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Abstract

In this paper, a total of 254 results comprising 30 shear tests and 224 finite element (FE) analysis
results are reported. Simply supported test specimens of cold-formed steel (CFS) channels with aspect
ratios of 1.0 and 1.5 were tested. For comparison, specimens with un-stiffened web holes and plain
webs were also tested. A nonlinear elasto-plastic FE model was then developed and validated against
the experimental results. Using the validated FE model, a parametric study was conducted to
investigate the effect of various influential parameters on the shear capacity of such CFS channels.

The test and FE results shows that for a channel with edge-stiffened web holes, the shear capacity
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increased by 13.6% on average, when compared with that of a channel with un-stiffened web holes.
The test and FE results were compared against the design predictions. Upon comparison, it was found
that the design rules of CFS channels with un-stiffened web holes in accordance with the AISI (2016)
and AS/NZS (2018) can be un-conservative by 7%, while calculating the shear capacity of CFS channels
with edge-stiffened web holes. Therefore, a suitable design formula in the form of a shear capacity

reduction factor was proposed for CFS channels with edge-stiffened web holes.
Keywords

Cold-formed steel, Channels, Shear capacity, Edge-stiffened web holes, Experiments, Finite element

analysis

1 Introduction

In recent times, a new generation of cold-formed steel (CFS) channels with edge-stiffened web holes
developed by Howick Ltd. (2013) are being widely used in New Zealand (Fig. 1). Such CFS channel
members when used as floor joists and bearers are often subjected to concentrated loads, hence
experiencing shear failure. However, no work was reported in the literature investigating the shear
capacity of CFS channels with edge-stiffened web holes. Furthermore, current design codes, i.e., the
American Iron and Steel Institute (AISI) (2016) and the Australian and New Zealand Standards (AS/NZS)
(2018) do not provide any design guidance for CFS channels with edge-stiffened web holes.

This paper presents the results of 30 new laboratory tests and 224 finite element analyses (FEA) on
CFS channels with edge-stiffened web holes, un-stiffened web holes, and plain webs when subjected
to shear. Fig. 2. shows the details of the CFS channels studied in this paper.

Limited work have been reported in the literature studying CFS channels with edge-stiffened web
holes under different loading cases (Chen et al. 2020a,b, 2021a; Chi et al. 2021). For compression tests,
Chen et al. (2019) experimentally and numerically studied the axial capacity of CFS channels with edge-

stiffened web holes and the results suggested that the axial capacity of CFS channels with edge-



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

stiffened web holes performs better than that of a plain channel. Fang et al. (2021a,b) proposed a
framework of deep belief network (DBN) for studying the axial capacity of CFS channels with edge-
stiffened web holes subject to axial compression. For bending tests, Yu et al. (2012) and Chen et al.
(2020c) studied the influence of edge-stiffened web holes on the moment capacity, and the results
suggested that edge-stiffened web holes can improve the moment capacity of such channels. In terms
of web crippling tests, a recent study by Uzzaman et al. (2017, 2020a,b) and Chen et al. (2021b)
suggested that edge-stiffened web holes can also improve web crippling strength of such channels.
In terms of CFS plain channels, significant work has been reported in the literature. The shear
behaviour of CFS plain channels was first studied by LaBoube and Yu (1978), and they first proposed
suitable design formulas for calculating the shear capacity of CFS plain channels. A study by Keerthan
and Mahendran (2015) found that design shear capacity for CFS plain channels determined from AlSI
(2016) and AS/NZS (2018) are conservative as they did not include the post-buckling strength. Hence,
Keerthan and Mahendran (2015) proposed improved shear capacity formulas on the basis of their test
and FEA results. Pham and Hancock (2010a, b) experimentally and numerically studied the shear
behaviour of high strength CFS channels with and without flange straps. They found that the shear
capacities of CFS channels with angle straps are higher than those without flange straps. Also, Pham
and Hancock (2009) found that flanges can have a significant effect on the shear buckling capacity of
CFS channels.

Regarding CFS channels with un-stiffened web holes, extensive work has been reported on reduced
shear capacity of CFS channels with un-stiffened web holes by many researchers. Shan et al. (1997)
found that the key parameter for the shear capacity of CFS channels with un-stiffened web holes is
the ratio of the depth of web hole (duh) to clear height of web (d1) and thus developed shear capacity
reduction factors in terms of dwn/d1. Eiler (1997) extended the research work of Shan et al. (1997) to
include the effects of web elements with holes when subjected to varying shear force, which have

been adopted in AISI (2016) and AS/NZS (2018). Keerthan and Mahendran (2013b, 2014)
3
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experimentally and numerically studied the shear capacity of CFS channels with un-stiffened web
holes. They also used the reduction factor and proposed improved design formulas for such sections.
To extend the direct strength method (DSM) to CFS channels with un-stiffened web holes in shear, an
experimental study was conducted by Pham et al. (2017a, b, 202043, b, c, d) to study the shear capacity
of CFS channels with un-stiffened web holes having an aspect ratio up to 3.0, and they proposed a
DSM design approach for CFS members with holes in shear. However, no previous research has
studied the shear capacity of CFS channels with edge-stiffened web holes. The issue is addressed in
this paper.

As mentioned previously, this paper reports in relation to 30 new laboratory tests on the shear
capacity of CFS channels with edge-stiffened web holes, un-stiffened web holes and plain webs. A
nonlinear FE model was then developed and validated against the results obtained from laboratory
tests in terms of ultimate strength and deformed shapes. A parametric study involving 224 models
was conducted based on the validated FE models. To verify the accuracy of current design procedures
found in the literature for CFS channels with un-stiffened web holes, the results obtained from
laboratory tests and FEA were compared against design predictions of AISI (2016), AS/NZS (2018),
Keerthan and Mahendran (2014), and Shan et al. (1997). Finally, a suitable design formula in the form
of shear capacity reduction factor was proposed for determining the shear capacity of such CFS

channels.

2 Experimental study

2.1 Test specimens
A total of 30 CFS channels in shear were studied in this laboratory tests. Six experiments were
conducted on specimens without web holes (Fig.3 (a)), 12 experiments were on specimens with un-
stiffened web holes (Fig.3 (b)) and the remaining 12 experiments were conducted on specimens with

edge-stiffened web holes (Fig.3 (c)).
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To simulate shear boundary conditions, relatively short test beams having two aspect ratios (shear
span /clear web height (d1)) of 1.0 and 1.5 were selected. This paper mainly focused on the shear
behaviour of such CFS channel sections with a shear span-to-clear web height ratio of 1.0. However,
the influence of combined shear and bending behaviour on the strength and failure modes of such
sections were also experimentally investigated (aspect ratios of 1.5).
The test specimens comprised two different section sizes, namely section 240 and section 290. To
study the influence of hole sizes on the shear capacity of CFS channels, two different hole diameters
(dwh) of 90 and 140 mm were selected.
It should be noted that the web holes are strengthened through a continuous lip around the perimeter
of the hole (i.e., with edge-stiffened web hole). As can be seen from Fig.2, the length of the edge-
stiffener was fixed at 13 mm. Tables 1 and 2 summarise the measured dimensions of test specimens.

2.2 Section labels
The test specimens were labelled in such a way that the nominal dimensions of web depth, aspect
ratio, diameter of holes, the type of web holes, and the flange conditions were identified by the label.
For example, the label “240-A1.0-D90-EH-FR” can be interpreted as follows:

e  “240” means the nominal dimensions of web depth in millimetres i.e., d=240 mm.

e “A1.0” is the aspect ratio of the channel beams i.e., a/d1=1.0

e “D90” means the nominal diameter of web holes in millimetres i.e., dws, = 90 mm.

e “EH’ identifies a web with edge-stiffened hole, “NH’ identifies a plain web, and “UH’ means a

web with un-stiffened hole.

® “FR” represents the flanges restrained by flange straps.

2.3 Material testing
To obtain the material properties of the test specimens, a total of 6 coupons were prepared, which
were cut from the flat portion of the channels, and tested using an Instron tensile testing machine in

accordance with the test procedure mentioned in the 1ISO 6892-1 (ISO 2009) (Fig. 4). The stress-strain
5
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curves obtained from the tensile coupon tests for sections 240 and 290 are presented in Figs. 5(a) and
(b), respectively. Table 3 shows that the average yield stresses (0o.2) for section 240 and 290 are 301.6

MPa and 308.5 MPa, respectively.

2.4 Testing-rig and loading procedure
The concentrated loads were applied using an MTS machine with a capacity of 300 kN at a constant
rate of 0.7 mm/min. Two single channels were connected back-to-back by using three numbers of
30mm thick T-shaped stiffeners. The use of twelve 100-mm-wide stiffening plates during the tests was
to provide the required simply supported boundary conditions at the supports and at the loading
point, while also eliminating the possibility of web crippling failure. A 30-mm gap was incorporated
between the two specimens to allow the test beams to buckle independently. To study the influence
of flange straps on the shear behaviour and strength, 20 tests were conducted on restrained supports,
which were ensured by using eight angle straps at the loading and support points. Additionally, 10
tests were conducted without using any angle strap. Three linear variable differential transformers
(LVDTs) were selected to record the vertical displacement of the test specimens. One LVDT was placed
under the loading point while the remaining two LVDTs were placed at the support point. The
photograph and schematic drawing of the experimental setup are presented in Figs. 6. and 7.,
respectively.
2.5 Experimental results

Fig. 8. plotted the shear capacity versus displacement curves of all test specimens. The shear capacity
was determined as the applied load (P) divided by four, as two back-to-back CFS channels were used.
Fig. 9. shows the deformed shapes of the CFS channels with flange straps. From the failure modes, it
can be clearly seen that shear failure occurred for all test specimens. The ultimate shear capacity (V.)
obtained from the laboratory tests are summarized in Tables 1 and 2 for fastened flange and

unfastened flange cases, respectively. As shown in Tables 1 and 2, for a channel with edge-stiffened
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web holes, the shear capacity increased by 13.6% on average, when compared with that of a channel
with un-stiffened web holes.

