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Abstract. Cold-formed steel (CFS) sections have become a common choice in
modern construction because they offer considerable strength while remaining
lightweight and straightforward to install. When openings are cut into the web
to accommodate building services, however, the way these members carry
shear can change substantially. In this work, the behaviour of channel sections
containing such openings is examined in detail. A series of nonlinear Finite-
Element (FE) simulations was created, each including the influence of initial
geometric imperfections, and the numerical responses were compared with
available test data to ensure they reflected physical behaviour. After validation,
the models were used to study how different variables, including the shape of
the opening, its size, and the slenderness of the web, affect shear resistance. The
numerical results indicate a sharp drop in capacity when the openings become
large or when the web is relatively thin, with the most severe cases showing
reductions approaching 90% for opening size and roughly one-third for web
slenderness.
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Introduction

Cold-formed steel (CFS) has become an integral material in modern construction, used not
only in secondary framing but increasingly as a primary structural component. It appears in
systems such as sheathed wall panels [1-3] and various forms of moment-resisting assemblies [4-
10]. Its growing use is driven by several practical advantages: a favourable strength-to-weight
ratio, relatively low fabrication and handling cost, and the ability to transport and assemble
components with minimal effort. Unlike hot-rolled steel, CFS sections are shaped without the
application of heat, allowing thin steel sheets to be formed into a wide range of profiles and giving
designers considerable geometric flexibility [11-16].

As higher-strength steels have become more readily available and construction methods have
evolved, the overall demand for CFS has steadily increased, particularly in low- to mid-rise
structures. Commonly adopted profiles include channels, Z-sections, and hat-shaped members. In
routine building practice, openings are frequently cut into the webs of these members to
accommodate electrical conduits, plumbing runs, and HVAC services. Although necessary, these
penetrations disturb the original stress field and can reduce both the shear resistance and the
stability of the member, influencing the form and progression of buckling [17]. The Direct Strength
Method (DSM), introduced by Schafer [18], provides an alternative to the classical Effective Width
Method [19] for predicting the strength of CFS elements. DSM relies on elastic buckling analyses,
often undertaken using tools such as CUFSM [20], to estimate capacity and is incorporated into the
AISI S100-16 design standard [21]. Early work on the influence of web openings on shear
behaviour was conducted by Shan et al. [22], who identified the need for reduction factors due to
shortcomings in existing AISI provisions.

Subsequent work by Eiler et al. [23] extended these ideas to cases involving non-uniform
shear, producing revised coefficients that were later adopted into the S100-16 specification.
Keerthan and Mahendran [24] carried out experimental testing on lipped channel beams with
circular openings and complemented their work with ABAQUS-based finite-element studies [25],
concluding that current design methods tend to over-predict capacity. Pham and Hancock [26],
through a series of 24 physical tests, also observed substantial reductions in shear strength, in
some cases approaching 74%.

Despite the increasing use of CFS in structural systems, the specific behaviour of members
containing web openings remains insufficiently explored. The available design guidance,
particularly within AISI S100 [21], appears unconservative for perforated members, and Eurocode
provisions currently offer no explicit rules addressing shear in such elements. Although Pham and
Hancock [26] proposed strength equations, their formulation was based on a relatively limited set
of specimens. This highlights the need for a broader and more systematic investigation into how
opening geometry and section characteristics influence shear capacity across a wider parameter
range.

The present study aims to fill this gap. Detailed finite-element models were created in ABAQUS
CAE 2017 [25], incorporating both material nonlinearity and geometric imperfections, and were
calibrated against the experimental results reported by Pham and Hancock [26]. After validation,
these models were used to conduct a comprehensive parametric study exploring the effects of
opening size and shape, as well as web slenderness, on shear response and associated failure
modes. Insights from this analysis were then used to propose and evaluate a design expression for
estimating the shear strength of perforated CFS members.
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The methodology

To investigate the shear behaviour of CFS members with web openings, validated FE models
were developed in ABAQUS CAE 2017 [25], incorporating material and geometric nonlinearities.
These models were calibrated using the experimental data by Pham and Hancock [26].

