figure 7a revealed that using D/t
values of 31, 26, and 21 enhanced DI by 34.9%, 79.2%, and 102.2%, respectively. The
experiment’s observations indicated that using thick steel tubes was adequate, as such
tubes enhance the compression capacity of the CFST columns. However, such elements
might not always ensure economic feasibility. Considering the LWCFST columns, the cores
of the columns had been externally confined with a steel tube to increase the columns’
compression capacity and improve the concrete’s mechanical characteristics. The long
and medium columns were the most influenced by this response; on the other hand,
the thin columns experienced an unexpected degradation in loading due to steel tubes.
The composite interaction between the concrete and steel materials affects the column’s
ultimate capacity, which is reflected by computing the CI (capacity index), as presented
by Han et al. [41] in Equation (2). The symbols were as follows: Nu denotes the column’s
ultimate stress at failure; No denotes the column’s stress at failure as per ACI 318-19 [42];
As denotes the steel tube’s area; and Ac denotes the concrete’s area.

CI =
Nu

No
=

Nu

fy As + 0.85 f ′c Ac
(2)

The computed value of the CI indicated that the column’s sectional capacity was
improved, as depicted in Table A1 (Appendix A). Further, Figure 7b indicated that when
the concrete’s strength was 40, 50, and 60 MPa, the CI was reduced by 8.1%, 15.1%, and
20.0%, respectively. In the same context, Figure 7b showed that when using D/t values
of 31, 26, and 21, the CI was enhanced by 10.2%, 28.2%, and 69.2%, respectively. Also,
using L/D values of 6 and 9 reduced CI by 8.3% and 13.2%, respectively. Moreover, the PI
(performance index) was computed using Equation (3). An inspection of Figure 7c reveals
that when the concrete’s strength was 40, 50, and 60 MPa, the PI was reduced by 15.1%,
25.8%, and 31.1%, respectively. Also, when D/t was 31, 26, and 21, the PL was enhanced by
48.7%, 129.1%, and 242.1%, and increasing the L/D to 6 and 9 reduced the PI by 42.1% and
63.1%, respectively.

PI = DI × CI (3)
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The stiffness of the LWCFST columns is calculated as the slope of the first phase
in the compression loading versus the end shortening curve. Figure 8a presents the
stiffness values after being normalized with respect to the C30LD3Dt36 specimen: a column
with 30 MPa lightweight concrete, a length-to-diameter ratio of 3, and a diameter-to-tube
thickness of 36. An inspection of Figure 8a reveals that when the concrete’s strength was 40,
50, and 60 MPa, the PI was reduced by 42.0%, 51.3%, and 64.3%, respectively. Also, when
D/t was 31, 26, and 21, the PL was enhanced by 32.3%, 109.3%, and 268.3%, and increasing
the L/D to 6 and 9 reduced the PI by 16.3% and 25.0%, respectively. The definition of
toughness (also known as energy absorption (EA)) is the amount of energy that a substance
can absorb in the plastic area until rupturing. The importance of this property lies in
helping to determine structural ductility. The value of EA can be found by computing
the area constrained underneath the compressive loading vs. the end’s shortening graph;
this area extends to a certain value of deformation (in other words, by employing either
integration methods or numerical computations) [43]. The research found the value of EA
by employing the numerical computations, utilizing the “trapezoidal rule formula” up
to a certain level of the end’s shortening. Table A1 (Appendix A) shows an enhancement
in the area constrained beneath the compressive loading graph when the steel bar’s area
was increased. Inspecting Figure 8b reveals that when the concrete’s strength was 40, 50,
and 60 MPa, the EA was reduced by 5.7%, 10.3%, and 21.6%, respectively. Also, when the
value of D/t was 31, 26, and 21, EA was enhanced by 7.0%, 10.3%, and 21.6%, respectively.
Further, putting the value of L/D to 6 and 9 reduced EA by 15.9% and 24.7%, respectively.