Table 4 summarizes the shear capacity of CFS channels with and without flange straps (i.e., with and
without flange restraints). From the results reported in Table 4, it can be confirmed that there is a
reduction in shear capacity of CFS channels by 11.04% on average, when the straps were not attached
to their flanges. Fig. 10 shows the failure modes of CFS plain channels, when the flanges were not
restrained (without flange straps). It can be seen that the flange distortions occurred due to the
distortional buckling or unbalanced shear flow in these sections.

The combined shear and bending behaviour can significantly affect the shear capacity for those longer
specimens having higher aspect ratios. Table 5 shows the comparison of the shear capacity of
specimens having aspect ratios of 1.0 and 1.5. This comparison indicates that shear capacities of those
specimens having an aspect ratio of 1.5 were reduced by 24.9% on average due to this combined shear

and bending action.

3 Numerical study

3.1 General
ABAQUS (2018) software was used to develop a nonlinear FE model to simulate the CFS channels with
and without holes in shear. The measured cross-section dimensions as well as material properties
obtained from the tensile coupon tests were incorporated in the FE model. Specific modeling
techniques are discussed next.

3.2 Modeling of geometry and material properties
The ABAQUS classical metal plasticity model was selected to define the isotropic yielding and plastic
hardening of the steel. The material properties obtained from the tensile coupon tests were

incorporated in the FE models. A similar modeling technique was used by Roy et al. (2020) and Li et
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al. (2019). As per the ABAQUS manual (2018), the engineering material curve was converted into a

true material curve by using the following formulas given below:

O =0(1+8) (1)

rue

O_true (2)

gtrue( pl)

=In(l+¢&)—

3.3 FE meshing
S4R shell elements were selected to model the CFS channels. The mesh sensitivity analysis indicated
that a mesh size between 5 mm to 10 mm was selected for modeling the CFS channels with and
without web holes. For the T-shaped stiffeners, a mesh size of 10 mm x 10 mm was selected. Mesh
refinement was selected around the web holes and rounded corners to enable an accurate FE analysis
(Fig. 11).

3.4 Boundary conditions and loading procedure
The simply supported boundary conditions were modelled by releasing both the in-plane rotation and
axial displacement. The reference points were placed at the top of T-shaped stiffeners. The vertical
translation was not restrained at the loading point. The vertical loading was applied by specifying the
displacement at the reference loading points. In the FE model, surface-to-surface interaction was used
between the webs of each CFS channel. It should be noted that the modeling of bolting connections
was simplified to eliminate any possible slippage of the bolts. The experimental results confirmed that
the failure of angle straps did not occur when they were used in the tests. Therefore, the angle straps
were simulated using suitable boundary conditions. The applied boundary conditions in the FE model
are presented in Fig. 12 for the specimen 290-A1.5-D140-EH-FR.

3.5. Modeling of initial geometric imperfections and residual stresses
It should be noted that a value of 0.006d: was taken as the magnitude of imperfections in the
numerical modeling of CFS channels (Keerthan and Mahendran 2014). The imperfect initial ggometries

were simulated using the *IMPERFECTION option in the ABAQUS (2018) library. From analysing a
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limited number of FE models, a decrease of only 1.2% in shear capacity was found when the effects of
residual stresses were considered in the FE models, indicating that residual stresses have negligible
effect on the shear capacity of CFS channels (Fig. 13). Therefore, the influence of residual stresses on
the shear capacity of CFS channels was not considered in the FE models.
3.6 Validation of the finite element model

Table 6 reports the comparison of the laboratory test results (Vexe) with the numerical results (Veea).
The mean value of the Vexp / Viea ratio is 1.01 with the corresponding coefficient of variation (COV) of
0.07. Fig. 14 presents the deformed shapes at failure from both the laboratory tests and FEA. It can be
clearly seen that the deformed shapes determined from the FEA are similar to those determined from
the laboratory tests. Fig. 15 plotted shear capacity versus displacement behaviour obtained from both
the FEA and laboratory tests for specimens 240-A1.5-D90-UH-FR and 240-A1.5-D90-UH-FU, which

shows good agreement between FEA and laboratory test results.

4 Parametric study

A parametric study comprising 224 FE models was undertaken to develop an extensive shear capacity
database for CFS channels with edge-stiffened web holes, un-stiffened web holes and plain webs. It
should be noted that only aspect ratios of 1.0 were considered in the parametric study section, as the
parametric study section only considered the shear behaviour of such sections.

To investigate the influence of web height to web thickness ratio (d1/tw) on the shear capacity of such
sections, the same FE model was selected with varying web thickness (t.). The d.i/t, ratio was thus
varied from 96 to 290 by varying the web thickness from 1.0 mm to 2.5 mm, as listed in Table 7. For
specimens with holes, the ratio of dyn/d1 was varied between 0.1 and 0.7 to investigate the influences
of hole diameter on the shear capacity of such sections. The ratio of stiffener length to web height
(g/d1) was changed from 0.04 to 0.12. The FE models in the parametric study were coded in such a

way that all the geometric parameters could be automatically varied.
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Fig. 16(a) and Table 7 show the influence of g/d: ratio on the shear capacity of CFS channels with
edge-stiffened web holes. The comparison showed that an increase in shear capacity of 11.6% was
noticed when g/d; ratio was increased from 0.04 to 0.12. It was found that the influence of stiffener
length on the shear capacity of such CFS channels cannot be ignored. Fig. 16(b) and Table 7 show the
influence of the ratio dwn/d1 on the shear capacity of CFS channels with edge-stiffened web holes. The
comparison results indicated that the ultimate shear capacities were decreased by 53% on average
when dwn/d; ratio was changed from 0.1 to 0.7, indicating that the influence of dun/d: ratio on the

shear capacity of CFS channels was significant.

5 Current shear design rules

5.1 General
Current design rules for calculating the shear capacity of CFS channels with holes are designed on the
basis of a reduction factor (gs), which can be defined as the ratio of nominal shear capacity of CFS
channels with holes (Vn) to the nominal shear capacity of CFS channels without holes (V). In this
section, the currently available design rules for calculating the nominal shear capacity of CFS without
holes (V,) as well as reduction factor (gs) are discussed next.

5.2 Design rules for CFS channels without web holes in shear

5.2.1 DSM design rules in shear without tension field action
According to Section G2.2 of AISI (2016) and Clause 7.2.3 of AS/NZS (2018), the nominal shear capacity
(Vosm-1) of unperforated CFS channel beams without web stiffeners can be calculated using the

following Equations (3) to (8).

Vv :Vy For ﬂ\/ S 0815 (3)
V,=0815/V.V, For 0.815< 4, <1.227 (4)
V, =V, for 4, >1.227 (5)

10
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V, =0.6A,F, (6)

v _ 0.904Ek 2 (7)
cr dl

(8)
A=
VCF
5.2.2 DSM design rules in shear with tension field action
Pham and Hancock (2010a, b) conducted both experimental and numerical investigations to propose
design formulas for the shear capacity of unperforated CFS channel beams with tension field action
(Equations 9 and 10), which have been adopted in Section G2.2 of AlSI (2016) and in Clause 7.2.3 of
AS/NZS (2018) standards. These formulas (Vbswm-2) can closely predict the shear capacity of CFS lipped
channels without holes, which accounts for their post-buckling strength and includes the influence of

additional fixity on the web-flange junction point.

V, =V, For, 4,<0.776 (9)
(10)
V vV
V, = 1_0-15(i)0'4 (i)OAVy For, 4, >0.776
Vy Vy

5.2.3 Design rules proposed by Keerthan and Mahendran (2015)
Keerthan and Mahendran (2015) modified the current shear design rules of AS/NZS 4600 (2018) and
proposed new formulas as demonstrated in Equations 11, 12 and 13, which include the available post-
buckling strength of CFS channels and the additional fixity on the web-flange junction point. The shear
buckling coefficient (k.cs) was included to allow for the additional fixity at the web-flange junction of

CFS channels, while a post-buckling coefficient of 0.2 was selected in Equations 12 and 13, as shown

below:
V=V, For, ig EKyco (11)
t, f,
12
V, =V, +0.2(V, -V,) For, Eka <?—1£1.508 —EﬁLCB (12)
y w y

11
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Vy =Ve +0.2(v, V) For, ?—121.508 —E';LCB (13)
w y

5.3 Design rules for CFS channels with un-stiffened web holes in shear

5.3.1 Design rules proposed by Shan et al. (1997)
Shan et al. (1997) concluded that the main parameter influencing the shear capacity is the ratio of
depth of the hole to the flat depth of the web (dwh/d1), and they developed a linear reduction factor
for CFS channels with un-stiffened web holes, which incorporated the parameter duwn/d:. The reduction

factor proposed by Shan et al. (1997) can be determined by using Equations 14 and 15:

14
o :1'71_3'66(%) For %<0.38 (14)
d, d,
15
0 :046_038% For 038<dih§1 (15)
d, d,

5.3.2 Design rules in accordance with the design rules of AlSI (2016) and AS/NZS (2018)
The formulas for determining the shear capacity reduction factor are presented in AlSI (2016) and
AS/NZS (2018) for CFS channels with un-stiffened web holes on the basis of the research findings of
Eiler et al. (1997), who suggested that the reduction of shear capacity due to the presence of web
holes can be estimated by applying a reduction factor to the nominal shear capacity of the plain web.
The shear capacity reduction factor formulas developed by Eiler et al. (1997), which are available in

AISI (2016) and AS/NZS (2018) can be determined by using Equations 16 to 20:

g,=1 For %>54 (16)
Q. = —— For5< <54 17)
54t t
e Qi (18)
2 283

(19)
Y <0.7
d,
% <200 (20)

5.3.3 Design rules proposed by Keerthan and Mahendran (2013b, 2014)

12
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Keerthan and Mahendran (2013b, 2014) experimentally and numerically studied the shear capacity of
CFS channels with un-stiffened web holes. From the outcome of their research, they proposed shear
capacity reduction factors due to the presence of web holes. Based on their recommendation, shear
capacity of CFS channels with un-stiffened web holes (V) can be calculated using a reduction factor
gs, which is normally applied to the shear capacity of plain channels (V). Equations 21 to 23 present

the proposed design formulas for the shear capacity reduction factor of perforated CFS channel

sections.

21
q5:1—o.6(%) For0<di“<o.3 24

d, d,

22

qs:1.215—1.316(di“) For 03<% 07 22)
d1 dl
(23)

d
g, = 0.732 _0-625(dih) For 0.7< L <0.85

1 1

6. Comparison of tests and FE results with design strengths

The results obtained from laboratory tests and FEA were in comparison with the design shear
capacities determined from the design rules of AISI (2016), AS/NZS (2018), Pham and Hancock (2010a,
b) and Keerthan and Mahendran (2015) for CFS plain channels. The comparison results are reported
in Table 8 and plotted in Fig.17. The DSM design rules in shear without tension field action as per the
AISI (2016) and AS/NZS (2018), are overly conservative, as they do not include the influence of post-
buckling strength. However, the DSM design rules in shear with tension field action proposed by Pham
and Hancock (2010a, b) was close to the results obtained from laboratory tests. The results obtained
from the formulas proposed by Keerthan and Mahendran (2015) are conservative by 18% on average,
when compared with the results obtained from the laboratory tests.

The shear capacities of CFS channels with un-stiffened web holes obtained from the laboratory tests
and FEA are in comparison with the predictions from the currently available design rules as shown in

Table 9. The comparison results show that the shear capacities determined from Shan et al.’s (1997)

13



291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

design formulas are over conservative by 62% on average. The design formulas in accordance with the
AISI (2016) and AS/NZS (2018) are conservative mostly for CFS channels with small web holes, while
they are un-conservative for channels with larger web holes, which was also reported by Keerthan and
Mahendran (2013b, 2014). This comparison shows that the shear capacities determined from
Keerthan and Mahendran's (2013b, 2014) design formulas are conservative by 7% on average. Fig. 18
shows the non-dimensional curve of gs versus dwh/d1.

For CFS channels with edge-stiffened web holes, the shear capacity reduction factors obtained from
laboratory tests and FEA were in comparison with those obtained from the design formulas of CFS
channels with un-stiffened web holes. The comparison results are presented in Table 10, indicating
that the design formulas in accordance with the AlSI (2016) and AS/NZS (2018) are un-conservative by
7% on average. This is due to the fact that the current design rules of CFS channels with web holes do
not consider the effects of edge-stiffener. Therefore, new design rules for CFS channels with edge-

stiffened web holes should be developed.

7. Proposed design formulas

New design rules in the form of a reduction factor were proposed in this paper to determine the shear
capacity of CFS channels with edge-stiffened web holes, based on the experimental and numerical
results presented herein. It should be noted that a previous study reported by the same authors (Chen
et al. 2020c) indicated that the influences of ry/ty ratio on the capacity of such CFS channels are
limited. Therefore, the ratio r,/ty was not considered in the proposed design formulas. Only the
primary influencing parameters such as, g/d: and dwn/d1 ratios were considered. The design formulas
for calculating the shear capacity reduction factors (gser) of CFS channels with edge-stiffened web

holes are given next.

Us(pr) :1.04+0.67ﬂ—o_59% For, 0.1< duwn/d1 0.3 (24)

1 1
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O o =142 +1 08&_1 59dlh For, 0.3 < dwn/d1<0.5 (25)
pr) — : :
1 1
0g ):172+118ﬂ—1 91dlh For, 0.5 < dun/d1<0.7 (26)
pr) — : :
1 1

The validity for the proposed design formulas shall apply within the following limits: (a)0.1<dwn/d1£0.7;

(b) 0.04<q9/d1<0.12; (c) 96<d:1/t.<290

In order to assess the accuracy of the proposed design formulas for a shear capacity reduction factor
of CFS channels with edge-stiffened web holes (Equations (24)-(26)), Fig. 19 and Table 10 compare
their predictions with the corresponding results obtained from laboratory tests and FEA. From the
comparison results, it was found that the shear capacity reduction factor determined from Equations

(24) to (26) agree well with the results obtained from laboratory tests and FEA.

8. Reliability analysis

A reliability analysis was carried out to assess the reliability of the proposed design formulas for
determining the shear capacity reduction factors of CFS channels with edge-stiffened web holes. A
target reliability index of 2.5 for CFS structural members is recommended as a lower limit in the AlSI
Specification (2016). Design formulas are considered reliable if the value of the reliability index (8) is
greater than or equal to 2.5 (AISI, 2016). A load combination of 1.2DL+1.6LL as specified in the AlSI
Specification (2016) was used in the reliability analysis. In the calculation, DL means the dead load,
while LL means the live load. The statistical parameters were determined from the AISI Specification
(2016) for CFS members, where My, = 1.10, F, = 1.00, Vi = 0.10, and V= 0.05. These values are the

mean values and coefficients of variations for material and fabrication properties.

Table 11 confirms that the values of 8 are 2.84, 2.80 and 2.80, for Equations 24, 25 and 26,
respectively, indicating that the proposed design formulas are reliable for determining the shear
capacity reduction factor of CFS channels with edge-stiffened web holes.

9. Concluding remarks
15
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This paper presents the details of an experimental and numerical investigation into the shear capacity
of CFS channels with edge-stiffened web holes, un-stiffened web holes and plain webs. A total of 254
results comprising 30 laboratory tests and 224 FE results are reported.

The results obtained from laboratory tests indicate that for a channel with edge-stiffened web holes,
the shear capacity increased by 13.6% on average, when compared with that of a channel with un-
stiffened web holes. Also, CFS channels without flange restraints had an 11.04% lower shear capacity
than its restrained equivalent. The shear capacities of those specimens with an aspect ratio of 1.5
were reduced by 24.9% on average due to this combined action.

A numerical model is then developed and validated against the corresponding results obtained from
laboratory tests, which showed good agreement both in terms of ultimate strength and failure modes.
A parametric study comprising 224 FE models was conducted based on the validated FE models

The current design formulas in AISI (2016) and AS/NZS (2018) for web holes are demonstrated to be
un-conservative by 7% on average when determining the shear capacity reduction factor of such CFS
channels with edge-stiffened web holes.

Modified design formulas are therefore proposed using bivariate linear regression analysis. A
reliability analysis was carried out to assess the proposed design formulas, indicating that the
proposed design formulas can closely determine the shear capacity reduction factor of CFS channels

with edge-stiffened web holes.
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Nomenclature

b
cov
CFS
di
wh

FEA
fv

LVDTs

q

gs
Qs(AISI&AS/NZS)
Qs(shan)

qs(xm)

ri

tw
Vbsm-1
Vbsm-2
Vexp
Vexp-1.0
Vexp-1.5

Vrea

Vim

0o.2
Oy
O true

Etrue(pl)

Shear span;

Width of flange;

Width of lip;

Coefficient of variation;

Cold-formed steel;

Clear height of web;

Diameter of web hole;

Young’s modulus of elasticity;

Finite element analysis;

Yield strength;

Total length of test specimen;

Linear variable displacement transducers;

Length of stiffener;

Reduction factor;

Reduction factor predicted from AISI (2016) and AS/NZS (2018)
Reduction factor predicted from design rules proposed by Shan et al. (1997)

Reduction factor predicted from design rules proposed by Keerthan and
Mahendran et al. (2013b, 2014);
Inside corner radius of section;

Thickness of web;

Shear capacity predicted from the DSM design rules in shear without TFA;
Shear capacity predicted from the DSM design rules in shear with TFA;
Shear capacity predicted from laboratory tests;

Experimental shear capacity of specimens with aspect ratios of 1.0;
Experimental shear capacity of specimens with aspect ratios of 1.5;

Shear capacity predicted from finite element (FEA);

Shear capacity predicted from the design equations proposed by Keerthan and
Mahendran et al. (2015);

Static 0.2% proof stress;
Static ultimate tensile strength;
True stress ;

