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ABSTRACT

Concrete filled stainless steel tube (CFSST) is a composite structure that comprises both the structural steel and
core concrete. A CFSST column has gained prominence from structural engineers all over the world as it provides
sufficient strength and durability to withstand compressive loads. Use of stainless steel in place of mild steel provides
the desired fire and corrosion resistance, as well as aesthetics otherwise a concrete filled steel tube (CFST) would
be unable to. Due to its superior fire and corrosion resistance, stainless steels are used as a structural member in
various constructions. This paper presents a detailed experimental and numerical study on the compressive behavior of
concrete filled stainless steel tubular columns subjected to concentric loading. Hollow stainless tubes are also studied
for comparison. Numerical models are developed using general purpose finite element (FE) software ABAQUS and
have been validated using the experimental data of the present study as well as recently published test results. The FE
models predict the experimental load-deformation behavior, ultimate strength and failure modes with good accuracy.
Once the FE model is validated, the numerical results are compared with the existing conventional carbon steel design
code/guidelines and developed a prediction formula for CFSST columns.
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1.0 INTRODUCTION steel and concrete that the CFSST column inhibits
excellent seismic and fire resistance*. Moreover, the

The use of composite structures dates back to the steel section behaves as the formwork and reduces

eighteenth century in the United States'. A composite
structural member comprising both structural steel
and core concrete has gained tremendous popularity
worldwide due to increased strength and larger
usable space. The Concrete Filled Stainless Steel
Tube (CFSST) is a composite column where the steel
tube, having a rectangular or circular cross-section,
is infilled with normal or high strength concrete. The
local inward buckling being reduced, the concrete fill
inside adds confinement and compressive strength to
the column?. It is because of the composite action of

the cost of labor in the construction phase.

Till date, many researchers have studied the
performance of concrete filled carbon steel tubular
(CFST) columns>%” whereas research on CFSST
columns is still in its early stages. Schneider and
Huang et al. concluded that circular steel sections
in a CFST provide greater post-yield axial ductility
than other sections, namely square and rectangular®’.
The applicability of various codes to determine
the strength of CFST columns has been reported
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by researchers'®. Previously, moment-curvature
response of square CFSST columns was analysed
and reported!". Researchers also reviewed the
performance of CFSST in columns and joints as well
as in bridges'>. The excellent potential of stainless
steels in bridge construction has been investigated
by researchers in the past'*. Numerical analysis is
one of the most popular techniques to study and
predict the behavior of CFSST sections. Number
of studies in the past is done on square CFSST stub
columns and thin-walled stiffened stub columns both
numerically and experimentally!'*!>!¢, However, no
sufficient practical data yet exists to regulate a design
guideline in order to make a CFSST compression
member suitable for structural purposes. Hence,
the paramount objective of the study is to gauge
the behavior of CFSST columns under concentric
axial loads by evaluating the results from property
variations like concrete compressive strength and
geometry of the steel sections. Upon the succession
of which, it will be posible to select a reliable design
guideline that allows the use of CFSST columns in
wider implementations.

In this study, a total of ten CFSST short columns
were tested to investigate their performance under
compressive axial load. Five hollow stainless steel
tubes are also included for comparison. Their
performance due to changes in concrete compressive
strength and steel section geometry were evaluated in
terms of several tests carried out as described in the
sections below. A nonlinear FE model was developed
to simulate the compressive loading conditions on
the column specimens. The results obtained from
the model as well as that from a published literature
were verified against the experimental results. In
the final outset, two of the extensively used design
codes, AISC and Eurocode 4 (EC4), were selected to
predict the CFSST column strength which was then
compared with the strength obtained experimentally
and numerically.

2.0 EXPERIMENTAL PROGRAM

An experimental investigation was conducted to
assess the compressive response, failure mode and
load carrying capacity of CFSST columns. The test
specimens were divided into five groups. Three types
of cross-sections were included in the test series
namely square, rectangular and circular hollow
sections. For the comparison of performances, three

short column tests were carried out for each sections
— two concrete filled specimens with concrete
strengths of 30 MPa and 40 MPa and one hollow
stainless tube.

