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Abstract: Current Direct Strength Method equations computing flexural strength of cold-form members were
reported to be over-conservative when applied to members bent about the asymmetrical axis. Finite Element Anal-
ysis was used to develop new equations. However, the convergence study, which ensures the accuracy of the Finite
Element Analysis result, has not been presented clearly. Thus, this paper performed a convergence study on the
strength problem of channel-section asymmetrically flexural members having the web in compression. 33 cold-
form channel cross-sections utilized in Oey and Papagelis’ study were modeled into ABAQUS to calculate the
elastic buckling moment and the ultimate strength. Two factors affected the accuracy of the models, i.e., the mesh
size, being 5 mm, D/20, D/40, and D/60, and the member length, ranging from 0.3D to 7D, where D is the cross-
section height, were examined. The investigation shows that the seeding method considering the local buckling of
the web is the most justifiable. Therefore, the seed size being 1/40 the cross-section height is suggested. This seed
size is proven to produce results with reasonable accuracy. To avoid the end effect as well as the influence of
incorrect half-wavelength, it is recommended that the member length should be chosen as greater than or equal to
two times the cross-section height, and the lengthier the better.

Keywords: Convergence study, cold-formed, thin-walled, channel section, asymmetrical axis,
Finite Element Analysis, Finite Element Method

NCCIEAOBAHHUE CXOIAUMOCTHU PELIEHUSA 3ATAYU
HECUMMETPHUYHOI'O U3I'MBA XOJIOI'HYTBIX
HIBEJIVIEPOB

I'yii Xoanz By ', Kyox Aux By !, Kao Xynz ®am *
! DakynbTeT rpaXkIaHCKOro CTPOMTENLCTBA, XaHOWCKUN apXUTEKTYPHBIN yHUBEpCUTET, Xanoi, BBETHAM
2 MaKyJbTET rPakIaHCKOTO CTpouTeNbeTBa, Cuaneiickuii yansepeutet, Cuneit, ABCTPAJIUS

Annoranusi: Vcrionb3yemble B HaCTOsIIEE BPEeMsl ypaBHEHHs METO/a PSIMOI OLIEHKH MPOYHOCTH JUIsl OLIGHKH
HecyIeH crmocoOHOCTH MTOBEP)KEHHBIX N3MH0Y KOHCTPYKINH N3 XOJIOAHOTHYTHIX POMWIICH SBISIOTCS CIUIIKOM
KOHCEPBAaTHBHBIMH IIPUMEHHUTEIILHO K KOHCTPYKIMSAM, H30THYTHIM BOKPYT aCHMMETpHUYHON ocH. J{ist mocTpoeHus
HOBBIX YpaBHEHHH OBIJIO HCIIOJIE30BAHO MOAEIMPOBAHNE METO/IOM KOHEUHBIX 31eMeHTOB. OJHAKO HCCIIEJOBAaHNE
CXOJMMOCTH PEHICHHs, KOTOPOE ObI 00eCceunBaI0 HEOOXOJUMYIO TOUHOCTD PE3yIbTaTOB pacyeTa 110 METOY KO-
HEYHBIX JJIEMEHTOB, paHee He OBLIO MPEICTaBICHO B SBHOM BHJE. TakuM 00pa3oM, B TaHHOI paboTe OBLIO mpo-
BE/ICHO HCCJIEJ0BaHNUE CXOMMOCTH PELICHUs 3a/laud O HECYyILEeH CIOCOOHOCTH MPH HECUMMETPUYHOM H3ruode
mBeJIepoB co cxatoi cteHkoil. B ABAQUS 0butn cMoienupoBanbl 33 MOMEePEYHbIX CEUEHUS XOJI0JHO THYTHIX
LIBEJJIEPOB, PACCMOTPEHHBIE paHee B uccienosanuu Odst u [lanarenuca. Belaucisiinch MOMEHT HOTEPH YCTOM-
YMBOCTH B YNPYrod NMOCTaHOBKE M IPOYHOCTH ceyeHHid. Ha ToYHOCTh Mojenell BIusUM /Ba (akropa: pazmep
cetku pazouenust (5 mm, D/20, D/40 u D/60) u jyinna koncrpykrusHoro anementa (ot 0,3D no 7D, rae D - BeicoTa
ceueHusi). MccnenoBanue mokasano, yTo HamOolee ONMpaBAAHHBIM SIBJISETCS Iar pa3OueHHs, MO3BOJIAIOLICH
y4ecTh MECTHYIO TIOTEPIO YCTOHYMBOCTH CTEHKH IBesuIepa. [1oaToMy mpejyiaraetcest HCIoJIb30BaTh pa3Mep CETKU
pa3buenusi, paBHblil 1/40 BBICOTBI CTEHKH. J[0Ka3aHO, YTO TaKOH pa3Mep SYEHKH CeTKH pa30MeHHs TI03BOJISIET T10-
JY4UTH PE3yJIbTaThl C JOCTATOYHON TOYHOCTHIO. UTOOBI N30exkaTh KpaeBbIX AP (EKTOB, a TaK)Ke BINSHUS HETIpa-
BIJIBHOM JJIMHBI ITOJYBOJHBI, PEKOMEH/IYETCsl BBIONPATh JUIMHY AJIEMEHTa OOJIbIIIe WIIM PAaBHOH JBYKPaTHOW BBI-
COTE TOMEePEYHOT0 CeUSHHMS, TP 3TOM UeM OOJIbIIIe JUTHHA, TEM JIyHIIe.