The experimental setup comprised 24 back-to-back lipped channel specimens tested at the
University of Sydney [26], including 19 with square web openings (40-120 mm) and 5 control
specimens (Fig. 1). Each beam had a 450 mm span with a 200 mm shear span and was tested under
three-point bending. Section dimensions were 202 x 18 x 77 mm, with thicknesses of 1.5, 1.9, and
2.4 mm. Openings were waterjet cut, and flange distortion was mitigated using bolted angle straps,
while shear was induced via bolted T-plates [26].

Figure 1. Experimental arrangement used for testing CFS channel sections containing web
openings.

A bilinear stress-strain model was adopted with an elastic modulus of 194 GPa, a strain-
hardening slope of E/100, and v = 0.3. Yield and ultimate strengths were f; o, = 486 MPa and

fu = 578 MPa, respectively [26]. Supporting plates were modelled as elastic with E = 210 GPa.

€ oa
Figure 2. Modelling of the tested CFS back-to-back channel member in FE ABAQUS [17]

Loading and support conditions mirrored the physical setup. Web bolts were modelled using
“Beam” elements [25] with a 12 mm circular section (Fig. 2). Load was applied at mid-span to a
virtual bolt group. Supports were simulated using coupled reference points with “Connector” and
“Coupling” constraints [25] to represent rollers and transfer loads.

The FE models were built using the S3R formulation from the ABAQUS element library [25],
which is a three-node triangular shell element with reduced integration. This option was selected
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because it captures the behaviour of thin steel plates effectively, including the small amount of
transverse shear that remains significant in moderately thick regions of the section. As the plates
become thinner, this shear component diminishes naturally. Several trial meshes were tested to
balance run time with solution accuracy, and a uniform element size of roughly 6 mm was
ultimately adopted, as it provided stable results without unnecessary computational cost.

The role of initial out-of-plane imperfections in thin-walled cold-formed members is well
established, as they can influence both the onset of buckling and the peak load a member can
sustain [27-37]. To reflect this behaviour, all models were assigned an imperfection amplitude of
0.15 t, where t denotes the plate thickness. The shape of each imperfection pattern was obtained
by first carrying out an eigenvalue buckling analysis in ABAQUS to extract the corresponding mode
shape. This mode shape was then scaled to the prescribed magnitude and superimposed on the
base geometry before running the nonlinear analyses.

The FE models were verified using a nonlinear post-buckling analysis based on the RIKS arc-
length method [25], demonstrating strong correlation with both the experimental load-
displacement responses (see Fig. 3). The average discrepancies observed were approximately 3%
for peak shear resistance and 5% for initial stiffness. Specimens either without web openings or
with relatively small ones (e.g., S19-040) exhibited abrupt shear buckling following the peak load.
In contrast, those with larger openings (e.g., S19-120) experienced early onset of local buckling
and displayed more gradual, ductile behaviour beyond the peak load.

400

—&— 519-120 (Test)
EL I —— $19-120 (FE)
519-80 (Test)
519-080 (FE)
—— 519-040 (Test)
----- $19-040 (FE)
—=— 519-000 (Test)
----- $19-000 (FE)

300 +
250 A
200 4
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150 A

100 A

50 A
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Figure 3. Shear-displacement (V-U) from FE models and tests [26]

For members without openings (S19-000) or with small openings (S19-040), the load-
displacement response was nearly linear up to a distinct peak, followed by a sharp drop due to
shear buckling. In contrast, members with larger openings (S19-080 and S19-120) showed early
signs of yielding or local buckling near the openings, resulting in a less linear response. Their peak
load was reached with a plateau, followed by a more gradual and ductile unloading phase.