2.1 Test specimen

Hollow stainless steel tubes were cold-formed
sections cut in accordance with the required
dimensions. Materials, available commercially,
were used in the production of the concrete along
with normal mixing and curing techniques. Stainless
steel sections of Grade 203 was used in this study.
Coupon test for the tensile properties of the stainless
steel and cylinder test for the compressive strength of
the concrete were carried out to monitor the strength
of the constituent materials. Table 1 represents the
dimensions of the specimens and material properties
of concrete and stainless steel, where D is the depth
of the square and rectangular sections and diameter
for the circular sections, respectively. B, t and h
represent the width, thickness of the plate section
and height of the specimens respectively. E_and
E, are the modulus of elasticity of concrete and
stainless steel, f’_is the compressive strength and v
is the Poisson’s ratio of the concrete, 60.2 and cu are
the 0.2% proof stress and ultimate tensile strength
respectively and n is strain hardening exponent of
the stainless steel section.
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Table 1. Measured specimen dimension and material properties

Group Specimens DXtXh B f E, c0.2 E0 n

Name Designation (mm) (mm) (MPa) (MPa) (MPa) (GPa)
Gl S1H 63.5X1.5X190.5 635 - - 470 198 35
S1C30 30 25743 470 198 3.5
S1C40 40 29725 470 198 35
G2 S2H 762X 1.5X228.6 50.8 - - 470 198 3.5
S2C30 30 25743 470 198 3.5
S2C40 40 29725 470 198 35
G3 S3H 762 X 1.5X228.6 76.2 - - 470 198 3.5
S3C30 30 25743 470 198 35
S3C40 40 29725 470 198 3.5
G4 S4H 101.6 X 1.5 X 304.8 50.8 - - 470 198 3.5
S430 30 25743 470 198 3.5
S4C40 40 29725 470 198 35
G5 S5H 101.6 X 1.5 X 304.8 - - - 470 198 35
S5C30 30 25743 470 198 3.5
S5C40 40 29725 470 198 35

UTMm
Top plate

Circular CFS3T column

Bottom plate

Fig 1. Experimental Set-up of CFSST Column

3.0 FINITE ELEMENT MODELLING

The general-purpose finite element program
ABAQUS version 6.14 was used to build a nonlinear
3D FE model to investigate the behavior and strength
of CFSST columns comprising the aforementioned
variety in geometric and material properties. The
stainless steel tube was modeled using four-node
shell elements (S4R) and the concrete was modeled
using 8 node brick elements (C3D8R). Surface-
based interaction with a contact pressure model in
the normal direction and a Coulomb friction model
in the tangential directions was used to simulate
contact between steel and core concrete. Although

there exists a cover of chemically stable chromium
oxide for corrosion prevention of the stainless tube,
the column's behavior is not sensitive to the selection
of friction coefficient between steel and concrete. A
coefficient of friction between the stainless tube and
core concrete was therefore taken as 0.25 for the
current study. The Poisson's ratio of steel and concrete
were considered as 0.3 and 0.2, respectively. The
damage plasticity model available in the ABAQUS
package was used to model the concrete behavior.
The modeling technique proposed in the previous
study was used to model the concrete and stainless
steel16. The technique proposed by another study
was used to simulate the circular CFSST columns.
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FE model of CFSST test specimens was developed.
The load-deflection, as well as failure behavior
obtained from the numerical simulation, were
compared with that of the experimental results. All
the column samples were designed to examine the
behavior for concentric axial loading. A contrast
between the experimental and numerical ultimate
capacities of the samples are also presented in the
following sections.

4.0 VALIDATION OF THE FINITE
ELEMENT MODEL

4.1 Current Experimental and Numerical
Investigation

FE model of CFSST test specimens was developed.
The load-deflection, as well as failure behavior
obtained from the numerical simulation, were
compared with that of the experimental results. All
the column samples were designed to examine the
behavior for concentric axial loading. A contrast
between the experimental and numerical ultimate
capacities of the samples are also presented in the
following sections.

4.1.1 Load-Deflection Behaviour

The maximum axial compressive load and
corresponding strain, as determined from the
numerical model are compared with that of the
experimental data. The load-deflection behavior
of the five groups of CFSST columns tested are
illustrated in Figure 2 which shows that the FE
simulation can predict the experimental results with
good precision. From Table 2 itis seen that the circular
sections exhibit greater capacity both experimentally
and numerically. Also, the hollow sections in each
group shows weaker strength compared to their
counterparts. However, the peak load in G1 samples
are found to vary by about 42% and 9% for the
hollow and concrete filled sections respectively. The
ratio of the experimental to numerical capacities,
Pexp/Pnum ranges from 0.93 to 1.11 and corresponding
coefficient of variation (COV) of 0.06 which
validates the numerical simulation further. Again,
the ratio of the numerical to experimental average
axial strain at peak load, enum/eexp, ranges from
0.940 to 1.07 and the corresponding COV of 0.09 is
observed. Therefore, it is obvious that the FE model
developed in this study is capable of predicting the
ultimate capacity and corresponding peak strain of
CFSST columns with very good accuracy.
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Fig 2. Experimental and Numerical Behaviour of CFSST Column Specimens
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Table 2. Comparison between experimental and numerical analysis CFSST strengths

