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ABSTRACT

ARTICLE HISTORY

To cater engineering application needs, cold-formed steel (CFS) members often have some web openings which could
influence bearing capacity of the steel beam under combined bending and shear action. This paper presents tests on 20
groups of thin-walled web-perforated lipped C-shaped CFS beams, which were conducted under single point loading mode
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at mid-span. Besides, detailed finite element parameter analysis on the high shear-span ratio (a/h= 1.5 ~ 4.0) specimens was

conducted by ABAQUS after the model was verified, which was mainly focused on the influences of different hole depth-
to-web height ratios (dn/h) and web height-to-thickness ratios (h/t) on the bearing capacity and failure modes of the beams.
Based on the results of test and FEA, the mechanical behavior and failure rules of thin-walled web perforated lipped C-
shaped CFS beams under combined bending and shear action were deeply studied.

Copyright © 2023 by The Hong Kong Institute of Steel Construction. All rights reserved.
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1. Introduction

The thin-walled web-perforated CFS members are commonly used in
practical engineering applications to provide convenience for the installation of
pipeline facilities and to achieve efficient use of story height. However, the web
opening will result in an unfavorable effect in the mechanical performance of
the members. A series of research had been done on the behavior of web-
perforated CFS members. From 1994 to 1997, Langan et al. [1-3] carried out
experimental and theoretical research on web perforated flexural CFS members,
a series of shear capacity design formulas for CFS members with web
perforations (including circular holes and non-circular holes) were proposed,
which have been adopted in AISI S100 [4] and AS/NZS 4600 [5]. Through
experimental and theoretical research on thin-walled CFS flexural and
compression members, Schafer et al. [6-9] put forward a new method taking
interactive buckling of plates into consideration to calculate the bearing capacity
of thin-walled CFS members, namely the direct-strength-method (DSM). In
2004, the direct-strength-method (DSM) was adopted by the AISI S100 [4]. In
2008, Moen et al. [10-13] proposed the modified DSM formula for CFS beams
with web openings after experimental and theoretical research on web-
perforated CFS flexural members. In 2012, on the basis of test results of plain
lipped CFS members with C-shaped and Supa-Cee section, Pham and Hancock
[14] proposed specific DSM for C-shaped steel beams in shear and in combined
bending and shear action, in which the influence of tension field action was
considered. In 2014, Keerthan et al. [15,16] conducted test and FEA on the
hollow flange channel beams under combined bending and shear action, and
proposed the lower bound equation applicable to the section form. In 2015, by
means of test and FEA, Faridmehr [17] et al. studied behavior of C-channel
stiffened CFS beams subjected to the bending and the primarily shear conditions,
verified the effectiveness of the stiffening design, and pointed out the
conservatism of M-V interaction design method in AISI. For double limb built-
up section CFS bending members, Young and Wang [18,19] carried out series
of tests and FEA studies during 2015 to 2017, and extended the rules of DSM
for these members with the effect of openings and screws considered. During
2018 to 2019, Pham [20,21] et al. used a new experiment setup to minimize
effect of applied bending moment in shear span, so as to study shear capacity of
CFS beams in higher aspect ratios, and the results from test were recalibrated
with the theoretical calculation results of the DSM in AISI and AS/NZS.
Degtyareva et al. [22] conducted FEA on thin-walled CFS bending members
with staggered slotted web perforations under combined bending moment and
shear force action in 2019, and put forward specific equations for the bearing
capacity of this kind of members. For C-shaped web perforated beams, Lawson

et al. [23] proposed a derived formula for calculating the additional deflection,
and compared the calculating results with those of tests and FEA. In 2020, based
on the test results of rectangular and slotted web perforations of high-strength
CFS beams, Pham et al. [24] proposed a modified formula for the DSM design
for this kind of members. In 2022, Wang et al. [25] conducted tests on 26 groups
of thin-walled web-perforated CFS members with low shear-span ratio (1.0 and
1.5) and presented detailed finite element analysis, and the study was focused
on the influence of holes on the shear performance of such members.

In this paper, to study the behavior of thin-walled web perforated lipped C-
shaped CFS beams under combined bending moment and shear force action,
tests on 20 groups of specimens were carried out, in which the single-point
loading mode at mid-span section was adopted. And FEA was conducted by
means of ABAQUS. The results of FEA and test were compared together, from
which the accuracy of FEA model was validated. After that, by changing the
hole depth-to-web height ratio and the web height-to-thickness ratio of the steel
beams in relatively higher shear-span ratio (1.5 ~ 4.0), the parameter analysis
was presented, and the effect of each parameter on the bending and shear
performance of thin-walled web perforated lipped C-shaped CFS beams was
deeply studied.

