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A B S T R A C T 

Concrete-filled steel columns (CFSCs) are of great interest in the literature as they 
are capable of carrying higher loads by combining the exceptional qualities of steel 

and concrete. With auxetic materials being introduced to civil engineering applica-

tions, the influence of these materials on CFSCs remains a matter of curiosity. The 

current study implements a nonlinear finite element analysis to evaluate the perfor-

mance of circular CFSCs with six auxetic tubes under axial compression and the pro-

posed numerical model was validated using published experimental data. The effect 
of the auxetic steel tube’s porosity and Poisson’s ratio on CFSCs was examined para-

metrically in terms of ultimate strength using the confined concrete model. Moreo-

ver, the stress distributions of the concrete and the auxetic steel tubes were also thor-

oughly examined. Based on the findings of the analysis, the ultimate load of CFSCs, 

utilising auxetic tubes with the same density and porosity but different Poisson’s ra-

tio, increased proportionally with the increase of auxetic behaviour. When it comes 

to auxetic tubes with different densities and porosities, the influence of the Poisson’s 

ratio of the tubes diminished and the stiffness of tubes became more dominant over 

the mechanical characteristics of columns as the density of the auxetic steel tubes 

increased or decreased. The stiffness of the auxetic tubes reduced as porosity in-

creased, as did the ultimate load of the columns. Additionally, the ultimate loads of 

the auxetic steel tube columns are found to be lower than those of bare steel tube 
columns filled with concrete due to perforations. 
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1. Introduction 

In modern structural industries, novel composites are 
continually being developed and investigated to enhance 
conventional structures’ properties (Lacki et al. 2018; 
Gao et al. 2020). Steel-concrete composite columns are 
the most frequently encountered composite structures 
and many studies have previously demonstrated the 
benefits of employing steel-concrete composite columns 
in civil engineering (Soliman et al. 2013; Duarte et al. 
2016). Concrete-filled steel composite columns are a 
type of steel-concrete composite and take advantage of 
concrete’s excellent compression properties and steel’s 
high tensile strength to exhibit superiority over conven-
tional bare steel columns and reinforced concrete col-

umns (Ellobody and Young 2011; Lacki et al. 2021). The 
confinement of the concrete core by a steel tube leads to 
a tri-axial state of compressive stresses, which improves 
the energy absorption, strength and ductility of the con-
crete. Moreover, the concrete infill prevents inward local 
buckling of the steel tube to a certain extent, thereby in-
creasing the axial load capacity and buckling resistance 
of steel confined concrete columns (Hassanein et al. 
2013; Gupta and Singh 2014; Ma et al. 2019). Even 
though many cross-sections of steel tubes can be used 
such as circular, elliptical, square, polygonal, and rectan-
gular in concrete-filled steel columns, circular tubes pro-
vide the greatest confinement to the core of concrete by 
evenly dispersing stresses along the inward wall of the 
tube (Tao and Han 2006; Liang and Fragomeni 2009; Zha 

tel:444-5-388
fax:+90-442-230-0036
mailto:s.orhan@erzurum.edu.tr
https://doi.org/10.20528/cjcrl.2023.01.001
http://cjcrl.challengejournal.com/
https://orcid.org/0000-0001-6957-2689
https://orcid.org/0000-0002-1357-6039


2 Solak and Orhan / Challenge Journal of Concrete Research Letters 14 (1) (2023) 1–9  

 

et al. 2013; Wang et al. 2022). The performance of circu-
lar concrete-filled steel columns (CFSC) under varied 
loading situations has been examined experimentally 
and numerically by researchers. Schneider (1998) con-
ducted an experimental and analytical study to investi-
gate the mechanical performance of compression loaded 
concrete-filled circular and rectangular steel tubes. The 
confinement of the concrete, as well as the effect of the 
steel tube cross section and the wall thickness of tubes 
on the ultimate strength were addressed in this study. 
Huang et al. (2002) studied the parametric analysis of 
concrete-filled columns with and without tie bars in 
terms of ultimate strength and ductility utilising circular 
and square cross-sections, both experimentally and nu-
merically. Giakoumelis and Lam (2004) investigated 
high strength concrete-filled circular short columns un-
der compression loading while revealing the effect of 
steel tube thickness, bond strength at the interface and 
confinement of the concrete core. They compared exper-
imental values with different existing codes and sug-
gested a coefficient to be used in codes to evaluate the 
influence of concrete confinement. Yu et al. (2008) at-
tempted to investigate the feasibility of combining tubu-
lar steel columns with high strength concrete. In the ex-
periments, specimens with varying cross-sections, slen-
derness ratios, and eccentricity loads were employed. As 
seen in the above studies, the steel tube’s confinement 
effect has a major impact on the axial load capacity, 
which is mostly investigated (De Oliveira et al. 2010). Re-
searchers investigated the confinement effect utilising 
spiral reinforcement (Kim et al. 2020) and steel rings 
(Lai and Ho 2014) due to the lack of perfect confinement 
of the bare steel tube.  

