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Abstract: Concrete filleccold-formed steetoncrete composite columazhibitimproved strength and
ductility characteristics due to its ability to resist inward buckling as well as thelaytward buckling.
Though concrete infill prevents inward buckling, outward buckling still limits the steel section from
reaching its yield sength.From the past studies, it is observed thaintroducingof web stiffenersn
crosssectionof steel section may improve its buckling resistantiee present study focuses on
assessing the effect of longitudinal stiffeners on the behaviosqguafe cold-formed steetoncrete
compositecolumnsfor the various slenderness rar{@e1 to 0.4Yhrough experimental and numerical
studies Conventionally, the integrity of hollow tube cross sections is ensured by welding or by rolling
process during thenanufacturing. Welding process cannot be adopted invithited cold formed
sections since it may lead to higher degree of imperfectiorthis study, the desiresuarecross
sections were formed from flat stesheetard overlapped usingelf-tappingscrews An intensive
numerical analysis was carried dayt varying stiffener angle as 9@2@, and 141 andthe buckling
curvesfor plain and profiled sectiongere presentedt is concludedhat the axial compressive strength

of plain and stiffened coposite sections is almost equal, attributed to the inability of cortcreéach

its maximum stress due to stress concentration at the stiffeners' edges. The buckling reduction factor of
stiffened composite columns showed higher values in the higherestersd range, indicating the
positive effect of the stiffeners.

Keywords:Composite Columns; Colfbrmed steel; Stiffeners; Local Buckling; Experimental tests;
Nonlinear FE Analysis

1. Introduction

The extensive use of thimalled members in constructionadustries is mostly due to their high
strengthto-weight attributes and superior fabrication versatility. Primarily;rbbéd steelsections are
used forsteelconcretecomposite structurgd]. However, nowadays coldrmed sections are begin to
replace the hetolled sectionsdue to their inherent advantag@$. The composite columns especially
hot rolled sections are made by two techniques, one is encased stee| aadtitve other i€oncrete

Filled Steel Tubular(CFST)section. When comparing these two techniquescahéinemenieffectin
CFST sectiorhas proven beneficial to withstand larger gravitational loads than its count@jpart
Rahnavard et al. (2022) have studied the behaviour column at four different cross sectionarghapes
found that steel component withstardgher compressive strength when it is used in composite column
than bare steel colunjd] Evirgen et al, 20145] have studied the behaviour of column with vas
crosssectional shapes like Circular, hexagonal, rectangular and square sections and found that circular
section outstands althe major limitation obquare and rectanguleoncrete filled composite sections

is its inability to withstand the outward buckling of steel tufgs[7] which waswitnessed in cold
formed compositeolumnsalso[8]. Ge & Usami, 199haveincreased the performance of square and
rectangular column by adopting different stiffening schg¢@jesluang et al. (2002) proposed a set of


mailto:senthilr@nitt.edu

four steel bars at regular spacing along the tube axis and it found to increase both strength and
ductility[10].

Tao et al(2005) presented the improvement of ductile behaviour of stiffened composite stub columns
with various methods as shown in fig.l1] Their research showed that although all different stiffening
methods have potentials to improve the ductility of the stiffened stub columns to some extent, adding
fibres to concrete is the most effective and reliable measurement in ingréasductility capacity

Nassirnia et al. (2015) studied the effect of corrugation in delaying the local buckling of hollow
columns, and it exhibited better compressive strength and energy dissipation It was found that the
ductility increases with the mber or width of inner stiffenef42]

Usually, in hot rollednembersstiffeners can be directlyeldedto the sectionHowever, such practice

is not feasible fothin-walled sectioras it may lead to generation of residual stressegeochetrical
imperfection.Hence stiffeningcan be achievelly corrugating thdlat sheet The corrugation shape
provides continuous stiffening which permits the use of shieets A corrugatedsheetscan easily be

bent in one direction, whereas it retains its rigidity in the other direction. Fabrication costs for elements
with corrugated panels are normally lower thamstelementswith additional stiffeners.

Thus, the present study aims to evaluate the effectiveness of corrugatiareb stiffenein the load
carrying capacities of cold formed steel hollow column and cold formed steel concrete composite
column.The square cross section was adopted since it would be difficult to make circular section in
cold formed steelThe square columns were tested for two conditions with and without stiffeners (ie)
column made of flat and corrugatédt sheetrespectivelyA parametrical study was also carried out

by adopting various changes in corrugatidhe flat sheets were bent and formed as sgsecton

using seltapping screwdn this study, specimens were tested for with witbout stiffener condition

in three dfferent slenderness randeéumerical studies were done for various stiffeners and appropriate
buckling curvefor various slenderness rangere presented.
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(a) Unstiffened Specimens (b) stiffened specimen with one stiffener on each face (c) stif
specimen with two stiffeners on each face (d) stiffened specimen with binding bars af
stiffened specimens with anchor bars

Fig. 1. Stiffening schemes proposed by Tao g3l

2. Experimental Study

2.1 General



An experimental program comprising 36 specimens was undertakeretmutethe concentric axial
load carrying capacity of square cdtirmed plain steel columns (without stiffeners), efddned steel
profiled columns (with web stiffeners), celdrmed steel plain composite colummasid coldformed
profiled composite columns. The effectivenessmiinderinvestigatecdconnection system using self
tapping screws is also evaluated in this study.