2. Experimental investigation of beams in bending and shear
2.1. Specimen design

The material of the 20 groups of specimens was all high strength zinc-
coated cold-formed steel (G550), and section thickness was all 1.9 mm. Fig.1
(a) shows the dimension definition of the specimen. The specific meanings of
each letter are as follow: the nominal web height is h, the nominal flange width
is by, and the nominal lip width is b;. Three different shear-span ratios of 2.0, 2.5
and 3.0 were designed in the test. The position of circular holes were all set at
the half height of the specimen web within the shear zone, as shown in Fig.1 (b).
The range of the value of dy/h was 0 to 0.8. The label defining rules of specimen
is presented in Fig. 2, in which repeated specimens are marked with R at the end
of label. The dimensions of the specimen are presented in Table 1.
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Fig. 2 Specimen labelling rules
Table 1
Geometric dimensions of specimen
. Web Flange Lip Thickness  Diameter The hole depth-to-web height ratio  The shear-span ratio The web height-to-thickness ratio

Specimen h/mm  bf/mm b/mm t/mm dn/mm dh/h a/h hit
HO0-1.9-160-850-a 150.09 60.46 20.21 1.93 \ \ 82.91
HO0-1.9-160-850-b 150.17 60.39 20.38 1.92 \ \ 83.34
HO0-1.9-160-850R-a 150.30 60.73 20.45 1.93 \ \ 82.95
HO0-1.9-160-850R-b 151.36 60.59 2046 1091 \ \ 83.66
HO0.35-1.9-160-850-a 150.21 60.55 20.50 1.91 55.95 0.35 83.75
HO0.35-1.9-160-850-b 149.97 60.57 2042 190 55.83 0.35 20 84.13
HO0.5-1.9-160-850-a 150.03 60.57 20.46 1.92 80.02 0.50 83.21
H0.5-1.9-160-850-b 150.40 60.66 20.45 1.91 79.97 0.50 83.58
HO0.8-1.9-160-850-a 150.79 60.42 20.39 191 127.92 0.80 83.66
HO0.8-1.9-160-850-b 149.85 60.56 20.26 1091 127.92 0.80 83.52
H0-1.9-160-1010-a 150.47 60.69 20.37 192 \ \ 83.48
HO0-1.9-160-1010-b 150.76 60.49 20.46 1.90 \ \ 84.28
H0.35-1.9-160-1010-a 150.74 60.73 20.33 1.95 55.88 0.35 82.23
H0.35-1.9-160-1010-b 150.60 60.45 20.61 1.94 55.89 0.35 28 82.47
HO0.5-1.9-160-1010-a 150.36 60.44 2045 1091 80.03 0.50 83.66
HO0.5-1.9-160-1010-b 150.04 60.35 20.40 193 80.01 0.50 83.08
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H0.8-1.9-160-1010-a 150.72 60.80 20.96 1.88 128.03 0.81 84.35
H0.8-1.9-160-1010-b 150.63 61.44 20.92 191 128.02 0.81 83.18
H0-1.9-160-1170-a 150.68 60.55 20.44 1.96 \ \ 81.96
H0-1.9-160-1170-b 152.56 60.59 19.94 1.93 \ \ 83.29
H0-1.9-160-1170R-a 150.28 60.66 20.35 1.95 \ \ 82.28
H0-1.9-160-1170R-b 150.40 60.72 20.30 1.96 \ \ 81.76
H0.5-1.9-160-1170-a 151.23 61.61 19.80 1.94 79.98 0.49 83.57
H0.5-1.9-160-1170-b 151.24 60.77 19.82 1.92 79.97 0.50 30 83.48
H0.65-1.9-160-1170-a 150.53 60.66 21.22 1.90 104.04 0.65 83.93
H0.65-1.9-160-1170-b 151.04 60.56 20.47 1.95 104.05 0.65 82.02
H0.8-1.9-160-1170-a 150.86 60.65 19.91 1.99 127.92 0.80 80.73
H0.8-1.9-160-1170-b 151.18 60.73 19.95 1.97 127.91 0.80 81.61
H0-1.9-200-1010-a 193.69 74.67 2443 193 \ \ 103.48
HO0-1.9-200-1010-b 193.94 7466 2424 194 \ \ 103.06
H0.2-1.9-200-1010-a 19341 7469 25.00 1.92 39.98 0.20 104.22
H0.2-1.9-200-1010-b 19359 74.67 2477 1.90 39.89 0.20 105.32
H0.35-1.9-200-1010-a 193.85 74.65 24.95 1.92 69.92 0.35 104.41
H0.35-1.9-200-1010-b 1.93.40 7474 2491 191 69.90 0.35 105.03
HO0.5-1.9-200-1010-a 19391 7467 2449 193 99.87 0.50 20 103.96
H0.5-1.9-200-1010-b 19432 7464 2489 1.89 99.95 0.50 106.37
H0.65-1.9-200-1010-a 193.15 74.63 24.88 1.90 129.92 0.65 105.20
H0.65-1.9-200-1010-b 19335 7490 2532 1.92 129.91 0.65 104.21
H0.8-1.9-200-1010-a 19425 7476 2462 1.90 159.95 0.80 104.98
H0.8-1.9-200-1010-b 193.68 7471 2492 191 159.87 0.80 104.61

