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Numerical Investigation of Cold-Formed Sigma
Sections Subjected to Torsion

Ahmed Gamal, Ali Hammad, Sherif Ibrahim

Abstract— Cold-formed steel sections imposed itself as an economical construction material due it's high strength to weight ratio. The
customizable nature of the cold-formed steel is an added advantage resulted in the ability to form numerous different geometries. Modifying
the conventional Cee section geometry by adding intermediate stiffeners to the web resulted in forming a new geometry which has a superior
behavior against the buckling instabilities. However, the slender and open nature of the conventional cold-formed geometries resulted in a
significant susceptibility to twisting and warping stresses. The purpose of this paper is to investigate the behavior of cold-formed sigma
sections when subjected to torsional stresses. These torsional stresses are induced by either the effect of the first-order eccentric loading or
the effect of the second-order instabilities. First, a finite element model is verified against available experimental data. Then, the verified
model is utilized for a wide range parametric study with torsional loading applied on a range of selected parameters including, geometries,
steel grades, and member lengths. Finally, the ultimate bi-moment capacity is determined by performing a collapse analysis for the

investigated models.

Index Terms— ABAQUS, Bi-moment, Cold-formed steel, CUFSM, Finite element analysis, Sigma sections, Warping.

1 INTRODUCTION

In modern construction industry cold-formed steel (CFS) is
considered as logw-priced materi t could be i
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load without inducing torsional stresses. Inherently open CFS
sections have low warping stiffness, thus these sections are sus-
ceptible to high twisting and warping. For the cases where tor-
sional effects cannot be eliminated, the member has to be de-
signed taking the torsional stresses into consideration. Current
design codes AISI S100 [1], AS/NZS 4600 [2], Eurocodel-3 [3]
and GB 50018[4] implemented provisions to account for the com-
bined effect of torsional and flexural stresses. These provisions
have some limitations, including addressing only the torsional
first yield and ignoring the slenderness in torsion. Sigma section
is not considered as a prequalified section; therefore, collapse
analysis using finite element model is performed to obtain the
nominal bi-moment capacity of the member and finite strip anal-
ysis is performed to obtain the critical buckling bi-moment.
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where; T, is torsional strength, T, is torque at first yield and A

torsional slenderness = (Ty / Tn)o's.

Wan et al. [6] proved that the GB 50018 [4] see (3) is conservative
by carrying out an experimental investigation on the torsional ca-
pacity of cee & zee sections subjected to combined bending and
torsion stresses caused by changing the position of the load rela-
tive to the beam shear center. Cee section failed with section ro-
tation & top flange distortional buckling. Zee section failed with
section rotation, top flange distortional buckling and local buck-
ling in the bottom flange. Fig.1 shows the used test set up.
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where; M, is bending capacity under bending moment only and
B, is bi-moment capacity under torsion only.
Xia et al. [7] developed a simple method to predict the bi-mo-
ment capacity of cold-formed Cee sections by developing a set
of parameters, including yield bi-moment By, plastic bi-moment
By, buckling bi-moment B, and bi-moment strength B, see (4).
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where; fpending max 1S bending stress at the extreme fiber, fpending 15
bending stress at location where combined torsion and bending
stresses are maximum in the cross-section and  fyending torsion 1S
torsional warping stress at location where combined torsion
and bending stresses are maximum in the cross-section.
Eurocode-3- Part 1-3 [3] Considers the torsion effect due to ec-
centric loading by using specific conditions which must be sat-
isfied, see (7).

1.1f,
2 2 Yy
’o-tot,Ed F3. Tt pa <
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where; 0i0e4 15 total longitudinal stresses, calculated on the rel-
evant effective cross- section, Ty 4 is total shear stress, calcu-
lated on the gross cross-section ymo is safety factor.

The purpose of this paper is to use the available leturature to
develop a finite strip model which will be used to capture the
critical buckling mode of the section then a finite element model
will be developed to obtain the internal bi-moment capacity of
the section and a comparison between the yield bi-moment,
plastic bi-moment, critical buckling bi-moment and the internal
bi-moment capacity will be shown in tabulated form.