KuaroueBsbie cioBa: VccnenoBanue CXoOAUMOCTH, XOJIOHO THYThIe IPO(QHIN, TOHKOCTEHHBIE TIPOQHIIH,
IIBEJUIEP, OCh CAMMETPUH, KOHEUHO-2JICMEHTHBIH aHaIIN3, METOJ KOHEYHBIX 3JIEMEHTOB
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1 INTRODUCTION

The ultimate strength problem of cold-form
members bent about the asymmetrical axis using
the Direct Strength Method (DSM) is under in-
vestigation due to the finding that the current
DSM analytical equations for the flexural mem-
ber listed in relevant codes, i.e., AISI S100 [1]
and AS/NZS 4600:2018 [2] are over-conserva-
tive for this type of member. Finite Element
Analysis (FEA) is the primary tool for calibrating
the newly efficient equations.

A convergence study is an important step in en-
suring the accuracy of the Finite Element Analy-
sis result. Some studies have been carried out on
many types of problems. For example, a mesh
convergence study was conducted by Hemesh
Patil and P. V. Jeyakarthikeyan (2018) [3] using
ANSYS on the hub of the automotive clutch disc
assembly. Abdulsalam (2021) [4] has investi-
gated the meshing sensitivity of Abaqus/CAE
software to the problem of compact tension spec-
imens. The resultant stresses and strains were dis-
cussed. Aron (2024) [5] analyzed displacement
versus force, stress-strain relationship, maximum
force, and stress for a series of mesh sizes of a
rectangular hollow steel column using ABAQUS.
On the problem of cold-formed steel channels
bent about the asymmetrical axis, Oey and Pa-
pangelis (2021) [6] has utilized a mesh size com-
prising 97 nodes along the cross-section and ex-
truding at 5 mm increments along the longitudi-
nal length of the member. A finer element sizes
were employed at the corners of the channel sec-
tions. The method produced the largest mesh size
of 12 x 5 mm. To avoid the end effect on the in-
stability of the web, the length of the member was
chosen as 5 times the section height. However, no
details about the convergence study were pro-
vided.

To more effectively deal with the mesh conver-
gence problem in Abaqus/CAE, D. H. Vu (2022)
[7] has introduced a method that uses the inte-
grated Python script to refine automatically the
mesh and update the system.

The literature review shows that the convergence
problem of channel cross-section cold-formed
members bent about the asymmetrical axis with
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the compressive web using Finite Element Anal-
ysis has not been discussed clearly. Therefore, it
will be presented in this paper. Python scripts are
a great help to solve a series of analogous prob-
lems with varying parameters.

2 MATERIALS AND METHODS

ABAQUS/CEA 2020 was selected to solve FEA
problems in this study. Its reliability has been val-
idated against the buckling problem of the cold-
formed plain C-section member bending about its
asymmetrical axis [8].

The full 3D shape of plain channel cross-section
simply-supported beams subjected to bending
about the asymmetrical axis having the web in
compression was modeled into the software as a
shell (see Fig. 1). The shell was then meshed into
S4R elements [9, 10]. S4R is a 4-node, quadrilat-
eral, stress/displacement shell element with re-
duced integration and a large-strain formulation.
The mesh density is a factor causing the error of
the FEA result and therefore was taken into ac-
count for the study.

Figure 1. Model in ABAQUS

Member sections are 33 cross-sections utilized in
Oey and Papangelis’s study [6]. Thus, the model-
ing in this study can be verified in Section 3.1 by
the results from that paper.

ABAQUS’s “Rigid Body” constraint combined
with “Reference Point” was used to facilitate the
assignment of loads and support conditions at the
member ends. Research shows that the function
is useful but also results in some errors because it
prevents the edges of plate elements from de-
forming freely [11]. “Rigid Body’s end effect

International Journal for Computational Civil and Structural Engineering



Convergence Study on Asymmetrically Flexural Problem of Cold-Formed Channel Sections

and the influence of member length is the second
subject to be investigated.