2.2. Test program

In the test, the method of single-point loading at the load connector at the
mid-span of a pair of specimens was adopted, which can avoid possible lateral
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deformation during loading. Fig. 3 shows the loading device of test. To adapt to
loading needs of different-length specimens, two supports will move according
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Fig. 3 Test loading device (a) sketch (b) Test photo

As shown in Fig. 4, for the alignment check before loading stage and the
stress monitoring during the test, 5 strain gauges were set at compression flange
and lip at mid-span of specimen and junction part of flange and web in tension.
As can be seen in Fig. 5, to monitor the mid-span deflection, the out-of-plane
bending deformation, the shear deformation and the distortional deformation,
different transducers of displacement were set respectively.

For the purpose of evenly distributing the load to the two specimens,
geometric alignment and physical alignment were all carried out before the tests.

After the alignment was checked, the preloading was conducted, from which
effect of inaccuracy specimen installation on the results can be eliminated. After
3 times of preloading, the formal loading was carried out. During the initial
formal loading, the mode was controlled by force, then it was transformed into
the displacement-control mode until the end of test. With safety ensured, the
test was carried on after the maximum value of load to get complete load-
displacement results.



Li-Ping Wang et al.

D5(horizontal)

Compression flange

S3 §4 S5

Specimen b

—

Specimen a

-

S1 S2
Tension flange

Fig. 4 Strain gauge arrangements

D3(h0rizonta}|&> K O‘

O

\O\M
e

D6(horizontal)

D2(vertical)

Specimen a

\ \
lol ol
ollo] ()
cle

D1(vertical)

Specimen b

Fig. 5 Displacement meter arrangements

55

Table 2
Results from test and FEA
Test results The
. . Mid- X . . shear  Reduction coefficient of  Finite element
Specimen Ultlrg;tzct:teanng span Shear force of cen:]:lesectlon of circular Fg:z;e -span Fu results VexoNVeen
pactly moment ratio
Fu/kN Mu/kN m Vexp/kN a/h A Vrea/kN
H0-1.9-160-850 87.41 15.30 4371 D+L 1.00 39.45 111
HO0-1.9-160-850R 87.54 15.32 43.77 D+L 1.00 39.45 111
H0.35-1.9-160-850 82.99 1453 41.50 S+D+L 2.0 0.95 39.98 1.04
HO0.5-1.9-160-850 65.54 11.47 32.77 S+D 0.75 32.47 1.01
H0.8-1.9-160-850 28.03 4.90 14.01 S 0.32 14.09 0.99
HO0-1.9-160-1010 72.12 15.51 36.06 D+L 1.00 33.87 1.06
H0.35-1.9-160-1010 71.48 15.37 35.74 S+D+L 0.99 34.37 1.04
2.5
H0.5-1.9-160-1010 65.26 14.03 32.63 S+D 0.90 31.58 1.03
H0.8-1.9-160-1010 25.51 5.48 12.75 S 0.35 14.00 0.91
H0-1.9-160-1170 64.00 16.32 32.00 D+L 1.00 29.16 1.10
H0-1.9-160-1170R 63.64 16.23 31.82 D+L 1.00 29.16 1.09
3.0
H0.5-1.9-160-1170 61.87 15.78 30.94 S+D+L 0.97 29.99 1.03
H0.65-1.9-160-1170 44.93 11.46 22.47 S 0.70 22.32 1.01
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H0.8-1.9-160-1170 27.76 7.08 13.88 S 0.43 13.93 1.00
H0-1.9-200-1010 94.99 20.43 47.50 D+L 1.00 4479 1.06
H0.2-1.9-200-1010 91.60 19.69 45.80 D+L 0.96 45.37 1.01
H0.35-1.9-200-1010 93.37 20.07 46.68 S+D+L 0.98 44.26 1.05
2.0
H0.5-1.9-200-1010 73.52 15.81 36.76 S 0.77 35.65 1.03
H0.65-1.9-200-1010 49.73 10.69 24.87 S 0.52 25.36 0.98
H0.8-1.9-200-1010 29.73 6.39 14.87 S 0.31 15.19 0.98
Average 1.03
cov 0.048
2.3. Test results and discussion Curve a/h
——
2.3.1. Ultimate bearing capacity - 1.0 A, - 5(5)
Ultimate bearing capacity of specimen is listed in Table 2. Since stress S Q. '
condition and failure mode are the same for specimen in the same group, only S 08+ 430
results of specimen a were listed in the table. %
By comparing with solid web specimen with the same value of a/h, the S 06
reduction coefficient in Fig. 6 of bearing capacity of web perforated specimen s B
is obtained and shown in the column of 4 in Table 2. As can be seen from Fig. =
6, variation of bearing capacity is inversely proportional to variation of the size 3 04|
of the opening. As the value of dy/h increases from 0 to 0.8, for specimen with &
the value of a/h of 2.0, the bearing capacity of specimen decreases by 68% (h/t
=84.2) and 75% (h/t = 105.3), respectively. For specimen with the value of a/h 0.2
of 2.5, the ultimate bearing capacity decreases by 65% (h/t = 84.2). And for e
specimen with the value of a/h of 3.0, the ultimate bearing capacity decreases 00 02 04 06 08 10
by 57% (hit = 84.2). dy/h
The relation of bearing capacity with the value of h/t is shown in Fig. 7. It Fig. 6 Reduction coefficient of bearing capacity with the value of dwh
can be seen from the figure, when the value of a/h and di/h of the specimen are
constant, the higher the value of h/t is (the larger the effective shearing web area 160
is), the greater the bearing capacity is. Under same conditions, the degree of Curve d,/h
effect of the value of h/t on the bearing capacity decreases as the hole diameter pd —=— (.00
increases <
| 2120} e
2.3.2. Load-deflection curves g 0.80
The symmetrically set up pair of specimens and had basically same stress s " .
conditions and displacements, to facilitate the presentation and analysis, only o> 80+ - a
load-deflection curves of specimen a are presented, as shown in Fig. 8. When g A
the value of di/h is relatively smaller (di/h <0.5), the curve has a rapid decrease S
after the maximum point. When the value of dy/h is relatively larger (di/h > ﬁ 40 -
0.65), the curve decreases more gently after the maximum point. E
s L8z 105.3
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Fig. 8 Load-deflection curves of specimen at mid-span
2.3.3. Failure mode buckling deformation and distortional buckling deformation or shear failure
Since the specimens were under combined of bending moment and shear mode dominated by the shear buckling deformation appear in the specimens.
force action, there would be the bending failure mode dominated by local The failure mode is listed in Table 3 and shown in Fig 9.
Table 3
Failure mode of specimen
The value of ath Range of the value of dn/h Failure mode
alh=2.0
dn/h <0.35
alh=25 The coupled failure of local buckling deformation and flange distortional buckling deformation.
a/h=3.0 dn/h <0.5
ath=2.0 dn/h = 0.35
ah=25 035<d/h<0.5 The shear buckling failure in web, accompanied by the c_oupled failurg of local buckling deformation and flange distortional
buckling deformation.
a/h=3.0 dn/h =0.5
alh=2.0 dn/h>0.5
alh=25 The dominating web shear buckling failure.
dw/h >0.5
ath=3.0