)

3 VERIFICATION

This stage is intended to verify the numerical model against the
experimental data presented in Wan et al. [6]. The experiment
investigated the behavior of CFS setions when subjected to
combined torsional and flexural loading.

3.1 Element Type

The cold-formed Cee section is simulated using a four-node
shell element having five degrees of freedom, including three
translation and two in-plane rotations (rotation around the
shell normal is excluded to reduce the analysis time). This shell
element type is defined in ABAQUS CAE [8] software as S4R5
shell. This shell element type is suitable to analyze CFS sections
and also permits including of both material and geometric non-
linearity. The elements have an aspect ratio between 0.5 and 2
as recommended by Xia et al [7].

3.2 Loading, Test Set-up, and Boundary Conditions

The beam testing in Wan et al. [6] is done by applying a concen-
trated eccentric load at the middle span of the tested beam. This
load was applied outside the beam web through a special rig.
This rig is designed to transmit the vertical load with varies
range of eccentricities. The load was applied through the verti-
cal arm while the eccentricity value is controlled using the hor-
i i . per Wan et al. [6]. To
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1 plane and free w3

the end sup¥ . The experi-
mental data included testing two different geometries for Cee
section (180X70X20X2.5 and 185X70X20X1.8) the naming of the
test specimen is following the form DxBxdxt, Where D, B and d
are the outer-to-outer depth, flange width, and lip length, t is
the specimen wall thickness. Two different steel grades are in-
troduced, each associated with specific wall thickness. For t =
2.5 mm steel is 345 Mpa and for t = 1.8 mm steel is 318 Mpa.
Based on the fact that the torsional effect is more significant
when the torsional loading is applied to short spans. Two short
spans are investigated (1200 mm and 1500 mm). Three different
eccentricities are introduced to each case (30, 40 and 50 mm).
The geometric characteristics of the modelled beam are illus-
trated in Table 1.
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Fig. 2 Schematic drawing of beam end support
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TABLE 1
Section ~ DXBXdXt spanL (mm) Eccim‘w e
Cosection  180x70x20x25 1200 30
180x70x20x2.5 1200 10
180x70x202. 5 1200 50
180x70x20x2.5 1500 30
180x70x20%2.5 1500 10
180x70x20:2.5 1500 50
185x70x20x1 8 1200 30
185x70x20x1 8 1200 20
185x70x20x1 8 1200 50
185x70x20x1 8 1500 30
185x70x20x1 8 1500 10
185x70x20x1.8 1500 50

The finite element model included vertical load “P” applied at
the mid span. This vertical load is directly acting on the web,
top flange junction. The torsional load is introduced by a pair
of horizonal loads “Q” acting on the upper and lower web to
flange junction and this load is calculated using (8). where “ds”
is the distance between the shear center and the beam web cen-
ter and “e” is the eccentricity applied using the horizontal arm
Fig. 3 shows the applied vertical and horizontal loads.

Q = P(Ds 8 /D

Fig. 3 Load application in the finite element mode

Boundary conditions are applied to the beam ends to ensure
that the nodes are restrained in the section plane, thus the rota-
tion about the longitudinal directions is restrained. To ensure
the validation of the warping free assumption the nodes at the
two ends of the beam are free to move in the longitudinal direc-
tion. To prevent rigid body motion the nodes at the middle span
cross section are restrained against longitudinal movement. Il-
lustration of the modelled beam boundary condition is shown
in Fig. 4.

Fig. 4 Finite element model boundary conditions and
loading

3.3 Material property

The material is modeled using elastic perfectly plastic (EPP)
stress strain curve. Poisson’s ratio, v, is assumed to be 0.3 and
the modulus of elasticity, E, is assumed to be 203 N/mm? as
recommended by Xia et al. [7].

3.4 Geometric imperfections

Simulation of the finite element model to understand the effect
of geometric imperfections (GI) is developed by simulating two
models, one with geometric imperfections and the other with-
out geometric imperfections.