The behavior of the compressive loading capacity and the column’s end shortening
are illustrated in Figure 9. Inspecting Figure 9a revealed that when the concrete’s strength
was 40, 50, and 60 MPa, the compressive loading enhanced by 7.0%, 12.8%, and 19.3%,
respectively. In the same context, Figure 9a showed that when the D/t value was 31, 26,
and 21, the compressive load was enhanced by 19.0%, 53.7%, and 102.8%, respectively.
Also, when the value of L/D was 6 and 9, the compressive load was reduced by 8.3% and
13.2%, respectively. Further, Figure 9b revealed that when the concrete’s strength was 40,
50, and 60 MPa, the end’s shortening was reduced by 12.3%, 21.9%, and 34.4%, respectively.
Additionally, Figure 9b indicated that when D/t was 31, 26, and 21, the end’s shortening
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was reduced by 10.1%, 26.7%, and 44.9%, respectively. Moreover, when the value of L/D
was 6 and 9, the end’s shortening decreased by 6.3% and 11.5%, respectively.
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5.4. Limitations

Despite the importance of the carried out investigation, some limitations are associated
with the NLFEA results. The results apply only to CFST columns and could not be expanded
for traditional columns due to the absence of the confinement effect. In addition, the results
are for LWC with normal- and high-strength grades, and this does not reflect the behavior
of ultra-high grades. In contrast, the results were obtained using a theoretical concrete
stress–strain model which is based on the final compressive strength of the LWC mix and
does not depend on the individual components of the final mixture.

6. Strength Predictions by Design Specifications

Many existing design specifications could be used to predict the CFST axial com-
pression capacity, such as the American code ANSI/AISC360-16 [35] dealing with steel
construction and the European code Eurocode4 [29], dealing with composite structures.
The two codes were used in this study to predict the LWCFST-simulated columns’ capacity
and compared with the NLFEA results to highlight the codes’ ability to predict the behavior
of lightweight concrete. The EC4 [29] adopts the limit state design procedure to ensure
the safety and serviceability of the designed column through the inclusion of some partial
factors of safety for the applied loading and the constituent materials, as per Equation (4)
to Equation (9).

NEC4 = ηa As fy +

(
1 + ηc

t
D

fy

fc

)
Ac fc (4)

ηa = 0.25
(
3 + 2λ

)
≤ 1 (5)
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ηc = 4.9 − 18.5λ + 17λ
2 ≥ 0 (6)

λ =

√
NEC4

Ncr
(7)

Ncr =
π2EIe f f

L2 (8)

EIe f f = Es Is + 0.6Ec Ic (9)

The As is the steel area, Ac is the concrete core area, fy and fc are the steel yielding
strength and the concrete compression capacity, t is the steel tube thickness, D is the
diameter of the circular cross-section, ηa and ηc are the steel and concrete amplification
factors, λ is relative slenderness, Ncr is the critical compression load on the column, and E
and I are the elastic modulus and moment of inertia. In the same context, the AISC360-16
code [35] permits the use of either the permissible stress design or the limit state method, as
given in Equations (10) and (11) where the N0 is the plastic strength of the column section.
The outcomes of both codes were employed to find a relation between the results obtained
from the codes and the ones obtained from NLFEA regarding the LWCFST columns.

NAISC = N00.658
N0
Ncr (10)

N0 = PP = Aa fy + 0.85Ac fc (11)

The outcomes obtained from AISC360-16 [35] indicated that the ratio between the
actual values and the predicted ones was in a range between 0.994 and 1.157 (averaging
1.067), with a coefficient of variation (COV) of 0.041. These numbers indicated a conser-
vative prediction, as this code’s predictions were acceptable for the LWCFST columns,
taking 7% as an average difference to be on the safe side. As for EC4 [29], the ratio between
the actual and predicted readings was between 0.716 and 1.081 (averaging 0.880), with
a COV of 0.145. The readings of EC4 [29] were not conservative by any means, with
an average of 12%. Further, the average predicted value of EC4 [29] for short columns
was 0.738, for medium columns was 0.857, and for long columns was 1.046. The code
EC4 [29] gave un-conservative estimations for both short and medium-column samples,
as they were overestimated by 26.2% for short columns and 14.3% for medium columns.
Considering the long column samples, the predicted values of EC4 [29] were conservative,
averaging around 4.6%. The reason behind this variation in estimations was the impact of
the column’s length on the confinement’s performance, adding to the composite section’s
characteristics, mechanically and geometrically. The differences were highlighted between
the code predictions and the NLFEA results in Figure 10, while the detailed numerical data
are presented in Table A2 (Appendix A).