Local buckling of flange

(a) Failure mode of specimen “H0-1.9-160-850”
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(c) Failure mode of specimen
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Shear buckﬁ?lg of web

“H0.35-1.9-200-1010"

Fig. 9 Typical failure modes of specimens

3. Finite element analysis
3.1. Finite element model

The FEA model of specimen was established by means of ABAQUS.
According to the test loading method, the model for FEA could be simplified

by establishing only the model of specimen a.

3.1.1. Element and mesh
Due to that plate of lipped C-shaped CFS member is thin-walled shell,

which is prone to produce buckling deformation, S4R shell element was adopted.

The FEA models were divided into the meshing scale of 556 mm. For the model
of web perforated specimens, area partition was conducted near the web hole in
order to apply the quadrilateral mapped mesh, so as to ensure the convergence
of calculation. Finally, the global mesh was divided.

3.1.2. Boundary conditions and loading mode

In response to the actual conditions in test, the setting of boundary condition
in FEA model was as follows: at both ends of beam, where the supports were,
coupling point was taken below the beam section to couple with the contact part
between web and connector. At mid-span section, another point at the upper
web (loading position) of the specimen was also taken to couple with the contact
part. The displacement loading mode was adopted in FEA, and mid-span
coupling point was adopted as load applying point, and Y direction
displacement was applied at the point.

3.1.3. Material properties and initial imperfections

The specimen could obtain initial imperfections due to the effect of
manufacture or other factors, which can affect the mechanical performance of
specimen. The material properties of the specimen obtained through the tensile
test are shown in Table 4, and it was applied in the finite element model
according to setting rules of ABAQUS. For the specimens with value of h/t of

52.6, 84.2 and 105.3, the measured initial imperfection was 0.588 mm, 0.892
mm and 0.887 mm, respectively.

Table 4
Material properties

Nominal strength of yield Other parameters

point
09,/ MPa El GPa 002/ MPa o,/ MPa &l %
550.00 200.90 574.30 607.00 12.28

3.1.4. Analysis method

The overall finite element analysis process used a two-step approach,
namely the eigenvalue buckling analysis step and the nonlinear analysis step.
During first one step, the required buckling modes were extracted. And on basis
of that, in the second step, the measured initial imperfections were added and
applied in analysis. To achieve smooth convergence of nonlinear analysis
process, it was further divided into halves. Number one was to ensure the
smooth operation of boundary conditions and contact relations by appliance of
small value of displacement, and number two was to apply all the displacements
to the specimen.