2.2 Test Specimens

The column dimension adopted for the experimental study was 100b@®mm The columns were
tested for two different systemswith and without stiffeners. The stiffeners were introduced in the
form of intermediate bends the crosssectionas the most appropriate method to stiffasidformed
sections Three differenslenderness were selected to study the complete behaviour of the column. The
nomenclature adopted Besentedn Table 1. The first letter in the nomenclature S, I, L stands for
Short, Intermediate and Long columns. The letters that follow, NP stanasf@rofiledsections, and

Steel sheet
- 60 65 415 &
65 lj T o
0 a
Flat profiled 5
Steel beam <
2 | (
: 100 : o
L, <
(a) Plain Section | (b) Profiled Section |  (c) Elevation of specimen
All dimensions are in mm
Fig. 2 Crosssection details of the specimens

P stands for Profiled sections. The letter S at the end of nomenclatuiefsta®teel only column, and
C stances for Composite column. The creastional dimensions of the plain and profiled specimens
are shown in Fig. 2.

Table 1: Details of the specimen

Hollow Composite

Type Plain Profiled Plain Profiled

Length (mm) 500 1500 2000 | 500 1500 2000 | 500 1500 2000 | 500 1500 2000
Nomenclature SNPS INPS LNPS|SPS IPS LPS | SNPC INPC LNPC|SPC IPC LPC
KL/r 12.62 37.86 50.48 | 12.84 38.52 51.36| 15.30 45.90 61.20 | 15.35 46.04 61.39

0.011 0.032 0.042 | 0.012 0.034 0.044| 0.022 0.193 0.344 | 0.026 0.229 0.387

2.3 Materials



2.3.1 ColdFormed Steel

CFSsteel of 1.6 mm thickness was used for the fabrication of the specimens. Coupons of dimensions
complying with the ASTM Standards in Building Colde] were extracted from the steel plate. The
tensile coupon test specimens were extracted byitieecut electrode discharge machining (P In

this method there is no physical stress applied on the material and it does not produce any feed marks
on it. The material is disintegrated by the spark generated from electrically charged molybdenum wire.
This disintegrated material is further cedland flushed by a dielectric fluid. This phenomenon happens
over thousands of times per sec¢bfl]. The tensile coupon tests were conducted to record the yield

and ultimate stresses and the modulus of the elasticity. The average values gained from the test are
listed in Table 2.

Table 2: Coupon Test Results

Parameter Value

Yield Stress 165 MPa
Ultimate Stress 304 MPa
Young's Modulus  2.1*10° MPa

2.3.2Concrete

Selfcompacting concrete was adopted to ease the process of concrete placement and to avoid
irregularities. The mix design that gives the desired strength of 30 MPa was achieviiieaheee

trials (9 specimensys per IS 51616] and IS 1026717] standards. The cube specimens were tested
statically after seven days tonfirm concrete strength, and the rest were tested after 28 days of curing.
The details of the tests are tabulated in Tabl&Hg difference between the results can be due to
workmanship and material quality.

Table 3: Compressive Strength Test of Cortere

Cube Strength (MPa)

S. No.
7 day 28" day
1. 22.8 36
2. 29.6 37.8
3. 34.6 34.5

2.4 Connection

In general, welding is not desirable when the thickness of the plate is less thda&mas itcreates
imperfections and may even lead to the melting of plates. Hence, a novel systennection using
selftapping screws is introduced to avoid welding. The-tsgiping screws can be easily drilled into

plates of lesser thickness, while it holds the plates together through the groves made by it when it is
drilled. The dimension ohe screwwas5mm diameter and 45mm in length. The screws capacity was
assessed by a single lap shear test, as shown in Fig. 3, and its behaviour is shown in Fig. 5. From the
Single lap sheaest, the ultimate capacity of the screw is found to be 6.9ki.adopted spacing also
ensures that the connections do not fail before the specimens yield and satisfying the minimum edge
distance conditions.
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2.5 Specimen Preparation

The encasing steel tubes wertd formedinto the desired shape, overlap@adl connected with self

tapping screws. For the composite specimens, SCC concrete was poured into the steel tubes. The
concrete was filled in three or four layers (depending on the sample's height), manually compacted with
a tamping rod. Each concrete déaywas prepared with at least twefitye strokes. The upper surface

was levelled, and the samples were kept aside for curing for 28 days.