Observing Figure 10 reveals that significant differences appear between the NLFEA
and the code predictions (AISC and EC4). However, it was found that the AISC360-16 [35]
overestimated the axial compressive strength of CFST columns infilled with lightweight
concrete, which indicates that the reduction safety factor requires an increase. In contrast,
the EC4 [29] predictions approximately underestimated the axial strength with some of the
cases being accurately addressed. Therefore, it could be stated that the utilization of the
AISC360-16 [35] to predict the LWCFST column strength is safer in practical applications
where the safety requirement is a major concern in such sensitive members.
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7. Conclusions

This study was carried out to investigate the behavior of circular LWCFST (lightweight
aggregate concrete-filled circular steel tube) columns under axial compressive loads nu-
merically using the NLFEA approach. In light of the obtained results, the following have
been concluded:

1. The utilization of the CFST columns has a direct positive effect on the columns’ com-
pressive strength, toughness, and ductility where concrete is poured inside hollow
steel tubes of finite thickness with the ductility being further improved by the utiliza-
tion of lightweight concrete.

2. Short CFST specimens (L/D = 3) with small tube thickness (D/t = 36) have a smooth
descending branch in the load–deflection curve after their maximum compression
strength is reached, while specimens with larger tube thicknesses (D/t = 21) do not
show any descending behavior where failure occurs suddenly.

3. Columns with medium slenderness (L/D = 6) experienced a combination failure
mode between the local and global buckling, where local buckling occurs mainly for
the short columns.

4. CFST columns with a length-to-diameter ratio exceeding nine and a small steel tube
thickness behave similarly to the medium slenderness column where the failure was
a combination of the local and global buckling. In contrast, larger tube thicknesses
(D/t = 21) experienced global buckling failure.

5. Providing steel tubes to the conventionally utilized RC columns increases their com-
pression capacity, with the behavior being preferable for thin steel tubes of both long
and short columns. In addition, increasing the compressive strength of the used
lightweight concrete further improves their structural behavior. In contrast, CFST
columns with a medium length-to-diameter ratio had their maximum capacity with
thick steel tubes.

6. The predicted compressive strength capacities of the LWCFST columns given by
AISC360-16 were conservative, with a difference percentage reaching 4% from the
values provided by the NLFEA. On the other hand, the estimations of EC4 were not
conservative, with a 12% difference percentage.
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Appendix A

Table A1. NLFEA column’s designation and results.