To model a simple beam, one end reference
point was assigned a boundary condition elim-
inating the transition in all three directions
(Pinned type, U1 = Uz = U3 = 0), the remaining
point in x- and y- directions (ZASYMM type,
U = Ux = UR3s = 0). All three rotational re-
straints were free. The loads are a pair of oppo-
site-sign concentrated moments applied on ref-
erence points in the cross-section’s symmet-
rical plane (y0z plane) which causes the web to
be compressed. The magnitude of moments is 1
kN.m for the buckling problem. The value of
the critical moment archived from the buckling
problem was then assigned to reference points
in the same process to simulate the load of the
ultimate strength problem.

The Ramberg-Osgood material model was used
which best describes the behavior of high-
strength steel [6, 12]. The grades of steel are
G450, G500, and G550 [13] associated with each
cross-sectional as outlined in [6]. The elastic
modulus £ and the Poisson ratio v are 200000
MPa and 0.3, respectively.

Four seed sizes were investigated in this study.
The first is a fixed size of 5 mm. This seed size
was used by Oey and Papagelis [6] to mesh the
longitudinal edge of the member. In their study,
Oey and Papagelis recognized that the buckling
of the web dominates the behavior of channel
members bent about the asymmetrical axis when
the web is in compression. This phenomenon can
also be seen in Fig. 5. Thus, seed sizes related to
the web width, represented by the cross-section
height D, were considered. They are relative seed
sizes of D/20, D/40, and D/60.

A “Buckle” step of the “Linear Perturbation” cat-
egory was derived from the original one to solve
the buckling problem in the elastic range of ma-
terials. As for the ultimate strength, the “Static,
Risk” step dealing with non-linear analysis was
added. Appropriate values of parameters of the
above steps were carefully selected to ensure the
convergence of problems.

Geometry imperfection [14] was also taken into
account in the ultimate strength problem. The im-
perfection surface adopted the first local buckling
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mode [15] of the web with the largest magnitude
of 0.66¢ [6, 16], where ¢ is the thickness of the
cross-section.

3 RESULTS

3.1 Model’s input validation

First, the correctness of the modeling process was
checked by comparison to the result obtained by
Oey and Papangelis [6]. The member length is
taken as five times the cross-section height ac-
cording to [6].

The term “Similarity” is defined in this paper to
describe how close one value is to another. It is
designated as the ratio between two numbers.
The similarity being equal to unity means that
two values are equal and close to unity means
that one value is in good accuracy compared to
the other.

l Seed size and COV

D/60(0.8)
— —-D/40(1)

------- D/20(1.1)

\‘\‘;\ - == 5mm(l.1)

0,95 1,05

Seed size and COV
D/60(1.1)
— —-D/40(1.1)
------- D/20(2.2)
- = =5mm(1.7)

1,10

b) M,

Figure 2. Normal distribution of similarities to
Oey’s research
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The critical moments M. and ultimate strengths
My of 33 cross-sections were determined using
ABAQUS for four seeding methods. The simi-
larities between these moments and the result
of Oey and Papangelis were computed, where
rer and 1. represent the ratio between two buck-
ling moments and that of two ultimate
strengths, respectively. The probability density
function (PDF) for each case of seeding was
built in a process detailed in Section 3.2. Fi-
nally, these functions were summarized and
plotted in Fig. 2.

The outcome shows that the buckling moments
and the ultimate moments archived from mod-
els in this study are nearly identical to those cal-
culated by Oey and Papangelis. The means of
similarities are very close to 1. The biggest is
1.026 belonging to the D/20 seed size case in
calculating M,. The other means are within 1%
of unity. The corresponding coefficient of var-
iance COV is also small, about 1 to 2 percent.
It means that the models are reliable. Then the
next phase was carried out and presented in the
next sections.

3.2 Mesh density assessment

The convergence study is to compare the results
of one mesh density to those of the next finer
density until the difference between the two ad-
jacent densities is acceptable. Three seed sizes,
D/20, D/40, and D/60, were based on the gov-
erning buckling mode of the cross-section. i.e.,
the local buckling of the web. They establish a
series of similar seeding methods. The mesh
size of 5 mm is of intermediate accuracy and
does not have a solid base. Thus, it is not im-
portant and excluded from the study. The re-
maining three seed sizes form two pairs for
comparison, D/20 to D/40, and D40 to D/60.
Thus, the similarities between the coarser and
the finer (D/20 over D/40, D/40 over D/60) in a
pair will be calculated (it is different from Sec-
tion 3.1 where all the values are compared to
the Oey and Papangelis’s). Intervals were de-
termined and the number of similarities inside
each interval was counted and shown as column
diagrams in Fig. 3. The mean value y, the stand-
ard deviation o, and the coefficient of variation
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COV were computed and listed in Table 1. The
associated probability density functions (PDF)
are also shown in Fig. 3.
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Figure 3. Probability density of ratio between
values in a pair of mesh sizes

Fig. 3a, Fig. 3b and Table 1 show that the effec-
tiveness of meshing methods of D/20 and D/40
are analogous. The mean values are the same and
very close to unity. The COVs are both small.
The maximum error rate is only 1%. Thus, both
mesh sizes, D/20 and D/40, are suitable for the
buckling moment determination.