2.6 Experimental Seip

A hydraulic pump was used to apply the axial load on the specifleasupport conditisassumed
were pinned, and it was achieved by providing two hinged plates on both sides of the column. The
behavioural responses of the specimens were recorded using dial gauges. Fig. 6 shows the experimental

setup.
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Fig. 6 Test setup for axial compression test of columns

2.7 Results and Discussion
2.7.1 Failure Behaviar

From the experimental investigations, it was found that all plain hollow sections (SNPS, INPS and
LNPS) failed by local buckling, SF8iled by local buckling while global buckling was initiated in the
case of IPS and LPS sectidd9]. The provision of stiffeners increased the lgadying capacity of
hollow columns remarkably by 23.3%, 21.3%, and 19.9 % in short, intermediate, and long columns
respectively

The prominent mode of failure observed in the case of compositeesiwvas the crushing of concrete.
Crushing of concrete was found to limit the column strength in the case of profiled composite columns
compared to the plain composite columhke selftapping screws remained intact till the failure of
columns and hendecan be considerdtiat they provide rigid connection.

3. Analytical Studies

Design philosophies proposed by some of the prominent codes are used to estimate the axial strength
of the test specimens.

3.1 Hollow Columns

BS 59505:1998[20] and AISI S10016 [21] code provisions are used to determine the axial strength
of hollow columns.

3.1.1 BS 5956:1998



For sections symmetrical about both principal axes or closed-ectisns which are not subject to
torsional flexural buckling, or braced against twisting, bluckling resistance under axial loBg, may
be obtained from the following:
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Pcsis the short strut capacit®,, ; L #g ¢ i 2

Aerr is the effective crossectional areaPy is the design strengti®e is the minimum elastic flexural

buckling loadPe :T%‘,AE is the modulus of elasticity;is the moment of inertia of the cressction

about the critical axid;e is the effective length of the member about the critioas; Ris the Perry
coefficient, such that:

forﬁf” =0
a
Ay

for 2> 20, 8= 0.002(>-20)

wherer is the radius of gyration of the gross crgsstion corresponding .

The effects of local buckling should be considered in determination of the design strength and stiffness
of cold formed members. This may be accomplished using effectivesgotsnal properties which
are calculated on the basis of the widths of indizidtiements.

In the case of elements which are adequately supported on both longitudinal edges, i.e., stiffened
elements, the effective width of the element should be taken as composed of two equal portions, one
adjacent to each edge.
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wheref is the compressive stress on the effective elerpgiis;the local buckling stress of the element
given by:
P 6
2yl rdrv - I—>p 3)

whereK is the local buckling coefficient which depends on element type, section gedngethe
material thickness. The effective cresectional are@erris computed frondes.
3.1.2 AISI S1006

For the effective width method, the nominal axial strength (resistadgefor local buckling shall be
calculated in accordance with the following:

2L #gH (s Q2% g 4)



whereF, is the global column stres&; is the effective area calculatedstitess, Pne Is the nominal
strength considering yielding and global buckling.

By the strength determination criteria, the effective width, b, shall be calculated as follows:
>L éHS (5)
wherew is the flat width, ! is the local reduction factor:

=1 when

1= 2?4860 \vhen >0.673

where is the slenderness factor §—U , fis the compressive stress in element considé&wgds the
oY %

minimum critical buckling stress of the cressction:
(ah G— 7 .C2 (6)
a 565? -; &’

wherek is the plate buckling coefficienk = 4 for stiffened elements supported by a web on each
longitudinal edgeE is the modulus of elasticity of ste¢lis the thickness of uniformly compressed
stiffened element, LV WKH 3RLVVRQYV UDWLR RI VWHHO

The nominal axial strengttPne, for yielding and global (flexural, torsional and flexutafsional)
buckling is computed as follows:

%ol #u(a (7
whereAy is the gross are&;, is the compressive stress:

(éL@é(WZ"A(i IRU”1.5
(a L @%—_”A(‘. IRWU> 1.5

where = i , Fyis the yield stress;ce is the least of the applicable elastic global (flexural, torsional
aybp
and flexuraltorsional buckling) stresses:
_ © Yy
Fcre— éi‘?l/ﬂ (8)

For a concentrically loaded compression member with a closedection that is made of steel with a
specified minimum elongation between three to ten percent, inclusive, a reduced radius of gyration
(R)*r shall be used when the value of the effectivgleKL is less than 1%L .

wherel, is the length at which local buckling stress equals flexural buckling stress:

Lek Es 9)

iy x

wherer is the radius of gyration of unreduced cresstion about axis of bucklirfg is the reduction
factor:

réaw.

45 L r&WE
Sdb. 4

(10)



For the profiled sections, the area of cresstion and second moment of area is modified accordingly.

The results obtained are tabulated in Table 4. It is found that both code provisions are in good agreement
with the experimental test resulBS 5950is more compatible with the experimental results than AISI.

It states that the selfpping screw connection can be used to makefooitded steel tubular sections

to utilise the full capacity.