3.5 Finite element verification results

Comparison between test results and collapse analysis is per-
formed and presented in Fig. 5. The comparison reveals a good
agreement between finite element results and the test results
available in Wan et al. [6]. See Table 2 for details. The relations
between the load and the flanges lateral displacement from the
finite element analysis and the experimental data are illustrated
in (Fig. 6 to Fig. 11).
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Fig. 5 Comparison between the experimental results and
the finite element
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Fig. 6 Top and Bottom flanges lateral displacement for
C180x70x20x2.5, L=1500 and e = 30 mm
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Fig. 7 Top and Bottom flanges lateral displacement for
C180x70x20x2.5, L=1500 and e = 40 mm
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Fig. 8 Top and Bottom flanges lateral displacement for
C180x70x20x2.5, L=1500 and e = 50 mm
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Fig. 9 Top and Bottom flanges lateral displacement for
C185x70x20x1.8, L=1500 and e = 30 mm
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Fig. 10 Top and Bottom flanges lateral displacement for
C185x70x20x1.8, L=1500 and e = 40 mm
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Fig. 11 Top and Bottom flanges lateral displacement for
C185x70x20x1.8, L=1500 and e = 50 mm
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TABLE 2
. EXP. ) .
cecion DxBxdxt SPAD L Ecceniricity mote FEA (\\'n‘how_t FEA (with J_mttal
(mm)  e(mm) load (k) initial imperfection)  imperfection)
C-section  180x70x20x2.5 1200 30 243 2594 09367 2391 10163
1200 40 1959 2059 09514 1963  10.9979
1200 50 1937 18.04 10737 1681 1.1522
1500 30 2068 1866  1.1082 1796 11514
1500 40 17.84 152 11736 149 1.1873
1500 50 16.1 134 12014 1286 125194
185x70x20x1.8 1200 30 1418 1652 08583 16.03 10.8845
1200 40 1219 1442 08453 133 109165
1200 50 1108 1245 08899 11.02 1.0054
1500 30 1142 1234 05254 113 1.0108
1500 40 1016  103% 05778 96 10383
1500 50 527 8.84 10486 751 11718
MEAN 0.9992 1.0678
STANDARD DEVIATION 0.1201 0.1155 g

4 PARAMETRIC STUDY

4.1 Parametric study simulation data

The aim of this study is to investigate the torsional bi-moment
behavior, so to develop a case with pure torsional bi-moment at
mid span the v d finite elem
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Fig. 12 Finite element model boundary conditions and
loading

250

—s— Grade 33

Engineering stress Mpa
]
[=]
[=]

—— Grade 50

0 100 200 300 400

Enginesring strain X 10~-4

Fig. 13 Stress-Strain curve for the used materials

The initial geometric imperfection shapes for both local and dis-
tortional buckling cases when the member is subjected to bi-
moment only are determined by using finite strip analysis (see
Fig. 14). The maximum imperfections amplitude is adopted
Xia et al. [7] The
een the with and

ifference in bi-md

ut geometric imperfc@lbns cases is wi

(a)

(b)

Fig. 14 Intial geometric imperfections (a) local buckling, (b) dis-
tortional buckling.

Twenty different cross section sizes are used as shown in Table
3. As recommended by Xia et al. [7] no need to simulate the
beam under opposite torsional moment direction, as the results
are almost the same for both the clockwise and the counter-
clockwise cases.
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TABLE 3
D F t L R S ]
]I) miImn 1Imn min miIn min min min

1600235007 4064 889 258318 254 38735 16 1016

1600235068 4064 889 1.81102 254 271526 16 101.6

1400535097 3556 &89 258318 254 38735 16 889

1400E350x68 3556 889 181102 254 271526 16 8B9

14002350x54 3556 889 143764 254 215646 16 889

1200230087 3048 762 258318 15875 3.8735 16 762

1200E300x68 3048 762 181102 15875 271526 16 762 .