Auxetic structures, which have a negative Poisson’s 
ratio, are worth investigating with their exceptional fea-
tures in various fields. Different geometric shapes and 
designs of auxetic structures have been offered in the lit-
erature to enhance their mechanical performance 
(Orhan and Erden 2022a, 2022b). One of the most com-
mon geometric shapes in auxetics is tubular structures. 
Because of their energy absorption capabilities, shear re-
sistance, and bending resistance, auxetic tubulars are the 
most suitable structures for multidisciplinary studies. 
Ren et al. (2016) investigated the performance of buck-
ling-induced auxetics experimentally and numerically in 
3D tubular form under tension and compression states. 
Munib et al. (2015) fabricated a novel polymeric auxetic 
bone stent and investigated the mechanical character 
and deformation behaviour to assist alleviation of some 
of the current issues with bone internal fixation systems. 
Ren et al. (2022) experimentally examined the stiffness 
and energy absorption ability of foam-filled auxetic 
tubulars and compared results with finite element anal-
ysis. It has been observed that the interaction between 
the two materials is improved by transferring the axial 
load as lateral pressure to the inner wall of the tube. 
Solak and Orhan (2023) proposed a novel methodology 
to modify peanut-shaped auxetic tubular structures by 
rotating the unit cells by an angle and placing a stiffener 
at the exact centre of the peanut perforations. In this 
study, peanut-shaped tubular structures were numeri-
cally investigated and it was revealed that when stiffen-

ers are used, high auxetic behaviour and high stiffness 
can coexist. Luo et al. (2022) utilised auxetic, non-auxe-
tic, and bare steel tubes to generate concrete-filled com-
posites. In this study, a new methodology was presented 
to improve the interface bonding between concrete and 
steel, local buckling of the steel tube and insufficient con-
finement of concrete.  

Concrete-filled auxetic steel columns (CFASC) clearly 
appear to be leading a new trend in the literature. In the 
above study (Luo et al. 2022), it was demonstrated that 
employing the auxetic tube increased the confinement 
effect of concrete, and the findings were promising when 
compared to the non-auxetic encasement. The lack of 
studies in the literature on the mechanical behaviour of 
CFASCs with different Poisson’s ratios and porosities has 
led to such a need. Therefore, in this study, it is aimed to 
adapt peanut-shaped perforated auxetic steel tubular 
structures to CFSCs to perform parametric analysis by 
using the finite element method. The mechanical charac-
ter of the columns was examined under compression ac-
cording to different parameters. Three distinct models 
with the same porosity, different negative Poisson’s ra-
tios and three models with different porosities were in-
vestigated and the findings were compared in terms of 
ultimate strength. 

 

2. Materials and Method 

2.1. Material properties of confined concrete  

Since the column is loaded axially, the concrete infill 
expanded laterally and was restricted by the exterior 
steel tube. This confinement causes an increase in the 
strength and ductility of the concrete (Zhang et al. 2019), 
as shown in Fig. 1. Based on existing literature (Kedziora 
and Anwaar 2019), the constitutive stress-strain rela-
tionship and relevant parameters of confined concrete 
were derived by adapting the Drucker-Prager plasticity 
model. 