Table 4: Comparison of experimental and analytical resultsabiow columns

Specimen KL/r Test(kN) | BS 59505 | AISIS10016 | Test/BS | Test/AlSI

(kN) (kN) 59505 S10016
SNPS 12.62 0.011 90.8 85.1 82.8 1.07 1.10
INPS 37.86 0.032 86.2 81.9 78.7 1.05 1.09
LNPS 50.48 0.042 84.6 79.4 76.16 1.06 1.11
SPS 12.84 0.012 112.3 105.6 105.0 1.06 1.07
IPS 38.52 0.034 104.6 101.6 97.2 1.03 1.08
LPS 51.36 0.044 1015 98.3 92.6 1.03 1.06
Mean 1.05 1.085
SD 0.017 0.019
CV% 1.59 1.72
2.94 3.08

L V -RiRdgpsional slenderness ratio, KL/r is Effective Slenderness rasdhe reliability index, CWo isthe coefficient

of variation in percentage, SD is the Standard Deviation.

3.2 Composite Columns

The existingdesigncodes do not incorporate any design guidelines for-tmrlded steel composite
columns, neither for axial nor for eccentric loading. Hence, design guidelines aboolidwsteel
concrete composite columns are employed herein to calculate the appeosixlt strength for
columns with coleformed steel. The existing codes account only for the section with a higher thickness
that does not undergo any local bucklif®2]They consider only the nominal compressive strength of
the sections. Thdesigncodes based on composite columns used in the present stUENE 36016

[32] and EC4 [30].

3.2.1 AISC 3646

The design compressive strength of doubly symmetric axially loaded encased composite members
shall be determined for the limit state of flexural buckling based on member slenderness as follows:

I .
For & Qtaw
B
%2 L2gsFr&awm G (11)
B, oy
For & Ptéaw

Zlrayy (12)
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where Peis the elastic buckling load.

7 L . . .
P. = /;bN NA.is the area of concret, is thecrosssectional area of steel sectiiais the modulus
of elasticity of concret&leris the effective stiffness of composite section:
‘ool eheEated % ob (14)

C. = coefficient for calculation of effective rigidity of an infilecomposite compression member:
#.E #.5
% L rawE u%%Qr@ (15)
U

Es is the modulus of elasticity of steél, is the specified minimum yield stress of steel sectgg,s

the specified minimum yield stress of reinforcing bhis,the moment of inertia of the concrete section
about the elastic neutral axis of the composite sedtimthe moment of inertia of steel shape about
the elastic neutral axis of the composite sectigris the moment of inertia of reinforcing bardsoait
the elastic neutral axis of the composite sectlons the effective length factot, is the laterally
unbraced length of the membdr; = KL = effective length of the membef;.is the specified
compressive strength of concrete.

3.2.2 EN 1994-1

As per EN 19941-1 the plastic resistanc®p, of the crosssectionis the summation oits plastic
resistance and is calculated from the below mentioned formula:

2 L #o(0E Uh,T@B, 5 E# Bep (16)

whereA,, AcandAs are the areas of the steel section, the concrete and the reinforcing steel respectively.
fy, foae fsk are the yield strengths of the steel section, the characteristic compressive strength of the
UHLQIRUFLQJ VW ktreBgth ddaffieidr fddanénet€ which is 1.0 for concrete filled tubular
sections, 0.85 for encased and rectangular sections. For slender columns with low elastic critical load,
overall buckling may be critical. Thus, increase in the slenderness will decrease the capaeity of th
column. EC4 has illustrated nalimensional slenderness curves from which the capacity of the
composite column can lestimatedThe code also limits the deptdrthickness ratio for local buckling

avoidance in the sectiol W Owhere (L §6—(:4, fyis the yield strength of the steel section in NAnm

The adoptedlendernessatisfies the abovementioned condition. The reduction in the capacity due to
slenderness is taken care by shmensional slenderness ratiSThe reduced capacit, is calcuated

by 2 L 17 2:where i is the reduction factor due to column buckling and is a function of the non
dimensional slenderness of the composite column.

AISC extends the design method of steel columns to CFT columns. The yieldfgtcddbé steel tube

and0.85 £ of the infilled concrete are used to determine the nominal axiatdéaaying capacity, and

then local buckling is considered based on the slenderness of the columns. EC4 considers the composite
action between the filledooicrete and the steel tube. The axial toadying capacity of the CFT
columns is calculated by adding the contributions of the steel tube and the concrete core, and the
increase in concrete strength caused by confinement is considered for the conerete co

Table 5 gives a comparison of experimental and analytical reduits experimental results obtained

are significantly higher than the results predicted by the methodology proposed in the Tbdes.
indicates that the models used in these desigascdd not accurately account for the composite action

of these members. AISC extends the design method of steel columns to CFT columns. The yield stress



(fy) of the steel tube an@l85 t of the infilled concrete are used to determine the nominal ax&d lo
carrying capacity, and then local buckling is considered based on the slenderness of the columns. EC4
considers the composite action between the filled concrete and the steel tube. The agalyoagl

capacity of the CFT columns is calculated byiagdhe contributions of the steel tube and the concrete
core, and the increase in concrete strength causdtelmpnfinement is considered for the concrete

core. These expressions given in the code provisions are somewhat conservative, and they should be
modified accordingly to get the full advantagetu composite behaviour.