3.2. Model validation against test results

For the FEA model validation, it was conducted by comparing results of
FEA and test together, respectively from the following aspects: the failure mode,
the ultimate bearing capacity and the load-deflection curve.

3.2.1. Failure characteristics

The failure mode of specimen from FEA and test are compared in Fig. 10.
As seen from the figure that the failure mode of the FEA is generally consistent
with that of test.
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Interactive local buckling deformation of
flange and distortional buckling deformation
N

(a) Test result

(b) FEA result

(1) Specimen H0-1.9-200-1010

Interactive local buckling deformation of
flange and distortional buckling deformation

(b) FEA result

Shear buckling deformation of web

(a) Test result

(b) FEA result

(3) Specimen H0.8-1.9-160-1010

Fig. 10 Comparison on failure mode of specimen from test and FEA

3.2.2. Ultimate bearing capacity

The results of the bearing capacity of specimen from FEA and test are
presented in Table 2. It can be seen, the value of Vexp/Veea is between 0.91 and
1.11, whose average value and coefficient of variation are 1.03 and 0.048,
respectively, which shows that the FEA model adopted in this paper has high
accuracy.

3.2.3. Load-deflection curves

The load-deflection curves of Hdy/h-1.9-160-850 series and Hdy/h-1.9-160-
1010 series in test are compared with FEA results in Fig. 11. It can be seen,
when the value of dy/h is relatively smaller (0.35), the elastic stiffness of load-
deflection curve in test is relatively smaller than that of FEA, and curve of
specimen in test has a higher strength after buckling than that of FEA. When the
value of dy/h increases (0.50), the curves of FEA are in better agreement with
those of test, which verifies rationality of FEA again.
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Fig. 11 Load-deflection curves from test and FEA

4. Parametric study
4.1. Design of parameters

To conduct further research on the comprehensive performance of thin-
walled web-perforated lipped C-shaped CFS beams under combined bending
moment and shear force action, series of models verified above were adopted
for further nonlinear parameter analysis. It is found from the test results that the
two main factors that affect bearing capacity and failure mode of specimen are,
respectively, the value of dw/h and the value of a/h, and the value of h/t also
affects the bearing capacity to a certain degree. Combined with tests design, h
of the specimen for parameter analysis is designed as 100 mm, 120 mm, 140
mm, 160 mm, 180 mm, 200 mm and 300 mm, respectively, and the section
thickness (t) of specimen was 1.9 mm, from which different value of h/t can be

Curve a/h
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obtained. In addition, specimens with the h of 1000 mm and 160 mm, additional
specimens with t = 1.0 mm were designed. Due to that this paper mainly studies
performance of web-perforated beams under combined bending moment and
shear force action, the value of a/h of the specimens ranged from 1.5 to 4.0 with
an increment of 0.5.

4.2. Influence of hole depth-to-web height ratio

The curve of the bearing capacity of specimen with the value of dy/h is
shown in Fig. 12. The curves are approximately horizontal at the beginning.
When the value of diw/h increases to a certain level, the curves drop sharply. At
that time, bearing capacity shows more sensitivity to the change of the value of
dw/h.

h=160 mm ; t=1.9 mm Curve a/h
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0.0 0.2 0.4 0.6 0.8
dy/h
(d) h/t=160

Fig. 12 Curves of bearing capacity with the value of di/h
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Due to limited length, Hdy/h-1.9-180-930 series (a/h = 2.0) are chosen for
specific analysis. Fig. 13~15 shows the failure mode. For specimens with the
value of dy/h < 0.35, as seen from Fig. 13-(a) ~ (b), at mid-span section, there
are obvious stress concentration areas in flange and along the shear failure
direction in the shear-zone. As the value of di/h increases, the area of stress
concentration in the shear zone increases. Specimens are subjected to the
coupled bending and shear failure. As seen from Fig.14 -(a)~(b), interactive
local buckling deformation and distortional buckling deformation occur at mid-
span section. As seen from Fig.15-(a) ~ (b), slight local buckling deformation
occurs in the shear zone along shear failure direction. For specimens with the
value of di/h of 0.35 to 0.4, the area of stress concentration in the compression

S, Mises
SNEG, (fraction = -1.0)
(Avg:75%)
+5.927¢+02
+5.433¢+02
+4.939¢+02
+4.445¢+02

e+02

(a) H0-1.9-180-930

S, Mises
SNEG, (fraction = -1.0)
(Avg : 75%)
+5.921e+02
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(c) H0.50-1.9-180-930
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flange along the flange-width direction at mid-span decreases obviously, while
the area along the span direction of specimen increases, and the failure mode
begins to change. For specimens with the value of dy/h > 0.4, as seen from Fig.
13-(c) ~ (d), the main area of stress concentration is in the web in shear zone
along shear failure direction. As seen from Fig. 14-(c) ~ (d), interactive local
buckling deformation and distortional buckling deformation occur at mid-span
section. As seen from Fig. 15-(c) ~ (d), obvious local buckling deformation
occurs near the web opening along shear failure direction. In conclusion, when
the value of a/h= 2.0, as the value of di/h increases, failure mode of the steel
beam changes from the coupled failure of bending and shear at mid-span into
the shear failure of web local buckling in shear zone.