True strain ;
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Table 1. Measured dimensions and shear capacity for specimens with flanges restrained by straps

a) Section 240

Web Total Web Stiffener Hole Aspect Ratio Ratio Shear capacity Reduction
Specimen height | length | thickness length | diameter ratio obtained from test factor
d1 L tw q Awh a/d, di/tw dwr/d1 Vixp gs
(mm) (mm) (mm) (mm) (mm) (kN)
Plain section
240-A1.0-DO-NH-FR 239.3 672.6 1.81 - - 1.0 132.2 - 53.7 1.00
240-A1.5-DO-NH-FR 239.3 908.9 1.81 - - 1.5 132.2 - 37.5 1.00
Edge-stiffened holes
240-A1.0-D140-EH-FR 236.5 672.6 1.86 13 148.5 1.0 127.2 0.63 35.3 0.66
240-A1.5-D140-EH-FR 238.3 908.9 1.86 13 147.5 1.5 128.1 0.62 31.2 0.83
240-A1.0-D90-EH-FR 239.3 672.6 1.85 13 98.0 1.0 129.4 0.41 49.1 0.91
240-A1.5-D90-EH-FR 238.5 908.9 1.85 13 97.5 1.5 128.9 0.41 37.5 1.00
Un-stiffened holes
240-A1.0-D140-UH-FR 235.5 672.6 1.86 - 149.5 1.0 126.6 0.63 304 0.56
240-A1.5-D140-UH-FR 235.1 908.9 1.85 - 148.2 1.5 127.1 0.63 24.9 0.66
240-A1.0-D90-UH-FR 235.5 672.6 1.88 - 98.0 1.0 125.3 0.42 45.3 0.84
240-A1.5-D90-UH-FR 235.5 908.9 1.88 - 98.5 1.5 125.3 0.42 33.4 0.89
b) Section 290
Web Total Web Stiffener Hole Aspect Ratio Ratio Shear capacity Reduction
Specimen height | length | thickness length | diameter ratio obtained from test factor
d1 L tw q dwh a/d1 di/tw dwr/d1 Vexp gs
(mm) (mm) (mm) (mm) (mm) (kN)
Plain section
290-A1.0-DO-NH-FR 289.6 771.2 2.10 - - 1.0 137.9 - 73.1 1.00
290-A1.5-DO-NH-FR 285.6 1056. 2.11 - - 1.5 135.4 - 49.1 1.00
Edge-stiffened holes
290-A1.0-D140-EH-FR 287.6 771.2 2.15 13 148.3 1.0 133.8 0.52 55.9 0.76
290-A1.5-D140-EH-FR 288.5 1056. 2.13 13 147.5 1.5 1354 0.51 50.0 0.92
290-A1.0-D90-EH-FR 285.6 771.2 2.16 13 98.5 1.0 132.2 0.34 64.8 0.88
290-A1.5-D90-EH-FR 287.0 1056. 2.16 13 99.0 1.5 132.9 0.34 51.3 0.94
Un-stiffened holes
290-A1.0-D140-UH-FR 285.0 771.2 2.18 - 148.5 1.0 130.7 0.52 51.2 0.70
290-A1.5-D140-UH-FR 286.5 1056. 2.17 - 149.5 1.5 132.0 0.52 421 0.86
290-A1.0-D90-UH-FR 285.0 771.2 2.18 - 99.5 1.0 130.7 0.35 63.9 0.87
290-A1.5-D90-UH-FR 285.6 1056. 2.17 - 99.0 1.5 131.6 0.35 48.1 0.98

Table 2. Measured dimensions and shear capacity for specimens with flanges unrestrained by straps

Web Total Web Stiffener Hole Aspect Ratio Ratio Shear capacity Reduction
Specimen height | length | thickness length | diameter ratio obtained from test factor
d1 L tw q dwh a/d1 di/tw dwr/d1 Vixp gs
(mm) (mm) (mm) (mm) (mm) (kN)
Plain section
240-A1.0-DO-NH-FU 235.3 672.6 1.85 - - 1.0 127.1 - 46.9 1.00
240-A1.5-DO-NH-FU 236.3 908.9 1.85 - - 1.5 127.7 - 35.0 1.00
Edge-stiffened holes
240-A1.0-D140-EH-FU 237.3 672.6 1.86 13 148.9 1.0 127.6 0.63 31.7 0.67
240-A1.5-D140-EH-FU 238.3 908.9 1.85 13 147.5 1.5 128.8 0.62 28.7 0.82
240-A1.0-D90-EH-FU 235.5 672.6 1.87 13 96.5 1.0 125.9 0.41 41.0 0.87
240-A1.5-D90-EH-FU 237.3 908.9 1.85 13 93.5 1.5 128.3 0.39 35.2 1.01
Un-stiffened holes
240-A1.0-D140-UH-FU 237.3 672.6 1.86 - 148.5 1.0 127.6 0.63 26.0 0.55
240-A1.5-D140-UH-FU 238.0 908.9 1.86 - 147.0 1.5 128.0 0.62 22.8 0.65
240-A1.0-D90-UH-FU 237.5 672.6 1.87 - 98.0 1.0 127.0 0.41 36.0 0.78
240-A1.5-D90-UH-FU 238.9 908.9 1.85 - 97.5 1.5 129.1 0.41 30.7 0.88
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Table 3. Material properties of specimens obtained from tensile coupon tests

Section Coupon ID Thickness Yield stress Ultimate stress
tw/mm 0o.2/MPa o ./MPa

240-1 1.81 302.3 372.8

. 240-2 1.82 300.9 380.1
>ection 240 240-3 1.81 301.2 383.9
Mean 1.81 301.6 378.9

290-1 2.11 310.2 383.1

. 290-2 2.10 308.6 387.4
>ection 230 290-3 2.13 306.5 390.6
Mean 2.11 308.5 387.0

Table 4. Comparison of shear capacity of specimens with and without flange restraints

Shear capacity predicted from test Capacity reduction

Specimen With straps Without straps

(kN) (kN) (%)
240-A1.0-DO-NH 53.7 46.9 12.6
240-A1.5-DO-NH 37.5 35.0 6.7
240-A1.0-D140-EH 35.3 31.7 10.2
240-A1.5-D140-EH 31.2 28.7 8.0
240-A1.0-D90-EH 49.1 41.0 16.5
240-A1.5-D90-EH 37.5 35.2 6.1
240-A1.0-D140-UH 304 26.0 133
240-A1.5-D140-UH 24.9 22.8 8.4
240-A1.0-D90-UH 45.3 36.0 20.5
240-A1.5-D90-UH 334 30.7 8.1
Mean 11.04

Table 5. Comparison of shear capacity of specimens having aspect ratios of 1.0 and 1.5

Shear capacity predicted from test Capacity reduction
Specimen a/di=1.0 a/d=1.5

VEXP»l.O (kN) VEXP—l.S (kN) (%)
240-D0O-NH-FR 53.7 37.5 43.2
290-DO-NH-FR 73.1 49.1 48.9
240-DO-NH-FU 46.9 35.0 34.0
240-D140-EH-FR 353 31.2 13.1
240-D90-EH-FR 49.1 37.5 30.9
290-D140-EH-FR 55.9 50.0 11.8
290-D90-EH-FR 64.8 51.3 26.3
240-D140-EH-FU 31.7 28.7 10.5
240-D90-EH-FU 41.0 35.2 16.5
240-D140-UH-FR 30.4 24.9 18.1
240-D90-UH-FR 45.3 33.4 35.6
290-D140-UH-FR 51.2 42.1 21.6
290-D90-UH-FR 63.9 48.1 32.8
240-D140-UH-FU 26.0 22.8 14.0
240-D90-UH-FU 36.0 30.7 17.3
Mean 24.9
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Table 6. Comparison of shear capacity obtained from tests and FEA for all test specimens

Aspect Ratio Ratio Shear capacity Test/FEA

Specimen a/dy i/t dunldr Test FEA
(kN) (kN)

Plain section
240-A1.0-DO-NH-FR 1.0 132.2 - 53.7 50.6 1.06
240-A1.5-DO-NH-FR 1.5 132.2 - 375 38.3 0.98
240-A1.0-DO-NH-FU 1.0 132.2 - 46.9 49.5 0.95
240-A1.5-DO-NH-FU 1.5 127.7 - 35.0 38.0 0.92
290-A1.0-DO-NH-FR 1.0 137.9 - 73.1 70.7 1.03
290-A1.5-DO-NH-FR 1.5 135.4 - 49.1 53.5 0.92
Edge-stiffened holes
240-A1.0-D140-EH-FR 1.0 127.2 0.63 353 321 1.10
240-A1.5-D140-EH-FR 1.5 128.1 0.62 31.2 30.3 1.03
240-A1.0-D90-EH-FR 1.0 129.4 0.41 49.1 46.0 1.07
240-A1.5-D90-EH-FR 1.5 128.9 0.41 375 40.1 0.94
240-A1.0-D140-EH-FU 1.0 127.6 0.63 31.7 313 1.01
240-A1.5-D140-EH-FU 1.5 128.8 0.62 28.7 29.1 0.99
240-A1.0-D90-EH-FU 1.0 125.9 0.41 41.0 44.4 0.92
240-A1.5-D90-EH-FU 1.5 128.3 0.39 35.2 37.9 0.93
290-A1.0-D140-EH-FR 1.0 133.8 0.52 55.9 51.5 1.09
290-A1.5-D140-EH-FR 1.5 135.4 0.51 50.0 44.9 1.11
290-A1.0-D90-EH-FR 1.0 132.2 0.34 64.8 68.2 0.95
290-A1.5-D90-EH-FR 1.5 132.9 0.34 51.3 55.3 0.93
Un-stiffened holes
240-A1.0-D140-UH-FR 1.0 126.6 0.63 30.4 28.3 1.07
240-A1.5-D140-UH-FR 1.5 127.1 0.63 24.9 22.7 1.10
240-A1.0-D90-UH-FR 1.0 125.3 0.42 45.3 43.1 1.05
240-A1.5-D90-UH-FR 1.5 125.3 0.42 334 34.0 0.98
240-A1.0-D140-UH-FU 1.0 127.6 0.63 26.0 24.0 1.08
240-A1.5-D140-UH-FU 1.5 128.0 0.62 22.8 21.4 1.07
240-A1.0-D90-UH-FU 1.0 127.0 0.41 36.0 38.3 0.94
240-A1.5-D90-UH-FU 1.5 129.1 0.41 30.7 32.0 0.96
290-A1.0-D140-UH-FR 1.0 130.7 0.52 51.2 43.2 1.18
290-A1.5-D140-UH-FR 1.5 132.0 0.52 42.1 38.0 1.11
290-A1.0-D90-UH-FR 1.0 130.7 0.35 63.9 63.9 1.00
290-A1.5-D90-UH-FR 1.5 131.6 0.35 48.1 51.9 0.93
Mean 1.01
cov 0.07
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Table 7. Shear capacity predicted from the parametric study for varying thickness, hole diameter ratio and