Table 5: Comparison of experimental and analytical results of composite columns

Specimen KL/r Test AISC 360-16 | EC4 (kN) | Test/AISC | Test/
(kN) (kN) 360-16 EC4
SNPC 15.301| 0.022| 413.3 356.05 344.12 1.16 1.20
INPC 45.904| 0.193| 396.7 321.72 309.94 1.23 1.28
LNPC 61.205| 0.344| 375.1 294.37 284.99 1.27 1.32
SPC 15.35 | 0.026| 394.9 353.24 340.23 1.12 1.16
IPC 46.04 | 0.229| 378.2 320.06 307.36 1.18 1.23
LPC 61.39 | 0.387| 360.2 293.61 282.79 1.23 1.27
Mean 1.198 1.243
SD 0.055 0.058
CV% 4.583 4.680
3.48 3.63

is non-Dimensional slenderness ratio, KligrEffective Slendernegstio, is the reliability
index, C\b isthe coefficient of variation in percentage, SD is the Standard Deviation.

4. Reliability analysis

Reliability analysis was performed to evaluate relative reliability of codal guidelines for
performedests. The analysis was performed as recommendédrth American Specificatiofor the
design of cold formed steel structural membé&re reliability index was calculated using the equation
17. The parameter®m, Fn, Vm, Vi, were assumed as 1.10, 1.00, 0.10, and 0.05 respectreety
determined by statistical analysiBn, is the mean value included in the table 4 anditte coefficient
of variation of test results were lower than toele specifiedvalue Hence the minimum as specified
in the codeD.065was adopted. The coeffamt of variation of load effect ¥/was taken as 0.21 for
LRFD. The calibration coefficient (& was taken as 1.5As per NAS2016, he correction factor (§
was taken a8.7 since three specimens were tested &@hegariation The resistance facto®)(was
taken as 0.85 as recommended in 15880

, 24/3(3625 %p
UL (17)
§8° E8ZE 85 E 88




The target reliability index was taken as.3uben the reliability of tested specimeasmore than 3.0
indicates the occurrence highly reliable predicted value.

5. Numerical Modeling and Validation

A numerical modelling framework was developed in conjunction with the experimental data to conduct
a parametric study. Finite elemeifE) models were developed for each of the specimens tested
experimentally. In this work, the commercial E@&ftware packge (ABAQUS) is employed to develop

the computational models.

5.1 Parts and Meshing

The proposed FE model consists of pants:steel tube and concrete. The galfping screws were not
modelled since it was considered as a ragpdtinuousconnectionsimilar to welding) The dominant
deformation in the concrete core is compression without rotation. Hemode®l reduced integration

brick elements with three degrees of freedom per node (C3D8R) would be the most effective element
to reflect the concrete dmimation characteristic®3]. 4-noded reduced integration shell elements
(S4R) with six degrees of freedom pewde have been used for the steel sed@dh After mesh
convergence studies (Fig. 7), a mesh size of 10 mm was adopted, givibig nediults in minimum
computational time. The geometry of the assembly was defined by creating instances of part and then
positioning the instances relative to each other in a global coordinate system.

5.2 Loading and Boundary Conditions

A reference poin(RP) was created at the centre of the end section; the steel and the concrete nodes
were tied to this point using rigid body constraints as shown in Fibhi8 constraint eliminates the

need for endplates in the model, in this way the load and thelaouconditions were applied directly

to this reference point. All the degrees of freedom except the displacement at the loaded end along the
loading direction wereestrainedr simulating the pinned boundary condition.
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Fig. 7 Mesh convergence studgsults Fig. 8Load and boundary conditions applied to RP
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5.3 Material Properties
5.3.1 Steel Tube

An elastieplastic stresstrain model was employed for the steettion. The material is considered
isotropic and homogeneous. While defining the material property, the nominal stress and strain values
are converted to trugtress and logarithmic plastic strain using Eq8) éhd (D).

&aed €aaSEVsaa (18)
Y4

G L Z3SE Vigy F—2t? (19)

Where E is Young's modulus.

The plastic stresstrain curve provided in ABAQUS is shown in Fig. 10.
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5.3.2 Confined Concrete

The equivalent stresstrain diagram for confined concrete under compressive loading, as shown in Fig.
11, is used in the proposed FE model. This approach is similar to the one adopteabbgy and




Young [9]. The maximum concrete stress and corresponding strain were estimated by the following
equations.