For circular sections enclosed by steel tubes, Mander 
et al. (1988) proposed the following equation:  

𝑓′𝑐𝑐 = 𝑓′𝑐𝑜 ⋅ (−1.254 + 2.245 ⋅ (√(1 + 7.94 ⋅
𝑓𝑟𝑝

𝑓′𝑐𝑜
) − 2 ⋅

𝑓𝑟𝑝

𝑓′𝑐𝑜
))  (1) 

where 𝑓′𝑐𝑐  is the compressive strength of confined con-
crete, 𝑓𝑟𝑝 is the confinement pressure and 𝑓′𝑐𝑜  is the un-
confined strength of concrete. The compressive strain in 
concrete 𝜀𝑐𝑜  can be determined using the information 
provided by Eurocode 2 (CEN, 2004) as follows:  

𝜀𝑐𝑜 = {
0.7 ⋅ 𝑓𝑐𝑚

0.31 → (0.7 ⋅ 𝑓𝑐𝑚
0.31) < 0.0028

0.0028 → (0.7 ⋅ 𝑓𝑐𝑚
0.31) ≥ 0.0028

 (2) 

where 𝑓𝑐𝑚  is the mean value of the concrete cylinder 
compression strength. An empirical confinement pres-
sure formula is provided as below using experimental 
findings by Hu et al. (2003):  

𝑓𝑟𝑝 = 0.3111 ⋅ (
𝐷

𝑡
− 2)

−1.027

⋅ 𝑓𝑦 (3) 
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where 𝑓𝑦  is the yield strength of the steel tube, 𝑡 is the 
thickness of the steel tube and 𝐷 is the outer diameter of 
the tube. Based on the study of Xu et al. (2010), the ulti-
mate residual compressive stress, 𝑓′𝑐𝑢 , can be calculated 
as follows:  

𝑓′𝑐𝑢 = {
𝑓′𝑐𝑐 ⋅ (

0.1⋅𝑓𝑦

𝑓′𝑐𝑜
)

0.1

→
𝐷

𝑡
≤ 40

𝑓′𝑐𝑐 ⋅ (
0.1⋅𝑓𝑦

𝑓′𝑐𝑜
)

0.1

⋅ (𝛼 + 1(1 − 𝛼) ⋅ 𝑒(−
𝐷

40.𝑡
−1)) →

𝐷

𝑡
> 40

  (4) 

where 𝛼 is an empirical parameter. Based on the paper 
of Hu et al. (2005), the ultimate residual compressive 
strain 𝜀𝑐𝑢 can be defined as follows:  

𝜀𝑐𝑢 = 11 ⋅ 𝜀𝑐𝑐 (5) 

where 𝜀𝑐𝑐  is the compressive strain in the confined con-
crete. The tensile strength 𝑓′𝑡  of concrete can be ex-
pressed using the equation below:  

𝑓′𝑡 = 0.56 ⋅ (𝑓′𝑐𝑜)0.5 (6) 

Based on the study of Kupfer et al. (1969), the biaxial 
compressive strength 𝑓𝑐𝑐𝑏  can be estimated as below:  

𝑓𝑐𝑐𝑏 = 1.16 ⋅ 𝑓′𝑐𝑐  (7)

 

Fig. 1. Mander’s stress-strain relation (1988) for both confined and unconfined concrete.

In this study, the uniaxial compressive strength, the 
biaxial compressive strength, and the uniaxial tensile 
strength values of Drucker-Prager and isotropic param-
eters of confined concrete were calculated using the 
above methodology and experimental data provided by 
Huang et al. (2002). Table 1 shows the concrete data uti-
lised in the validation and parametric study, and these 
values are introduced to ANSYS for all models to perform 
nonlinear finite element simulation. 

2.2. Design of the auxetic steel tubes and composite 
columns  

When designing auxetic tubular structures, the form 
of the perforation is crucial since it affects the mechani-
cal behaviour of the structure. Therefore Wang et al. 
(2020) presented a novel auxetic structure to minimise 
excessive stress concentration and provide improved 
auxetic behaviour. Peanut-shaped unit cells are em-
ployed to generate auxetic tubular structures and the ge-
ometric parameters of unit cells are shown in Fig. 2. 

Here, the small circle radius, the large circle radius, unit 
cell side length, distance between small circles and wall 
thickness of unit cell are represented as 𝑅𝑠, 𝑅𝐿 , L, d and t, 
respectively. 

 

Fig. 2. Geometrical configuration of auxetic unit cell.

Table 1. Material properties of confined concrete. 