stiffener length ratio (aspect ratio=1.0)

(a) Section 240

Thickness Hole ratio Shear capacity obtained from the parametric study, Veea (kN)
With edge-stiffened hole
tw (mm) A (dwr/d1) Without hole With un-stiffened hole Q0.04 Q0.06 Q0.08 Q0.10 Q0.12
1.0 0.1 22.1 22.0 22.3 22.6 22.8 23.1 23.6
1.0 0.3 22.1 17.8 19.1 194 19.9 20.1 20.4
1.0 0.5 22.1 11.7 14.2 14.6 15.3 159 16.2
1.0 0.7 22.1 6.6 9.4 9.7 10.2 11.1 11.8
1.5 0.1 40.4 38.1 40.2 40.6 41.0 41.8 42.8
1.5 0.3 40.4 32.4 35.5 35.8 36.1 37.1 37.9
1.5 0.5 40.4 21.0 27.0 28.0 29.0 29.7 30.5
1.5 0.7 40.4 12.1 18.0 18.7 19.7 20.2 20.9
2.0 0.1 56.5 56.4 56.9 57.3 58.0 58.3 58.8
2.0 0.3 56.5 48.3 49.1 49.9 50.6 51.5 52.5
2.0 0.5 56.5 32.2 39.7 40.7 41.9 42.6 43.5
2.0 0.7 56.5 19.6 25.4 26.3 27.4 28.6 29.5
2.5 0.1 86.1 85.6 86.9 87.7 88.6 89.4 90.4
2.5 0.3 86.1 69.2 73.1 74.4 75.9 77.2 78.8
2.5 0.5 86.1 45.5 54.4 56.1 57.7 59.3 60.8
2.5 0.7 86.1 27.0 36.7 38.3 39.6 41.1 42.7
(a) Section 290
Thickness Hole ratio Shear capacity obtained from the parametric study, Veea (kN)
With edge-stiffened hole
tw (mm) A (dwn/d1) Without hole With un-stiffened hole Q0.04 Q0.06 Q0.08 Q0.10 Q0.12
1.0 0.1 25.1 24.7 25.5 25.7 26.1 26.6 26.8
1.0 0.3 25.1 20.7 22.5 22.7 23.2 23.7 24.0
1.0 0.5 25.1 14.6 17.2 17.6 18.0 18.6 19.0
1.0 0.7 25.1 9.1 11.1 11.7 12.4 13.3 13.8
1.5 0.1 46.2 44.7 46.8 47.2 47.7 48.3 48.9
1.5 0.3 46.2 37.4 42.0 42.5 43.2 43.8 44.6
1.5 0.5 46.2 24.9 29.5 30.9 32.3 33.7 35.1
1.5 0.7 46.2 15.1 20.3 215 22.8 24.1 25.5
2.0 0.1 66.5 66.0 67.3 68.0 68.8 69.6 70.5
2.0 0.3 66.5 56.7 60.8 61.6 62.6 63.5 64.5
2.0 0.5 66.5 37.4 45,5 47.2 48.7 50.3 52.1
2.0 0.7 66.5 22.7 29.5 31.5 33.3 35.5 37.5
2.5 0.1 90.5 89.7 91.5 92.5 93.3 94.5 95.5
2.5 0.3 90.5 74.0 82.0 83.2 84.2 85.3 86.5
2.5 0.5 90.5 52.1 61.1 63.2 65.1 66.8 68.9
2.5 0.7 90.5 32.3 39.2 41.6 43.7 46.2 48.5

Table 8. Comparison of shear capacity obtained from tests, parametric study and current design formulae for

CFS plain channels (aspect ratio=1.0)

Thickness Ratio Shear capacity (kN) Comparison
Specimen tw (mm) di/tw Vexparea Vbsm-1 Vbsm-2 Viem Vexparea/ Vosm1 Vexperea/Vosm-2 Vexparea/Viom
Experiments
240-DO-NH-FR 1.81 132.2 53.7 42.7 54.3 49.8 1.26 0.99 1.08
290-DO-NH-FR 2.10 137.9 73.1 55.1 75.0 66.6 1.33 0.97 1.10
Parametric study
240-DO-NH-T1.0 1.0 238.0 22.1 7.2 19.6 14.4 3.07 1.13 1.53
240-D0O-NH-T1.5 1.5 158.0 40.4 24.3 39.4 324 1.66 1.03 1.25
240-D0-NH-T2.0 2.0 118.0 56.5 57.6 64.2 63.4 0.98 0.88 0.89
240-D0O-NH-T2.5 2.5 94.0 86.1 89.1 93.3 93.7 0.97 0.92 0.92
290-DO-NH-T1.0 1.0 288.0 25.1 5.9 20.9 15.5 4.25 1.20 1.62
290-DO-NH-T1.5 1.5 191.3 46.2 20.1 42.2 32.1 2.30 1.09 1.44
290-DO-NH-T2.0 2.0 143.0 66.5 47.6 69.1 59.5 1.40 0.96 1.12
290-D0O-NH-T2.5 2.5 114.0 90.5 92.9 100.8 99.6 0.98 0.90 0.91
Mean 1.82 1.01 1.18
cov 0.56 0.10 0.21
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Table 9. Comparison of shear capacity reduction factor obtained from tests, parametric study and current design

formulae for CFS channels with un-stiffened web holes (aspect ratio=1.0)

Ratio Shear capacity reduction factor (gs) Comparison
Specimen dwn/d1 gs {s(AISI&AS/NZS) Qs(shan) qs(xm) as /qs(AISI&AS/NZS) qs/qs(shan) qs/qs(KM)
Experiments
240-D140-UH-FR 0.63 0.56 0.64 0.22 0.39 0.88 2.54 1.43
240-D90-UH-FR 0.42 0.84 0.81 0.30 0.66 1.04 2.80 1.25
290-D140-UH-FR 0.52 0.70 0.76 0.26 0.53 0.92 2.29 1.34
290-D90-UH-FR 0.35 0.87 0.91 0.45 0.76 0.96 1.93 1.14
Parametric study
240-D24-UH-T1.0 0.1 1.00 NA 1.00 0.94 NA 1.00 1.06
240-D72-UH-T1.0 0.3 0.81 NA 0.61 0.81 NA 1.32 1.00
240-D120-UH-T1.0 0.5 0.53 NA 0.27 0.55 NA 1.96 0.96
240-D168-UH-T1.0 0.7 0.30 NA 0.19 0.29 NA 1.57 1.03
290-D29-UH-T1.0 0.1 1.00 NA 1.00 0.94 NA 1.00 1.06
290-D87-UH-T1.0 0.3 0.82 NA 0.61 0.82 NA 1.35 1.01
290-D145-UH-T1.0 0.5 0.58 NA 0.27 0.56 NA 2.15 1.04
290-D203-UH-T1.0 0.7 0.36 NA 0.19 0.29 NA 1.91 1.25
240-D24-UH-T1.5 0.1 0.94 1.00 1.00 0.94 0.94 0.94 1.00
240-D72-UH-T1.5 0.3 0.80 1.00 0.61 0.81 0.80 1.31 0.99
240-D120-UH-T1.5 0.5 0.52 0.94 0.27 0.55 0.55 1.93 0.95
240-D168-UH-T1.5 0.7 0.30 NA 0.19 0.29 NA 1.58 1.03
290-D29-UH-T1.5 0.1 0.97 1.00 1.00 0.94 0.97 0.97 1.03
290-D87-UH-T1.5 0.3 0.81 1.00 0.61 0.82 0.81 1.32 1.00
290-D145-UH-T1.5 0.5 0.54 1.00 0.27 0.56 0.54 2.00 0.96
290-D203-UH-T1.5 0.7 0.33 NA 0.19 0.29 NA 1.72 1.14
240-D24-UH-T2.0 0.1 1.00 1.00 1.00 0.94 1.00 1.00 1.06
240-D72-UH-T2.0 0.3 0.86 0.85 0.61 0.81 1.01 1.41 1.06
240-D120-UH-T2.0 0.5 0.57 0.69 0.27 0.55 0.81 2.07 1.02
240-D168-UH-T2.0 0.7 0.35 NA 0.19 0.29 NA 1.79 1.17
290-D29-UH-T2.0 0.1 1.00 1.00 1.00 0.94 1.00 1.00 1.06
290-D87-UH-T2.0 0.3 0.86 1.00 0.61 0.82 0.86 1.41 1.05
290-D145-UH-T2.0 0.5 0.56 0.84 0.27 0.56 0.67 2.07 1.00
290-D203-UH-T2.0 0.7 0.34 NA 0.19 0.29 NA 1.79 1.17
240-D24-UH-T2.5 0.1 0.99 0.81 1.00 0.94 1.22 1.00 1.06
240-D72-UH-T2.5 0.3 0.80 0.68 0.61 0.81 1.18 1.31 0.99
240-D120-UH-T2.5 0.5 0.53 0.55 0.27 0.55 0.96 1.96 0.96
240-D168-UH-T2.5 0.7 0.31 NA 0.19 0.29 NA 1.63 1.07
290-D29-UH-T2.5 0.1 0.99 0.98 1.00 0.94 1.01 0.99 1.06
290-D87-UH-T2.5 0.3 0.82 0.82 0.61 0.82 1.00 1.34 1.00
290-D145-UH-T2.5 0.5 0.58 0.67 0.27 0.56 0.85 2.11 1.02
290-D203-UH-T2.5 0.7 0.36 NA 0.19 0.29 NA 1.89 1.24
Mean 0.91 1.62 1.07
cov 0.18 0.29 0.10