Peak axial load

Axial Strain at Peak Load

Group Specimens exp um P ]flfepnegl_ Numerical gexp/
Name  Designation (kN) (kN) . Eexp(iie) €num (pe) €num
S1H 137 126 1.09 5578 5526 1.01
Gl S1C30 276 257 1.07 5521 5517 1.00
S1C40 293 289 1.01 6210 5935 1.05
S2H 133 132 1.01 4181 4097 1.02
G2 S2C30 242 254 0.95 4824 4729 1.02
S2C40 266 287 0.93 4773 4767 1.00
S3H 158 171 0.93 4573 4486 1.02
G3 S3C30 391 358 1.09 4736 4809 0.98
S3C40 413 411 1.01 4956 4989 0.99
S4H 132 121 1.09 3345 3451 0.97
G4 S4C30 330 298 1.11 3465 3403 1.02
S4C40 359 340 1.06 3561 3501 1.02
S5H 177 173 1.02 11429 12802 0.89
G5 S5C30 478 444 1.08 12685 13201 0.96
S5C40 552 535 1.03 12278 9250 1.33
Mean 1.03 Mean 1.02
Cov 0.06 Ccov 0.09

4.1.2 Failure Modes

Comparison between the failure modes obtained
from the FE analysis and that of the experimental
observation from the current study were made.
Photographed images of failure modes of the
specimens under concentric axial load were used to
serve the purpose. It was observed that the failure
pattern varied mostly due to changes in cross-section
and slightly due to a change in concrete strength.
The main failure was at the corner due to bulging
out of concrete in rectangular columns filled with

concrete. However, for circular sections, the main
failure was due to buckling. Concrete crushing
prevailed the yielding of the stainless steel during
the experiment. A good resemblance in failure
pattern was found in the developed FE model for
the same loads applied. The typical failure behavior
under the axial compressive load are highlighted in
Figure 3. The failure pattern predicted by the model
presented in the study resembled quite well to that
of the observed experimentally adding more to the
proof of accuracy of the numerical model.

(a) Square CFSST Column

(b) Circular CFSST Column

Fig 3. Failure modes observed from experimental results

MIST Journal of Science and Technology | Volume 7 | Issue 1 | August 2019



Behavior of Concrete Filled Stainless Steel.............

Lt Col Sanaullah, Jesika Rahman, Ibriju Ibrahim and Maj Md. Soebur Rahman

15

Table 3. Geometrical and material properties of the specimens!®

S1

Properties of Concrete

Properties of Stainless Steel

R I N S A~ R
(MPa) (MPa) (MPa) (MPa)
1 S20-50x3-A  51x2.85x150 21795 21.5 0.2 207900 440 8.2
2 S20-100x5-A  101x5.05x300 21795 21.5 0.2 202100 435 7
3 S30-100x3-A 101x2.85x300 27765 34.9 0.2 195700 358 8.3
4 S30-150x3A  152x2.85x450 27765 34.9 0.2 192600 268 6.8
5 SHS1C40  150.5x5.83x450 32084 46.6 0.2 194000 497 3
6 SHS-5-C60 100x4.9x300 34216 53 0.2 180000 458 3.7
Table 4: Comparison between the experimental capacity of specimens'® and numerical capacity
(current study)
SI  Specimens f’ Peak axial load A’;:;E tiig:iat
No- Destgnaton (TP Tp 0N PN PR €m0 €, 00 €5,
I S20-50x3-A 21.5 363 378 0.96 10000 10300 0.97
2 S20-100x5-A 215 1360 1290 1.05 9800 9500 1.02
3 S30-100x3-A 349 764 791 1.06 4630 4900 1.02
4 S30-150x3-A 349 1178 1203 0.98 3700 4000 0.93
5 SHS1C40 46.6 2745 3029 0.91 10000 10000 1.00
6  SHS-5-C60 53 1565 1499 1.04 7700 8300 0.93
Mean 0.99 0.98
Cov 0.06 0.04
Figure 4 represents the numerical capacities predicted — investigation.
by the model as well as experimental capacities of P, .= 0.85A f” +Asfy (1)

the published study'® and the numerical capacity
as predicted by the model generated in this study.
Close agreement in the results is observed between
the published and the current models, respectively.