Drucker-Prager plasticity parameters Isotropic material parameters 

𝑓′𝑐𝑐 (MPa) 𝑓′𝑡 (MPa) 𝑓𝑐𝑐𝑏 (MPa) 
Unconfined compressive 

strength (MPa) 
Modulus of elasticity 

(MPa) 
Poisson’s 

ratio 
Density 
(kg/m3) 

33.68 2.92 39.07 27.15 24668 0.2 2400 
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Within the scope of this study, a total of six models 
were considered. Three have different unit cell lengths 
and the same porosity, while the other three have the 
same unit cell length and different porosity. In naming 

the models, auxetic steel tubes and composite columns 
were denoted by the letters T and C, respectively. The ge-
ometric details of unit cells used in steel tube modelling 
can be seen in Table 2. 

Table 2. Dimensional properties of the unit cells used in auxetic steel tubes. 

Tube name 𝑅𝑠 (mm) 𝑅𝐿 (mm) L (mm) d (mm) t (mm) 

A1T 9 12 60 30 5 

A2T 7.5 10 50 25 5 

A3T 4.5 6 30 15 5 

B1T 4.5 6 30 15 5 

B2T 3 4 30 10 5 

B3T 2.5 5 30 8 5 

All CFASCs are designed with a height of 300 mm, an 
outer diameter of 195.98 mm and a wall thickness of 5 
mm by using SolidWorks software. All types of column 
are filled with concrete with a diameter of 185.98 mm 
and following the experimental study by Huang et al. 
(2002), CFSCs are clamped between two support plates, 
as seen in Fig. 3. 

 

Fig. 3. Illustration of CFASC models. 

The material properties of the steel tube enclosing the 
concrete were determined using the experimental data 
of the study of Huang et al. (2002), as seen in Table 3. 
Since the axially loaded concrete-filled steel tube was 
subject to high plastic deformation, isotropic hardening 
was also included in the analysis. 

Table 3. Isotropic material properties of steel. 

Yield strength 
(MPa) 

Modulus of elasticity 
(GPa) 

Poisson’s 
ratio 

Density 
(kg/m3) 

265.8 200 0.3 7850 

2.3. Finite element simulation and verification  

Numerical models of CFSCs were created using the 
Static Structural module of ANSYS 2022. In the analyses, 
eight-noded hexahedral elements with three transla-
tions of freedom at each node were employed for the 
concrete core and support plates, while four-noded tet-
rahedral elements were employed for all steel tubes due 
to the complex geometry of the auxetic steel tube. Based 
on several attempts to estimate an appropriate element 
size that provides a low computing time with relatively 
accurate results, the average mesh size was chosen as 10 
mm for the concrete core and support plate and 2 mm 
for the auxetic steel tubes. The average “skewness” val-
ues of all components were also taken into account in the 
mesh study and kept constant between 0.2 and 0.3. Fig. 
4 depicts the mesh discretisation of the finite elements 
used for CFASCs. 

 

Fig. 4. Mesh discretisation of finite element model. 

The interaction between concrete and steel was de-
fined as frictional contact, and the coefficient of friction 
was determined as 0.6 in a direction tangent to the inter-
action face based on a study in the literature (Han et al. 
2007). In addition, the bonded contact was employed to 
simulate a connection between the support plates and 
the steel tube. The axial load was gradually applied to the 
top plate, while the bottom plate was restricted for all 
rotations and translations. The main methodology of 
loading and boundary conditions is visualised in Fig. 5. 
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Fig. 5. Boundary and loading conditions of columns.  

The mechanical characteristics of CFSC were com-
pared with the experimental study of Huang et al. (2002) 
to confirm the accuracy and validity of the aforesaid nu-
merical procedure. The CFSC used in the experiment has 
a height of 600 mm, an outer diameter of 200 mm and a 
steel tube wall thickness of 5 mm. For the finite element 
analysis of the validation model, the experiment’s con-
crete and steel material properties and loading condi-
tions were adopted by using abovementioned numerical 
method. At the end of the validation analysis, the load-
deflection graph was produced, and ultimate compres-
sive strength was calculated, and finally the findings 
were compared with the experimental results, as shown 
in Fig. 6. It can be seen that the load-deflection curve ob-
tained from the finite element analysis and the curve ac-
quired from the experiment are in agreement. While the 
ultimate compressive strength of the numerical analysis 
was 1953 kN, the ultimate compressive strength of the 
experiment was 2013 kN, with a relative error of 2.98%.

 

Fig. 6. Comparison of load-deflection relationships between FE simulation and experiment.