NA: h/t, ratio or dw, exceeds the limit of AS/NZS (2018)

Table 10. Comparison of shear capacity reduction factor obtained from tests, parametric study, current design

formulae and proposed design formulae for channels with edge-stiffened web holes (aspect ratio=1.0)

Ratio Shear capacity reduction factor (gs) Comparison

Specimen dwn/d1 G | Gumseasizs) | Gsshn) | Gsw) | Gsen Gs/Gsimsiasinzs) | Gs/sshan) | Gs/Gstny | Gs/Gsion
Experiments

240-D140-EH 0.63 0.66 0.64 0.22 0.39 0.59 1.03 3.00 1.69 1.12
240-D90-EH 0.41 0.91 0.81 0.30 0.66 0.83 1.12 3.03 1.38 1.10
290-D140-EH 0.52 0.76 0.76 0.26 0.53 0.79 1.00 2.92 1.43 0.96
290-D90-EH 0.34 0.88 0.91 0.45 0.76 0.93 0.97 1.96 1.16 0.95
Parametric study

240-D24-EH-T1.5-Q0.04 0.1 1.00 1.00 1.00 0.94 1.01 1.00 1.00 1.06 0.99
240-D72-EH-T1.5-Q0.04 0.3 0.88 1.00 0.61 0.81 0.89 0.88 1.44 1.09 0.99
240-D120-EH-T1.5-Q0.04 0.5 0.67 0.94 0.27 0.55 0.67 0.71 2.48 1.22 1.00
240-D168-EH-T1.5-Q0.04 0.7 0.45 NA 0.19 0.29 0.43 NA 2.37 1.55 1.05
240-D24-EH-T1.5-Q0.06 0.1 1.00 1.00 1.00 0.94 1.02 1.00 1.00 1.06 0.98
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240-D72-EH-T1.5-Q0.06 0.3 0.89 1.00 0.61 0.81 0.90 0.89 1.46 1.10 0.99
240-D120-EH-T1.5-Q0.06 0.5 0.69 0.94 0.27 0.55 0.69 0.73 2.56 1.25 1.00
240-D168-EH-T1.5-Q0.06 0.7 0.46 NA 0.19 0.29 0.45 NA 2.42 1.59 1.02
240-D24-EH-T2.0-Q0.04 0.1 1.01 1.00 1.00 0.94 1.01 1.01 1.01 1.07 1.00
240-D72-EH-T2.0-Q0.04 0.3 0.87 0.85 0.61 0.81 0.89 1.02 1.43 1.07 0.98
240-D120-EH-T2.0-Q0.04 0.5 0.70 0.79 0.27 0.55 0.67 0.89 2.59 1.27 1.04
240-D168-EH-T2.0-Q0.04 0.7 0.45 NA 0.19 0.29 0.43 NA 2.37 1.55 1.05
240-D24-EH-T2.0-Q0.06 0.1 1.01 1.00 1.00 0.94 1.02 1.01 1.01 1.07 0.99
240-D72-EH-T2.0-Q0.06 0.3 0.88 0.85 0.61 0.81 0.90 1.04 1.44 1.09 0.98
240-D120-EH-T2.0-Q0.06 0.5 0.72 0.79 0.27 0.55 0.69 0.91 2.67 1.31 1.04
240-D168-EH-T2.0-Q0.06 0.7 0.47 NA 0.19 0.29 0.45 NA 2.47 1.62 1.04
290-D29-EH-T1.5-Q0.04 0.1 1.01 1.00 1.00 0.94 1.01 1.01 1.01 1.07 1.00
290-D87-EH-T1.5-Q0.04 0.3 0.91 1.00 0.61 0.81 0.89 0.91 1.49 1.12 1.02
290-D145-EH-T1.5-Q0.04 0.5 0.64 1.00 0.27 0.55 0.67 0.64 2.37 1.16 0.96
290-D203-EH-T1.5-Q0.04 0.7 0.44 NA 0.19 0.29 0.43 NA 2.32 1.52 1.02
290-D29-EH-T1.5-Q0.06 0.1 1.02 1.00 1.00 0.94 1.02 1.02 1.02 1.09 1.00
290-D87-EH-T1.5-Q0.06 0.3 0.92 1.00 0.61 0.81 0.90 0.92 151 1.14 1.02
290-D145-EH-T1.5-Q0.06 0.5 0.67 1.00 0.27 0.55 0.69 0.67 2.48 1.22 0.97
290-D203-EH-T1.5-Q0.06 0.7 0.47 NA 0.19 0.29 0.45 NA 2.47 1.62 1.04
290-D29-EH-T2.0-Q0.04 0.1 1.01 1.00 1.00 0.94 1.01 1.01 1.01 1.07 1.00
290-D87-EH-T2.0-Q0.04 0.3 0.91 1.00 0.61 0.81 0.89 0.91 1.49 1.12 1.02
290-D145-EH-T2.0-Q0.04 0.5 0.68 0.84 0.27 0.55 0.67 0.81 2.52 1.24 1.01
290-D203-EH-T2.0-Q0.04 0.7 0.44 NA 0.19 0.29 0.43 NA 2.32 1.52 1.02
290-D29-EH-T2.0-Q0.06 0.1 1.02 1.00 1.00 0.94 1.02 1.02 1.02 1.09 1.00
290-D87-EH-T2.0-Q0.06 0.3 0.93 1.00 0.61 0.81 0.90 0.93 1.52 1.15 1.03
290-D145-EH-T2.0-Q0.06 0.5 0.71 0.84 0.27 0.55 0.69 0.85 2.63 1.29 1.03
290-D203-EH-T2.0-Q0.06 0.7 0.47 NA 0.19 0.29 0.45 NA 2.47 1.62 1.04
Mean 0.93 1.95 1.27 1.01
cov 0.13 0.35 0.16 0.03

Table 11. Statistical parameters for comparison of shear capacity reduction factor obtained from tests and

parametric study against the proposed design formulae

(a) 0.1< dun/d: 0.3

Statistical parameters Uecrenaresty / Qogpry =1.04+0.67 dﬂ —0.59 %
1 1

Number of data 80

Mean, Pn 1.00

Coefficient of variation, COV 0.02

Reliability index, 8 2.84

Resistance factor, @ 0.85

(b) 0.3 < dyn/d1 0.5

Statistical parameters Ascreactesty / Aspry =1.42 +1.08di1 —1.59 %
Number of data 42

Mean, Pn 1.00

Coefficient of variation, COV 0.04

Reliability index, 8 2.80

Resistance factor, @ 0.85

(c) 0.5 < dyn/d1 0.7

Statistical parameters Oscreasresty / Ascpry =1.72 +1_18dﬂ _1_91%
1 1

Number of data 42

Mean, Pn 1.00

Coefficient of variation, COV 0.04

Reliability index, 8 2.80

Resistance factor, @ 0.85

28




Click here to access/download;Figure;Fig.1.bmp %



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705140&guid=2ea456c2-4bd5-4329-a65e-17cebe1e4c8e&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705140&guid=2ea456c2-4bd5-4329-a65e-17cebe1e4c8e&scheme=1

*

Click here to access/download;Figure;Fig.2(a).omp

140
b

15

fet

’
' H
A
A
A
e
2
;
3
= ———
140
— £
“
5|
- )

P W, W, W . .

240

240
ad


https://www.editorialmanager.com/jrnsteng/download.aspx?id=705141&guid=73d2ab22-f4d3-46c9-9383-74faa2440bcb&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705141&guid=73d2ab22-f4d3-46c9-9383-74faa2440bcb&scheme=1

Click here to access/download;Figure;Fig.2(b).omp %

b

aff

140

W

W W W GH W WA W W W W W W v

140

e e —————.