1200E300x54 3048 762 143764 15875 2.15646 16 762

10002300x57 254 762 2.58318 15.875 3.8735 16 60.96

1000Z300x68 254 762 1.81102 15.875 2.71526 16 60.96

1000£300x54 254 762 143764 15.875 2.15646 16 60.96

800X250x97  203.2 63.5 258318 15.875 3.8735 16 50.8

800Z250x68 2032 635 1.81102 15875 2.71526 16 50.8

800Z250x54 2032 635 143764 15875 2.15646 16 308

600Z250x97 1524 635 258318 15875 3.8735 16 381

600Z250x68 1524 635 181102 15875 271526 16 381

600Z250x54 1524 63.5 143764 15.875 2.15646 16 38.1

600Z200x97 1524 508 258318 15875 3.8735 16 381

600Z200x68 1.81102

600E200x54 1.43764

The internal ult e bi-moment
lated from the n longitudinal s
tured as present 9).

Finite strip analy$#was p
ling mode of the sections. The analysis shows that the sections
critical buckling is controlled by the distortional buckling
mode. Finite element analysis was performed to obtain the in-
ternal bi-moment capacity of the beams B, see Table 4 for de-
tails. Results show that the value of By, is between By and Bew
Additionally By is smaller than B, for all cases. By is the yield
bi-moment, B, is the plastic bi-moment, B4 is the critical dis-
tortional buckling bi-moment.

TABLE 4
Section Type Bp By B Buo
1600E3S0%97 Gr50 2506 1.253 28568 1.647
1600EIS0x6S Gr50 1.7535  0.9086 13810 1.011
1400E350%97 Gr50 1.9789 1.056 24816 1.269
1400E350%68 Gr50 13789 07661 12027 0828
1400E350%54 Gr50 10928 06178 07537 0587
1200E300%97 Gr50 12936  0.588 13524 0873
1200E300%68 Gr30 09007 0431 0.6465 0493
1200E300%54 Gr50 07143 03403 04016 0369
1000E300%97 G50 09481 04648 11155 08135
1000E300%ES Gr50 06577 03408 05316 0373
1000E300%54 Gr30 05222 02763 0.3343 0.275
B00E250x97 Gr50 035282 02723 09285 0476
BO0E2S0n6E Gr50 03674 02008 04477 0357
BO0E250x54 Gr50 02905 01632 02807 0173
GOOE2S0xGT Gr50 03225 01854 06015 0323
03356  0.1807
BONZ250x54 02105 0.123
GOOE00x5T 0.7390  0.2367
0.3563 0.163
GOOZ200x54 02244 01085
1600E350x57 1.6494 2.8617 1.28
Gos 1.1537 0.3 13800  0.666
1.3029 2.4891 1.1
1400X350x68 Gr33 0.9072 0.504 1.1995 0.6
14002350x54 Gr33 0.7190  0.4065 0.7520 0.428
1200X300x97 Gr33 0.8511 0.3869 1.3541 0.6407
12002300x68 Gr33 0.5927 0.2836 0.6466 0.365
12002300x54 Gr33 0.4699 0.2298 0.4021 0.2475
1000X300x97 Gr33 0.6238 0.3058 1.1161 0.6123
1000Z300x68 Gr33 0.4327 0.2242 0.5335 0.292
10002300x54 Gr33 0.3436  0.1818 0.3326 0.1965
800X250x97 Gr33 0.3476 0.1792 0.9300 0.36
800X250x68 Gr33 0.2417 0.1321 0.4478 0.199
800X250x54 Gr33 0.1914  0.1074 0.2813 0.137
600£250x97 Gr33 0.2122 0.122 0.6917 0.2584
600X250x68 Gr33 0.1483 0.0901 0.3351 0.1427
600X250x54 Gr33 0.1172 0.0733 0.2103 0.0988
600X200x97 Gr33 0.1690  0.0924 0.7382 0.19
600£200x68 Gr33 0.1167 0.0687 0.3558 0.1215
600Z200x54 Gr33 0.0924 0.056 0.2245 0.0853
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5 CONCLUSION

In this paper, an illustration of the literature on torsional analy-
sis of CFS has been presented. Verification of the FEM against
the available test data is carried out. Wide range parametric
study is conducted using the verified FEM. Geometric imper-
fections, material grade, stress strain behavior, direction of the
torsional moment, buckling, and wide range of cross section
sizes are the main parameters considered in the study. Addi-
tional future work on developing reliable equations describing
the torsional behavior of CFS open sections considering various
boundary conditions is a priority.
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