To examine how web perforations affect the shear response of CFS members, an extensive
parametric programme was carried out using 136 FE simulations. The model set was arranged to
explore the main geometric factors thought to influence behaviour: the size of the opening, its
shape, and the slenderness of the web. Both square and circular perforations were included so that
differences in buckling patterns and load-deformation characteristics could be captured. For the
circular openings, an equivalent square dimension was calculated using the relationship d; =
0.825Dy, following the approach outlined by Pham and Hancock [26], where D, denotes the hole
diameter. Of the total simulations, 80 represented sections with square openings, and the
remaining 56 used circular ones, with all specimens analysed under shear-critical conditions.
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The opening dimensions used in the study ranged from no perforation at all to a maximum size
of 160 mm, increasing in increments of 10 mm to capture a broad set of practical configurations.
For clarity in interpreting the results, the ratio d, /h, with h = 202mm representing the clear web
depth, was used to classify the openings into three groups: small (dj,/h < 0.2), medium (0.2 <
dp/h < 0.5), and large (d,/h > 0.5). Variations in web slenderness were introduced by adjusting
the plate thickness while keeping the web height unchanged, producing h/t values corresponding
to five commercially available thicknesses: 1.2, 1.5, 1.9, 2.4, and 3.0 mm. Selecting these sizes
allowed the study to bridge gaps left in earlier research. This parametric arrangement provided
the basis for assessing how shifts in geometry and thickness influence ductility, stiffness, and shear
strength, ultimately supplying the information needed to develop a practical design approach for
perforated CFS webs.

Findings/Discussion

Figure 4 illustrates how the normalised shear capacity V;, /V,, changes as the opening ratio d;, /h
increases for beams with various web slenderness values h/t. In this context, V;,denotes the peak
shear resistance of the perforated member, while V; represents the corresponding value for a
member without openings. The quantity V,, /V,;, commonly described as the shear reduction factor
q,, offers a straightforward way to adjust the solid-web design predictions for use with perforated
sections. The discussion that follows examines how both opening size and web slenderness shape
the overall shear response, including the behaviour beyond the peak load.

1.2

—a—h/t=67 (S)
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—=—h/t=84(S)
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Figure 4. Variation of normalised shear capacity (V},/V,) with web opening ratio (d;,/h) for
CFS beams of differing web slenderness (h/t), comparing specimens with square (S) and circular
(C) openings [17]

As shown in Fig. 4, increasing the size of the web opening leads to a clear downward trend in
shear capacity for all considered values of web slenderness, with the curve developing a
characteristic double-curvature form. When the openings are small (dj,/h < 0.2), the reduction in
strength remains modest, generally less than about 20%. In the mid-range (0.2 < d,,/h < 0.5), the
loss of capacity becomes more progressive and follows an almost linear pattern. Once the opening
extends beyond roughly half of the web depth, the reduction becomes substantial, and the ultimate
strength may fall by as much as 80%. This highlights the need for caution when large penetrations
are introduced, as they can severely undermine the section’s ability to resist shear. Fig. 5 illustrates
the corresponding buckling shapes and Von Mises stress fields from the FE models for beams with
circular openings of different sizes. For the smallest openings, the behaviour is governed by
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diagonal shear buckling accompanied by the formation of a tension field (Fig. 5a). With larger
holes, however, yielding and localised buckling develop at the edges of the perforations (Figs. 5b
and 5c¢), mirroring the pronounced drop in shear resistance observed in the numerical results.

(@) dp/h=0.2 (b) d,/h = 0.39 (c)dp/h =0.59

Figure 5.Buckling shapes and Von Mises stress distributions obtained from FE models of CFS
beams with various circular opening sizes [17]

Figure 6 shows that the normalised shear capacity V;,/V, declines as the web becomes less
slender—that s, as the h/t ratio decreases. The magnitude of this reduction depends strongly on the
opening ratio dj, /h, with the influence becoming much more pronounced when the openings are of
medium or large size. For members with small perforations, reducing the slenderness from 135 to
67 results in only a modest drop of roughly 12% in V,,/V,. When larger openings are present, the
same change in slenderness can reduce shear strength by as much as 20%. The post-peak Von Mises
stress distributions in Fig. 6 illustrate this behaviour for different combinations of slenderness and
opening size. Beams with higher slenderness, meaning relatively thin webs, develop noticeable
tension field action (TFA), which enhances their ability to carry shear. Thicker webs, represented by
lower h/t ratios, tend not to form a well-defined tension field and instead show earlier yielding,
which explains the overall reduction in performance.