5.0 COMPARISON BETWEEN CODE PRE-
DICTIONS AND NUMERICAL RESULTS

5.1 Existing Design Codes of Practice

The axial strengths obtained from the test results as
represented in this paper are compared with that of
the codes practiced internationally for the design
of steel-concrete composite members. Two such
codes, the American Specification AISC-2015", the
Eurocode 4 (EC4)* are nominated for the subsequent
study. The American Institute AISC specifies the
same equation to determine the axial capacity for
all composite compressive members irrespective of
geometric varieties in steel sections. As supplied by
the code, the Eq. (1) is used to determine the design
axial capacity of the composite columns under

A and A_ are the cross-sectional areas of concrete
and stainless steel respectively. The f°_is denoted as
concrete compressive strength in MPa and fy as the
yield strength of stainless steel in MPa taken equal
to the 0.2% proof stress. On the other hand, EC4
specifies design regulations for all steel-concrete
composite sections with or without reinforcement.
The code provides equation to predict design strength
for concrete filled tubular columns by taking concrete
confinement into account. The specifications in this
code is for conventional carbon steel tubes which are
assumed to be the same for the stainless steel tubes.
The ultimate capacities of concrete filled rectangular
and square steel tubes (P,.,) are calculated by the
simple summation of the design strengths of concrete
and that of the steel comprised (Eq. 2) provided that
the ratio of section width to thickness is less than or
equal to 52¢ where ¢ = (235/fy)"°. The confinement
factor, however, is only considered in calculating
the capacity of concrete filled circular sections
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) as shown in Eq. (3).

(PEC4 circular

Pres= Al e+ Ay (2)
i b

PEc4 circular = -""HT:. nz - [r"\cfhl.' (14 !U%i }] (3)

Here, D represents the diameter of the circular steel
section and the factors n, and n, are coefficients of
confinement of concrete and steel respectively.

Table 5. Comparison of the strength determined from numerical analysis and design standards.

Group Specimens Pnum PEC4 PAISC Comparison

Name Designation (kN) (kN) (kN) P_/P.., P_/P .

STH 126 138.8 88.8 0.91 1.42

Gl S1C30 257 331.2 184.07 0.78 1.40

S1C40 289 286.2 2153 1.01 1.34

S2H 132 111 88.8 1.19 1.49

G2 S2C30 254 186.4 180.1 1.36 1.41

S2C40 287 197.9 210 1.45 1.37

S3H 171 166.6 106.8 1.03 1.60

G3 S3C30 358 259.6 245.1 1.38 1.46

S3C40 411 370.1 290.4 1.11 1.42

S4H 121 111.1 106.8 1.09 1.13

G4 S430 298 177.9 229.1 1.68 1.30

S4C40 340 191.4 269.1 1.78 1.26

SS5H 173 287.9 222.6 0.60 0.78

G5 S5C30 444 623.8 417.6 0.71 1.06

S5C40 535 689.7 481.5 0.78 1.11

Mean 1.12 1.30

Cov 0.31 0.16

5.2 Comparison with Code Predicted Strength

Table 5 represents the comparison between the
axial capacity obtained from the current numerical
investigation with the design capacity from AISC and
EC4 codes as calculated from Egs. (1), (2) and (3),
respectively. For simplification in datarepresentation,
the design strengths by EC4 guidelines of circular
columns in G5 are denoted as P, in the table. It
is seen that AISC is more conservative than EC4
predicting the design strength. This might be due
to the fact that AISC does not take into account the

effect of confinement of the concrete core by the steel
tube?!. For instance, the design strength predicted by
the AISC, P, ., for group G5 is 6% and 11% less
than that predicted by the numerical load Pnum.
Also, the Pnum is as high as 42% to 60% as PAISC
for column samples in G3. The lesser conservative
nature of prediction by EC4 can be observed in the
table where the P is less than PEC4 by 22% to
40% in G5. Reasonable values are obtained when
the mean and corresponding COV of P, /P, and

P /P . respectively, were compared.
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Fig 4. Comparison of the current FE analysis with the published FE analysis and experimental results'®
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6.0 CONCLUSIONS

Experimental study was carried out on fifteen CFSST
short columns subjected to axial compressive loads.
A nonlinear FE analysis was done in order to predict
the behavior of the columns in the present study as
well as the results published by previous researchers.
The following conclusions can be deduced from this
study:

1. The numerical model can predict the behavior and
load carrying capacity of CFSST columns under
axial compressive loads with very good accuracy.

ii. Keeping all other factors constant, increasing
the strength of concrete from 30 MPa to 40 MPa
increased the ultimate capacity of the columns by
15%.

iii. The existing design codes for CFST columns are
conservative in calculating the strength of CFSST
columns. This is mainly due to the significant strain
hardening of the cold-formed stainless steel tubes
compared to its carbon steel counterpart.
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