B4 BEGBR (20)
Ybd BIsE Q—%p (21)

:KHUH HF VWUDLQ FRUUHVSRQGLQJ wdenffiffy dpeQsGre avhd\iteW DV
concrete core. Meanwhile, the constants k1 and k2 were set as 4.1 and 20.5 based on the studies of
Richartet al. (928)[25] The stressstrain relation up to fcc, ecd was defined by the following
HTXDWLRQ ZKLFK ZDV D PRGR6LFDWLRQ RI VDHQ]TV

) Y (22)
b i TP
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44 Fs; s 2
P S (23)
4 Fs;b 0 4,
4y L =2 (24)
4
CL Bo (24)
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And Riand 4 were set equal to 4 as suggestedelyi and Murray (1979)27]. The stress strain
relationship after® s Yywas assumed to be linear, withdefining the stiffness degradation.

The material parameters used in defining the nonlinear compressive behaviour of the concrete fill are
given in Table 6. After establishing the uniaxial stresain diagram for agfined concrete in both
compression and tension, the concrete material behaviour can then be defined in AB£spO®n

in Table 6.

Table 6 Concrete damage model parameters

Dilation Angle Eccentricity o b K Viscosity Parameter
37.1 0.1 1.162 0.7255 0
5.4 Analysis

An Eigenvalue buckling analysis was first carried out from the linear perturbation step. In the nonlinear
analysis, the stiffness matrix was updated periodically (for every iteration of every load increment)
based on the current deformed @haf the structure. The stiffness may change from increment to
increment due to Pelta effects, large displacements and materiatlimaarity. The ultimate load
capacity of the structure was also obtained from the analysis.

5.5 Initial Imperfections

The initial imperfection of the specimens was included in the-fEdtbction analysis using the
*IMPERFECTION option available in ABAQUS. In this study, the shape of the initial local



imperfections was assumed as the first buckling mode shape obtaineth&@igenvalue buckling
analysis. The *CONTACT PAIR option is used to simulate the interaction between the concrete infill
and steel walls. These surfaces were tied using a tie constraint option, and the buckling analysis was
carried out. Thus, the eigerua analysis from this model was used to obtain the first buckling mode
shape. The magnitude of the initial imperfection was taken as 0.006w (w width of the column) or the
local buckling mode and L/1500 (L length of the column) for the global buckling magb®sed by

Dubina et al[28].

5.6 Contact Properties

The interaction between the steel and concrete was modelled using the *CONTACT PAIR option and
surfaceto-surface contact type. This contact requires a pair of surfaces named master and slave surfaces
to be defined. To reduce numerical errors, the slaffacishould belong to a softer material and have

a finer mesh than the master one. Therefore, the outer surfaces of concrete were set as master surfaces
whilst the inner surfaces of steel tubes were set as slave surfaces. The normal behaviour between the
master and slave surfaces was simulated by the "hard" contact, which allows for separating the two
surfaces after contact. The tangent behaviour between the two surfaces was simulated by the Coulomb
friction model with a friction coefficient of 0.229].

5.7 Comparison with Experimental Results

The numerical models deloped were able to accurately predict the axial load behaviour of the columns
in conjunction with the experimental results.

5.7.1 Hollow columns

L & G are Local and Global buckling failures respectively

Fig. 12 Comparison of experimental arn Fig. 13 Comparison of experimental ar
numerical behaviour of Hollow Plain Column| numerical behaviour of Hollow Profiled Colum




The failure mode of columns observed during numerical analysis was also sintitat teported
experimentally. For the plain sectiorlscal buckling was observed in shanttermediate antong
hollow plain columns (Fig 12)n Fig. 13, the stiffener in the profiled section changed the failure mode
into a combination of local and ddal buckling. The inclusion of stiffeners increases the axial load
carrying capacity of hollow section§he loaddisplacement curves obtained from experimental and
numerical analysis are compared, and a close agreement was observed {Fiys. 14
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5.7.2 Composite Columns

Fig. 19 and Fig. 20 compare the deformed shape predicted by the numerical analysis and the deformed
shape obtained from experimental studies. The stress distribution on steel and concrete for plain and
profiled sections are shown in Fitj7 and 18. There is a nomiform variation of stress in steel of plain
section varying between 14¥Pato 184MPa. This leads to local buckling of the steel in plain composite
sections. However, due to the stiffeners, profiled sections developed uniform stress of 187MPa
throughout the length and uniformed across the esest8on. As a result, a higher axiaad was
expected to be taken by the profiled section compared to the plain sections. The concrete in plain
sections reached a stress value up to 33MPa. However, the stiffeners in the profiled column created
regions of stress concentration near the edgesing the maximum stress that concrete caalsist.