+9.908¢+01
+4.954¢401
+1.914¢-10

(b) H0.30-1.9-180-930
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(d) H0.65-1.9-180-930

Fig. 13 Failure mode of series “Hdn/h -1.9-180-930”  with the value of di/h

L]
(b) H0.3-1.9-180-930

| S—

(a) HO-1.9-180-930

Fig. 14 Buckling deformation of series

(a) H0-1.9-180-930 (b) H0.3-1.9-180-930

Fig. 15 Web buckling deformation of series

The mid-span load-deflection curve of Hdy/h-1.9-180-930 series is shown
in Fig. 16. When the value of dy/h < 0.35, the curve has a fast drop after the peak
point, indicating that failure of steel beam shows a certain suddenness. When
the value of dy/h > 0.35, the curve drops slower after the maximum point, which

(c) H0.5-1.9-180-930 (d) HO.65-1.9-180-930

“Hdn/h-1.9-180-930”  with the value of dw/h

(c) H0.5-1.9-180-930 (d) HO.65-1.9-180-930

“Hdn/h-1.9-180-930”  with the value of dn/h

shows that the steel beam displays certain ductility after failure. The reason for
that is when the value of dy/h is relatively larger, more significant shear bucking
deformation occur in the web, and the out-of-plane shear deformation weakens
the overall unloading effect of the beams.
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Fig. 16 Load-deflection curves of series “Hdn/h-1.9-180-930”  with the value of dn/h (a’/h=2.0)

4.3. Influence of web height-to-thickness ratio

§ 80 - a/h=1.5 Curve d,/h
;70 i ——0.00
=71 -~ 0.10
§60 _ -+ 020
& 50 -+ - 0.30
=2 —+-0.35
= gg —«-0.40
g - - 0.50
- 20 - - 0.60
< 10 --+~-.0.65
g 0- 1 1 1 1 1 1 '070
3 60 80 100 120 140 160 |=--=-0.75

hit - 080

§ a/h=3.0 Curve dy/h
>50r ' —=—0.00
2 ——0.10
&40 ——0.20
g ——0.30
=30 —+—0.35
£ ——0.40
$20 —+—0.50
< ——0.60
10} ——0.65
£ —+—0.70
5 0 1 1 1 1 1 1 075

60 80 100 120 140 160 | . gg

hit

Fig. 17 Bearing capacity with the value of h/t (with different values of a/h, t=1.9 mm)

The curve of bearing capacity with the value of h/t is shown in Fig. 17. The
specific analysis of bearing capacity corresponding to Fig. 17 is shown in Table
5. As seen from Fig. 18, with the value of dy/h of 0 and 0.35, the bearing capacity
shows more sensitivity to the change of the value of h/t. While with the value
of dyw/h of 0.65 and 0.8, the bearing capacity is less affected by the value of h/t.
The reasons can be explained that with a relatively smaller value of dy/h, as the

Table 5
Analysis of the effect of the value of h/t on bearing capacity of specimen

value of h/t increases, the ratio of plate width to plate thickness is easy to cross
the critical value, thus failure mode transform from shear failure to local
buckling failure. With a relatively larger value of di/h, area of shearing web core
is deducted, and the shear stress for the remaining area above and below the web
hole is smaller, which leads to that the influence of increase in the value of h/t
on the bearing capacity is limited.

The value of Range of the value of Influence of the value of h/t on bearing capacity
ah dwh
15 dh < 0.2 (1) High Coincidence degree of the curve ;
(2) When the value of h/t is 52.6 ~ 73.7, 84.2 ~ 94.7 and 105.3 ~ 157.9, the bearing capacity increases as the increase of the value of
hit;
3.0 d/h < 05 (3) When the value of h/tis 73.7 ~ 84.2 and 94.7 ~ 105.3, bearing capacity decreases as the value of h/t increases.
15 dn/h >0.2
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Fig. 18 Bearing capacity with the value of h/t (with different values of dw/h, t=1.9 mm)

The variation of failure mode with the value of h/t of specimen with the
value of a/h of 1.5 is shown in Fig. 19. As seen from Fig. 19-(a) ~ (b), with the
value of dw/h of 0.1 and relatively smaller value of h/t (h/t= 52.6 or 63.2), an
obvious stress concentration area appears in flange and the web along shear
failure direction at mid-span. As seen from Fig. 19 (a), maximum value of stress
of specimen H0.10-1.9-100-510 at failure can reach the yield strength, which
indicates material property of specimen is fully utilized. As seen from Fig. 19-
(c) ~ (), as the value of du/h increases, stress concentration area in the
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(a) H0.10-1.9-100-510 (h/t=52.6)