B A W W

290

- - - N T —

e e e e —

200

w w
i
|



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705142&guid=1e48c90f-797d-48a7-b8d6-bc806ae6bed1&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705142&guid=1e48c90f-797d-48a7-b8d6-bc806ae6bed1&scheme=1

Click here to access/download;Figure;Fig.3(a).omp =



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705143&guid=511d34a1-805f-4a39-8aea-f936758c967a&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705143&guid=511d34a1-805f-4a39-8aea-f936758c967a&scheme=1

Click here to access/download;Figure;Fig.3(b).bmp =



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705144&guid=0b5fe5fa-c4a8-4c00-872c-decf9220ad97&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705144&guid=0b5fe5fa-c4a8-4c00-872c-decf9220ad97&scheme=1

Click here to access/download;Figure;Fig.3(c).bmp %



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705145&guid=09105485-6491-4a0f-bcb0-8fb5730437d2&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705145&guid=09105485-6491-4a0f-bcb0-8fb5730437d2&scheme=1

'S

i

il

Click here to access/download;Figure;Fig.4.bmp =

Top Grip

Coupon

-1
1]



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705146&guid=1077c7b5-ee4a-4a54-8793-181f65664f08&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705146&guid=1077c7b5-ee4a-4a54-8793-181f65664f08&scheme=1

500

Click here to access/download;Figure;Fig.5(a).bmp %

LI

o

o
|

Stress (MPa)

.......................................
- -

- s o>

- i

100 —
— 240-1
] -=-= 240-2
------ 240-3
0 ' T | ' I ' T ‘ l ‘
0.00 0.05 0.10 0.15 0.20 0.25 0.3

Strain (mm/mm)


https://www.editorialmanager.com/jrnsteng/download.aspx?id=705147&guid=8c0f1267-33cb-45ab-87fe-3b1696b3fa27&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705147&guid=8c0f1267-33cb-45ab-87fe-3b1696b3fa27&scheme=1

Click here to access/download;Figure;Fig.5(b).bmp =

500
s S [ T,
e T e e e e —— ----;';_;;%
|
—
& 300
=
S’
o
w
@
= 200
wn
100 —
—290-1
a --=- 290-2
------ 290-3
0 Al I L] " L I L [ 1] l L]
0.00 0.05 0.10 0.15 0.20 0.25 0.3C

Strain (mm/mm)


https://www.editorialmanager.com/jrnsteng/download.aspx?id=705148&guid=71184f91-9e35-4b81-beaf-76d729141511&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705148&guid=71184f91-9e35-4b81-beaf-76d729141511&scheme=1

Click here to access/download;Figure;Fig.6.bmp =

iLoad cell
- LV DT

A
Steel angle



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705149&guid=af72ba41-4456-43cc-82c6-fbaf78a88806&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705149&guid=af72ba41-4456-43cc-82c6-fbaf78a88806&scheme=1

Click here to access/download;Figure;Fig.7.bmp %

e . T-shaped
> stiffeners
S Steel angle
Stiffening plate
© — T-shaped
‘ @Xstiﬁcmm
—
=0 Roller
pport



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705150&guid=e6715426-e57b-419a-80ae-7cc60a2ab8a7&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705150&guid=e6715426-e57b-419a-80ae-7cc60a2ab8a7&scheme=1

Shear capacity (kN)

70

Click here to access/download;Figure;Fig.8(a).omp *

60 —

- -
- .
.................
- -
-

e 240 AL O-DONH-FR= = 240-A 1. 0-DO0-EH-FR> = = = 240-A 1. 0-D90-UH-FR= == 240-A .0:D140-EH-FR= === 240-A 1 0-D140-UH-FR

———240-A1.S-DO-NH-FR= = 240-A1.5-D90-EH-FR- - - ~ 240-A1 5-D90-UH-FR—~— 240-A 1 5-D140-EH-FR=--= 240-A1.5-D140-UH-FR
O ] 1 Ll L 1 Ll L 1 Ll

| | | | | | | | | I

0 1 2 3 4 S 6 7 8 9

Displacement (mm)

10


https://www.editorialmanager.com/jrnsteng/download.aspx?id=705151&guid=765fa5ea-cb3d-4b2e-a105-e90696113268&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705151&guid=765fa5ea-cb3d-4b2e-a105-e90696113268&scheme=1

Shear capacity (kN)

Click here to access/download;Figure;Fig.8(b).omp *

70

60 —

50 —

...............
.........
e
-

.....

-
RO ERS Sy e T "% s s s ansaceey
. .. -
.. -

- .
- — . - ——-
-~ e T, S e T T

= 240-AL.0-DO-NH-FU= = 240-AL.0-DW-EH-FU= = « < 240-A1.0-D-UH-FU== = 240-A L.0-D140-EH-FU= === 240-A L.O-D 14)-UH-FU
m——240-A L S-DONH-FU= = 240-A1.5-D90-EH-F U = = = 240:A 1 S-D90-UH-FU= == 240-A1,5-D140-EH-FU= =~ = 240-A1.5-D 140-UH-FL

' ] L l 1 l ' ] 1 I T ' l ] 1 l Ll
2 3 4 5 6 7 8 9 10

Displacement (mm)


https://www.editorialmanager.com/jrnsteng/download.aspx?id=705152&guid=c76b74c6-88b5-4cfd-96e1-04bd2be9543f&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705152&guid=c76b74c6-88b5-4cfd-96e1-04bd2be9543f&scheme=1

Shear capacity (kN)

Click here to access/download;Figure;Fig.8(c).bmp =

80
© | =—290-A1.0-DO-NH-FR= = 290-A1.0-D90-EH-FR- = - = 290-A1.0-D90-UH-FR—= = 290-A1.0-D140-EH-FR==~= 290-A1.0-D140-UH-FR
0 4 = 200-A1 5-DO-NH-FR= = 290-A1 5-D90-EH-FR- - = = 200-A1 5-D90-UH.FR=+ = 290-A1 5-D140-EH-FR=~-= 290-A | .5-D140-UH-FR
L ] ] l L] l 1 I ' l L] I L I L] ] ] I ¥
0 1 2 3 4 5 6 7 8 9 10

Displacement (mm)


https://www.editorialmanager.com/jrnsteng/download.aspx?id=705153&guid=710e6a75-fb0e-4102-a5c7-fa2308989b28&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705153&guid=710e6a75-fb0e-4102-a5c7-fa2308989b28&scheme=1

*

Click here to access/download;Figure;Fig.9(a).bmp



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705154&guid=de252477-7043-4664-8088-b7e2cf14c653&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705154&guid=de252477-7043-4664-8088-b7e2cf14c653&scheme=1

Click here to access/download;Figure;Fig.9(b).omp =

® @

Shear
failure



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705155&guid=1583404c-a4e8-4cc9-9f8e-072508b2af54&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705155&guid=1583404c-a4e8-4cc9-9f8e-072508b2af54&scheme=1

Click here to access/download;Figure;Fig.9(c).bmp 2



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705156&guid=71025baa-5259-4685-800a-7681f1269fda&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705156&guid=71025baa-5259-4685-800a-7681f1269fda&scheme=1

Click here to access/download;Figure;Fig.10.bmp =



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705157&guid=af7606bd-323b-49c7-b6fa-78c837c002ae&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705157&guid=af7606bd-323b-49c7-b6fa-78c837c002ae&scheme=1

Click here to access/download;Figure;Fig.11.bmp %

Finer mesh around corner

CFS beams:
Smm*Smm
T-shaped stiffeners: Finer mesh around web hole

10 mm*10 mm

> Y



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705158&guid=b5cac553-9618-4e3f-977a-20eb3b835ea3&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705158&guid=b5cac553-9618-4e3f-977a-20eb3b835ea3&scheme=1

Click here to access/download;Figure;Fig.12.bmp =

Loading at
shear center

A
U:=1;0=0 y 4
U=1: 0,0 angle straps Yx~ 1 Yy
U,=0; 0,= I
U,=0; 6,=1 T-shaped
y- ey U.=0: 0.0 pea Y

U,=1; 0,20 ke stiffeners
=1;0,


https://www.editorialmanager.com/jrnsteng/download.aspx?id=705159&guid=59f785ca-564c-459e-b2c6-8eab9f926433&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705159&guid=59f785ca-564c-459e-b2c6-8eab9f926433&scheme=1

Shear load (kN)

30

Click here to access/download;Figure;Fig.13.bmp =

1.2% difference

—— Without residual stress
—&— With residual stress

| ' 1 ' 1 ' I '
3 4 5 6 7

Displacement (mm)


https://www.editorialmanager.com/jrnsteng/download.aspx?id=705160&guid=01e51d12-faff-4a43-8808-becc305bebcf&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705160&guid=01e51d12-faff-4a43-8808-becc305bebcf&scheme=1

Click here to access/download;Figure;Fig.14(a).omp =

Yesg - "TI113111
c\‘ll:'-““ TI10 )



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705161&guid=343974ea-9e5a-4ee9-a8cc-e09615f9b197&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705161&guid=343974ea-9e5a-4ee9-a8cc-e09615f9b197&scheme=1

Click here to access/download;Figure;Fig.14(b).omp =

. "
L h
il = . -
p 3 -
1
pe &> ->
*
o - T
R
2 - -
bt -
— R S an
4 "
— . ¥
: SHE
b~ - el 1
s s %enn
- = = by
e 54
. 3T
S
A mhw
=



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705162&guid=917d3889-be9a-4190-be69-78f9c0662333&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705162&guid=917d3889-be9a-4190-be69-78f9c0662333&scheme=1