The load taken by the concrete section was less in the case of profiled sections when compared to the
plain section. Consequently, the total axial load taken by the profiled and plain compositescotas

similar. The loaddisplacement curves are as in Figs231

S, Mises
SNEG, (fraction = -1.0)
{Avg: 75%

Fig. 17 Stress Distribution on Steel




1
S, Max. Principal {Abs)

L, G & C are Local, Global buckling failures and Crushing of concrete respectively

Fig. 19Comparison of experimental and numerical behaviour of Composite Plain Colum

Fig. 20Comparison of experimental and numerical behaviour of Composite Profiled Colur
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5.7.3 Strength Index

A parameter called Strength Index (Rl}] is used to evaluate the effect of different parameters on the
load-bearing capacity of composite columns.

54 Oe g
(HoE B *)

Wheref: is the characteristic compressive strength of concleis,the concrete areAs is the area of
steel, andy is the yield strength of steel tube.

The bar chart in Fig. 24 depicts the Sl values of the columns analysed.

Fig. 24 Strength IndeXSI) values and Ductilityndex(DI) values

The profiled section's Sl values were much higher than the Sl values of the plain section in the case of
CFS hollow columns. However, plain and profiled composite sections have almost equal Sl values
indicating that profile does not improve the axial laagbacity of composite columns as it does in
hollow columns.

5.7.4 Ductility Index

To evaluate the effect of different parameters on the ductility of composite columns, a parameter called
Ductility Index (DI)[13] is computed.

D=7 (26)

5

Where @s is the axial strain when the load falls to 85% of the ultimate load@isdhe axial strain
when the load attains 75% of the ultimate load in theppik stage.

DI values of all the sections analysed can be inferred from Fig. 24.



The DI values of botlplain and profiled hollow sections indicate that profiles do not influence the
ductility behaviour of CFS hollow sections. However, composite profiled sections show improved
ductility when compared to the plain sections.

6. Parametric Study

The literature commented on the improved axial behaviour of CFS columns with an increase in the
stiffener angle, stiffener dimensions and stiffener numfetk [30]. Parametric studies were carried

out to assesthe effect ofthe stiffener angles, sizes, and stiffeners on composite columns. The details
of the models adopted for numerical analysis are given in Table 7. Nomenclature CM is used for the
profiled control model with a 120.96ngle. For the other models, the firgtmber indicates the number

of stiffeners. The letter S stands for stiffener. The last number denotes the model number in that
category, H stands for hollow sections and the letter C stands for the composite column.

Short columns with stiffeners of angle@, 90.0 and 141.76(CM, 1S1, 1S2) were analysed to
compare the effect of stiffener angles. For the hollow sections, axial strength was found to increase
slightly with the increase in the stiffener angle. In contrast, reduction in stiffener anglet digem to
influence much, as can lseenfrom Table 7. The Sl against Strain curve in Figs225ndicate that

the profiles with an inclination angle greater than the control model exhibited improved ductility in the
case of CFS hollow columns. Howevall,composite sections showed similar behasauespective

of the stiffener angle.

A few models with varying stiffener width and depth 1S1, 1S3, 1S4 were analysed to study the influence
of dimensions othe stiffeneis on the axial behaviour of column&.slight increase irsl can be noted

in 1S3 and 1S4. There is a noticeable increase in the ductility of CFS hollow columns with the increase
in depth and width of the stiffener. Irrespective of the stiffener dimensions, all composite columns
exhibited sinlar behavious (Fig. 26).

The effect of the number of stiffeners on the axial behaviour of the hollow and compaosite columns was
analysedy comparing CM with 2S1 and 1S1 with 2S2. There was no considerable improvement in the
axial capacity of the columns with an increase in the number of stiffeners. However, a slight
improvement in ductility was observed in both hollow and composite fiffensr models (Fig. 27). It

is found that the axial load carrying capacity of the columiteispendent fothe number of stiffeners
provided in the steel section.

Table 7: Details of models for parametric study

Axial Axial

Cross Stiffener Section capacity capacity Strength
Model . L . . Index
section specifications  Type Analytical  Numerical (SN
(kN) (kN)
Hollow
CM 20 114.048 121.22 1.063
— (CMH)
_ 8 : ;
é?gé)ege | = A composite 44 g1 427.42 1.067
. 2 (CMC) : : :
1s1 Hollow 122.50 130.32 1.063

(1S1H)



Angle ™
=90) * { 8|

20

Composite

(1S1C) 403.30 430.40 1.067
Hollow
1S2 1537 (1S2H) 112.91 122.94 1.088
Angle m] : A Composite
=141.76 N
(152C) 373.70 400.45 1.072
Hollow
1S3 w (1S3H) 122.50 131.97 1.077
Angle ’ Composite
=9¢
(1S3C) 387.94 414.38 1.068
Hollow
i (1S4H) 130.94 142.09 1.085
1S4 |
12
Angle Composite
e (1S4C) 379.104 403.78 1.065
2S1 Hollow
. 20 (2S1H) 122.50 130.43 1.065
ngle = —.
120.96 ’ \ m - )
i — omposite
— (251C) 395.62 424.32 1.072
252
. g(glgl\_’:/ 139.39 149.77 1.075
Angle = ( )
o L BI Composite
(252C) 400.99 428.79 1.069
1.2 1.2
L e . //___.
0.8 0.8 PR
» 0.6 1S1H moe | /e cMmC
04 — - » CMH 0.4 - - - #1s1C
0.2
------------- 1S2H 02 — —-182C
0 0
0 0.5 1 15 2 25 0 2 3
Strain (16°) Strain (16°)
(a) Hollow column (b) Composite column