3. Results and Discussion 

The ultimate load capacities of CFSCs modelled with 
different auxetic steel tubes were studied under axial 
compression. The Poisson’s ratios and porosities of the 
auxetic tubes were determined as variable parameters 
and their effects on the mechanical behaviour of CFASCs 
were investigated. Firstly, models with different Pois-
son’s ratios were designed without changing the poros-
ity of the tubes to investigate only the direct effect of the 
Poisson’s ratio on the mechanical behaviour of the col-
umns. It was permitted to utilise different geometric pa-
rameters (𝑅𝑠, 𝑅𝐿 , 𝐿, 𝑑 ) to achieve the same porosity. The 
auxetic tubes with unit cell lengths of 30, 50 and 60 mm 
were created and the porosity of tubes was determined 
as 65.5%. Furthermore, The Poisson’s ratios (𝜈𝑥𝑦) were 
calculated using Equation 8 with the data taken from the 
outermost points of the centre of the models, as shown 

in Table 4. The A3T model, which has the largest unit cell, 
had the highest Poisson’s ratio, while the A1T model had 
the lowest Poisson’s ratio with the smallest unit cell. 
From these results, it can be seen that as the unit cell size 
increases, the Poisson's ratio decreases and these find-
ings are compatible with the results of Zhang et al. 
(2021).  

𝜈𝑥𝑦 = −
lateral strain

longitudinal strain
= −

𝜀𝑥

𝜀𝑦
 (8) 

Table 4. Poisson’s ratio of auxetic steel tubes. 

Tube name L (mm) Porosity Poisson’s ratio 

A1T 60 0.655 -0.8308 

A2T 50 0.655 -0.8492 

A3T 30 0.655 -0.8601 
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Fig. 7 illustrates the load-deflection graph generated 
from the finite element analysis of models with identical 
material parameters, load-boundary conditions, and 
varying Poisson’s ratios. The graph shows that there is a 
relation between the auxetic behaviour and the column’s 
load carrying capacity. The greatest ultimate load of 
1078.4 kN was achieved by the A3C model, while the 

lowest ultimate load of 1037.7 kN was obtained by the 
A1C model and the A2C model had a 1044.5 kN ultimate 
load. The conventional bare steel column has the same 
volume as the CFASC, however the bare steel column had 
a higher ultimate load of 1473.3 kN. As a result of their 
porous nature, auxetic steel tubes are inferior to bare 
steel.

 

Fig. 7. Comparison of load-deflection relationships of A1C, A2C, A3C and bare steel models.

The A3C model exhibited the highest ultimate load 
among auxetic tubes with the same porosity, as shown in 
Fig. 7. Hence, further analyses were performed to thor-
oughly examine this structure. Therefore, the auxetic 
tube model with cell length L=30 mm was redesigned us-
ing different geometric parameters (𝑅𝑠, 𝑅𝐿 , 𝑑  ) without 
changing the unit cell length (𝐿) with varied porosity, 
and their response to axial compression was examined. 
The Poisson’s ratios were calculated using the approach 
described above. In addition, the auxetic structures’ 
force-displacement curves were generated, and stiffness 
values were calculated using the slope of these curves 
due to changes in the porosity of the auxetic tubes. In Ta-
ble 5, Poisson’s ratios and stiffness values of auxetic steel 
tubes with different porosities are given. The highest po-
rosity was seen in the B1T model, where the distance be-
tween the two circles was the greatest. As can be seen, as 
the distance (d) decreases, the space in the unit cell de-
creases and the structure has low porosity. Steel tubes 
with greater porosity exhibited more auxetic behaviour 

and lower stiffness values. The B3T model had the max-
imum stiffness value while exhibiting the least amount 
of auxetic behavior. 

In Fig. 8, load-deflection curves of CFASC models with 
different tube porosity are shown. Here, although the 
B3C model showed the lowest auxetic behaviour, it had 
the highest ultimate load of 1630.7 kN. The B1C model 
with the highest auxetic behaviour had the lowest ulti-
mate load of 1078.4 kN, while the B2C model had an ul-
timate load of 1516.9 kN. Furthermore, with increased 
porosity, the B3C model with a higher ultimate load than 
conventional bare steel was obtained. The graph shows 
that the influence of the Poisson’s ratio on the ultimate 
load of models with varying porosity is nondominant. 
The ultimate load of the columns created by various po-
rosities is dominated by the stiffness properties of the 
auxetic steel tubes. In short, whereas high porosity 
causes low stiffness and high auxetic behaviour, low 
stiffness is the primary factor in the decrease in ultimate 
load.