Click here to access/download;Figure;Fig.14(c).bmp %

o
.
1l
-
-
-4
e
-
Ry
' -
-
st
-
: H
. ot
et
g
'l
1 :: 1



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705163&guid=8fbb6659-f491-49ff-8a2b-a8820e8b52a6&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705163&guid=8fbb6659-f491-49ff-8a2b-a8820e8b52a6&scheme=1

Click here to access/download;Figure;Fig.14(d).bomp =

A1

FEA " i i



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705164&guid=9f8c07c9-59f3-461f-b624-37483922ccab&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705164&guid=9f8c07c9-59f3-461f-b624-37483922ccab&scheme=1

Click here to access/download;Figure;Fig.14(e).bomp =

b )
.
—
ShEnn
r
) 4
1
E B
am u I- :
: aseuiar o
) ¥ B
o + =t
2 X
e by o4
= - 1) - < —
> | M



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705165&guid=a4017071-eff5-4ab8-a6a7-7cd9d3eec549&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705165&guid=a4017071-eff5-4ab8-a6a7-7cd9d3eec549&scheme=1

Click here to access/download;Figure;Fig.14(f).omp

.'l]p.r.u

- a:s :

S AL LI T T T . h ¢ \ PRARBARENE

SEANBREER ML llliiﬂuﬁlﬂl
IREnGssuRas

LI ALY LAl

sifeanERue
TII11LT

ERENNERNEAEN

--
EnstaneRw

PESASEAERAREIRAGAR

SENEARRERRAREREA



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705166&guid=f33beba9-481f-4185-bd5b-03b39a0f609f&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705166&guid=f33beba9-481f-4185-bd5b-03b39a0f609f&scheme=1

Click here to access/download;Figure;Fig.14(g).bomp =

(*

[ 2T

5

L

.

1EST

111

1A
2
SALALAALIAL R
IRREREENDE NN
AR BENERARS
SALALAS I AAT
2 AALA3AAAL
" AAALLL L
ALl
Inn
4
|
-

L

FEA



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705167&guid=2065feaa-ca26-45b4-8f06-b2b7fff45d06&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705167&guid=2065feaa-ca26-45b4-8f06-b2b7fff45d06&scheme=1

Click here to access/download;Figure;Fig.14(h).bomp =

— B
lhIl...
.', e
)
. - —
- -
=
-
e
=
e
) ——s
— :-
-t
T
N -
~ —
- { 13
' T
g " +
1 1 s 1y 1
‘9 ¥ LIT = 111
= ¥ e
11133



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705168&guid=3c958f20-b0f6-4904-9df5-916c62287636&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705168&guid=3c958f20-b0f6-4904-9df5-916c62287636&scheme=1

Shear load (kN)

Click here to access/download;Figure;Fig.15(a).bomp =

Displacement (mm)


https://www.editorialmanager.com/jrnsteng/download.aspx?id=705169&guid=c23b2565-790b-4006-a072-6237f4d117d7&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705169&guid=c23b2565-790b-4006-a072-6237f4d117d7&scheme=1

Shear load (kN)

Click here to access/download;Figure;Fig.15(b).bomp =

—— TEST
EA

Displacement (mm)


https://www.editorialmanager.com/jrnsteng/download.aspx?id=705170&guid=f366cc74-93e3-42cb-9cc9-97e83b3dcba5&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705170&guid=f366cc74-93e3-42cb-9cc9-97e83b3dcba5&scheme=1

1.4

1.2

1.0

0.4

0.2

0.0

Click here to access/download;Figure;Fig.16(a).bmp =

= —{ —{ — —
____________ A
- B e e st L
- B e PSR o
Qponnmmasiaes e Sl
------- O
T e O
O -mrmememn Oememrmmm = O
{ | =0—240-D24-T1 -4\~ 240-D72-TI
- <>+ 240-D120-T1_—O- 240-D168-T]
T | T | T T . ' l '
0.02 0.04 0.06 0.08 0.10 0.12 0.14

q/d) ratio


https://www.editorialmanager.com/jrnsteng/download.aspx?id=705171&guid=7b655047-cadc-4884-92ca-c3428920029b&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705171&guid=7b655047-cadc-4884-92ca-c3428920029b&scheme=1

1.2

1.0 —

0.8 —

0.6 —

0.4 —

0.2

Click here to access/download;Figure;Fig.16(b).bmp =

—O0— 240-T1-Q0.04 --o-- 240-T1-Q0.06 - - 240-T1-Q0.08
—<>- 240-T1-Q0.10 --O--- 240-T1-Q0.12

0.0

L I A I s I = | . | Rk | J |
0.1 0.2 0.3 0.4 0.5 0.6 0.7

dwn/dh ratio

0.8


https://www.editorialmanager.com/jrnsteng/download.aspx?id=705172&guid=86f98258-ac7e-4f98-8ae0-937381b95f1a&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705172&guid=86f98258-ac7e-4f98-8ae0-937381b95f1a&scheme=1

Click here to access/download;Figure;Fig.17.bmp =

1.2

1.0

——— DSM shear curve-without TFA
~-—- DSM shear curve-with TFA
- = = Keerthan and Mahendran (2015)
0 Experiment
& Parametric study

50

100

1
150

dl/f\v

200 250

300


https://www.editorialmanager.com/jrnsteng/download.aspx?id=705173&guid=2d8d5064-e85f-4932-9d2f-3d30a5aaa44f&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705173&guid=2d8d5064-e85f-4932-9d2f-3d30a5aaa44f&scheme=1

Click here to access/download;Figure;Fig.18.bmp =

1.2
— AS/NZS (2018) & AISI(2016)
. —-—- Keerthan and Mahendran (2013b, 2014)
— == Shan et al. (1997)
10 $heccc A e e S B Experiment
<y \g \ > Parametric study
0.8 —
o> 0.6 —
0.4 -
0.2 - N
0-0 1) l l l l I l 1 ' L l L l L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

| dwh/dl |



https://www.editorialmanager.com/jrnsteng/download.aspx?id=705174&guid=2d7cef36-c016-4946-ae59-4a50da9037cb&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705174&guid=2d7cef36-c016-4946-ae59-4a50da9037cb&scheme=1

qs(FEA&TEST)/ {sipr)

S
o0

2.0

1.8

1.6

1.4

1.2

1.0

0.6

0.4

0.2

0.0

Click here to access/download;Figure;Fig.19.bmp =

. b*
= E . H
! s ¥ =R B
|| ©@ FEA-parametric study
11 % TEST
- | - | - | ‘ | | | I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

dunld


https://www.editorialmanager.com/jrnsteng/download.aspx?id=705175&guid=b341de65-d767-4f10-b0b2-55f0c99b51aa&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=705175&guid=b341de65-d767-4f10-b0b2-55f0c99b51aa&scheme=1

Figure Caption List

List of figures

Fig. 1 The use of cold-formed steel beams with edge-stiffened holes (Howick Ltd. 2013)

Fig. 2. Nominal cross-sections of the CFS channels considered in this paper.

(a) Section 240

(b) Section 290

Fig. 3. CFS channels studied in this paper

(a) CFS channels without holes

(b) CFS channels with un-stiffened web holes

(c) CFS channels with edge-stiffened web holes

Fig. 4. Experimental setup of tensile coupon test

Fig. 5. Stress-strain curves

(a) Section 240

(b) Section 290

Fig. 6. Photograph of test loading rig.

Fig. 7. Schematic drawing of loading rig

Fig. 8. Shear capacity versus displacement curves of all specimens

(a) section 240 with flange straps

(b) section 240 without flange straps

(c) section 290 with flange straps

Fig. 9. Failure modes of CFS channels with flange straps (aspect ratio=1.0)

(a) 240-A1.0-DO-NH-FR

(b) 240-A1.0-D140-UH-FR

(c) 240-A1.0-D140-EH-FR

Fig. 10. Failure mode of CFS channels without flange straps (240-A1.5-DO-NH-FU)

Fig. 11 Mesh type for specimen 290-A1.5-D140-EH-FR

Fig. 12 Boundary conditions within the FE model for specimen 290-A1.5-D140-EH-FR

Fig. 13. Effects of residual stresses (240-A1.5-D140-UH-FR)

Fig. 14. Deformed shapes at failure from experiments and FEA for those specimens with an aspect ratio of 1.0

(a) 240-A1.0-DO-NH-FR



(b) 240-A1.0-D90-UH-FR

(c) 240-A1.0-D140-EH-FR

(d) 240-A1.0-D140-UH-FR

(e) 240-A1.0-DO-NH-FU

(f) 240-A1.0-D90-UH-FU

(g) 240-A1.0-D140-EH-FU

(h) 240-A1.0-D140-UH-FU

Fig. 15. Comparison of FEA and experimental shear capacity versus displacement curves

(a) 240-A1.5-D90-UH-FR

(b) 240-A1.5-D90-UH-FU

Fig. 16. Effect of dwn/d1 and g/d: ratio on shear capacity reduction factor of channels with edge-stiffened web holes

(a) The effects of q/d1 ratio

(b) The effects of dwh/d1 ratio

Fig. 17. Comparison of test and FEA results with current shear design strengths for plain channels

Fig. 18. Comparison of test and FEA results with current shear design rules for channels with un-stiffened web holes (aspect ratio=1.0)

Fig. 19. Comparison of test and FEA results with proposed reduction factor equations for channels with edge-stiffened web holes