Fig. 25SI vs Strain curve of columns with varying stiffener angles
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7. Buckling Curve

7.1 Buckling curve from numerical studies

The @mrametric stug wasextended to a wide range of slenderness range fderigéh of the column
varying between 50@mto 5000mm. The reduction factor for bucklin§(P/Py), is plotted against the
nondimensional slenderness ratigs shown in Fig28.

The nondimensional slenderness ratio is evaluated as

Jm:!"‘|

I L

WherePyis the plastic resistance of the section,
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Pe is the elastic buckling loatleris the effective stiffness of composite section.

Profiled composite columns gave higher values of buckling reduction factor in most slenderness ranges,
indicating thathe profiled sections are more effective.

1.2
1 4
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- ' ——EC 4 Profiled
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Fig. 28 Buckling Curve of Plain and Profiled Compos| Fig. 29 Comparison of Numerical and EC4 Buckili
Column Curves

The columns with slenderness up to 0.62 in the case of plain and 0.87 in the case of profiled sections
failed but crushing and bulging out of concrete, while columns in the slenderness rang@.87ar

plain sections and 0.8%1.23 for profiled sections exhibited a combination of crushing of concrete and
global buckling. Columns longer than this range failed by pure buckling. This is depicted in Fig. 30.

(a) Failure by crushing an (b) Failure by the combination ¢
bulaing out of concrete crushing of concrete and glob (c) Failure by global buckling
ging buckling

Fig. 30Failure behaviour of columns belonging to various slenderness range

7.2 Comparison with EC4



A reduction factor$is considered to evaluate the maximum column compressive strength as per EN
1994 1-1]31]. The reduction factor is evaluated as follows:

5
%> ? - 24

T LrawsEUAaFra;?E® (32
Where . is the imperfection factor, considered equal to 0.21 (curve a).

Fig. 29 compares the buckling curve obtained fromREeanaly®s and based on the design strength
predicted by EC4 for plain and profiled columns, respectively. From Fig. 29, the buddinction

factor, $ obtained from numerical investigations showed higher values when compared to the Eurocode
recommendations. It is suggested to conduct a more extensive parametric analysis, in order to propose
an alternative buckling curve for both pland profiled CFS&oncrete composite columns that give

less conservative value and a more economical design.

8. Concluding Remarks

Composite coldormed steetoncrete columns (CFSCs) exhibit improved strength and ductility
characteristics while the introduction of web stiffeners can further enhance their buckling performance.
The coldformed steel tube sections employed in this stwdye formed using sethpping screws, a
technique which is prevalent is sevettalelopedtountries.

This studyfocuses on the effect of stiffeners on the concentric axial load behaviour of composite cold
formed steetoncrete columns with sefédppingscrews.An experimentalcampaignand parametric
studies were carried out tmderstandhe influence of various geometric parameters of the stiffeners
on the composite behaviour of GE8Bncrete composite columns. Buckling curves were developed for
plain ard profiled composite sections by extending the numerical study to various slenderness ratios.

Following, the conclusions asynopsizedelow:

1. Composite columns have almost four times the -adying capacity of bare steel hollow
columns.

2. Selftapping scews provide a gootype of (continuous)onnection in CFS tubular columns.

3. Stiffeners are found to delay local buckling in the case of hollow columns effectively. There
was a significant increase in the leealrying capacity.

4. The use of stiffenersreates many regions of stress concentration on the concrete face. This
limits concrete from reaching the maximum stress. Hence, the profiled columns were found to
have an axial load capacity almost equal to those of their plain counterhenes separat
design guidelines are not necessary

5. The ductility of CFS hollow columns was found to improve with the increase in the angle of
stiffener, deptrand width of stiffener as well as the number of stiffeners, though their axial
capacity was observed to be the same.

6. Variation of parameters associated with stiffeners showed very little or no influence on the axial
load capacity of the CF&oncrete compgite columns.

7. The buckling reduction factor of profiled composite columns showed higher values in the
majority of the slenderness indicating the profile's effectiveness when compared to plain.



This study is aimed to be extended to intermediate and longamta columns. The effect of eccentric

load on the composite columns with stiffeners should also be investigated. Comprehensive parametric
studiesare required tdoe carried out to propose updated buckling curves for both plain and profiled
CFSconcrete omposite columns.
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