Column f′c, MPa L/D D/t ∆u, mm Pu, kN K, kN/mm EA, kN·mm DI CI PI

C30LD3Dt36 30

3

36

21.08 726 257 14,385 2.534 0.911 2.309

C40LD3Dt36 40 18.48 777 365 13,568 2.340 0.837 1.960

C50LD3Dt36 50 16.45 819 389 12,908 2.213 0.774 1.712

C60LD3Dt36 60 13.83 867 423 11,275 2.183 0.729 1.591

C30LD3Dt31 30

31

18.95 864 340 15,387 3.419 1.004 3.434

C40LD3Dt31 40 16.62 925 483 14,513 3.209 0.933 2.993

C50LD3Dt31 50 14.79 975 515 13,807 3.008 0.868 2.612

C60LD3Dt31 60 12.43 1031 559 12,060 2.909 0.823 2.394

C30LD3Dt26 30

26

15.45 1116 539 16,207 4.540 1.168 5.302

C40LD3Dt26 40 13.55 1194 765 15,287 4.278 1.099 4.702

C50LD3Dt26 50 12.06 1259 815 14,542 3.806 1.034 3.936

C60LD3Dt26 60 10.14 1332 886 12,703 3.740 0.988 3.695

C30LD3Dt21 30

21

11.61 1473 947 16,551 5.123 1.541 7.896

C40LD3Dt21 40 10.18 1576 1345 15,611 4.827 1.451 7.003

C50LD3Dt21 50 9.06 1662 1432 14,850 4.433 1.365 6.049

C60LD3Dt21 60 7.62 1758 1556 12,972 4.221 1.304 5.504

C30LD6Dt36 30

6

36

19.33 666 215 12,096 1.601 0.836 1.338

C40LD6Dt36 40 16.95 713 306 11,408 1.479 0.768 1.135

C50LD6Dt36 50 15.08 751 326 10,853 1.390 0.709 0.986

C60LD6Dt36 60 12.68 795 354 9480 1.344 0.668 0.898

C30LD6Dt31 30

31

17.38 806 293 13,156 2.237 0.936 2.095

C40LD6Dt31 40 15.24 862 416 12,408 2.108 0.870 1.833

C50LD6Dt31 50 13.56 909 443 11,804 1.923 0.810 1.557

C60LD6Dt31 60 11.40 962 482 10,311 1.843 0.767 1.415

C30LD6Dt26 30

26

14.17 1031 465 13,724 2.854 1.078 3.078

C40LD6Dt26 40 12.43 1103 661 12,944 2.690 1.015 2.730

C50LD6Dt26 50 11.06 1163 704 12,314 2.470 0.955 2.358

C60LD6Dt26 60 9.30 1230 765 10,756 2.352 0.912 2.146

C30LD6Dt21 30

21

10.64 1369 842 14,101 3.298 1.432 4.723

C40LD6Dt21 40 9.34 1465 1196 13,300 2.972 1.348 4.005

C50LD6Dt21 50 8.31 1544 1274 12,652 2.753 1.268 3.490

C60LD6Dt21 60 6.98 1634 1383 11,052 2.662 1.211 3.225
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Table A1. Cont.

Column f′c, MPa L/D D/t ∆u, mm Pu, kN K, kN/mm EA, kN·mm DI CI PI

C30LD9Dt36 30

9

36

18.29 630 193 10,831 1.178 0.791 0.852

C40LD9Dt36 40 16.04 674 274 10,216 1.116 0.727 0.738

C50LD9Dt36 50 14.27 711 292 9718 1.090 0.671 0.607

C60LD9Dt36 60 12.00 752 317 8489 1.088 0.632 0.561

C30LD9Dt31 30

31

16.44 760 265 11,739 1.465 0.883 1.294

C40LD9Dt31 40 14.42 813 377 11,073 1.353 0.820 1.110

C50LD9Dt31 50 12.84 857 402 10,533 1.280 0.764 0.977

C60LD9Dt31 60 10.79 907 436 9201 1.263 0.724 0.914

C30LD9Dt26 30

26

13.41 980 431 12,344 1.854 1.025 1.901

C40LD9Dt26 40 11.76 1048 612 11,643 1.740 0.965 1.679

C50LD9Dt26 50 10.47 1105 652 11,076 1.633 0.908 1.482

C60LD9Dt26 60 8.80 1169 708 9675 1.611 0.867 1.397

C30LD9Dt21 30

21

10.07 1306 784 12,733 2.159 1.367 2.951

C40LD9Dt21 40 8.83 1398 1113 12,010 1.964 1.286 2.526

C50LD9Dt21 50 7.86 1473 1186 11,425 1.841 1.210 2.227

C60LD9Dt21 60 6.61 1559 1288 9980 1.780 1.156 2.058

Note: f ′c is the concrete compressive strength; ∆u is the ultimate end shortening; Pu is the ultimate compression
loading; K is the stiffness; EA is the energy absorption; DI is the ductility index (Equation (1)); CI is the capacity
index (Equation (2)); and PI is the performance index (Equation (3)).