(c) h/t = 168, dj/h = 0.35 (d) h/t = 168, dy/h = 0.69

Figure 6. Buckling modes and Von Mises stress contours for CFS beams featuring various
combinations of web slenderness and opening dimensions [17]
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Conclusion

This study examined how CFS members behave in shear when their webs contain openings
and the implications for design. Nonlinear FE models that included both material yielding and
initial imperfections were created and checked against available test results. After validation, the
models were used in a broad parametric investigation to assess how factors such as stiffness,
strength, and failure patterns influence shear response. From these outcomes, a practical strength
expression for perforated sections was developed and compared with predictions from current
design provisions, including AISI S100-16. The investigation confirmed that increasing the size of
web openings consistently led to reduced shear capacity, independent of opening shape. For small
openings (dy/h < 0.2), strength reductions remained modest, not exceeding 20%. However, as the
opening size increased (0.2 < d,/h < 0.5), the strength declined more linearly. Openings
exceeding half the web depth (d,/h = 0.5) resulted in up to 80% loss of shear strength.
Additionally, reducing the web slenderness (h/t) further diminished the shear capacity,
particularly in members with medium to large openings. Sections with higher slenderness
benefited from TFA, enhancing their resistance, while thicker webs (lower slenderness) primarily
yielded without significant TFA contribution.
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IloBeAeHHUE CTAIbHBIX 3JIEMEHTOB X0JIOJAHOM IITAMIOBKHA C OTBEPCTUSIMU B
nepeMbluKax NpU U3ru6e npu cABUre
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AnHoTanma. [Ipoduau u3z xonogHoruytoul ctanu (CFS) cTasnum mMUpPoOKO NPUMEHATHCS B
COBPEMEHHOM CTPOUTEJbCTBE, NOCKOJIbKY 06€eCneduBaloT BbICOKYIO IPOYHOCTh IPY MaJIoM Bece
M IpOCTOTe MOHTaxa. OlHAKO MPU BbINIOJITHEHUU OTBEPCTUH B CTEHKe NpoduJis /1 pa3MelleHUs
WH)XeHepHbIX KOMMYHHUKAaL UM XapaKTep BOCHPUATHUSA CABUTOBbIX YCUJIUN MOXKET CyLleCTBEHHO
M3MeHUTbCA. B fjaHHON paboTe moApo6HO HccaefyeTcs NOBeJleHUe LIBeJJIepHbIX Npoduiel ¢
TaKMMHM OTBepCTUSAMM. Bblia pa3paboTaHa cepusi HeJIMHEWHBIX KOHe4YHO-3jeMeHTHbIX (FE)
Mojiesiel, B KOTOPbIX VYUTBIBAJMCb HayajlbHble TeOMeTpHUYeCKMe HeCOBepUIEeHCTBa, a
NoJlydeHHble YUCJeHHble pe3y/bTaTbhl CPAaBHUBAIUCh C JOCTYIHBIMH 3KCIIEPUMEHTaJbHbIMU
JIAaHHBIMHU [J11 NOATBepKJAeHUsA Ux (Uu3nMyeckod aoctoBepHOCTHU. [locie Banuaanuu Mogzesu
MCI0JIb30BAJIMCh JIJIS1 aHa/IU3a BJMSAHUSA pa3/IMYHbIX [IapaMeTpoB, BK/IYasi ¢opMy OTBepCTHS,
ero pasMep U riOKOCTb CTEHKH, Ha C/IBUTOBYIO HECYIIYIO CIOCOOHOCTDb. YMcC/IeHHble pe3yJbTaThbl
NOKa3bIBAlOT pe3Koe CHUXKeHHUe Hecylleld COCOOHOCTH NpPHU YBeJUYEHUN pPa3MepPOB OTBEPCTUH
WJIY TIPY NTOBBIIIEHHOM T'MOKOCTH CTeHKU. B Hanbo/1ee He6/1aronpUsTHBIX C1y4asx HabJ104a10Ch
cHKeHUe 10 90% u3-3a pazMepa OTBEPCTHS U MPUMEPHO HA OJHY TPeTb — M3-3a 'MOKOCTH
CTEHKHU.