S, Mises
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(c) H0.10-1.9-160-690 (h/t=84.2)

compression flange along flange-width direction at mid-span gradually
decreases, while that along length direction of the steel beam gradually
increases. And the maximum stress value at failure gradually decreases, which
indicates that the steel beam is more prone to buckling. As seen from Fig. 20,
when the value of di/h is 0.65, main area of stress concentration of specimen is
in web shear failure direction, failure mode majors in shear failure, and the value
of h/t barely affect the failure mode.
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(b) H0.10-1.9-120-570 (h/t=63.2)
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(d) H0.10-1.9-300-1110 (h/t=157.3)

Fig. 19 Failure mode with the value of h/t (t = 1.9 mm; a/h = 1.5; dn/h = 0.10)
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(b) HO.65-1.9-300-1110(h/t=157.3)

Fig. 20 Failure mode with the value of h/t (t = 1.9 mm; a/h = 1.5; dn/h = 0.65)
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Fig. 21 Web buckling deformation with the value of h/t (t = 1.9 mm; a/h = 1.5; dn/h = 0.1)

Fig. 21 and Fig. 22 show that, buckling deformation in flange and the web
in shear zone at mid-span with different values of h/t, respectively. As seen from
Fig. 21, there is significant local buckling deformation in the web of steel beam
with the value of h/t of 52.6, 84.2 and 105.3. As seen from Fig. 22, the web
buckling deformation in shear zone of specimens with different values of h/t is

similar. Combined with the above, when value of h/t increases from 73.7 to 84.2
and from 94.7 to 105.3, the curve of bearing capacity with value of h/t decreases
due to flange local buckling deformation at mid-span, which shows that web
local buckling has significant effect on the bearing capacity.

.
J L L J L J L——J
(@) ht=52.6 (b) hit=63.2 (©) =737 (d) hit=84.2 () hit=94.7 (f) ht=105.3 (g) Wt=157.9

Fig. 22 Flange buckling deformation with the value of h/t (t= 1.9 mm; a/h = 1.5; d/h = 0.1)
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(d) H0.10-1.9-300-2010 (h/t=157.3)

Fig. 23 Failure mode with the value of h/t (a/h = 3.0; dw/h = 0.10)
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Fig. 24 Failure mode with the value of h/t (a/h = 3.0; dwh = 0.65)

Fig. 23 shows the failure mode with the value of h/t of specimen with the
value of a/h of 3.0. As seen from the figure, with the value of dy/h of 0.1, the
failure mode of specimen with different the values of h/t are mainly bending
failure at mid-span, the shear failure in web is not significant, and there is an
obvious flange stress concentration at mid-span which decreases as the value of

h/t increases. As seen from Fig. 24, with the value of dy/h of 0.65, as the increase
of the value of h/t, stress concentration area tend to be located in the web shear
failure direction, and failure mode transforms from the coupled failure of
bending and shear to the shear failure.
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Fig. 25 Failure mode with t =1.0 mm (a/h = 1.5)

(a) H0.10-1.0-100-810 (h/t=100) (b) H0.10-1.0-160-1170 (h/t=160)
Fig. 26 Failure mode with t =1.0 mm (a/h = 3.0)
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Fig. 27 Load-deflection curves with the value of h/t (t= 1.9 mm, a/h=1.5)
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Fig. 28 Load-deflection curves with the value of h/t (with same h)
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The failure mode of specimen with t = 1.0 mm under the same conditions
with those of specimens in Fig. 19 and Fig. 23 are respectively presented in Fig.
25 and Fig. 26. As seen from the figure, as t changes from 1.9 mm to 1.0 mm,
the stress concentration area of the specimen decreases.

The load-deflection curve with the value of h/t is presented in Fig. 27 and
Fig. 28. As seen from Fig. 27 that with same t= 1.9 mm, specimen with the value
of h/t of 52.6 has the lowest stiffness, the beam with the value of h/t of 63.2 has
the highest stiffness, and the stiffness increases the most as the value of h/t
increases from 52.6 to 63.2. As seen from Fig. 28, when t changes from 1.9 mm
to 1.0 mm, as the value of h/t increases, the stiffness decreases significantly, and
the post-buckling strength of specimen with h = 100 mm also decreases.
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4.4. Influence of shear-span ratio

Fig. 29 shows curve of the bearing capacity of specimen with the value of
a/h, and analysis is presented in Table 6. According to Section 3.2 that when the
value of di/h is relatively larger, the bearing capacity is determined by the value
of dy/h. In hence, for steel beam dominated by shear failure due to the opening
of super large holes (dw/h > 0.5), the value of a/h barely affect the bearing
capacity.
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Fig. 29 Bearing capacity with the value of a/h

Table 6

Analysis of the influence of the value of dy/h on the bearing capacity of specimen