Table A2. The NLFEA results versus ANSI/AISC360-16 [35] and Eurocode4 [29].

Column Pu,NLFEA, kN Pu,AISC, kN Pu,AISC
Pu,NLFEA

Pu,EC4, kN Pu,EC4
Pu,NLFEA

C30LD3Dt36 726 734 1.010 528 0.727

C40LD3Dt36 777 772 0.994 556 0.716

C50LD3Dt36 819 842 1.027 606 0.740

C60LD3Dt36 867 894 1.031 644 0.742

C30LD3Dt31 864 866 1.003 624 0.722

C40LD3Dt31 925 927 1.003 668 0.722

C50LD3Dt31 975 1001 1.027 721 0.740

C60LD3Dt31 1031 1042 1.011 750 0.728

C30LD3Dt26 1116 1166 1.045 840 0.752

C40LD3Dt26 1194 1253 1.049 902 0.755

C50LD3Dt26 1259 1284 1.020 924 0.734

C60LD3Dt26 1332 1358 1.020 978 0.734

C30LD3Dt21 1473 1540 1.045 1109 0.753

C40LD3Dt21 1576 1654 1.049 1191 0.756

C50LD3Dt21 1662 1750 1.053 1260 0.758

C60LD3Dt21 1758 1794 1.020 1292 0.735

C30LD6Dt36 666 688 1.034 558 0.837

C40LD6Dt36 713 725 1.018 588 0.824
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Table A2. Cont.

Column Pu,NLFEA, kN Pu,AISC, kN Pu,AISC
Pu,NLFEA

Pu,EC4, kN Pu,EC4
Pu,NLFEA

C50LD6Dt36 751 786 1.046 637 0.848

C60LD6Dt36 795 819 1.030 664 0.835

C30LD6Dt31 806 859 1.066 696 0.863

C40LD6Dt31 862 923 1.071 748 0.867

C50LD6Dt31 909 970 1.068 786 0.865

C60LD6Dt31 962 1003 1.043 812 0.845

C30LD6Dt26 1031 1103 1.070 893 0.867

C40LD6Dt26 1103 1185 1.075 960 0.871

C50LD6Dt26 1163 1255 1.079 1016 0.874

C60LD6Dt26 1230 1287 1.046 1043 0.848

C30LD6Dt21 1369 1505 1.099 1219 0.890

C40LD6Dt21 1465 1547 1.056 1253 0.855

C50LD6Dt21 1544 1651 1.070 1338 0.866

C60LD6Dt21 1634 1721 1.053 1394 0.853

C30LD9Dt36 630 690 1.094 645 1.023

C40LD9Dt36 674 743 1.101 694 1.030

C50LD9Dt36 711 763 1.074 714 1.004

C60LD9Dt36 752 810 1.076 757 1.006

C30LD9Dt31 760 840 1.106 785 1.034

C40LD9Dt31 813 887 1.091 829 1.020

C50LD9Dt31 857 968 1.130 905 1.057

C60LD9Dt31 907 1031 1.137 964 1.063

C30LD9Dt26 980 1086 1.109 1016 1.037

C40LD9Dt26 1048 1165 1.111 1090 1.039

C50LD9Dt26 1105 1262 1.142 1180 1.068

C60LD9Dt26 1169 1345 1.150 1257 1.075

C30LD9Dt21 1306 1511 1.157 1413 1.081

C40LD9Dt21 1398 1570 1.123 1468 1.050

C50LD9Dt21 1473 1699 1.153 1589 1.078

C60LD9Dt21 1559 1774 1.138 1658 1.064
Note: Pu,NLFEA is the NLFEA ultimate compression loading capacity; Pu,AISC is the ultimate compression load-
ing capacity according to ANSI/AISC360-16; Pu,EC4 is the ultimate compression loading capacity according
to Eurocode4.
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