Table 1. Statistical values in Fig. 3

Item M., M,
Seedzise D/20 D/40 D/20 D/40
n 1.002 1.002 1.019 1.006
0.0020 0.0028 0.0149 0.0064
2 8 7 1
COV (%) 0.20 0.29 1.47 0.64
Emax (%) 1.0 1.0 47 23

For the ultimate moment, there is a big difference
between Fig. 3c, and Fig. 3d. The values in Fig.
3d associated with the seed size of D/40 is more
compact, which means that it is more reliable
than seed size D/20 (Fig. 3¢). The mean value of
seed size D/40 is closer to unity than that of seed
size D/20. The COV and the maximum error of
seed size D/40 are a half smaller than those of
seed size D/20. As for the seed size D/40, its
mean value of 1.006, the COV of only 0.64%, and
the maximum error of 2.3% are all within the ex-
pected range. Therefore, the seed size of D/40 is
suitable for the current problem.
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3.3 Member’s end effect discussion

Three channel cross-sections of C152x64x19x2.4,
C203x76x19x1.9, and C400x125x31x3.2 with a se-
ries of member length to cross-section height ratios
(Iength/height ratio for short) including 0.3, 0.5, 0.7,
1,2,3,4,5,6,and 7 were modeled in ABAQUS us-
ing the seed size of D/40. The elastic buckling mo-
ments and the ultimate strengths were determined
and plotted against the /D ratios in Fig. 4.

It can be observed that the trends of curves concern-
ing three cross-sections are the same for both critical
buckling moment and ultimate strength. In the small
length/height ratio range, i.e., L/D < 1, the end con-
straint causes a large effect on the buckling moment
while having little impact on the ultimate strength.
The end effect fades after the member length ex-
ceeds two times the cross-section height for both
critical buckling moment and ultimate strength with
maximum differences to the values of L/D =7 being
0.88% for the former and 1.1% for the latter.

24 -
—A—C152x64x19x2.4
16 - —O—(C203x76x19x1.9
—— C400x125x31x3.2

Mcr
kN.m
(kN.m) O—O—~0—10

8 .

— " Ay Ay AN

O O——0O O O
0 T T T T T T 1
0 1 2 3 4 5 6 7

L/D

a) M.,

30 -

20 - —A—C152x64x19x2.4
M, —0— C203x76x19x1.9
(kN.m)

0 —— C400x125x31x3.2

QOO0
0 T T T T T T 1
0o 1 2 3 4 5 6 7
L/D
b) M,

Figure 4. The moments with respect to L/D ratio
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Therefore, it can be concluded that the
length/height ratio greater than or equal to 2 gives
sufficient accuracy.

The effect of the member length on the buckling
moment can be easily seen from the buckle
shapes in Fig. 5. The number of half-waves is al-
ways a whole number. Thus, different member
lengths result in different half-wavelengths, as
seen in Fig. 5c and Fig. 5d. As the member length
increases, this effect reduces. Especially, when

a) L/D=1023
HWL = 0.3D

¢)L/D=2.0
HWL = 0.67D
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the member length is less than and equal to D,
only one half-wave is observed (see Fig. Sa and
Fig. 5b). The half-wavelength is equal to the
member length. It explains the large change in the
early stage of the critical moment curve. Since the
ultimate moment is related to the buckling mo-
ment through the imperfection, its value can be
seen to have a certain variation over the short
member length range.

b) L/D=1.0
HWL = 1.0D

d)L/D=4.0
HWL = 0.8D

Figure 5. The half-wavelength with respect to L/D ratio

4 CONCLUSION

Convergence of the FEA elastic buckling and
non-linear strength problems of cold-form chan-
nel cross-section members bent about the asym-
metrical axis having the web in compression was
investigated. The meshing method and reasona-
ble member length were discussed.

The mesh size of D/40 is recommended for the
current problem. Compared to Oey and Papage-
lis’s meshing solution, the mesh size of 1/40 of
the web depth is simpler. The method is more jus-
tifiable because it allows for the dominated buck-
ling mode of the cross-section, i.e., the local
buckling of the web. The method also gives a
high accuracy with a mean similarity of 1.006 and
COV of 0.64% compared to the next meshing
step.

Another factor affecting the accuracy of the cur-
rent problem is the member length. The lower
bound of the member length to cross-section
height ratio to eliminate the end effect is 2. It

28

shows that the ratio of 5 utilized in Oey and Pa-
pagelis’s study is conservative. Lower values
may be considered to reduce the number of ele-
ments and thus the calculation time.
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