Range of the value of Range of the value of

Influence of the value of a/h on bearing capacity of specimen

hit dn/h

h/t =52.6 dn/h < 0.40
The curves is highly overlapped, and bearing capacity shows sensitivity to the change of the value of a/h.

h/t > 52.6 dn/h < 0.20

= <0 . . . . . .
h/t =526 0.4 <dwh 0.65 The curves begin to deviate, and the influence of variation of the value of a/h on bearing capacity decreases as the value of dw/h
hit > 52.6 0.2<dvh < 050 NCTeases.
h/it=52.6 dn/h > 0.65

The change of the value of a/h has the least influence on bearing capacity, the curve is close to the horizontal state.

h/t > 52.6 dn/h > 0.50

Take specimens with the value of h/t of 52.6 (A= 100 mm, /= 1.9 mm) and
the value of dy/h of 0.2 and 0.75 as examples, the specific analysis on the
variation of failure modes of steel beams with the value of a/h is as following.

When the value of h/t of specimen is 52.6 (A= 100 mm, = 1.9 mm), as seen
from Fig. 30, with the value of di/h of 0.2, the variation of flange stress
distribution at mid-span is less affected by the value of a/h, and the area of web
stress concentration in the shear zone shrinks as the value of a/h increases,

which shows that failure mode of specimen gradually changes from the coupled
failure of bending and shear to the mainly bending failure as the value of a’h
increases. As seen in Fig. 31, for specimens with the value of dy/h of 0.75, the
failure mode is less affected by the value of a/h, and the stress is mainly
concentrated near the web opening. With the increase of the value of a/h, slight
stress concentration appears in the compression flange above the hole
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Fig. 30 Failure mode with the value of a/h (h= 100 mm; t= 1.9 mm; dn/h= 0.20)
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Fig. 31 Failure mode with the value of a/h (h= 100 mm; t= 1.9 mm; dn/h= 0.75)
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Fig. 32 Load-deflection curves with the value of a/h (h/t =52.6)

Fig. 32 shows the load-deflection curve with the value of a/h, under the
condition that the value of h/t is 52.6 (A= 100 mm, = 1.9 mm) and the values of
di/h are 0.1 and 0.5, respectively. As can be seen, stiffness of specimen drops
as the increase of the value of a/h, which is due to that effect of bending moment
also getting larger as the increase of the value of a/h.

4.5. Classification of failure mode of web perforated beam in combined
bending and shear action

According to the analysis above, the bending-shear members studied in this
paper have three types of failure modes, which are respectively the mainly shear
failure, the mainly bending failure and the coupled failure of bending and shear.

The specimen subjected to mainly shear failure has the following
characteristics: (1) The failure mode is dominated by local web shear buckling
in the shear zone. (2) The bearing capacity shows sensitivity to the change of
the value of di/h, and the corresponding bearing capacity is located at where the
curve of bearing capacity against the value of dy/h starts decreasing linearly.

The bearing capacity of web perforated specimen is close to that of solid-
web specimen when it is subjected to mainly bending failure, thus the bearing
capacity of steel beam can be mainly predicted according to the failure mode.
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For beams subjected to the bending failure, flange stress concentration appears
at mid-span, while web stress concentration is not significant. For beams
subjected to the coupled failure of bending and shear, obvious stress
concentration appears in both flange and web.

Table 7
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According to the characteristics of these three basic failure modes, Table 7
summarizes the classification of the failure modes of web perforated thin-walled
C-shaped CFS bending-shear members with different loading conditions and
geometric parameters.

Classification of the failure mode of web perforated thin-walled C-shaped CFS beams under combined bending moment and shear force action

Failure mode

Demarcation conditions (Parameters range)

Mainly shear failure

(1) The value of a/h: 1.5 <a/h<< 2.0, and the value of dw/h: di/h= 0.60;
(2) The value of a/h: 2.0 <a’/h< 4.0, and the value of dw/h: dv/h= 0.65.

Coupled failure of bending and shear

Beams beyond the scope of parameters of steel beams with mainly shear failure and mainly bending failure in this Table.

Mainly bending failure

The value of a/h: 2.5< a/h < 4, and the value of dw/h: di/h < 0.2.

5. Conclusions

This paper presents tests on 20 groups of thin-walled web perforated C-
shaped CFS beams under combined bending moment and shear force action and
the FEA by means of ABAQUS. The rationality of the model was verified by
comparing results from test and FEA. Then refined parameter analysis was
conducted on the three factors as follows: the value of dy/h, the value of h/t and
the value of a/h. On basis of that, failure modes of web perforated thin-walled
C-shaped CFS beams under combined bending moment and shear force action
were classified, and several conclusions were put ward as following:

(1) The value of dy/h has a decisive effect on bearing capacity and failure
mode of specimen. With the increase of the value of dy/h, the failure mode of
the steel beam transforms from the coupled failure of bending and shear to the
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