Table 5. Poisson’s ratio and stiffness values of auxetic steel tubes. 

Tube name L (mm) d (mm) Porosity Poisson’s ratio Stiffness (kN/mm) 

B1T 30 15 0.655 -0.8601 8.6 

B2T 30 10 0.293 -0.3215 427.5 

B3T 30 8 0.216 -0.1021 802.2 
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Fig. 8. Comparison of load-deflection relationships of B1C, B2C, B3C and bare steel models.

Within the scope of this research, the deformation 
modes and stress distributions of the structures were 
also studied. The maximum and average von Mises stress 
values of CFASCs under axial compression are given in 
Table 6, and the von Mises stress distributions are illus-
trated in Fig. 9. Since concrete has a positive Poisson’s 
ratio, it tends to expand transversely under compres-
sion, and steel tubes with a negative Poisson’s ratio 
counteract this to some extent. When loading was com-
pleted, the transverse expansion tendency of the con-
crete was dominant, causing transverse expansion in the 

auxetic steel tube. As a result of this expansion, high 
stresses were seen around the peanut perforations in all 
of the auxetic tubes with values between 367.34 MPa 
and 377 MPa. The average von Mises stresses at the con-
crete in all models were around 34 MPa. While the aver-
age von Mises stresses at the steel in the A1C, A2C, and 
A3C models were close to each other, this average stress 
value increased with porosity in the B1C, B2C and B3C 
models. Although B1C and bare steel had the same vol-
ume, the average von Mises stress of bare steel was 
higher.

Table 6. von Mises stresses of CFASCs. 

von Mises 
Stress (MPa) 

 A1C A2C A3C B1C B2C B3C Bare Steel 

Average 
Concrete 34.2 34.3 34.4 34.4 34.4 34.6 34.9 

Steel tube 210.6 208.9 212.3 212.3 297.7 301.1 357.3 

Maximum 
Concrete 53.8 69.5 56.7 56.7 58.2 56.7 54.9 

Steel tube 377 368.7 367.3 367.3 376.5 376.6 377 

4. Conclusions 

In this study, the mechanical behaviour of concrete 
filled auxetic steel columns with a circular cross-section 
was investigated under the effect of axial compression. 
The finite element simulation was validated with the 
help of experimental results and the confirmed simula-
tion was used to conduct a parametric study by using dif-
ferent geometric parameters of auxetic tubes. As a result 
of the parametric study, six distinct models were de-
signed and examined, with the main parameters consid-
ering the Poisson’s ratio and porosity of auxetic steel 
tubes. From the analyses, load-deflection curves and ul-
timate load capacities of all models were obtained. More-

over, the stress distributions of the concrete and the aux-
etic steel tubes were also thoroughly examined. A num-
ber of implications can be drawn from the findings of this 
study: 
 The mechanical behaviour of concrete-filled auxetic 

steel columns can be estimated with the proposed fi-
nite element model with high accuracy and low time 
loss. 

 Auxetic tubes with different Poisson’s ratios and the 
same porosity have a significant effect on the ultimate 
load capacity of the columns as they encase the con-
crete core proportionally with the Poisson’s ratios. 
Thence, steel tubes having a high auxetic tendency en-
hances the column’s ultimate load. 



8 Solak and Orhan / Challenge Journal of Concrete Research Letters 14 (1) (2023) 1–9  

 

 

Fig. 9. Comparison of maximum von Mises stress  
distribution for all models.  

 When porosity is considered as a variable parameter, 
the Poisson’s ratio is no longer the determining factor, 
but instead stiffness is. When examining auxetic tubes 
with varying porosities, high porosity causes a low 
stiffness, which in turn decreases the ultimate load of 
the auxetic columns, while low porosity induces high 
stiffness and ultimate load. 

 The ultimate loads of auxetic steel tube columns are 
lower than those of bare steel tube columns filled with 
concrete due to perforations. Nonetheless, further op-
timisation and parametric research can be conducted 
by developing new auxetic forms that yield superior 
outcomes to conventional concrete-filled columns. 
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