KiiroueBsble €/10Ba: X0JI0JHOTHYTas CTaJlb; NOTePs yCTOMYUBOCTU IIPU C/IBUTE; OTBEPCTHE B
CTeHKe; KOHEeYHO-3JIeEMeHTHOe MO/leJINPOBaHuUe; LIBeJJIepHbIA NPOQUIIb.

Jasapp Iayasn
Hledh¢pund ynueepcumemi, lllegppund, ¥asvi6pumarus

Kao6bipFa oMbIKTaphl 6ap CybIKTaH HiJIreH 60/1aT 3JIEMEHTTEPIiHiH, )KaHIIy-
TypakKchI3JbIK (shear buckling) miHe3-Ky/1KbI

AnaaTtna. CybikTall uisnres 6osat (CFS) npodunbaepi Kasipri KypblibIC cajacblH/la KeHiHeH
KOJIJaHbl/1a/ibl, cebebi oJiap »KeHiJ api opHaTyFfa oHal 60Jia Typa, alTapJiblKTal OepiKTiKKe He.
Anaiija MHXXeHepJliKk KOMMYHUKaLUsAap/ibl 6TKi3y ylUIiH NpopuIb/iH KabblpFacblHA OWBIKTap
»Kaca/ifaH/la, OHbIH, >KaHILIYy-Cpe3 KYIUTepiH KabblLijay KabineTi efayip e3repyi MyMkiH. by
»KYMbICTa MYH/Iall OMbIKTapbl 6ap apHasbIK (channel) npodunbaepaid MiHe3-KyJIKbl )KaH-KaKTbl
3epTTes/i. ANbIH ajla reOMeTpUSAJIBIK KeMILiJiKTepi eckepisireH 6ipkKaTap CbI3bIKTBIK eMecC
akpipsibl aseMeHTTep (FE) Mogenbaepi KypbuLibll, oJ1apJblH HITHXKeJepi Kojaja 6ap
3KCIIEPUMEHTTIK JIepeKTePMEH CasbICThIPbUIbIN, QU3UKANAbIK LIbIHAWUBIIBIFBI TeKcepiafi.
BanupauusajaH KeilliH MojesibJiep OWBIKTBIH, MilliHi, eJilieMi *koHe KaObIpFa >KiHillIKeJiriHiH
(slenderness) xaHumyfra Kapcbl OepiKTikke ocepiH 3epTTey YVIUiH KoJAaHbuibl. CaHABIK
HOTWXKeJlep OMBIKTBIH, YJKeH 60Jiybl HeMece KaObIpFaHbIH, TbIM JKiHilllke 60Jybl OepiKTiKKe
auTapJbIKTaul ocep eTeTiHIH KepceTeli. EH KoJlaMCbhI3 KaFAaujapZa OWBIK eJlleMiHe
6aisiaHbICTbl 6epikTik mamameH 90%-ra geliH, an KabbIpFa >KiHillKeJsiriHe OGalJIaHBICTBI
IIaMaMeH YIITeH 6ip 6eJiiriHe JjeliiH TOMeH/IeTeH.

TyHiHAi ce3gep: cyblKTall MJITEH 60J1AT; )KaHILY TYPaKChI3/bIFbl; KAObIPFa OMbIFbI; aKbIPJIbI
3JIeMEHTTEpP MOoJeJZieyi; apHa/bIK KUMa.
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